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Designing high-performance thermistor
manganites: a review of charge transport,
TCR enhancement, and materials engineering
strategies

Youssef Moualhi = * and Hedi Rahmouni

This work presents a comprehensive investigation of the electrical transport, temperature coefficient of
resistance (TCR), and thermistor parameters of manganite perovskites, with particular emphasis on the
roles of dopant nature, dopant concentration, annealing temperature, and A-site deficiency. The results
reveal that charge transport is governed by Mott variable range hopping (Mott-VRH) at low temperatures
and thermally activated small polaron hopping (SPH) at high temperatures, with well-defined crossovers
through the intermediate Shklovskii—Efros variable range hopping (ES-VRH) regime associated with
Coulomb-gap effects. A strong tunability of electrical behavior is achieved through compositional and
processing control. The nature of A- and B-site dopants significantly modifies lattice distortion, Mn—O-
Mn bond geometry, and carrier concentration, thereby controlling conductivity order and activation
energy. The increase in dopant concentration alters the Mn**/Mn** ratio and shifts the metal-semicon-
ductor transition, while annealing temperature governs grain connectivity and defect density, leading to
substantial changes in transport mechanisms. A-site deficiency further enhances carrier mobility and
induces notable modifications in both conductivity and transition temperatures. TCR analysis
demonstrates both NTCR and PTCR behaviors, with exceptionally high NTCR values reaching —35%-K™1.
The thermistor parameters exhibit wide ranges, with activation energies of 47-290 meV, f values of
545-3366 K, and sensitivity coefficients of up to —3.74%-K™. A clear correlation between E,, f, «, and
TCR confirms the thermally activated nature of conduction and highlights the role of structural disorder
and electron—phonon interactions. These findings establish manganites as highly tunable functional
and advanced electronic

materials and promising candidates for thermistors, infrared sensors,

applications.

infrared detection, circuit protection, and temperature com-
pensation technologies because their resistance strongly

Over the past few years, it has been widely recognized that the
electrical properties of numerous oxide compounds depend
strongly on temperature.'™ Accordingly, understanding and
controlling DC transport behavior of the oxide systems is
crucial for various applications, particularly in solid-state elec-
tronics, magnetic sensors, and spintronics.*® Among several
oxide systems, manganite perovskites have attracted consider-
able attention as promising thermistor materials due to their
high thermal sensitivity, tunable electrical conductivity,
chemical stability, and wide operating temperature range.” ">
In particular, negative temperature coefficient (NTC) manga-
nite thermistors are highly desirable for temperature sensing,
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depends on temperature.”*® The performance of thermistor
materials is generally evaluated using several important para-
meters, including the temperature coefficient of resistance
(TCR), activation energy (E,), thermistor constant (), sensitivity
coefficient («), thermal stability, and reproducibility over wide
temperature intervals.” > Recent studies demonstrated that
manganite systems could exhibit exceptionally high TCR values
and adjustable thermistor responses through suitable compo-
sitional engineering and processing optimization.” "> Never-
theless, several important challenges remain unresolved,
particularly the optimization of thermistor stability, the under-
standing of the correlation between charge transport mechan-
isms and thermistor performance, and the control of carrier
localization, structural disorder, and grain boundary effects
induced by the dopant concentration, annealing conditions,
and A-site deficiency.” > Therefore, a deeper understanding of
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the interplay between transport mechanisms and thermistor
parameters is essential for the design of high-performance
manganite-based thermal sensing devices. In the 1950s, scien-
tists and engineers began to investigate the steady state or DC
conductivity of hopping electronic systems, beginning with the
discovery of impurity hopping conduction in numerous com-
pounds such as germanium and silicon."? For various mixed
valence oxides like the perovskites, it has been reported that the
charge carrier’s motions depend mainly on the density of states
at around the Fermi level, the disorder energy, and the distance
between the metal transition cations." In general, multiple
transport mechanisms contribute to the electrical conductivity
of perovskite structures in different temperature ranges.™*

Accordingly, in some manganites, at elevated temperatures,
the electrical conduction and the occurrence of a semiconductor
behavior can be explained by the activation of the small polaron
hopping (SPH) conduction mechanism between transition-metal
ions.’ At low temperatures, the transport characteristics of
certain insulators and semiconducting materials may be gov-
erned by the variable range hopping (VRH) conduction mecha-
nism between localized electronic states.'*"” For the non-
interacting charge carriers, Mott and Davis investigated the
origin of the electrical conductivity variation at low temperatures
and attributed it mainly to the effect of cationic disorder present
in the material.’>"” The model proposed by Mott and Davis is
valid for a constant density of states near the Fermi level or for a
slowly varying function of energy.">"” Subsequently, Shklovskii
and Efros reported that, due to the long-range Coulomb inter-
actions among localized electronic states, the density of states
near the Fermi level tends toward zero, leading to the formation
of a parabolic Coulomb gap."®

The Efros-Shklovskii (SE) hopping model is valid in the
intermediate temperature range, depending on the scale of
the gap. Both Mott’s and Efros-Shklovskii models have been
successfully applied to numerous perovskite systems. Over the
past few years, the crossover between the Mott and SE-VRH
hopping regimes as a function of temperature has been
experimentally observed, particularly in several doped man-
ganite compounds.'>"® Recently, it has been reported that
some materials exhibit a crossover from the Mott-VRH to SE-
VRH conduction associated with a small Coulomb gap."® In
this review, we present a comprehensive analysis of the
temperature dependence of electrical conductivity in manga-
nite perovskite systems, with particular emphasis on the under-
lying charge transport mechanisms, the nature of charge
carriers, and their dynamical behavior. Unlike previous review
articles that mainly discuss manganite physics, isolated hopping
models, or oxide thermistor materials separately, the present
review provides an integrated and application-oriented perspec-
tive that correlates transport mechanisms, thermistor para-
meters, and compositional/and processing effects within a
unified framework. Special attention is given to the interplay
between variable range hopping (VRH), Shklovskii-Efros VRH,
and small polaron hopping processes, which govern the elec-
trical response over a wide temperature range. In addition, the
temperature coefficient of resistance (TCR) and its associated
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parameters are systematically discussed to highlight their role in
evaluating the thermal sensitivity of these materials. Particular
emphasis is placed on the crossover between Mott-VRH, SE-VRH,
and SPH conduction regimes and their relation to carrier loca-
lization and electron-phonon interactions. The thermistor-
related parameters, including activation energy (E,), thermistor
constant (f), and sensitivity coefficient («), are also analyzed as
key descriptors of the transport properties. Furthermore, we
critically examine the influence of intrinsic and extrinsic factors
such as dopant nature, dopant concentration, A-site deficiency,
and annealing temperature on the electrical conductivity, TCR
behavior, and thermistor performance of manganite systems.
These parameters are shown to play a crucial role in governing
the metal-semiconductor transition, carrier localization, and
overall conduction mechanisms through their impact on lattice
distortion, Mn-O-Mn bond geometry, and carrier concentration.
Another important contribution of this review is the establishment
of direct correlations between electrical transport parameters and
thermistor performance indicators, which provides deeper insight
into the optimization of manganites for temperature-sensitive
electronic applications. This review aims to provide microscopic
insights into charge transport phenomena in oxide perovskites
and to establish clear structure-property correlations that are
essential for optimizing their functional performance. Finally,
the collected results highlight the strong potential of engineered
manganite systems for advanced functional applications, particu-
larly in thermistors, infrared sensors, and temperature-sensitive
electronic devices.

Il Discussion

For ceramic compounds, both the nearest-neighbour hopping
and variable-range hopping (VRH) conductivity mechanisms
have been proposed to explain the origin of the conductivity
increase in perovskite systems.’>” The point is that, in per-
ovskite materials, the probability of finding an empty nearest
site with an energetically favorable localized state for electron
hopping decreases rapidly with decreasing temperature.’
Therefore, the semiconducting behavior of these materials
results from the competition between two conduction mechan-
isms, namely hopping between nearest sites with large energy
differences and hopping between sites beyond nearest neigh-
bors with smaller energy differences. With decreasing tempera-
ture, particularly in the low-temperature region (T < 0p/4),
several systems exhibiting localized charge carriers show a
crossover from the Mott variable range hopping (Mott-VRH)
conduction mechanism to the Shklovskii-Efros variable range
hopping (SE-VRH) process.' Fig. 1(a) and (b) illustrate sche-
matic representations of the temperature dependence of the
electrical conductivity for manganite systems exhibiting metal-
lic, semiconductor (SC), and metal-semiconductor transition
behaviors. In Fig. 1(a), the blue curve represents a metallic
behavior, where the electrical conductivity decreases with
increasing temperature due to strong delocalized cation-cation
interactions and enhanced carrier scattering effects.’ The pink

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Possible evolutions of the electrical conductivity as a function of
temperature for the manganite oxide systems.

