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Exploring Li,MgZrO, as a multifunctional material:
structural analysis, polaron conductivity, and wide
bandgap for energy and optoelectronic devices
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The search for advanced materials with tunable electronic and optical properties has driven significant
progress in energy storage and optoelectronic technology. Lithium-based mixed-metal oxides stand out
among these materials because of their excellent ionic conductivity and structural flexibility. This study
focuses on examining the structural, electrical, and optical characteristics of Li,MgZrQ,, a ternary oxide
featuring a tetragonal layered structure (space group P4,/nmc). The material was prepared using a solid-
state synthesis method and its single-phase nature was validated by X-ray diffraction analysis combined
with Rietveld refinement. Additionally, scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) were employed to evaluate the microstructural features and elemental distributions
of the compounds. UV-vis-NIR spectroscopy revealed a direct bandgap of 3.41 eV, highlighting the
material's potential for optoelectronic applications. Impedance spectroscopy studies demonstrated
a non-Debye relaxation behavior and thermally activated conductivity. Examination of AC conductivity

using Jonscher's power law and the overlapping large polaron tunneling (OLPT) model revealed that
Received 28th March 2025 . . . . . A
Accepted 2nd May 2025 polaronic conduction mechanisms primarily govern charge transport. The activation energy (0.804 eV)
further supported thermally activated conduction. These results highlight Li,MgZrO,4 as a multifunctional

DOI: 10.1039/d5ra02178b material with considerable potential for applications in solid-state battery design, energy storage
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1 Introduction

Recent breakthroughs in materials science have been driven by
the demand for advanced compounds with tunable electronic
and optical properties, particularly for energy storage and
optoelectronic applications. In this context, lithium-containing
compounds have gained prominence owing to their remarkable
ionic conductivities, adaptable structures, and suitability for
cutting-edge technologies such as solid-state batteries, sensors,
and optical instruments."* Notably, mixed-metal oxides incor-
porating lithium have garnered considerable attention for their
capacity to combine the advantages of various elements,
yielding materials with customized electrical, thermal, and
optical traits.>* A prime example is Li,MgZrO,, a ternary oxide
featuring a layered structure akin to perovskites, which serves as
an intriguing system for exploring the relationships between
crystal chemistry, defect behavior, and practical functionalities.

Recent studies have highlighted the potential of lithium-
containing ternary oxides for applications in solid-state
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systems, and optoelectronic innovations.

electrolytes and dielectric materials. For instance, materials like
Li;0Cl and Li,;LazZr,0,, (LLZO) have demonstrated high ionic
conductivity and stability, making them promising candidates for
all-solid-state batteries.>® Likewise, the optical characteristics of
lithium-infused oxides, including LiNbO; and LiTaO3, have been
thoroughly examined for their applications in nonlinear optics
and photonic technologies.”® Despite these advancements,
investigations into Li,MgZrO, remain scarce, creating an oppor-
tunity to further explore its electrical and optical properties.

Li,MgZrO, crystallizes in a tetragonal structure (space group
P4,/nmc), where the combination of lithium, magnesium, and
zirconium ions creates a complex yet highly tunable material
system. The presence of lithium ions facilitates ionic conduc-
tion, while magnesium and zirconium contribute to structural
stability and covalent bonding, respectively.>'® This unique
composition endows Li,MgZrO, with a range of desirable
properties, including high thermal stability, mechanical
robustness, and potential dielectric and optical functionalities.
Recent computational studies using density functional theory
(DFT) have predicted that Li,MgZrO, exhibits a wide bandgap
and favorable electronic structure, suggesting its suitability for
optoelectronic applications™ However, experimental validation
of these predictions is still lacking, underscoring the need for
systematic investigations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To address this gap, advanced characterization techniques are
essential for elucidating the structural, compositional, and
functional characteristics of Li,MgZrO,. Energy-dispersive X-ray
spectroscopy (EDX) delivers an effective way to confirm the
material's stoichiometry and determine its elemental distribution
within the material, ensuring accurate control over its composi-
tion during synthesis. Additionally, optical studies such as UV-vis
spectroscopy provide valuable information on the material's
electronic structure and bandgap, which are crucial for assessing
its optoelectronic properties. Together, these techniques
complement traditional methods such as X-ray diffraction (XRD)
and impedance spectroscopy, providing a comprehensive
understanding of the material's fundamental characteristics.

The electrical properties of Li,MgZrO, are expected to be
influenced by factors such as lithium-ion mobility, defect
chemistry, and interfacial effects. Comprehending these
features proves vital to enhancing the material's effectiveness in
applications like solid electrolytes and capacitive energy storage
systems. Similarly, the optical properties of Li,MgZrO,,
including its bandgap, refractive index, and nonlinear optical
response, hold promise for use in photonic technologies such
as light-emitting diodes (LEDs) and photodetectors. Recent
advances in synthesis techniques, such as solid-state reactions
and chemical vapor deposition (CVD), have enabled the
production of high-purity Li,MgZrO, samples, paving the way
for detailed characterization.

Within this research, we deliver an in-depth analysis of the
electrical and optical characteristics of Li,MgZrO,, integrating
theoretical simulations with experimental measurements. By
synthesizing high-purity samples and employing advanced
characterization techniques, including EDX, impedance spec-
troscopy, dielectric measurements, and UV-vis-NIR spectros-
copy, our goal is to clarify the inherent traits of the material and
investigate its possibilities for diverse, multifunctional uses.

