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ssium doping on the structural,
conduction mechanism, and dielectric properties
of CaFe2O4

Mohamed Mounir Bouzayani, a Manel Ben Abdessalem, *a Ibtihel Soudani, a

Abderrazek Oueslati b and Abdelhedi Aydi a

The frequency and temperature-related dielectric relaxation and electrical conduction mechanisms in

potassium-doped CaFe2O4 oxide ceramic were investigated in this study throughout a temperature range of

313–673 K. The synthesis of the KCaFe2O4 compound was accomplished through a solid-state reaction

route. The X-ray diffraction pattern at room temperature confirmed that the ceramic KCaFe2O4 crystallizes in

the orthorhombic system with the Pbnm space group. The EDX analysis proved the absence of external

elements. The surface morphology of the samples was examined using scanning electron microscopy. The

conduction mechanism, validated as CBH conduction, was examined using the temperature-dependent

variation of Jonscher's power law exponent. Using Nyquist plots, we have effectively constructed a relevant

equivalent circuit that encompasses the influences originating from both the grains and the grain boundaries.

Furthermore, in KCaFe2O4, the induced dielectric relaxation from the non-Debye to Debye type model is

demonstrated by the thermal analysis of M00 (u) and −Z00 (u) as a function of frequency.
1. Introduction

Since the publication of its crystal structure, extensive research
has been dedicated to calcium ferrite (CaFe2O4 or CFO) due to
its captivating structural, electrical, magnetic, and chemical
properties.1 Its multifaceted applications include its incorpo-
ration into electronic devices,2 its role as a catalyst in diverse
reactions,3,4 its function as a photocathode facilitating the
hydrogen evolution reaction in water splitting,5,6 its use as
a ceramic pigment and coating,7 and its application as elec-
trodes in solid oxide fuel cells.8 The unique crystal structure of
CFO differs from the majority of recognized ferrites.

Unlike the typical cubic spinel shape found in many ferrites,
CFO exhibits a unit cell deviation, leading to an orthorhombic
crystal structure. This difference is attributed to the ionic radius
of Ca2+ (Ca2+ = 1.35 Å), which is larger than that of Fe3+ (Fe3+ =
0.645 Å).This difference prevents it from incorporating into the
tetrahedral sites of a cubic oxygen lattice at the central charac-
teristic faces of a spinel.9 The characteristics of the lattice can be
tailored to meet specic needs by introducing divalent and
trivalent metal ions. By substituting atoms in the A and B sites,
the cationic distribution of ferrites undergoes modication.
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Transition metal cations, including Zn10 and Ti,11 can be inte-
grated across a wide range of applications.

Owing to its distinctive structure, CFO serves as a prototype
for other crystals. Bulk CFO has been employed as anode elec-
trodes in Li-ion batteries,12 pigments,13 and photocathode
materials.14 Intensive investigation has been carried out
regarding bulk CFO structure, thermodynamic properties, and
magnetic characteristics.15 Electronic structure simulations
were performed to gain insights into its optical properties.16

Mössbauer spectra and neutron diffraction proles of CFO
indicate the antiferromagnetic ordering of Fe atoms in two
octahedral sites, Fe1 and Fe2, occurring below the Néel
temperature of 180 K.17

Consequently, the CFO readily adopts an off-spinel structure
during formation and crystallization. Hence, exploring the
dielectric properties of CFO becomes intriguing, offering
insights into its suitability for diverse applications.18,19

Potassium ions (K+) were introduced into the base structure
of ferrite owing to their high reactivity and distinctive physico-
chemical characteristics, facilitating their seamless integration.
Alkaline metals are very reactive, releasing a single electron on
the last layer to other metals in the ferrite composition.20

Incorporating metal cations into the ferrite structure can
notably enhance the conduction mechanism, optical charac-
teristics, or magnetic properties of semiconductors.21–23

In the current investigation, the focus was on exploring the
characteristics of K-doped CaFe2O4 (KCaFe2O4) mixed ferrite.
On the octahedral B site, K+ (r (k+) = 1.60 Å) has a signicantly
higher ionic radius compared with that of Ca2+ (r (Ca2+)= 1.35 Å).24
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00260a&domain=pdf&date_stamp=2024-04-17
http://orcid.org/0009-0003-6965-3077
http://orcid.org/0000-0001-8026-1945
http://orcid.org/0000-0002-2032-6011
http://orcid.org/0000-0002-3221-3401
http://orcid.org/0000-0001-9656-9688
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00260a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014018


Fig. 1 The Rietveld refinement XRD of synthesized of KCFO at room
temperature.