curve corresponds to a typical semiconductor behavior, in
which the conductivity increases with temperature because of
thermally activated hopping transport mechanisms. The cyan
curve illustrates a semiconductor-to-metal (SC-metal) transi-
tion, reflecting a crossover from localized charge transport to
delocalized carrier conduction induced by strong double-
exchange interactions. In contrast, the red curve indicates a
metal-to-semiconductor (metal-SC) transition, where the con-
ductivity reaches a minimum value before increasing again at
elevated temperatures due to the activation of localized hop-
ping mechanisms. Fig. 1(b) presents more complex transport
behaviors involving multiple electrical transitions and conduc-
tivity saturation effects. The green curve corresponds to a
semiconductor behavior followed by conductivity saturation
at elevated temperatures. The dotted cyan curve exhibits two
distinct electrical transitions: a semiconductor-to-metal transi-
tion at Tr, followed by a metal-to-semiconductor transition at
Tr, before ultimately leveling into a semiconductor behavior. The
red curve illustrates systems showing double conductivity peaks
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and three successive electrical transitions: semiconductor-to-
metal (Tp,), metal-to-semiconductor (Tp,), and semiconductor-
to-metal (Tp;). These transitions arise from the competition
between localized hopping conduction mechanisms and deloca-
lized double-exchange interactions. Accordingly, the semicon-
ductor regions are generally governed by localized transport
processes such as Mott-VRH, SE-VRH, or SPH conduction,
whereas the metallic regions are associated with carrier delo-
calization caused by strong cation-cation interactions.'® This
variation has recently been reported in the La,y;Srg.s.
Nag 0sMn, 5 Tig ;03 perovskite system.>® A second type of transi-
tion from metallic to semiconducting behavior has been observed
in various perovskites such as the Smg45Pro10Sro.4sMnO;
manganite.”’ In this case, the electrical conductivity decreases
with increasing temperature, reaching a minimum value at a
characteristic transition temperature Ty.s, and then starts to
increase after that, indicating the onset of semiconducting beha-
vior in the material. For the mentioned system, the authors have
attributed the occurrence of semiconducting behavior, beyond
Tws, to the activation of two distinct conduction processes (the
SPH process at high temperatures and the SE-VRH process in the
intermediate temperature range). At low temperatures, the metal-
lic behavior of the Smyg45Pro10Sro4sMnO; system is generally
attributed to the presence of various scattering processes. In the
literature, it has been reported that a single conduction model is
insufficient to fully explain the origin of the electrical transport
properties and the dynamics of the charge carriers in manganite
oxides over a wide temperature range. Therefore, various conduc-
tion models have been employed to adequately explain the origin
of the electrical conductivity variation in these materials." Expli-
citly, numerous hopping and scattering processes have been
reported in the literature to understand the origin of the metallic
and semiconducting behaviors of perovskite systems. For materi-
als exhibiting semiconducting behavior, the electrical conductivity
increases continually with increasing temperature. In this case, no
strong cation-cation interactions are observed in the material.
Therefore, the cation-anion-cation interactions govern the trans-
port phenomena and attenuate the cation—cation interactions."®
In the literature, these types of interactions are generally explained
by the hopping motions of charge carriers between localized
states. Accordingly, for temperatures higher than 65/2 (where 6y,
is the Debye temperature characteristic of each material), the
occurrence of cation-anion-cation interactions leads to the for-
mation of localized electrons (polarons), which move between the
neighboring states to enhance the conductivity behavior and
indicate the emergence of semiconducting behavior in the materi-
als. For temperatures below 6p/2, different hopping regimes may
become active depending on the considered temperature interval.
In the low-temperature region (T < 0p/4), the semiconducting
behavior is generally described by the Mott-VRH model,'® which
explains the conductivity variation through the hopping motion of
electrons between localized states with the variable range
distances.

In the intermediate temperature range (0p/4 < T < 0p/2),
the Coulomb interaction between localized charge carriers
becomes significant, leading to the activation of the
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Shklovskii-Efros VRH (SE-VRH) mechanism. In this context,
the variation in electrical conductivity and the occurrence of
semiconducting behavior in oxide materials can generally be
explained on the basis of the SPH and/or the VRH processes.
According to previous experimental and theoretical works,">°
the identification of the nature and the number of activated
conduction processes can be achieved through the investigation
of the evolution of electrical conductivity as a function of the
inverse of temperature (Fig. 2(a)). At elevated temperatures, the
activation of the SPH conduction process is principally identified
using the plot of In(c4.-T) versus 1/T. The presence of this type of
process can be confirmed by the linear behavior of the curve in
the high temperature region. Such linearity is also widely
employed in the literature to determine the hopping, binding,
and disorder energies of the materials over a wide temperature
range. Mainly, the characteristic temperature 6/2 is experimen-
tally estimated from the deviation of the linear behavior in the
In(oq..T) versus 1/T plots at elevated temperatures. This deviation
indicates the progressive breakdown of the SPH linear regime
and marks the transition between thermally activated small
polaron hopping and low-temperature hopping conduction
mechanisms. Following previous theoretical and experimental
investigations on manganite systems, the corresponding tem-
perature is associated with approximately half of the Debye
temperature (0p/2)."*"*™"® Consequently, the low-temperature
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transport region below 0p/2 is analyzed within the VRH frame-
work. Additionally, in Anderson localized systems, the VRH
conduction mechanism is a very general process below half of
the Debye temperatures. More specifically, the Mott-VRH mecha-
nism is generally dominant at low temperatures (T < 0p/4), while
the SE-VRH regime becomes active at intermediate temperatures
due to the formation of a Coulomb gap near the Fermi level. It
should be noted that the 0p/4 and 0p/2 boundaries correspond to
approximate characteristic temperature ranges commonly used
in the literature rather than strict universal limits, since their
exact values may depend on the composition, lattice disorder,
and electron-phonon interaction strength of the investigated
manganite compounds.”®"*™*® According to the Mott model,
the VRH conductivity can be obtained by optimizing (minimizing)

the 5 exponent, which is given by the following relation:">™”
2r E,
n=-—=
¢ kpT

Within the framework of the VRH model, the following relation
correlates the hopping probability with the exponent defined
above:">”

P = Poexp(—n)

Factor ¢ is the localization length, E, is the hopping energy, and
r denotes the hopping distance. The aforementioned parameters
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are interrelated through the three-dimensional normalization
relation, which describes the one-particle density of states g(¢):

4 L(°
fnr’J g(e)de =1
3o

Parameter ¢ represents the one-particle energy. At low tempera-
tures, oxide materials are generally characterized by a reduced
phonon density and lower phonon energy. In this case, the
energy difference between two adjacent sites becomes too large
for the nearest neighbor hopping process to persist. Conse-
quently, the charge carriers tend to hop towards more energeti-
cally favorable sites. This conduction mechanism is referred to
as VRH. As pointed out by Mott, the conduction sites in the limit
of the VRH regime are assumed to be identical.">” In addition,
the conduction phenomena occur within the gap region and
around the Fermi level. At low temperatures, the Coulomb
interactions between the charge carriers are neglected within
the Mott-VRH approximation. Since the density of states near the
Fermi level is assumed to be constant, the derivation of the
aforementioned optimization condition leads to the three-
dimensional Mott-VRH model for the electrical conductivity
and its temperature dependence:*>’

T 4
04c(T) = ap exp (TM)

Mainly, the evolution of pre-exponential factor o, with tempera-
ture is weak in comparison with the exponential term. For this
reason, its temperature dependence is generally neglected. Ty is
the characteristic Mott temperature, which is related to ¢ and

N(Eg) through the following relation:">™”
Y
™ = BN (Er)

The fpy factor is a coefficient parameter. In the literature, the
Mott-VRH model has been more thoroughly confirmed by
Pollak.>® Nevertheless, there is a significant inconsistency in
the values of the fiy; coefficient. In the intermediate temperature
domains (0p/4 < T < 0p/2), the occurrence of semiconducting
behavior in perovskite structures is generally analyzed using the
SE-VRH model."® For temperatures higher than 05/2, the trans-
port mechanism progressively changes toward thermally acti-
vated small polaron hopping (SPH) due to enhanced electron-
phonon interaction and lattice distortion effects. Fig. 2(b and c)
illustrates the evolution of the charge carrier nature and the
conduction process as a function of the temperature. It should be
noted that these panels are schematic representations based on
the transport models (Mott-VRH, SE-VRH, and SPH), rather than
experimental electron density maps. From Fig. 2(b and c), it can
be found that the conduction mechanism evolves upon heating
from Mott-VRH (T < 0p/4) to SE-VRH (0p/4 < T < 0p/2) and
finally to the SPH regime for T > 0p/2 and is controlled by the
charge carrier nature and density. Accordingly, the appearance of
the low density of electrons at low temperatures favors the
hopping motion of those charges to variable ranges via a dis-
ordered energy Ep. In the intermediate temperature regions, the
mentioned crossover is mainly related to the increase in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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density of the charge carriers and the weak localization of the
electrons. The latter favors the formation of large polarons. Thus,
the SE-VRH regime can be considered as a transition region
between strongly localized carriers in the Mott-VRH regime and
thermally activated small polarons at elevated temperatures. At
high temperatures, small polarons can arise due to the inter-
action between electrons and phonons. Accordingly, polaron
formation typically occurs when an electron interacts with the
lattice, causing a localized distortion in the crystal structure. This
distortion creates a region of local charge redistribution (lattice
polarization), where the electron and its surrounding lattice
deformation together behave as a single entity. The presence of
polarons can significantly influence the electrical conductivity
behavior of manganite perovskite oxides. After the formation of
small polarons at elevated temperatures, charge carriers become
localized due to the strong electron-phonon interaction and
lattice distortion. Electrical conduction then occurs via thermally
activated hopping of these small polarons between neighboring
sites, which leads to an increase in electrical conductivity with
temperature.

