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Abstract

A new aliovalent-substituted Bi:12MnOxo sillenite is synthesized incorporating solid-state
reaction route at optimized temperature 800°C. Structural analysis through Fullprof Rietveld
refinement of XRD data confirmed a cubic /23 structure with lattice and reliability parameters a
=10.105 A and (Rp = 9.05%, Rup = 15.95%, Rexp = 12.11% and y* = 1.74) respectively. The
Williamson-Hall analysis indicated 1.344 nm crystallites and 0.0162 strain. The microstructural
analysis through SEM displayed polycrystalline morphology with blocky, agglomerated grains
with average grain size 255 nm. The color mapping of EDX spectra verified the expected
elements in the system. The FTIR analysis gives the blueprint of sillenite vibrations in the wave
number range 400-600 cm™. UV-Vis spectroscopy revealed strong 317 nm absorbance and a
2.31 eV direct bandgap in the synthesized sample. Dielectric responses followed the Maxwell-
Wagner model, with temperature-activated polaron hopping, non-Debye relaxation, NTCR
feature, and multi-interface contributions evident in Impedance/Modulus spectra. Conductivity
adhered to Jonscher's power law, enhanced by aliovalent substitution with Mn at tetrahedral site.
I-V characteristics confirmed n-type semiconducting behavior, with a thermistor coefficient § =
4157.3 K obtained through fitting Steinhart-Hart equation. Magnetic analysis features weak
ferromagnetism with Mg = 0.005 emu/g, Hc = 115.84 Oe and Ms = 0.839 emu/g obtained via
Grosinger's LAS model. These properties highlight potential of the synthesized sillenite material

in UV photocatalytic, thermistors and magneto-electric devices oriented applications.
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Introduction

Sillenites are a distinct class of bismuth-based compounds with the general stiochiometric
formula B112MO2o, where M represents generally a tetravalent cation or a combination of cations
averaging a +4 oxidation state, such as Si**, Ge*', or mixed-valent pairs like Fe*" and P*. These
compounds are structurally related to the metastable y-phase of bismuth oxide (Bi.Os), which
adopts a body-centered cubic (bcc) structure with space group 723. This phase, originally
unstable in pure Bi2Os, can be stabilized through the incorporation of small quantities of dopant
cations, leading to the formation of sillenite-type structures [1]. The sillenite crystal structure is
characterized by a complex three-dimensional framework composed of Bi—O polyhedra and MOa
tetrahedra. Bismuth ions occupy the A-sites of the lattice and are coordinated with five oxygen
atoms and a stereochemically active 6s? lone pair, forming distorted BiOs polyhedra. These units
connect to regular MO tetrahedra, where the M-site cation resides at the center of a four-oxygen
tetrahedron [2]. This interconnected network gives rise to a pseudo-body-centered cubic unit cell,
with the structure belonging to the non-centrosymmetric space group /23 (No. 197) [3]. As a
result, sillenites can exhibit piezoelectric behavior, although they are not ferroelectric due to the
lack of a permanent dipole [2,4—6]. In addition to their stoichiometric forms, sillenites allow for
a range of non-stoichiometric compositions through aliovalent substitution at the M-site. Such
substitutions can create oxygen vacancies or interstitials, and charge neutrality is maintained by
adjusting the average valence state of the M-site cations. For instance, compositions like
Bii2(Bio.03Vo.890X0.08)O20.27 and Biiz(Bio.sGao.s)O1e.s exemplify this flexibility . The ability of the
sillenite framework to accommodate diverse chemical species and structural distortions makes
these materials of considerable interest for applications in various sectors. These compounds
exhibit a wide range of intriguing physical properties, making them highly attractive for
advanced technological applications. These materials function as semi-insulating yet
photoconductive, photoluminescent, electro-optic, magneto-optic, acousto-optic, optically active
and piezoelectric systems because of their large band gaps and high resistivity. They are

