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1. Introduction

Enhanced structural, NTCR behavior and dielectric
polarization in LiGaP,O; pyrophosphate:
implications for advanced technological
applications

Imen Gharbi, @22 |heb Garoui,? Souad Chkoundali, 2 ° Nazir Mustapha,*°
Mokhtar Hjiri® and Abderrazek Oueslati (2 *®

Materials exhibiting negative temperature coefficient of resistance (NTCR) behavior and efficient ionic
transport properties are of considerable interest for advanced dielectric and energy-storage applications.
In this work, single-phase LiGaP,O; pyrophosphate was successfully synthesized using a conventional
solid-state reaction route. X-ray diffraction analysis confirmed the formation of a monoclinic structure
with the space group P2;, while scanning electron microscopy revealed a polycrystalline morphology
with an average grain size of about 2.49 um. The electrical and dielectric properties were investigated
by impedance spectroscopy over a wide frequency range (0.1 Hz-1 MHz) and temperature interval
(513-673 K). Nyquist plots demonstrated that the electrical response is mainly governed by grain bound-
ary effects and were successfully fitted using an equivalent circuit based on parallel R//C//Q elements.
The compound exhibited a pronounced NTCR behavior associated with a thermally activated hopping
process. Dielectric investigations revealed a non-Debye relaxation behavior accompanied by strong
frequency dispersion due to Maxwell-Wagner interfacial polarization. A high dielectric permittivity of
approximately 6.32 x 10* was obtained at low frequencies. Electric modulus and conductivity analyses
indicated that long-range Li* ion migration dominates the transport mechanism. The AC conduction
mechanism follows the correlated barrier hopping (CBH) model in the temperature range of 513-593 K
with an activation energy of about 0.72 eV, while at higher temperatures (613-673 K), the non-
overlapping small polaron tunneling (NSPT) model becomes predominant with an activation energy
close to 1.19 eV. These findings provide deeper insight into the dielectric relaxation and charge transport
mechanisms of pyrophosphate materials and highlight LiGaP,O; as a promising candidate for low-
frequency dielectric devices, energy-storage systems, and NTC thermistor applications.

chemical substitutions to generate profound changes in dielec-
tric, electrical, and electrochemical behavior.*™®

The search for advanced functional materials capable of meet-
ing the rising demands of energy, electronic, and sustainable
technologies remains at the forefront of materials science.™?
In this pursuit, phosphate-based compounds, particularly
pyrophosphates, have emerged as a versatile class of materials
due to their structural stability, tunable frameworks, and wide
range of physical properties. Their ability to accommodate
diverse cations within robust anionic networks allows subtle
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Lithium pyrophosphates of general formula LiM**P,0, (M =
trivalent metal) exemplify this versatility. They display a broad
spectrum of functionalities, including remarkable dielectric
response and potential as electrode materials.”® Several stu-
dies have highlighted the remarkable dielectric behavior of
these materials, particularly in systems containing Cr, Fe, V, or
Bi.'*'* While much attention has been devoted to systems
containing Cr, Fe, V, or Bi, the gallium analogue remains
largely overlooked. This is noteworthy since Ga®", with its small
ionic radius (0.62 A in octahedral coordination) and moderate
polarizability, provides a unique balance between size, electro-
nic configuration, and chemical behavior. These attributes
influence the local coordination geometry and connectivity of
the framework, offering the possibility of unconventional phy-
sical behavior."”™” LiGaP,0, crystallizes in the monoclinic P2,
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space group, is isostructural with LiFeP,0, and LiCrP,0;, and
retains thermal stability up to 600 °C."® Moreover, its wide band
gap (~4.56 eV) suggests promising dielectric and insulating
properties. Yet, in contrast to its structural analogues, its
dielectric and electrical characteristics have scarcely been
investigated. This gap is striking, as related compounds such
as LiFeP,0; and B-LiVP,0, have already demonstrated techno-
logical potential, ranging from cathode stability in lithium-ion
batteries'® to high-power electrode behavior in full-cell
configurations.”>*" These examples highlight how the pyropho-
sphate framework can couple structural stability with functional
performance, underscoring the possibility that LiGaP,0, may
harbor similarly useful, yet undiscovered, properties.

The growing global need for efficient and reliable energy
storage has further increased interest in advanced technologies
such as all-solid-state batteries, which offer enhanced safety,
superior ionic conductivity, and longer operational lifetimes
compared to conventional systems.>>>* This transition is lar-
gely driven by the integration of renewable energy and the rapid
growth of electric mobility, which demands durable, high-
capacity, and cost-effective storage solutions. Since their com-
mercial debut in 1991,%* lithium-ion batteries have remained
dominant due to their high energy density and broad applicability,
from portable electronics to grid-scale storage systems.>

To evaluate the suitability of LiGaP,O, for low-frequency
energy storage systems, such as rechargeable lithium-ion bat-
teries, this study aims to deepen our understanding of its
dielectric behavior and charge transport mechanisms that
govern its behavior, particularly at the microscopic scale. An
in-depth evaluation of its electrical conductivity and dielectric
performance was conducted across a wide frequency spectrum
(0.1 Hz to 1 MHz) and within a temperature range of 513-673 K.
In addition to its energy storage potential, dielectric spectro-
scopy serves as a powerful tool for probing the negative
temperature coefficient (NTC) behavior in pyrophosphate
compounds.®”® Materials exhibiting NTC characteristics are
increasingly important for high-temperature applications, par-
ticularly in thermal sensors.”® NTC thermistors, resistors whose
resistance decreases with temperature, are widely used in
modern electronics for temperature monitoring, circuit protec-
tion, and process control, spanning fields such as aerospace,
automotive, pressure sensing, and fluid flow monitoring.>”"*®

Even though a number of LiM**P,0, pyrophosphate com-
pounds have been reported in the literature, most of the
available studies are mainly devoted to their structural features
and, in certain cases, their optical behavior, whereas their
dielectric response and charge transport properties have not
been extensively investigated. Among them, LiGaP,O in parti-
cular has received only limited attention regarding its electrical
characteristics, despite its importance within the LiM*'P,0,
structural family. Therefore, the present work is dedicated to a
detailed study of the dielectric properties as a function of
frequency and temperature, together with an analysis of the
AC and DC conduction mechanisms in LiGaP,O;,. A compara-
tive discussion with related pyrophosphate materials is also
provided, in order to emphasize the unique relaxation behavior
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and transport features associated with the Ga*"-based frame-
work. Consequently, this study offers additional insight into
the relationship between structure and electrical properties in
LiM**P,0,-type compounds.

