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A B S T R A C T

This study explores influence of duration of thermal-treatment for tuning structural,magnetic,dielectric response 
of nano-MgFe2O4 produced via sol-gel-auto-ignition. XRD(X-ray-diffraction) confirms nano-crystalline-spinel- 
phase growth, grain sizes ranging from 25.3 to 49.3 nm following annealing at 500 ◦C for 1–3 h. Structural 
analysis reveals a non-monotonic variation in lattice parameter, and progressive grain growth. Magnetic char
acterization indicates enhanced A-A, A-B super-exchange-interaction, weakened B-B exchange, leading to 
decreased Néel magnetic moment. Cation redistribution shows, increased Mg²⁺ and reduced Fe³ ⁺ at the B-site, 
altering the oxygen positional parameter and inversion degree. EDS validates that Fe,Mg,O are present in the 
studied samples. SEM images confirm particle-aggregation, irregular size- dispersal of particles, owing to sam
ples’ magnetic-nature. Mössbauer spectroscopy reveals two magnetic-sextets corresponding to Fe³ ⁺-ions at A,B- 
sites, with isomer shift values confirming the +3 oxidation state. A non-magnetic doublet (~23%) is attributed to 
a spin-disordered shell region. Frequency-dependent-dielectric-measurements show decreasing dielectric- 
constant (ε′,ε″),losses, while AC-conductivity(σac) increases notably, follows power-law behavior. Impedance- 
analysis clearly show grain-boundaries govern dielectric-response at high frequencies. The Nyquist plot analysis 
reveals fitted equivalent-circuit parameters (grain resistance Rg and grain-boundary resistance Rgb) that decrease 
progressively with annealing time, confirming improved charge transport across grain boundaries. The thermal 
annealing time–controlled evolution of structural,magnetic,dielectric properties indicates the suitability of Mg 
nanoferrites for microwave-device-applications.

1. Introduction

Ferrimagnetic spinel-nanoferrites form a versatile family of materials
that are valued by a wide array of advanced applications, including 
radiofrequency technologies, high-density-storage-devices, photo- 
catalysis, water-remediation, biomedical-applications [1–8]. Key factors 
such as the compositional-modifications, synthesis-protocol, by intro
ducing metal-ions(e.g.-Mg,Zn,Ni), annealing conditions, 
cationic-distribution,grain-size must be carefully optimized [9,10] to 
enhance their properties, thereby expanding their utility in various do
mains. Among these, Mg-ferrites have gained considerable attention, 

particularly for their biocompatibility, low-toxicity, makes them an 
ideal candidate for bio-medical-uses [11,12]. Mg-nanoferrites exhibits 
partly-inverted-spinel-structure, wherein Mg2 +,Fe3+ are present with an 
unequal distribution on A, B sites [1,13]. Studies showed that the dis
tribution of cations in Mg-nanoferrites can be tuned by using suitable 
synthesis parameters [13,14]. Extensive studies on Zn, Co–Zn, Ni, 
Ni–Zn, Mn, Mn–Zn, and Mg ferrites have established that synthesis re
action temperature [15], cation substitution [16–18], post-synthesis 
thermal treatment [19–22], pH conditions [22], 
temperature-dependent magnetic properties [23], and ion irradiation 
[24–30] markedly influenced by their structural evolution. These factors 
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induce changes in crystallinity, cationic-redistribution between 
tetrahedral(A),octahedral(B)-sites, thereby tunes their structural, mag
netic, and dielectric properties of ferrites [22]. Structural-modifications 
get reflected in variations of oxygen positional parameters, grain size 
[25,27], inversion degree, lattice parameters, and magnetic 
interactions.

However, the existing literature primarily reports studies focused on 
post-synthesis thermal treatments employing different annealing tem
peratures to tune structural, magnetic, and dielectric properties through 
cationic redistribution [13–34]. Comparatively, limited attention has 
been paid to investigations in which annealing is carried out at a fixed 
temperature for varying durations, despite the potential of annealing 
time to induce optimized modifications in structural and magnetic 
behavior. Unlike temperature-variable studies that alter multiple ther
modynamic parameters simultaneously, a fixed-temperature time-
variable approach uniquely isolates the kinetic evolution of grain 
growth, cation site redistribution, and defect annealing, thereby 
enabling controlled tuning of functional properties without changing the 
activation energy landscape. In this context, present work examines 
annealing-time-dependence of structural,magnetic,dielectric-properties 
of MgFe2O4 system. A comprehensive correlation among these proper
ties is established using Scanning Electron Microscopy, EDS: Energy 
Dispersive Spectroscopy, structural, magnetic, Mössbauer, dielectric, 
and impedance spectroscopy data. Recent advances in dopant engi
neering of spinel ferrites have demonstrated that carefully selected 
substitutions lead to distinct property enhancements. For instance, 
Sulamani et al. explored the impact of Zn ferrite and carbon dots on 
structural, morphological, and magnetic properties [35]. Farooq et al. 
studied chromium-substituted cadmium post-spinel ferrites [36]. Batool 
et al. reported on Li₀.₅CexFe₂.₅₅ₓO₄ ferrite systems [37]. GM et al. 
investigated Cd-substituted CrCdxFe₁₅ₓO₃ ferrites [38]. Irfan et al. 
explored n-doped Cd–Mg spinel ferrites with composition Cd₀.₅₅ₓMg₀. 
₅ZnxFe₂O₄ [39]. Furthermore, Ga doping has been shown to significantly 
affect spinel ferrite properties [40]. These studies collectively under
score the importance of dopant choice in governing functional proper
ties. In the present study, the focus is on pure MgFe₂O₄ where the 
annealing duration itself acts as the tuning parameter, offering a 
synthesis-independent route to property optimization. A dedicated 
comparison of the present study with recent literature on annealing-time 
and annealing-temperature-dependent MgFe₂O₄ ferrites is provided in 
the form of Table 1, clearly highlighting the novelty of the 
fixed-temperature, variable-time approach.

