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1. Introduction

Impedance spectroscopy and optical properties of
lanthanum-modified Bi,FeMnOg for NTC

thermistor applications
Laxmidhar Sahoo,® Swayam Aryam Behera, (2% P. Ganga Raju Achary® and
S. K. Parida (9 *°

The double perovskite Bi;zsLagsFeMnOg (BLFMO) ceramic was prepared by a solid-state reaction
method and characterized by different techniques such as X-ray diffraction, scanning electron
microscope, energy dispersive X-ray, transmission electron microscope, and optical, dielectric, and
electrical property analysis. The synthesized material has a monoclinic crystal structure with an average
crystallite size of 63.7 nm and lattice strain of 0.0013, as revealed by X-ray diffraction (XRD) data. The
surface morphology of the prepared sample was studied by the scanning electron microscope (SEM)
technique, which shows spherical-shaped well-developed grains having clear grain boundaries with an
average grain size of 55.6 um. The EDX spectrum and elemental color mapping checked the purity and
homogeneity of the sample. The transmission electron microscope (TEM) technique displayed that the
particles are well connected in the synthesized material, which may be a possible reason for the better
physical properties. The Brunauer—Emmet—Teller (BET) surface area was 0.371 m? g‘l, with a pore
volume of 7.202 cc g~* and an average pore diameter of 19.635 A. The optical properties were studied
from Fourier transform infrared (FTIR) and ultraviolet diffuse reflectance spectroscopy (UV-DRS). The
FTIR spectrum revealed the vibrational modes of all the constituent elements in the sample. The direct
bandgap energy of 271 eV was calculated from the UV-DRS spectrum, which is suitable for
optoelectronic device applications. The sample exhibited high dielectric constant, low loss (from
dielectric study), negative temperature coefficient of resistance behavior (from impedance study), non-
Debye relaxation (from modulus study), and a thermally activated conduction mechanism (from ac
conductivity study). The occurrence of Maxwell-Wagner dispersion was known from the dielectric study.
The semi-circular arcs in the Nyquist and Cole—-Cole's plots explained their semi-conducting nature. The
resistance versus temperature curve indicated the semiconducting nature of the sample and its potential
application as a negative temperature coefficient (NTC) thermistor. Thus, the prepared sample has
unique characteristics for different applications related to optoelectronics and sensors.

complex structure. Hence they have enriched physical proper-
ties, better chemical stability, and potential applications.

In modern times, double perovskite compounds have drawn
much attention from research communities and material scien-
tists because of their cost-effective preparation, remarkably
bipolar charge mobility, variable bandgap energy, broad range
absorption coefficient, highly scalable production technique,
and tunability of functional characteristics. Double perovskites
may be better than single perovskites due to increased oxygen
vacancies, more capacity to acquire additional atoms, and
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Moreover, the improved dielectric properties and transport
mechanism in the double perovskites may be suitable for
multilayer capacitors, memory chips, and microelectronic
devices.”™ The general formula for a double perovskite can
be written as AA'B,O¢ or A,BB’'O¢ by occupying the two different
cations in the A- or B-sites (A = rare-earths and alkaline earth
metal, B = transition metals).””® The magnetic properties of
double perovskites are governed by the exchange and super-
exchange mechanisms of B and B’, respectively, through an
oxygen atom and act as a ferrimagnetic insulator due to half
metallicity and high Curie temperature. Furthermore, for dou-
ble perovskite oxides A,B'B"Oq with Bi at the A-site, the ferro-
electric order is due to the large orbital radius of the 6s> lone
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pair electrons of the Bi and the magnetic order is due to
partially filled 3d orbitals of B-site transition metal ions.>°
Again, lead-free double perovskites are better than lead-based
perovskites (which are toxic) because of their property-
application relation and eco-friendly nature. Bismuth-based
double perovskites are a better alternative to lead-based perovs-
kites, among all other kinds of double perovskites. However, the
synthesis of single-phase bismuth-based perovskites is a challen-
ging task regarding stabilization due to the high volatility of
bismuth and affinity for multiphase formation."" It is reported
that the stability of single-phase Bi-based perovskites can be
improved by partial replacement of Bi ions with a small amount
of La ions."" The La®" cation can partially replace the Bi*" cation
to support stabilization. It has been demonstrated that partial
substitution of La®" cations for Bi** cations on the A-site can
allow single-phase stabilization in bismuth manganite com-
pounds. This is because La*" has an ionic radius (0.130 nm)
which is somewhat smaller than that of Bi** (0.131 nm)."?

In this connection, we have studied double perovskite com-
pounds such as Bi,FeMoOs," La,MnNiOg,'* and Bi,MnMoOg">
which were used in the magnetic tunnel junction (MT]J) electrodes
for spintronics. Osaka et al'® have reported the compound,
Ca,FeMnOy as a layered double perovskite with a charge-
disproportioned crystal structure and its crystal structure is P2,/c.

