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Interrelated lithium-ion transport, NTCR behavior,
and dielectric-optical coupling in multifunctional
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The rapid progress of 5G/6G communication and advanced radar systems demands dielectric ceramics
with excellent microwave performance and multifunctional characteristics. Lithium-based LizMgoNbOg
(LMN), crystallizing in a rock-salt-derived orthorhombic structure, is identified as a promising candidate
due to its structural stability and tunable dielectric response. LMN ceramics were synthesized by the
solid-state route and comprehensively analyzed using X-ray diffraction, UV-Vis spectroscopy, and
impedance spectroscopy. The material exhibits a direct bandgap of 3.78 eV, indicating potential for
optoelectronic and photocatalytic applications, while an Urbach energy of 0.92 eV reveals structural
disorder affecting charge transport. Impedance results confirm thermally activated hopping conduction
with an activation energy of 1.16 eV, governed by non-Debye relaxation associated with defect-mediated
mechanisms. The strong correlation between structure, optical properties, and charge dynamics
highlights LMN as a versatile, high-performance ceramic for next-generation microwave and UV-

rsc.li/rsc-advances responsive electronic devices.

1. Introduction

The rapid development of next-generation wireless technolo-
gies, including 5G/6G networks, satellite communications, and
radar systems, has intensified the search for advanced dielectric
ceramics capable of sustaining high-frequency operation with
minimal energy dissipation.'” Within this context, lithium-
based ceramics have emerged as promising candidates due to
their chemical stability, low production cost, and environ-
mental compatibility.*® Their multifunctional character
combining structural robustness with excellent dielectric and
thermal properties has positioned them at the forefront of
materials  research  for and electronic
applications.”™

A particularly important subgroup of these ceramics
comprises lithium-containing compounds with rock-salt-
derived structures, which exhibit tunable permittivity, low
dielectric losses, and remarkable thermal stability."*** Beyond
their established microwave performance, these materials have
demonstrated unique functionalities, such as the Negative
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Temperature Coefficient of Resistance (NTCR) effect, making
them attractive for thermistor applications."?® Their structural
flexibility has also stimulated interest in energy storage and
optoelectronic devices, broadening their technological rele-
vance. Representative compounds including Li,Mg;TiO, Li,-
MgTiO,, Li,Mg,TiO;, and Li;Mg,NbOs have consistently shown
excellent dielectric performance, enabling their use in resona-
tors, filters, and antennas essential for modern communication
systems.**>’

Among these, Li;Mg,NbOg (LMN) has attracted particular
attention owing to its distinctive orthorhombic structure
derived from rock-salt supercells.?® In this lattice, Nb>* occupies
well-defined octahedral sites within a close-packed oxygen
framework, while Li* and Mg”" ions share multiple octahedral
positions in a partially ordered arrangement.**~** This ordering
results in distorted [Li/Mg/NbOs] octahedra, which strongly
influence the dielectric, thermal, and functional properties of
the material.®** Recent studies, have advanced the under-
standing of LMN's structural evolution and microwave dielec-
tric response, employing spectroscopic techniques to link
cation ordering with dielectric behavior.>**? In the case of Li;-
Mg,NbOs (LMN), the term “8a Wyckoff position” refers to the
specific cation site within its ordered double perovskite-type
structure. The compound crystallizes in the orthorhombic
system with the Fddd (no. 70) space group, typical of rock-salt-
derived ordered perovskites. In this crystal structure, Li* ions
primarily occupy the 8a Wyckoff sites, while Mg”>* and Nb** ions
are distributed over the 4c and 4d positions, respectively.
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Oxygen atoms are located at the 8d sites, completing the
framework of corner-shared [MgO¢]/[NbOg] octahedra. These
atomic distributions are consistent with our Rietveld refine-
ment results and previously reported literature on similar
complex oxides.**?® To assess LizMg,NbOs as an advanced
dielectric ceramic, it is crucial to link its intrinsic properties to
performance. Its orthorhombic structure and ordered cation
distribution enhance polarizability and reduce dielectric loss,
while the wide bandgap and controlled defect states limit
electronic conduction pathways. Temperature-dependent elec-
trical behavior further ensures thermal stability. Together, these
factors justify the comprehensive study of structural, optical,
and electrical properties to optimize LMN for high-performance
dielectric applications.

Despite this progress, important aspects of LMN remain
underexplored. In particular, its charge transport mechanisms,
relaxation dynamics, and optical properties have not been fully
clarified, even though these factors are critical for tailoring
multifunctional ceramics for energy-efficient microwave and
electronic applications. Addressing this knowledge gap, the
present study provides a systematic investigation of LMN's
crystal structure, optical behavior, and frequency- and
temperature-dependent electrical transport properties. By
correlating intrinsic structural features with charge carrier
dynamics, we deliver insights into how lattice distortions and
cation distribution govern relaxation processes. These findings
not only deepen the scientific understanding of LMN but also
highlight its potential as a multifunctional platform material
for next-generation dielectric and electronic devices.