2. Experimental details

Mg-ferrite(MgFe2O4) were made through sol-gel-auto-ignition, taking 
AR-grade-acetates-citrates-nitrates, with pH7, metal-salt:fuel-ratio 1:1. 
Further heating of mix at ~ 110 ℃ gives dry-gel (referred as M0 in figures 
and tables). Prepared dry gel samples were subjected to isothermal treat
ment in air at 500 ℃, for 1, 2 and 3 h (referred as M1, M2, M3 in figures 

and tables) respectively. Room temperature XRD-data was acquired by 
diffractometer(D2-Phaser), that used Cu-Kα-radiation:λ-0.15418 nm, 
analysis by MAUD(Materials-Analysis-Using-Diffraction)-software [42] 
gave lattice-parameter(aexp),x-ray-density(ρxrd) [43]. W-H:(Wil
liamson-Hall) method [44] gives grain-diameter (DW-H), strain. Dislocation 
density (ρD), specific-surface-area(S), obtained by DW-H [45]. Scanning 
electron microscopy (SEM) and coupled with energy-dispersive X-ray 
spectroscopy (EDS) was employed to examine the surface morphology and 
elemental composition, respectively, while particle-size distributions were 
determined using ImageJ software [46]. High-resolution transmission 
electron microscopy (HRTEM) in copulation with EDS was further 
employed to examine the nanoscale morphology, elemental composition at 
nanoscale and lattice fringes, with selected-area electron diffraction 
(SAED) analysis used to confirm the crystalline nature and phase structure 
of the samples. Constant-acceleration-mode-Mössbauer-spectra taken at 
room-temperature, utilizing 57Co:Rh source, using α-Fe-calibration. 
Mössbauer-spectra-analysis done via NORMOS-SITE-program [47], 
assuming two-overlapping-sextets representing tetrahedral-A,B-octahedral 
sites, along with non-magnetic-doublet. Coercivity(Hc)saturation- 
magnetization(Ms),anisotropy-constant(K1),squareness-ratio(Mr/Ms),first-
derivative(dM/dH) are obtained at room-temperature by Vibrating- 
sample-magnetometer(Lakeshore-Model-7410). Dielectric parameters: 
ε',ε'', tan [[___]]#948; (loss-tangent), σac (AC-conductivity) of pellets 
(10 mm diameter) as the dielectric medium, were measured in 
frequency-range 100Hz-1MHz by Agilent-Technologies-LCR-meter- 
E4980A. Bertaut-method [48] provides cationic-arrangement, by match
ing obtained-calculated-intensity-ratio from (422),(400),(200)-planes. This 
approach reveals how cations are distributed across the A, B sites. It is 
acknowledged that the Bertaut analysis provides an estimate of cation site 
occupancy based on XRD intensity ratios; more definitive site-occupancy 
determination would require neutron diffraction, Mössbauer quantitative 
fitting, or XAS. In the present work, Mössbauer spectroscopy provides 
complementary support for the cation distribution model by confirming 
hyperfine parameters at A and B sites. Optimal cationic-distribution on A,B 
sites, determined by aligning theoretical-experimental-intensity-ratios is 
used to get theoretical-magnetization(Ms(th)) at 0 K or Néel-magnetic- 
moment(nN) [43]. Formulae [33,34,49,50] used for calculation of struc
tural, magnetic, dielectric parameters are given in the “Supplementary 
Material”.

3. Results and discussions

3.1. Structural analysis

XRD-patterns (Fig. 1(a,b)), and corresponding Rietveld-refined pro
files, confirm single-phase-spinel-nanoferrite-formation. Table 2 gives 
refinement-factors(R-factors);low-goodness-of-fit(GOF)-values show 
reasonable-refinement-quality revealing structural evolution induced by 
variation of annealing time. Fig. 1(a) (left-inset) provides magnified 
view of 311-peak, which reveals peak-shift toward lower-2θ-values, 

Table 1 
Comparison of the present study with recent literature on annealing-time and annealing-temperature-dependent MgFe₂O₄ ferrites.

Study System Focus Key Findings Difference from Present Work/ Key 
distinctions

Ref.

Present Work MgFe₂O₄ Annealing time at 
fixed T = 500◦C

Grain growth 25.3–49.3 nm; cation redistribution; enhanced 
AB/AA, weakened BB exchange; CBH conduction

Fixed-T, variable-time approach; full 
impedance & Nyquist analysis

—

Tangcharoen 
(2024)

MgFe₂O₄ Annealing 
temperature

Enhanced ferromagnetism with T Temperature-variable only; no time- 
dependent study

[20]

Hussein et al. 
(2015)

MgFe₂O₄ (EDTA 
sol-gel)

Structure & magnetics 
vs. T

Ms and Hc tuning with calcination T Different synthesis; no dielectric/ 
impedance analysis

[21]

Khirade et al. 
(2020)

Mg-Zn ferrite Ceramic vs. sol-gel 
route

Physical properties comparison No time-variable annealing; no 
Mossbauer

[88]

Irfan et al. 
(2024)

Cd₀.₅₅ₓMg₀.₅Znx 
Fe₂O₄

Zn/Cd substitution n-doped Cd-Mg spinel properties Composition-variable, not time- 
annealing

[39]

Kane et al. 
(2025)

MgFe₂O₄ Annealing 
temperature

Temperature-driven structural/dielectric changes Temperature-variable; no fixed-T time 
study

[41]
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indicating moderate-increase in lattice-parameter, suggests unit cell- 
expansion. Lattice-parameter exhibits a non-monotonic-variation 
(Fig. 1a (right inset)), initially decreasing for the sample correspond
ing to the treatment for one hour before approaching increasing values 
for samples annealed for longer durations. These fluctuations in lattice 
parameter are attributable to a rapid reordering of atoms induced by the 
thermal annealing process, as was also reported earlier [50,51]. Addi
tionally, it should be noted that the modification (creation or annihila
tion) of oxygen vacancies during annealing can significantly influence 
the lattice response: the formation of oxygen vacancies is likely to 
induce lattice-dilation (e. g. - due to bond weakening and reduced 
electrostatic interactions etc.), whereas their extinction promotes lattice 
contraction by restoring bond strength, and structural compactness. It is 
also noteworthy that moderate lattice contraction may arise due to 
stress-relaxation, while lattice dilation can further result from bond 
weakening associated with defect generation [51]. 
Average-grain-size-variation (Fig. 2(a)), suggests an increase in 
annealing time leading to bigger grains. This variation can also impact 
the lattice parameter, as evidenced by the similar trends observed in 
both the lattice parameter and grain size with respect to annealing time 
[51–53]. Observed dislocation- density-variation (inset:Fig. 2(a)) can be 
attributed to dislocation absorption due to grain boundary movements 
[54,55]. This corroborates well with dislocation-density-trend with 
annealing time (Fig. 2(b)), whereas the inset shows the increasing 
behavior of strain as a function of the duration of thermal treatment. 
Changes in the strain could be suggestive of; i) variation in the 

concentration of lattice imperfections that depends typically on the 
annealing temperature as well as the time, and ii) growing grains with 
the time varying isothermal treatment. Overall-grain-growth (Fig. 2(c), 
inset) induced by annealing, accompanied by decreasing 
specific-surface-area as isothermal-treatment-duration increases. Fig. 3
demonstrates the trend in bond angles with annealing duration. 
Bond-angles θ1,θ2 give insight into AB interaction: θ3,θ4 reflect the BB 
interaction, θ5 informs on A-A-interaction [56]. In ferrites, 

Fig. 1. (a) XRD-Patterns, with the inset showing: (left panel) a zoomed-in view of the 311 reflection, highlighting the peak shift, and (right panel) the annealing time 
dependence of the experimental lattice parameter (aexp) (b) Rietveld-refined-XRD-patterns.

