
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 4
:1

4:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Study on the stru
aDepartment of Physics, Riphah Internationa

E-mail: zaman.abid87@gmail.com
bDepartment of Physics, Government Postg

Pakistan. E-mail: kasadiiui@gmail.com
cDepartment of Electrical Engineering, Col

Unayzah, Saudi Arabia
dDepartment of Chemistry, College of Scien

Saudi Arabia
eCenter for Scientic Research and Entrepren

73213, Saudi Arabia. E-mail: saleh.kenani@
fMechanical Engineering Department, Colleg

Abha 61421, Aseer, Kingdom of Saudi Arabi
gCentre for Engineering and Technology In

61421, Aseer, Kingdom of Saudi Arabia
hResearch Center for Advanced Materials S

Guraiger, P.O. Box 9004, Abha 61413, Asee
iChemical Engineering Department, College

Box 2440, Ha'il 81441, Saudi Arabia

Cite this: RSC Adv., 2025, 15, 37050

Received 18th July 2025
Accepted 22nd September 2025

DOI: 10.1039/d5ra05190h

rsc.li/rsc-advances

37050 | RSC Adv., 2025, 15, 37050–
ctural, optical, vibrational and
dielectric properties of Cr2+-doped SnFe2O4 spinel
ferrites

Abid Zaman, *a Asad Ali, *b Hifsa Shahid,c Salhah Hamed Alrefaee,d Salah Knani,*e

Vineet Tirth,fg Ali Algahtanifh and Noureddine Elboughdiri i

Herein, we have examined the effects of Cr2+ doping on the structural, optical, microstructural, and

dielectric properties of SnFe2O4 spinel ferrites prepared by the conventional solid-state route. X-ray

diffractometry (XRD) analysis confirmed the formation of a single-phase cubic spinel structure with the

space group Pn�3. A decrease in the lattice parameters and crystallite size was observed with increasing

Cr2+ content. Scanning electron microscopy (SEM) revealed a homogeneous and densely packed

microstructure with a reduced grain size upon Cr2+ doping. The optical band gap energies, as measured

by UV-vis spectrometry, were observed to decrease from 2.58 eV to 2.32 eV. Fourier transform infrared

(FTIR) spectrometry revealed subtle modifications in the metal–oxygen (M–O) vibrational bands due to

Cr2+ doping. Frequency and concentration (x) also significantly influenced the dielectric properties of the

synthesized samples. An improved resistive grain boundary behavior and less space charge polarization

were indicated by a significant decrease in tan d and an improvement in frequency stability, respectively,

as the concentration of Cr2+ increased. With increasing Cr2+ content, a decrease in sac was observed,

which in turn reduced both the leakage current and tangent loss. The observed reduction in modulus

due to doping reflects enhanced charge transport and diminished polarization, making the material

suitable for use in memory devices, sensors, and spintronic components.
1. Introduction

The structural, optical, dielectric, and magnetic properties of
spinel ferrites, with a general formula of AB2O4, (where A and B
represent divalent and trivalent metal cations, respectively),
make them an important family of magnetic materials. Due to
its potential applications in dielectric resonator antennas,
energy storage systems, magnetic storage devices, microwave
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absorbers, catalysis, and sensors, tin ferrite (SnFe2O4), a less
explored inverse spinel, has garnered a lot of attention
recently.1–3 Appropriate doping at either the A-site or the B-site
can ne-tune the performance and multifunctional properties
of these ferrites by modifying their electronic structure and
cation distribution. Because of chromium's distinct electronic
structure (3d4) and varied oxidation states, Cr2+ ion doping in
spinel ferrites is particularly interesting. Owing to the synthesis
conditions and compatibility of the ionic radii, Cr2+ can be
introduced into the spinel lattice at tetrahedral sites. This could
change the M–O super exchange interactions, which would
impact the band gap, lattice vibrations, dielectric relaxation
mechanisms, and overall crystal structure.4,5 The Cr2+ ion (ionic
radius 0.73 Å) is a good option for site-selective doping inves-
tigations since it is similar in size to Sn2+ and permits partial
substitution without causing signicant lattice deformation.6 In
its pure form, SnFe2O4 crystallizes in a cubic spinel structure in
the Fd�3m space group. The interactions between the tetrahe-
drally coordinated Sn2+ ions are responsible for its ferromag-
netic characteristics.7 The structural stability, optical
absorption properties, vibrational modes, and dielectric
behavior of Sn2+ are anticipated to be modulated by doping with
Cr2+. In comparable spinel systems, for example, Cr2+ doping
has been demonstrated to improve the phonon connement,
decrease the optical band gap, and increase the dielectric
© 2025 The Author(s). Published by the Royal Society of Chemistry
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constant via localized charge polarization. The Cr2+/Cr3+