2. Experimental section
2.1. Sample preparation of Li;Mg,NbOg

LizMg,NbOs was synthesized via a conventional solid-state
reaction route. High-purity starting powders lithium
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carbonate (Li,CO;, 99%, Sigma-Aldrich), magnesium oxide
(MgO, 99%, Sigma-Aldrich), and niobium oxide (Nb,Os, 99.9%,
Sigma-Aldrich) were stoichiometrically weighed and homoge-
nized by dry ball-milling in an agate mortar for 2 hours to
ensure uniform mixing. The mixed powder was then calcined in
an alumina crucible at 900 °C for 8 hours in a muffle furnace to
decompose carbonates and initiate phase formation, with
intermittent grinding to promote reactivity.

The calcined powder was re-milled for 1 hour to refine
particle size and improve homogeneity, followed by uniaxial
pressing into pellets (8 mm diameter, ~1 mm thickness) at
150 MPa. Finally, the pellets were sintered at 900 °C (1173 K) for
2 hours in air to achieve densification and crystallize the desired
LizMg,NbO¢ phase. Phase purity and structural evolution were
confirmed by X-ray diffraction (XRD), as shown in Fig. 1.

2.2. Materials characterisation

X-ray diffraction (XRD) analysis of Li;Mg,NbOg was performed
using a Philips powder diffractometer with a Cu Ko radiation
source (A ~ 1.54187 A), operating at 40 kv and 40 mA.
Measurements were conducted at room temperature in Bragg—
Brentano (6-26) geometry, with a Ni filter to suppress Kp radi-
ation. The diffraction patterns, collected over a 26 range of 10°-
80° with a step size of 0.02°, were analyzed for phase identifi-
cation, lattice parameters, crystallite size, and microstrain using
peak fitting methods.

The optical measurements were conducted with a Shimadzu
UV-3101PC spectrophotometer equipped with a 150 W xenon
arc lamp as the excitation source. An excitation wavelength of
275 nm was selected, corresponding to the bandgap absorption
edge of Li;Mg,NbOg, to ensure efficient electron-hole pair
generation and probe direct band-to-band transitions. Emis-
sion spectra were acquired across the 200-800 nm range using
a high-sensitivity photomultiplier tube (PMT) detector, with
a spectral resolution of 1 nm. To minimize interference from

[ Calcination at 700K |

/
Grinding 1h

Li;MgyNbO,

|Sintering at 900 K |

Fig. 1 Process flow chart for the solid-state synthesis of LisMg,NbOg.
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scattered excitation light, a long-pass optical filter was
employed.

The electrical properties of LizMg,NbOs were analyzed by
impedance spectroscopy using a Solartron 1260 Impedance
Analyzer over a frequency range of 10 Hz to 5 MHz with an AC
amplitude of 500 mV. Measurements were performed on a sin-
tered pellet with silver electrodes, ensuring good electrical
contact and minimizing electrode polarization effects. The
temperature was varied from 493 K to 673 K using a controlled
heating stage to investigate the temperature dependence of the
electrical response.

Combined, these techniques provide a comprehensive
understanding of the structural framework, optical character-
istics, and electrical properties of Li;Mg,NbOe. This multifac-
eted analysis enables a deeper evaluation of its fundamental
behavior and supports its potential suitability for advanced
functional applications in optoelectronic and energy-related
technologies.

3. Results and discussion

3.1. X-ray diffraction analysis

The phase purity, crystal structure, and phase composition of
Li;Mg,NbOg were characterized by X-ray diffraction (XRD).
Fig. 2 presents the Rietveld-refined XRD pattern of the sintered
ceramic, obtained at room temperature (26 = 20°-80°) using
FullProf software.?” The analysis confirms a pure orthorhombic
phase (space group Fddd), consistent with the reference JCPDS
file (#86-0346),® with no detectable secondary phases. The
refined lattice parameters (Table 1) show excellent agreement
with previously reported values,*>* validating the successful
synthesis of phase-pure Li;Mg,NbO.