Table 2 
Rietveld refinement R parameters, (RP:Profile-factor,RWP:Weighted-profile-fac
tor,Rexp:expected-weighted-profile-factor, goodness-of-fit (GOF).

Sample RP (%) RWP (%) Rexp (%) GOF

M0 4.70 5.75 3.91 1.47
M1 4.71 5.84 3.87 1.51
M2 3.31 4.19 3.89 1.08
M3 3.28 4.15 3.88 1.07

Fig. 2. Annealing-time-dependent:(a)DW-H(Inset:ρD-DW-H)(b)ρD(Inset:Strain- 
ann.-time) (c)S(Inset:S vs DW-H).
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magnetic-link among Mg²⁺, Fe³ ⁺ ions occurs through a mediating 
non-magnetic anion (O²⁻). Super-exchange-interaction-strength is 
greatest when bond angle is close to 180◦ between metal-oxygen-metal, 
efficiency of interaction depends on both bond-angle, relative distance 
between magnetic-ions, oxygen [57]. Fig. 3 shows that the bond angles 
deviate from the ideal 180◦ value, suggests modified-super- 
exchange-interactions via reduced-orbital-overlap. For sample treated 
thermally for one hour, θ1,θ2,θ5-values decrease, while increasing θ3,θ4, 
attributable to lattice-parameter-decrease (Fig. 1(a) right-inset), leading 
to improved-overlap between oxygen-p-orbitals,cation-d-orbitals, so 
reinforcing AB,AA interaction, at the cost of concurrent-weakening of 
BB-interaction. After a two-hour thermal treatment, the trend reverses i. 
e. θ1,θ2,θ5 increases, although θ3,θ4 decreases, attributable to 
lattice-parameter-increase (Fig. 1(a) right-inset), which now favors the 
strengthening of the B-O-B interaction. This may be due to the thermally 
induced structural modifications as suggested by the Fig. 4(a), associ
ated with the values of oxygen positional parameter u (which quantifies 
the structural distortion due to the displacement of oxygen anions) deviating 
from its ideal value of 0.375 indicting that oxygen anions are displaced 
thereby modifying cation–anion bond lengths [1,9]. This shift in the 
values of (u) is due to the migration of cations among the octahedral and 
tetrahedral sites (see Table 3). Thus cationic redistribution alters the 
local electrostatic environment thereby affecting the bond angles and 
hence the super exchange interaction as well. It can be seen in Table 3
that Fe3+,Mg2+ reside on A,B-sites, though by thermal treatment Mg2+

starts to populate B sites and Fe3+ on the contrary exhibited a migration 
to A site which in turn affects net-magnetic-moment of sites A, B sug
gested by decreasing Neel magnetic moment (Ms(th) at 0 K) from 2.4µB to 

2µB with the thermal annealing duration as presented in Fig. 4(b).
Fig. 5 depicts EDS patterns, display presence of O,Mg,Fe, weight %, 

atomic % of the elements is given as inset. Left-panel (Fig. 6) gives SEM 
images, while right panel (Fig. 6) shows the particle-size-distribution. 
SEM images given as Fig. 6 (left panel) confirm particle-aggregation, 
uneven particle-size-dispersal, attributed to magnetic-samples [22,58]. 
Obtained average-grain-size lie between 103.84 nm to 178.11 nm. 
Variation of crystallite size among SEM, XRD is attributable to aggre
gation, due to the magnetic-samples. Distribution-width range between 
35 nm to 96.05 nm, is an indicator of the uniformity of the particles, and 
its lower value reveals less-dispersed particle size.

HRTEM analysis was performed to further elucidate the nanoscale 
morphology and crystalline structure of the synthesized material by 
directly visualizing lattice fringes, crystallinity, particle interfaces, and 
elemental mapping at nanoscale resolution, as demonstrated in recent 
studies on ferrite nanostructures [59,60]. The HRTEM images, together 
with the corresponding particle size distribution, and representative (for 
sample M2) nanoscale elemental maps are presented in Fig. 7, while the 
Selected Area Electron Diffraction (SAED) indexed patterns and 
lattice-fringe images are presented in Fig. 8. The particles exhibit a 
nanoscale morphology with an average crystallite size ranging from 
11.7 nm to 24.76 nm, providing complementary confirmation of the 
nanoscale crystalline nature of the material. The HRTEM images provide 
direct visualization of well-resolved lattice fringes, with the measured 
inter-planar spacing corresponding to the characteristic (311) plane of 
the spinel ferrite structure. The corresponding SAED pattern displays 
distinct diffraction rings that were indexed to the characteristic crys
tallographic planes of the spinel phase, further corroborating the XRD 
results. Furthermore, the elemental maps demonstrate a homogeneous 
spatial distribution of the constituent elements throughout the examined 
region, indicating good compositional uniformity without any apparent 
elemental segregation. Collectively, the agreement among the XRD 
crystallite size, HRTEM lattice-fringe analysis, SAED indexing, and 
elemental mapping provides strong evidence for the formation of a 
well-crystallized and compositionally uniform spinel ferrite phase.

3.2. Magnetic Properties

Hysteresis loops and the corresponding first order derivatives of 
magnetization (dM/dH) of the samples under study are presented in the 
Fig. 9(a-c) and corresponding magnetic parameters are depicted in 
Table 4. It is worth noting that, the observed cation redistribution is 
consistent with the thermally activated inverse spinel configuration 
trend observed in Mg-ferrites, where prolonged annealing at elevated 
temperatures promotes greater inversion. The reduction in Ms(th) from 
2.4 μB to 2.0 μB with increasing annealing duration arises because Mg²⁺ 
(non-magnetic) displacing Fe³ ⁺ (magnetic, 5 μB) at the B-site reduces the 
net B-sublattice magnetic moment, thereby lowering the overall Néel 
moment according to the ferrimagnetic two-sublattice model (nN = |MB 

Fig. 3. Variation of Bond Angles with annealing time.

Fig. 4. (a) Plot of u with δ, (b) Annealing-time dependence of Ms(th.) at 0 K.
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− MA|). This interpretation is consistent with earlier reports on ferrite 
systems prepared via sol-gel route [61,62]. The double peak behavior 
observed in the first derivative curves indicates that the hysteresis 
response of the studied samples results from the competition between 
exchange interactions and dipolar interactions occurring between the 
nanograins [63]. Width of first derivative curves shown in Fig. 9(c) 
varies between 607.45 – 633.02 Oe. These lower values of FWHM are 
indicating that the studied samples have a uniform particle size [63,64]. 
Switching field distribution (SFD) values for the studied samples were 
determined by using the ratio of FWHM values to the corresponding 
experimentally observed coercive field. SFD values for the samples 
under study varies between 6.25 and 6.35 as shown in Table 5. The 
smaller variation in SFD values suggests that the samples have a uniform 
particle size distribution, meaning there is relatively less variation in the 
sizes and shapes of the nanoparticles [64,65].