This study not only deepens our comprehension of lithium-
based ternary oxides but also makes a significant contribution
to the ongoing development of materials for sustainable energy
and advanced electronics. Our findings provide crucial insights
into the dielectric and conduction behaviors of Li,MgZrO,,
paving the way for its application in cutting-edge energy storage
and optoelectronic technologies.

2 Experimental methodology

Such Li,MgZrO, material was developed using a solid-state
reaction approach. Highly purified raw materials, specifically
Li,COj3, MgO, and ZrO,, were meticulously measured in precise
stoichiometric proportions, following the reaction equation
below:

Li,CO; + MgO + ZrO, — Li,MgZrO,4 + CO,
To achieve a homogeneous blend, the precursor materials
were initially pulverized using an agate mortar and pestle to

attain fine particle dispersion. Subsequent to this, precise dry-
phase homogenization was achieved through spatula-assisted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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blending to ensure uniform constituent dispersion. To induce
the decomposition of Li,CO; and facilitate the expulsion of CO,
gas, the mixture was subjected to a preheating step in ambient
air at 573 K for 8 hours, employing a controlled heating rate of
3 °C min~'. Subsequently, the material underwent a sequence
of thermal treatments at progressively elevated temperatures,
ranging from 873 K to 1473 K. Each thermal stage was sustained
for 6 hours to drive phase formation and enhance crystalline
growth. Ultimately, the synthesized material was gradually
cooled to ambient temperature at a controlled rate of 2 °
C min ', effectively mitigating thermal stress and fostering the
development of a well-ordered crystalline lattice.

The structural phase homogeneity and crystallographic
integrity of the synthesized Li,MgZrO, were meticulously veri-
fied via XRD. Diffraction patterns were collected across a Bragg
angle range of 10-80° using a Bruker D8 Advance diffractom-
eter, employing a Cu-Ka radiation source (A = 1.5406 A, voltage:
40 kv, current: 40 mA) under ambient conditions. Measure-
ments were conducted with a step size of 0.02°, a scan speed of
1° min*, and a glancing incidence angle of 1°, ensuring high-
resolution data. The instrumental resolution was approximately
0.1°in 26. The lattice parameters were precisely extracted from
the XRD data through Rietveld refinement, executed using Full
Proof software, ensuring an accurate structural analysis and
confirmation of phase composition.

Energy-dispersive X-ray (EDX) spectra were obtained using
a JEOL JSM-7800F field-emission scanning electron microscope
(FE-SEM) equipped with an Oxford Instruments X-MaxN 80 EDX
detector operating at an accelerating voltage of 15 kV and
a probe current of 1 nA. Before analysis, the sample was coated
with a thin carbon layer to enhance electrical conductivity and
minimize charging effects. Elemental mapping and point
analysis were performed across 10-20 randomly selected
regions of the Li,MgZrO, surface to confirm compositional
homogeneity, with EDX spectra collected at a detector resolu-
tion of 125 eV.

The optical traits of Li,MgZrO, were examined using UV-vis-
NIR spectroscopy to assess its bandgap and absorption features.
Diffuse reflectance spectra were recorded using a PerkinElmer
Lambda 950 spectrophotometer equipped with a 150 mm
integrating sphere.

The instrument operated with a spectral resolution of
+0.2 nm and a wavelength accuracy of +0.08 nm. Measure-
ments were performed over a range of 200-2500 nm, using
a scan speed of 240 nm min " and a slit width of 2 nm, ensuring
high-precision data acquisition across the full spectral window.
For a comprehensive evaluation of light absorption character-
istics, the Kubelka-Munk function was applied to convert
reflectance into absorption. The optical bandgap was then
determined using the Tauc plot method, assuming both direct
and indirect electronic transitions, thereby offering insight into
the material's electronic structure and its prospects for opto-
electronic applications.

The electrical characteristics of Li,MgZrO, were evaluated
using impedance spectroscopy. Measurements were performed
with a Solartron 1260 Impedance Analyzer across a frequency
range of 10 Hz to 5 MHz, with a measurement resolution of
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0.1% in both phase and amplitude. The temperature range was
maintained between 373 K and 573 K. An AC voltage of 500 mV
was applied during the measurements. For the measurements,
a cylindrical pellet with a diameter of 8 mm and a thickness of
approximately 1.3 mm was prepared by uniaxial pressing of the
synthesized powder at a pressure of 3 t cm ™2, followed by sin-
tering at 100 °C for 4 hours to ensure mechanical stability and
densification. Silver electrodes were applied to both sides of the
pellet using silver paste to ensure good electrical contact.
Impedance measurements were conducted under carefully
controlled conditions to minimize external interference and
enhance data consistency.

3 Results and discussions
3.1 X-ray powder diffraction and morphology examination

The powder X-ray diffraction analysis of Li,MgZrO, clearly
confirms the presence of a single-phase tetragonal structure,
with the observed diffraction patterns closely aligning with
those reported in previous studies of Li,MgZrO,."”” The well-
defined, intense diffraction peaks highlight the material's
exceptional crystallinity, an essential attribute for enhancing
electrical, dielectric, and ionic conduction properties in solid-
state systems.

To further corroborate the crystallographic structure, Riet-
veld refinement was performed on the XRD data, yielding lattice
parameters of a = b = 4.202 + 0.002 A and ¢ = 9.195 + 0.005 A,
which closely match the values documented in earlier studies
for the P4,/nmc space group. This correspondence highlights
the accuracy and reliability of our solid-state synthesis approach
in achieving phase-pure Li,MgZrO,. Moreover, the lack of
secondary phases in the XRD pattern further confirms the
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diffraction patterns, which reinforces the material's structural
soundness. Additionally, Fig. 1(b) illustrates the XRD patterns
of Li,MgZrO, synthesized at various temperatures (700 °C, 800 °
C, and 900 °C), highlighting the progression of crystallinity and
phase stability under different synthesis conditions.