A detailed summary of the refined structural parameters
obtained from the Rietveld refinement is presented in Table 1.
The table includes the lattice constants, atomic coordinates (x,
¥, 2), site occupancies, and reliability factors (Ryp, Rp, x%), as well

as the calculated cell volume. These results provide
°* Yobs
° Ycale
Yobs-Ycale
| Bragg_position

Intensity (a.u)

L 1 L 1 L L L 1 L L 1 I !
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Fig. 2 Rietveld refinement profile carried out through FullProf soft-
ware of LisMgoNbOe.
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Table 1 Refined structural parameters of LisMg,NbOg obtained from
Rietveld refinement of LisMg,NbOg at room temperature

Compound LizMg,NbOg
Space group Fddd
Crystal system  Orthorhombic

Unit cell dimensions

a(A) 8.552

b (&) 5.897

c(A) 17.721

v (4) 895.055

R, (%) 5.2

Rup (%) 6.8

Rexp (%) 5.8

X 2.1

Dgc (nm) 38

6 (ecm™?) 26 x 10°

Atom Li(1)  Li(2) Mg Nb 0o(1) 0(2)
Wyckoff site 4c 4c 4b 4a 4c 8d
x 0.250  0.750  0.500  0.000  0.250  0.489
y 0.250  0.250  0.000  0.000  0.038  0.250
z 0.000  0.500  0.000  0.000  0.250  0.756
Occupancy 1.0 1.0 1.0 1.0 1.0 1.0

a comprehensive overview of the crystallographic characteris-
tics of LMN and confirm the successful fitting between the
experimental and simulated XRD patterns, as shown in Fig. 2.

X-ray diffraction (XRD) patterns were utilized to estimate the
average crystallite size (Dgc) of the LizMg,NbOg sample. The
crystallite size was calculated using the Debye-Scherrer equa-
tion, expressed as follows:**

K2

Dqc =
S¢ B cos b

(1)

Here, (8 represents the full width at half maximum (FWHM) of
the diffraction peak intensity, measured in radians. The
dimensionless shape factor K is typically taken as 0.94. The
wavelength of the Cu Ka radiation, 4, is 1.5406 A, and 6 denotes
the Bragg angle corresponding to the diffraction peak.

Dislocation density (0) is a key structural parameter that
provides insight into the defect concentration within the
sample. For Li;Mg,NbOg nanoparticles, the dislocation density
was calculated using the relation:*

1

0= — 2
Dsc? @

The crystallite size and dislocation density values obtained
via Scherrer's method, as summarized in Table 1, offer valuable
information about the material's microstructure. Physically,
these parameters reflect the average size of the crystalline
domains and the degree of lattice distortion caused by defects
or internal stresses. Notably, smaller crystallite sizes generally
correspond to stronger materials due to their ability to hinder
dislocation motion.

The density of polycrystalline Li;Mg,NbOg significantly
influences its physical properties. The powder density px.ry was
determined from XRD data using the formula:**

RSC Adv, 2025, 15, 44623-44636 | 44625
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ZM
pX-ray = V—]VA (3)

where M is the molecular weight, N, is Avogadro's number, V is
the unit cell volume, and Z = 4Z = 4 is the number of formula
units per unit cell. Using the following relations, the bulk
density (pexp), porosity (P), and specific surface area (S) were
calculated according to eqn (4), (5), and (6):**

m
pexp = m (4)

where r is the pellet radius, and / and m are the thickness and
mass of the pellet, respectively. The capacity (C), representing
the relative density of the sample, was calculated as:

c = P 5)

P X-ray

Assuming spherical particles, the specific surface area was
estimated using:

§_ 6000
pexp X DSC

(6)

For the annealed sample, the lattice parameters obtained
from Rietveld refinement yielded bulk and powder densities of
3.853 g cm > and 3.987 g cm 2, respectively. The capacity and
specific surface area were determined to be 0.966 and 38.543 m>
g™, respectively.

In addition to the structural observations, the annealing
temperature has a significant impact on the densification
behavior of the material. Higher annealing temperatures enhance
atomic mobility, facilitating diffusion along grain boundaries and
lattice sites, which in turn promotes grain growth and reduces
residual microstrain, as reflected by the sharper XRD peaks and
decreased FWHM values. These structural improvements are
physically associated with the elimination of lattice defects and
pore shrinkage, leading to a more compact microstructure and
improved densification. Consequently, the observed enhancement
in crystallinity and reduction in microstrain indicate that thermal
treatment provides the necessary energy to overcome diffusion
barriers, thereby enabling the material to achieve higher packing
density, which influenced in electrical study.**®

3.2. Electrical properties

3.2.1. Impedance study. Complex Impedance Spectroscopy
(IS) is a versatile technique used to study electrical transport,
polarization, and charge relaxation in materials. It analyzes how
low-resistance grains and high-resistance grain boundaries
influence conductivity and dielectric behavior. By measuring
impedance across a wide frequency and temperature range, IS
distinguishes contributions from grains, boundaries, and elec-
trodes, revealing charge transport, defect states, and thermally
activated processes like ionic diffusion.*”~*° This study uses IS to
investigate material transport properties, correlate electrical
behavior with microstructure, and optimize materials for elec-
tronics, energy storage, and sensors.
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Fig. 3(a) displays the temperature-dependent Nyquist plot (—Z"
vs. Z') for LizMg,NbOg between 493 K and 673 K. Unlike conven-
tional dielectric materials that often show three distinct semi-
circular arcs corresponding to grain, grain boundary, and electrode
interface effects,” our sample exhibits a single flattened semi-
circular response. This behavior suggests overlapping contribu-
tions from both bulk grain and grain boundary conduction
mechanisms, with no detectable electrode polarization effects.

