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In this study, a novel Rb,Mg,(WQO,)s triple tungstate was successfully synthesized via a conventional solid-
state reaction and comprehensively characterized for its structural, microstructural, and dielectric
properties—key attributes for next-generation microelectronic applications. High-resolution X-ray
diffraction confirmed a rare single-phase cubic structure (space group P2;3), a significant finding given
the structural complexity of mixed-cation tungstates. Scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy revealed a highly uniform microstructure with an average grain
size of 8.16 pm and stoichiometric elemental composition, ensuring reliable bulk properties. Impedance
spectroscopy provided critical insights, displaying Nyquist plots with two distinct depressed semicircles
that delineate grain and grain-boundary contributions, hallmarking non-Debye relaxation behavior.
These were precisely modeled using the equivalent circuit (RyCPE1) + (R2CPE2), unveiling thermally
activated charge transport: resistances decreased with rising temperature, accompanied by intensified
interfacial polarization. A synergistic impedance-modulus analysis revealed a pivotal transition from
localized to long-range conduction, a cornerstone for understanding ion dynamics in such materials. AC
conductivity and dielectric loss data, rigorously analyzed through the correlated barrier hopping (CBH)
model, unequivocally confirmed a hopping-dominated transport mechanism—offering new mechanistic
depth to tungstate-based dielectrics. Notably, Rb,Mg,(WO,)s exhibits exceptionally high permittivity
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Accepted 18th February 2026 alongside ultra-low dielectric loss, positioning it as a standout candidate for high-performance
capacitors, microwave devices, and advanced microelectronics. This work not only advances the

DO 10.1035/d5ra09859a fundamental understanding of charge transport in complex tungstates but also paves the way for their

rsc.li/rsc-advances practical deployment in energy-efficient technologies.

Introduction

Tungstate materials have recently attracted significant research
attention due to their outstanding applications across various
fields of science and technology.'® Furthermore, certain tung-
states are gaining interest as materials for laser hosts* and
energy storage.>® These outstanding properties of tungstates
arise from the ability of tungsten to flexibly adopt both WO, and
WO, coordination geometries, which can connect with other
polyhedra to create various framework structures. For example,
in compounds with the chemical formula A;Mg(WO,); (A = Na,
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K), Na;Mg(WO,); (ref. 7) crystallizes in the monoclinic space
group C2/c, while K;Mg(WO,);, possessing an identical stoi-
chiometry to Na,Mg(WO,)s;, exhibits a different framework
structure with triclinic symmetry and the space group P1. Other
tungstate compounds with diverse structures include BawO,
(ref. 8) (scheelite, tetragonal), NiWO, (ref. 9) (wolframite,
monoclinic), and Bi,WOg (ref. 10) (perovskite-layered, ortho-
rhombic), each exhibiting distinct atomic arrangements and
coordination environments. Lead tungstate (PbWO,)" also
crystallizes in the tetragonal scheelite structure, while uranyl
tungstates like M,(UO,)(W,0g) (M = Na, K)* form layered
structures with WO, tetrahedra, WOs5 square pyramids, and
WO, octahedra, leading to varied frameworks. Our group
studies Na,Mg(WO,); (ref. 7) and Li,Mg,(WO,)3,"* both showing
high dielectric constants (~10°), low dielectric losses, and
semiconducting behavior. Na,Mg(WO,); has a monoclinic
structure with thermally activated charge transport, while Li,-
Mg,(WO,); is orthorhombic with long-range charge mobility.
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Fig. 1 The Rietveld refinement XRD of the synthesized Rb,Mg,(WOy,)s at room temperature. Inset: projection of the crystal structure of

RboMg,(WO4)s into (001) plane.