substitution may introduce localized states within the band gap
of SnFe2O4.8–10 These states can act as intermediate energy
levels, facilitating defect-related transitions, and other relevant
ferrites can inuence these observed optical absorptions, and
magnetic, vibrational, electrochemical, and dielectric
properties.11–13 Additionally, the physical features of spinel
ferrites can provide useful data about their electrical structures
and bonding characteristics. These properties are also utilized
for energy storage, supercapacitors, photocatalysis, optoelec-
tronics in the millimeter range, MRI, and environmental
applications.14–17 Fourier-transform infrared (FTIR) and Raman
spectroscopy are crucial for identifying the intrinsic vibrational
modes of metal–oxygen interactions at tetrahedral sites, which
reveal the degree of cationic substitution and structural defor-
mation caused by doping.18–20 The dielectric characteristics,
such as AC conductivity, tangent loss, and dielectric constant,
are highly inuenced by elements like defect density, grain
boundaries, and hopping mechanisms between localized
charge carriers. Analyzing dielectric and optoelectronics prop-
erties at various frequencies and temperatures can help one
better understand the underlying polarization mechanisms and
conduction phenomena that are crucial for memory device
applications.21–24

Therefore, in this research, the effect of chromium doping in
tin ferrites Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40, and 0.60)
is explored, as this doping system has not been extensively
investigated in the literature. Systematic research is required to
link the structural alterations brought about by Cr2+ substitu-
tion to the alterations in optical, vibrational, and dielectric
properties that follow. This work aims to bridge that gap by
synthesizing Cr2+-doped SnFe2O4 ferrites by the solid-state
mixed oxide technique and then fully characterizing them
using FTIR, UV-vis, X-ray diffraction (XRD), and impedance
spectroscopy. This study provides valuable insights into the
structure–property linkages of Cr2+-substituted SnFe2O4 spinel
ferrites, which can be used to tailor these materials for use in
electrical, photonic, and spintronic applications.

2. Materials and method

The solid-state mixed oxide method was used to create
chromium-doped tin ferrite samples with the nominal compo-
sition Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40, and 0.60).25,26

Because of its affordability, ease of use, and capacity to produce
materials with a high degree of crystallinity, this traditional
ceramic method was selected. As starting materials, analytical
grade oxides such as SnO (99.9%, Sigma-Aldrich), FeO3 (99.5%,
Merck), and CrO (99%, Alfa Aesar) were utilized. Using an agate
mortar and pestle, these oxides were weighed in stoichiometric
amounts and thoroughly combined, with acetone being used as
a grinding medium to increase homogeneity. To guarantee that
the reactants were completely blended, the mixing process was
carried out for four to six hours. The uniform powder blends
were pre-calcined in air for 6 hours at 800 °C with a heating/
cooling rate of 10 °C min−1 to start the solid-state processes
and make the formation easier. The uniform powder blends
© 2025 The Author(s). Published by the Royal Society of Chemistry
were pre-calcined in air for 06 hours at 800 °C to start solid-state
reactions and help the ferrite phase develop. Following calci-
nation, the powders were once more ground to a ne consis-
tency before being compressed using a uniaxial hydraulic press
with a 5-ton load to form round pellets of 10 mm in diameter
and 5 mm in thickness. During the pelletization process, poly-
vinyl alcohol (PVA) was added as a temporary binder. To guar-
antee densication and phase stability, the pellets were further
sintered for 6 hours at 950 °C using a high-energy furnace. A
Bruker D8 Advance diffractometer that operated at 40 kV and 40
mA and used Cu-Ka radiation (l = 1.5406 Å), X-ray diffraction
(XRD) was used to analyze the structural characteristics of the
generated samples. With a step size of 0.02°, the diffraction data
were acquired throughout a 2q range of 10°–70°. A Shimadzu
UV-2600 spectrophotometer was used to conduct UV-visible
spectroscopic analysis in the 200–800 nm wavelength range in
order to investigate the optical absorption behavior and calcu-
late the optical band gap energy by using Tauc plot analysis. The
vibrational behaviors of the samples were analyzed using FTIR
spectrometry (PerkinElmer Spectrum Two spectrometer), with
spectra recorded in the range 400–4000 cm−1. To ensure good
electrical contact, the sintered pellets were dried at 120 °C aer
being covered with silver paste on both at surfaces to serve as
electrodes for dielectric characterization. The dielectric prop-
erties, i.e., dielectric constant, tangent loss, AC conductivity,
impedance, as well as modulus measurements, were carried out
at room temperature using impedance analyzer spectroscopy.
3. Results and discussion
3.1 Phase analysis