Zhao et al."”'® synthesized Bi,FeMnOg ceramics by a conven-
tional solid-state reaction method using Bi,Os;, Fe;0,4, and MnCO;
as starting materials with 10 mol% extra Bi,Os. The impure phase of
Bi,Fe,O, was detected in the Bi,FeMnOg ceramic and to stabilize
the metastable phase of it, the partial replacement of Bi by La (20
mol%) in Bi,FeMnOg was performed. They found that the La-doped
Bi,FeMnO, ceramics exhibited a spin glass state at low tempera-
tures with a Néel temperature (Ty) below room temperature.'”
Delmonte et al™ prepared the metastable Bi,FeMnOg ceramics
via a solid-state reaction under high pressure (6 GPa) and tempera-
ture (1100 °C for 1.5 h). Some eco-friendly lead-free halide double
perovskites comprising the general chemical formula Cs,AgBiXe
(X = Cl or Br) have also been found to be very attractive for
optoelectronic behaviors.”® Recently, some Bi-based perovskites/
double perovskites, like  Bi(ZnsTios5)0s,°"  BiCaFeCeOg,>
BiZn,VOe,>* BiHoZnZrOg and BiHoCuTiOs** have been found to
be very promising for multifunctional applications because of their
excellent ferroelectric and ferromagnetic properties. Some cerium-
modified bismuth-layered ferroelectrics, namely SrBi,Ta,0o,”>°
cerium-substituted HAp (hydroxyl apatite) ceramic,”” and Ca, Ce-
doped BaTiO; ceramic®® have also been reported for this purpose.

A lead-free halide double perovskite: Cs,AgBiBrs has an
energy bandgap of 1.95 eV, which may be suitable for photo-
voltaic and solar cell applications.?*** The ability to change the
energy bandgap in the double perovskite materials using
different dopants has vast demand for solar cell applications.
Islam et al investigated recently a set of La, ,Sr,CoMnOg
double perovskites and reported the energy bandgap of
1.37 eV as a better candidate for solar cell application.?* Again,
double perovskites La,B’'MnOg (B’ = Ni, Co, or other transition
elements) have been investigated to explore the multifunctional
applications in the field of science and technology.** >’
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After studying the above literature reports, we have synthe-
sized a new Bi; s5Lay,5FeMnOg double perovskite using the
solid-state reaction method and explored the possibility of new
properties through some of the characterizations by various
techniques. XRD analysis has been carried out to find the
crystal structure and crystallite size of 63.7 nm. The SEM
technique has been used to calculate the average grain size
and understand the grain boundary effect. The EDX spectrum
and elemental mapping have been used to confirm the purity
and homogeneity of the sample. The optical properties are
studied from FTIR and UV-DRS techniques. The impedance
spectroscopy study has been carried out to determine the
dielectric, impedance, modulus, and conductivity properties
of the synthesized sample over a wide range of frequencies
(1 kHz to 1 MHz) and temperatures (25 °C to 500 °C).

This comprehensive investigation enabled us to determine
the optical, dielectric, impedance, modulus, and conductivity
properties of the Bi; ;5Lag ,sFeMnOg ceramic. The experimental
data provide a thorough understanding of the material’s elec-
trical behavior and its potential applications in electronic
devices. The material is abbreviated in the whole manuscript
as BLFMO for convenience and to avoid undesired repetition.

2. Experiment and techniques
2.1 Raw materials used

Bi,03, La,03, FeCO3;, and MnO, are the raw materials used for
getting the final product of Bi; ;5La,,sFeMnOg ceramic. The
essential raw ingredients are obtained with greater than 99%
purity from Loba Chemical Pvt. Ltd. In the digital balance of
least count 0.0001, the raw components are weighed. For the
newly prepared sample, the final chemical equation is:

0.875Bi,0; + 0.125La,0; + FeCO; + MnO,
— Biy s5La0,5FeMnOg + CO, T

2.2 Synthesis method

Using an agate mortar and pestle, the measured raw materials
were mixed for two hours in the dry medium and for another
two hours in the wet medium using 10 ml methanol. The final
product was formed by calcinating the powdered sample at
850 °C. After that, a pinch of powdered sample was sent for
XRD analysis for phase confirmation. A uniaxial pressure of
4 x 10° Pa was used to make two cylindrical pellets with a
diameter of 12 mm and a thickness of 2 mm, using polyvinyl
alcohol (PVA) as the binder. The calcinated powders were
maintained 50 °C above the calcination temperature to elim-
inate the impurity signal and achieve high densification. The
pellets were then sintered at 900 °C, making them suitable for
further characterization and investigations.