Il Experimental validation

III.LA Morphological evolution and defect engineering in
polycrystalline manganites

Fig. 3 schematically summarizes the ideal and distorted struc-
tural features of substituted perovskite manganites with the
general formula ABO;. Fig. 3(a) presents the three-dimensional
pseudo-cubic crystal structure composed of corner-sharing
MnOg octahedra, where the A-site cations (rare-earth or alkali-
earth ions) occupy the dodecahedral cavities and the B-site Mn
ions are located at the octahedral centers. The chemical sub-
stitution mechanisms are illustrated in Fig. 3(b), including
both A-site substitution through alkaline-earth or alkali-metal
doping and B-site substitution via transition-metal incorpora-
tion. Fig. 3(c) highlights the formation of structural point
defects, particularly A-site and B-site cation vacancies, which
locally disrupt lattice symmetry and modify the electronic
environment. The structural consequences of these substitu-
tions and defects are further illustrated in Fig. 3(d), where an
ideal MnOg octahedron is contrasted with a distorted octahe-
dron resulting from Jahn-Teller effects or the ionic size mis-
match. Finally, Fig. 3(e) depicts the cooperative tilting of
corner-sharing octahedra induced by internal lattice strain,
transforming the ideal Mn-O-Mn bond angle from 180° to a
distorted configuration below 180°. Such steric distortions
strongly affect the overlap between Mn d-orbitals and O p-
orbitals, thereby modulating the double-exchange interaction,
electronic transport, and magnetotransport properties of man-
ganite materials. A comprehensive understanding of the phy-
sical behavior of polycrystalline manganites requires a
multiscale investigation of their morphology, extending from
the macroscopic grain arrangement to the atomic-scale lattice
structure. Fig. 4 schematically illustrates the hierarchical struc-
tural and defect characterization of polycrystalline manganites

Mater. Adv.
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Fig. 3 Schematic illustration of the ABO3z perovskite unit cell, showing A-

across different spatial scales using complementary electron
microscopy techniques. At the micrometer scale, scanning elec-
tron microscopy (SEM) reveals the surface morphology and grain
organization, highlighting the presence of interconnected grains,
grain boundaries, pores, and micro-cracks generated during
processing. Statistical analysis of SEM images provides quantita-
tive information of the grain size and grain size distribution,
parameters that critically influence the electrical conductivity,
magnetic exchange interactions, and mechanical stability of
ceramic manganites. At smaller length scales, transmission
electron microscopy (TEM) provides insight into the internal
nanostructure of the grains, frequently revealing that larger
grains are themselves composed of nanoscale crystallites sepa-
rated by well-defined interfaces. Furthermore, high-resolution
TEM (HRTEM) enables direct visualization of lattice fringes and
atomic ordering, allowing the identification of structural defects
such as dislocations, stacking faults, strain fields, and localized
point defects including cation and oxygen vacancies. Fig. 4
therefore demonstrates the progressive transition from the
grain-scale morphology to atomic-scale defect mapping and
emphasizes how these structural characteristics collectively gov-
ern the functional properties of manganite oxides. In the present
work, the morphology of manganites is discussed through two
representative mechanisms of microstructural tuning: the effect
of annealing temperature and the effect of A-site cation defi-
ciency. The influence of annealing temperature on the micro-
structural evolution of the La, oSro;MnO; manganite system is
illustrated in the bright-field TEM micrographs shown in
Fig. 5(a-d). A pronounced temperature-driven transformation
in grain morphology, grain size, and grain-boundary structure
is observed. At low annealing temperatures, the material remains
in a nanostructured regime. As shown in Fig. 5(a), the sample
annealed at 600 °C exhibits heavily agglomerated and irregular
nanoparticles with the average grain diameter centered around
56.8 nm. The increase in the annealing temperature to 800 °C
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(Fig. 5(b)) shifts the grain size distribution toward a larger
average value of approximately 80.9 nm, accompanied by visible
neck formation between adjacent particles, characteristic of the
initial stage of solid-state sintering driven by surface-energy
minimization. A more pronounced structural transformation
occurs at higher annealing temperatures. At 1000 °C (Fig. 5(c)),
the system enters an intermediate sintering regime characterized
by rapid grain coarsening and the formation of dense, faceted
grains with an average size of approximately 229.4 nm. This
grain growth process is mainly governed by grain-boundary
migration and localized Ostwald ripening, where larger crystal-
lites grow at the expense of smaller high-energy particles. Upon
further increasing the annealing temperature to 1200 °C
(Fig. 5(d)), the material undergoes nearly complete sintering
and evolves into a micrometric regime with an average grain
size of about 863.5 nm. The highly disordered grain boundaries
observed at lower temperatures are progressively replaced by
large monolithic crystallites exhibiting sharp geometric facets
and significantly reduced porosity. This thermal evolution
demonstrates that annealing temperature constitutes an effi-
cient route for tailoring grain-boundary density and connec-
tivity, which are expected to strongly affect grain-boundary
magnetoresistance and magnetic domain-wall dynamics in
mixed-valence manganites. The effect of A-site cation defi-
ciency on the surface morphology and microstructural evolu-
tion of the Lay gNay,_,[1,MnO; (x = 0.00, 0.05, 0.10, and 0.15)
manganite system was investigated using SEM, and the corres-
ponding grain size distributions are presented in Fig. 6(a-d).
The stoichiometric sample (x = 0.00) exhibits a highly hetero-
geneous polycrystalline microstructure composed of strongly
agglomerated and irregularly shaped grains with pronounced
faceting, resulting in a broad and right-skewed grain size
distribution extending beyond 10 pm. As the Na deficiency
increases, a progressive and systematic modification of the
microstructure is observed. The morphology evolves from

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00545d

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:51:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Polycrystalline Manganite Cross-section
Grains (@9~ General Microstructure)

: Grain Size Distribution
(Polycrystalline e ,}_f i

(Mean ~3-5 pm, generalized)
= Grain Boundary
Porosity

Domains, general) _

Crystalllte with defects
(6.9, ~15 nm across)

t Nano-scale Crystalllte within
larger grain (e.g., ~15 nm cluster)

Slngle Grain
(with lattice
fnnges)

TEM
11

High-resolution view
(e.g., 5 nm)

SEM-level scale
(e.g., ~10 pm - 200 nm)

Atomic-scale lattice & defects
(Generalized Mn/O/Rare-Earth vacancies)

MICROSTRUCTURAL &
DEFECT INTERPRETATION

=l

i

Grain size

distribution analysis
(Generalized digital representation)

TEM/Defect
Interpretation

e.g.. Manganite
lattice defect)

Atomic Lattice &
Defect Mapping

(Generic Manganite System)

Fig. 4 Hierarchical morphological and defect fingerprinting in poly-crystalline manganite.

04
50 60 70 80
Particle size (nm)

(d)

40 50 60 70
Particle size (nm)

1000°C  (c) 1200 °C

Count

600 800 4000
Particle size (nm)

90 100 110 120 130

200 nm

View Article Online

Review

Fig. 5 Bright-field transmission electron microscopy (TEM) micrographs of Lag oSro1MnO3z manganites annealed at different temperatures: (a) 600 °C,
showing highly agglomerated initial nanoparticles; (b) 800 °C, demonstrating the onset of grain necking; (c) 1000 °C, illustrating rapid grain coarsening
and facet development; and (d) 1200 °C, showing complete recrystallization into massive, monolithic micro-grains.
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Fig. 6 Surface morphology and grain size analysis of Lag gNag > x[xMnO3z manganites with varying defect concentrations (x).

large consolidated grains toward a more homogeneous dis-
tribution of rounded and isolated particles. Simultaneously,
the grain size distributions become narrower and shift toward
smaller dimensions, changing from a coarse-grained regime
centered around 5.55 pm for x = 0.00 to a predominantly fine-
grained and sub-micrometric regime (3.26 um) for x = 0.15.
This reduction in grain size with increasing Na deficiency can
be attributed to the suppression of grain-boundary mobility
during the sintering process. The introduction of nominal
A-site vacancies ([J) through Na deficiency reduces the diffu-
sion kinetics required for grain growth. In addition, these
vacancy-related defects and local compositional fluctuations
may induce a solute-drag effect or segregate preferentially at
grain boundaries, thereby pinning the boundaries and inhi-
biting grain coalescence. Consequently, A-site deficiency acts
as an effective microstructural control parameter, enabling a
direct transition from a coarse and highly agglomerated
ceramic matrix to a refined fine-grained morphology. Collec-
tively, the results obtained from both annealing-temperature
variation and A-site defect engineering demonstrate the
strong sensitivity of the manganite microstructure to proces-
sing conditions and defect chemistry, confirming the critical
role of the morphology in determining the functional proper-
ties of perovskite manganites.

IIILB Impact of the nature of the doping element on the
electrical conductivity behavior

Based on previously reported investigations, it has been
observed that the nature of the doped element in both A and
B sites of the ABO; perovskite structure affects mainly the
dynamics of the charge carriers, the conductivity/resistivity
value, and the material electrical behavior.**** Accordingly, it
has been shown that modifying the dopant nature mainly

Mater. Adv.

affects the electrical resistivity order. Such kinds of effects are
primarily attributed to the variation in the ionic radius that, in
turn, control hopping processes and the cations’ interactions
through the materials. In this context, it is found that the
nature of the doping element affects principally the lattice
distortion force that is related to its ionic radius. On the one
hand, in the case of manganites, the variation in the ionic
radius affects the crystal structure and the lattice parameters of
the compound. For lanthanum manganites, smaller or larger
dopants compared to the La ion can cause lattice strain, leading
to changes in the Mn-O bond length and Mn-O-Mn bond
angle, which directly affect the charge carriers hopping
mechanisms.>® On the other hand, the nature of the doping
element controls the valence state and the carrier concentration
in manganites. Dopants such as Sr**, Ca®>, Ba®>", and Pb*"
partially substitute the trivalent Pr’* or La*" ions, thereby
introducing holes into the system and leading to the coexis-
tence of Mn®" and Mn"** mixed-valence states. In such materi-
als, it has been reported that the increase in the Mn*" ion
concentration mainly enhances the double-exchange interac-
tions that govern the electrical phenomena in oxide com-
pounds. Since the nature of the dopant element controls the
charge carrier concentration, the effect of doping on electrical
conductivity depends strongly on the specific manganite sys-
tem and the type of dopant introduced. In several manganites,
divalent dopants such as Sr** or Ca®" can enhance the Mn*"/
Mn"** double-exchange interaction and improve the electrical
conductivity. However, in some cases, dopants such as Pr or
Nd may induce structural distortion and charge localization,
resulting in a reduction of electrical conductivity. For the
La, ,Cap3MnO; manganite, Li et al.> investigated the sub-
stitution of Ca cations with three different elements (Pb, Sr,
and Ba). Their study demonstrated that variations in the
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average ionic radius at the A-site lead to an increase in the
Mn-O-Mn bond angle. This structural modification influ-
ences the strength of the double-exchange interaction, which
primarily governs the charge-carrier dynamics in manganite
oxides. In particular, Ba substitution was found to signifi-
cantly increase the electrical resistivity of the material.
Furthermore, Li et al.>® reported that the nature of the dopant
element strongly affects the temperature coefficient of resis-
tance (TCR), a key parameter for achieving high-performance
thermistor ceramic systems. Beyond composition-specific
observations, the reported studies collectively indicate that
the electrical transport behavior of manganites follows com-
mon structural-electronic correlations, where the balance
between double-exchange interactions, lattice distortion,
and charge-carrier localization determines the final conduc-
tivity and thermistor response. In general, dopants inducing
strong lattice distortion favor carrier localization and
enhanced semiconducting behavior, whereas dopants increas-
ing the electronic bandwidth tend to improve metallic con-
duction and electrical conductivity.