The average crystallite size (D) was calculated from the full
width at half maximum (FWHM) of the prominent peaks
observed in the XRD pattern using Scherrer's equation:*

0.92

Crystallite size (D) = W

(1)
where 1 is the wavelength of the Cu Ko radiation (1.54 A), # is the
diffraction angle, and g is the FWHM corresponding to struc-
tural broadening. In addition, the dislocation density (6) and
lattice strain (¢) were evaluated using the following equations:**

_ I¢] c:s 0 )

Lattice strain (e)

Dislocation density (6) = g (3)

The evaluated structural parameters are presented in Table
1. As the temperature rises, the D value increases due to
enhanced atomic mobility, which promotes grain growth.
Simultaneously, the dislocation density ¢ and lattice strain e
values decreased, confirming the increase in crystallinity with
annealing." This suggests that larger crystallites form as the

Table 1 Structural parameters of Li,MgZrO,4
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Fig.1 (a) Rietveld refinement pattern of XRD data of Li,MgZrO4 at room temperature, (b): XRD patterns of the sample measured at temperatures

of 700 °C, 800 °C, and 900 °C.
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Fig. 2 Scanning electron microscopy (SEM) images accompanied by
a corresponding size distribution histogram.

temperature rises, leading to a reduction in internal stresses
and improved structural integrity.

To enhance the structural evaluation, Fig. 2 provides a grain
size distribution histogram, shedding light on the material's
morphology and its relationship to electrical and dielectric
properties. The inset of Fig. 2 features SEM imaging, displaying
a consistent grain distribution with a mean crystallite dimen-
sion of 6.39 & 0.15 pm. The particles show little clustering and
a clear, well-formed structure, suggesting a carefully managed
microstructural development during synthesis. The lack of
cracks or surface flaws underscores the mechanical robustness
of Li,MgZrO,, reinforcing its potential for use in energy storage
and dielectric technologies.

Fig. 3 presents the EDX spectrum of Li,MgZrO,, revealing the
distinct peaks corresponding to each constituent element. The
lack of signals associated with impurities underscores the
exceptional phase purity and low contamination levels in the
synthesized material, reflecting the success of the solid-state
reaction approach in producing a chemically uniform
product. However, due to the limitations of EDX, lithium could
not be directly detected. This is because lithium has a low
atomic number, making it difficult to detect using conventional
EDX detectors. Furthermore, its atomic number coincides with

o
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Fig. 3 Elemental analysis conducted using energy-dispersive X-ray
spectroscopy (EDX). Inset: quantitative assessment of the elemental
composition.
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that of the reference element employed in this analysis,
complicating identification.

Precise stoichiometric control is crucial for optimizing the
functional performance of Li,MgZrO,. Deviations from the
ideal composition may lead to the formation of point defects,
secondary phases, or lattice distortions, which could hinder
ionic transport and degrade dielectric stability. By ensuring
compositional accuracy, this study establishes a strong foun-
dation for understanding the intrinsic electrical and optical
properties of Li,MgZrO,.

3.2 Ultraviolet-visible spectroscopy analysis

UV/Vis spectroscopy serves as a common analytical tool for
exploring the quantitative optical characterization, such as
organic-inorganic hybrid compounds. This process quantifies
the light absorbed or transmitted within the ultraviolet (UV) and
visible (Vis) portions of the electromagnetic spectrum.’® A
crucial value derived from this method is the bandgap, defined
as the minimum energy needed to promote an electron from the
valence band to the conduction band. Determining the
bandgap is vital for evaluating a material's capacity to absorb
and emit light, a factor that plays a significant role in its
potential use in photovoltaics, light-emitting technologies, and
photocatalytic systems.®

The interaction between incident light and the semi-
conductor significantly influences its optical properties. In this
study, these characteristics are examined through the absor-
bance spectrum, as illustrated in Fig. 4(a). By analyzing the
absorption spectra, the active absorption bands can be identi-
fied, along with the determination of the optical bandgap
energy and Urbach energy as functions of incident photon
energy.The absorbance spectrum of the Li,MgZrO, compound,
annealed at 900 °C and characterized under ambient conditions
within the 200-800 nm wavelength range, reveals two distinct
absorption bands at 232 and 310 nm. Notably, the spectrum
exhibits strong absorption in the visible region, underscoring
its fundamental band characteristics. This absorption arises
from electron excitation, in which electrons shift from the
valence band to the conduction band. The primary factor gov-
erning the energy bandgap is the charge transfer between these
bands. Several methods can be employed to determine a mate-
rial's bandgap energy (Ey).

The inset of Fig. 4(a) illustrates the variation of (dA/d2) as
a function of wavelength (1). The optical bandgap energy (E,) of
the Li,MgZrO, compound was derived from the minimum point
of the (dA/d2) curve. It can be estimated using the equation E, =
1240/, where E, is in electron volts and 2 is the wavelength in
nanometers. Based on this relationship and the prominent
peak observed at 343 nm, the optical bandgap energy is calcu-
lated to be approximately 3.615 eV. The observed bandgap
places this material in the technologically relevant category of
wide-gap semiconductors (0.5 to 5 eV), suitable for UV
photonics and high-power electronics."”