The observed semicircular arc becomes progressively smaller
with increasing temperature, as seen by the reduction in both
its diameter and real-axis intercept (Fig. 3(a)). This temperature-
dependent evolution clearly demonstrates enhanced electrical
conduction at elevated temperatures. To quantitatively analyze
the overlapping grain and grain boundary contributions
embedded within this single arc, we utilize the Maxwell-Wag-
ner equivalent circuit approach,®* which enables deconvolu-
tion of these competing conduction pathways. The spectra were
successfully modeled using a two-cell circuit model, consisting
of two parallel combinations (inset Fig. 3(a)).

Fig. 3(b) presents the frequency-dependent real impedance
Z'(w) for the Li;Mg,NbO, sample over a temperature range of
493-673 K, displaying a sigmoidal pattern. At lower frequencies,
Z'(w) exhibits higher values, which decrease with increasing
frequency and temperature, aligning with a negative tempera-
ture coefficient of resistance.*® This results in increased AC
conductivity at elevated temperatures. At higher frequencies,
the impact of grain boundaries on impedance weakens, with
Z'(w) converging across temperatures, possibly due to space
charge release and diminished barrier effects, enhancing AC
conductivity. The corresponding imaginary impedance (Z”)
spectrum in Fig. 3(c) reveals temperature-dependent relaxation
peaks that broaden and shift with heating. These peaks occur
when the applied field frequency matches the characteristic
hopping frequency of localized charge carriers. The observed
peak broadening, which exceeds that predicted by ideal Debye
relaxation, confirms non-Debye behavior in LizMg,NbOg.
Furthermore, the progressive peak widening with temperature
reflects an increase in relaxation time distribution, demon-
strating thermally activated charge carrier dynamics.

The temperature-dependent evolution of grain resistance
(Ry) and grain boundary resistance (Rg), derived from imped-
ance spectroscopy (Fig. 3d and e), elucidates the interplay
between microstructure and charge transport. Both R, and Ry,
decrease with rising temperature, albeit through distinct
mechanisms. For Ry, the reduction stems from thermally acti-
vated charge carriers in grain interiors, where increased
phonon-assisted hopping and diminished scattering losses
enhance bulk conductivity.® Concurrently, Ry, declines due to
the thermal lowering of potential barriers at grain boundaries,
which mitigates space-charge effects and defect-mediated
trapping. This dual reduction highlights a transition in
conduction dominance: at low temperatures, grain boundaries
govern transport through barrier-limited processes, while at
elevated temperatures, intrinsic grain mobility prevails. The
impedance spectra corroborate this behavior, with relaxation
peak shifts reflecting accelerated carrier dynamics under heat-
ing. Collectively, these trends demonstrate how thermal energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nyquist plots (a), the frequency dependence of the real part (Z') (b), imaginary part (Z) of the complex electrical impedance (c), the
dependence resistances of grain (Rg) (d) and grains (Rgy) at different temperatures of LisMg,NbOg (e).

modifies the material's energy landscape reducing resistive
losses in both crystalline grains and disordered boundaries to

optimize overall charge transport.>®

The temperature-dependent impedance spectra were recor-
ded over the range of 493-673 K, chosen to probe the intrinsic

electrical response of LizMg,NbOg under conditions of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced ionic mobility while maintaining structural stability.
Within this temperature window, the material exhibits ther-
mally activated conduction and polarization processes, as re-
flected in the evolution of the Nyquist plots (Fig. 3). This range
provides a comprehensive understanding of the relaxation
mechanisms and allows for consistent comparison with other
temperature-dependent measurements, including dielectric
and conductivity analyses. The observed trends confirm that the
conduction and relaxation phenomena are strongly influenced
by temperature, highlighting the role of thermally activated
charge carriers in LMN.