hence good candidates for application in optoelectronics, photonics, and optical information
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processing because to their exceptional photorefractive and photochromatic characteristics [3,7—
11]. M. Isik et. al [5] using DFT calculations stated that Bi12S1020 with a broad bandgap of about
3.2 eV might be used for photo-catalysis and photo-transducer-oriented applications. While
stoichiometric sillenites, such as Bi12MO»o (where M = Si, Ge, or Ti), have long been recognised
for their electro-optic behaviour, attention has recently shifted to their dielectric properties,
particularly for applications involving low-temperature cofired ceramics (LTCC). These
materials offer advantages such as low sintering temperatures (typically < 850 °C), compatibility
with silver electrodes, low dielectric loss, and a stable permittivity (e = 35-40) near room
temperature [11]. Despite these promising traits, limited studies have investigated their dielectric
responses across various temperatures and frequencies, with some reports, like that of
Bii2(Bo.sPo.5)Ox20, revealing broad, relaxor-like anomalies due to cation disorder. Yu Hu et. al [11]
also claimed in their work non-ferroelectric relaxor like feature in Bi12SiOx arise due to chaotic
local dipole moment link with polyhedron network BiOs via 6S? lone pair. Matjaz Valent et. al
claimed in their investigation on non-stiochiomatic sillenites Bi12XOz0., (where X = Ti, Ge, Si,
Mn, BosPos) at microwave frequency range that Bi12SiO»o is potentially active candidate for
LTCC applications [12].

Based on the fascinating spectra illustrated by sillenites compound, in this work we have
focus primarily on dielectric, electric and optical feature of a new multication oriented sillenite
Bi12Mny sFe0.25Ni0.25020-5 with the expectation that the aliovalent substituents Fe and Ni at M site
with Mn disturbed the local symmetry through the creation of defect/oxygen vacancy, which

influence the dielectric and associate property of the investigated sillenite material.

Experimental Techniques:

The new  aliovalent substituted sillenite = based compound, namely
Bi12Mno sFeo.25Ni0.25020-5 was synthesized through a standard solid oxide route process. High-
purity analytical reagent-grade oxides (around 99.99% purity) supplied by Loba Chem. Pvt.
Ltd. were employed, namely Bi2O3, MnO,, FeoO3; & NixOs. The proportions of these raw
materials were calculated based on a general stoichiometric equation as shown below to obtain

the desired composition.

6 Bi,03 + 0.5 MnO; + 0.125 Fe;O3 + 0.125 N12O3 ------- - BiixMny sFep25Nig25020-5



The required amounts of these precursors were precisely weighed using a digital
balance with an accuracy of up to three decimal places. Afterwards, the mixture was manually
ground in air for approximately 1-2 hours, followed by wet grinding with methanol until
thoroughly dried, utilizing a mortar pestle set. The homogenized mixture was transferred into a
clean crucible of alumina and heated using a programmable high-temperature furnace under
controlled conditions in a sequential manner. After completion of calcinations process at

800°C, the product was collected as a dense mass and reground into fine powder.

To explore the crystallinity and phase purity, the calcined sample was analyzed using
an X-ray diffractometer (Rigaku model) and Fullprof Reitveld refinement software within the
specific diffraction angle range 20°-80°. Further conformation of sillenite phase and
involvements of various modes of vibrations were identified through Shimadzu: IRAffinity -1S
FTIR spectrometer. UV—Visible absorption measurements were performed using a Shimadzu
2600 spectrometer to determine optical response and estimate the energy band gap. For
dielectric/impedance characterizations, part of the processed powder was pressed into
cylindrical pellet (=10 mm diameter and 1.5 mm thickness) using PVA as a binder and a

pressing machine.

The pellet was then sintered at around 850°C for five hours to achieve densification and
complete removal of the binder. Before conducting the dielectric or conductivity tests, both
sides of the pellet was coated with high-purity silver adhesive, followed by oven drying at
100°C for around 1 hour. The dielectric features were then examined using an impedance
analyzer meter in the frequency range of (0.1 to 5000) kHz, over wide range of temperature.
The leakage current (I-V characteristics) was measured using a Keithley electrometer from
25°C — 300°C. Magnetic properties were further examined employing a vibrating sample
magnetometer (VSM) to assess magnetic order/disorder phenomena at ambient conditions. The
morphological and compositional spectra of the powder sample were carried out at ambient

condition through ZEISS Gemini 300 model equipped with OXFORD EDX meter.