Fig. 10 (a) illustrates the effect of the annealing time on the 

saturation magnetization response of the samples under investigation, 
where upper right inset indicates the variation of Ms(th) with annealing 
time and lower inset represents the changes in spin canting angle (αY-K: 
Yafet-Kittle angle, obtained from structural data) as a function of the 
duration of thermal treatment. Experimentally observed magnetization 
behavior and finite values of spin canting angle (αY-K) indicates that 
response of magnetization is administered by Y-K three-sub-lattice- 
model [66–70] as depicted in Fig. 10 (b). Quantitatively, the Y-K 
angle increases from approximately 27◦ to 35◦ with increasing anneal
ing time, reflecting the growing influence of non-collinear spin align
ment at the B-site. This non-collinear arrangement arises because, as 
more Fe³ ⁺ ions occupy the A-site with annealing time, the A-B 
super-exchange interaction strengthens, imposing greater canting on 
B-site spins. Concurrently, the growing dead-layer thickness (Table 4) 
further suppresses the net magnetization, as the disordered surface shell 
does not contribute to long-range magnetic ordering [67–70]. Fig. 11 (a) 

Table 3 
Cationic-distribution, calculated (c)-observed(o) intensity-ratios.

Samples MgFe2O4 A-site B-site I220/I440 I400/I422 I220/I400

c o c o c o

M0 (Mg2+
0.24Fe3+

0.76) [Mg2+
0.76Fe3+

1.24] 0.9271 1.0438 2.1836 2.0923 1.5314 1.6240
M1 (Mg2+

0.23Fe3+
0.77) [Mg2+

0.77Fe3+
1.23] 0.8943 0.9587 2.1410 2.1866 1.5846 1.6401

M2 (Mg2+
0.22Fe3+

0.78) [Mg2+
0.78Fe3+

1.22] 0.7852 0.8233 2.0805 2.1036 1.3820 1.3597
M3 (Mg2+

0.20Fe3+
0.80) [Mg2+

0.80Fe3+
1.20] 0.7189 0.7537 1.9831 2.1126 1.4492 1.3359

Fig. 5. EDS spectra of the studied samples.
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Fig. 6. (Left panel): Scanning Electron Micrographs (Right Panel): respective particle size distribution.
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Fig. 7. HRTEM images, corresponding particle size distribution for the studied samples and representative nano-scale elemental maps for M2 sample.
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Fig. 8. SAED patterns and measured inter-planar spacing from HRTEM analysis.

S.S. Modak et al.                                                                                                                                                                                                                                Next Materials 13 (2026) 103601 

8 



illustrates the magnetization variation with dead- layer, (inset: Ms 

(exp)–average-grain-size). Inset of Fig. 11 (a) shows that annealing time 
strongly influences the structural parameters governing the magnetic 
properties of the system under study. Fig. 11 (b) shows pictographic 
illustration of core–shell structure of nanoferrite, where these is: i) inner 
core with parallel or ordered spin-arrangement; ii) surface (or shell) 
having disordered spins, although core-spin-canting cannot be ruled out 
[68–74]. It is interesting to observe that while spin canting decreases 
with increasing annealing time which should enhance the saturation 
magnetization; but the magnetization actually decreases. This is due to 

Fig. 9. Hysteresis-loops (a,b), (c) Corresponding first derivatives.

Table 4 
Variation of Magnetic Properties with the duration of annealing.

Sample Hc (Oe) (±2) Ms(exp.) (Am2/kg) ( 
±0.5)

Ms(th.) (Am2/kg) ( 
±1)

Mr (Am2/kg) ( 
±0.02)

K1(£103) (erg/ 
cc)

Mr/ 
Ms

Dead Layer Thickness t (nm) ( 
±0.5)

M0 100 19.1 67 4.67 8.94 0.246 3.0
M1 98 17.7 64 4.26 8.22 0.241 4.0
M2 97 17.7 61 4.15 8.12 0.234 6.1
M3 97 17.2 55 4.13 7.89 0.239 5.3

Table 5 
Switching field distribution (SFD) values for the studied samples.

Samples 
MgFe2O4

HC (Oe) ( 
±2)

FWHM or ΔH of 1st derivative 
(Oe)

SFD (ΔH/ 
HC)

M0 100 633.02 6.34
M1 98 609.66 6.23
M2 97 607.45 6.25
M3 97 609.48 6.30
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the increased structural disorder induced spin swaying at the surface 
(shell) of the nanograins, (see Fig. 11 (b)) as indicated by the growing 
dead layer thickness (see Table 4), is responsible for monotonic decrease 
in saturation magnetization values [68–74].

Table 4 indicates that with increasing annealing time the coercive 
field (Hc) values decreases ascribable to the decrease in the anisotropy 

constant (K1) values (Fig. 11(c)). Specifically, K1 decreases from 8.94 ×
10 ³ to 7.89 × 10 ³ erg/cc as the annealing time increases from 0 to 3 h. 
This reduction in K1 is attributed to defect-induced weakening of 
spin–orbit coupling along with surface-related effects, and is consistent 
with the softening magnetic behavior reported earlier for ferrites [62]. 
The reduction in anisotropy constant is also, ascribable to the displaced 
oxygen anions from their ideal position, leading to expansion of tetra
dedral ‘A’, and concurrent reduction of octahedral ‘B’ site. Inset of 
Fig. 11(c) presents coercivity variation with average grain size. Coer
civity variation with average grain size shows its reduction with 
increasing grain size. Coercivity decreases with increasing grain size, as 
described by the inverse dependence of coercivity on particle diameter 
[71–75], is consistent with the reduction in anisotropic behavior of 
nanograins owing to the behavior similar to that of multi domain par
ticles with reduced magnetostatic interaction. This is further supported 
by values of remanance to saturation magnetization ratio ranging be
tween 0.234 and 0.246 [73–75]. It should be noted that spinel ferrites 
generally exhibit long-range ferrimagnetic ordering; however, the pre
sent disorder (u parameter varies as 0.3811 – 0.3814, higher than ideal 
value:0.375, shows higher-disorder in spinel-structure), including oxygen 
vacancies, can give rise to localized short-range magnetic correlations 
[73,74]. This reduction lowers the energy barriers for spin reorientation, 
thereby enabling relatively stronger effective magnetic interactions 
among neighbouring grains, without majorly improving the intrinsic 
long-range magnetic order [73,74].