In this work, we report a detailed investigation of the
dielectric and electrical properties of LiGaP,0O, to evaluate its
potential for electronic and energy-related applications. The
compound was synthesized by the conventional solid-state
reaction route using high-purity precursors to obtain a single-
phase material.”>*° Despite its promising features, systematic
studies of the dielectric response, electrical behavior, and
relaxation dynamics of LiGaP,O, remain scarce. To address
this, impedance and dielectric spectroscopy were carried out
over a broad frequency and temperature range, providing
insight into conduction mechanisms, polarization processes,
and charge transport pathways. Such analyses are crucial for
understanding the material’s response to thermal and fre-
quency stimuli and for evaluating its suitability for next-
generation energy storage and conversion technologies.

2. Experimental methodology

2.1. Synthesis of LiGaP,0; via the solid-state reaction method

The LiGaP,0; ceramic was synthesized via a conventional solid-
state reaction method using high-purity precursors: Ga,Os;,
Li,CO;3, and NH,H,PO,, all purchased from Sigma-Aldrich.
These were weighed in stoichiometric proportions according
to the reaction:

4NH,H,PO, + Li,CO; + Ga,0; — 2LiGaP,0, + 6H,0
+ CO, + 4NH, 1)

The precursor powders were thoroughly homogenized by
manual grinding in an agate mortar for about 3 hours. The
obtained mixture was then heated on a hot plate at 300 °C for
8 hours to remove any volatile species, followed by an addi-
tional grinding step of 1 hour to ensure uniformity. The dried
powder was compacted into 8 mm diameter pellets using a
uniaxial pressure of 3 tons per cm? These pellets were then
sintered at 800 °C for 2 hours in an alumina crucible to
promote phase development and improve densification. After
sintering, the samples reached a relative density close to 96% of
the theoretical value. Finally, both surfaces of the pellets were
coated with silver paste to act as electrodes in a parallel-plate
geometry. A schematic illustration of the synthesis procedure is
presented in Fig. 1.

2.2. Instrumentation and measurement methods

Structural, morphological, vibrational, and electrical charac-
terization techniques were employed to investigate the physical
properties of the synthesized LiGaP,O, compound. Powder
X-ray diffraction (PXRD) was utilized as a reliable method to
confirm the crystallinity of the sample. This analysis was
performed at room temperature using a Bruker D8 Advance
diffractometer, operating within a 20 range of 5° to 80°, and
equipped with a copper anode (CukK, radiation, /. = 0.15406 A).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis process of the LiGaP,O; compound using the solid-state reaction method.

Microstructural and morphological analyses of the LiGaP,0,
powder were performed at room temperature using a JEOL JSM-
650LV environmental scanning electron microscope (ESEM).
The powder was lightly spread onto conductive carbon tape
mounted on an aluminum stub and subsequently coated with a
thin layer of gold to improve surface conductivity and imaging
quality. High-resolution imaging was carried out under high-
vacuum conditions with an accelerating voltage of 15 kV,
allowing detailed examination of particle size and shape.

Raman spectroscopy was employed to investigate the vibra-
tional properties of the LiGaP,0, powder, using a Horiba Jobin-
Yvon T64000 triple-grating spectrometer. Spectra were recorded at
ambient temperature over the spectral range of 50-1200 cm ™,
enabling identification of characteristic vibrational modes asso-
ciated with the phosphate framework.

Impedance spectroscopy (IS) was employed to investigate
the electrical behavior of the LiGaP,0, compound, with parti-
cular attention to the distinct contributions from grains and
grain boundaries. The sample, prepared in disc form (8 mm
diameter, 1 mm thickness), was coated on both faces with a
thin layer of silver conductive paste to ensure stable and
reproducible electrical contact. Measurements were performed
in a cryostat chamber enabling precise temperature control
from 513 to 673 K. Temperature stability was maintained within
+0.5 K, with a resolution of 0.1 K, using a high-precision
controller equipped with a closed-loop feedback system to ensure
uniform thermal distribution. Electrical characterization was
conducted under ambient atmosphere using a Solartron 1260
impedance/gain-phase analyzer, applying a 1 V excitation across a
broad frequency range from 0.1 Hz to 1 MHz.

3. Results and discussion
3.1. Analysis of structural properties

The LiGaP,0; pyrophosphate was successfully synthesized, and
its crystalline phase was examined by powder X-ray diffraction
(PXRD) analysis. As shown in Fig. 2(a), the experimental PXRD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Profile refinement of the PXRD data. (b) Crystal structure model
of LiGaP207.

pattern confirms the formation of a single-phase material, with
sharp and well-defined diffraction peaks indicative of good
crystallinity and a polycrystalline nature.

Rietveld refinement was performed using the FullProf
software®® to confirm the structural details. The refinement
converged smoothly, yielding a good fit between the observed
and calculated patterns, as illustrated in Fig. 2(a). The best
agreement was obtained, assuming a monoclinic crystal system
with the P2, space group. The low value of the goodness
of fit indicator (¢*), along with minimal differences in the
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Table 1 Refined structural parameters of the LiGaP,O; compound at
room temperature

Formula LiGaP,0-
Molar mass 250.60 g mol '
Crystal system Monoclinic
Space-group P2,

a =4.762 £+ 0.002 A
b =7.959 &+ 0.003 A
€=6.876 &+ 0.002 A
B =108.978 + 0.02°

Cell parameters

Cell volume 246.3 + 0.2 A®
zZ 2

R-factors

Ry/Rup/Rexpy (%) 26.5/28.4/25.70
Vi 1.26

D_SC (nm) 60

Yobs-Ycalc profile and accurately matched Bragg peak posi-
tions, confirms the structural integrity and phase purity of the
synthesized compound. The refined crystallographic para-
meters (a, b, ¢, ), unit cell volume (V), reliability factors
(R-factors), and goodness of fit (x°) are summarized in
Table 1. These values are in good agreement with those
previously reported by Y. Li et al. in 2019,'® further validating
the structural model used.