Structure Analysis:
The Fullprof Reitveld analysis of experimental XRD data of the synthesized sample (as

depicted in Fig.1(a)) confirmed the formation of new sillenite structure namely



Bi12Mnyg sFe0.25Ni0.25020-5 with usual cubic symmetry (space group = /23) and lattice parameters
‘a’ = ‘b> = ‘c’ = 10.105 A. Besides one impurity phase namely Fe,Os is identified with structural
symmetry cubic (space group = Fd3m) and lattice parameters ‘a’ = ‘b’ = ‘c’ = 8.33 A. The
percentage contribution of phase 1 (Sillenite) and that of phase 2 (Fe>Os3) in the synthesized
sample is found to be 86.85 % and 13.15 % respectively. The information of Bragg’s planes and
Bragg’s angles obtained for both the phases for the synthesized sample is illustrated in Table 1.
The detailed atomic positions along with the cell parameters obtained through refinement for
both the phases and also the schematic structural configuration developed through VESTA
software is illustrated in Table 2 and Fig. 1 (b) respectively. The value of the reliability
parameters and (chi)?, that is, Rp (%) = 9.05, Rwp (%) = 15.95, Rexp (%) = 12.11, * = 1.74 |
obtained through Reitveld refinement clarifies the goodness of fit as well as the great
resemblance between the experimental and fitted data.

To extract the information of crystallize size and lattice strain in the synthesized sample,
the XRD data is fitted through Williamson-Hall equation p Cos0 =4 € Sin0 + k A/D [13] (where
B = Full width at half maximum, 6 = Bragg’s angle, ¢ = Lattice strain, A = Wavelength of
incident X-Ray = 1.5406 A & D = crystallize size) as illustrated in Fig. 1 (c). Based on the
goodness of fit, the value of crystallize size and lattice strain is estimated to be 1.344 nm and
0.0162 respectively.

SEM & EDX spectroscopy:

The morphology of the investigated sillenite sample analyzed through scanning electron
microscopy (SEM) at room temperature (as depicted in Fig. 2 (a)) clarify the polycrystalline
nature of the sample filled with agglomerated grains, minimal intergranular space and blocky
morphology. Besides, the appearance of mixed shape grains indicates the different grain growth
rate governed by anisotropic surface energy in the sample. The dimension of the grains is found
to lie in the range 100-1200 nm with average grain size estimated through fitting a Gaussian
distribution curve on the histogram plot (as shown in Fig. 2 (b)) is 255.06 nm. In many sillenite
samples such type of morphology is reported to arise due to high temperature solid route
synthesis as well as doping of transition metal ions [12,14].

The compositional analysis carried out through EDX spectroscopy (as shown in Fig. 2
(c)) clarified the involvement of primary raw elements namely Bi, Mn, Fe, Ni and O without any

trace of foreign elements in the synthesized sillenite sample. Besides, the color mapping of EDX



spectra (as depicted in Fig. 2 (d)) suggest uniform distribution of the elements throughout the
surface without any sort of clustering.

FTIR spectroscopy:

The investigation of various involved modes of vibrations as well as conformation of
sillenite phase in the synthesized sample is conducted through FTIR spectroscopic technique.
The FTIR spectrum of the inspected sample consists of a wide range of dips extending from (400
- 3744) cm™! as illustrated in Fig. 3. The clustering of peaks appear in the low wave number
range (400 - 600) cm™! is a characteristic signature of phonon initiate lattice mode of vibrations
arise due to distortion of Bi-O-M (where M = Mn, Fe & Ni) network through the incorporation
of transition metal ions Fe & Ni at the tetrahedral site of the sillenite phase [15,16]. The band
appears in the range (409 - 447) cm™! assigned to internal Bi-O-Bi stretching and Bi-O bending
vibrations in Bi-O polyhedra. The overlapping of O-Bi-O deformation modes with weak M-O
bond in the tetrahedron site correspond to the bands in the range (460-478) cm™. The band
appears in the range (484 - 509) cm™! assigned to Bi-O stretching in BiO5 polyhedra. The strong
Bi-O-M bending modes of vibration trigger the bands in the range (523-532) cm’!. The dip
appears in the range (560 - 594) cm™ are the signature bands of transition metal based sillenites
triggered through the vibration of Mn-O/Fe-O/Ni-O bonds at the tetrahedral sites [15]. The band
at 1040 cm™! arises due to extended M-O stretching of the distorted BiOs polyhedron through the
asymmetric substitution of Fe and Ni in the sillenite network. The bands in the range at (1416 -
1800) cm™! are expected to arise due to weak overtone/asymmetric carbonate stretching through
the reaction of atmospheric CO> with surface KBr hydroxy sites [17]. The bands at 3296 cm™
and 3744 cm’! are expected to arise due to broad O-H and M-OH stretching on the KBr pellet
surface respectively.