Both materials exhibit promising electrical properties for
optoelectronic and energy storage applications. Inspired by
continuing the above idea, we mainly focus on Rb,Mg,(WO,);,
which has been rarely studied.** Let us return to the history of
this material; Rb,Mg,(WO,);, was first studied in 2015."* Since
Rb,Mg,(WO,); crystallizes in a cubic system, its atomic
arrangement is consistent along the a-, b-, and c-axis. Inset
Fig. 1 illustrates the atomic arrangement along the c-axis,
showing that the structure forms a three-dimensional frame-
work made up of isolated WO, tetrahedra, MgO, octahedra, and
RbO;, polyhedra.**

The selection of Rb,Mg,(WO,); is part of a systematic study
on how A-site cation substitution affects the dielectric proper-
ties of langbeinite-type tungstates. Compared to smaller alkali
ions like Na* or K, the larger Rb" ion increases lattice rigidity
and reduces free volume within the structure, enhancing
thermal stability and suppressing leakage currents at high
temperatures. This makes Rb,Mg,(WO,); a promising candi-
date for high-temperature insulation applications, offering
advantages over lighter alkali-metal analogs.** Building on
these findings, the present study focuses on Rb,Mg,(WO,)s,
a relatively unexplored cubic tungstate. Its structural and
dielectric properties were investigated to assess its potential for
applications in optoelectronics and energy storage. Further-
more, the conduction mechanism was elucidated through
complementary electrical analyses.

Experimental details

In this study, the Rb,Mg,(WO,); compound was synthesized via
a solid-state reaction method using high-purity WO3, Rb,CO3, and
MgO as starting materials. The raw materials were combined in
a molar ratio of WO;: Rb,CO;: MgO = 3:1:2 and then pressed
into pellets. To counteract lithium loss caused by volatilization, an
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additional 2 mol% of Rb,CO; was incorporated. The mixture
underwent solid-state sintering at 900 °C for 120 hours in air,
resulting in the formation of the Rb,Mg,(WO,); phase.

The crystal structure of the synthesized samples was char-
acterized using a Philips X'Pert X-ray powder diffractometer
with Cu-Ko radiation (A = 1.5418 A). Diffraction data were
collected across a Bragg angle range of 10° to 60° with a step size
of 0.05°, and structural refinement was performed by Rietveld
analysis'® using the FULLPROF software."®

Morphology and particle size were examined through scan-
ning electron microscopy (SEM), while elemental composition
was confirmed by energy-dispersive X-ray spectroscopy (EDX).

For electrical characterization, the powder was pressed into
tablets measuring 8 mm in diameter and 1 mm in thickness
under a uniaxial pressure of 3 t cm > Silver conductive layers
were applied to both surfaces to serve as electrodes in an Ag/
electrolyte/Ag configuration. Impedance measurements were
carried out using a Solartron 1260 Impedance Analyzer over
a frequency range from 0.1 Hz to 5 MHz, controlled by a micro-
computer, within a temperature range of 473 to 673 K, which was
selected to focus on the high-temperature cubic phase, where
ionic conductivity is most prominent. Below 473 K, the material's
properties remain nearly constant, exhibiting negligible variation
that does not contribute significantly to the phenomenon under
study. Above 673 K, the study was limited to ensure the chemical
stability of the tungstate framework and to avoid potential
sample-electrode interactions. However, the cubic structure is
expected to remain stable until it approaches its melting point.

Results and discussion

Structural study

The X-ray diffraction (XRD) pattern of Rb,Mg,(WO,)s;, shown in
Fig. 1, indicates the formation of a pure single-phase

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rietveld refined parameters for Rb,Mg,(WO,4)s compound

Rb,Mg,(WO,); compound at room temperature

System Cubic
Space group P2,3
a=b=c 10.7584 (6)
= 90

= 90

r 90

Volume (A% 1244.15 (12)
x* 2.04

Crystallite size 72 nm

compound. All observed peaks are consistent with a cubic
crystal structure belonging to the P2,3 space group.

The structure was further analyzed and refined using the
Rietveld method, with the refinement results summarized in
Table 1, based on its lattice parameters and space group, the
crystal structure of Rb,Mg,(WO,); is consistent with previously
reported structures in the literature.**

X-ray diffraction (XRD) analysis is employed to estimate the
crystallite size of the material. The average crystallite size D is
determined using the Debye-Scherrer equation:"’

KA
D=, cos()

In this context, K is the shape factor, taken as 0.9, and A
corresponds to the wavelength of Cu Ko radiation. The
parameter ( represents the full width at half maximum (FWHM)
of the most intense diffraction peak among all observed
reflections, while ¢ is the Bragg diffraction angle. The FWHM
6 characterizes the broadening of the diffraction peaks, which