3.2.2. Complex conductivity spectroscopy. In disordered
solids, electrical conductivity stems primarily from charge
carriers hopping between localized sites, driven by thermal
activation and the applied electric field, shaping both DC and
AC conductivity.”” As depicted in Fig. 4, which illustrates
conductivity trends, AC conductivity varies with temperature
and frequency. At low frequencies, DC contributions dominate,
showing minimal dispersion as ions complete long-range hops.
At higher frequencies, AC conductivity prevails due to rapid
charge carrier responses to the oscillating field, causing
significant dispersion. The Jump Relaxation Model (J. Werking
model)*® elucidates this: at low frequencies, ions achieve
successful long-range hops; at intermediate frequencies,
reversible (unsuccessful) hops introduce dispersion; and at very
high frequencies, successful hops regain dominance. This
frequency dependence is quantitatively captured by Jonscher's
universal power law:*®

Uac((’)a T) = UdC(T) + Ao’ (7)

where oq4.(T) represents DC conduction from long-range
motion, and Aw® describes dispersive AC conductivity. The
exponent s (0 = s = 1) reflects charge carrier-lattice coupling
strength, with s = 1 indicating weak interactions and s < 1
denoting stronger coupling.®***

Arrhenius analysis of the DC conductivity (Fig. 5) yields an
activation energy E, = 1.16 £ 0.03 eV for Li;Mg,NbOs, consis-
tent with efficient Li* migration in rock-salt structured
ceramics.

493-673 K

1x10%)

6 (S.em™)

1x107

1x10”

1x10° 1x10° 1x107

® (rad.s'l)

Fig. 4 The variation of (g) versus (w) at different temperatures of
LisMgaNbOe.
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Investigating the mechanisms of charge transport in Li;Mg,-
NbOs, materials is essential for understanding their electrical
characteristics. The temperature-related changes in the exponent s
offer key insights into the primary conduction pathways. Various
theoretical frameworks have been developed to account for the
behavior of s, often integrating quantum mechanical tunneling
with charge carrier hopping. In these frameworks, particles such
as electrons, polarons, or ions overcome energy barriers, providing
clarity on the fundamental conduction processes.

One such model, overlapping large polaron tunneling (OLPT),
characterizes the movement of large polarons, where significant
overlap between adjacent potential wells facilitates efficient
charge transfer. In contrast, non-overlapping small-polaron
tunneling (NSPT) describes charge transport via small polarons
hopping between isolated states with limited overlap. Another
framework, correlated barrier hopping (CBH), depicts conduction
as charge carriers moving between localized sites, influenced by
Coulomb interactions and energy barriers. Additionally, pure
quantum mechanical tunneling (QMT) explains charge carriers
passing through barriers without requiring thermal activation.®**

Analyzing the temperature dependence of the exponent s
enables researchers to determine the most appropriate model
for describing charge transport in Li;Mg,NbOg, materials. This
study not only deepens our understanding of conduction
mechanisms but also supports the optimization of material
properties for targeted applications, such as energy storage,
solid-state batteries, and advanced electronic devices.

Fig. 6 depicts the temperature-dependent variation of s,
showing an initial decrease followed by a slight increase at
higher temperatures. This pattern aligns with the Non-
Overlapping Small Polaron Tunneling (NSPT) model, which
describes charge transport as thermally assisted tunneling of
polarons (localized carriers coupled with lattice distortions)
between defect centers.

The NSPT model predicts the following relation for s(7):

4

In(—) - —&
wWTo kBT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature dependence of the exponent “s” of LisMg,NbOe.

where Wy is the polaron hopping energy and 7, is a character-
istic relaxation time which is in the order of an atom vibrational
period 7, = 10~ "? 5.% The AC conductivity can also be described
microscopically using the expression:
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(ce)’ks Tc;;w[N]sz“ ©)

Tac =

Whither

(10)

IRy b
2 w7y kgT

This formulation ties the frequency dependence of AC
conductivity to fundamental polaronic parameters, offering
a microscopic understanding of the conduction process.

The variation of AC conductivity as a function of temperature
at various frequencies is shown in Fig. 7. These curves confirm
the thermally activated nature of the charge transport and
support the validity of the NSPT model in describing the
behavior of Li;Mg,NbOg over the studied temperature and
frequency ranges.®* The fitting parameters are summarized in
Table 2.

This model not only explains the frequency and temperature
dependence of AC conductivity but also quantitatively links
microscopic polaronic parameters such as hopping energy
(Wy), lattice relaxation time (7o), and defect spacing to
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Table 2 AC conductivity parameters at various frequencies