The phase purity and crystal structures of the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites were
analyzed using X-ray diffraction (XRD) patterns, veried by
Bragg's angle (2q) range of 10°–70°, as shown in Fig. 1(a and b).
A single-phase cubic spinel structure along with space group
(Pn�3) has been conrmed from the XRD data and matched with
the standard JCPDS card no. 01-074-1745. The preferred orien-
tation of the crystallites is shown by the largest intensity peak at
the (200) plane. The effective substitution of Cr2+ ions into the
SnFe2O4 spinel lattice without altering the overall structure was
demonstrated by the absence of secondary phases and impurity
peaks in the XRD patterns. The doped ferrites' phase stability
under the applied sintering conditions is further suggested by
the lack of impurity phases. Fig. 1(c) presents the Rietveld
renement prole of the prepared sample. The XRD patterns
were rened using the FullProf program, which applies the
space group symmetry, together with an initial structural
model, to achieve the renement.

The average crystallite size (D) was calculated by using the
Debye–Scherrer formula:27

D ¼ 0:9l

b cos q
(1)

The calculated average crystallite size was found to be in the
range of 20–36 nm, suggesting the nanocrystalline nature of the
RSC Adv., 2025, 15, 37050–37061 | 37051
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Fig. 1 (a) XRD patterns and (b) locally enlarged (200) peaks of Sn1−xCrxFe2O4 (where x= 0.00, 0.20, 0.40, and 0.60). (c) Rietveld refinement of the
synthesized samples using the FullProf program.

Table 1 Physical parameters of microstrain (3), crystallite size (D),
lattice strain (h), and dislocation density (d) for the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites

Parameters x = 0.00 x = 0.20 x = 0.40 x = 0.60

D (nm) 21 36 25 20
d (×10−3) nm−2 2.348 0.749 1.632 2.616
h (×10−2) 1.679 0.947 0.163 0.262
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synthesized ferrites. Additionally, the lattice parameter was
calculated by using the interplanar spacing formula for cubic
spinel systems:

a ¼ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
h2 þ k2 þ l2

�q (2)

The calculated lattice parameter showed a slight variation
with Cr2+ doping, attributed to the substitution of Sn+ (1.22 Å)
with Cr2+ (0.73 Å), which has a smaller ionic radius. This leads
to a minor diminution of the unit cell volume.

The following formulas can be used to determine the dislo-
cation density (d), micro strain (3), and lattice strain (h) for
complex perovskites:28–30

d ¼ 1

D2
(3)

3 ¼ d

D
ffiffiffiffiffi
12

p (4)
37052 | RSC Adv., 2025, 15, 37050–37061
h ¼ b cos q

4
(5)

The estimated values of crystallite size, lattice strain,
microstrain, and dislocation density are listed in Table 1. These
structural parameters conrm the nanostructured and defect-
rich nature of the Cr2+-doped SnFe2O4 ferrites, which can
signicantly inuence their optical and dielectric behaviors.
3 0.1492 0.1657 0.1527 0.1655

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These ndings indicate that Cr2+ incorporation does not
disrupt the spinel phase but introduces controlled microstrain
and defects, which are favorable for tailoring functional prop-
erties in magnetic and dielectric applications. Similar structural
behavior upon Cr2+ substitution in spinel ferrites has also been
reported in recent literature.31–33
3.2 Scanning electron microscopy (SEM) analysis