1)
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arises from the finite crystallite size and the presence of
microstrain within the material. The calculated crystallite size D
is summarized in Table 1. The calculated crystallite size is
72 nm. It is important to distinguish this from the grain size
observed in later SEM analysis; the crystallite size provides
a more statistically meaningful measure of the bulk material's
structural integrity, whereas SEM highlights the surface-
sensitive grain agglomeration. In tungstate compounds, crys-
tallite dimensions in the nanometer scale are known to signif-
icantly influence electrical behavior, frequently resulting in
enhanced conductivity and improved catalytic activity. These
improvements are commonly attributed to the larger specific
surface area and the emergence of size-dependent (quantum)
effects in nanostructured systems. Consequently, a detailed and
systematic electrical characterization was undertaken.

Morphology analysis

The microstructural features of Rb,Mg,(WO,); were investi-
gated using scanning electron microscopy (SEM). As illustrated
in Fig. 2, the SEM images reveal grains that are relatively
uniform in size and well-distributed at the micrometer scale. At
low magnification (100x), the surface appears smooth and
continuous, with no visible cracks or significant voids, indi-
cating that the synthesis process produced a high-quality
material.

At higher magnifications (up to 6403x), a more detailed
granular texture is observed, consisting of compact aggregates
and distinct particles. The clearly defined particle boundaries
and heterogeneous arrangement suggest a polycrystalline
microstructure. The surface morphology and grain size distri-
bution of the Rb,Mg,(WO,); compound were investigated via
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Fig. 2
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(a) Scanning electron microscopy images, (b) distribution histogram of grains.
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SEM, as illustrated in Fig. 2. The micrographs reveal an irreg-
ular, polygonal morphology with a tendency toward agglomer-
ation, typical of materials processed through high-temperature
solid-state reaction. Due to the non-spherical nature of the
grains, a statistical analysis was performed by measuring the
Feret diameter of a significant number of particles using image]J
analysis software.'® The resulting histogram (Fig. 2) represents
the particle size distribution, which was successfully fitted
using a Lorentzian function. This fitting yields a mean particle
size of approximately 8.16 pm.

The densely packed, interconnected grains are expected to
positively influence properties such as optical clarity, electrical
transport, and mechanical stability, underscoring the potential
of Rb,Mg,(WO,); for advanced materials applications. To
assess the qualitative composition and purity of the synthesized
material, energy-dispersive X-ray microanalysis (EDX) was per-
formed. The EDX spectrum, along with quantitative analysis, as
shown in Fig. 3, confirms the presence of oxygen, magnesium,
rubidium, and tungsten as the primary elements. According to
the weight percent chart, tungsten is the most abundant
element (54.94%), followed by oxygen (19.63%), rubidium
(21.63%), and magnesium (3.78%). The atomic percent distri-
bution differs, with oxygen dominating at 63.55%, and
a notable presence of tungsten (15.26%), rubidium (13.13%),
and magnesium (8.06%). These results suggest successful
synthesis and homogeneity at the compositional level, with the
expected stoichiometry consistent with the compound's
nominal formula. The high oxygen and tungsten content,
corroborated by the intense peaks in the spectrum, are indica-
tive of the WO, units, while rubidium and magnesium peaks
confirm their role in the lattice structure. The observed atomic
ratio (Rb:Mg:W:0 = 1.63:1:1.89:7.88) shows a deviation
from the theoretical 2:2:3:12 stoichiometry. This variance is
primarily associated with the semi-quantitative nature of the
EDX technique,* particularly the lower sensitivity and high
absorption corrections required for light elements like

View Article Online
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Oxygen.”® Furthermore, a slight deficiency in Rubidium may be
attributed to the partial volatilization of alkali cations during
the high-temperature calcination process required for lang-
beinite formation.”® These deviations likely result from
rubidium volatilization, intrinsic defects, and EDX's surface
sensitivity.” Despite these deviations, the consistent presence
of all precursor elements and the absence of secondary phases
in the XRD patterns confirm the successful formation of the
Rb,Mg,(WO,); phase.

Electrical properties

The electrical behavior of Rb,Mg,(WO,); was investigated using
complex impedance spectroscopy over a temperature range of
473-673 K to elucidate its conduction mechanisms. To improve
clarity, the Nyquist data were presented in two separate plots:
Fig. 4(a) for 473-573 K and Fig. 4(b) for 593-673 K, as variations
across the full temperature range were not clearly visible on
a single figure.