UV-Visible spectroscopy:

The optical response of the synthesized sillenite material under investigation is analyzed
through UV-Visible absorbance spectra in the wavelength range 0 to 2500 nm as depicted in the
Fig. 4 (a) .The strong absorbance band appearing in the UV-Visible spectra in the UV range at
around 317 nm is significantly due to the absorption edge of Bi triggered through the transition
of charge carriers from the fully filled O(2p) orbital at valence band to empty Bi (6p) orbital at
conduction band [15,18]. Such observations illustrate strong UV response of the material in the

defined wavelength range.



Further the energy bandgap (Eg) of the investigating sample is estimated using Tauc

equation (ahz?)l/ n=A(h9 —E,) [19]. As sillenite based materials generally undergo direct
allowed transition so the value n is considered as 2 . The E, value is extracted from the Tauc
plot (as shown in Fig. 4 (b)) through extrapolating the tangent line from absorbance onset region
to (ah¥)? = 0 axis and is found to be 2.31 eV. The bandgap of the investigating sample is found
to reduce compared to pure Bii2MnO»g sillenite is significantly due to induction of some
intermediate bands through hybridization interaction between Fe**/Ni** 3d-orbitals and O*/Bi**
2p-orbital, enhanced visible harvest [18]. Such observations illustrate the suitability of the
synthesized sillenite material for photocatalytic application as it displays strong UV light
absorption plus visible light sensitivity along with narrow bandgap.

Dielectric features:

Dielectric spectroscopy serves as a powerful technique for exploring the complex
interplay among various polarization mechanisms—such as electronic, ionic, dipolar, and space
charge polarizations—that collectively govern the dielectric behavior of materials. To examine
these effects, the variation of the dielectric constant (&;) with frequency at different temperatures
was analyzed for the synthesized sillenite Bij2MnosFeo.25Ni0.25020-5 compound, as depicted in
Fig. 5. A prominent decrease in & with increasing frequency was observed, a feature typical of
dielectric dispersion. This decline can be attributed to the gradual inability of dipoles and charge
carriers to follow the rapidly alternating electric field at higher frequencies, whereas at lower
frequencies, their alignment with the applied field yields relatively high &: values. In the
investigated sample, the 6s® lone pair electrons of Bi based oxides are not generally symmetric,
they can disturb/weakens the centro-symmetry alignment of the crystal through the creation of
local dipoles which later can enhanced the dielectric response of the compound by align
themselves along the direction of applied electric perturbations.

The dielectric behavior in the investigated sample also aligns with the Maxwell-Wagner
interfacial polarization model, which attributes the high & values at low frequencies to charge
accumulation at grain boundaries. As frequency increases, these trapped charges are unable to
respond effectively, leading to reduced carrier density and a fall in &;. Additionally, the enhanced
dielectric response with temperature in the investigating material is also attributing through the

hopping of polarons due to the involvement of multivalence ions like Fe, Mn and Ni. Besides the



substitution of aliovalent cations like Fe*" & Ni** in the tetrahedral site of sillenite with Mn*" ion
can leads to the creation of oxygen vacancies which also attribute towards enhancement of
dielectric of the sample through triggering the ionic polarizability and forming defect-dipole in
the system [20,21].

Impedance spectroscopy:

A very useful analytical technique, namely complex impedance spectroscopy (CIS),
isused to investigate the relationship between a material's electrical response and its
microstructural characteristics. CIS enables the separation of contributions from grains, grain
borders, and electrode interfaces to the overall impedance by applying an external electric field
and observing the resulting response across a range of frequencies and temperatures. Thus, this
method offers a more profound comprehension of the material's charge transport and relaxation

phenomena. The complex impedance activity of the material is analyze using the expression,

7*=7'+iZ",

Where the real and imaginary components are given by

Z"=-oRC/(1+w1?) &Z'=R/(1 +®*1?)