The surface morphologies of Sn1−xCrxFe2O4 (where x = 0.00,
0.20, 0.40, and 0.60) spinel ferrites were investigated using
Scanning Electron Microscopy (SEM), and the representative
micrographs are shown in Fig. 2. The sample has a moderate
porosity and a crystalline microstructure made up of closely
spaced grains with a fairly even distribution. Ferrites produced
by the traditional solid-state (mixed oxide) process are charac-
terized by predominantly round to irregular grains with some
agglomeration; there is enough grain development and sinter-
ing, as evidenced by the distinct grain boundaries. The average
crystallite size estimated from XRD (20–36 nm) conrms the
nanocrystalline nature of the samples. The SEM images show
Fig. 2 SEM images of the Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40, a
grained microstructure, and presence of intergranular porosity (a) x = 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
larger grain sizes in the range of 200–600 nm, which are
aggregates of these nanosized crystallites.20 The tiny grain size is
attributed to the replacement of Cr2+ ions at the tetrahedral
sites, which may act as a grain growth inhibitor due to their
different ionic radius and lower diffusion coefficient compared
to Sn2+. Micropores scattered across the matrix are a sign of
partial densication, which could be the result of volatile
components escaping during high-temperature sintering or
incomplete sintering. Despite their small size, these pores may
play an important role in modifying the dielectric and transport
properties of the material, especially through their inuence on
the space charge polarization mechanism at the grain boundary
interfaces.34,35 Additionally, there is no indication of secondary
phases or aberrant grain development in the microstructure,
conrming the phase purity and the successful integration of
Cr2+ ions into the spinel lattice without compromising the
microstructural integrity. Reliable dielectric and magnetic
performances in ferrite systems require a high degree of
compositional homogeneity, which is implied by the morpho-
logical uniformity throughout the scanned region. By
promoting Maxwell–Wagner interfacial polarization, the
nd 0.60) spinel ferrites showing the uniform grain distribution, nano-
.00, (b) x = 0.20, (c) x = 0.40 and (d) x = 0.60.

RSC Adv., 2025, 15, 37050–37061 | 37053
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comparatively tiny grain size and interconnected grain network
can improve dielectric responsiveness. Additionally, the re-
ported microstructural properties show promise for use in
electromagnetic devices, where performance can be signi-
cantly impacted by controlled porosity and grain size.36,37
4. Optical properties
4.1 Fourier transform infrared (FTIR) spectrometry

FTIR spectrometry was employed to investigate the vibrational
modes and bonding characteristics of Sn1−xCrxFe2O4 (where x=
0.00, 0.20, 0.40, and 0.60) spinel ferrites in the range of 4000–
400 cm−1, as shown in Fig. 3. The spectra exhibit multiple
absorption bands that conrm the formation of the spinel
ferrite structure and provide insight into the local bonding
environment of constituent ions. A broad absorption band
observed in the region of ∼3400–3200 cm−1 corresponds to the
stretching vibrations of the O–H group, which arises due to the
adsorbed moisture or hydroxyl groups present on the surface of
the ferrite particles.38 Due to variations in porosity or surface
area, the intensity of this band varies slightly with the concen-
tration of Cr2+ doping. The H–O–H bending vibrations of water
molecules physically adsorbed on the ferrite surface are
responsible for the distinctive absorption bands located
between about 3000 and 3350 cm−1.39 These features conrm
minor hydration, common in ferrite ceramics. The most
signicant and characteristic absorption bands of spinel
ferrites appear in the lower wavenumber region. A strong band
in the range of ∼500–700 cm−1 is assigned to the basic
stretching vibrational mode of the metal–oxygen (M–O) bond at
the A-site cation. The band observed at ∼1100–1600 cm−1 is
attributed to stretching vibrations at the A-site cation, typically
involving Sn–O or Cr–O bonds.40,41 With increasing Cr2+ doping
(x= 0.00 to 0.60), these bands show slight shis in position and
variation in intensity, indicating the substitutional
Fig. 3 FTIR spectra of the Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40,
and 0.60) spinel ferrites.