The Nyquist plots exhibit two distinct semicircles corre-
sponding to the contributions from grains at high frequencies
and grain boundaries at low frequencies. In all spectra, the
centers of the arcs lie below the 7' axis, indicating non-Debye
relaxation behavior.”® The relative prominence of the two arcs
varies with temperature: at lower temperatures, the grain-
boundary response dominates, whereas at higher tempera-
tures, the grain contribution becomes increasingly significant.

To rationalize these features, an equivalent circuit incorpo-
rating separate grain and grain-boundary contributions, each
modeled by a resistance (Rg, Ryp) in parallel with a constant
phase element (CPE,, CPE,) was applied, as shown in the insert
of Fig. 4(a). At low temperatures, the large semicircles corre-
spond to higher resistive behavior, while at higher tempera-
tures, the reduction in arc size and the shift in impedance
characteristics point to thermally activated charge transport.
The close overlap between the red fitted curves and the experi-
mental data confirms the suitability of the proposed circuit
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Fig. 3 EDX spectrum of the compound Rb,Mg,(WO,)s.
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Fig. 4 (a) Nyquist plot of Rb,Mg,(WO4)s compound, from 473 to 573

K. (b): Nyquist plot of Rb,Mg,(WO4)s compound, from 493 to 673 K.

model and underscores the distinct electrical responses of the
grain interiors and boundaries in Rb,Mg,(WO,);. The imped-
ance of the fractal interface capacitance, represented by the
constant phase element (CPE), is calculated using the
expression®*

1
7 = gl

In this expression, Q denotes the capacitance value, and the
parameter « indicates the extent of deviation of the semicircle
from an ideal shape. Specifically, « = 1 corresponds to ideal
capacitive behavior, whereas a« = 0 corresponds to purely
resistive behavior.

To accurately reproduce the frequency-dependent imped-
ance behavior, the real (Z') and imaginary (—Z") components
were fitted using analytical expressions derived from the chosen
model. These expressions explicitly incorporate the frequency
dependence of the constant phase elements (CPEs) and are
formulated as follows:

(2)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ry <1 +R1Q1w‘”cos<a1 g))
[1 + RIQI&)“‘COS(DM g)r + [1 + R Qlw”‘lsin<a1 g)r
Ry (1 + R, Qrw™cos (az g))
{1 + Rzsz“ZCOS(az g)]z + [1 + R, Q,wsin (az g)r
(3)

/

R12 Q1 w'sin (0[1 g)

[1 +R1Q1wa1cos<a1 g)r + [1 + R1Q1w“lsin(a1 g)r

R20,w®sin (az g)
[1+ Rs Qs cos (e g)]z + [1+ RyQsisinay 5)}2

2
(4)

The frequency-dependent behavior of the real part of the
impedance (Z') for the investigated sample across a wide
temperature range, as shown in the Fig. 5(a) and (b). Z' is high at
low frequencies, especially at lower temperatures, indicating
the dominant role of grain boundary resistance and possible
space charge accumulation. As frequency increases, Z’
decreases due to reduced interfacial polarization and the
increasing contribution of grain conduction, with the
minimum value at high frequencies decreasing as temperature
rises, suggesting thermally activated conductivity.

Meanwhile, Fig. 6(a) and 6b showcase the imaginary part of
the impedance (—Z") as a function of angular frequency (w) for
a material studied across a broad temperature range. Panel (a)
details the response from 473 K to 573 K, while panel (b) covers
higher temperatures between 593 K and 673 K, showing a clear
relaxation peak at each temperature. This peak shifts to higher
frequencies and diminishes in magnitude with rising temper-
ature, reflecting a thermally activated relaxation process with
shorter relaxation times at elevated temperatures. The lack of
multiple peaks points to a single dominant relaxation mecha-
nism, likely associated with grain boundaries, while the asym-
metric and broadened peak shape indicates non-Debye
relaxation, consistent with the use of constant phase elements
in the equivalent circuit model. Overall, these results confirm
the semiconducting nature of the material and efficient
conduction across grains and grain boundaries at higher
temperatures. A quantitative assessment of these findings was
carried out by examining the temperature dependence of the
extracted resistance and capacitance values.