Table 1 Rietveld refined parameters for KCa0.5Fe2O4

Compounds KCa0.5Fe2O4 (room temperature)

System Orthorhombic
Space group Pbnm

Lattice parameters
a 17.609 Å
b 16.287 Å
c 5.499 Å
a = b = g 90°
Z 4

Reliability factors
RP/RwP/Rexp 35.8%/36.9%/19.89%
c2 3.44
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The substitution of the K+ ion in place of the Ca2+ ion can lead to
alterations in the geometry of the crystals, thus inuencing the
dielectric properties of these materials, which are due to the
difference in the ionic radii. Recently, several research teams have
made signicant efforts in the synthesis and characterization of
various ferrite materials CaFe2O4,25,26 Ni0.6Zn0.4Al0.5Fe1.5O4,27

LiMnFe2O4 (ref. 28 and 29) and KxMg1−xFe2O4.30 Despite the
extensive research conducted on calcium ferrites, there is a notable
lack of attention to the impact of potassium doping on the prop-
erties of these materials.

As part of this effort, we synthesized KCaFe2O4 (KCFO) ferrite
samples using the solid-state method and investigated their
structural and dielectric characteristics. The structural analysis
was performed under (RT) conditions, while the investigation
into the dielectric properties involved employing impedance
spectroscopy at different frequencies and temperatures. To
maintain brevity, the synthesized KCFO sample is consistently
denoted as KCFO throughout this manuscript.

2. Material and method

We used a conventional solid-state reaction to synthesize the
KCFO compound. K2CO3 (Sigma-Aldrich, 99%), CaCO3 (Sigma-
Aldrich, 99%), and Fe2O3 (Sigma-Aldrich, 99%) were mixed in
proportional ratios. The obtained powder was submitted to
a rst thermal treatment at 700 K for 10 hours (h) to release the
CO2 gas. Then, we veried the gas emissions by checking the
weight. Finally, the sintering process was at 950 K for 6 h.

The purity of the sample was determined by X-ray diffraction
on powder by “D8 ADVANCE, Bruker” at room temperature (RT)
with Cu Ka (l = 1.5406 Å) radiation in the angle range of 5° < 2q
< 80° and a speed of scan of 20 min−1 counting time for each
0.02° in step.

Furthermore, the morphological characterization was per-
formed using a scanning electron microscope (SEM) (Bruker
Nano GmbH Berlin, Germany), to estimate the particle sizes.

Additionally, Raman spectra were obtained at RT, in the
range of 100–1100 cm−1, using a SENTERRA spectrometer
(Bruker), with excitation at 540 nm. FTIR spectra were acquired
using a Bruker Tensor 27 spectrophotometer.

Electric measurements were conducted on a pellet
measuring 8 mm in diameter and 1 mm in thickness. Complex
impedance spectroscopy was employed using the “Solartron
1260” over a frequency range of 10–106 Hz at different temper-
atures. The pellets, featuring a thin layer of silver coating on
opposite surfaces, were placed between two copper electrodes in
a specially designed holder to ensure optimal contact.

3. Results and discussion
3.1. Structural and morphological studies

X-ray diffraction (XRD) is applicable for assessing the purity of
a synthesized substance. Fig. 1 shows the XRD pattern of KCFO.
Lattice parameters were determined using a global prole-
matching method with Fullprof soware.31 This indicates that
the KCFO sample crystallizes in an orthorhombic system with
a Pbnm space group.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The unit cell parameters are gathered in Table 1. These
values are higher than those given in the literature, which is
attributed to the larger K+ ionic radius compared to Ca2+.32–34

The average size of crystallites (DSC = 140.07 nm) is calcu-
lated through the classical Debye–Scherrer equation,28

employing the full width at half maximum.

b cos qDsc = kl (1)

Here, b represents the half-width measured for the intense
diffraction peak corresponding to the plane (hkl), q denotes the
diffraction Bragg angle for the most intense peak in radians, Dsc

stands for the crystallite size, K is the shape factor with an
approximate value of 0.9, and l represents the wavelength of the
X-ray used. The observed crystallite size of KCFO is approxi-
mately 140.07 nm, conrming the nanoscale dimensions of our
ferrite sample.