To estimate the average crystallite size of LiGaP,0,, the
classical Debye-Scherrer formula was applied to the most
intense diffraction peak located at 20 = 17.632°. The calculation
was carried out using the Debye-Scherrer equation, which is
commonly used to evaluate crystallite dimensions based on
PXRD data:**

0.94

In this equation, 1 is the X-ray wavelength (1.54056 A for Cu
Ko radiation), 0 is the Bragg angle, and f is the full width at half
maximum (FWHM) of the selected diffraction peak (in radians).
Based on this calculation, the average crystallite size of the
LiGaP,0; sample was found to be approximately 60 nm.

Crystallite size plays a significant role in determining the
material’s dielectric, conduction, and relaxation properties, as
these are closely tied to the microstructural characteristics of
the ceramic. Parameters such as crystallite size, grain bound-
aries, and porosity can critically affect the charge transport
mechanisms and relaxation behavior in pyrophosphate-based
materials.*>*

The crystal structure of LiGaP,O; consists of corner-sharing
PO, tetrahedra forming P,O- pyrophosphate groups, which link
with GaOg octahedra to create layered GaP,0O;; sheets. These
layers are connected through bridging oxygen atoms, resulting
in a stable three-dimensional framework. Lithium ions occupy
large interlayer voids, leading to a distorted Li-O coordination
environment that enables efficient Li"* migration through open
diffusion channels.'® This unique structural arrangement sup-
ports both mechanical stability and effective ionic transport,
highlighting the material’s promise for solid-state electrolyte
and lithium-ion battery applications.
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3.2. Microstructural analysis

Fig. 3(a) shows the SEM image of the synthesized LiGaP,O,
powder, recorded at a magnification of 2000x. The microstruc-
ture reveals a highly agglomerated morphology with irregularly
shaped particles forming loosely packed clusters. This type of
aggregation is commonly observed in powders obtained via
solid-state reaction, where grain growth and surface energy
minimization lead to particle clustering.

A quantitative analysis of the particle size was carried out
using Image], an image processing software. As illustrated in
Fig. 3(b), the grain size distribution was extracted from the SEM
image and fitted with a lognormal distribution function,
reflecting the asymmetry observed in particle size distribution.
The average particle size was found to be approximately
2.49 um, indicating a moderately broad size dispersion across
the sample.

The average particle size observed is considerably larger
than the crystallite size of approximately 60 nm estimated from
X-ray diffraction using the Debye-Scherrer equation. This dif-
ference indicates that each particle observed in the SEM images
is an aggregate composed of multiple smaller crystallites.**
Such microstructures can influence key material behaviors,
including densification dynamics during sintering, ionic trans-
port efficiency, and interfacial polarization effects. Overall, the
morphological analysis offers valuable insights into the pow-
der’s microstructural characteristics, which are critical for
tailoring the material’s performance in applications such as
solid-state electrolytes, sensors, or electrochemical devices.

3.3. Raman spectroscopy and vibrational mode analysis

Fig. 4 presents the Raman spectrum of the LiGaP,0O, com-
pound, which exhibits a series of well-defined bands that can
be attributed to the internal and external vibrational modes of
the pyrophosphate (P,0,*”) groups. The Raman band assign-
ments of the pyrophosphate compounds follow an order of
diphosphate vibrations arranged by decreasing frequency:

Vas (PO3) > 15 (PO3) > 1,5 (POP) > 15 (POP) > d,5 (PO3)
> Js (PO3) > 05 (POP).

Note that v,s and 14 are relevant to the asymmetric and
symmetric stretching vibrations of terminal (PO3) and bridging
(P-O-P) bonds, respectively, while ¢ refers to the corresponding
bending modes, which generally occur at lower frequencies.

The most intense band observed at 1112 cm ™', as well as the
ones located at 1146 cm™* and 1079 cm ™', are assigned to the
asymmetric stretching vibration (v,s) of terminal PO; groups.
Additional stretching vibrations appear at 1043 cm ™", corres-
ponding to symmetric stretching (vs) of terminal PO; groups.
The weaker bands at 968 cm ' and 930 cm ' are likely
associated with the asymmetric stretch of the P-O-P linkage
(vas(P-O-P)), while the one at 772 ecm™ ' corresponds to the
symmetric stretch of the P-O-P linkage (v5(P-O-P)). As for the
band located at 625 cm™ ", it is attributed to the asymmetric
bending of PO; groups. Moreover, bands around 568, 544, 429,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectrum of the LiGaP,O; pyrophosphate.

460, 382, and 324 cm ™" are attributed to the symmetric bending
of PO, groups. The lower wavenumber region (101-268 cm ™)
corresponds to lattice vibrations and external modes where
distinct and well-resolved bands are observed, indicating the
high crystallinity of the samples synthesized via the solid-state
method.