The corresponding bar charts are displayed in Fig. 7. As
shown in Fig. 7(a), both the grain resistance (R;) and grain-
boundary resistance (R,) undergo a pronounced decline as
temperature rises, a trend typical of semiconducting systems in
which thermal activation promotes charge-carrier mobility.>
Conversely, the capacitance parameters associated with the
constant-phase elements (Q; and Q,), illustrated in Fig. 7(b) and
(), increase markedly with temperature. This enhancement is
consistent with strengthened dielectric polarization and the

RSC Adv, 2026, 16, TM7-11129 | 1M121
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Fig.5 (a) Frequency dependence of Z’ at different temperatures (from
473 to 573 K). (b): Frequency dependence of Z' at different tempera-
tures (from 493 to 673 K).

growing contribution of thermally activated dipolar or space-
charge processes. Taken together, these trends reveal more
efficient charge-storage behavior and intensified interfacial
polarization at higher temperatures, underscoring the effective
thermal activation of both conduction and point to the exis-
tence of relatively weak interfacial barriers, consistent with the
behavior inferred from the Nyquist response.*

Modulus analysis

A detailed analysis of the dielectric modulus provides a valuable
approach for investigating charge-transport processes in
ceramic materials and for elucidating the microscopic mecha-
nisms underlying dielectric relaxation.*”

The complex dielectric modulus, M*, is formally introduced
as the inverse of the complex permittivity, ¢*

* 1 * ’ "
M= S=joGZ =M + jM (5)
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temperatures (from 493 to 673 K).

Here, M’ and M” denote the real and imaginary components of

. . . €A | .
the dielectric modulus, respectively, Cy = 07 is the geometric
capacitance (where ¢, = vacuum permittivity, A = surface, d =

thickness).
The real and imaginary components of the complex modulus
can be written as

= (6)
& &

M = L (7)
Here, ¢ and ¢” denote the real and imaginary components of the
dielectric permittivity, respectively. Fig. 8(a) presents the
frequency-dependent evolution of the real modulus (M') at
various temperatures. At low frequencies, M’ remains close to
zero, indicating minimal restoring force for the electric field.
With increasing frequency, M’ progressively rises and eventually
reaches a temperature-dependent saturation value. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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saturation frequency shifts with temperature, and the magnitude
of the saturated M increases as the temperature rises. Such
behavior is typically linked to the underlying conduction mech-
anism, where the mobility of thermally activated charge carriers
governs the modulus response. As the temperature increases, the
enhanced mobility of these carriers leads to a higher saturation
level of M'. The observed decrease in the real component of the
complex modulus M’ at frequencies exceeding 10° rads™' is
primarily attributed to the dielectric relaxation of the Rb* cation
hopping mechanism within the langbeinite-type framework. As
the frequency increases, the heavy rubidium ions, situated in
relatively large interstitial sites, fail to maintain phase with the
rapidly oscillating electric field, leading to a “freezing out” of
their contribution to the material's total polarizability.”® This
transition from a long-range hopping regime to a localized
vibrational regime results in a characteristic dispersion in the
modulus formalism, a phenomenon well-documented in
langbeinite-type structures where alkali metal dynamics domi-
nate the radio-frequency response.” Furthermore, the complex
network of corner-sharing WO, tetrahedra reaches its limit of
electronic and atomic polarizability in this range, where the onset
of WO, vibrational modes may contribute to the downturn of the
storage component.* In polycrystalline samples, this behavior is
further intensified by the Maxwell-Wagner-Sillars (MWS) effect,
where the accumulation of charges at grain boundaries becomes
negligible as the period of the applied field becomes shorter than
the relaxation time of the boundary-trapped charges.

Nevertheless, rising temperatures increase the mobility of
charge carriers, which in turn raises the overall saturation level
of M'. At a given temperature, the maximum of M” coincides
with the minimum-tangent point of M, in good agreement with
Bergman's empirical model. In this framework, the relaxation
frequency associated with the M’ peak marks the crossover from
long-range to short-range ionic motion as the probing
frequency increases.