3.2. SEM and EDX analysis

To evaluate the sample morphology and particle size, a scan-
ning electron microscope (SEM) is used. The SEM image of the
examined material is summarized in Fig. 2(a). The micrograph
RSC Adv., 2024, 14, 12464–12474 | 12465

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00260a


Fig. 2 (a) scanning electron microscopy images, (b) distribution histogram of grains and (c) EDX spectrum of the compound KCFO.
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shows the aggregation of the main particles and a Lorentzian t
using the image analyzer soware Image J, which predicts an
average particle size of 3.60 mm (Fig. 2(b)).This indicates that
the grains possess a polycrystalline structure, as evidenced by
the relatively small crystallite size determined from the XRD
analysis.

The chemical properties of the synthesized compound were
examined by energy-dispersive X-ray spectroscopy (EDX). The
elemental analysis of the KCFO sample at RT using EDX is
shown in Fig. 2(c), and the spectra support the existence of all
the constituent elements of KCFO, such as K, Ca, Fe, and O.
This provides proof that no embedded parts have been lost or
contaminated.
3.3. Raman and infrared spectroscopy analysis

The FTIR spectroscopy technique is useful for determining
chemical absorption. The ferrite spinel's metal oxygen is
12466 | RSC Adv., 2024, 14, 12464–12474
assigned to two broad bands in the spectrum (Fig. 3). The
highest v1 band in the range 800–600 cm−1 corresponds to
tetrahedral metal stretching vibrations (Td), while the lowest
two bands in the range 550–400 cm−1 are assigned to the
octahedral stretching of the metal (Oh).35

Fig. 4 shows the Raman spectra of KCFO ceramic measured
at RT. Deconvolution of the raman spectrum of KCFO using
LabSpec5 soware using the pseudo-Voigt function shows the
presence of twelve vibrationmodes. Thesemodes were observed
at 116.8, 158.7, 178.0, 279.9, 329.0, 370.2, 472.5, 499.7, 528.9,
609.6, 675.4, and 721.8 cm−1. Using irreducible representations,
the Raman active modes in the orthorhombic phase with the
Pbnm space group can be written as follows:G = 3Ag + 3B1g +
3B2g + 3B3g.36

The peaks at 116.8, 158.7, 178.0, 279.9, and 472.5 cm−1 were
attributed to the Fe–O–Ca bonds; which correspond to the Ag,
B2g, Ag, Ag, and B2g optical modes, respectively. Hence, oxygen
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectrum of KCFO.
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octahedral modes were between 329 and 370.2 cm−1, oxygen
octahedral bending vibration (B. V.) ranged between 472.5 and
499.7 (B2g) cm

−1, and oxygen stretching vibrations were above
528.9 cm−1 (S. V.).37 Raman peaks at 499.7, 528.9, 609.6, 675.4,
and 721.8 cm−1 may be due to the stretching and bending of O–
Fe–O.38

4. Impedance spectroscopy
4.1. Dielectric measurements

The dielectric permittivity offers crucial insights into the char-
acteristics of the material being produced. It signies the
material's capacity to polarize when subjected to an applied
electric eld.39 The dielectric response of any material is given
by the complex dielectric constant:

3* ¼ 3
0 � j300 ¼ 1

juC0Z*
(2)
Fig. 4 Raman spectra of the KCFO ceramic at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
30 denotes the real component of the dielectric permittivity,
reecting the stored energy, while 30 0 represents the imaginary
component, which characterizes the dissipation energy within
the material. C0 denotes the vacuum capacitance and u is the
angular frequency (u =2pf).