Frequency

(MHz) Wi (eV) & NEev'tem™) «(A™
NSPT model  0.15 0.28 0.46 2.9 x 10 0.43

1.4 0.27 4.8 x 10'® 0.51

15 0.18 5.1 x 10*° 0.56

macroscopic electrical behavior. For instance, Wy, derived from
the temperature-dependent exponent s, reflects the energy
required to dissociate a charge carrier from its lattice distortion,
while 7, ~ 10" s corresponds to the atomic vibration timescale
governing polaron dynamics. These insights enable predictive
material optimization: reducing Wy (via oxygen vacancies or
cation substitution) could enhance ionic mobility, while tuning
defect spacing may minimize hopping losses at intermediate
frequencies. In Li;Mg,NbOg, the rock-salt framework facilitates
small polaron migration by balancing disorder with lattice
flexibility, offering practical guidance for solid-state batteries
(e.g., designing low-barrier Li" pathways) and high-frequency
electronics (e.g., doping-engineered conductivity control). By
connecting atomic-scale polaronic effects to bulk conductivity,
this framework accelerates the development of advanced energy
storage and electronic devices.
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3.2.3. Dielectric measurements. Dielectric relaxation offers
essential insights into charge dynamics, polarization mecha-
nisms, and energy losses in materials exposed to alternating
electric fields, aiding applications from energy storage to high-
frequency devices. By studying dielectric properties, researchers
can explore the connection between charge conduction and
energy dissipation, critical for material performance. The
complex permittivity, e¥*(w) = ¢(w) — i¢’(w), underpins this
analysis: ¢'(w) reflects the material's capacity to store energy via
dipole orientation and ionic/electronic polarization,” while
¢"(w) indicates energy losses due to resistive effects from charge
movement or dipole realignment.”

The dielectric constant (¢') of the material exhibited signifi-
cant temperature (493-673 K) and frequency dependence, as
shown in Fig. 8(a), with exceptionally high low-frequency values
(~10”) comparable to advanced lithium-based dielectrics (¢' =
10* at 493 K/50 Hz),” suggesting strong potential for energy
storage applications. The characteristic ¢ decrease with rising
frequency reflects polarization relaxation dynamics, where
dipolar and interfacial mechanisms dominant at low frequen-
cies become unable to follow the rapidly oscillating field,” while
the temperature-driven ¢ enhancement indicates thermally
activated polarization processes. Four primary mechanisms
govern this behavior: electronic and ionic polarization at high
frequencies, and dipolar/interfacial polarization at
frequencies,”* with the latter diminishing as increasing

low
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(a) Frequency-dependent of real part of dielectric constants (¢/), (b) imaginary part (¢) and (c) tan(é) at different temperatures of
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frequency prevents dipole alignment, causing ¢ to stabilize at
interfacial polarization-dominated values.” The material's high
¢ and tunable response, particularly in lithium-containing
compounds, demonstrates excellent electric field resistance
and promising performance for electronic storage systems,”
with frequency- and temperature-dependent characteristics
offering optimization pathways for specific applications
ranging from high-capacity energy storage to high-frequency
electronics.

As illustrated in Fig. 8(b), ¢” rises with temperature, partic-
ularly at lower frequencies, due to space charge polarization,
resulting in elevated dielectric losses.”” Consequently, tan ¢ is
anticipated to mirror this pattern, with higher values at low
frequencies and higher temperatures, driven by increased
energy dissipation from interfacial charge buildup and dipole
relaxation. At elevated frequencies, both ¢’ and tan ¢ drop
considerably, reflecting lower energy losses as charge carriers
fail to keep pace with the fast-changing electric field, aligning
with observed reductions in capacitance and resistivity
(Fig. 8(c)). Capacitance data in Fig. 9 reinforce this trend,
revealing higher capacitance at lower frequencies, with values
increasing at higher temperatures due to enhanced ionic
movement and weakened bond energies.”® This relationship
among dielectric constant, loss tangent, and capacitance high-
lights Li;Mg,NbO¢'s potential for high-frequency applications
requiring minimal dielectric loss (low tan ¢), while its
temperature-sensitive properties enable adaptability for devices
operating under varying thermal conditions.”*® The material's
ordered rock-salt crystal structure, combined with the ability to
adjust its composition through methods like Sn** doping,
allows for fine-tuning of these dielectric properties, optimizing
the balance between high capacitance and low loss for
enhanced performance in microwave resonators and thermally
stable capacitors.

3.2.4. Modulus study. To investigate the relaxation mech-
anisms in LizMg,NbOg, the electric modulus formalism was
employed, offering a clearer perspective on charge carrier

4x107°

3x10° 4 o

— -
& 2x107 4

13107 4

o (rad.s™)

Fig. 9 The variation of capacity (C) as a function of frequency at
different temperatures.
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Fig. 10 Frequency dependence of the imaginary part of electric
modulus at different temperatures.

dynamics by reducing the influence of electrode polarization.*
The imaginary component of the electric modulus, M"(w), di-
splayed distinct frequency-dependent behavior (Fig. 10). At low
frequencies, the absence of a peak suggests long-range charge
carrier migration, facilitating unrestricted hopping between
lattice sites.®> Conversely, a prominent peak emerged at higher
frequencies, indicating a shift to localized motion where
carriers are confined within potential barriers or defect sites.
The asymmetric broadening of these peaks confirms non-Debye
relaxation behavior, implying a spectrum of relaxation times
rather than a single dominant process.*® As temperature
increased, the M” peaks shifted toward higher frequencies,
consistent with thermally assisted hopping that accelerates
relaxation and enhances carrier mobility.