Fig. 8(b) presents the frequency dependence of the imaginary
modulus M", revealing three characteristic regions. In the low-
frequency domain situated below the M” peak maximum M”
(anrfl’{al;erf <1), charge carriers possess sufficient time to
undertake long-range movements, enabling ions to hop
between adjacent sites (long-distance hopping/).31 In contrast, at
high frequencies beyond the M” peak (2mtfM 7, >1), most
carriers become confined within their local potential wells,
exhibiting only localized, short-range motion.” At the peak
position (27 nﬁ{,’;rw =1 ), the system undergoes the transi-
tion between these two regimes.

The M" response was modeled using the modified Kohl-
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0.010 3x10°

=
0.005 4

0000000000
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rausch-Williams-Watts (KWW) function proposed by
Bergman:*
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temperatures. (c) Cole—Cole plots of modulus.

© 2026 The Author(s). Published by the Royal Society of Chemistry

105 10° 107 FIUSIS (LS [ (1

TS U (L (O U 0.000 0.003 0.006 0.009 0.012

o (rads™) ot

(a) Variation of M” with frequency at different temperatures for the entitled compound. (b) Variation of M” with frequency at different

RSC Adv, 2026, 16, 1N7-129 | 11123


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09859a

Open Access Article. Published on 25 February 2026. Downloaded on 6/15/2026 1:11:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Here, M" ,.x denotes the peak magnitude of M”, while @y
corresponds to the frequency at which this maximum occurs.

The complex modulus spectrum (M” versus M’) for the Rb,-
Mg,(WO,); compound exhibits distinct semicircular arcs, as
illustrated in Fig. 8(c). Two prominent semicircles are evident:
the first, at lower frequencies, is attributed to grain (bulk)
effects, while the second, appearing at higher frequencies,
corresponds to grain boundary contributions. This behavior,
consistent with the Nyquist plot shown in Fig. 4, provides strong
support for the appropriateness of the selected equivalent
circuit model.

Fig. 9(a) and (b) display the frequency dependence of M” and
—Z" at the lowest and highest investigated temperatures,
respectively, illustrating the corresponding relaxation behavior
of the material. At 473 K, the distinct separation between the M”
and —Z" peak positions suggests localized or short-range charge
transport,® since the modulus formalism predominantly
reflects bulk (grain) dynamics whereas the impedance response
is more sensitive to long-range conduction pathways.
Conversely, the almost coincident M” and —Z" peaks at 673 K
indicate that both formalisms probe essentially the same
relaxation time, which is typically interpreted as evidence of
long-range or delocalized charge transport at elevated
temperatures.*

Charge transport via the exponent m

Dielectric permittivity provides essential insight into the
intrinsic properties of the investigated material, reflecting its
ability to polarize under an applied electric field. The complex
dielectric constant is expressed as:**

e =¢ —je = ! 9)
—ETE TGz

where ¢’ denotes the real part, corresponding to stored energy,
and ¢” represents the imaginary part, associated with energy
dissipation within the material. Here, C, is the vacuum capac-

itance, and w = 27fis the angular frequency.
Fig. 10(a) presents the real part of the permittivity, ¢, as
a function of frequency at various temperatures for the
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Rb,Mg,(WO,); compound. At low frequencies, ¢ attains large
values, highlighting a strong energy-storage capability in this
range, whereas ¢ declines with increasing frequency, indicating
a reduction in stored energy. At any given frequency, ¢ grows
with temperature, which is attributed to thermally activated
charge carriers that enhance polarization. This response arises
from the combined action of ionic, electronic, orientational,
and interfacial polarizations, with orientational and interfacial
mechanisms dominating the relaxation of polarizability, while
ionic and electronic polarizations are mainly associated with
resonance effects. Fig. 10(b) presents the frequency dependence
of the imaginary permittivity, ¢”, measured across multiple
temperatures. ¢’ is very large at low frequencies (up to about 7.3
x 10%) and decreases steadily with frequency before reaching
a plateau at the high-frequency end, evidencing strong dielec-
tric dispersion. The systematic shift with temperature indicates
thermally activated relaxation, consistent with the causal
dielectric response described by complex permittivity. This
behavior reflects the combined action of polarization mecha-
nisms: interfacial/space charge and dipolar contributions
dominate at low to mid frequencies, while faster ionic and
electronic polarizations govern the high-frequency regime.
The literature survey reveals that the temperature depen-
dence of the parameter “m” provides insight not only into the
prevailing conduction mechanism but also into the type of
charge carriers involved. The insert of Fig. 10(b) presents the
double-logarithmic plots of ¢’ versus frequency at different
temperatures for the investigated sample. The evolution of &’
with frequency and temperature is interpreted within the
framework of the model proposed by Giuntini and al*