Furthermore, the dielectric loss factor is dened as the ratio
of the imaginary part (300) and real part (30) of the complex
permittivity (3*)

tan d ¼ 3
0

300
(3)

The investigation involves analyzing the variation of 30 (u)
and tan d with frequency across the temperature range of 313–
673 K.

In Fig. 5(a), the frequency-dependent 30 values are depicted
across various temperatures.

The generated materials showed higher 30 values at low
frequencies, suggesting that they could be viable options for
low-frequency energy storage.40 Similarly, the 30 values fall as the
frequency rises, which leads to a decrease in energy storage
capacity.41 Furthermore, the dielectric constant values rise as
the temperature increases at a certain frequency. The thermal
activation of charge carriers, which affects polarization, is
specied by this nature. Ionic, electronic, orientational, and
interfacial polarization are the four primary categories. The
relaxation components of polarizability in the system involve
orientation and interfacial polarizations, while the resonance
components encompass ionic and electronic polarizations.42

Conversely, it was imperative to explore the materials
intended for optoelectronic applications concerning the
“dissipation factor,” illustrated as tan(d) in Fig. 5(b). Here, d is
dened mathematically as the angle between the voltage and
charging current, commonly referred to as the “loss angle”.43

The primary cause of dielectric loss stems from various physical
phenomena, including the conduction process, dielectric
relaxation, molecular dipole moment, and interfacial polariza-
tion.44 At lower frequencies, additional energy is needed to
RSC Adv., 2024, 14, 12464–12474 | 12467
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Fig. 5 (a) Dielectric constants (30) of KCFO nanoparticles pellet at different Temperature. (b) Frequency-dependent dielectric loss of KCFO
ceramic measured at various temperatures.
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induce the movement of charge carriers. Consequently, tan(d)
values tend to be higher within this frequency range.45 As the
frequency increases, the resistivity of the material decreases,
resulting in a more efficient movement of charge carriers that
necessitates less energy. As a result, the dielectric loss dimin-
ishes in the high-frequency range. This presents opportunities
12468 | RSC Adv., 2024, 14, 12464–12474
for exploring these materials for potential applications in elec-
trical devices.46

It also indicates that increased temperatures and reduced
frequencies lead to greater dielectric loss, clearly indicating
a rise in the material's conductivity.47

Fig. 6(a) illustrates the temperature dependency of the real
component (30) of the complex electric permittivity across
© 2024 The Author(s). Published by the Royal Society of Chemistry
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various frequencies. The 30 shows a signicant dielectric peak of
about 413 K, which can be the Ferro-Paraelectric (FP) type phase
transition. Since KCFO has been identied as a ferroelectric
material in prior studies, this prompts the necessity to investi-
gate whether it exhibits classic ferroelectric behavior or relaxor
characteristics. Fig. 6(a) shows that the FP transition tempera-
ture (TC = 413 K) is frequency independent, which proves that
KCFO is a classic ferroelectric.48,49

Fig. 6(b) depicts the plot of Curie–Weiss (1=30r) as a function
of temperature at a constant frequency of 500 Hz. The plot
exhibits a straight line just above the temperature of the phase
transition.

To further study the phase transition behavior of the KCFO
sample, we estimated the diffusion parameter using an empir-
ical formula developed by Uchino et al.:50,51

1

3
0
r

� 1

3
0
max

¼ ðT � TmÞg
C

T .Tm (4)

where Tm is the maximum value at Curie–Weiss temperature T,
3
0
max is the dielectric constant C is the Curie constant and g is

the degree of diffuseness.
Fig. 6 (a) Shows the temperature dependence of the real 30 parts vs.
temperature at selected frequencies. (b) The inverse of dielectric
constant (1=30r) as a function of temperature of the compound KCFO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In general, the value of g between these limits (1 < g < 2)
provide an incomplete diffuse phase transition. According
Uchino et al., for a classical transition g approximate to 1, while
an ideal relaxor ferroelectric ones approximate to 2.52 In our
study, the g values determined for different frequencies were
found to be close to unity. Consequently, we can infer that the
KCFO compound exhibits classical ferroelectric behavior.
4.2. AC conductivity

