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Abstract

This study investigates the dielectric relaxation dynamics of lithium aluminosilicate (LAS) glass-
ceramics using the Debye and Cole-Cole relaxation frameworks to elucidate their high-frequency
dielectric behaviour. Numerical simulations were performed in a MATLAB environment across a
wide range of frequencies and temperatures, employing the Debye, Cole-Cole, and Arrhenius
models to characterize polarization and relaxation processes. The Debye model revealed a noticeable
frequency dependence, with the dielectric constant (¢') exhibiting high values at low frequencies and
progressively decreasing with increasing frequency, while the dielectric loss (&) exhibited a
characteristic relaxation peak associated with the condition wt =1. Temperature-dependent
analysis indicated that ¢’ increased with temperature due to enhanced dipolar mobility, whereas &
decreased, suggesting reduced energy dissipation at elevated temperatures. The Cole-Cole model
predicted slightly higher dielectric constants but demonstrated similar overall trends, capturing the
non-ideal relaxation behaviour characteristic of LAS. Activation energies obtained from Arrhenius
analysis ranged from 0.046-0.476 eV (Debye) and 0.045-0.464 eV (Cole—-Cole), aligning closely with
reported literature values. These findings highlight the distributed and thermally activated nature of
dipolar and ionic relaxation in LAS glass-ceramics.

Keywords: relaxation dynamics; lithium aluminosilicate; high-frequency; dielectric; behaviour

1. Introduction

The fifth-generation (5G) mobile network, which represents the evolutionary step beyond
fourth-generation (4G) technology, is primarily characterized by its reliance on millimeter-wave
spectra to achieve enhanced data rates and reduced dormancy. However, studies have shown that
materials incorporated in mobile phones and other electronic devices can affect the efficiency of the
5G signal transmission because of their dielectric loss characteristics [1-3]. In an effort to enhance
transmission efficiency and minimize dielectric losses in 5G networks, researchers across the globe
are investigating the high-frequency dielectric behaviour of different materials. Notably, glass-
ceramics in particular have drawn significant attention among these materials based on their broad
usage in electronic equipment.

Glass-ceramics are hybrid materials consisting of ceramic phases obtained through a glass-
melting process followed by controlled crystallization [4]. These materials demonstrate significant
decrease in pore volume, with their dielectric constant being dictated not predominantly by pore
density but rather by parameters including crystal phase, degree of crystallinity, grain morphology,
and the chemical composition of the residual glass phase [5-7]. However, under conditions of limited
crystallinity, the contribution of the residual glass phase becomes more prominent, leading to
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increased dielectric loss [8,9]. This suggests that under reduced crystallinity, the residual glass phase
becomes the prevailing factor governing the dielectric response, resulting in a pronounced increase
in dielectric losses. As a result, the material demonstrates lower dielectric effectiveness under high-
frequency operation, posing challenges for its integration into electronic and telecommunication
technologies.

Lithium aluminosilicate (LAS) glass-ceramics are recognized as low-loss dielectric materials,
known by their low dielectric losses in combination with excellent thermal and mechanical stability.
These attributes render them highly promising for integration into microwave and high-frequency
device applications [10]. Lithium aluminosilicate (LAS) glass-ceramics exhibits low-loss dielectric
characteristics when a high degree of crystallinity is achieved; however, their dielectric performance
deteriorates markedly in the presence of a significant residual glass phase. Their dielectric response
has been shown to depend strongly on the relaxation of mobile ions (Li*, O?") and structural dipoles
arising from Al-O and Si-O bonds under alternating fields [11,12]. This suggests that a
comprehensive understanding of these relaxation mechanisms, together with their corresponding
activation energies, is essential for optimizing LAS ceramics for advanced applications in
telecommunication systems, high-power electronics, and energy storage technologies. Although
lithium aluminosilicate (LAS) has been widely studied as a structural ceramic owing to its
outstanding thermal stability and mechanical strength, the dielectric relaxation dynamics that govern
its high-frequency response remain inadequately understood. Therefore, the present study
investigates the activation energies associated with dipolar and ionic relaxation processes through
the analysis of Arrhenius plots of relaxation time (t) as a function of inverse temperature (1/T),
employing both the Debye and Cole—Cole relaxation models.