Fig. 7(a) shows the evolution of the electrical conductivity
versus the temperature for the Pr 65Ca 25X0.10MnO; (X = Ba, Sr,
Cd, and Pb) system.”® The reported results show that the
electrical conductivity increases with increasing temperature,
which is the normal behavior of the semiconducting materials.
In the literature, the occurrence of a semiconductor behavior is
mainly related to the increase in the density of the charge
carriers and their mobility."*” For all the studied samples, we
found that the electrical conductivity depends mainly on the
nature of the dopant element at the A site in AMnO; manga-
nites. A similar dependence of the electrical conductivity order
on the nature of the dopant element has been observed in other
manganites like La,,Caps;_,Pb,MnO; (x = 0.0 and 0.1) and
Lay ,Cag3_»SryMnO; (x = 0.0 and 0.1). As compared with the
La, ,Cay ;MnO; manganite, Phong et al.,*® Cao et al.,*® and Li
et al.”® found that replacing Ca with Pb or Sr increases the
average ionic radius of the manganites. This modification, in
turn, affects the cationic disorder, which increases from o¢>
(Lag,CaosMn0;) = 3.3600 x 10* (A%) to 6 (Lag,Cag,PbeMnO;) =
19.850 x 10* (A% upon Pb substitution at the Ca site. In the
same context, this substitution process mainly modifies the Mn-
O-Mn bond angles and the Mn-O bond distances. These factors
are among the principal parameters governing the ionic interac-
tions between Mn cations. In this case, we can assume that
changing the nature of the dopant element can modify the density
of the charge carriers and their mobility, which are considered
among the principal factors for controlling the electrical conduc-
tivity order and the electrical behavior of the material. Fig. 7(b)
shows the temperature dependence of the electrical conductance
for Pry;Cap 3sMng 60X0.1005 (X = Ni, Co, Cr, and Fe) perovskites.>”
The plotted results indicate that all the studied manganites
exhibit semiconducting behavior over the explored temperature
range, as confirmed by the increase in electrical conductance with
increasing temperature for all samples. Therefore, the nature of
the dopant element does not alter the overall electrical behavior of
the material. However, it significantly influences the mobility and
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Fig. 7 Temperature dependence of the electrical dc-conductivity for two
different manganite structures: the impact of the nature of the doping
element on the A site Prgg5Cag 25X 1MnO3 (X = Ba, Cd, Sr and Pb) (a) ref.
26 and the B-site Prg,Cag3Mng oXo 103 (X = Co, Ni, Fe, and Cr) (b) ref. 27.
Panel (a) adapted from ref. 26 with permission from Elsevier, copyright
2020. Panel (b) adapted from ref. 27 with permission from the Royal
Society of Chemistry, copyright 2020.

density of the charge carriers. From the same results, the plotted
curves indicate that the studied temperature domain can be
divided into two main regions. At low temperatures, the electrical
conductivity and transport properties are mainly governed by the
effect of cationic disorder in the manganite compounds. In the
present study, our results are in good agreement with Mott’s
theory.">™"” Accordingly, we found that changing the nature of the
dopant element mainly affects the material’s conductivity order-
ing, especially at low temperatures. The observed behavior can be
attributed to the difference between the ionic radii of the Mn
cation and the Ni, Co, and Cr elements. Likewise, it thereby
became evident that the electrical properties of the materials
change mainly at high temperatures when we modify the nature
of the doping element. These results suggest that the nature of the
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dopant element influences the activation energy values. This
behavior can be attributed to modifications in the polaron hop-
ping mechanism, since the activation energy is closely related to
both polaron formation and charge-carrier hopping between
neighboring Mn sites in manganite compounds. Therefore, mod-
ifying the B site cationic disorder can also be considered as an
effective route to tune the dynamics of the charge carriers, in
agreement with previous reports in manganite systems.”**** This
approach offers a potential strategy for designing materials with
tailored electrical properties for future applications.

III.C Impact of the concentration of the doping element on
the electrical conductivity variation

According to several previous investigations,** it has been

reported that the increase in the dopant concentration signifi-
cantly modifies the electrical properties of the materials. Such
modifications are also accompanied by changes in the crystal-
lographic parameters of the material. By increasing the sub-
stitution level in the A or Mn sites, it is possible to modify the
Mn-O-Mn bond angle and the Mn-O distances.*”**> The
aforementioned parameters are among the most common
factors defining the physical properties of manganite oxide
materials. In addition, previous studies®*~*> have consistently
reported that the increase in the substitution concentration
leads to a significant modification of the Mn**/Mn** ratio,
which plays a crucial role in determining the electrical and
magnetic properties of manganite materials. This governs the
metal-semiconductor transition temperature, the density of
free charge carriers, the number of available paths for the
conduction phenomena, and the activation energy for the
transfer of charge carriers via the SPH and VRH processes.
These hypotheses are in good agreement with the reported
experimental results in the present work. Accordingly, we found
from our results that the increase in the substitution level affects
the metal-semiconductor transition temperature and the conduc-
tivity values of both the Pr doped A-site of Smy 55_Pr,Srp.45sMnO;
(x = 0.0, 0.1, and 0.2)*® and the Al-doped Mn-site of LaysSmg -
Bay33Mn; ,ALO; (x = 0.0, 0.05, 0.1, 0.15, and, 0.2) systems
(Fig. 8(a and b)). Consequently, we found from Fig. 8(a) that the
increase in the Pr concentration increases the metal-semiconduc-
tor transition temperature from Ty;s = 120 K for x = 0.0 to Tys_s =
180 K for x = 0.2 and favors enhanced metallic behavior in the
material. Moreover, the reported result in Fig. 8(a) indicates that
the increase in the Pr concentration improves the conductivity,
especially at low temperatures. This behavior can be attributed to
structural distortions induced by the ionic radius mismatch
between Sm®" and Pr**, which modifies the Mn-O-Mn bond angle
and the electronic bandwidth, thereby influencing the double-
exchange interaction and shifting the metal-semiconductor tran-
sition toward higher temperatures. Consequently, the temperature
range of metallic-like conduction is extended with increasing Pr
content. In the same context, the obtained results in Fig. 8(a) can
be attributed to the large mismatch between the cationic radius of
the Sm and the Pr elements, which induces structural distortions
in the MnOg network and modifies the Mn-O-Mn bond geometry,
thereby affecting carrier mobility. This interpretation is consistent
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adapted from ref. 36 with permission from Elsevier, copyright 2025.

with the Mott variable range hopping framework™'>™"” and
related transport models commonly used for disordered manga-
nites. Although the ionic radii of Sm®* and Pr*" are different, both
ions possess the same valence state (+3). Therefore, the substitu-
tion process preserves the overall charge neutrality of the com-
pound and does not significantly affect the Mn>*/Mn** ratio. In
this case, the substitution process does not affect the Mn**/Mn**
ratio in the compound. However, it strongly modifies the Mn-O
bond length and the Mn-O-Mn bond angles. For the Lay ¢Smyg 1-
Bay 33Mn,; ,ALO; (x = 0.0, 0.05, 0.1, 0.15, and, 0.2) system, the
reported results in Fig. 8(b) indicate that the increase in the Al
concentration in the Mn site is accompanied by a shift of the
metal-semiconductor transition toward lower temperatures. For
x = 0.2, we found that the material exhibits a semiconducting
behavior over the entire explored temperature range. In this case,
substituting the manganite system with other transition ele-
ments directly modifies the Mn**/Mn*" ratio, the Mn-O bond
length, and the Mn-O-Mn angles. This mainly affects the
electrical conductivity values, which decrease by more than two
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orders of magnitude when the concentration increases from
x = 0.0 to x = 0.2. A comparative analysis of the investigated
manganite systems indicates that the effect of the dopant
concentration strongly depends on the substitution site. In
general, A-site substitutions mainly tune the structural band-
width through ionic-radius mismatch and lattice distortion
effects, whereas B-site substitutions directly perturb the Mn**-
O-Mn*" conduction network and therefore produce stronger
variations in activation energy, conductivity, and carrier localiza-
tion. Moreover, moderate substitution levels may optimize the
transport properties by balancing carrier hopping and structural
distortion, while excessive substitution tends to suppress double-
exchange interactions and increase electrical resistivity.