Overall, the spectral features are consistent with the vibra-
tional signatures reported for pyrophosphate-based com-
pounds, confirming the integrity of the P,0,*” structural
motif in the LiGaP,O, compound. The assignments were
determined based on previously published Raman studies on
diphosphates.?**>73%

3.4. Negative temperature coefficient of resistance (NTCR)
behavior

Following the structural and morphological characterization
studies, the electrical properties of the material were examined
using complex impedance spectroscopy (CIS) over a frequency

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM image (10 um scale) and (b) corresponding grain size distribution of the LiGaP,O; compound.

range of 1 Hz to 1 MHz and a temperature span from 513 K
to 673 K, with 20 K increments. This technique links an
electrical circuit model with the actual response of the material,
offering valuable insights into microstructural contributions
such as grains, grain boundaries, and electrode material
interfaces.®*™*! CIS is particularly effective for investigating
materials that exhibit negative temperature coefficient of
resistance (NTCR) behavior,** as it enables the identification
of temperature-dependent conduction mechanisms through
detailed impedance parameter analysis. The complex impe-
dance is represented as:

z4(@) = Z'(0) +jZ"(w) €)

where Z' and Z” represent the real and imaginary components
of the impedance, respectively.

Fig. 5(a) displays the frequency dependence of the real part
of the impedance (Z') across the studied temperature range.
The spectra exhibit two distinct regimes: (i) a low-frequency
plateau where Z’' remains nearly constant, associated with DC
conduction, and (ii) a high-frequency dispersive region, indi-
cative of AC conduction. The DC response stems from long-
range charge transport via successful hopping mechanisms,
allowing carriers to migrate and stabilize at adjacent sites.”**
In contrast, the frequency-dependent AC region arises from
localized hopping processes, where carriers oscillate within
limited distances under the influence of the alternating field,
resulting in a dispersive impedance response. These two trans-
port regimes reflect the dual conduction nature of the material:
DC conduction dominates at low frequencies, while AC con-
ductivity becomes prominent with increasing frequency. Nota-
bly, the onset frequency for the plateau shifts toward higher
values with increasing temperature, suggesting thermally acti-
vated relaxation processes. At high frequencies, Z’' decreases
significantly, reflecting reduced resistance due to enhanced
carrier mobility. Additionally, in the low-frequency region, the
decreasing Z' with rising temperature highlights the NTCR
behavior characteristic of semiconducting systems,*' thus con-
firming the potential thermistor-like nature of the material.
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Fig. 5 (a) Frequency dependence of the real (Z') and (b) imaginary (—Z2")
parts of the impedance at various temperatures. (c) Nyquist plots at
different temperatures with the corresponding equivalent circuit model
(inset). (d) Temperature dependence of the grain boundary resistance of
the LiGaP,O; compound.

Fig. 5(b) displays the frequency dependence of the imaginary
part of the impedance (—Z") across the studied temperature
range. Each spectrum exhibits a distinct relaxation peak,
corresponding to the characteristic frequency (fiax) at which
the dielectric relaxation process is most active. These peaks
result from the interplay between resistive and capacitive
components, marking the transition from capacitive to con-
ductive behavior. As the temperature increases, the relaxation
peak systematically shifts toward higher frequencies and
decreases in magnitude.

This behavior indicates a thermally activated relaxation
mechanism, where the mobility of charge carriers improves
with temperature, leading to shorter relaxation times. Moreover,
the broad and asymmetric nature of the peaks suggests a non-
Debye type relaxation, typical of disordered or polycrystalline
materials, where a distribution of relaxation times exists due to
structural or compositional inhomogeneities.*””

Fig. 5(c) presents the Nyquist (Cole-Cole) plots for the
LiGaP,0, compound at various temperatures, revealing depressed
semicircular arcs characteristic of a non-Debye relaxation
mechanism. The flattening of these arcs implies a wide distri-
bution of relaxation times, commonly attributed to micro-
structural heterogeneities such as grains and grain boundaries.
Notably, the semicircle diameter decreases with increasing tem-
perature, indicating a reduction in resistance due to thermally
enhanced charge carrier mobility.

The electrical response of LiGaP,0; is strongly influenced
by its microstructural features. SEM analysis reveals a polycrys-
talline morphology characterized by relatively large grains
(~2.49 um), which are discrete crystalline domains separated
by grain boundary regions, narrow disordered interfacial zones
where atomic periodicity is disrupted and structural disconti-
nuities arise. These grain boundaries act as energetic barriers
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to charge carrier transport due to the accumulation of space
charge, lattice mismatch, and defect states that locally modify
the electrochemical potential. As a result, the overall impe-
dance behavior of LiGaP,0, is predominantly governed by
grain boundary contributions.*

In the low-frequency region of the impedance spectrum,
mobile charge carriers (ions or polarons) do not possess
sufficient energy to overcome grain boundary barriers within
the timescale of the applied alternating field. Consequently,
these carriers accumulate preferentially at grain boundary
interfaces, forming space-charge double layers that behave as
capacitive elements. This accumulation leads to pronounced
polarization effects, a phenomenon in which mobile or bound
charges are displaced over short distances under an external
electric field, resulting in an enhanced dielectric constant and
increased resistance. These features are clearly reflected in the
Nyquist plots as large, partially resolved semicircular arcs
associated with grain boundary relaxation processes.

The observed non-ideal behavior is characteristic of a non-
Debye relaxation process, in which polarization does not follow
a single exponential decay. Instead, it exhibits a distribution of
relaxation times arising from structural and chemical hetero-
geneity at grain boundaries, including variations in grain size,
orientation, defect density, and local composition. This devia-
tion from ideal Debye behavior is typically modeled using
constant phase elements (CPEs) in the equivalent circuit,
which more accurately describe the frequency dispersion of
the dielectric response than ideal capacitors. A higher density
of grain boundaries (associated with smaller grain sizes) gen-
erally enhances carrier scattering and polarization effects,
whereas fewer but well-defined boundaries, as observed here
for relatively large grains (~2.49 pm), lead to more distinct and
well-resolved semicircular arcs in the Nyquist plots. Ultimately,
the grain boundary network serves as the dominant factor
governing the electrical conduction pathway, controlling
both the magnitude of the total resistance and the frequency-
dependent relaxation behavior across the impedance spectrum.**

To interpret the impedance response, the spectra were
modeled using an equivalent circuit, shown in the inset of
Fig. 5(c). The fitting, performed via ZView software,*” employs a
parallel combination of a resistor (R), a capacitor (C), and a
constant phase element (CPE), which accounts for the non-
ideal dielectric behavior observed. The CPE’s impedance is
given by the following expression:

Zeve = — @
ooy
where Q is the pseudo-capacitance and o is a dimensionless
exponent (0 < o < 1) a pure resistor for « 0, an
ideal capacitor for o = 1, and a Warburg diffusion element
when « = 0.5.