3.3. Mössbauer analysis

Fig. 12 depicts Mössbauer spectra, for the studied samples, Table 6
gives fitted hyperfine parameters. Based on the literature, the sextet 
observed in the spectra with the higher-internal-field, attributed to A- 
site (indicated using red), while lower value corresponds to B-site 
(shown in blue) [75,76]. The observed isomer shift, which indicates a 
Fe-ion in the oxidation state of 3 + for all the samples, aligns with 
previous studies [9]. The progressive increase in the area fraction of 
sextet-2 (B-site) from 40% (M0) to 53% (M3), alongside the decrease in 
sextet-1 (A-site) from 37% to 25%, provides direct spectroscopic evi
dence of the annealing-time-driven cation redistribution inferred from 
the Bertaut analysis. This cross-validation of structural and Mössbauer 
data strengthens the proposed cation distribution model. Additional 
non-magnetic-component characterized by a doublet (depicted in green 
in Fig. 10) identified with a quadruple-splitting range: 0.61–0.69 mm/s, 
doublet-area∼ 23%. This observation is ascribable to the shell region 
characterized with disordered spins (see schematic in Fig. 11 (b)) which 
does not contribute to the magnetization. One of the important under
lying outcomes of this study is as follows: XRD confirms the presence of 
spinel phase, while Mössbauer being local probe technique, it very 
clearly detects presence of both spinel phase, as well as a non-magnetic 
phase. Thus, combined XRD, Mössbauer, magnetic measurements, offer 

Fig. 10. (a) Annealing time correlation of Ms(th), Yafet-Kittle angle (lower inset): and Ms(exp) (upper inset) (b) Schematic of non-linear Y-K type magnetic ordering.

Fig. 11. (a) Ms(exp) v/s Dead layer thickness (Inset: variation of Ms(exp) v/s 
average size of nano-grains. (b) Core Shell Structure of nano-grain with dead 
layer (c) Hc v/s Anisotropy constant (Inset: Hc as a function of average crys
tallite/grain size).
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enhanced insight on thermal-treatment-influence on magnetic 
properties.

3.4. Dielectric properties

Fig. 13 (a-d) shows frequency-dependent ε',ε",tanδ,σac. Fig. 13 (a) 
illustrates ε' has higher-values, at lower-frequencies of applied electric 
field, for both dry gel and thermally treated samples. With increasing 
frequency of the applied field ε' decreases because electric-dipoles are 
not able to react to changing electric-field. Remarkably dielectric- 
constant increases with annealing time and the sample annealed for 
two hours exhibited fairly high values of dielectric-constant. This may 
be occurring due to thermally facilitated dipole-alignment along 
electric-field, resulting-in dielectric-constant-increase, can be explained 
as composite of relatively conductive-nanograins, separated by less- 
conductive-grain-boundary-regions [77–80]. When an electric field is 
applied, charge carriers migrate more easily through the conductive 
grains, accumulating at grain-boundaries. Charge-accumulation at 
boundaries generates significant-polarization, which in turn enhances 
the dielectric response of the material [77–80].

The low-frequency dielectric response of studied samples can be 
strongly affected by moisture adsorbed from the surrounding 

atmosphere, particularly in the interfacial polarization region. This ef
fect is more significant for the ~30 nm nanoparticles because of their 
high surface-to-volume ratio. Surface defects and oxygen vacancies can 
promote the adsorption of hydroxyl (− OH) groups, followed by the 
formation of additional layers of physically adsorbed water molecules. 
At low frequencies, these water molecules can respond to the alternating 
electric field, producing an additional dipolar contribution and thereby 
increasing the measured real dielectric permittivity (ε′). The adsorbed 
moisture layer can also provide additional surface conduction through 
proton hopping between water molecules. This extrinsic proton trans
port occurs alongside the intrinsic small-polaron hopping between 
Fe2 + and Fe3 + ions. Consequently, moisture adsorption may increase 
the low-frequency AC conductivity and dielectric loss (tanδ). Such 
moisture-dependent dielectric and conduction effects have been re
ported for related spinel ferrites and functional ceramics [81,82]. A 
detailed discussion of surface hydration mechanisms can be found in 
refs. [83–86]. In the present study, all the measurements were therefore 
performed under ambient conditions at 25OC and controlled relative 
humidity to minimize moisture-related effects. Nevertheless, future 
measurements under vacuum or controlled-humidity conditions would 
be useful for clearly separating the intrinsic Maxwell–Wagner 
grain-boundary contribution from moisture-assisted surface polariza
tion and conduction.

Fig. 13 (b and c) represents the frequency dependence of ε", tan δ for 
Mg-nanoferrite samples, which eventually are indicative of electrical- 
energy-absorption being utilized for dipolar-rotations and correspond
ing dissipation owing to relaxation process [77–80]. Additionally, the 
higher values of ε" and tan δ for the sample annealed for 3-hour duration 
appears to be resulting from increased in-homogeneities that can result 
in dielectric-loss as reported earlier [87–89].

It can be seen that ε",tanδ exhibited nearly similar change with fre
quency characterized with slight-absorption, hence observed low-losses 
at higher-frequencies. This may be ascribable to the situation when 
applied-frequency outdo that of hopping of the charge carriers [78,79]. 
Fig. 13(d) shows frequency-dependent σac. At lower-frequencies, the σac 
stays nearly steady. However, with increasing frequency, a significant 
conductivity-increment is observed, that is caused by motion of 
free-bound charges. At high-frequency, primary-conduction-mechanism 
governed by charge-carrier-tunneling, and at lower-frequency, conduc
tivity is influenced by slowed-down-charges through conducting-grains, 
less-conductive-grain-boundary. Grain-boundary offers high-resistance 
(low-frequencies), which decreases for higher-frequencies, ultimately 
contributing to an increase in conductivity [33,79–90]. In current 
samples (see Fig. 13(a, b)), the values of ε″ slightly exceed than those of 
ε′, indicating that the dielectric response is predominantly governed by 
dissipative (conductive) mechanism i. e. an enhancement of σac. 
Furthermore, Fig. 13(c) shows that tan δ values exceeding unity confirm 
the lossy dielectric nature of the system, which is typically associated 
with charge carrier hopping, space charge polarization, and 
defect-mediated conduction, that is also an indicative of the effects 
arising from variations in oxygen vacancy concentration [84–91]. It is 
well known that oxygen vacancies lead to modification in conductivity 
behavior by introducing free charge carriers [91]. In order to further 
establish a quantitative correlation, obtained room temperature con
ductivity (σac) data (Fig. 13 (d)) was fitted using the frequency depen
dence of conductivity described by Johncher universal dielectric 
response law described by: 

σtotal = σdc +Aws (1) 

1st term represents the frequency independent direct current leakage 
conductivity contribution and 2nd term represents frequency dependent 
contribution [92]. Table 7 outlines fitted parameters obtained using 
conductivity data e.g. the value of σdc, temperature dependent dimen
sionless parameter s, the parameter A signifying the polarizability 
strength and corresponding barrier height Wm calculated using s 
parameter. The extracted frequency-independent direct current 

Fig. 12. Fitted Mossbauer-spectra.