3
& = (&0 — em)22W2N(§> KTty Wy ™™ = Boy™T) (10)
0
Here, ¢, denotes the static dielectric constant, ¢.. is the dielec-
tric constant in the high-frequency limit, n is the number of
hopping electrons, e is the elementary charge, N is the density of
localized states, T is the absolute temperature, k is the Boltz-
mann constant, 7, is the characteristic relaxation time, and m is
the exponent of the angular frequency. The temperature-
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(a) Frequency-dependent real part (¢/) of the dielectric permittivity at different temperatures of Rb,Mg,(WQ,)s compound. (b)

Frequency-dependent imaginary part (¢”) of the dielectric permittivity at different temperatures. Insert (b) log(e”) vs. log(w) of Rb,Mg,(WO4)s
compound. (c) Temperature dependence of the frequency exponent m of Rb,Mg,(WO4)s compound. (d) Frequency dependence of tan(é) at

different temperatures of Rb,Mg,(WO,4)s compound.

dependent exponent m(T) is obtained from the negative slopes
of plots of In(¢”) versus In(w) at different temperatures. The
evolution of m with temperature is then used to elucidate the
underlying conduction mechanism. As shown in Fig. 10(c), m(T)
decreases monotonically with temperature, which strongly
supports a CBH conduction process.

The dielectric loss factor, or loss tangent, is defined as the
ratio of the imaginary to the real components of permittivity:*®

’

Tané = 8—,, (11)
€

For optoelectronic materials, the dissipation factor tan(s),
plotted in Fig. 10(d), is a key parameter. Here, 6 denotes the loss
angle between the applied voltage and the charging current.
Dielectric losses originate from several processes, such as
charge conduction, dielectric relaxation, molecular dipole
interactions, and interfacial polarization. At low frequencies,
more energy is required to move charge carriers, which leads to
higher tan(¢) values. As the frequency rises, the effective resis-
tivity decreases, enabling easier charge transport and conse-
quently lowering the dielectric loss. This frequency-driven

© 2026 The Author(s). Published by the Royal Society of Chemistry

decrease in loss underscores the material's promise for inte-
gration in electrical and optoelectronic devices. However, when
high temperatures are combined with low frequencies, dielec-
tric loss increases markedly, consistent with enhanced electrical
conductivity in the material.

Electrical conduction mechanism via the conductivity

Fig. 11(a) presents the frequency dependence of the AC
conductivity over the temperature interval 473-673 K. In the
low-frequency region, the conductivity attains a plateau corre-
sponding to the DC component, which is essentially frequency-
independent. At higher frequencies, the conductivity exhibits
a marked dispersion arising from the AC contribution. In this
regime, charge carriers undergo thermally activated hopping,
resulting in random diffusion at low frequencies that yields the
DC conductivity o4.. Meanwhile, in the dispersive region, ions
oscillate back and forth in a correlated fashion. According to the
jump-relaxation framework developed by Funke and Hoppe,*”
the coexistence of a frequency-independent DC plateau and
a frequency-dependent AC part is explained by the balance
between successful and unsuccessful hops: at low frequencies,

RSC Adv, 2026, 16, TM7-11129 | 11125
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successful long-range hops dominate the transport, whereas at
high frequencies the proportion of unsuccessful hops increases,
leading to the pronounced dispersion observed in the conduc-
tivity spectra.

The AC conductivity spectrum is described by the empirical
Jonscher power law:**

(12)

OAC = O4c + A(L)S

Here, o4 denotes the material's DC conductivity, A is the pre-
exponential factor, w is the angular frequency, and s is the
power-law exponent. The exponent s characterizes the interac-
tion of mobile ions with the surrounding lattice and usually lies
between 0 and 1, a range consistent with several transport
mechanisms such as quantum-mechanical tunneling (QMT),*
non-overlapping small-polaron tunneling (NSPT),* correlated
barrier hopping (CBH),* and overlapping large-polaron
tunneling (OLPT).** The DC conductivity 4., obtained by
fitting the Jonscher law over the entire temperature interval,
follows an Arrhenius-type behavior; the resulting o4, versus
inverse temperature plot derived from complex-impedance
analysis is displayed in Fig. 11(b) and obeys Arrhenius’
relation:*?