37054 | RSC Adv., 2025, 15, 37050–37061
incorporation of Cr2+ ions into the lattice and corresponding
alterations in bond lengths and force constants. The Sn–O
stretching vibrations are evident near ∼1100–1600 cm−1,
showing marginal intensity modications with Cr2+ content.
The shi in band positions with increased doping suggests
lattice distortion due to the ionic radius mismatch between Cr2+

(0.73 Å) and Sn2+ (1.22 Å), supporting the successful incorpo-
ration of Cr2+ ions into the spinel framework.42 Overall, the FTIR
spectra conrmed the formation of a single-phase spinel ferrite
structure with Cr2+ ions effectively replacing Sn2+ or occupying
the A-site cation position.

4.2 Photoluminescence (PL) spectrophotometry

PL spectrophotometry is an effective method for examining the
optical characteristics of semiconductors or electrical insulator
materials. Fig. 4 shows the PL spectra of the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites. Every
sample was stimulated under identical conditions to ensure
uniformity. A single broad emission peak, centered at approxi-
mately 705 nm and corresponding to a photon energy of 1.75 eV,
is visible in all compositions. This indicates that the emission
processes of the material are deep-level or linked to aws. The
following relation (6) was used to calculate the optical photon
energy:

E = 1240/l (6)

where “l” is the emission wavelength in nanometers and “E” is
the photon excitation energy in electron volts. This red-region
emission can be attributed to the radiative recombination of
electrons from defect states or transitions involving centers in
the spinel lattice sites.43,44

On the other hand, the black curve, showing the pure
SnFe2O4 sample, has the lowest PL intensity, highlighting how
Cr2+ ions affect the optical emission of the ferrite system due to
the degree of polarization.45 The steady increase in PL intensity
Fig. 4 PL spectra of the Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40,
and 0.60) spinel ferrites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with increasing Cr2+ points to improved defect density and
electronic transitions associated with Cr2+ trap states. The
emission peaks do not change much, suggesting that the
dopant mostly modies the recombination rate rather than the
energy levels. The consistent rise in PL intensity with Cr2+

content suggests better defect density and electronic transitions
involving Cr2+-related trap states. The positions of the emission
peaks remain rather consistent, indicating that the dopant does
not signicantly alter the energy levels but rather primarily
affects the recombination rate.46 These ndings validate that
the electrical band structure and defect states are altered by Cr2+

doping, improving the luminescence characteristics of SnFe2O4

spinel ferrites. Due to these characteristics, these doped ferrites
could be used in photonic and optoelectronic device
applications.18
Table 2 Band gap energies of the Sn1−xCrxFe2O4 (where x = 0.00,
0.20, 0.40, and 0.60) spinel ferrites

S. no.
Contents
(x)

Optical band
gap energy (eV)

1 0.00 2.53 eV
2 0.20 2.45 eV
3 0.40 2.38 eV
4 0.60 2.32 eV
4.3 Ultra violet-visible (UV-vis) spectrophotometry

UV-vis spectrophotometry is a valuable technique for analyzing
the optical behavior and calculating the band gap energy of
spinel ferrite materials. Fig. 5(a) and (b) show the absorbance
spectra and band gap energy of pure and Cr2+-doped SnFe2O4

ferrite materials, respectively. All samples show strong absorp-
tion in the UV region (<400 nm), attributed to charge transfer
transitions between O2− (2p) and Fe3+ (3d) ions in the spinel
structure. As the Cr2+ doping concentration increases from x =

0.00 to x = 0.60, a noticeable red shi in the absorption edge is
observed, suggesting a reduction in the optical band gap energy.
This variation in the absorption edge suggests that Cr2+ ions,
when integrated into the SnFe2O4 lattice, affect the electronic
band structure. Because Cr2+ has a different ionic radius (0.73 Å)
than Sn2+ (1.22 Å), it disturbs the Sn–O–Sn super exchange
interaction and causes local distortion in the tetrahedral coor-
dination, which alters the bandwidth and creates localized
defect states or impurity bands within the forbidden gap,
lowering the transition energy needed for electron
excitation.47,48

The optical band gap energies (Eg) of all compositions were
calculated by using the Tauc relation:49
Fig. 5 (a) Absorbance spectra and (b) band gap energy of the Sn1−xCrxF

© 2025 The Author(s). Published by the Royal Society of Chemistry
(ahn)2 = A(hn − Eg) (7)

where ‘a’ is the absorption coefficient, ‘hn’ is the photon energy,
‘A’ is a constant, and ‘Eg’ is the band gap energy. The Eg values
were calculated by extrapolating the linear region in the Tauc
plot (Fig. 5(b)) to the energy axis at (ahn)2 = 0.