Table 6 
Fitted Mossbauer-parameters(Width:Line-width,I.S.:Isomer-shift,Q.S.–quadru
pole-splitting,Bhf:Hyperfine-field, %area:sextet/doublet-area).

Sample Component Width 
(mm/s) 
(±0.02)

IS 
(mm/s) 
(±0.01)

QS 
(mm/s) 
(±0.02)

BHF 

(Tesla) ( 
±0.1)

% 
Area 
(±2)

M0 Sextet-1(A) 0.61 0.31 − 48.5 37
Sextet-2(B) 0.83 0.27 − 45.1 40
Doublet 0.70 0.31 0.69 − 23

M1 Sextet-1(A) 0.57 0.32 − 48.8 33
Sextet-2(B) 0.75 0.28 − 45.5 44
Doublet 0.70 0.30 0.62 − 23

M2 Sextet-1(A) 0.51 0.33 − 49.1 25
Sextet-2(B) 0.79 0.26 − 45.9 53
Doublet 0.70 0.30 0.62 − 22

M3 Sextet-1(A) 0.51 0.33 − 48.9 25
Sextet-2(B) 0.80 0.26 − 45.6 53
Doublet 0.70 0.30 0.61 − 22
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conductivity (σdc) provides a quantitative measure of the relative oxygen 
vacancy concentration, as the charge carrier density is directly related to 
the vacancy concentration according to σdc= 2qμ[V∘∘

O] [91]. As all sam
ples were subjected to annealing at the same temperature, the carrier 
mobility (μ) can be assumed to remain unchanged across the series. 
Therefore, variations in σdc can be attributed primarily to changes in 
oxygen vacancy concentration with annealing duration. This enables 
σdc to be used as a reliable quantitative indicator of annealing time 
dependent relative oxygen vacancy levels, defined as the vacancy con
centration in treated samples (M1, M2, M3) normalized to that of the 
untreated sample (M0). Relative vacancy levels (Vrel

O ) thus calculated are 
also shown in Table 7. Upon initial treatment (for 1 h), σdc decreases 
markedly to 2.246 × 10− 7 S/m, corresponding to a 28.2% reduction in 
relative oxygen vacancy levels, which may be attributed to initial lattice 
relaxation and atmosphere-assisted oxygen vacancy annihilation. 
However, extending the annealing treatment duration to 2 and 3 h re
verses this trend, increasing σdc to 4.215 × 10− 7 S/m and 4.269 × 10− 7 

S/m, respectively. This corresponds to an increase of approximately 
36.4% in relative vacancy levels compared to the untreated baseline 
sample (M0), suggesting that longer treatment durations promote 
various competing processes that includes migration of Mg2+ions to B 
sites (see Table 3) giving rise to localized strain regions which corrob
orates with the observed XRD measurements indicating increasing strain 

with annealing time (Inset: Fig. 2(b)). In order to relieve this internal 
energy system undergoes a stress driven secondary defect generation 
mechanism such as -reduction across the networks of grain boundaries, 
which in turn regenerates a higher concentration of oxygen vacancies 
indicated by 36.4%increase in σdc. Table 7 also shows that hopping 
exponent s(< 0.5), consistently increase within the narrow range from 
0.3724 to 0.4708 with annealing time duration. This implies that the 
migration of charge carriers, driven by translational motion, causes 
correlated barrier hopping to dominate the conductivity in the studied 
samples [81–90], owing to an increase of available 
free-charge-carrier-population, attributed to their decreasing binding 
energies and shorter hopping distances which is further supported by the 
calculated barrier height that systematically decreases (from 0.2931 to 
0.2306 eV) with increasing annealing duration as shown in Table 7 [93,
94]. This decrease in barrier height is suggestive of lowering of hopping 
relaxation time resulting in greater mobility. In the low-frequency re
gion (~100 Hz), highly mobile charge carriers migrate over longer 
distances within the grains but become impeded at high-resistance grain 
boundaries. This conductivity mismatch leads to enhanced Max
well–Wagner space-charge polarization and charge accumulation at 
internal interfaces contributing significantly to conduction loss tan δ 
[78], thus the reduced activation barrier facilitates electron hopping, 
resulting in increased room-temperature dielectric loss at low fre
quencies (see Fig. 13 (a-b)).

3.5. Impedance analysis

Fig. 14 (a) shows frequency dependent Z'. It illustrates that for all 
studied samples, Z' decreases sharply with increasing frequency and be
comes nearly constant for higher frequencies, displaying similar values 
across samples due to the release of trapped charges [41,95–98]. This 
behavior is directly correlated with the microstructural evolution: as 
annealing time increases from 1 to 3 h, the grain size grows from 25.3 to 

Fig. 13. Frequency dependent thermal-annealing time evolution of:(a) ε', (b) ε", (c) tanδ, (d) σac.

Table 7 
Joncher-power-law fitted/calculated parameters.

Samples σdc (S/m) s A (Sm-1rad-n) Wm (eV) Vrel
O

M0 3.129 × 10-7 0.4708 4.9348 × 10-8 0.2931 1.000
M1 2.246 × 10-7 0.4232 7.3291 × 10-8 0.2689 0.7178
M2 4.215 × 10-7 0.3892 1.7949 × 10-7 0.2539 1.3470
M3 4.269 × 10-7 0.3274 3.3325 × 10-7 0.2306 1.3643
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49.3 nm accompanied by a corresponding decrease in dislocation density 
from 0.93 × 1015–0.51 × 1015 m− 2 (Fig. 2(a-b)). Larger grains present 
lower grain-boundary density per unit volume, which reduces the overall 
grain-boundary resistance (Rgb decreases from 255.7 to 92.5 MΩ - see 
Table 8). Concurrently, dislocation density (Fig. 2(b)) decreases with 
annealing time, consistent with progressive defect annihilation during 
isothermal treatment. The combined reduction in grain-boundary resis
tance and defect density explains the observed decrease in Z′ and Z″ with 
annealing duration. A similar variation is observed for the 
frequency-dependent Z′' (figure-14(b)). A noticeable decrease in Z′' at 
higher frequencies indicates an enhanced shifting of localized charge 
carriers [89–95]. It appears that as the thermal annealing time was 
increased, there was a fair step up in the rate of thermally activated 
charge carrier hopping that has resulted from liberation of confined 
charge carriers. This is mainly due to defect-reduction in growing grains, 
polarization associated with accumulated-charges at interfacial grain 
boundary region [41,94–98]. It is worth noting that interestingly, at the 
final annealing stage, the impedance continues to decrease despite a 
partial reversal of the structural parameters. The average grain size 