2.3 Characterization techniques

The structural analysis of the prepared sample was done using
the X-ray diffraction data [MODEL: RIGAKU Japan ULTIMA
IV; equipped with a source of CukK, radiation (/ = 1.5405 A)].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The XRD data were recorded at the scanning rate of 3° per minute
from a wide range of Bragg’s angles, 20° to 80°. An energy
dispersive X-ray analysis (SEM-EDX; MODEL: ZEISS; EVO-18)
equipped with a scanning electron microscope using an acceler-
ating voltage of 2000 kV and a working distance of 9270 pm was
used to analyze the composition of the prepared sample, and
produce microstructural micrographs and surface morphology.
Using a 2000 kV working potential, transmission electron micro-
scopy (TEM) (Model: JEOL JEM-F 200) was used to analyze the size
distribution and connectivity form of particles of the material
under study. Both sides of a pellet have two layers of silver coating
to improve electrode performance for electrical measurements. To
comprehend atomic vibrations, FTIR data were studied using the
Jasco FTIR-4600LE machine. The dielectric and electrical charac-
teristics were measured at frequencies between 1 kHz to 1 MHz
and temperatures between 25 °C to 500 °C using the impedance
analyzer (Model No. N4L PSM, 1735). The prepared material’s
direct bandgap energy was determined using UV-visible spectro-
scopy with MODEL: V670 and Sl. No. A050461154. The following
section describes the structural, microstructural, surface area
measurement, optical, dielectric, and electrical characterizations
to go into further depth about the results of the prepared sample.

3. Results and discussion
3.1 Sample formation

The tolerance factor of the prepared ceramic material can be
calculated using the relation:
At
\ﬁ(l‘}g =+ I‘0)7
where r, = ionic radius of atom A, rg = ionic radius of atom B,
and r, = ionic radius of an oxygen atom to check the formation

of a stable perovskite material.*® However, the modified rela-
tion for a double perovskite can be written as;

Rpriar + Ro
2

\/2 <RB’+B” + RO>
2

=

where Ry, Ry, Ry, Ry, and Rg are known to be the ionic radii of
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3949 The tolerance factor of

Bi, La, Fe, Mn and O, respectively.
the synthesized material was calculated as 0.88, which supports
a stable double perovskite formation in a monoclinic crystal

structure.

3.2 XRD analysis

The XRD method contributes to recognizing unidentified struc-
tures, unit cells, space groups, density, and volume of a
material. Fig. 1(a) indicates the XRD pattern of the calcinated
and powdered BLFMO ceramic material.

A single-phase monoclinic crystal structure appears to have
formed, according to the preliminary structural study. The POWD-
MULT software is employed to determine the crystal structure
and lattice parameters*' of this material. The monoclinic crystal
structure is predicted by structural analysis when the computed
and experimental (observed) inter-planner distances agree as
much as possible with the least amount of standard deviation.
Using the monoclinic crystal structure, POWDMULTSs software
indexes all the prominent XRD peaks. The evaluated cell para-
meters of the synthesized material are a = 6.5602 A, b = 3.9257 A,
¢ =3.9712 A having f = 101.65° and V = 100.16 A, The crystalline
nature of the prepared sample is shown by the peak’s clarity and
sharpness. The monoclinic crystal symmetry of this material is
used for investigating structural properties. Fig. 1(b) indicates the
Williamson-Hall plot of the prepared material. By using the
Williamson-Hall formula;

. k2.
ﬁc030—4s1n0+5,

where f = full-width half maximum in radians, k = anisotropic
constant (~0.89), D = average crystallite size, 1 = wavelength
(1.54 A) and 0 = peak position,">** and the value of average
crystallite size of this material is found to be 63.7 nm whereas
the micro lattice strain is found to be 0.0013.

3.3 Microstructural analysis (SEM study)

Fig. 2(a) shows the surface microstructure (SEM micrograph),
(b) Gaussian fitted grain size, (c) EDX spectrum, and (d)
elemental color mapping of the BLFMO ceramic. The SEM
micrograph reveals nano-cubical-shaped grains that are uni-
formly dispersed across the surface of the BLFMO ceramic.
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(a) XRD pattern analysis and (b) Williamson—Hall plot of the Bi; 75Lag 2sFeMnOg ceramic.
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Fig. 2 (a) SEM micrograph, (b) Gaussian fitted grain size, (c) EDX spectrum, and (d) elemental color mapping of the Biy s5Lag 2sFeMnOg ceramic.

Well-defined grain boundaries are observed and the compact-
ness of the grains indicates the absence of significant voids in
this material. The microstructure contributes to better electrical
conductivity, which will be further explained in the AC conduc-
tivity section.