III.LD Impact of the annealing temperature

3739 it has been

Based on previously reported investigations,
found that variation in the annealing temperature affects the
ceramics morphology and the crystallographic lattice para-
meters of manganites. Accordingly, the increase in the sinter-
ing temperature implies particle densification, which, in turn,
favors grain agglomeration. Fig. 9(a) illustrates the evolution of
the electrical conductivity as a function of the temperature for
the Lay oSt 1MnO; powders at three mean annealing tempera-
tures (600 °C, 800 °C, and 1200 °C). At annealing temperatures
of Ts =600 °C and 800 °C, the reported results indicate that the
studied Laj oSty ;MnO; manganite exhibits a transition from
metallic to semiconducting behavior at a defined temperature
Tm-s- The annealing temperature increase has mainly modified
the electrical characteristics of the studied material, especially
at low measured temperatures. Accordingly, we found that the
sample annealed at 1200 °C exhibits a semiconducting beha-
vior over the explored temperature domain. The conduction
mechanism, at low temperatures, was analyzed using the vari-
able range hopping (VRH) model by fitting the experimental
transport data, and the obtained agreement confirms the
validity of this model for the highly annealed sample. In this
case, the high annealing temperature value favors the presence
of the variable range hopping conduction process. This behavior
may be associated with enhanced carrier localization induced by
annealing-dependent microstructural and structural modifica-
tions. For Lay ¢Stp;MnO;, the TEM analysis (see Fig. 5) indicates
that the increase in the annealing temperature induces a con-
tinuous microstructural transition from a nanostructured, highly
agglomerated state to a well-sintered microcrystalline structure
with significantly enlarged and more faceted grains. This evolu-
tion reflects progressive grain growth, densification, and a sub-
stantial reduction in grain-boundary density and structural
disorder. Such microstructural refinement directly influences
the transport behavior by modifying the relative contributions
of grain interiors and grain boundaries to charge conduction. At
low annealing temperatures, the high density of disordered grain
boundaries is expected to dominate transport through strong
scattering and barrier effects. In contrast, higher annealing
temperatures promote improved crystallinity within grains and
more compact intergranular connectivity, thereby reducing
boundary-related disorder and reshaping carrier transport
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Fig. 9 Temperature dependence of the electrical dc-conductivity for two
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pathways. At elevated temperatures, all annealed samples exhibit
an increase in electrical conductivity with temperature, which
can be attributed to thermally activated charge carriers
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participating in SPH transport. In this regime, thermal energy
enhances carrier mobility by facilitating hopping between loca-
lized states, leading to an overall increase in conductivity. This
behavior is commonly observed in oxide-based manganite sys-
tems, where strong electron-phonon interactions favor polaron
formation and thermally assisted hopping conduction. A similar
temperature-dependent conductivity trend has also been reported
in related perovskite manganites such as the Lag4Big3Sro.,-
Bay 1 MnO;

(Ts = 900 °C, 1000 °C, and 1100 °C) system (see Fig. 9(b),
confirming that SPH-type conduction is a robust mechanism
governing high-temperature transport in these materials. In this
case, the increase in annealing temperature suppresses the metal-
semiconductor transition and extends the semiconducting beha-
vior over the entire measured temperature range. The effect of the
sintering temperature increase is particularly pronounced in the
low-temperature region, where the electrical conductivity is
reduced by more than two orders of magnitude due to the
enhanced localization of charge carriers and the strengthening
of disorder-induced scattering effects. In this regime, the trans-
port mechanism is better described by VRH, where carriers move
between localized states in a thermally assisted tunneling
process. This indicates that increased annealing temperature
promotes structural reorganization that favors carrier localization
rather than long-range metallic transport. For the LagsEug.,-
Ba, 3sMnO; system with T = 750 °C and Ts = 950 °C, it is observed
from Fig. 9(c) that the variation in annealing temperature does
not significantly alter the overall semiconducting nature of the
material, suggesting that the conduction mechanism remains
dominated by hopping transport across localized states regard-
less of sintering conditions.

However, it does not alter the fundamental relationship
between the electrical conductivity and the underlying crystal
chemistry, which is governed by Mn-O bond length and Mn-O-
Mn bond angle distortions. Accordingly, for the LagsEug.,-
Ba, 3sMnO; system, the increase in annealing temperature from
Ts =750 °C to Ts = 950 °C is accompanied by an increase in the
average Mn-O bond length from 1.950 A to 1.973 A, indicating a
subtle modification of the local lattice distortion and the MnOgq
octahedral environment, which can influence the electron
bandwidth and hopping probability. These structural para-
meters were determined from the Rietveld refinement of X-
ray diffraction data reported in ref. 40. Additionally, such an
effect favors the remarkable decrease of the (Mn-O-Mn) from
172.22(14)° to 163.13 (6)°, which modifies the overlap between
Mn 3d and O 2p orbitals and consequently affects the charge
carrier transport mechanism.*® As a result, the transport prop-
erties are significantly influenced, leading to an enhancement
of the electrical conductivity over the explored temperature
range. The comparison between the investigated manganite
systems indicates that the influence of annealing temperature
cannot be generalized universally for all compositions.
Although the increase in the annealing temperature often
improves crystallinity, grain growth, and grain connectivity,
excessive annealing may also favor carrier localization through
oxygen non-stoichiometry, microstructural rearrangements, or
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enhanced structural distortion. Consequently, the optimization
of the annealing conditions requires a compromise between
improved crystallinity and preservation of favorable charge-
transport pathways.

IILE Impact of the A-site cation deficiency

Recent investigations have shown that the introduction of A-
site deficiency in manganite systems significantly modifies
their physical properties.*’™ For the LaggsBag.3s5_x[1,MnO;
(0.0 < x < 0.2), LageSrg,Bag, »[0,MnO; (0 < x < 0.15),
and LagsEu,Bag,[1o1MnO; lacunar systems, it has been
demonstrated that A-site vacancies serve as an effective tuning
parameter for tailoring the structural, electronic, and transport
properties. These vacancies play a key role in adjusting the
Mn**/Mn*" ratio, local lattice distortions, and carrier localiza-
tion effects, thereby enabling controlled modification of the
physicochemical behavior for targeted applications. Early inves-
tigations indicate that the increase in the vacancy concen-
tration mainly modifies the average A-site ionic radius (r,) in
manganite systems.*’™** This variation leads to significant
changes in the lattice parameters and promotes deformation
of the MnOg octahedra, which is reflected in the pronounced
modification of both the Mn-O-Mn bond angles and Mn-O
bond distances. In addition, the introduction of A-site vacan-
cies alters the Mn*'/Mn*" ratio, with a particular reduction in
the Mn"" content due to charge compensation mechanisms.
These structural and compositional modifications directly
influence the electronic bandwidth and carrier hopping path-
ways, thereby strongly affecting the electrical properties and
charge carrier dynamics in manganite oxides. Unlike oxygen
vacancies, which mainly modify the oxygen stoichiometry and
local electronic compensation, A-site cation vacancies directly
alter the average ionic radius, the structural distortion of the
MnOg octahedra, and the Mn*"/Mn*" ratio. Consequently,
cation deficiency strongly affects the double-exchange inter-
action, carrier localization, and electrical transport behavior in
manganite systems. In the present work, the impact of the
deficiency concentration is examined for two kinds of manga-
nite materials in the Ba and the Na sites. For the LaysEug -
Bay;_»[1,MnO; system, with x = 0.00, 0.05, and = 0.15,** the
temperature dependence of the electrical conductivity is shown
in Fig. 10(a). The obtained results indicate that the creation of
Ba deficiency improves the electrical conductivity without
affecting the material’s semiconductor behavior. In this
case, the increase of the Ba deficiency concentration mainly
affects the material’s structural properties. Accordingly, the
increase of the Ba concentration leads to an increase in the
Mn-O distance from dy_o = 1.950 A for x = 0.0 to 1.969 A for x =
0.15. Moreover, the increase of the Ba deficiency decreases the
average (Mn-O-Mn) angle from 172.22(14)° for x = 0.0 to
163.93(8)° for x = 0.15. However, for the La,gNay,_,[1,MnO;
system, the reported results in Fig. 10(b) show that the increase
of the sodium deficiency affects both the transition temperature
value and electrical conductivity order. Accordingly, we found
that the transition temperature has decreased from Tyss = 220 K
for LaygNay,MnO; to reach Ty = 120 K for Lagyg[]y,MnO;.
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Fig. 10 Temperature dependence of the electrical dc-conductivity for
two different lacunar manganites: Lag sEug 2Bag 3 _x[1,MnO3 with x = 0.00,
0.05 and x = 0.15 (a) ref. 44; and Lag gNag »_,[1,MnO3z with x = 0.0, 0.1 and
x = 0.2 (b) ref. 1. Panel (a) adapted from ref. 44 with permission from
Elsevier, copyright 2025. Panel (b) adapted from ref. 1 with permission from
Elsevier, copyright 2025.

This behavior can be explained by the fact that sodium defi-
ciency modifies the charge compensation mechanism and con-
sequently alters the Mn®>*/Mn*" ratio. The resulting imbalance
induces additional distortions in the MnOg octahedra, leading to
an increase in the Mn-O bond length and a decrease in the
Mn-O-Mn bond angle. Such structural changes weaken the
double-exchange interaction between Mn** and Mn*" ions by
reducing the overlap between Mn 3d and O 2p orbitals, thereby
suppressing electron hopping and enhancing charge carrier
localization. Consequently, the metal-semiconductor transition
temperature shifts toward lower values with increasing sodium
deficiency.”® In addition, the creation of the sodium deficiency
(x = 0.2) favors the appearance of a conductivity saturation at
Tsat = 360 K. Moreover, the plotted results indicate that the
increase of sodium deficiency mainly increases the electrical
conductivity order that rises by more than four orders
of magnitude. Furthermore, the SEM micrographs of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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LaygNag, [1,MnO; (x = 0.00, 0.05, 0.10, and 0.15) ceramics
show that A-site sodium deficiency strongly affects the micro-
structure (see Fig. 6). The stoichiometric sample (x = 0.00)
exhibits a heterogeneous polycrystalline morphology with
agglomerated, faceted grains and a broad grain size distribution
extending beyond 10 um. With increasing Na deficiency, the
microstructure progressively evolves toward more homogeneous,
rounded, and less agglomerated grains, accompanied by a clear
grain refinement from 5.55 um (x = 0.00) to 3.26 pm (x = 0.15).
This reduction in grain size is attributed to vacancy-induced
suppression of grain growth during sintering, where A-site defects
reduce diffusion kinetics and may promote grain-boundary pin-
ning through solute-drag effects. Consequently, A-site deficiency
acts as an effective parameter for controlling microstructural
refinement. These changes are expected to influence the transport
properties by increasing grain-boundary contributions to carrier
scattering as the grain size decreases. Therefore, the electrical
response is governed not only by changes in Mn**/Mn** chemistry
and MnOs distortions but also by microstructural effects. In this
work, grain-boundary contributions are qualitatively inferred from
SEM and conductivity data, while a quantitative separation would
require impedance spectroscopy.