Figure 6 (a) illustrate the variation of the real part of impedance (Z') with temperature
and frequency in the depicted range 75°C to 350°C. This variation provides important
information regarding the electrical behaviour of the sillenite compound under investigation. The
sigmoidal variation of Z' indicates the presence of multiple polarisation mechanisms operating
within the material. It is nearly constant in the low frequency range up to 1 kHz, then begins to
fall with frequency enhancement and nearly reaches saturation at very high frequencies > 1
MHz. A drop in the density of trapped charges at grain boundaries is linked to the observed
decline in Z' with increasing frequency and temperature, suggesting a decrease in resistive
barriers to charge transport. Additionally, the lowering of potential barriers and consequent
release of space charges are reveal by the convergence of Z' curves at higher frequencies across
various temperatures. This behaviour demonstrates the material's thermally activated conduction
mechanism and intricate polarisation dynamics, confirming its Negative Temperature Coefficient

of Resistance (NTCR) property.

As shown in Fig. 6 (b), the fluctuation of the imaginary part of impedance (Z") with frequency

shows a prominent peak at a specific frequency called the relaxation frequency, after which Z"



steadily falls with increasing frequency. This peak behaviour indicates that the sillenite
compound under investigation has relaxing processes. The Z" peak systematically moves
towards the higher frequency area as the temperature rises, indicating a thermally induced
relaxation process. A distribution of relaxation times is confirmed and the non-Debye nature of
the relaxation phenomena is established by the observed broadening and asymmetry of the
relaxation peaks as well as the increase in Full Width at Half Maximum (FWHM). Several
dynamic mechanisms can be responsible for this behaviour, with oxygen vacancies or defect
states playing a major role at higher temperatures and mobile charge carriers predominating at
lower temperatures. Z" curves eventually merge in the high-frequency domain, regardless of
temperature, suggesting that space charge polarisation has less of an impact at higher

frequencies.

To evaluate the respective response of grains, grain boundaries and electrodes in
governing the impedance behavior of the investigated sillenite sample, Nyquist plots (Z" versus
Z' graphs) were analyzed at various temperatures, as illustrated in Fig. 6 (c). The obtained plots
display depressed semicircular arcs, indicating a deviation from ideal Debye-type relaxation and
confirming the non-Debye nature of the electrical response. To establish a correlation between
the electrical characteristics and the microstructural attributes, the Nyquist spectra were modeled
using different RC equivalent circuits via the ZSIMWIN simulation software, as shown in the
inset of Fig. 7. To account for the deviation from Debye behavior, a constant phase element (Q)
was incorporated into the circuit model. The experimental data for the investigated sillenite
compound in the temperature range (75°C - 150°C) exhibited an excellent fit with an equivalent
circuit consisting of (CQR) and (CR) connected in series, suggesting predominance of grains and
grain boundaries contribution while in the temperature range (175°C — 350°C), the better fitting
is obtained with three equivalent circuits (CQR), (CR) and (CR) connected in series, suggesting

the involvement of grains, grain boundaries and electroding effect [22,23].

Modulus spectroscopy:

To obtain a thorough grasp of the electrical, relaxation, and transport properties of the
material under study, the modulus spectroscopic approach was utilised. By differentiating
between components with identical resistance but different capacitance, this method effectively

reduces the impact of electrode or grain boundary effects. A better understanding of the



material's bulk electrical behaviour is made possible by this suppression. The frequency-
dependent variation of the real part of the electric modulus (M’) at specific temperatures in the
sillenite compound under investigation (Fig. 7 (a)) shows that M’ stays almost constant in the
low-frequency region (< 10 kHz), confirming the minimal contribution of electrode effects. At
higher frequencies (> 10 kHz), however, a noticeable dispersion in M’ spectra suggests that
short-range mobile charge carriers actively participate in the conduction process. This behaviour
is explained by the enhanced mobility of charges under the influence of an external
perturbation due to the lack of a restoring force.

As shown in Fig. 7 (b), the frequency-dependent fluctuation of the imaginary component
of the electric modulus (M") at various temperatures provides important information about the
material's relaxation dynamics. The existence of relaxation processes is confirmed by the
observation that M" rises with frequency and reaches a peak (M"max) at a particular frequency.
With increasing temperature, this peak shifts toward the higher frequency region, signifying a
transition of mobile charge carriers from long-range to short-range motion and suggesting a
thermally activated hopping conduction mechanism. The temperature-dependent variation in the
height and position of the relaxation peak further implies a change in the material’s capacitance.
Moreover, the asymmetric broadening of M" spectra with rising temperature supports the
presence of non-Debye type relaxation behavior, indicating a distribution of relaxation times
within the system [24,25].