The fitted parameters, summarized in Table 2, include
resistance, capacitance, and CPE components for each tem-
perature. The extracted capacitance values fall in the range of
10~'" F (grain capacitance, Cy) to 10 ' F (grain boundary
capacitance, Cg,). In particular, the v* values were found to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrical parameters, deduced using the Z-View software, at
selected temperature values

T(K) R(x10°Q) Cu(x 107" F) Cg (x 107 F) « 7

513 328.41 2.634 0.394 0.895 0.00665
533 221.76 2.274 0.444 0.913 0.00298
553  134.1 2.733 0.573 0.864 0.00198
573 76.928 2.893 0.773 0.821 0.00206
593  43.3579  3.043 1.131 0.784 0.00076
613  24.98 3.138 1.672 0.743  0.00066
633  13.361 3.197 2.193 0.712  0.00075
653 7.140 3.232 2.238 0.706 0.00083
673 3.789 3.189 1.364 0.750 0.00132

be very low, ranging from 6.65 x 10> at 513 K to 6.5 x 10~ * at
593 K, confirming the excellent agreement between the experi-
mental and fitted impedance data over the investigated
temperature range.

These values indicate that at higher frequencies, conduction
is predominantly through the grains, while grain boundary
effects become significant at lower frequencies. The latter leads
us to conclude that the impedance spectra are dominated by
grain boundary contributions, as indicated by the large semi-
circle observed in the Nyquist plots, the high capacitance
values, and the depressed nature of the arcs reflecting non-
Debye relaxation. Although grain effects are present, particu-
larly at higher frequencies, grain boundary conduction is the
prevailing mechanism under the investigated conditions. The
dual nature of conduction pathways in the material supports its
classification as a thermally activated semiconductor with
complex dielectric dynamics.

Fig. 5(d) displays the temperature dependence of grain
boundary resistance, which shows a clear decreasing trend
with rising temperature. This behavior supports a thermally
activated transport mechanism and highlights the semi-
conducting properties of the LiGaP,0, compound.
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The impedance measurements obtained at 593 K show an
excellent agreement between the experimental spectra and the
simulated data using the (R//C//CPE) equivalent circuit model
(Fig. 6), demonstrating the suitability of the proposed electrical
representation. The very small chi-squared value (> = 7.62 x
10™*) confirms the high fitting precision and the strong con-
sistency between the calculated and experimental impedance
responses.

In addition, the Bode representations, including the varia-
tion of |Z| and phase angle with frequency, further validate the
fitting procedure since the theoretical curves accurately repro-
duce the experimental behavior throughout the investigated
frequency domain. The progressive reduction of the impedance
magnitude at higher frequencies reflects a thermally activated
conduction process,’>*® whereas the broad relaxation feature
observed in the phase angle spectra indicates a distribution of
relaxation times, typical of polycrystalline systems where grain
boundary effects dominate the electrical transport behavior.

To further assess the material’s performance, we examined
its electrical stability by calculating the stability factor (SF)
using the following equation:**

SF = log (%)

The stability factor (SF) is calculated as the ratio between
the maximum and minimum resistivity (Rmax/Rmin) Mmeasured
over a specified temperature interval. This parameter offers a
meaningful assessment of how much the material’s resistivity
changes with temperature, helping to distinguish between
stable and fluctuating electrical behavior. A lower SF value
indicates greater electrical stability, which is advantageous for
real-world applications. For the compound under investigation,
the computed SF value is 4.94, suggesting a relatively consistent
resistivity response across the studied temperature range.

(5)
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Fig. 6 Experimental and fitted impedance spectra of LiGaP,O; at 593 K using the (R//C//CPE) equivalent circuit model: Nyquist plot, variation of
impedance magnitude (|Z]) with frequency, and phase angle as a function of frequency.
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Compared to values reported in similar studies, this finding
reinforces the suitability of the LiGaP,0O, as a potential NTC
thermistor material,""***” and it opens up the possibility for
application in lithium-ion batteries (particularly as a cathode or
solid electrolyte material), pending further investigation of its
lithium-ion conductivity and intercalation capabilities.

3.5. Electrical conduction properties

Presenting electrical conductivity (o) across different frequen-
cies and temperatures is essential for evaluating the electrical
behavior of the sample and determining the underlying con-
duction mechanism. Conductivity can be calculated using the
following equation:

o=t 7 (6)

;(2’2 + Z")
where “e” and “s” refer to the thickness and area of the pellet,
respectively.

Fig. 7(a) illustrates the variation of electrical conductivity
of the LiGaP,0O, compound as a function of frequency across
the investigated temperature range. The observed conductivity
behavior can be divided into two distinct regions. At low
frequencies (<100 Hz), the electrical conductivity is almost
frequency-independent, forming a plateau that corresponds to
the DC conductivity region. In this range, charge carriers are
able to move to adjacent vacant sites with minimal influence
from the external electric field. As the frequency increases
beyond a characteristic threshold (the hopping frequency, f4),
typically from > 100 Hz up to approximately 10 kHz depending
on temperature, the conductivity begins to deviate from this
plateau. In this higher-frequency region, the AC conduc-
tivity increases with frequency, indicating enhanced hopping
dynamics of the charge carriers. This trend reflects the onset of
additional charge transport mechanisms becoming active at
higher frequencies. Therefore, the observed changes in con-
ductivity across the examined temperature range can be
described by Jonscher’s universal power law:*®

o(T,0) = 04e(T) + Gac(®) = 6ac(T) + A 7)