decreases to 42.52 nm, while the dislocation density increases to 
0.72 × 1015 m− 2 and the lattice micro-strain reaches 1.7 × 10− 3. This 
apparent divergence suggests that, at prolonged annealing times, the 
electrical transport is no longer governed solely by grain-boundary 
characteristics. Instead, the increased lattice distortion and defect con
centration are likely to promote the formation of electrically active de
fects, such as oxygen vacancies, thereby increasing the concentration of 
mobile charge carriers. The enhanced carrier concentration compensates 
for the increased defect scattering associated with grain refinement, 
resulting in a sustained decrease in both Z′ and Z′′. This interpretation is 
further supported by the concurrent increase in dc conductivity observed 
for the same sample (Table 7), indicating that defect-assisted hopping 
conduction becomes the dominant transport mechanism for the studied 
samples. Fig. 14(c) represents Nyquist-plots depicting the dependence of 
Zʹ́with Zʹ for dry-gel, annealed-samples. Zview software was used to fit 
these curves by taking an equivalent circuit that models the 
resistive-capacitive behaviors of nanograins, grain-boundaries depicted as 
inset of Fig. 14(c). Electrical-parameters of equivalent-circuit model 
(Table 8) using a resistive and constant phase element (representative of 
deviation from an ideal capacitive behavior) network including a War
burg impedance element were used to fit the impedance response. Table 8
presents the fitted equivalent-circuit parameters: grain resistance (Rg), 
grain-boundary resistance (Rgb), CPE parameter (Q), and Warburg 
impedance (WR). With increasing annealing time, Rgb decreases pro
gressively from 255.7 MΩ (M0) to 92.5 MΩ (M3), while Rg initially in
creases (2.818–6.449 kΩ) before slightly decreasing for M3 (5.942 kΩ), 
reflecting competing effects of grain growth and defect annihilation. This 
progressive improvement in charge transport confirms that grain 

Fig. 14. Frequency-dependence of: (a) Zʹ,(b)Zʹ́ ,(c) Nyquist-plots (Inset: Equivalent circuit).

Table 8 
Equivalent-circuit:Rg–Grain-resistance,Rgb-Grain-boundary-resistance,Q–CPE- 
parameter,WR–Warburg-Impedance parameters.

Sample Rg(kΩ) Rgb(MΩ) Q(pF) WR(MΩ)

M0 2.818 255.7 3.073 363.4
M1 5.276 133.8 4.085 755.9
M2 6.449 92.4 4.379 708.4
M3 5.942 92.5 3.810 328.9
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boundaries constitute the dominant contribution to electrical resistance 
and that annealing time is an effective parameter for tailoring the 
grain-boundary-controlled electrical response of MgFe₂O₄ nanoferrites. 
Perusal of the plots presented in Fig. 14 (c) is suggestive of dispersive-type 
behavior rather-than semicircle, indicates characteristic non-Debye-type- 
relaxation-response [41,94–98]. As it can be seen in the plots that the arcs 
are appearing almost inclined at angles similar to 45o to the real axis, 
indicating that diffusion is a predominant mechanism of charge conduc
tion in the studied system. Perusal of Table 8 indicates that the grain 
boundary resistance parameter is decreasing with annealing-time sug
gesting released trapped-charges enhancing the conduction process. 
Increased impedance observed at lower-frequencies indicate conduction 
limited by diffusion. In contrast, high frequency-impedance-decrease re
flects a shift from diffusion-limited-conduction to resistive-tendency [97], 
as at higher-frequencies, charge-carriers travel easily to electrode, 
reducing the distance which makes diffusion less-significant, leads to 
improved-conduction [41,94–98]. Thus present study, through imped
ance analysis, clearly underscores the significant-contribution of 
grain-boundaries to the overall electrical conduction. Importantly, it re
veals that resistance offered by grain-boundaries decreases with 
increasing duration of thermal treatment, indicating a progressive 
improvement in charge-transport across the microstructural interfaces 
between grains, grain-boundaries.

4. Conclusions

Thermal-annealing-time dependent structural,magnetic,dielectric- 
response of sol-gel-auto-ignition-synthesized-MgFe₂O₄-nano-ferrites are 
reported. XRD validates creation of nano-crystalline-spinel-phase:grain 
sizes increasing from 25.3 to 49.3 nm as annealing time progressed. 
Structural evolution with annealing revealed a non-monotonic change 
in lattice parameter, grain growth, and enhanced AB,AA super- 
exchange-interaction, alongside weakened BB exchange, resulting in 
increased Néel magnetic moment. Cation redistribution, particularly 
increased Mg²⁺ and decreased Fe³⁺ at the B-site, influenced the oxygen 
parameter and degree of inversion. The Mössbauer-derived variation in 
sextet area fractions (B-site area increasing from 40% to 53%) provides 
direct spectroscopic validation of the cation redistribution model 
derived from Bertaut analysis. EDS, SEM images respectively establish 
the presence of Fe,Mg,O, and particle-aggregation, irregular particle- 
size dispersal Mössbauer spectra show two-magnetic-sextets are associ
ated to Fe³⁺ at A,B-sites, with isomer shifts confirming the +3 oxidation 
state. A non-magnetic doublet (~23% area) with quadrupole splitting 
(0.61–0.69 mm/s) was attributed to a disordered shell region, consistent 
with surface spin disorder. Dielectric analysis showed decreasing ε′,ε″, 
and tanδ with frequency, while σac exhibiting power-law dependence. 
Comparison with NSPT and QMT models confirms CBH as the dominant 
conduction mechanism. Impedance results indicated grain boundary- 
dominated dielectric behavior at high frequencies. Fitted Nyquist pa
rameters confirm Rgb decreases from 255.7 to 92.5 MΩ with increasing 
annealing time, directly quantifying the improvement in inter-granular 
charge transport.

Overall, the annealing-driven enhancements in magnetic ordering 
and high-frequency dielectric response position MgFe₂O₄ nano-ferrites 
as promising candidates for microwave electronic and spintronic ap
plications. While the dielectric and magnetic trends presented are 
indicative of suitability for microwave devices, the authors acknowledge 
that direct microwave-frequency (GHz range) permeability and elec
tromagnetic absorption measurements are needed for definitive bench
marking. Future work will include these measurements to substantiate 
the application potential claimed.
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Mössbauer study of CoCrₓFe₂₋ₓO₄ nano ferrite, Hyperfine Interact. 242 (2021) 51, 
https://doi.org/10.1007/s10751-021-01781-z.

[77] M. Shakir, B.K. Singh, R.K. Gaur, B. Kumar, G. Bhagavannarayana, M.A. Wahab, 
Dielectric behavior and ac electrical conductivity analysis of ZnSe chalcogenide 
nanoparticles, Chalcogenide Lett. 6 (2009) 655. https://files01.core.ac.uk/downlo 
ad/34213340.pdf.

[78] K.W. Wagner, Zur Theorie der unvollkommenen Dielektrika, Ann. der Phys. 40 
(1913) 817, https://doi.org/10.1002/andp.19133450502.

[79] C.G. Koops, On the dispersion of resistivity and dielectric constant of some 
semiconductors at audiofrequencies, Phys. Rev. 83 (1951) 121, https://doi.org/ 
10.1103/PhysRev.83.121.