The Gaussian fitted grain size analysis indicates that the
distribution of grain sizes follows a normal (Gaussian) distribu-
tion. The average grain size is found to be 55.60 um with a
standard deviation of 1.61, which is calculated by taking
60 grains from the SEM micrograph using Image] software.
This information provides an insight into the homogeneity of
the ceramic material. The EDX spectrum analysis confirms the
presence of all constituent elements (Bi, La, Fe, Mn, and O) in
the BLFMO ceramic. The elemental composition is found to be
consistent both in terms of weight and atomic percentage.
This analysis provides crucial information about the chemical
composition of the synthesized material. The elemental color
mapping of the prepared sample indicates the homogeneous
distribution of constituent elements and it is known that all the
constituent elements are present, and their distribution over
the sample surface is uniform. This visual representation helps
in understanding the spatial distributions in elemental com-
position. The combination of SEM micrograph analysis, Gaus-
sian fitted grain size, EDX spectrum, and elemental color
mapping provides a comprehensive understanding of the
microstructure, elemental composition, and distribution of
the BLFMO ceramic at the nanoscale. The observed features
such as well-defined grain boundaries and uniform distribu-
tion of elements contribute to the improved electrical conduc-
tivity mechanism of the material, which helps the researchers

1458 | Mater. Adv,, 2025, 6, 1455-1467

working on materials with specific electronic or functional
properties.

3.4 TEM study

Transmission electron microscopy (TEM) provides an extremely
high spatial resolution, allowing researchers to examine the
microstructure of ceramics at the atomic or nanoscale. TEM can
provide detailed crystallographic information that is to identify
crystal structures, grain boundaries, and defects within the cera-
mic materials. This information is essential for understanding the
mechanical, electrical, and thermal properties of ceramics. Fig. 3
shows the TEM micrograph of the BLFMO ceramic. All particles of
the synthesized sample display a nearly spherical morphology;
however, the particle sizes are not uniform because of some
degree of agglomeration, due to the high surface energy of the
nanopatrticles, the agglomerate phenomenon of BLFMO particles
can be seen in Fig. 3.

3.5 BET surface area measurement

The BET (Brunauer-Emmett-Teller) analysis was conducted to
analyze the N,-sorption isotherms of the prepared material,
Bi; y5Lag »sFeMnOg, which is shown in Fig. 4. The surface area
was found to be 0.371 m* g, with a pore volume of 7.202 cc g *
and an average pore diameter of 19.635 A. The isotherm exhibits
type IV adsorption behavior, indicating that the material is
mesoporous with a small hysteresis loop.

3.6 Optical properties

The optical properties of this material have been studied with
the help of FTIR and UV-DRS analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM image of the Bi; 75Lag 25FeMnOg ceramic.
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Fig. 4 Nitrogen sorption isotherms of the compound Bi; 7sLag 2sFeMnOg.

Fig. 5(a) represents the FTIR spectrum of the BLFMO cera-
mic at room temperature and bands are observed at 3837 cm ™,
3747 ecm™?, 3564 cm™ Y, 2922 cm™ Y, 2359 cm™ ', 1557 cm Y,
1455 cm ™" and 1115 cm ™, respectively.

Fourier transform infrared (FTIR) analysis is a valuable techni-
que for studying the molecular composition of a material. In the
context of the BLFMO ceramic, the provided FTIR spectrum
(Fig. 5(a)) indicates several absorption bands at specific wavenum-
bers. The bands at 3837 cm ™' and 3747 cm ™" are likely associated
with stretching vibrations of hydroxyl (OH) groups or water
molecules.***> The presence of these bands could be indicative
of surface-adsorbed water or hydroxyl groups on the ceramic. The
band at 2359 cm ™' is in a region where carbon dioxide (CO,)
typically absorbs. It might indicate the presence of carbon dioxide,
possibly from the surrounding environment. The band at
1557 em™ ' could be related to the stretching vibrations of C—0
bonds, suggesting the presence of carbonyl groups. The exact
nature of these carbonyl groups would depend on the specific
molecular composition of the ceramic. The band at 1455 cm™"
might be associated with bending vibrations of CH, groups or
other organic moieties. The presence of organic compounds or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups can be inferred from this absorption. The broad bands
at 570 to 1115 cm™ ' may be related to the stretching vibrations of
Bi-O stretching vibration, Mn-O stretching vibration, La-O
stretching vibration and Fe-O stretching vibrations confirming
the octahedral FeOq present in the synthesized sample.**™*® The
exact interpretation would depend on the specific chemical
environment. In summary, FTIR analysis of the BLFMO ceramic
reveals absorption bands at various wavenumbers, each providing
information about specific molecular vibrations and functional
groups present in the material. The interpretation of these bands
allows researchers to gain insights into the chemical composition
and bonding characteristics of the ceramic, thereby strengthening
the phase confirmation and expanding the understanding of its
properties.