The plots of t(ahn)2 versus bandgap energy (Eg) are shown in
Fig. 5(b). The linear portion of each curve was extrapolated to
the energy axis to determine the corresponding band gap
values. The obtained values for the synthesized ferrite samples
are mentioned in Table 2.

This monotonic decrease in band gap energy with Cr2+

doping can be attributed to the following factors:
(i) Cr2+ ions may introduce defect states within the band gap,

facilitating lower-energy transitions.
(ii) Doping-induced lattice distortion affects the Fe–O and

Cr–O bond lengths, modifying the crystal eld and reducing the
separation between the valence and conduction bands.

(iii) Cr2+ has partially lled 3d orbitals that can hybridize
with O 2p orbitals, leading to narrowing of the band gap.

Such tunability in the optical band gap makes Cr2+-doped
SnFe2O4 spinel ferrites suitable candidates for visible-light-
driven photocatalysis, solar cell absorbers, and other optoelec-
tronic applications. These ndings align well with previous
reports on Cr2+-doped ferrite systems, such as ZnFe2O4 and
NiFe2O4, where similar redshis and band gap reductions were
observed upon Cr2+ substitution due to the formation of inter-
mediate energy states and enhanced d–d transitions.50–52 The
e2O4 (where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites.
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optical band gap obtained from UV-vis absorption (2.32–2.58
eV) represents the fundamental interband transition from the
valence band to the conduction band. The lower energy emis-
sion peak observed in the PL spectra (∼1.75 eV) arises from
defect-mediated radiative recombination. This discrepancy is
attributed to sub-band gap states introduced by Cr doping, such
as Fe2+/Fe3+ and Cr2+/Cr3+ localized levels, which act as recom-
bination centers. Electrons excited to the conduction band can
relax to these defect states before recombining radiatively with
holes, thereby producing PL emission at lower energies than the
fundamental band gap.34,37,40
5. Dielectric and electrical properties
5.1 Dielectric constant

The frequency-dependent dielectric constants (3r) of Sn1−xCrx-
Fe2O4 (where x = 0.00, 0.20, 0.40, and 0.60) are shown in Fig. 6.
All compositions exhibited similar dielectric dispersion behav-
iors, characterized by a steep decline in 3r with increasing
frequency, followed by stabilization at higher frequencies.53

At lower frequencies (<0.1 MHz), the dielectric constant is
relatively high. It can be attributed to interfacial (Maxwell–
Wagner) polarization and space charge accumulation at grain
boundaries, as explained by Koop's phenomenological theory.54

In ferrite systems, the microstructure plays a vital role: large
grain boundaries can trap more charges, leading to higher
polarization. The decrease in 3r with frequency is due to the
inability of charge carriers to follow the alternating eld at
higher frequencies, reducing their contribution to polarization.
As the Cr2+ doping concentration increases, 3r increases
signicantly at all frequencies. This trend indicates that Cr2+

ions effectively enhance the dielectric response of SnFe2O4.
Several factors contribute to this enhancement:

(i) Cr is doped into the SnFe2O4 spinel lattice, primarily
substituting Sn2+ ions, but partial occupation of Fe3+ sites
cannot be excluded.
Fig. 6 Variation in 3r with frequency of the Sn1−xCrxFe2O4 (where x =

0.00, 0.20, 0.40, and 0.60) spinel ferrites.

37056 | RSC Adv., 2025, 15, 37050–37061
(ii) SEM and XRD results oen reveal that Cr2+ doping can
rene the grain size, increasing the density of grain boundaries
and promoting interfacial polarization.26

(iii) Cr2+ doping may distort the lattice due to ionic radius
mismatch, introducing additional dipolar moments that
increase dielectric polarization.55

(iv) Doping can improve densication during sintering,
reducing porosity and enhancing dielectric pathways.