2. Theoretical Background

Studies have demonstrated that, under an alternating electric field, fundamental atomic models
reveal that the dielectric constant of a material is a complex quantity comprising real and imaginary
components. The real component represents the energy stored within the dielectric medium, while
the imaginary component corresponds to the energy dissipated as heat due to the time-dependent
polarization of atoms and molecules [13,14]. Beginning with the Debye relaxation model, which
describes the dielectric loss peak, the complex permittivity for a single Debye relaxation process is
expressed as:

’ R Ae
=€ —je =&, +-—
1+jwt

, M

where, A€ = &5 — €4, and & and &, are donate static and high-frequency permittivity. Now to
separate the real and the imaginary components, the numerator and denominator of Equation (1) is
multiplied by 1 — jw7, that is:

(e5—8=)  (1-jwt)
€ (1+jwrt) X (1-jwT) (2)

Simplying the Equation (2) gives the real part of the dielectric constant as:

" Es—Eoo
€ =&+ T+ (@02 @)

And the imaginary component becomes

o (E5—E0)WT
T 1+ (wr)? (4)

In Equation (4), let X = WT such that e’ = X/ 1+ x2 The dielectric loss reaches its maximum

when X = 1.To determine this condition, Equation (4) is differentiated with respect to the angular
frequency w, and the resulting expression is set equal to zero.

d x 1-x2
E(sz) - (1+x2)2 =0 ®)
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This implies that X = 1. Thus at the loss peak,
wpT =1 (6)
In Equation (6), T = 1/(Up; where w, = 2r fp Therefore, Equation (6) becomes
1
oy ?)

=

At the microscopic scale, dipole reorientation and ion hopping are thermally activated processes.
According to transition-state theory and the theory of activated rate processes, the overall rate is
determined by the product of the attempt frequency and the probability of overcoming the potential
energy barrier [15]. The relation follows an Arrhenius-type behaviour given by:

'[(T) = ﬁ = ’[oe(Ea/kBT)’ (8)

where Tis relaxation time, T, is the characteristic attempt time, Ej is the activation energy, kp is
the Boltzmann constant, and T is the temperature. Taking the natural logarithm on Equation (8) gives:

In(v) = In(r,) +*7 )

The situation, however, differs for real dielectric systems such as LiAlSiOs ceramics, glass-
ceramics, and nanofluids, where the polarization entities do not relax uniformly. In such materials, a
distribution of relaxation times exists rather than a single characteristic time, rendering the ideal
Debye model inadequate. To account for this non-uniform relaxation behaviour, Cole and Cole (1941)
introduced an empirical modification integrating a broadening parameter, a (0 < a < 1), which
describes the deviation from ideal Debye relaxation [16]. The Cole-Cole permittivity is expressed as
thus:

E5—Eoo

& (w) =£M+W'

(10)

where @ = 0 stands for the Debye behaviour and @ = 0 < a < 1 distributed relaxation times
represent the non-Debye. The real and imaginary components of the Cole-Cole relaxation model is

given by:
o (es—e)[1+(wD)!~“sin(*7/,)]
e(w) =e.+ 1+2(wn) 1= sin(*7/,) + (wr)? (=0 an
and the imaginary component is:
P ”((1)) — (ss_gw)(wr)l_a Cos(an/Z) (12)

1+2(wn) =% sin(*7/, )+ (wT) 20 -®)

To determine the activation energy in materials exhibiting a broad distribution of relaxation
times, the effective or central activation energy was evaluated based on the characteristic relaxation

time derived from the Cole—Cole model. The effective activation energy, , representing the

dominant energy barrier associated with the relaxation process, is expressed as:

(eff)
InT.(T) = Int® + Ei—.l
B

1 (13)

3. Methodology

The dielectric relaxation characteristics of lithium aluminosilicate (LAS) glass-ceramics were
analyzed through simulations based on the Debye, Cole-Cole relaxation and Arrhenius models,
executed within the MATLAB interactive computational environment to evaluate the temperature-
dependent relaxation dynamics. The specific parameters adopted for the simulation process are
compiled and presented in Table 1.
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Table 1. A summary of the simulation parameters utilized in this study [17,18].