In Fig. 7(a), we observe the changes in AC conductivity with
respect to frequency over a temperature range spanning from
313 K to 673 K. The DC conductivity is ascribed to the
conductivity measured in the low-frequency region, which
remains largely unaffected by changes in frequency. At high
frequencies, however, the conductivity exhibits a frequency
dispersion that is mostly due to AC conductivity. At low
frequencies, activated hopping causes random diffusion of
charge carriers, resulting in dc conductivity (sdc). Ions exhibit
a coordinated back-and-forth motion in the frequency disper-
sive region. The jump relaxation model suggested by Funke and
Hoppe52 can explain this frequency-independent DC and
Fig. 7 (a) Frequency dependency of conductivity, (b) temperature
dependence of the exponent “s” of KCFO sample prepared with the
solid–states method.

RSC Adv., 2024, 14, 12464–12474 | 12469
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Fig. 8 (a) Arrhenius fits of sdc (b) evolution of ln (sacT) as a function of
(1000/T).

Table 2 The activation energy values at chosen frequencies

Frequency (Hz) 2500 10 000 31 500 158 500

Ea (meV) Region (I) 71 meV 66 meV 58 meV 51 meV
Region (II) 175 meV 108 meV 105 meV 101 meV
Region (III) 461 meV 350 meV 283 meV 224 mev
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frequency-dependent alternating conductivity. At low frequen-
cies, conductivity primarily arises from successful hops, facili-
tating long-distance ionic translational motion. The ratio of
successful hopping to failed hopping governs the dispersion
observed in the conductivity spectra. In the high-frequency
regime, there are more failed hops, leading to increased
dispersion.

The AC conductivity curve is tted using the Jonscher power
law:53,54

sac(u) = sdc + s(u) = sdc + Aus (5)

Here, sdc denotes the DC conductivity of the material; A denotes
the pre-exponential factor, u represents the angular frequency,
and s stands for the power-law exponent. The power-law
exponent s reects how the mobile ions interact with their
surrounding lattices, with s typically falling within the range of
0 to 1.53 This can encompass various physical processes such as
quantum mechanical tunneling (QMT),55 non-overlapping
small polaron tunneling (NSPT),56 correlated barrier hopping
(CBH),57,58 and overlapping large-polaron tunneling (OLPT).59 As
12470 | RSC Adv., 2024, 14, 12464–12474
shown in Fig. 7(b), the variation of the exponent's as a function
of temperature in the range from 313 to 673 K's decreases with
the increase in temperature, this suggests that the CBH model
serves as an appropriate framework for characterizing the
conduction mechanism in the compound under investigation.

sdc is determined from tting the Jonscher power law across
all temperatures and is observed to adhere to the Arrhenius
relationship:

sdc ¼ s0 exp

�
� Ea

KBT

�
(6)

Here s0 is the preexponential factor, Ea represents the activation
energy, kB is the Boltzmann constant, and T is the absolute
temperature.

To determine the activation energy of the conduction
process, we plot sdc versus 1000/T, as depicted in Fig. 8(a). By
performing straight-line ts, we obtain three activation energies
corresponding to 0.12, 0.32, and 0.68 eV, which fall within the
typical range of values characteristic of semiconductors.60

Fig. 8(b) depicts the temperature dependency of AC
conductivity at various frequencies. As the temperature inver-
sion increases for each constant frequency, ln(sac) decreases,
displaying three linear straight lines with distinct inclinations
(regions 1, 2, and 3).

The activation energies extracted from the data t in the
gure are compiled in Table 2. The trend clearly shows that Ea
decreases as the frequencies increase across different temper-
ature ranges. This phenomenon can be attributed to the rise in
the applied eld frequency, which amplies the electronic
transition between localized states.61 In essence, we can assert
that the mobility of charge carriers within the compound is
facilitated by the hopping conduction mechanism.62
4.3. Impedance analysis

Fig. 9(a–c) display the impedance plot (−Z00 vs. Z0) at different
temperatures in the temperature ranges 313–413 K, 433–493 K
and 513–673 K respectively. In all spectra, two semicircle arcs
are observed. These semi-circles have a deformed shape and
their centers are located below the Z0 axis, which reveals that the
conduction mechanism is of the non-Debye (Cole–Cole) type.63

The plot of the two arcs in the Nyquist diagram of KCFO, in
the temperature range 313–393 K and 513–673 K, can be char-
acterized by the response of grain boundaries and grains at low
and high temperatures, respectively. The arc resulting from the
impedance plot in the temperature range between 433 and 493
K described may be the effect of the grain and polarization of
the electrode.