The use of UV visible spectroscopy supports the explanation
of the sample’s semiconducting nature. Tauc’s relation can be
used to calculate the band gap energy of the sample, which will
reveal the potential optoelectronic application of the sample.”**"
The UV-visible absorbance spectra recorded for the prepared
ceramic are shown in Fig. 5(b) over a broad range of wavelengths,
300-800 nm. The optical bandgap energy (E,) is determined
using the experimental data and using Tauc’s relation, (oav)*" =
A(hv — Eg), where hv is energy (in units of eV), A is a constant
(independent of photon energy), and E, is the optical bandgap
energy.”>*® The electronic transition index (n) has values of 1/2
and 3/2 for direct permitted and forbidden transition types, and
2 and 3 for indirect permitted and forbidden transition types.
The direct allowed transition of the prepared sample is shown in
Fig. 5(c), based on the plotted spectrum. The energy versus (ahv)>
plot in this study gives a directly allowed bandgap energy (E,) of
2.71 eV through a straight-line extrapolation.>® This bandgap
energy value falls within an appropriate range for use in photo-
voltaic and photocatalytic processes.

3.7 Dielectric study

The ability of a material to store electrical charges and conse-
quently, energy from an applied electric field can be ascertained
using relative dielectric permittivity (¢,). The field strength in a
material medium is divided by the field strength in a vacuum
medium and is used to calculate ¢,.. The atoms and molecules of
a material vibrate when it is exposed to an electric field because
of the material’s charge development. Consequently, the forced
displacement of the charged ions from their equilibrium site
increases polarization. The value of the real and imaginary part
of the dielectric constant and dielectric loss can be calculated
from the recorded dielectric data using the relation:
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Fig. 5 (a) FTIR, (b) absorbance spectrum, and (c) energy versus (xhv)® for direct allowed transitions to calculate the bandgap energy of the

Biy 75Lag 25FeMnOg ceramic.

where ¢ and ¢, denote the static dielectric constant and
dielectric constant at very high frequency, respectively, w is the
angular frequency and t is the relaxation time. The dielectric
properties of the perovskite material can be studied from
the variation of dielectric constant and dielectric loss with both
frequency and temperature. The dielectric constant can be found
using the formula; & = Cp/Co, where Cy = A/t & = 8.85 X
107> Fm™ ', ¢ = thickness of the pellet and 4 = area of the cross-
section of the pellet. It is well known that dielectric properties
depend upon the polarization process in the material after the
application of an external AC electric field.”>™”

The change in dielectric constant with frequency at different
temperatures, from 25 °C to 500 °C is shown in Fig. 6(a). At low
frequencies, a highly dielectric dispersion is seen, which gra-
dually decreases as the frequency increases. Maxwell-Wagner
polarization theory®® provides strong support for the observa-
tion of a broad dielectric dispersion at low frequencies, which is
due to the accumulation of electrons near the grain boundaries,
causing high resistance space charge polarization at the inter-
face of the grain boundaries. According to Maxwell-Wagner
theory, the sample exhibits four different types of polarization
at low frequencies: electronic, dipolar, ionic, and space charge
polarization. However, the space/interfacial polarizations con-
tribute the most. Once more, the dielectric constant decreases
with increasing frequency due to a decrease in space charge

1460 | Mater. Adv, 2025, 6, 1455-1467

polarization.>® Additionally, as seen in Fig. 6(a), a steep slope is
observed that appears to be quite steep at a low-frequency
region (which may correspond to the grain boundary effect)
and shallow at a high-frequency region (which may correspond
to the grain effect). Moreover, Koop’s two-layer model theory®®
can explain the high dielectric dispersion nature of this
material.

Fig. 6(b) represents the change of dielectric constant against
temperature at selected frequencies ranging from 1 kHz to
1 MHz. From this figure, it is observed that the dielectric
constant has a low value at low temperatures which is due to
the inert nature of the ions and polarons, and passiveness of
mobile electrons, and also charge carriers are less thermally
activated as well as less mobile.®! Then, the dielectric constant
increases with the increase in temperature, which is due to the
involvement of thermally active mobile charge carriers’ activa-
tion of electron hopping and electronic dispersal between Fe**
and Fe*" ions and the presence of space charge polarization.

Fig. 6(c) represents the change of dielectric loss (tand)
against frequency at selected temperatures ranging from
25 °C to 500 °C. From this figure, it is observed that there is a
wide dispersion of dielectric loss at low-frequency regions and
it is due to the misalignment of electric dipoles. This is
explained by Maxwell-Wagner theory and according to this
theory, a dielectric medium supports strongly that conducting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and (d) tan d versus temperature of the Biy 7sLag 2sFeMnOg ceramic.

grains are sensitive near high frequency and resistive grain
boundaries are sensitive near low frequency. At low frequency,
mobile ions between Fe** and Fe*" hop at their respective
octahedral locations, but this hopping process is suppressed
at high frequency and this is due to quick change of the
supplied external AC field. Dielectric loss (tan d) has a low value
at the high-frequency zone, which is due to the reduction of
space charge polarization and decreasing thermal agitation and
misalignment.””