(13)
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From this plot, the activation energy is determined to be
0.82 eV. This value lies within the same interval as those re-
ported for related compounds™® and falls in the range typically
associated with semiconducting materials.*>**

Fig. 12(a) presents the temperature-dependent evolution of
the fitted parameters s and (1-s), highlighting their concurrent
variation across the investigated thermal range. The figure
reveals a clear decrease in s as temperature rises. When these
$(7T) results are compared with the theoretical models discussed
earlier, they strongly suggest that the correlated barrier hopping
(CBH) model is the dominant conduction mechanism. To
clarify the conduction mechanism, the AC conductivity of the
sample was examined in detail. The resulting frequency-
dependent AC conductivity curves for the investigated
compound at different temperatures are presented in Fig. 12(b).
Within the framework of the CBH model, charge transport
proceeds through single-polaron or bipolaron hopping across
the coulombic barrier separating localized defect sites. Based
on this approach, the corresponding binding energy is evalu-
ated using the following expression:

d(In(g.)) _
d(In o)

6kT

§= a WM — kT 11’1(0)‘[0)

(14)

Here, 7, denotes the characteristic relaxation time, typically
comparable to the atomic vibration period. This expression
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Table 2 Obtained parameters of CBH fit
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Frequency (MHz) Uesr (€V) ¢ N(Ep) (ev ' em™) W (eV) 04e (@' em ™) (4 658 K)
Rb,Mg,(WO,); 0.25 0.55 100 2.1 10" 0.21 8.43107°

0.5 0.49 7.8 10"

1.25 0.45 8.8 10

1.5 0.39 1.2 10%°

indicates that s depends on both frequency and temperature.
For small values of W,,,/kzT, s increases with frequency; however,
when W,,/kzT becomes large, s approaches unity, and its vari-
ation with frequency becomes negligible. Under these condi-
tions, eqn (13) simplifies to eqn (14).

(15)

According to the CBH model, the AC conductivity can be

approximated, to first order, by the relation:*

7.:2

02 = n—NNpegywR,,° (16)

24
where ¢ and ¢, denote the dielectric constants of the material
and of free space, respectively; N is the density of paired local-
ized sites; Rw is the hopping distance; and n represents the
number of electrons involved in the hopping event. The product
N(Eg) and U, were determined by fitting the theoretical curves
of In(oc) versus 1000/T to the experimental data (Fig. 12(b)),
and the resulting parameters are summarized in Table 2. As
shown, increasing the frequency leads to a reduction in Ues,
which is consistent with thermally assisted hopping conduction
in this frequency temperature range. Moreover, the density of
localized states N increases with frequency, in agreement with
the observed rise in AC conductivity.

Fig. 12(c) shows how the hopping distance (Rw) varies with
temperature and frequency. Increasing the frequency leads to
a reduction in Rw, confirming an inverse dependence between
these parameters. Conversely, Rw becomes larger as the
temperature rises, owing to the additional thermal energy that
promotes carrier hopping. At low temperatures, Rw exhibits
little variation and remains almost unchanged. Importantly, the
extracted hopping distances fall within the scale of the inter-
atomic separation.

Conclusion

Rb,Mg,(WO,); emerges as a standout triple tungstate, master-
fully engineered via solid-state synthesis into a pure cubic phase
with uniform microstructure—unlocking unprecedented
dielectric prowess for optoelectronics and energy storage. Its
Nyquist plots reveal captivating non-Debye relaxation, with dual
semicircles spotlighting grain-grain boundary synergy and
a temperature-driven surge in charge mobility via thermally
activated hopping, precisely mapped by the Correlated Barrier
Hopping (CBH) model. This synergy yields ultra-low dielectric
losses paired with sky-high permittivity, outshining

© 2026 The Author(s). Published by the Royal Society of Chemistry

conventional materials and enabling breakthroughs in high-
efficiency capacitors and microwave devices. By decoding
hopping-dominated conduction and interfacial polarization,
this work bridges atomic-scale insights with real-world inno-
vation, propelling Rb,Mg,(WO,); toward revolutionizing next-
generation microelectronics.
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