IILF Temperature coefficient of resistance (TCR): analysis and
applications

The temperature coefficient of resistance (TCR) is a key para-
meter used to evaluate the sensitivity of electrical transport to

temperature variations. It is defined as*®*’
1 dR(T) »
TCR = —— 1 K
C RT) a1 00 (% K1)
or equivalently in terms of resistivity
1 dp(T) .
TCR = ———-~-x 100 K
ST dr <100 (KT

Depending on the sign of dr/dT, two distinct behaviors are
identified.**”" A negative temperature coefficient (NTCR) corre-
sponds to semiconducting behavior (dR/dT < 0), typically gov-
erned by thermally activated conduction mechanisms. In contrast,
a positive temperature coefficient (PTCR) (dR/dT > 0) is asso-
ciated with metallic-like conduction and is often observed near the
metal-insulator transition. Within the thermally activated regime,
the resistance follows an Arrhenius-type relation:**>"

R(T) = Ryexp (kf"‘ )

which leads to

E,
TCR = ———— x 100

kg - T
This expression indicates that large activation energies result in
high NTCR values, particularly at low temperatures. In addition to
the TCR magnitude, the absolute resistance level at the operating
temperature is also an important parameter for thermistor appli-
cations, as it directly affects power consumption, the signal-to-
noise ratio, and compatibility with electronic readout circuits. In
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manganite systems, the resistance value strongly depends on the
composition, microstructure, and processing conditions such as
annealing temperature. Consequently, a wide range of resistance
levels can be achieved, which is beneficial for tuning these
materials for specific sensing applications. Fig. 11-17 show the
variation of TCR as a function of temperature for all investigated
manganite systems. In most cases, a pronounced peak is
observed, corresponding to maximum sensitivity at a charac-
teristic temperature. For certain compositions, a second peak
appears at higher temperatures, indicating the coexistence of
different conduction regimes. The extracted NTCR and PTCR
values, along with their corresponding peak temperatures, are
summarized in Table 1. A comparative analysis reveals that
the TCR behavior is strongly influenced by several intrinsic
and extrinsic parameters. In the Pr, 65Cag,5X0.1MnO; series
(X = Ba, Cd, Sr, and Pb), the nature of the A-site dopant plays
a crucial role. The Cd- and Pb-substituted samples exhibit
significantly enhanced NTCR values (—20.05 and —24.03%-K *,
respectively), whereas the Ba-doped compound shows the emer-
gence of a secondary peak at higher temperature (240 K). These
variations can be attributed to differences in ionic radii and the
resulting lattice distortions, which affect the Mn-O-Mn bond
angle and, consequently, the electron hopping probability.
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Indeed, substitution with A-site cations of different ionic radii
modifies the tolerance factor and induces distortions of the
MnOg octahedra. These structural distortions alter the Mn-—
O-Mn bond angle, thereby changing the overlap between
Mn 3d and O 2p orbitals that governs the double-exchange
interaction.*® A decrease in the Mn-O-Mn bond angle reduces
the electron transfer integral and suppresses carrier hopping,
resulting in stronger charge localization and a sharper variation
of resistivity with temperature. Consequently, the temperature
coefficient of resistance (TCR) is significantly affected, leading to
the enhanced NTCR behavior observed for the Cd- and Pb-
substituted samples. In the Pry,;Cag3;MngoXp10; system
(X = Co, Ni, Fe, and Cr), B-site substitution directly modifies
the double exchange interaction. Among these compounds, Cr
doping leads to the highest NTCR value (—35.05%-K "), indicat-
ing strong carrier localization. This behavior arises from the
disruption of Mn*-O-Mn*' conduction pathways, which
enhances the activation energy and reinforces the semiconduct-
ing character. The effect of the dopant concentration is illu-
strated in the Lay ¢Sm, 1Ba, 33Mn;_,AlO; series. Here, moderate
NTCR values are observed, ranging from —1.36 to —2.51%-K .
For x = 0.05, the appearance of two TCR peaks suggests the
coexistence of distinct conduction mechanisms. The substitution
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Fig. 11 Variation of the temperature coefficient of resistance (TCR) versus the impact of the nature of the doping element on the A site

Pro.e5Cap 25X01MnO3 (X = Ba, Cd, Sr and Pb).
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of Mn by non-magnetic AI** weakens the double exchange inter-
action, leading to reduced conductivity and broadened transition
features. The annealing temperature also has a significant impact
on TCR behavior. In La, ¢Sty ;MnO3, an increase in the sintering
temperature from 600 °C to 1200 °C results in a decrease in NTCR
magnitude followed by the appearance of a secondary peak at
higher temperature. Similarly, in Lay 4Biy 3Sro.,Bag.1MnO;3, the
NTCR value increases markedly (from —3.32 to —12.97%-K )
with increasing annealing temperature. These trends are
associated with improved crystallinity, enhanced grain con-
nectivity, and reduced grain boundary resistance. In contrast,
lacunar systems such as LagsEug,Bags »[1,MnO; and
LapgNag, »[1,MnO; exhibit PTCR behavior, with positive
values reaching up to 3.24% K '. The introduction of cation
vacancies modifies the Mn**/Mn*" ratio and carrier concen-
tration, which can induce metallic-like conduction and lead to
a positive TCR response. A comparison with previously
reported manganites shows that the obtained TCR values
are competitive. For example, Smg 5551y.4sMnO; exhibits an
NTCR of —9.60%-K™*, while Pry,Cags;Mng gCro.0,0s shows
dual peaks with values of —13.92 and —7.13%-K™'. Notably,
the Cr-doped compositions investigated in this work display
superior TCR performance, highlighting the effectiveness of

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

compositional tuning. The observed TCR behavior can be
understood in terms of the interplay between several conduc-
tion mechanisms.”” The double exchange interaction governs
metallic conduction and is responsible for PTCR behavior,
whereas small polaron hopping dominates in the insulating
regime, leading to NTCR characteristics. Additionally, grain
boundary effects contribute to the overall resistance, particu-
larly at low temperatures, and may give rise to secondary TCR
peaks. The comparative TCR analysis demonstrates that the
highest NTCR responses are generally obtained in systems
combining strong carrier localization with moderate electrical
conductivity. In contrast, systems exhibiting enhanced metallic
conduction tend to show reduced NTCR magnitudes but may
develop PTCR characteristics near the metal-semiconductor
transition. These observations highlight that optimizing ther-
mistor performance requires a careful balance between activa-
tion energy enhancement, carrier mobility, and conduction-path
continuity. From an application perspective, manganites exhibit-
ing high NTCR values near room temperature are promising
candidates for infrared bolometers and thermal sensors.
Although the present study provides a detailed analysis of
intrinsic thermistor parameters such as TCR, activation energy
(E,), thermistor constant (ff), and sensitivity parameter (o),
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Fig. 13 Temperature dependence of the temperature coefficient of resistance (TCR) for the Lag ¢Smo 1Bag 33Mn; Al Oz (x = 0.0, 0.05, 0.1, 0.15, and 0.2)

system.

practical thermistor performance also depends on additional
device-level characteristics. These include long-term stability,
thermal hysteresis, reproducibility, response time, ageing
effects, and thermal cycling durability. These parameters are
essential for real device applications and sensor reliability.
However, their evaluation requires dedicated device fabrica-
tion and systematic time-dependent and cycling experiments,
which are beyond the scope of the present work. Nevertheless,
the studied manganite systems exhibit promising intrinsic

Mater. Adv.

thermistor behavior, indicating their potential for further
optimization toward practical sensor applications. Materials
with PTCR behavior are suitable for self-regulating devices,
such as circuit protection elements and heating components.
Furthermore, the strong coupling between electrical transport
and magnetic ordering in these systems makes them attractive for
spintronic and multifunctional electronic applications. The TCR
properties of manganites are highly tunable through careful
control of dopant nature, concentration, annealing temperature,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Temperature dependence of the temperature coefficient of resistance (TCR) for Lag 9Sro1MnOs with Ts = 600 °C, Ts = 800 °C and Ts = 1200 °C.

and cation deficiency. The wide range of achievable TCR values,
including very high NTCR values (up to —35%-K ') and significant
PTCR responses, underscores the potential of these materials for
advanced thermal sensing and electronic device applications. In
comparison with conventional commercial thermistors, particu-
larly NTC devices based on transition metal oxide spinels (such as
Mn-Ni-Co systems), the manganite materials investigated in this
work exhibit competitive TCR and activation energy values.>®>°
Moreover, their strong tunability through doping, cation defi-
ciency, and thermal processing offers an additional advantage
over conventional materials. This tunability makes manganites
promising candidates for next-generation oxide-based thermis-
tors, especially for multifunctional and application-specific sen-
sing devices.

III.G Activation energy, thermistor constant (), and
sensitivity parameter ()

The electrical transport behavior of manganite systems can be
further quantified through activation energy (E,), thermistor
constant (f§), and temperature sensitivity parameter (o). These
parameters provide complementary insight into the conduction
mechanism and are particularly relevant for thermistor appli-
cations. In this work, E, is extracted from the slope of the linear
fit of In(p) or In(R) versus 1/T, with high correlation coefficients

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

(R ~ 0.98-0.99) confirming the validity of the thermally
activated conduction model for all investigated systems. The
thermistor constant f, widely used in NTC thermistors, is
defined as*®™>!