Parameter Symbol Value Unit
Boltzmann constant K 8.617x10- eV-K
Vacuum permittivity €0 8.854x1012 F-m™
Static dielectric constant & 25 —
High-frequency dielectric constant e- 5 —
Relaxation time T 1.0x10-¢ s
Frequency range F 103-108 Hz
Angular frequency w=27tf — rad-s!
Temperature range T 100 - 500 K
Peak loss frequency fmax 1x105-3.2x10¢  Hz
Relaxation time from loss peak =1/(27tfmax) 1.6x107-5.0x108 s
Activation energy Ea 0.30-045 eV
Pre-exponential factor To 10-12-10-14 s
Number of frequency points — 400 —

4. Simulation Procedure

The dielectric relaxation behaviour of lithium aluminosilicate (LAS) glass-ceramics was
simulated in MATLAB to analyzed the temperature- and frequency- dependent dielectric response.
The Debye relaxation and Arrhenius models were applied to describe dipolar relaxation dynamics
and thermally activated processes, respectively. The simulation procedure began with the definition
of essential physical constants and material parameters (Table 1), including permittivity,
temperature, and relaxation-related variables. The frequency domain was subsequently established
and converted into angular frequency for numerical computation.

The real (¢') and imaginary (¢”) components of the complex permittivity were calculated using
the Debye and Cole-Cole equations (Equations (3), (4), (11), and (12)), representing the energy storage
and loss mechanisms, respectively. The relaxation time (t) was determined from Equation (7), and its
temperature dependence was analyzed using the Arrhenius relation (Equations (9) and (13)). A linear
fit of In(t) versus 1/T provided the activation energy (E,) and pre-exponential factor (1) from the
slope and intercept, respectively, based on E, = slope x k and T, = exp(intercept). Subsequently, plots
of ', ", and T as functions of frequency and temperature were generated to elucidate the relaxation
behaviour and verify the theoretical models.

5. Results and Discussion

The parameters listed in Table 1 were fitted to the Debye and Cole—Cole relaxation models to
analyze the dielectric behaviour as a function of frequency. Equations (3), (4), (11), and (12) were
employed to simulate this response, while the Arrhenius model was utilized to evaluate the
activation energy, effective energy barrier, pre-exponential factor, and intercept across different
temperature ranges (100-200 °C, 200-300 °C, 300-400 °C, and 400-500 °C). The examination of dipolar
reorientation, defect-induced dipolar relaxation, and ionic hopping mechanisms within these
temperature intervals was carried within the temperature ranges.

5.1. Dielectric Response as a Function of Frequency Based on Debye Relaxation Model

The dielectric constant and dielectric loss were simulated over successive temperature ranges
(100-200 °C, 200-300 °C, 300400 °C, and 400-500 °C) using the Debye relaxation model Equations
(3) and (4). The corresponding results are presented in Figures la-b, 2a-b, 3a-b, and 4a-b,
respectively.
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Figure 1. (a) Variation of dielectric constant with frequency in the temperature range of 100-200 °C; (b)

corresponding dielectric loss factor as a function of frequency within the same temperature interval.
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Figure 2. (a) Variation of dielectric constant with frequency in the temperature range of 200-300 °C; (b)
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Figure 3. (a) Variation of dielectric constant with frequency in the temperature range of 300-400 °C; (b)

corresponding dielectric loss factor as a function of frequency within the same temperature interval.
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Figure 4. (a) Variation of dielectric constant with frequency in the temperature range of 400-500 °C; (b)

corresponding dielectric loss factor as a function of frequency within the same temperature interval.

The frequency-dependent dielectric behaviour at different temperatures in Debye model is
presented in (Figures la-b, 2a-b, 3a-b, and 4a-b), respectively. As shown in (Figures 1la—4a), the
dielectric constant exhibits higher values at low frequencies, indicating that polarization mechanisms
(interfacial, dipolar, ionic, and electronic) have sufficient time to align with the applied electric field.
This behaviour is consistent with findings reported in previous studies [19,20], which indicate that
the frequency-dependent dielectric response originates from the combined effects of interfacial,
dipolar, ionic, and electronic polarization mechanisms. However, with increasing frequency, certain
polarization processes are unable to follow the rapid field oscillations, resulting in a marked decrease
in the dielectric constant. This observation is also consistent with previous reports, which show that
with increasing frequency, dipolar polarization arising from reorienting dipoles initially becomes
significant but diminishes when the dipoles can no longer respond to the rapidly alternating electric
field [21-23]. Even at higher frequencies, ionic and electronic polarizations remain operative;
however, despite their rapid response to the alternating field, their relatively small contribution to
polarization leads to characteristic decline in the dielectric constant [24].