The Maxwell–Wagner equivalent circuit model is employed
to t the depressed semicircles.64 For the three temperature
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00260a


Fig. 9 Nyquist plot of MATM compound, at different temperatures, (a–c) and variation of resistance as a function of temperature (d).
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regions mentioned previously, three equivalent circuit models
are employed to describe the impedance spectra; two semi-
circular arcs are observed in Fig. 9(a) for the temperature range
of 313–393 K and 513–673 K, this phenomenon is associated
with grain and grain boundary effects. To derive the different
electrical parameters, the experimental data are structured into
an equivalent circuit comprising a series of two parallel
combinations. The rst combination includes a resistance (R)
and a constant phase element (CPE), while the second combi-
nation comprises a parallel arrangement of resistance (R),
capacitance (C), and another constant phase element (CPE).65

Give the capacitive impedance of the CPE fractal interface
(ZCPE):

ZCPE ¼ 1

QðjuÞa (7)

where Q corresponds to the value of the capacitance, ju repre-
sents a complex number where u is the angular frequency, In
the context of the model, j represents the imaginary unit, while
a denotes the parameter indicating the deviation of the
compressed semicircle from an ideal semicircle. When a equals
1, the element behaves as a pure capacitor, and when a equals 0,
© 2024 The Author(s). Published by the Royal Society of Chemistry
it behaves as a pure resistance. We can deduce from the
equivalent electrical circuit the real part (Z0) and the imaginary
part (Z00) of complex impedance, which are expressed by the
following equations:

Z
0 ¼

Rjg þ Rjg
2Qjgu

a2 cos
�a2p

2

�
�
1þ RjgQ2ua2 cos

�a2p

2

��2

þ
�
RjgQ2ua2 sin

�a2p

2

��2

þ
1

Rg

þQ1u
a1 cos

�a1p

2

�
�

1

Rg

þQ1u
a1 cos

�a1p

2

��2

þ
�
C1uþQua1 sin

�a1p

2

��2

(8)

Z00 ¼
Rjg

2Q2u
a2 sin

�a2p

2

�
�
1þ RjgQ2ua2 cos

�a2p

2

��2

þ
�
RjgQ2ua2 sin

�a2p

2

��2

þ
C1uþQ1u

a1 sin
�a1p

2

�
�

1

Rg

þQ1u
a1 cos

�a1p

2

��2

þ
�
C1uþQ1ua1 sin

�a1p

2

��2

(9)
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Fig. 10 −Z0 0 & M0 0 variation with frequency at 373 K (a) and 573 K (b).

Fig. 11 Frequency dependence of capacitance spectra of KCFO.
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From 413 K to 493 K, an equivalent circuit model can model
the compound. It implies a serial association of grain resistance
(Rg) associated in parallel with (CPE) and (CPE) associated in
series. The corresponding circuit is deposited, as the inset
Fig. 9(b) illustrates. Based on this model, we can obtain the
subsequent expressions:

Z
0 ¼

1

Rg

þQ1u
a1 cos

�a1p

2

�
�

1

Rg

þQ1u
a1 cos

�a1p

2

��2

þ
�
C1uþQua1 sin

�a1p

2

��2

þ
Qjgu

a2 cos
�a2p

2

�
�
Q2ua2 cos

�a2p

2

��2

þ
�
Q2ua2 sin

�a2p

2

��2

(10)

Z00 ¼
C1uþQ1u

a1 sin
�a1p

2

�
�

1

Rg

þQ1u
a1 cos

�a1p

2

��2

þ
�
C1uþQ1ua1 sin

�a1p

2

��2

þ
Q2u

a2 sin
�a2p

2

�
�
Q2ua2 cos

�a2p

2

��2

þ
�
Q2ua2 sin

�a2p

2

��2

(11)