Nevertheless, this approach cannot differentiate between
direct and indirect bandgaps. Addressing this limitation, Tauc's

RSC Adv, 2025, 15, 15516-15529 | 15519
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Fig. 4 (a) Absorbance as a function of wavelength for Li,MgZrO,, with the derivative of absorbance displayed in the inset. (b) Plot of (ahr)/2 and
(«hw)? against hv for the Li,MgZrO, compound. (c) Evolution of In(ahw) vs. In(hy — Eg) for the Li,MgZrO4 compound. (d) Ln(a) vs. hv plots to

determine the Urbach energy E.

method well-suited for powdered materials was employed,
utilizing the following relationship:*®

(ahv)" = A(hy — Eg) (4)

In this context, « is the absorption coefficient, n defines the
nature of the optical transition (with n = 1/2 for direct and n =2
for indirect allowed transitions), and A is a constant related to
the transition probability, indicating the degree of structural
disorder in the material.*

As shown in Fig. 4(b), the plots of («hr)"? and (ahv)? versus
photon energy hv exhibit linear regions, the extrapolation of
which yields the bandgap energies, E,, with Egq and Eg; repre-
senting the direct and indirect bandgaps, respectively. The
calculated values are 3.41 (+0.32) eV for n = 1/2 and 2.45
(£0.24) eV for n = 2. Assuming a direct transition, the parameter
Awas determined from the slope of the linear fit in the Tauc plot
and found to be approximately 469 nm ™" eV,

The close agreement between the bandgap value obtained
via the dA/dA method and the Tauc plot supports the presence
of a dominant direct transition. To ascertain whether the
material possesses a direct or indirect bandgap, a mathematical
validation is required.>

15520 | RSC Adv, 2025, 15, 15516-15529

Ln(ahv) = In(4) + nln(hy — E,) (5)

Fig. 4(c) illustrates the variation of In(«ahv) as a function of
In(hv — Eg). The transition mode can be determined by
analyzing the slope of the linear region. By fitting this portion of
the curve, a value of n = 0.54211 was established, affirming that
the studied compound exhibits a direct bandgap with an energy
gap of approximately 3.41 eV. Compared to indirect bandgaps,
direct bandgaps are well known for their superior luminous
efficiency, as they enable nearly all the energy to be emitted as
light without the involvement of phonons.”* Consequently,
the studied sample holds potential for use in light-emitting
diode (LED) manufacturing.

To assess the extent of disorder near the optical band edge,
the Urbach energy, an empirical parameter, must be deter-
mined.” The exponential absorption tail observed in the
absorbance spectrum arises from localized states within the
defect region. By analyzing the dependence of In(«) on incident
photon energy, as shown in Fig. 4(d), the Urbach tail can be
estimated using the following expression:**

o = ag exp (z—:) (6)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this equation, («o) is a constant, and (Ey) represents the
energy associated with the width of the exponential tail of
localized states within the forbidden bandgap.”® The Urbach
energy provides valuable insight into the degree of structural
and thermal disorder in a material.>® It is obtained by taking the
reciprocal of the slope of the linear region in the plot of In(«)
versus photon energy. In this study, the Urbach energy was
found to be 0.2 eV, indicating that Li,MgZrO, exhibits a slightly
higher degree of disorder.

Urbach energy can be further evaluated using the following
expression:

Ey= 2~ )

here, kg denotes Boltzmann's constant, T is the absolute
temperature (300 K), and o characterizes the rate at which the
material's absorption edge broadens due to electron-phonon
interactions within the band gap.*”

The value of ¢ was determined to be approximately 0.13. This
parameter, which reflects the strength of the electron-phonon
interaction E._p,, can be expressed as:**

2

Eepp= —
ph 3g (8)

The estimated electron-phonon interaction energy, Ec_pp, is
approximately 5.12 eV. This interaction describes the coupling
between electrons and lattice vibrations (phonons) and plays
a critical role in determining the electrical resistivity, super-
conductivity, and thermal properties of the material.

3.3 Investigation of impedance characteristics

Impedance spectroscopy is a crucial analytical tool in materials
science, offering deep insights into the electrical properties of
various substances. This technique enables researchers to
identify and analyze the effects of microstructural features such
as particles, grain boundaries, and electrode interfaces on
overall conductivity. By disentangling these contributions, it
clarifies the mechanisms governing charge transport. Addi-
tionally, impedance analysis serves as a powerful method for
assessing how temperature variations, frequency changes, and
structural modifications influence a material's electrical
behavior. Its precision and versatility make it indispensable for
understanding advanced materials.”®

Fig. 5 illustrates the frequency-dependent real portion of the
complex impedance, Z'(w), plotted alongside its imaginary
counterpart, Z"’(w), across various temperatures. This graphical
method, recognized as Cole-Cole plot or Nyquist diagram, is
a standard tool in material characterization. Typically, Nyquist
plots for dielectric materials feature three semicircular arcs,
each representing contributions from the bulk grain, grain
boundaries, and electrode-material interfaces, which together
define the material's total impedance.

At high frequencies, the curves predominantly reflect the
bulk grain's impedance, while the low-frequency region
emphasizes the role of grain boundaries. Ultralow frequencies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Nyquist plots (Z” vs. Z') for Li,MgZrO4; compound in the
temperature range from 373 K to 573 K with the inset showing the
equivalent circuit model used for the fitting procedure.

on the other hand, reveal processes at the electrode-material
interface.

In Fig. 5, the impedance spectra exhibit a single, flattened
semicircular arc that persists across all measured temperatures,
indicating that the electrical response of the material is
predominantly governed by grain (bulk) effects, with negligible
contributions electrode interactions. The decreasing radius of
the arc with increasing temperature indicates improved
conductivity within the material. Furthermore, the positioning
of the arc centers below the real axis implies non-Debye relax-
ation behavior, suggesting complex charge transport mecha-
nisms within the ceramic.®® To analyze the electrical
characteristics, an equivalent circuit representing grain effects
was simulated using Z-View software, with the optimal circuit
configuration shown in the insets of Fig. 5. The resulting vari-
able derived from this model are compiled in Table 2.