For every sample, 3r became almost constant at higher
frequencies (>1 MHz). Electronic and ionic polarization
processes, which are more frequency stable and less frequency-
dependent, dominate this plateau region.56 The observed
dielectric behavior is mostly interfacial in nature, as conrmed
by the diminished impact of space charge polarization at this
point. An adjustable dielectric response is suggested by the
general increase in dielectric constant with Cr2+ content, which
makes Cr-doped SnFe2O4 a viable material for use in memory
storage systems, microwave devices, and high-frequency
capacitors.
5.2 Tangent loss

Fig. 7 shows the variation of dielectric loss (tan d) with
frequency in the range of 0.01–2 MHz for the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites. All samples
show usual dielectric relaxation behavior, with a steep drop in
loss at low frequencies, followed by a nearly constant value at
higher frequencies.

At lower frequencies (less than 0.1MHz), tan d is signicantly
high, with values exceeding 5 for the undoped SnFe2O4 ferrite.
This behavior is attributed to space charge polarization and
conductive losses arising from interfacial effects.57

Tan d values drop quickly as the frequency rises, eventually
plateauing at a minimum. This drop suggests that there are
fewer energy losses because the dipoles or charge carriers are
unable to follow the high-frequency eld oscillations. All
Fig. 7 Variation in tan d with frequency of the Sn1−xCrxFe2O4 (where x
= 0.00, 0.20, 0.40, and 0.60) spinel ferrites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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samples showed stable, low tan d values above 0.5 MHz, sug-
gesting enhanced dielectric efficiency at high frequencies.

The following factors were observed for the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites:
(i) The substitution of Cr2+ into the SnFe2O4 lattice leads to

a reduction in tan d across all frequency ranges. This effect
becomes more pronounced at higher Cr2+ concentrations (x =

0.60), where tan d drops below 1 at 1 MHz.
(ii) Cr2+ doping is known to improve microstructure by

rening the grain size and increasing the grain boundary
density. These grain boundaries act as barrier layers, sup-
pressing long-range charge motion and thereby reducing energy
loss.36

(iii) Cr2+ ions can enhance the electrical resistivity of the
ferrite matrix, effectively suppressing leakage currents and
minimizing tangent losses.

These observations conrm that Cr2+ doping is effective in
minimizing tan d, especially at higher frequencies, thus
enhancing the material's applicability in microwave and high-
frequency device applications.
5.3 AC conductivity

The frequency-dependent AC conductivities (sac) of the Sn1−x-
CrxFe2O4 (where x= 0.00, 0.20, 0.40, and 0.60) spinel ferrites are
shown in Fig. 8. All samples show a monotonic increase in
conductivity with frequency, indicating typical semiconductor-
like behavior and supporting the correlated barrier hopping
conduction model.58 Grain boundaries that act as potential
barriers and impede charge carrier mobility cause the conduc-
tivity to be signicantly lower at lower frequencies. The local-
ized charge carriers acquire enough energy to jump between
nearby locations as the frequency increases, which raises sac.
The frequency-dependent behavior can be expressed by the
Jonscher power law:

sac(f) = sdc + Afn (8)
Fig. 8 Variation in sac with frequency of the Sn1−xCrxFe2O4 (where x=
0.00, 0.20, 0.40, and 0.60) spinel ferrites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
where ‘sdc'is the frequency-independent DC conductivity, ‘A’ is
a free factor, ‘f’ is the applied frequency, and ‘n’ is the frequency
exponent, i.e., (0 < n < 1), which indicates the conduction
mechanism.