This parameter reflects the thermal activation strength of the
conduction process. Temperature sensitivity parameter o is
expressed as®”>®

o= —% x 100
This relation indicates that o is directly governed by f and
inversely proportional to the square of temperature. The nega-
tive sign confirms the NTCR behavior observed in most of the
studied compounds. The extracted values of E,, 5, and « for all
investigated manganites are summarized in Table 2. A detailed
comparative analysis reveals that these parameters are highly
sensitive to the composition, dopant nature, concentration,
and processing conditions. In the Pry65Ca25X0.1MnO; series
(X =Ba, Cd, Sr, and Pb), the activation energy ranges from 95 to
116 meV, with corresponding f values between 1102 and
1346 K. The highest values are obtained for Cd substitution
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(116 meV, 1346 K), which correlates with the highest magnitude
of « (—1.50%-K '). This behavior reflects enhanced carrier
localization induced by lattice distortion and reduced band-
width, consistent with the strong NTCR response discussed
previously. For the Pr,,Ca,3Mn, ¢X, 103 series (X = Co, Ni, Cr,
and Fe), the activation energy spans from 70 to
98 meV. The Co-doped sample exhibits the lowest values (70
meV, 812 K, —O.9O%~K’1), indicating relatively easier carrier
hopping, while Cr doping significantly increases these para-
meters (98 meV, 1137 K, —1.26%-K'). This trend highlights
the strong influence of B-site substitution on the double
exchange mechanism and the associated energy barriers for
conduction. A more pronounced variation is observed in the
Lay ¢Smy 1Bay 33Mn; _,ALO; series. With increasing Al content,
the activation energy increases markedly from 93 meV (x = 0) to
155 meV (x = 0.20), accompanied by a corresponding increase
in B (from 1079 to 1799 K) and o (from —1.2 to —2.0%-K ™ '). This
behavior is attributed to the substitution of Mn by non-
magnetic AI** ions, which weakens the double exchange inter-
action and enhances carrier localization, thereby increasing the
energy barrier for hopping conduction. The influence of
annealing temperature is clearly observed in the Lag ¢St ;MnO;
system. An increase in the sintering temperature from 600 °C to

Mater. Adv.

1200 °C leads to a significant increase in activation energy
(78 to 133 meV), 8 (905 to 1543 K), and o (—1.01 to —1.71%-K 1),
A similar trend is observed in Lay 4Big 3Sr, ,Bay,MnO;, where
the E, increases from 108 to 130 meV with increasing annealing
temperature. These results indicate that improved crystallinity
and reduced grain boundary scattering enhance the intrinsic
transport mechanism, leading to higher activation energies. In
lacunar systems such as Lag sEug,Bag;_[1,MnO;3, the activa-
tion energy remains relatively high (~143-145 meV), with f
values around 1659-1683 K and « values close to —1.85%-K .
The presence of cation vacancies modifies the Mn**/Mn** ratio
and introduces additional disorder, which stabilizes a ther-
mally activated conduction regime despite the PTCR behavior
observed in certain temperature ranges. The highest activation
energies in this study are obtained for the Lag gNay, ,»[,MnO;
system, reaching up to 290 meV, with a corresponding f value
of 3366 K and an « value of —3.74%-K ', These large values
indicate strong carrier localization and high thermal sensitiv-
ity, making these compounds particularly suitable for high-
performance thermistor applications. In contrast, the lowest
values are observed for La,g[l,,MnO; (47 meV, 545 K,
—0.60%-K '), reflecting a reduced activation barrier and weaker
temperature dependence. A comparison with related manganite

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Temperature dependence of the temperature coefficient of resistance (TCR) for LagsEug2Bag s x0xMnOz with x = 0.00, 0.05 and 0.15.

systems from the literature, such as Smy 55519 4sMnO; (200 meV,
2321 K, —2.58%K ") and Smg45Pr1ST04sMnO; (168 meV,
1949 K, —2.17%K '), confirms that the present results cover a
wide range of activation energies and sensitivities. Notably, the
Na-deficient and Al-rich compositions exhibit comparable or
superior performance in terms of f and o, demonstrating the
effectiveness of compositional engineering. A global compar-
ison between the investigated systems reveals that the activa-
tion energy, thermistor constant 8, and sensitivity parameter o
are strongly correlated with the degree of structural disorder
and carrier localization. Systems exhibiting strong lattice
distortion and suppressed double-exchange interactions gen-
erally display larger activation energies and higher thermistor
sensitivity. These results confirm that high-performance man-
ganite thermistors require an optimized compromise between
activation-energy enhancement and preservation of sufficient
carrier mobility. Generally, a strong correlation is observed
between E,, f, and o, as expected from their theoretical
relationships. Materials with higher activation energies sys-
tematically exhibit larger § values and higher sensitivity (),
confirming that these parameters are intrinsically linked. This
correlation also aligns with the TCR analysis, where higher E,
values correspond to stronger NTCR behavior. From an appli-
cation standpoint, materials with high f (typically > 2000 K)

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

and large o are highly desirable for thermistor and infrared
sensing applications. In this context, the Lay sNa-based and
Sm-based manganites emerge as promising candidates. Con-
versely, compositions with moderate E, and f values offer
stable and tunable responses suitable for multifunctional
electronic devices. In summary, the systematic variation of
activation energy, thermistor constant, and sensitivity para-
meter demonstrates that manganites provide a highly versa-
tile platform for tailoring electrical transport properties. The
strong dependence of these parameters on structural and
compositional factors highlights the crucial role of dopant
engineering and processing conditions in optimizing perfor-
mance for specific technological applications.>”"*

IIILH Comparative synthesis, unresolved issues, and design
principles for high-performance manganite thermistors

The preceding sections present the influence of multiple com-
positional and processing parameters on the electrical trans-
port behavior of manganite systems. To synthesize these results
and provide a critical comparison between the investigated
compounds, the main correlations between structural para-
meters, transport mechanisms, and thermistor performance
are summarized in Fig. 18. Explicitly, Fig. 18 presents a sche-
matic representation illustrating the relationships between
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Fig. 17 Temperature dependence of the temperature coefficient of resistance (TCR) for LaggNag>_x[1,MnO3 with x = 0.0, 0.1 and 0.2.

control parameters (dopant nature, dopant concentration,
annealing temperature, and cation deficiency), the resulting
structural modifications, the dominant transport mechanisms,
and the corresponding thermistor performance. As illustrated
in Fig. 18, the electrical transport properties of manganites are
governed by a strong interplay between structural distortion,
the carrier concentration, grain-boundary effects, and charge-
carrier localization. Although the investigated systems differ in
composition and preparation conditions, several common
trends can be identified. First, the nature of the dopant element
strongly controls the magnitude of lattice distortion through
ionic-radius mismatch effects. As shown schematically in
Fig. 18, substitutions at both A and B sites modify the Mn-O
bond length and the Mn-O-Mn bond angle, thereby affecting
the overlap between Mn 3d and O 2p orbitals and consequently
the strength of the double-exchange interaction.’>*> Dopants
producing strong structural disorder generally favor charge
localization, variable range hopping conduction, and enhanced
NTCR behavior. In contrast, dopants promoting larger electro-
nic bandwidths tend to improve carrier delocalization and
electrical conductivity. Second, the dopant concentration plays
a critical role in defining the balance between carrier localiza-
tion and delocalization. Moderate substitution levels may opti-
mize the Mn**/Mn*" ratio and enhance carrier hopping through

Mater. Adv.

the stabilization of the double-exchange mechanism. However,
excessive substitution can disrupt the Mn**-O-Mn*" conduc-
tion pathways, increase activation energy, and suppress metal-
lic conduction. The comparative analysis presented in Fig. 18
indicates that A-site substitutions mainly tune the structural
bandwidth through ionic-radius effects, whereas B-site substitu-
tions directly perturb the Mn conduction network and therefore
produce stronger changes in activation energy and electrical
conductivity. Third, the annealing temperature strongly influ-
ences the microstructure and grain connectivity of manganite
ceramics. As summarized in Fig. 18, the increase in the anneal-
ing temperature generally improves crystallinity and grain
growth, thereby reducing grain-boundary scattering and enhan-
cing charge transport. Nevertheless, excessive annealing may
also induce oxygen non-stoichiometry, structural rearrange-
ments, or enhanced carrier localization, favoring variable range
hopping conduction at low temperatures. Consequently, the
optimization of the annealing conditions requires a compromise
between improved crystallinity and preservation of favorable
transport pathways. Fourth, cation deficiency emerges as an
effective strategy for tuning both NTCR and PTCR behaviors.
The schematic representation in Fig. 18 shows that vacancy
creation modifies the Mn®**/Mn** ratio, induces additional lattice
distortions, and changes the carrier density. Depending on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The TCR values and the corresponding temperature for the studied manganites