The temperature-dependent variation of the grain resistance
Rg is presented in Fig. 6. As the temperature rises, R, decreases
significantly, which aligns with the negative temperature

Table 2 The circuit characteristics corresponding to the Li,MgZrO4
material

T(K) R(10°Q) C (10" F) CPE, (10 °F) a; CPE2 (10 °F) a,

373  378.45 27.22 0.36 0.742 0.069 0.871
393 204.63 27.65 0.39 0.755 0.077 0.963
413 104.72 27.72 0.48 0.754 0.125 0.941
433 77.25 28.55 0.54 0.754 0.133 0.933
453 42.62 29.45 0.63 0.753 0.209 0.924
473 33.45 29.93 0.71 0.754 0.321 0.915
493 22.11 31.18 0.77 0.756 0.728 0.910
513 15.45 30.72 0.85 0.756 1.341 0.898
533 8.68 31.82 0.97 0.758 2.672 0.891
553 6.68 31.18 0.98 0.759 3.758 0.885
573 5.28 31.89 1.07 0.761 4.112 0.894
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Fig. 6 Variation of grain resistance as a function of temperature.

coefficient of resistance (NTCR) behavior discussed earlier. This
trend is characteristic of thermally activated conduction
mechanisms, where increased thermal energy promotes the
mobility of charge carriers, thereby reducing resistance. The
decrease in R, with temperature further supports the expecta-
tion of enhanced ionic or electronic conductivity at elevated
temperatures, a phenomenon widely observed in ceramic
materials.**

The frequency-dependent behavior of the real part of
impedance, Z'(w), across temperatures ranging from 373 K to
573 K is illustrated in Fig. 7. The data reveals a sigmoidal trend,
where Z'(w) attains higher values in the low-frequency regime.
With increasing frequency and temperature, Z'(w) gradually
decreases, consistent with the negative temperature coefficient
of resistance. This trend correlates with a rise in AC conductivity
at elevated temperatures. In the high-frequency range, Z'(w)
shows minimal temperature dependence, causing the curves to
merge, as seen in the Fig. 7. This behavior is attributed to the

573 K
553 K
533 K
513 K
493 K
473 K
453 K
433 K
413 K
393 K
373K

1,5%10°

10O LATVEXOVDO

107

Fig. 7 Frequency dependence of the real part (Z') over a range for
temperatures spanning from 373 K to 573 K.
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Fig. 8 Frequency dependence of the imaginary part (Z’) of the

impedance at different temperatures.

release of space charges and a reduction in barrier properties,
which contribute to enhanced AC conductivity.**

The frequency dependence of the imaginary part of imped-
ance, Z'(w), represents a loss spectrum, as depicted in Fig. 8.
The variation of Z’(w) with frequency exhibits distinct relaxa-
tion peaks that shift with temperature. These peaks arise when
the frequency of the applied electric field matches the hopping
frequency of localized charge carriers. The relaxation peaks are
notably broader than those predicted by an ideal Debye model,
confirming non-Debye relaxation behavior.*® This broadening
indicates the presence of multiple relaxation time constants,
reflecting complex relaxation mechanisms rather than a single
exponential decay typical of Debye-type relaxation.**

At higher frequencies, the (Z”) values for all measured
temperatures converge into a single curve. This merging aligns
with the trends observed in the real part of impedance (Z’) and
suggests the potential role of space charge effects in influencing
the material's overall impedance characteristics.>> As a whole,
these insights emphasize the intricate relationship between
grain contributions and space charge dynamics dictating the
electrical characteristics of the material. This interplay high-
lights the importance of both microstructural features and
charge carrier interactions in determining the material's
response across different experimental conditions.

3.4 Analysis of electrical modulus properties

To delve deeper into the relaxation dynamics of Li,MgZrO,, an
in-depth examination of the complex modulus spectra was
performed. The complex electric modulus acts as a potent
instrument for investigating electrical relaxation phenomena,
particularly in elucidating space charge distribution and its
impact on minimizing electrode-induced distortions. Defined
as the reciprocal of the complex permittivity, the electric
modulus offers an alternative framework for analyzing dielec-
tric relaxation processes. In materials where dielectric
displacement stays consistent, the electric modulus primarily
reflects the relaxation characteristics of the electric field within

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the system. The complex modulus can be mathematically rep-
resented by the following formula:***”

’ ’

1 1 I3 -

— = = +i
= T JER)

b
M* = R

=M +iM"  (9)

Within this framework M*(w) represents the complex electric
modulus, ¢*(w) denotes the complex permittivity while M (w)
indicates the real component of the electric modulus, M"(w) is
the imaginary part, w signifies the angular frequency, and j is
the imaginary unit. This formalism is particularly advantageous
in systems where electrode polarization and high permittivity
obscure bulk relaxation processes, as it emphasizes the mate-
rial's intrinsic properties by minimizing electrode effects.
Analyzing the intricate properties of the complex modulus
provides researchers with a deeper understanding of the
dielectric relaxation behavior and charge transport mechanisms
of a material, which are fundamental aspects in the advance-
ment of state-of-the-art electronics and highly efficient energy
storage systems.