From the sac plot, the pure SnFe2O4 exhibits the highest ac
conductivity, while the sample with x = 0.60 shows the lowest.
This decreasing sac with Cr2+ concentration can be ascribed to
the suppression of the polaron hopping mechanism. The
tangent loss and leakage current were reduced due to the lower
conductivity, which might be helpful for dielectric applications.
5.4 Nyquist plot analysis

An impedance analyzer is a potent tool for exploring the elec-
trical response and charge carrier transportation mechanisms
in spinel ferrites. The Nyquist plots (Z00 vs. Z0) for Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites, shown in
Fig. 9, exhibit a single semicircular arc for each composition,
indicating the dominant contribution of the grain (bulk) effect
to the total impedance. The absence of additional arcs suggests
a negligible grain boundary or electrode effects within the
measured frequency range. It was found that the arc radius
systematically decreases with increasing Cr2+ doping concen-
tration, indicating a signicant reduction in bulk resistance and
enhancement in electrical conductivity. The real part of the
impedance (Z0) represents the resistance provided by the
material, while the imaginary part (Z00) is linked to the reactance
component and relaxation processes. The undoped SnFe2O4

composition showed the highest bulk resistance (∼6.5 kU),
while the composition at x= 0.60 showed the lowest impedance
(∼3.5 kU), as seen by the intersection of the arc with the Z0 axis.
This decreasing trend in Z0 and Z00 values may be due to the Cr2+

substitution effect, mixed valency, and grain conductivity
mechanism.
Fig. 9 Variation in the imaginary impedance (Z00) with the real
impedance (Z0) of the Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40, and
0.60) spinel ferrites.
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5.5 Frequency-dependent modulus spectrum

Fig. 10 shows the variation of the electrical modulus (M) with
the frequency of the Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40,
and 0.60) spinel ferrites. The electrical modulus provides crit-
ical insights into the electrical relaxation phenomena and helps
isolate the grain and grain boundary contributions in crystal-
line materials. It is dened by the reciprocal of the complex
permittivity (3*):

M = 1/3* = M0 + jM00 (9)

where M0 is the real part, while M00 is the imaginary part of the
modulus. The electric modulus formalism is an essential
approach for investigating the dielectric relaxation behavior
and charge transport phenomena in ferrite materials. The
electric modulus study revealed that Cr2+ substitution in
SnFe2O4 signicantly inuences the dielectric relaxation
behavior. The modulus decreases with doping, indicating
enhanced electrical conductivity and less polarization effects,
two important properties for use in sensors, memory devices,
and spintronic components. For all samples, the modulus
decreases sharply with increasing frequency and tends to
approach zero at high frequencies (>4.5 kHz), indicating the
long-range mobility of charge carriers at low frequencies and
localized relaxation at higher frequencies.
6 Conclusion

This study comprehensively claries how the structural, optical,
vibrational, and dielectric properties of the Sn1−xCrxFe2O4

(where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites manufac-
tured using a standard method are affected. Due to the substi-
tution of the smaller Cr2+ ions (0.73 Å) at the larger Sn2+ (1.22 Å)
cation sites, XRD patterns veried the creation of a single-phase
cubic structure with space group (Pn�3), with a steady decrease in
lattice parameters and crystallite size. Increased lattice strain
Fig. 10 Variation in the electrical modulus (M) with frequency of the
Sn1−xCrxFe2O4 (where x = 0.00, 0.20, 0.40, and 0.60) spinel ferrites.

37058 | RSC Adv., 2025, 15, 37050–37061
and microstructural distortion were also suggested by the
observed peak broadening and shi aer doping. The FTIR
spectra exhibit multiple absorption bands that conrm the
formation of a spinel ferrite structure. PL emission spectra were
observed at a 705 nmwavelength, and the optical photon energy
is 1.75 eV, which is useful for the production of red lasers.
Optical absorption spectra revealed a progressive decrease in
the band gap energy from 2.53 eV to 2.32 eV, indicating
decreased charge carrier localization. Both the dielectric
constant (3r) and the tangent loss (tan d) showed considerable
dispersion at lower frequencies, stabilizing at higher frequen-
cies, in a typical Maxwell–Wagner type interfacial polarization
mechanism, according to dielectric research. Improved resistive
grain boundary behavior and less space charge polarization
were indicated by a signicant decrease in tan d and an
improvement in frequency stability as the concentration of Cr2+

increased. As the Cr2+ content rises, the sac falls, further
reducing the leakage current and tangent loss. The decrease in
modulus with doping suggests improved electrical conductivity
and reduced polarization effects. These tunable multifunctional
properties render Cr2+-doped SnFe2O4 a potential candidate for
applications in memory devices, sensors, spintronic compo-
nents, optoelectronics, high-frequency dielectric components,
photoelectronic devices, and spinel-based multifunctional
ceramics.
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