AC conductivity:

The conductivity spectra of the investigated sillenite compound, namely
Bi12Mno sFeo.25Ni0.25020-5, 1s found to consist of two regions (i) Flatter region (DC conductivity)
and (i1) sharply raising frequency dependent region (AC conductivity) as depicted in Fig. 8. The
observed variation of conductivity spectra is consistent with universal Jonscher’s law followed
by the equation 6 (®) = c4c + A®" [26]. In the investigated sample, the observed enhancement of
conductivity at elevated frequency is due to the substitution of mixed valence ions namely
(Fe**/Fe?") and (Ni**/Ni*") which can introduce some shallow energy level to boost the hopping
conduction of charge carriers through reducing impedance [27,28]. Besides the enhancement of
conductivity with temperature, it is noticed that the slope of the conductivity spectra increases
with enhancement of temperature. Such observation suggest enhancement of hopping frequency

with temperature. As temperature rises, the thermally activated charge transporter easily
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overcomes the barrier field, resulting in enhancement of hopping frequency along with
conductivity. In the investigated sillenite compound, the substitution of Fe*" and Ni** can distort
the oxygen sublattice, promoting the polaronic conduction mechanism in the system through
enhancing the hopping probability of polarons between the localized sites [27,28].

Leakage current and temperature sensor:

The leakage feature and type of carriers participate in the conduction mechanism is
investigated through analysis the variation of leakage current (I) with applied voltage (V) as
depicted in Fig. 9. It is noticed that the leakage current is increasing in non-linear manner with
applied voltage. Such observation is pointing towards the investigated material’s semiconducting
character. Besides it’s also found that the non-linearity of the sample is enhanced further with
temperature. The involvement of multivalence ions like Fe and Ni in the investigated sample
boosting the carrier transportation via electron hopping between Fe**«» Fe?" and Ni*"«>Ni**,
which elevates the leakage current in the present investigated sample. The involvement of
multivalence ions can also make the system n-type. Besides the NTCR type conduction feature is
once again clarify through I-V investigation. The NTCR feature of the investigated material also
opens up the possibility for temperature sensor oriented application like thermistor. To check the
possible application towards thermistor, the variation of resistance (R) with temperature (T) is
investigated as depicted in Fig. 10 through incorporating Steinhart Equation In R =In Ro + B
(1/T — 1/To) [13,29], where B is thermistor coefficient and other symbol possess their usual
meaning. In addition, the temperature sensitivity factor (o) of the investigated material is
extracted from the Fig. 12 using the relation Rt = a exp (1/T) [29]. The value of B and a for the

investigated sample are found to be 4157.3 Kelvin and — 0.241 respectively.

Magnetic feature:

The magnetic ordering/disordering in the investigated sillenite compound is inspected
through study the variation of magnetic moment per unit mass with applied magnetic field in the
range — 15000 Oe to + 15000 Oe as depicted in the Fig. 11. The investigation reveals the
inspected sillenite compound exhibit weak ferromagnetism with retentivity Mg = 0.0050 emu/gm
and coercivity Hc = 115.84 Oe. Pure Sillenite materials are generally classified as weak
paramagnetic in nature, the emergence of weak ferromagnetism in the synthesized sillenite

compound must associated directly/indirectly with the substitution of transition metal ions Fe**

11



and Ni*" in the host environment. The substitution of Fe*" and Ni** at the Mn** site can induce
spin canting according to Dzyaloshinskii-Moriya (DM) interaction mechanism [30,31], leading
to weak ferromagnetic channel within local environment. As sillenites are prone to forming
oxygen vacancies during cation substitution at Mn site, it is expected to cause valency
fluctuation in Fe and Ni which later can trigger double exchange interaction path via Fe**-O-
Fe*" and Ni?*-O-Ni** causing weak ferromagnetism in sillenite.