Fig. 6(d) represents the change of dielectric loss (tan )
against temperature at selected frequencies ranging from
1 kHz to 1 MHz. A rise in tan ¢ with temperature is observed
in Fig. 6(d), which is due to the increased vibrational movement
of ferrite ions at the octahedral site and the existence of defects/
impurities or oxygen vacancies, which ultimately results in
increased space charge polarization.®' Consequently, tan § pre-
dicts energy dissipation and detects impurities and defects
under the influence of a field. Thus, the sample has a low
dielectric loss and high dielectric constant, hence making it a
suitable candidate for an energy storage device.

3.8 Impedance study

The relationship between the electrical and microstructural
properties of a material is revealed through impedance analy-
sis. This technique explains the electrical properties of the
material including the quality of the material or ceramic
formation, bulk (grain), grain boundaries, transport qualities,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and charge storage capacity. The frequency against real and
imaginary impedance (Z’ and Z") at various chosen tempera-
tures (25 °C to 500 °C) is shown in Fig. 7(a) and (b). The
interpretation of these impedance components provides a
valuable understanding of the electrical behavior and proper-
ties of the material under investigation. It is observed from
Fig. 7(a) that the value of Z' decreases at the low-frequency
region when the temperature increases. This behavior is char-
acteristic of the negative temperature coefficient resistance
(NTCR) nature.®” It is a well-known fact that the resistance
decreases with an increase in temperature in NTCR materials,
which is usually observed in certain semiconductors.®® This
behavior is significant for applications where temperature
sensing or temperature compensation is required. At high
frequencies (above 10 kHz), the Z' values completely merge
irrespective of temperatures supporting the semiconducting
nature, and also the release of interfacial charges contributes
to this behavior.®#®> The imaginary component of impedance
(") adopts the same fashion as Z', as described in Fig. 7(b). The
behavior of Z” also supports the NTCR behavior at low fre-
quencies and the semiconducting properties at high frequen-
cies, as discussed for Z'. The graph between Z' and Z" at
selected temperatures (25 °C to 500 °C), called Nyquist plots,
is shown in Fig. 7(c). The presence of the semi-circular arcs in
the Nyquist plots confirms the semiconductor character of the
synthesized sample.®® Fig. 7(d) shows the fitted Nyquist plots at
some selected temperatures. The Nyquist data were fitted with
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an equivalent (CQR)(CR) circuit using the ZSIMPWIN version
2.0 software. The calibrated fitting parameters are bulk resis-
tance (Rp), bulk capacitance (Cp,), constant phase factor (Q),
grain boundary capacitance (Cyp,), grain boundary resistance
(Rgp), and frequency power (n) which are reported in Table 1.
The decrease of both bulk resistance from 6.019 x 10* Q at
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25 °C to 1.118 x 10° Q at 100 °C and grain boundary resistance
from 3.034 x 10* Q at 25 °C t0 9.168 x 10® Q at 500 °C supports
the semiconducting and NTCR nature of the synthesized
sample.

Overall, the analysis of impedance components (Z’' and Z")
provides important information about the electrical properties

Table 1 Fitted parameter list derived from equivalent circuit fitting with ZSIMPWIN 2.0 software using (RQC) (RC) circuit