The dielectric constant of lithium aluminosilicate (LAS) increases progressively with
temperature (Figures la—4a). This enhancement is attributed to the thermally activated nature of
polarization processes, as the dielectric constant is proportional to the extent of polarization
developed under an applied electric field. At elevated temperatures, dipoles and ionic species possess
greater thermal energy, allowing them to reorient or migrate more easily in response to the
alternating field. In LAS, the increased mobility of Li* ions and defect-dipole complexes (Li*—O")
enhances both dipolar and ionic polarization contributions, thereby leading to a higher dielectric
constant [25,26].

The dielectric loss behaviour was studied across different frequency and temperature ranges in
Debye relaxation model. In this model, the dielectric loss exhibited a similar frequency-dependent
trend: it remained relatively low at low frequencies, increased sharply to a maximum at the
characteristic (or relaxation) frequency, and subsequently decreased with further increase in
frequency. This peak behaviour arises from the dominance of different polarization mechanisms at
distinct frequency regimes. At low frequencies, interfacial and dipolar polarizations contribute
significantly, whereas at higher frequencies, these mechanisms fail to follow the rapidly oscillating

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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field, leading to a reduction in dielectric loss. Such behaviour is consistent with previous findings
reported in the literature [27,28].

The temperature-dependent behaviour of dielectric loss studied in the Debye model; the
dielectric loss was relatively high at lower temperatures but decreased remarkably with increasing
temperature (Figures 1b-4b). This trend arises because, at low temperatures, the relaxation time is
large, and dipoles reorient more slowly, resulting in greater energy dissipation. As temperature
increases, thermal activation enhances dipole mobility, allowing them to follow the alternating
electric field more effectively and thereby reducing dielectric loss. Such behaviour is typical of
materials with thermally activated dipoles, where relaxation becomes more complete at higher
temperatures [29-31].

5.2. Dielectric Response as a Function of Frequency Based on Cole-Cole Relaxation Model

The dielectric constant and dielectric loss factor were simulated over the same frequency and
temperature ranges using the Cole-Cole relaxation model (Equations (11) and (12)). The
corresponding variations in dielectric constant and loss factor are presented in Figures 5a-b, 6a-b,
7a-b, and 8a-b, respectively.
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Figure 5. (a) Variation of dielectric constant with frequency in the temperature range of 100-200 °C; (b)

corresponding dielectric loss factor as a function of frequency within the same temperature interval, based on

the Cole-Cole relaxation model.
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Figure 6. (a) Variation of dielectric constant with frequency in the temperature range of 200-300 °C; (b)

corresponding dielectric loss factor as a function of frequency within the same temperature interval, based on

the Cole—Cole relaxation model.

25 10
9
8
20
7
6
“w 15 w 2
4
3
10
2
1
5 3 4 5 & 7 5 0 3 4 e " .- ]
10 10 10 10 10 10 10 10 10 10 10 10

Frequency (Hz)

(a)

Frequency (Hz)

(b)

d0i:10.20944/preprints202511.0367.v1

Figure 7. (a) Variation of dielectric constant with frequency in the temperature range of 300-400 °C; (b)
corresponding dielectric loss factor as a function of frequency within the same temperature interval, based on

the Cole-Cole relaxation model.
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Figure 8. (a) Variation of dielectric constant with frequency in the temperature range of 400-500 °C; (b)
corresponding dielectric loss factor as a function of frequency within the same temperature interval, based on

the Cole-Cole relaxation model.