Fig. 9 depicts the real component of the electric modulus
(M) as a function of frequency at various temperatures,
providing insights into the charge carrier dynamics within the
material. At low frequencies, M approaches near-zero values,
showing little dependence on temperature. This phenomenon
indicates that charge transport is primarily governed by exten-
sive charge carrier migration, with minimal influence from
electrode-induced polarization or interfacial capacitance
effects. The presence of a characteristic S-shaped profile in the
modulus spectrum reinforces the significance of mobile charge
carriers in facilitating conduction. With increasing frequency,
exhibits a gradual rise, though this increase becomes less
significant at elevated temperatures, suggesting a shift toward
short range carrier mobility. This is particularly evident at
higher frequencies, where a subtle dispersion emerges. Even-
tually, M’ stabilizes, reaching a near-constant value, which may
correspond to conductivity relaxation within the material. This
saturation at intermediate to high frequencies suggests

1,010

]’Vl:'

5,0%10°-]

PO e e

0,0+

Fig. 9 The frequency-dependent behavior of the real component of
the electric modulus (M) at different temperatures.
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a weakening of the forces governing charge mobility under the
applied electric field. At lower frequencies, ions oscillate within
their potential energy wells, while at higher frequencies, their
response to the electric field diminishes. Collectively, these
observations highlight a conduction mechanism driven by both
long-range carrier movement and temperature-dependent
relaxation processes, with minimal impact from polarization
effects.

Fig. 10 depicts the frequency-dependent variation of the
imaginary component of the electric modulus (M") for the
synthesized compound across a range of temperatures. At each
measured temperature, M” manifests a distinct peak at a char-
acteristic frequency (wmay), Signifying conductivity relaxation
phenomena within the material. In the ceramic lattice, this
peak initially emerges in the low-frequency region and
progressively migrates toward higher frequencies as the
temperature increases. Such distinctive curve morphology
underscores an acceleration in the relaxation process, attrib-
uted to thermally stimulated charge transport.*®

The temperature-driven evolution of the M” peak offers
profound understanding into the relaxation dynamics and
conductivity characteristics of the material. The presence of
these peaks indicates a shift in charge carrier mobility, tran-
sitioning from extended-range conduction to localized hopping
mechanisms. In an ideal Debye-type relaxation system, all
dipoles would exhibit an identical relaxation time. However, the
asymmetric broadening of the M” peaks suggests a pronounced
deviation from Debye behavior, implying a dispersion of relax-
ation times within the material. This deviation underscores the
intricate nature of the relaxation mechanisms and the pivotal
role of temperature in modulating charge transport
phenomena. The relaxation time (t), representing the charac-
teristic timescale over which the system undergoes relaxation, is
determined using the equation:*

1
Smax

T

(10)
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Fig. 10 The frequency-dependent variation of the imaginary
component of the electric modulus (M”) measured at various
temperatures.
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In this context, fimax denotes the frequency corresponding to
the peak response on the curve. The mean activation energy of
the charge carriers is determined by applying the Arrhenius
equation:**

(11)

Within this equation, 7, stands for the pre-exponential
factor, kg denotes the Boltzmann constant, and T represents
the absolute temperature.

The activation energy (E,) is extracted by analyzing the linear
correlation in a plot of In(t) versus 1000/T, as illustrated in
Fig. 11. From the experimental data, we derive an activation
energy value of 0.804 £ 0.023. Additionally, the inset of Fig. 11
shows a plot of log(wmax) versus absolute temperature, which
provides a consistent estimate of the activation energy. These
findings affirm that Li,MgZrO, exhibits thermally-driven relax-
ation characteristics. As the temperature rises, charge carriers
or dipoles gain enhanced mobility, allowing them to react more
swiftly to external electric fields, especially at elevated
frequencies. This behavior is pivotal in both electronic and
optoelectronic devices, where materials must adjust seamlessly
to fluctuating signals over a broad temperature range. Such
attributes underscore the material's promise in cutting-edge
technologies, where flexibility and efficiency in diverse condi-
tions are paramount. The heightened responsiveness of the
charge carriers emphasizes the material's potential to excel in
environments that demand dynamic thermal and electrical
performance.

The representation of the combined spectra of the imaginary
electric modulus (M") and impedance (Z”) for the Li,MgZrO,
compound, as depicted in Fig. 12, has been deliberately chosen
to elucidate the distinction between short-range and long-range
charge carrier dynamics. This method provides a more
profound understanding of the material's conduction mecha-
nisms. A significant disparity between the peak frequencies of

= T = II T T T
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Fig. 11 Variation of In(r x T) as a function of 1000/T with the inset
showing the plot of log(wmax) versus absolute temperature.
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Fig. 12 Combined spectra of the imaginary electric modulus (M”) and
impedance (Z”) for the Li,MgZrO; compound at a selected
temperature.

M’ (fmax(M")) and Z" (finax(Z”)) unmistakably points to a local-
ized conduction process, aligning with observations reported in
previous studies.**

A wealth of literature highlights that the convergence of M"
and Z" peaks at a single frequency is a hallmark of long-range
charge transport dominating the relaxation dynamics. By
contrast, a pronounced divergence between fi,.(M") and fiax(Z")
unveils a regime of short-range charge mobility, where carriers
are confined to localized hopping within discrete potential
wells.” In the present study, this material exhibits a consistent
offset between these peak frequencies across a range of temper-
atures, signaling a prevalence of short-range charge dynamics.
This behavior not only underscores the localized nature of
conduction but also suggests a temperature-modulated interplay
between carrier confinement and mobility, offering a nuanced
perspective on the material's dielectric response that that could
guide its optimization for cutting-edge applications.