[80] P. Jaita, A. Watcharapasorn, N. Kumar, D.P. Cann, S. Jiansirisomboon, Large 
electric field-induced strain and piezoelectric responses of lead-free Bi₀.₅(Na₀. 
₈₀K₀.₂₀)₀.₅TiO₃–Ba(Ti₀.₉₀Sn₀.₁₀)O₃ ceramics near morphotropic phase boundary, 
Elect. Mater. Lett. 11 (2015) 828, https://doi.org/10.1007/s13391-015-4495-1.

[81] R. Shunmuga Priya, Priyanka Chaudhary, E. Ranjith Kumar, A. Balamurugan, 
Ch Srinivas, G. Prasad, B.C. Yadav, D.L. Sastry, Evaluation of structural, dielectric 
and electrical humidity sensor behaviour of MgFe2O4 ferrite nanoparticles, Ceram. 
Int. 47 (11) (2021) 15995–16008, https://doi.org/10.1016/j. 
ceramint.2021.02.174.

[82] Mehmet Kuru, Tu.ğba Şa.şmaz Kuru, Ertuğrul Karaca, Sadık Bağcı, Dielectric, 
magnetic and humidity properties of Mg–Zn–Cr ferrites, J. Alloy. Compd. 836 
(2020) 155318, https://doi.org/10.1016/j.jallcom.2020.155318.

[83] Muhammad Junaid, Imrana Kousar, Shagufta Gulbadan, Muhammad Azhar Khan, 
Muhammad Asif Yousuf, Mirza Mahmood Baig, Ghulam Abbas Ashraf, H. 
H. Somaily, Manal Morsi, Structural, microstructural, spectral, and dielectric 
properties of erbium substituted spinel ferrites, Phys. B Condensed Matter 641 
(2022) 414120, https://doi.org/10.1016/j.physb.2022.414120.

[84] Qurat Ul. Ain Shahid, Muhammad Azhar Khan, Shagufta Gulbadan, Ghulam 
Abbas Ashraf, Raqiqa Tur Rasool, Impact of erbium substitution on structural, 
dielectric, spectral, and microwave absorption properties of Ba3Co2Fe24O41 Z-type 
hexa-ferrites for microwave devices applications (Part A), Ceram. Int. 49-17 (2023) 
27866–27877, https://doi.org/10.1016/j.ceramint.2023.06.003.

[85] Areeba Iqbal, Muhammad Azhar Khan, Raqiqa Tur Rasool, Shagufta Gulbadan, 
Mohammed M. Algaradah, Ghulam Abbas Ashraf, Thamraa Alshahrani, Hisham S. 
M. Abd-Rabboh, Majid Niaz Akhtar, M. Irfan, Dielectric, reflection loss and 
physicochemical studies of Cr doped Ba–Sr based W type hexagonal ferrites for 
microwave absorption applications, 50-3-Part A, Ceram. Int. (2024) 4446–4461, 
https://doi.org/10.1016/j.ceramint.2023.11.163.

[86] Sikandar Hayat, Muhammad Azhar Khan, Raqiqa Tur Rasool, Ghulam 
Abbas Ashraf, Structural, morphological, XPS, dielectric and spectral properties of 
sol-gel synthesized Ba–Zn–Cr U-type nanocrystalline magnetic oxide materials, 
Ceram. Int. 49-19 (2023) 31915–31930, https://doi.org/10.1016/j. 
ceramint.2023.07.154.

[87] D.M.D.M. Prabaharan, K. Sadaiyandi, M. Mahendran, S. Sagadevan, Structural, 
optical, morphological and dielectric properties of cerium oxide nanoparticles, 
Mater. Res. 19 (2016) 478, https://doi.org/10.1590/1980-5373-MR-2015-0698.

[88] S. Suresh, Synthesis, structural and dielectric properties of zinc sulfide 
nanoparticles, Int. J. Phys. Sci. 8 (2013) 1121, https://doi.org/10.1590/1980- 
5373-MR-2015-0698.

[89] P.P. Khirade, A.R. Chavan, S.B. Somvanshi, J.S. Kounsalye, K.M. Jadhav, Tuning of 
physical properties of multifunctional Mg-Zn spinel ferrite nanocrystals: 
comparative investigations via conventional ceramic versus green sol-gel 
combustion route, Mater. Res. Express 7 (2020) 116102, https://doi.org/10.1088/ 
2053-1591/abca6c.

[90] F. Kremer, A. Schönhals (Eds.), Broadband Dielectric Spectroscopy, Springer, 
Berlin, 2003.

[91] P. Kofstad, Nonstoichiometry, Diffusion, and Electrical Conductivity in Binary 
Metal Oxides, Wiley-Interscience, New York, 1972.

[92] A.K. Jonscher, The ‘universal’ dielectric response, Nature 267 (1977) 673, https:// 
doi.org/10.1038/267673a0.

[93] V. Chithambaram, S. Jerome Das, S. Krishnan, Synthesis, optical and dielectric 
studies on novel semi-organic nonlinear optical crystal by solution growth 
technique, J. Alloy. Compd. 509 (2011) 4543, https://doi.org/10.1016/j. 
jallcom.2011.01.091.

[94] K.H. Mahmoud, F.M. Abdel-Rahim, K. Atef, Y.B. Saddeek, Dielectric dispersion in 
lithium–bismuth-borate glasses, Curr. Appl. Phys. 11 (2011) 55, https://doi.org/ 
10.1016/j.cap.2010.06.018.

[95] H. Ali, S. Karim, M.A. Rafiq, K. Maaz, A.U. Rahman, A. Nisar, M. Ahmad, Electrical 
conduction mechanism in ZnS nanoparticles, J. Alloy. Compd. 612 (2014) 64, 
https://doi.org/10.1016/j.jallcom.2014.05.163.

[96] M. Younas, M. Nadem, M. Atif, R. Grossinger, Metal-semiconductor transition in 
NiFe₂O₄ nanoparticles due to reverse cationic distribution by impedance 
spectroscopy, J. Appl. Phys. 109 (2011) 093704, https://doi.org/10.1063/ 
1.3582142.

[97] M.M. Costa, G.F.M. Pires, A.J. Terrezo, M.P.F. Graça, A.S.B. Sombra, Impedance 
and modulus studies of magnetic ceramic oxide Ba₂Co₂Fe₁₂O₂₂ (Co₂Y) doped with 
Bi₂O₃, J. Appl. Phys. 110 (2011) 034107 https://doi.org/10.1063/1.3615935.

[98] E. Barsoukov, J.R. Macdonald, Impedance Spectroscopy: Theory, Experiments and 
Applications, Wiley, New York, 2005. ISBN: 0-471-64749-7.

S.S. Modak et al.                                                                                                                                                                                                                                Next Materials 13 (2026) 103601 

16 