The variation of dielectric constant with frequency follows a similar trend to that predicted by
the Debye relaxation model. However, under the Cole—Cole framework, the dielectric constant
exhibits minimal change with increasing temperature (Figures 5a—8a). This behaviour likely arises
from the underlying polarization mechanisms. In lithium aluminosilicate (LAS), the dominant
dipolar entities are Li*—O~ defect pairs, which possess relatively low dipole moment densities and are
partially immobilized within the rigid aluminosilicate network [32]. Consequently, temperature
elevation does not substantially alter the number of active dipoles contributing to polarization,
leading to a nearly temperature-invariant dielectric constant. Additionally, a relatively large Cole—
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Cole broadening parameter («) indicates a wide distribution of relaxation times, which smooths out
sharp temperature-dependent variations and produces an averaged dielectric response rather than a
distinct temperature sensitivity [33].

The dielectric loss behaviour of lithium aluminosilicate (LAS) ceramics, analyzed using the
Cole-Cole relaxation model, exhibited low losses at low frequencies, a pronounced peak at the
characteristic (relaxation) frequency, and a gradual decline at higher frequencies similar to the Debye
response (Figures 5b-8b). The loss maximum occurs when w7 = 1, signifying that the relaxation
rate of dipoles or ions matches the frequency of the applied electric field, leading to maximum energy
dissipation. In LAS, this loss peak is primarily associated with Li* ion migration and defect-dipole
reorientation (Li*—O- pairs or Li* vacancies) [34]. The Cole—Cole model further indicates a distribution
of relaxation times arising from structural heterogeneity, where not all dipoles or ions relax
simultaneously.

The temperature-dependent behaviour of dielectric loss exhibited slight differences between the
Debye and Cole—Cole models. In the Debye model, the dielectric loss was relatively high at lower
temperatures but decreased remarkably with increasing temperature (Figures 1b-4b). This trend
arises because, at low temperatures, the relaxation time is large, and dipoles reorient more slowly,
resulting in greater energy dissipation. As temperature increases, thermal activation enhances dipole
mobility, allowing them to follow the alternating electric field more effectively and thereby reducing
dielectric loss. Such behaviour is typical of materials with thermally activated dipoles, where
relaxation becomes more complete at higher temperatures.

In contrast, the Cole—Cole model, which accounts for a distribution of relaxation times, exhibits
a more gradual or non-monotonic temperature dependence of &” (Figures 5b-8b). The broad
distribution of relaxation processes causes overlapping contributions, effectively smoothing out the
sharp temperature variations observed in the Debye-type response.

5.3. Arrhenius Analysis Based on the Debye Relaxation Model

The same dataset was analyzed using the Arrhenius relation, formulated within the Debye
relaxation framework (Equation (9)), to evaluate the activation energy. The corresponding results are
illustrated in Figures 9-12.
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Figure 9. Arrhenius plot of relaxation time (In T) versus inverse temperature (1/T) in the range of 100-200 °C,

based on the Debye relaxation model.
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Figure 10. Arrhenius plot of relaxation time (In ) versus inverse temperature (1/T) in the range of 200-300 °C,

based on the Debye relaxation model.
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Figure 11. Arrhenius plot of relaxation time (In t) versus inverse temperature (1/T) in the range of 300-400 °C,

based on the Debye relaxation model.
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Figure 12. Arrhenius plot of relaxation time (In ) versus inverse temperature (1/T) in the range of 400-500 °C,
based on the Debye relaxation model.
5.4. Arrhenius Analysis Based on the Cole-Cole Relaxation Model

The same datasets were subsequently fitted using the Cole—Cole relaxation model (Equation
(13)) to evaluate the temperature-dependent relaxation dynamics, with the resulting Arrhenius plots

shown in Figures 13-16.
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Figure 13. Arrhenius plot of In(t) versus 1/T for the temperature range of 100-200 °C, obtained from the Cole-
Cole relaxation model. The activation energy (E.) and pre-exponential factor (1) were extracted from the slope

and intercept of the linear fit, respectively.
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Figure 14. Arrhenius plot of In(t) versus 1/T for the temperature range of 200-300 °C, based on the Cole-Cole
relaxation model. The activation energy and pre-exponential factor were determined from the corresponding

linear regression parameters.
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Figure 15. Arrhenius plot of In(t) versus 1/T for the temperature range of 300—400 °C, derived from the Cole-
Cole relaxation model. The slope and intercept of the fitted line yield the activation energy (E.) and pre-
exponential factor (o), respectively.
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Figure 16. Arrhenius plot of In(t) versus 1/T for the temperature range of 400-500 °C, obtained using the Cole-
Cole relaxation model. The extracted activation energy and pre-exponential factor describe the effective thermal

activation behavior of the relaxation process.