From an Arrhenius analysis of the peak frequencies (Fig. 11),
the activation energy (E,) was calculated as 1.16 eV, closely
matching the value obtained from DC conductivity measure-
ments. This agreement suggests that ionic relaxation and

15

© Data
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6
o T

1,50 1,65 K 1,95
1000/T (K1)

2,10

Fig. 11 Dependence of In(wy) versus reciprocal temperature for
LizsMgoNbOg.
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Fig. 12 Combined M” and —Z" spectroscopic plots at (a) 493 K and (b) 673 K.

charge transport in Li;Mg,NbO, are governed by the same
thermally activated hopping mechanism.**

Further correlation with impedance spectroscopy (Fig. 12)
revealed additional details about the relaxation process. At
lower temperatures (493 K), the mismatch between Z” and M’
peak positions indicates contributions from both localized and
long-range charge dynamics, likely influenced by grain
boundary effects. At elevated temperatures (673 K), the
convergence of these peaks points to a transition toward local-
ized hopping as the dominant relaxation mechanism.*

These findings demonstrate that dielectric relaxation in
LizMg,NbOg is driven by thermally activated charge carriers,
evolving from extended-range conduction at low frequencies to
confined motion at higher frequencies. The non-Debye char-
acteristics and consistent activation energy highlight the
intrinsic connection between relaxation and conduction
processes, shaped by the material's rock-salt layered structure
and space charge interactions. Such insights are crucial for
optimizing Li;Mg,NbOg in applications like microwave reso-
nators and capacitors, where precise control over dielectric
response and loss minimization are key to performance and
stability.

3.3. Optical properties

Ultraviolet-visible (UV-Vis) spectroscopy offers a powerful, non-
invasive approach to probe the optical characteristics of semi-
conductors, particularly complex oxides like LizMg,NbO,
which contain lithium and exhibit intricate electronic struc-
tures. This technique yields critical insights into the material's
photophysical properties without compromising sample integ-
rity, making it ideal for comprehensive characterization along-
side electrical and structural studies. The optical response of
LizMg,NbOg is primarily dictated by its optical energy bandgap

44632 | RSC Adv, 2025, 15, 44623-44636

(Ey), a pivotal parameter that governs its suitability for appli-
cations in optoelectronics and photocatalysis. Room-
temperature UV-Vis absorption spectra, collected over the
200-800 nm range (Fig. 13(a)), display four distinct absorption
peaks at approximately 475, 500, 550, and 750 nm, each linked
to specific electronic transitions within the material's lattice.
The peaks at longer wavelengths (550 and 750 nm) are attrib-
uted to ligand-to-metal charge-transfer (LMCT) transitions
within [NbOg] octahedral clusters, where electrons shift from
oxygen 2p orbitals to unoccupied niobium 4d orbitals, high-
lighting the covalent nature of Nb-O bonds in these polyhedral
units. In contrast, the shorter-wavelength peaks at 475 and
500 nm are associated with electronic transitions involving Li*
and Mg”" cations, likely arising from crystal-field-induced d-
d transitions or interionic charge-transfer processes shaped by
the unique coordination environments within the layered rock-
salt structure of Li;sMg,NbOsg.

The optical bandgap was determined using the Tauc
formalism, expressed as:*®

(ahv)" = A(hv — Eg)

where « represents the absorption coefficient, 4v is the photon
energy, A is a material-specific constant, and »n indicates the
transition type (n = 1/2 for direct allowed transitions, n = 2 for
indirect allowed transitions). By constructing a Tauc plot and
extrapolating the linear region of (ahw)™ versus hv to the
energy axis (Fig. 13(b)), a direct bandgap of 3.78 eV was calcu-
lated. This wide bandgap classifies Li;Mg,NbOs as a semi-
conductor comparable to other lithium-containing oxides,
rendering it promising for applications such as UV photode-
tectors, transparent conductive films, and short-wavelength
optoelectronic devices. The bandgap, slightly narrower than
some lithium-based analogs, may reflect band-filling effects due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to intrinsic defects or subtle variations in cationic ordering
within the rock-salt lattice. Importantly, the 3.78 eV bandgap
surpasses the 1.23 eV  threshold required for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photoelectrochemical water splitting, suggesting potential for
solar-driven hydrogen production, pending further evaluation
of charge carrier dynamics and surface catalytic properties.