Temp. (°C)  Cyp (F em™?) Q(s’em™? Ry, (Q cm?) n Cgp (F cm™?) Rgp, (Q cm?)
25 1.165 x 10*10 (Expt.)  1.979 x 10* (Expt.) 6.019 x 10 (Expt.) 1.56  3.134 x 10*“’ (Expt.)  3.034 x 10" (Expt.)
1.165 X (fltting) 1.979 x (fltting) 6.019 x 10* (fitting) 3.134 x (fltting) 3.034 x 10* (fitting)
50 1.000 x (Expt.) 7.039 x (Expt.) 4.333 x 10 (Expt.)  13.8  2.462 x (Expt.) 3.588 x 10 (Expt.)
1.607 x ! (fitting)  7.030 x 10 (fitting)  4.335 x 10" (fitting) 2.463 x (fltting) 3.587 x 10" (fitting)
100 6.739 x 10*16 (Expt.) 1.320 x 10*7 (Expt.) 1.118 x 103 (Expt.) 51.6 1.452 x 107'° (Expt.) 3.793 x 10" (Expt.)
5.208 x (fitting) 1.366 x 107° (fitting)  1.061 x 10 (fitting) 1.449 X 10‘1" (fitting)  3.798 x 10* (fitting)
150 1.000 x 10 (Expt) 2.143 x 10 '° (Expt.)  3.333 x 104 (Expt.) 9.84  1.159 x 10 ® (Expt.) 3.093 x 10° (Expt.)
1.000 x (flttlng) 2.143 x 10*“’ (fitting)  3.333 x 10* (fitting) 1.159 x 10~ ° (fitting) ~ 3.093 x 10 (fitting)
200 1.000 x 10 >0 (Expt.)  1.407 x (Expt.) 2.385 x 104 (Expt.) 10.1 2.475 x 10‘1" (Expt.)  2.098 x 10" (Expt.)
2.829 x 10~ 2° (fitting)  1.407 x (fltting) 2.385 x 10" (fitting) 2.475 x 10 '° (fitting) ~ 2.098 x 10" (fitting)
250 1.706 x 10 '° (Expt.) 3.863 x 10 7 (Expt.) 3.953 x 104 (Expt.) 5.30 1.236 x (Expt) 2.219 x 10 (Expt.)
1.706 x 10 '° (fitting)  3.867 x 1077 (fitting)  3.953 x 10" (fitting) 1.236 x (flttlng) 2.218 x 10" (fitting)
300 1.903 x 107 '° (Expt.)  1.452 x 10* (Expt.) 4.793 x 105 (Expt.) 2.40  2.445 x (Expt) 9.868 x 10" (Expt.)
1.903 x 10 '° (fitting)  1.451 x 10~ ° (fitting) ~ 4.793 x 10° (fitting) 2.447 x (ﬁttmg) 9.857 x 10" (fitting)
350 1.544 x 10" (Expt.)  3.116 x 10* (Expt.) 1.336 x 105 (Expt.) 0.72  3.702 x (Expt) 7.644 x 10" (Expt.)
1.544 x 10 (fitting)  3.116 x (fltting) 1.336 x 10° (fitting) 3.702 x (flttlng) 7.644 x 107 (fitting)
400 1.313 x 10*10 (Expt.)  5.164 x (Expt.) 2.927 x 105 (Expt.) 0.60  1.497 x (Expt) 1.817 x 10* (Expt.)
1.313 x 10 '° (fitting) ~ 5.164 x 10~ ° (fitting) 2.928 x 10° (fitting) 1.498 x 10~® (fitting) 1.818 x 107 (fitting)
450 1.494 x 107'° (Expt.) 1.121 x 10* (Expt.) 5.649 x 105 (Expt.) 0.44  1.000 x 10*20 (Expt.) 7.033 x 10° (Expt.)
1.494 x 10 (fitting)  1.121 x 7 (fitting) 5.650 x 10° (fitting) 4.618 x > (fitting)  7.035 x 10° (fitting)
500 1.799 x 10 '° (Expt.)  1.466 x 10* (Expt.) 3.047 x 10S (Expt.) 0.28  1.000 x 0*2" (Expt.)  9.168 x 10° (Expt.)
1.799 x 10 "0 (fitting)  1.466 x 10 7 (fitting)  3.047 x 10° (fitting) 2.624 x 10> (fitting)  9.168 x 10° (fitting)
1462 | Mater. Adv., 2025, 6,1455-1467 © 2025 The Author(s). Published by the Royal Society of Chemistry
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BLFMO ceramic.

of the prepared material at different temperatures and frequen-
cies. The observed NTCR behavior and the semiconducting
properties have implications for potential applications of the
prepared material in temperature sensors, electronic devices,
and other technologies that rely on electrical properties.®”°

3.9 Modulus study

The smallest capacitance and non-Debye type relaxation mecha-
nism can be explained by the modulus study of a material.
Fig. 8(a) and (b) expresses real modulus (M’) and imaginary
modulus (M") against frequency at some specific temperature

0.01}
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(a) Frequency versus real modulus (M’), (b) frequency versus imaginary modulus (M”), and (c) Cole—Cole plots at specific temperatures of the

range (25 °C to 500 °C) of this synthesized material. From these
figures, it can be observed that the curves corresponding to M’
and M” tend to a lower value (~zero) in the low-frequency region
for all the respective temperatures while at higher frequencies
these values increase and asymptotic nature is observed.”® It is
seen that the position of the modulus peak moves with tempera-
ture supporting thermally activated relaxation. Furthermore, non-
overlapping of curves supports the presence of a non-Debye type
relaxation process, which is due to the long-range interaction of
localized charge carriers. The release of space charge may be
responsible for the combined curves at lower and higher fre-
quency zones.”" Fig. 8(c) indicates the Cole-Cole plots at some

- —o—1 kHz
£ —o—10 kHz
= 185 —o—100 kHz
b< (b) —a—1 MHz
1E-6 —— Linear Fit
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i 1 i 1 i 1 i 1 i 1
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(a) JPL fitted ac conductivity versus frequency and (b) ac conductivity against 1000/T of the BLFMO ceramic.
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Table 2 Evaluated values of dc conductivity, A and n after JPL fitting

Temperature (°C) Ode A n

150 4.63 x 107* 1.11 x 107 0.99411
200 3.85 x 107 9.94 x 10~ 1.01642
250 2.46 x 10 1.40 x 107 0.56421
300 4.27 x 107° 4.79 x 1078 0.68806
350 1.58 x 104 2.38 x 1077 0.64629
400 1.10 x 10 3.31 x 1077 0.66767
450 1.25 x 1074 6.41 x 1077 0.64822
500 1.51 x 10 8.79 x 1077 0.63733

specific temperature range of 25 °C to 500 °C and the semi-
circular arcs that appear in this plot confirm the semiconducting
nature of this sample. Ten numbers of semi-circular arcs in the
Cole-Cole plot found in this sample demonstrated the grain and
grain boundary contribution in overall impedance.”