3.5 AC electrical conductivity

Fig. 13(a) illustrates the intricate interplay between temperature
and frequency in shaping the AC conductivity of Li,MgZrO,. At
higher frequencies, the AC component emerges as the domi-
nant factor influencing conductivity, whereas at lower
frequencies, the temperature-dependent DC conductivity takes
precedence. In this DC-dominated regime, the material shows
little response to changes in frequency, producing the charac-
teristic plateau observed within this range. As the frequency
increases, the impact of AC conductivity becomes more
pronounced, driving a notable increase in conductivity values
and establishing a clear dependence on frequency. This tran-
sition from DC-dominated to AC-dominated behavior occurs at
a critical frequency known as the “hopping frequency”. Notably,
this hopping frequency shifts toward higher values with
increasing temperature, highlighting the thermally activated
nature of the ion transport process.

This behavior closely mirrors Funke's jump relaxation model
(JRM), offering critical insights into ion dynamics within the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material. At low frequencies, ions have ample time to hop
between neighboring sites, facilitating long-range movement
and ensuring stable DC conductivity. In contrast, at higher
frequencies, the swift oscillations impede the ions' ability to
complete successful hops, restricting their motion and leading
to the emergence of AC-conductivity features. The interplay
between successful and unsuccessful hopping events at these
elevated frequencies explains the observed frequency-
dependent variations in AC conductivity.*

Furthermore, this phenomenon can be attributed to the
activation energy required for ion hopping, which decreases
with increasing temperature. This reduction in activation
energy facilitates more frequent hopping events, thereby

Table 3 Frequency-resolved analysis of the OLPT model parameters

enhancing both the magnitude and frequency dependence of
AC conductivity.** The nuanced relationship between tempera-
ture, frequency, and ion mobility underscores the complex
mechanisms governing electrical transport in Li,MgZrO,
making it a compelling subject for further investigation in solid-
state ionics.

The electrical conductivity observed in the material can be
effectively interpreted using Jonscher's power law, a well-
established framework for analyzing the universal dielectric
response (UDR).* This approach not only elucidates the
underlying mechanisms governing electrical characteristics but
also emphasizes the relationship between microscopic ion
dynamics and macroscopic transport phenomena.

Frequency (kHz) Who (eV) N(ev'em™) a (A rp (A) R, (A)
OLPT model 10° 0.14 2.15 x 10%* 0.62 1.11 2.67

3.98 x 10* 0.19 7.11 x 10*° 0.57 1.02 2.89

10 0.23 3.77 x 10*8 0.53 0.87 3.01

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the hopping mechanism outlined in this model
aligns with experimental observations, showing that conduc-
tivity is influenced by thermal activation at lower frequencies
and by frequency-dependent processes at higher frequencies.
This twofold reliance underscores the intricate nature of ion
transport in solid electrolytes, offering useful insights for
enhancing material performance in energy storage and
conversion technologies. The relationship is expressed as:*

Oaclw, T) = aq(T) + Aw® (12)

Fig. 13(b) displays a graph of In(oq. x 7T) versus 1000/T,
adhering to the Arrhenius relationship, a widely recognized
model for characterizing the temperature dependence of DC
conductivity in ceramic materials. The Arrhenius equation is
given by:

oac = Togexp(kpT — E,) (13)

In this context, o, is the pre-exponential factor associated
with electrical conductivity, kg is Boltzmann's constant, and E,
represents the activation energy. The determined activation
energy is E, = 0.674 £ 0.005 eV.

Exploring the charge transport mechanisms in Li,MgZrO,
materials is crucial for understanding their electrical properties.
The temperature-dependent behavior of the exponent s provides
valuable insights into the dominant conduction mechanisms.
Several theoretical models have been proposed to explain the
variation of s, frequently combining quantum mechanical
tunneling with charge carrier hopping. In these models, entities
like electrons, polarons, or ions traverse energy barriers, shed-
ding light on the underlying conduction processes.

One such framework is overlapping large polaron tunneling
(OLPT), which describes the motion of large polarons. In this
model, neighboring potential wells overlap considerably,
enabling efficient charge transport. Conversely, non-
overlapping small-polaron tunneling (NSPT) involves charge
transfer through small polarons that hop between isolated
states with minimal overlap. Another model, correlated barrier
hopping (CBH), explains conduction as charge carriers hopping
between localized sites while being affected by Coulomb inter-
actions and energy barriers. Additionally, pure quantum
mechanical tunneling (QMT) accounts for charge carriers
traversing barriers without the need for thermal activation.*

By examining the temperature dependence of s, researchers
can identify the most suitable model to describe charge trans-
port in Li,MgZrO, materials. This investigation not only
enhances our understanding of conduction mechanisms but
also aids in tailoring material properties for specific techno-
logical applications, such as energy storage, solid-state
batteries, and advanced electronics.

Fig. 13(c) illustrates the variation of the exponent s with
temperature, revealing a trend where s initially decreases before
experiencing a slight increase at higher temperatures. This
behavior is consistent with the overlapping large polaron tunneling
(OLPT) model, which describes charge transport dominated by
large polarons moving through overlapping potential wells.
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In the framework of the overlapping large polaron tunneling
(OLPT) model, AC conductivity is attributed to the tunneling
behavior of polarons, driven by the interaction between the
distortion fields surrounding these charge carriers.*® For larger
polarons, the extensive Coulomb interactions cause the poten-
tial wells at adjacent sites to overlap or merge, significantly
reducing the energy barrier for polaron transfer between sites.
This facilitates their efficient movement across the lattice,
enhancing AC conductivity. The reduction in the energy barrier
lowers the energetic cost of hopping, which directly influences
the energy dissipation associated with charge carrier motion.
The merging of potential wells, a result of the expansive
Coulomb interactions, plays a critical role in enabling polarons
to tunnel between neighboring sites with minimal resistance.