To quantify structural disorder and defect states, the Urbach
energy (E,) was analyzed, which characterizes the exponential
tail near the absorption edge according to ref. 87:

o = o exXp (hv_—E‘g) (11)

Eu
where « is a constant and E, represents the Urbach energy in
electronvolts. By plotting In(«) against hAv (Fig. 13(c)) and
extracting the inverse slope of the linear segment, an Urbach
energy of 0.92 eV was determined, equivalent to approximately
24% of the bandgap. This substantial E, value indicates a high
density of localized subgap states, likely stemming from point
defects (e.g., oxygen vacancies), lattice distortions, or composi-
tional inhomogeneities within the Li;Mg,NbOg structure. These
disorder-induced states significantly influence charge carrier
trapping, recombination kinetics, and space-charge polariza-
tion, thereby affecting both optical and electrical
performance.®®

The optical properties elucidated through UV-Vis spectros-
copy provide a critical link to the electrical behavior observed in
impedance and modulus spectroscopy studies. The localized
states identified by the Urbach energy contribute to the
distributed relaxation times observed in dielectric measure-
ments, facilitating charge hopping and space-charge effects that
underpin frequency- and temperature-dependent relaxation
phenomena. Additionally, the LMCT transitions within [NbOg]
clusters, which dominate the absorption spectra, shape the
electronic structure that governs ionic conduction pathways
and dielectric losses. This interdependence underscores the
complex defect chemistry of Li;Mg,NbOg, where the ordered
rock-salt framework, with its alternating Li*, Mg®*, and Nb>*
cations, modulates both optical absorption and charge
transport.

The wide bandgap and significant Urbach energy highlight
LMN's potential for specialized applications while also
revealing challenges posed by its inherent disorder. The mate-
rial's optical characteristics suggest viability for UV-sensitive
devices and photocatalytic systems, but the high density of
defect states may limit charge carrier mobility or increase
recombination losses, necessitating targeted optimization.
Defect engineering, such as doping with transition metals (e.g.,
Sn*") or adjusting the Li/Mg ratio, could reduce subgap states or
tune the bandgap to enhance optical transparency or catalytic
efficiency. The structural similarity of Li;Mg,NbOs to other
high-performance oxides, such as LizMg,NbOg, invites
comparative studies to uncover universal principles for
designing wide-bandgap ceramics. Advanced synthesis tech-
niques, including high-pressure sintering or controlled
annealing, could further minimize disorder, improving the
material's functional properties. These findings establish LMN
as a versatile platform for optoelectronic devices, photo-
catalysts, and microwave dielectrics, where precise control of
optical and electrical properties is paramount.® Future research
should focus on correlating optical parameters with structural
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modifications, exploring the material's performance under
operational conditions, and integrating it into prototype devices
to fully realize its technological potential.

In conclusion, UV-Vis spectroscopy of our sample reveals
a complex interplay of electronic transitions, a wide 3.78 eV
bandgap, and significant structural disorder, providing
a comprehensive understanding of its photophysical and elec-
trical properties. These insights, combined with electrical
characterizations, offer a robust framework for tailoring the
material's performance through defect control and composi-
tional tuning, paving the way for its integration into advanced
functional devices.

Taken together, the structural, optical, and electrical analyses
reveal that the exceptional dielectric behavior of Li;Mg,NbOg
arises from the synergistic interplay of its intrinsic characteris-
tics. The orthorhombic rock-salt-derived lattice ensures a highly
ordered ionic arrangement, minimizing defects and promoting
uniform dipolar alignment, which underpins low dielectric loss
and stable permittivity. The wide optical bandgap (~3.78 eV)
effectively suppresses electronic polarization at microwave
frequencies, while shallow defect states modulate space-charge
polarization, influencing the frequency-dependent dielectric
response. Electrical analysis further indicates thermally activated
relaxation processes governed by ionic mobility and lattice
vibrations, directly affecting dielectric stability under operational
conditions. Together, these properties elucidate the fundamental
mechanisms controlling LMN's low-loss, high-stability dielectric
behavior, confirming its strong potential for microwave and
energy storage applications.

4. Conclusion

LizMg,NbOg has been established as a multifunctional dielec-
tric ceramic that integrates robust structural, electrical, and
optical performance. The rock-salt-derived orthorhombic
framework endows the material with high permittivity, low
dielectric losses, and a wide direct bandgap of 3.78 eV, signi-
fying its suitability for both microwave and UV optoelectronic
applications. Electrical investigations reveal non-Debye relaxa-
tion and thermally activated charge transport (E, = 1.16 eV),
highlighting the influence of cation distribution and structural
disorder on the conduction process. These insights underscore
the potential of defect engineering, compositional substitution,
and sintering optimization as effective routes to tailor its
functional behavior. The combined dielectric, optical, and
electrical characteristics position Li;Mg,NbOs as a versatile
candidate for high-frequency resonators, thermally stable
capacitors, and photoelectronic components relevant to
emerging 5G/6G and sustainable energy technologies.

This work therefore opens new opportunities for the design
of next-generation multifunctional ceramics combining struc-
tural stability, dielectric reliability, and optical responsiveness.
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