To examine how resistances (Rg) vary with temperature, we
plotted those resistances against temperature in Fig. 9(d), where
it is evident that for all three temperature ranges and the
temperature increase at 413 K, each resistance lowers as
temperature rises. Aer that, the temperature drops once again;
the phase transition area can account for the rise at 413 K. We
notice that the values of Rg decrease if the temperature
increases from 313 K to 413 K and 513 K to 673 K, which implies
the semiconductor behavior. From 433 K to 493 K, the Rg values
increase gradually if the temperature increases, which indicates
the behavior of the metal. These values are higher than those
reported in the literature, which can be explained by the
potassium doping effect.17 During this transition, depicted in
Fig. 4, the KCFO undergoes a shi from the ferroelectric phase
to the para-electric phase.

The analysis of M0 (u) and −Z00 (u) plots allows for the
determination of the movement of charge carriers and the
nature of relaxation in a material, whether it is non-Debye/
localized or Debye/delocalized. When impedance and
modulus peaks (M 00

max and Z00
max) coincide at the same

frequency, it indicates long-range motion. Conversely, the gap
indicates a short-range motion in the conduction process. In
Fig. 10, a signicant mismatch between M 00

max and Z00
max peaks

is observed at temperatures of 373 K and 573 K. This discrep-
ancy suggests a short-range motion of polarons within KCFO,
deviating from the ideal Debye response. Notably, as the
temperature rises, the shi between the peaks diminishes,
leading to the deduction that the temperature increase induces
the relaxation of polarons toward a delocalized state, resem-
bling a Debye-type response within KCFO.64
12472 | RSC Adv., 2024, 14, 12464–12474 © 2024 The Author(s). Published by the Royal Society of Chemistry
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The variation of capacitance versus angular frequency at
different temperatures is illustrated in Fig. 11. The association
between frequency and capacitance is obvious as the frequency
increases, resulting in a decrease in the capacitance curve. At
lower frequencies, the largest capacitance values are recorded,
showing the presence of inhomogeneous barrier development
at the interface induced by interface states. These interface
states are capable of generating an interfacial space charge at
the interface.66,67 As previously seen in permittivity studies, the
capacitance of materials decreased followed by stabilization.
Furthermore, the materials predicted capacitance values at 553
K were magnitudes about 10−6 F. As a result, increased capac-
itance may improve the overall efficiency of eld-effect tran-
sistor (FET) devices.

5. Conclusion

We have explored the morphology, conduction behavior, and
electrical properties of the KCFO sample synthesized using the
solid-state route.

XRD measurements indicate that the compound is in the
orthorhombic phase of the Pbnm space group. Raman spectra
were utilized for further examination of vibrational modes,
providing conrmation of the bonding between oxygen and
cations within both octahedral and tetrahedral sites. EDX
analysis demonstrates the uniform distribution of iron and
calcium cations. The dielectric properties conrm a phase
transition from ferroelectric to paraelectric, possibly accounting
for the observed anomaly in DC conductivity. The signicant
dielectric permittivity, robust capacitance, elevated conduc-
tivity, and minimal dielectric loss exhibited by this material
underscore the potential of ferrites as valuable substances for
electronic devices. A comprehensive study has been carried out
on AC conductivity, complex impedance, and complex modulus
across the frequency range of 10–106 Hz at various tempera-
tures. The frequency-dependent AC conductivity, elucidated by
Double Jonscher's law, has been investigated as a function of
temperature. The conduction mechanism was analyzed
employing the (CBH) model. A comprehensive analysis of the
impedance data unveils the distinct contributions from both
the grain and the grain boundary. In the temperature intervals
313–413 K and 513–673 K the values of the resistances R
decrease if the temperature increases, which implies semi-
conductor behavior, and increase if the temperature increases
from 433 to 493 K, which indicates semiconductor behavior
metal.

The semiconductor nature of the material under examina-
tion suggests potential applications in optoelectronics, photo-
detectors, and photovoltaic. A detailed analysis of impedance
data reveals contributions from both grain and grain bound-
aries. However, a thorough investigation into the magnetic,
optical, and dielectric properties of KCFO as a function of
temperature.
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