3.10 AC conductivity study

The JPL fitted ac conductivity (o,.) versus frequency at various
temperatures between 25 °C and 500 °C is shown in Fig. 9(a).
The empirical relation ¢,. = wegotan d is used to calculate the
conductivity data, with the symbols denoting their typical
meaning. For all corresponding temperatures, the plateau-
type behavior of ac curves at low frequency is attributed to
the long-range translational motion of the ions that represent
the dc conductivity (c4c).”

Once more, the conductivity plot shows that the conductivity
value rises with temperature, supporting the negative tempera-
ture coefficient resistance effect. In the synthesized lead-free
double perovskite, the presence of two distinct d-block cations
(Fe** and Mn*") at the B-site helps in the migration of loosely
bound ions, which contributes to both the smooth conduction
mechanism and the excitation of thermally activated charge
carriers. After JPL fitting, the evaluated parameters are enlisted
in Table 2. Ac conductivity (o,.) against 1000/T is shown in
Fig. 9(b) for a particular frequency range of 1 kHz-1 MHz. Using
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Fig. 10 (a) Resistance versus temperature and (b) 1/T versus InR of the

BLFMO ceramic.
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the Arrhenius equation, ¢,. = 0¢exp(—EJ/KgT), the activation
energy has been determined by linearly fitting the lower part of
the conductivity plots.”* A decreasing tendency with frequency is
evident in the calculated activation energies. It can be concluded
from the obtained activation energy value that the short-range
charge carriers that are thermally activated are primarily respon-
sible for the electrical conduction mechanism.”

3.11 Resistance versus temperature study

Resistance versus temperature studies help to characterize the
electrical conductivity of a ceramic material. Different ceramics
may exhibit varying levels of conductivity, ranging from insulating
to semiconducting to conducting behavior. Changes in resistance
with temperature can provide insights into the quality and purity
of ceramic materials. The temperature dependence of resistance
helps to identify the significant conductivity mechanisms in
ceramics. This information is vital for understanding the materi-
al’s behavior and tailoring its properties for specific applications
in many temperature-sensing electronic and electrical devices and
also understanding how the resistance changes with temperature
is critical for optimizing the performance of these devices, such as
sensors, resistors, and capacitors.

Fig. 10(a) shows that the resistance of the BLFMO ceramic
varies with temperature. The non-linear plot, which shows a
decrease in resistance as temperature rises, supports the NTC
thermistor’s characteristics.”® A logarithmic resistance versus
1/T of the sample is shown in Fig. 10(b) [inset]. The semicon-
ducting nature of the prepared sample is supported by the
linearity of the plot.”” Therefore, the prepared sample may be a
good candidate for NTC thermistor applications.

4. Conclusion

This article reports on the successful synthesis and character-
ization of the Bi; ;5Lag,sFeMnOg ceramic. The sample has a
monoclinic structure with an average crystallite size of 63.7 nm
and lattice strain of 0.0013. The conductivity of the prepared
sample increases with the rise of the temperature, confirming
the semiconducting nature. The EDX spectrum confirms the
presence of all the constituent elements (Bi, La, Fe, Mn & O) in
the synthesized sample. Again, the uniform distribution of all
the mentioned constituent elements is confirmed by the study
of the elemental color mapping of the sample. The study of
TEM micrographs reveals the well-grown particles in the nano-
scale, which may be a possible reason for the better physical
properties. The surface area measurement from BET analysis
has revealed the presence of a smaller number of pores in this
material which explains its better electrical conductivity and
more density. The Maxwell-Wagner’s type of dielectric disper-
sion is observed at a low frequency range. The material has a
low dielectric loss, which may be a good candidate for energy
storage devices. The study of the impedance plots confirms the
semiconducting nature while the study of the modulus plots
supports the non-Debye type of relaxation mechanism in this
sample. The ac conductivity mechanism in the sample is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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controlled by the thermally activated charge carriers. Again, the
study of both Nyquist’s and Cole-Cole’s plots confirms the
semiconducting nature. The analysis of the FTIR spectrum
suggests that this sample contains all constituent elements
due to the existence of all atomic stretching vibrations. The
absorbance spectrum is shown by UV-vis data analysis, which
aids in calibrating the bandgap energy of the semiconducting
properties of the investigated material. The direct bandgap
energy calculated by Tauc plot is 2.71 eV, which suggests that
the prepared material is appropriate for several optoelectronic
devices. Therefore, the prepared sample has a high dielectric
constant, low loss, semiconducting nature, non-Debye relaxa-
tion, and a good range of bandgap energy, which make it an
excellent candidate for some device applications related to
energy storage and sensor NTC thermistor applications.
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