In the case of Li,MgZrO,, the presence of lithium (Li) ions,
which are highly mobile, likely contributes to the formation of
polarons. The interaction between these polarons and the
surrounding lattice, including the Mg and Zr cations, creates
distortion fields that influence the tunneling process. The
merging of potential wells due to the expansive Coulomb
interactions plays a critical role in enabling polarons to tunnel
between neighboring sites with minimal resistance. The
reduction in the energy barrier for polaron hopping in Li,-
MgZrO, can be attributed to the specific structural and elec-
tronic properties of the material. The presence of Zr, with its
relatively high polarizability, may further enhance the over-
lapping of potential wells, promoting polaron tunneling. Addi-
tionally, the Mg ions, which are less mobile compared to Li,
provide a stable framework that supports the formation and
movement of polarons. The interplay between these ions creates
a conducive environment for the OLPT mechanism, where the
polarons can move efficiently through the lattice.

This behavior underscores the significance of polaron
dynamics in governing the electrical properties of materials,
particularly those that rely on polaronic conduction. In systems
such as lithium-ion conductors and other solid electrolytes,
where charge transport is influenced by similar hopping
mechanisms, understanding and controlling polaron behavior
through compositional or structural modifications can enhance
both electronic and ionic conductivity. This, in turn, plays
a crucial role in optimizing material performance for energy
storage applications. In Li,MgZrO,4, the OLPT mechanism is
particularly relevant due to the material's unique ionic envi-
ronment. The combination of highly mobile Li ions and the
stabilizing influence of Mg and Zr ions creates an ideal system
for studying polaron dynamics. The temperature and frequency
dependence of AC conductivity in Li,MgZrO, further under-
scores the importance of polaron tunneling in this material. At
higher temperatures, the thermal energy can further reduce the
energy barrier for polaron hopping, increasing the conductivity.
Similarly, at higher frequencies, the polarons may respond
more readily to the alternating electric field, leading to an
increase in AC conductivity. These properties make Li,MgZrO,
a promising candidate for applications in solid-state electro-
Iytes and other energy storage technologies.

As per the OLPT model, the AC conductivity is characterized
by:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The jump distance R,, is determined by solving the equation
below:

R:f + [wno + In (wro)]R; - wHorz) =0

(15)

In this expression, R:ﬁ = 2aR,, r;] =2ary, B= —

a denotes the reciprocal of the localization length.

Per the overlapping large polaron tunneling (OLPT) model,
the potential wells of large polarons at two distinct sites inter-
sect, leading to a reduction in the energy required for polaron
hopping, as outlined in the following description.*’

_ ﬁﬂ
R

In this context, Wyo stands for the energy needed for
polarons to jump, R indicates the spacing between polaron
locations, and r;, refers to the size of the polaron. It is once more
assumed that Wyo stays the same for all locations, while the
separation R is viewed as a varying factor. The parameters Wyo
and R,, can be figured out using the formulas given below:*

Wy = WHO[ (16)
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Who = der, (17)
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The frequency factor “s” in this setup is described as:
6 WHOrp
R, 4+ - HOp
8aR, + RoKyT
= (19)
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2aR, —
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The theoretical predictions of the OLPT model, as shown in
Fig. 13(d), show a remarkable correlation with the experimental
data. The various parameters used in the fitting process are
detailed in Table 3.

These electrical properties are governed by polaronic
conduction, space charge effects, lattice dynamics, and defect-
driven relaxation mechanisms. Impedance and modulus anal-
yses further corroborate this interpretation, revealing
a temperature-dependent decrease in bulk resistance owing to
thermally activated ionic mobility and defect-enhanced polaron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hopping processes that enable efficient charge transport with
minimal energy loss. The frequency-dependent transition from
long-range ionic migration (low frequencies) to localized
hopping (high frequencies) underscores the versatility of the
material across the operational regimes. Insights from imped-
ance, modulus, and (OLPT) studies suggest that controlled
doping or compositional tuning could further optimize polaron
mobility and ionic conductivity, enhancing the performance of
the material in these advanced applications. Together, these
findings highlight the multifunctional potential of Li,MgZrO,
for applications such as solid-state electrolytes, UV-transparent
optoelectronics, and energy storage systems, where minimal
power dissipation is paramount,®* as well as in high-power
circuit applications requiring robust charge transport.

4 Conclusion

This investigation provides an extensive exploration of the
structural, optical, and electrical facets of Li,MgZrO,, accentu-
ating its versatility as a multifunctional material for energy
storage and optoelectronic applications. XRD analysis validated
the high phase purity and crystallinity of the compound, while
SEM and EDX yielded profound insights into its microstructural
framework and elemental distribution. Optical characterization
confirmed a direct bandgap of 3.41 eV, reinforcing its feasibility
for optoelectronic devices.

Impedance spectroscopy was used to elucidate temperature-
responsive electrical attributes, revealing a distinct non-Debye
relaxation mechanism as the principal transport phenomenon.
AC conductivity evaluation, interpreted using Jonscher's power
law and the OLPT framework, indicated polaronic conduction as
the primary mechanism, exhibiting an activation energy of
0.804 eV. These empirical findings accentuate the promise of
Li,MgZrO, for deployment in solid-state electrolytes, capacitive
energy matrices, and optoelectronic configurations. Prospective
research should prioritize refining synthesis methodologies to
augment their electrical efficacy and investigate their seamless
integration into pragmatic device architectures. This study
establishes a robust groundwork for future exploration of lithium-
based mixed-metal oxides as next-generation functional materials.
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