According to Jonscher’s law, A serves as a scaling factor that
determines the magnitude of the frequency-dependent compo-
nent in the conductivity equation. It indicates how significantly
conductivity changes with frequency and is linked to the
material’s polarizability."® Higher A values imply improved
charge carrier mobility and concentration. As presented in
Table 3, parameter A increases with temperature, reflecting
enhanced charge transport. Similarly, the direct current con-
ductivity (oqc) also rises with temperature, confirming the
semiconducting nature of the compound. As for the exponent
“s”, it is a dimensionless factor that characterizes the inter-
action level between mobile ions and the surrounding lattice
environment.>°

Fig. 7(b) presents the temperature-dependent evolution of
the frequency exponent “s” for the studied compound. In the
temperature range of 513-593 K, a gradual decrease in the value
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Fig. 7 (a) Frequency-dependent AC conductivity of the LiGaP,O; com-
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(1000/7) for the LiGaP,O; compound.
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Table 3 The list of parameters obtained by fitting the Jonscher function
to the frequency dependent conductivity () data

T (K) Gae (x 107°Q  em ™) A x 10 ' s

513 5.148 0.462 0.935
533 7.830 0.891 0.880
553 13.125 1.475 0.840
573 22.788 2.126 0.803
593 39.442 2.864 0.783
613 69.442 3.379 0.769
633 132.190 2.893 0.779
653 249.360 1.793 0.816
673 476 0.628 0.900

of s is observed as the temperature increases, with all values
remaining below 1. This behavior is characteristic of the
correlated barrier hopping (CBH) model,”* which suggests that
charge transport occurs through a single-polaron or bipolaron
hopping mechanism over a Coulombic potential barrier
between localized trapping sites. However, in the higher tem-
perature interval of 613-673 K, the exponent “s” increases
progressively with temperature. This behavior aligns with
the non-overlapping small polaron tunneling (NSPT) model,*>
indicating a transition in the conduction mechanism. In the
context of the CBH model, the exponent “s” can be calculated
using the following equation:*

6kgT
W

s=1

®)

Fig. 7(b) illustrates the linear fitting of the frequency expo-
nent s as a function of temperature in the range of 513-593 K,
based on the correlated barrier hopping (CBH) model. This
analysis enabled the estimation of the self-trapping energy Wy,
which quantifies the energy required for a charge carrier to
become localized. The obtained value of W, is approximately
0.27 eV.

Similarly, the parameter “A” increases with temperature
from 513 K to 613 K and then decreases at higher temperatures,
exhibiting a thermal behavior similar to that of the exponent
“s”. This behavior suggests that the conduction process is
thermally activated up to 613 K, where the increased thermal
energy enhances charge carrier mobility and hopping prob-
ability between localized states. At temperatures above 613 K,
the decrease in A confirms a modification of the dominant
conduction mechanism, consistent with a transition from the
correlated barrier hopping (CBH) model to the non-small
polaron tunneling (NSPT) mechanism, as already evidenced
by the temperature dependence of the exponent “s”. Such
behavior is typical in disordered or polycrystalline materials,
where the increase in temperature can modify the potential
barrier height and carrier localization, thus altering the fre-
quency response of the AC conductivity.

Fig. 7(c) presents the temperature dependence of Ln (og. X
T) at a low frequency (f= 0.1 Hz) for the LiGaP,0, compound,
to evaluate the activation energy associated with DC conductiv-
ity. The resulting plots were successfully fitted using the small

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polaron hopping model proposed by Mott and Davis:**

L
Odo =~ €Xp ( T X T) 9)

where E, represents the activation energy, o, denotes the pre-
exponential factor, and kg is the Boltzmann constant.

A noticeable variation in the slope of the Mott and Davis
plot reveals the existence of two separate activation energies:
E,; = 0.72 eV within the temperature interval 513-593 K, and
E,, = 1.19 eV in the range 613-673 K. This shift in slope
confirms the change in the dominant charge transport mecha-
nism. The observed discontinuity is likely to result from either
a reallocation of mobile ions between distinct lattice positions
or an alteration in their immediate structural surroundings.’
Such transformations can lead to an increase in the energy
required for ionic movement, thereby explaining the rise in
activation energy. The transition in the conduction mechanism
around ~613 K can be explained by the modification of
the charge transport dynamics with increasing temperature.
At lower temperatures, the relatively small activation energy
suggests that charge transport occurs predominantly through
the correlated barrier hopping (CBH) mechanism, where loca-
lized charge carriers hop between defect states over potential
barriers. In this region, the decrease in the exponent (s) with
increasing temperature is characteristic of thermally activated
hopping conduction. Above ~613 K, the increase in thermal
energy enhances lattice vibrations and carrier-lattice interac-
tions, leading to greater dynamic disorder within the structure.
Under these conditions, the conduction process gradually
shifts toward the non-small polaron tunneling (NSPT) mecha-
nism, where charge carriers move via thermally assisted tunnel-
ing between localized states. The higher activation energy
observed in this temperature region reflects the stronger
carrier-lattice coupling associated with polaronic transport.
Similar behavior has been widely reported for pyrophosphate-
based solid electrolytes, where phase transitions are associated
with modifications in ion-transport pathways at characteristic
temperatures, as observed in compounds such as NaGaP,0,
(593 K),*” TIFeP,0, (593 K),”> LiCrP,0, (550 K),"* LiAlP,0,
(600 K),"* and AgCrP,0, (583 K).”® In the present compound,
the conduction process is mainly attributed to the migration of
Li" ions through structural tunnels extending along the a-axis
(Fig. 2(b)), which likely plays a key role in the observed trans-
port behavior.