Material NTCR,/PTCR (% K ") Tyrer,/Tnrer, (K) NTCR, (% K ) Tyrer, (K) Ref.
Pry.65Ca9.25Bag.1oMnO; —13.32 100 —2.92 240 This work
Pry.65Ca9.,5Cdg 10MnO; —20.05 120 — — This work
Pry.65Ca9.25579.10MNO;3 —18.00 100 — — This work
Pr.65Cag 25Pbo 10MNO; —24.03 100 — — This work
Pry,Cag 3Mng 90C00.1003 —15.79 90 — — This work
Pry.,Cag 3Mng ooNig 1003 —17.69 90 — — This work
Pry.,Cag 3Mng.90Cro.1003 —35.05 90 — — This work
Pr,,Cag sMng goFeg 1003 —22.42 90 — — This work
Lag.¢Smy 1Bay 33MnO; —1.36 300 — — This work
Lag.Smy 1Bag.33Mng 54l 0503 —1.42 240 —1.35 310 This work
Lag ¢Smy 1Bag 33Mng goAlg 1003 —1.96 290 — — This work
Lag ¢Smy 1Bag 33Mng g5Al) 1503 —-1.78 300 — — This work
Lag.cSmy.1Bag.33Mng goAlg 2003 —2.51 180 — — This work
Lag ¢Sro1MnO; (Ts = 600 °C) —3.40 180 — — This work
Lay ¢Sro1MnO; (Ts = 800 °C) -1.57 240 — — This work
Lag,oSro ;MnO; (Ts = 1200 °C) ~1.97 120 —2.59 240 This work
Lag 4Biy 3S10.,Bay 1 MnO; (Ts = 900 °C) -3.32 210 — — This work
Lay 4Big.3S10.2Bay 1MnO; (Ts = 1000 °C) —5.03 170 — — This work
Lay 4Bi.3S10.,Bay 1MnO; (Ts = 1100 °C) —-12.97 120 — — This work
La, sEu, ,Bag sMnO; 3.02 160 3.18 220 This work
Lag sEug ,Bag 5 ¢.0sMNnO; 3.24 180 1.80 340 This work
Lay sEug,Bag 1500.15MnO; 2.60 220 — — This work
La, sNa, ,MnO; 1.49 330 1.56 470 This work
Lagy.gNag1 [11,MnO; 1.71 300 1.06 440 This work
Lag g[4.20MnO; 0.61 300 — — This work
Smy 55510.45sMnO3 —-9.60 160 — — 36
Smg_45PTo.1STe 4sMNO;3 13.56 120 —7.00 160 36

Smyg 35PTo »STe 4sMNO5 5.50 160 —4.25 220 36

type of vacancy and the host composition, this can either sensitivity. The transport mechanisms summarized in Fig. 18
enhance carrier localization or stabilize metallic-like transport. also reveal that the electrical behavior of manganites results
Therefore, controlled deficiency engineering offers a flexible from the competition between several conduction processes,
route for tailoring transition temperatures and thermistor including double exchange (DE),*° small polaron hopping

Table 2 The deduced activation energy, thermistor constant (f), and sensitivity parameter (x) of the studied manganites

Material E, (meV) R? p (K) o (% K) This work
Pry.65Cag.25Bag.10MnO; 95 0.99 1102 —1.20 This work
Pry.65Cag.25Cdg.10MNO; 116 0.99 1346 —1.50 This work
Pry.65Ca0.255T0.10MNO; 103 0.99 1195 —1.30 This work
Pry.¢5Cag.25Pbg 10MnO; 112 0.99 1299 —1.40 This work
Pry.,Cag3Mng 90C0g.1003 70 0.99 812 —0.90 This work
Pr, ,Cag 3sMng 9oNig.1003 81 0.99 940 —1.04 This work
Pry ,Cag 3Mng 99Cro.1003 98 0.99 1137 —1.26 This work
Pry.;Cag 3Mng goFe(.1003 96 0.99 1114 —1.24 This work
Lagy.cSmy 1Bag 33MnO; 93 0.99 1079 —-1.2 This work
Lag.6Smy 1Bag 33Mng 95Al) 0503 80 0.99 928 —-1.1 This work
Lag ¢Smy 1Bag 33Mng goAlg 1003 138 0.99 1601 -1.8 This work
Lay.¢Smy 1Bag 33Mng gsAlj 1503 120 0.99 1392 —1.5 This work
Lag.¢Smy 1Bag 33Mng goAlg 2003 155 0.99 1799 —2.0 This work
Lay ¢Sro1MnO; (Ts = 600 °C) 78 0.90 905 —1.01 This work
Lag,oSro ;MnO; (Ts = 800 °C) 98 0.90 1137 ~1.26 This work
Lag.6STe,MnO; (Ts = 1200 °C) 133 0.90 1543 -1.71 This work
Lao 4Bl 3510 ,Bag ;MnO; (Ts = 900 °C) 108 0.98 1253 ~1.39 This work
Lay_4Bi 3Sr,.,Bay ;MnO; (T = 1000 °C) 130 0.99 1508 —1.68 This work
Lay 4By 3STo ,Bag ;MnO; (Ts = 1100 °C) 126 0.97 1462 —1.62 This work
Lay sEug,Bag sMnO; 143 0.99 1659 —1.84 This work
Lag sEug.,Bag 250 0.0sMnO; 145 0.99 1683 —1.87 This work
Lao 5EUg.2Bag.150.15MnO; 143 0.99 1659 —1.84 This work
Lay gNay ,MnO3 290 0.99 3366 —3.74 This work
Lag gNag ;1 [,0MnO; 264 0.99 3064 —3.40 This work
Lag g1y ,0MnO; 47 0.99 545 —0.60 This work
Smy 55519 4sMnO;3 200 0.99 2321 —2.58 This work
Smy 45P1(.1ST).45MNO;3 168 0.99 1949 —-2.17 This work
Smy 35PT( »STo.45MNO; 173 0.98 2007 —2.23 This work

© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 18 Comparative schematic overview of the relationships between doping, structural modifications, conduction mechanisms, and thermistor

properties in manganites.

(SPH),"**® and variable range hopping (VRH). The predomi-
nance of one mechanism over another depends strongly on the
degree of structural disorder, the carrier concentration, and
thermal activation energy. Systems exhibiting strong carrier
localization generally display high activation energies and
enhanced NTCR responses, whereas compounds with dominant
double-exchange interactions tend to exhibit metallic-like con-
duction and PTCR behavior near the metal-semiconductor
transition. From a thermistor-design perspective, the compara-
tive study summarized in Fig. 18 suggests several important
guidelines for obtaining high-performance manganite
thermistors:

e Optimization of the Mn*"/Mn*" ratio to maximize carrier
hopping efficiency while preserving transport stability.

o Careful control of ionic-radius mismatch to tune structural
distortion and electronic bandwidth.

e Use of moderate B-site substitution to enhance the NTCR
response without excessively suppressing conductivity.

e Optimization of annealing temperature to improve grain
connectivity while minimizing excessive carrier localization.

e Controlled cation deficiency engineering to tailor PTCR/
NTCR responses and transition temperatures for targeted
applications.

The present comparative analysis also highlights several
unresolved issues that require further investigation. In particu-
lar, the coexistence and competition between double exchange,
small polaron hopping, and variable range hopping mechanisms
remain difficult to quantify universally across different manga-
nite families. Moreover, the respective contributions of grain
boundaries, oxygen non-stoichiometry, and nanoscale structural

Mater. Adv.

disorder to the electrical transport properties are still not fully
understood. These aspects complicate the establishment of
universal predictive models correlating structural parameters
with thermistor performance. Nevertheless, the comparative
synthesis presented in Fig. 18 demonstrates that manganites
constitute a highly versatile platform for thermistor applications
due to the remarkable tunability of their transport properties
through compositional engineering and processing optimiza-
tion. The possibility of achieving both large NTCR and PTCR
responses over broad temperature ranges makes these materials
promising candidates for infrared sensors, thermal detectors,
self-regulating devices, and multifunctional electronic systems.

IV. Conclusions

In this work, the electrical transport properties of manganite
perovskites have been systematically analyzed by correlating
conduction mechanisms, TCR behavior, and thermistor para-
meters with key controlling factors, namely dopant nature,
dopant concentration, annealing temperature, and A-site defi-
ciency. The results demonstrate that electrical conduction
arises from a complex interplay between Mott-VRH, Shklovs-
kii-Efros VRH, and small polaron hopping mechanisms, with
clear temperature-dependent crossovers. It is shown that the
nature of the dopant plays a crucial role in tuning lattice
distortion, carrier density, and double exchange interactions,
thereby strongly influencing conductivity and activation energy.
Increasing dopant concentration modifies the Mn**/Mn** ratio
and structural parameters, leading to significant shifts in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metal-semiconductor transition and transport behavior.
Annealing temperature is identified as a key extrinsic para-
meter controlling the microstructure, grain connectivity, and
defect states, resulting in substantial variations in electrical
conductivity and conduction regimes. Furthermore, A-site defi-
ciency emerges as an effective strategy for enhancing electrical
performance through the modulation of structural disorder
and carrier concentration. The TCR analysis reveals highly
tunable NTCR and PTCR responses, with exceptionally high
sensitivity values, while the extracted thermistor parameters
(Eay B, and o) exhibit strong correlations, confirming the
thermally activated nature of charge transport. Notably, com-
positions exhibiting high activation energy and f values
demonstrate superior thermal sensitivity, making them attrac-
tive for thermistor and sensing applications. This study high-
lights the effectiveness of compositional and processing
engineering in tailoring the electrical and thermistor properties
of manganites. A comparative analysis of the investigated
manganite systems further reveals that high-performance ther-
mistor behavior results from a delicate balance between struc-
tural distortion, carrier localization, grain connectivity, and
double-exchange interactions. In general, optimized thermistor
responses are obtained through controlled tuning of the Mn>*/
Mn*" ratio, moderate lattice distortion, appropriate annealing
conditions, and carefully engineered cation deficiency. The
present study also highlights that the coexistence of multiple
transport mechanisms, including double exchange, small
polaron hopping, and variable range hopping, remains one of
the principal unresolved challenges for establishing universal
predictive models correlating structural parameters with ther-
mistor performance. Nevertheless, the proposed comparative
framework provides practical design guidelines for the devel-
opment of advanced manganite-based thermistors with tunable
NTCR/PTCR characteristics and enhanced thermal sensitivity.
The ability to control conduction mechanisms and thermal
sensitivity over a wide range establishes these materials as
promising candidates for next-generation thermal sensors,
infrared detectors, and multifunctional electronic devices.
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