In the investigation of M-H curve for the inspected sample, it is observed that saturation
in magnetization is not arising even at = 15000 Oe applied field. To extract the saturation
magnetization and other associated parameters, we have incorporate Law of approach to
saturation (LAS) method [32,33] through fitting the experimental data (as shown in Fig. 12)
with some of the standard LAS models such as

Akulov's Model: M = M [1-b/H?]......ccomnrrvvceerrrrree (1)

Neel's Model: M = M;[1- a/H-b/H?]................. (1)

Brown's Model: M = M;[1- a/H- b/H*] + ¢ H....... (111)
Grosinger's Model: M = M;[1- a/H- b/H?- ¢/H*] + y H........ (Iv)

Here, a, b & c represents empirical fitting coefficient associate with non-linear response
of magnetic moments as an inverse power of applied magnetic field H. The symbol y represent
magnetic susceptibility, which assign the linear response of magnetic moments with applied

magnetic field H in the high field regime.

Through the fitting of experimental data, it is noticed that Akulov’s model is derivates
from the concept of saturation. Although the deviation is found less for Neel’s model and Brown
model, but the better fitting is obtained for Grosinger’s model with (chi)* value 1.474 x 107. The
detailed values of the parameters obtained through fitting of aforesaid model are tabulated as

depicted in Table 3.

Conclusion:

The present investigation established a successful synthesization of a new aliovalent
substituted Bi:2MnO2o sillenite-based oxides through an optimized solid-state reaction at 800°C.

Comprehensive structural analysis via Rietveld refinement unequivocally confirms the formation

12



of the compound with cubic symmetry (space group /123, a=b = ¢ = 10.105 A) with excellent
reliability (R, = 9.05%, Rywp = 15.95%, Rexp = 12.11% and y* = 1.74), complemented by
crystallite size 1.344 nm and lattice strain 0.0162 extracted through Williamson-Hall plot. The
morphological analysis through SEM/EDX and FTIR analysis unequivocally validate phase
purity, polycrystallinity, elemental stoichiometry (Bi, Mn, Fe, Ni, O), and characteristic phonon-
lattice modes of vibration (400600 cm™). UV-Visible spectroscopic analysis highlights
reduced direct bandgap (2.31 eV) of the synthesized sillenite compound, signifies enhance
photodetection/photocatalytic abilities relative to undoped Bi:2MnOzo. The Dielectric/Electrical
characterization reveals a strong dielectric response aligned with the Maxwell-Wagner model,
featuring temperature-dependent polaron hopping, sigmoidal multi-polarization (Z'), non-Debye
relaxation (Z"), and NTCR feature, with conduction mechanism align with Jonscher's power law
and dominated by short-range carriers at high frequencies. While I-V characteristic spectra
confirms n-type semiconductivity boosted by multivalent ions, with NTCR thermistor feature (3
= 4157.3 K) extracted through Steinhart-Hart equation. Weak ferromagnetism with Mg = 0.005
emu/g, He = 115.84 Oe and M = 0.839 emu/g emerges through double exchange interaction
trigger via Fe/Ni substituent. The interconnected structural, electrical, optical and magnetic
feature of the synthesized sillenite sample make it a preferable candidate for multifunctional

applications especially in photodetectors, precision thermistors.
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Fig. 1 (a): Reitveld refined XRD profile of the investigated Sillenite sample
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Fig. 1 (b): Schematic structural configuration of the investigated Sillenite sample
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Fig. 1 (c): Willamson-Hall plot of the investigated XRD data

Mag= 50.00KX WD = 9.5 mm

Signal A= InLens

Fig. 2 (a): SEM morphology of the inspected Sillenite sample
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Fig. 2 (b): Histogram mapping for the grain size of the investigated Sillenite sample
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Fig. 2 (c): EDX spectra of the investigated Sillenite sample
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Fig. 2 (d): Color mapping of involved elements in the inspected Sillenite sample
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Fig. S: Dielectric spectra of the investigated sillenite sample
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Fig.6 (a): Variation of Z' with frequency in the specific temperature range for investigated sillenite sample
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Fig. 6 (c): Nyquist spectra of investigated sillenite sample
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Fig. 7 (a): Variation of M' with frequency in the specific temperature range for investigated sillenite sample
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Fig. 7 (b): Variation of M'' with frequency in the specific temperature range for investigated sillenite sample
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