Compared to other LiM**'P,0, pyrophosphate compounds
reported in the literature, the investigated ceramic sample
exhibits moderate ionic conductivity, as detailed in Table 4.
Variations in conductivity among these materials can be largely
attributed to differences in the ionic radius of the trivalent
cation (M**) and its influence on the crystal lattice geometry
and bonding environment. These structural factors, along with
the nature and strength of electrostatic interactions within the
framework, play a pivotal role in determining the efficiency of
charge carrier migration, thereby directly impacting the overall
ionic transport properties of the material.
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3.6. Dielectric permittivity formalism analysis

The analysis of dielectric permittivity is a powerful tool for
investigating the electrical properties of materials, particularly
their polarization mechanisms.*®*® A valuable insight into
dipolar relaxation processes, interfacial polarization, and
charge carrier dynamics can be gained by examining the
frequency and temperature dependence of the real (¢) and
imaginary (¢”) components of the complex permittivity. This
method is particularly effective for identifying relaxation phe-
nomena and evaluating conduction mechanisms, making it
indispensable for characterizing the materials used in electro-
nic devices, capacitors, and energy storage systems.>>”**®! The
real part of the dielectric constant (¢'), representing energy
storage, and the imaginary part (¢”), associated with energy
loss, can be calculated from the impedance components Z’ and
7" using the following equations:

Z//
£ = — (10)
- CUCO(Z,Z + Z//2)
ZI
" (11)

T wC(Z7+ 27

where C, refers to the vacuum capacitance (Cy = (¢04)/d), &o
refers to the permittivity of free space, and w refers to the
angular frequency.

Fig. 8 presents the frequency-dependent variation of the real
(¢") and imaginary (¢”) parts of the dielectric permittivity of
LiGaP,0; over the studied temperature range. As shown in
Fig. 8(a), ¢’ decreases progressively with increasing frequency
across all temperatures, while maintaining significantly high
values at lower frequencies, reaching up to approximately
6.32 x 10" at 673 K. The pronounced increase in ¢ at low
frequencies and elevated temperatures is a typical signature of
interfacial (Maxwell-Wagner) polarization, which originates
from space-charge accumulation at grain boundaries. This
accumulation leads to the formation of localized potential
barriers that hinder charge transport and, consequently,
enhance the overall dielectric response. The relatively high &’
values obtained for LiGaP,0, are comparable to those reported
for other well-known pyrophosphate-based systems. At low
frequencies, this interfacial polarization becomes dominant
because charge carriers have sufficient time to migrate and
accumulate at interfaces, producing a strong apparent increase
in permittivity. In contrast, at higher frequencies, the effect of
Maxwell-Wagner polarization is strongly suppressed since the
charge carriers are unable to follow the rapidly alternating
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electric field, resulting in lower and more frequency-stable
dielectric constant values that are more representative of the
intrinsic dielectric behavior of the material.

The dielectric performance notably surpasses that of well-
established materials such as Li,Cus(Si,05),,** which exhibits &’
values around 10" in the 673-833 K range and is recognized as a
promising material for future energy-storage applications. The
dielectric properties of LiGaP,O, position it as a promising
candidate for advanced technological applications, especially
when compared to other members of the A"M>*P,0, family. For
instance, AgCrP,0,>> displays ¢’ values up to 1.2 x 10* in the
523-673 K range, while TIFeP,0; displays values as high as 3 x
10" in the range 473-673 K. These two compounds are both
noted for their potential in low-frequency energy storage
systems.® These comparisons highlight the promising potential
of LiGaP,0O, for low-frequency dielectric and energy storage
applications. The observed behavior of ¢ is well described by
the Maxwell-Wagner model and Koop’s phenomenological
theory.®>* As the frequency increases, the time scale becomes
too short for interfacial charges to respond, reducing the
contribution from this polarization mechanism. Consequently,
¢’ decreases with increasing frequency.

Fig. 8(b) displays the imaginary part of the permittivity (&),
which also shows a monotonic decline with frequency across all
temperatures. This trend is attributed to the inability of dipoles
and mobile charge carriers to keep pace with the rapidly
oscillating electric field at higher frequencies. At these frequen-
cies, dielectric behavior becomes increasingly dominated by
intrinsic processes such as ionic and electronic polarization
within the grains, which contribute less significantly to permit-
tivity than interfacial effects.’>®® The reduction in & is also
influenced by decreased mobility of charge carriers and relaxa-
tion losses associated with Li* ion migration, dipolar reorienta-
tion, and carrier polarization. Although distinct dispersion
features are apparent in the ¢’ spectra, such anomalies are less

Table 4 DC conductivity (64c) and activation energy (E,) of previously studied pyrophosphate compounds

Compounds Gae (@ em™) E, (eV) Ref.
LiScP,0, ~4 x 1077 (573 K) 1.06 (523-593 K) 56
LiFeP,0, ~8 x 1077 (573 K) 1.23 (473-690 K) 56
LiAlP,0, ~5 x 107° (540 K) 0.84 (540-610 K)/0.93 (620-680 K) 12
LiGdP,0, ~4 x 107% (523 K) 0.84 (473-773 K) 57
LiCrP,0, ~8 x 1077 (580 K) 0.49 (460-550 K)/0.91 (560-700 K) 11
LiGaP,0, ~2.28 x 10 % (573 K) 0.72 (513-593 K)/1.19 (613-673 K) This work
Mater. Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry
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prominent in the ¢’ response. This is primarily due to the
substantial contribution of DC conductivity at low frequencies,
which leads to a steep rise in ¢” and obscures relaxation-related
features.®*® As a result, precise analysis of relaxation dynamics
based solely on ¢” is challenging. To address this limitation,
it is advisable to employ complementary formalisms such as
the complex electric modulus approach, which effectively sup-
presses the influence of electrode polarization and DC con-
ductivity, providing a clearer picture of the material’s intrinsic
relaxation behavior.