The activation energy of lithium aluminosilicate (LAS) glass-ceramics was examined within the
temperature range of 100-500 °C using both the Debye (Figures 9-12) and Cole—Cole (Figures 13-16)
relaxation models. Within the Debye framework, the activation energy values ranged from 0.046 eV
to 0.476 eV, while those derived from the Cole—Cole model varied between 0.045 eV and 0.464 eV.
These values are in close agreement with those previously reported by Lin and Zhang (2001) [35],
further validating the reliability of the present analysis. These variations in activation energy provide
insight into the underlying relaxation mechanisms governing the dielectric response of the LAS
system. The activation energy derived from the Arrhenius plots of relaxation time (1) corresponds to
the potential barrier associated with dipolar or ionic motion. At lower temperatures (100-200 °C), the
dielectric relaxation is predominantly governed by dipolar reorientation or localized ionic hopping
within the glassy matrix. As the temperature increases, ionic hopping processes become increasingly
significant, while at higher temperatures, the relaxation behavior is dominated by long-range ionic
migration across the aluminosilicate network [36].

The activation energies obtained from the Debye relaxation model were slightly higher than
those derived from the Cole-Cole model. Studies have established that the Debye relaxation model
represents the most fundamental and idealized description of dielectric relaxation, assuming a single,
well-defined relaxation time and, consequently, a unique activation energy [37,38]. The relatively
high apparent activation energy predicted by the Debye model in this work may likely arises from
its inherent simplifications. Specifically, the model is constructed on restrictive assumptions which
includes, the dipoles that are independent, non-interacting entities exhibiting a uniform relaxation
time and a simple exponential decay behaviour [39,41]. In contrast, the Cole-Cole model combines a
distribution of relaxation times associated with structural disorder and heterogeneous local
environments, allowing partial or localized dipole reorientations with lower energy barriers.
Consequently, the effective activation energy estimated from the Cole—Cole model is comparatively
smaller.

6. Conclusions

The dielectric constant (&) of lithium aluminosilicate (LAS) glass-ceramics decreased with
increasing frequency in both the Debye and Cole—Cole relaxation models, demonstrating typical
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dielectric dispersion behaviour. In the Debye model, €' values were higher at low frequencies and
showed moderate temperature dependence, reflecting enhanced dipole mobility at elevated
temperatures (Figures la—4a). In contrast, the Cole-Cole model exhibited minimal temperature
variation, consistent with a broad distribution of relaxation times that smooths out sharp thermal
effects (5a -8a). These results suggest that while both models describe the general relaxation
behaviour, the Cole—Cole model more accurately represents the non-ideal dielectric response of
defect-rich LAS glass-ceramics.

As shown in Figures 1b—4b (Debye model) and Figures 5b—8b (Cole—Cole model), the dielectric
loss (€' ) of LAS ceramics exhibits distinct relaxation peaks that shift with temperature, reflecting
thermally activated dipolar and ionic dynamics. Within the Cole—Cole framework, the appearance of
abroad &''peak indicates a distribution of relaxation times rather than a single Debye-type process.
This broadening arises from structural heterogeneities and the presence of multiple polarization
mechanisms such as Li* ion hopping and defect—dipole (Li*—O-) reorientation. The temperature-
dependent shift of the peak toward higher frequencies signifies that these dipolar and ionic species
acquire sufficient thermal energy to reorient more rapidly under the alternating electric field.

The activation energies obtained from the Arrhenius plots of In(t) versus 1/T, which range from
0.046 eV to 0.476 eV, correspond to distinct relaxation regions where the lower values are indicative
of localized dipolar reorientation, while the higher values reflect long-range ionic migration
processes. This broad energy distribution underscores the non-Debye relaxation behaviour of LAS
ceramics. Accordingly, the Cole—Cole model provides an accurate description of this behaviour by
accounting for the distribution of relaxation times arising from structural disorder and heterogeneous
local environments, thereby revealing that the dielectric response of LAS is governed by a continuum
of thermally activated relaxation mechanisms contributing to the observed dielectric dispersion.
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