3.7. Electrical modulus analysis

The electrical modulus formalism, widely employed in recent
years to investigate ionic materials,*®®” was used to analyze the
relaxation behavior of the system. This approach characterizes
the dielectric relaxation under an applied electric field at
constant electric displacement, making it particularly effective
for probing the dynamics of charge carriers in materials with
significant long-range ionic motion. One of its main advantages
lies in reducing the effects of electrode polarization, thereby
enabling a more accurate assessment of intrinsic relaxation
processes associated with ionic conduction.®®

To evaluate the imaginary component of the electric mod-
ulus (M"), the following formula was applied:

/
" é

M= (12)

Fig. 9(a) presents the frequency-dependent variation of the
imaginary part of the electric modulus (M") for the LiGaP,0,
compound over the studied temperature range. At each tem-
perature, the M” spectra display a distinct relaxation peak at a
specific frequency (denoted as f;), indicating a transition in
charge transport from short-range (localized) to long-range
(delocalized) mechanisms.®*”! In the low-frequency region
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(below f;), the electrical conductivity is primarily governed by
long-range hopping of charge carriers.”>”* In the intermediate-
frequency region (above f;), the contribution of short-range
hopping dynamics becomes more prominent.”® In the high-
frequency domain, charge carriers are confined to localized
states, limiting their contribution to long-range conduction.
As temperature increases, the M” peak shifts toward higher
frequencies and becomes increasingly asymmetric, reflecting
enhanced thermal activation of charge carriers and a broader
distribution of relaxation times. This temperature-dependent
peak behavior and asymmetric shape are characteristic of a
non-Debye relaxation process.

Furthermore, the appearance of two distinct relaxation
regions, labeled (I) and (II), along with the observed shift in
peak position, reinforces the change in conduction mechanism
previously identified in the impedance analysis, suggesting a
transition between different types of mobile charge carriers or
transport pathways.

To gain further insight into the nature of this dielectric
relaxation, the  parameter is determined from the frequency-
dependent M data using the following expression:

") = M{{m(f)- A (13)
- G ) ()]

The term M}, . denotes the maximum value of M”"(f), which
occurs at the peak of the relaxation process, while f; refers to
the frequency at which M”(f) reaches its maximum. The
exponent (0 < f < 1) is a stretching exponent that char-
acterizes the width and asymmetry of the relaxation peak.
When f = 1, it corresponds to ideal Debye-type relaxation,

indicating negligible dipole-dipole interactions. In contrast,

when f < 1, it suggests pronounced dipolar interactions,
characteristic of non-Debye relaxation processes.”*

Fig. 9(b) illustrates the temperature dependence of the
stretching exponent f3, derived from fitting the M” spectra using
the Bergman formalism. The observed non-monotonic beha-
vior, characterized by a V-shaped curve, reflects the complex
nature of the relaxation dynamics. The initial decrease in § with
increasing temperature indicates a broadening of the relaxation
time distribution, likely due to growing disorder or the coex-
istence of multiple conduction pathways. The minimum in f,
observed at 613 K, marks a transition point beyond which £
rises again, suggesting the emergence of a more dominant and
uniform conduction mechanism at higher temperatures. This
evolution further supports the thermally activated nature of the
charge transport and the non-Debye relaxation behavior
throughout the investigated range.

Fig. 9(c) illustrates the temperature dependence of the
relaxation time (t), derived from the optimal fitting of the
experimental M” data. As the temperature increases, t decreases
significantly, indicating a thermally activated relaxation process.
This behavior is primarily associated with ionic transport, possibly
involving polaron hopping facilitated by local lattice vibrations,
often referred to as “rattling” effects. The temperature-induced
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reduction in 7 reflects the enhanced mobility and progressive
delocalization of charge carriers.”>”® Moreover, this evolution is
accompanied by a transition toward more homogeneous relaxa-
tion dynamics, as evidenced by the approach to dynamics of
Debye-like behavior at higher temperatures, consistent with nar-
rowing the distribution of relaxation times.

Fig. 9(d) illustrates the Arrhenius plot of the relaxation
frequency (f;), presented as In(f; x T) versus 1000/T, which
reveals two distinct linear regions. In the first region (513-593 K),
the slope yields an activation energy around 0.74 eV, while a higher
activation energy of 1.17 eV is observed in the second region
(613-673 K). This change suggests a transition in the dominant
conduction mechanism as temperature increases. The good agree-
ment between these activation energies and those obtained from
DC conductivity indicates that the charge transport and relaxation
phenomena in LiGaP,0; are governed by similar thermally acti-
vated processes.””

4. Conclusion

In this study, the LiGaP,0, compound was comprehensively
investigated using powder X-ray diffraction (PXRD), scanning
electron microscopy (SEM), Raman spectroscopy, and electrical
impedance spectroscopy. Rietveld refinement confirmed that
LiGaP,0; crystallizes in a monoclinic structure with the space
group P24, and a crystallite size of approximately 60 nm was
estimated. SEM micrographs revealed an average grain size of
about 2.49 pum, indicating that each grain is composed of
multiple crystallites, thereby confirming the polycrystalline
nature of the material. Raman spectroscopy further validated
the presence of the (P,0,)*" diphosphate, consistent with the
expected structural framework.

Impedance spectroscopy analysis revealed a single relaxation
process with non-Debye behavior. Nyquist plots were successfully
fitted using an equivalent circuit model, confirming grain
boundary-dominated conduction. The AC conductivity followed
Jonscher’s universal power law, with a frequency exponent indi-
cating a temperature-dependent transition in the charge transport
mechanism. The conduction process was well described by the
correlated barrier hopping (CBH) model in the 513-593 K range
(activation energy &~ 0.72 eV), while at higher temperatures
(613-673 K), the non-overlapping small polaron tunneling (NSPT)
model dominates with a higher activation energy of about 1.19 eV.
Dielectric studies revealed strong frequency dispersion and high
permittivity values at low frequencies, reaching approximately
6.32 x 10* which is attributed to interfacial (Maxwell-Wagner)
polarization effects. The observed negative temperature coeffi-
cient of resistance (NTCR) behavior confirms thermally activated
conduction in the system.

Collectively, LiGaP,0; exhibits a combination of high dielec-
tric response, thermally activated hopping conduction, and
stable polycrystalline structure, making it a promising candi-
date for low-frequency dielectric devices, NTC thermistors, and
energy-related applications. Its lithium content and thermal
stability up to 673 K further suggest potential interest for
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future studies in solid-state electrochemical and electronic
applications.
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