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Abstract

Nanocrystalline spinel ferrites with the general chemical formula Cd;_,Co,Fe,O4 (where x = 0.0, 0.25, 0.75, or 1.0) were prepared
using the sol-gel auto combustion method. To analyze the structural properties of the spinel ferrite samples that were manufactured,
X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) were
employed. A vibration sample magnetometer (VSM) and broadband dielectric spectroscopy (BDS) were used to examine the
magnetic and dielectric properties of the synthesized ferrite samples. The principal cubic phase with space group Fd3m and
hematite hexagonal phase a-Fe,O; were observed simultaneously, as determined by X-ray diffraction analysis. Rietveld refinement
revealed that the lattice parameters and the volume fraction of the hematite hexagonal phase decreased as the concentration of Co
dopant increased. Two unique absorption bands were recognized and their dependence on the concentration of Co was investigated
and clarified with the use of FTIR analysis. According to VSM measurements, the saturation magnetization (M) and coercivity
(H,) were improved as the Co content increased. Through the examination of X-ray diffraction and magnetic characteristics, the
cation distribution in Cd;_,Co,Fe,O, spinel ferrite was explored. The pure cobalt ferrite sample exhibits the lowest permittivity and
ac conductivity values, according to the dielectric measurements, reflecting the insulation feature of the pure cobalt ferrite.
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e Spinel ferrites nanocrystalline Cd;_CosFe,O, were prepared using sol-gel auto combustion method.

e X-ray diffraction revealed the presence of the main cubic phase with space group Fd3m.

e FTIR analysis was used to identify two distinct absorption bands.

e Magnetic measurements demonstrated that as the Co concentration increased; (M;) and (H.) improved.

e The conductivity spectra of the compositions show two different trends separated by a pronounced frequency.

1 Introduction

Spinel ferrite nanoparticles are one of the most significant
magnetic oxides due to their well-known distinctive optical,
electrical, and magnetic characteristics. This is particularly
applicable considering the numerous technical uses for
ferrites, including high density magnetic storage, sensors,
biological drug delivery, broadband transformers, computer
circuits, carrier telephony, and very effective catalysts
[1-5]. The majority of these applications rely on these
materials’ magnetic characteristics, which may be attributed
to a complex interaction of several elements with cationic
distribution and spin canting being the most important and
dominant [6-8].

Spinel ferrite is often denoted as MFe,O4, where M
symbolizes various transition metal elements. The substance
under consideration contains M and Fe ions, which are
found at either tetrahedral (A) or octahedral (B) interstitial
sites. The use of spinel ferrite as a material for investigating
the magnetic properties of nanoparticles is a subject of great
interest [9]. In terms of the crystal structure of spinel fer-
rites, it has 56 atoms in total and a space group of Fd3m. 32
of these atoms are oxygen anions, which have a highly
packed cubic configuration. The remaining atoms are metal
cations, which are distributed across 8 out of the 64 avail-
able tetrahedral (A) sites and 16 out of the 32 available
octahedral (B) sites [10-13].

The synthesis technique, additive substitution, and calcination
procedure affect the ferrite’s structure and physical characteristics
[14-16]. The optical, electrical, dielectric, and magnetic character-
istics of nanosized MFe,O, may be effectively improved and
controlled by doping with transition metal ions [17—19]. Doping
spinel ferrite with transition metal ions modifies the distribution of
cations between the tetrahedral (A) and octahedral (B) sites,
resulting in various magnetic characteristics. Furthermore, the host
matrices” microstructures can be controlled or doped with smaller
divalent cations for enhancing electrical resistance [20]. The dopant
ion can influence the free energy of the grain boundaries as well,
functioning as a catalyst for grain development [21].

The cobalt spinel ferrite (CoFe,O,) is a magnetic mate-
rial with well-known properties such as mechanical hard-
ness, exceptional chemical stability, strong anisotropy, and
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relatively high saturation magnetization (M) and coercivity
(H.). These properties are all associated with the cobalt
spinel ferrite. The outcome is a plethora of applications,
from microwave devices and high-density magnetic storage
to sensors, broadband transformers, and digital circuits.
This study aims to synthesize Cd-Co spinel nano-ferrites,
denoted as Cd;_, Co,Fe,O, (in which x =0, 0.25, 0.5, 0.75,
1); the synthesis method used is the sol-gel auto-combustion
process. This study aims to enhance the structural, elec-
trical, and magnetic properties of synthesized (Cd-Co)F,0;4
spinel nanoferrites by substituting Cd with Co. Addition-
ally, a more precise characterization of spinel ferrite nano-
particles will be conducted using techniques such as X-ray
diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and Fourier-
transform infrared spectroscopy (FTIR). Furthermore, the
magnetic and dielectric characteristics of all samples were
examined at room temperature. Therefore, the objective of
the present study is to enhance the system’s features in
order to synthesize the “perfect” nano ferrite with distinctive
characteristics that can be used to a variety of applications.

2 Experimental technique
2.1 Sample preparation

In this work, high-grade metal nitrates were employed to
produce Cd;_, CosFe,O, (in which x =0, 0.25, 0.5, 0.75, 1)
ferrite nanoparticles via a flash auto-combustion process.
Cadmium nitrate Cd(NOs3),.6H,0O (99%) (LOBA CHE-
MIE), cobalt nitrate Co(NO3),.4H,0 (99%) (CHEM- LAB),
Ferric nitrate Fe(NO3)3.9H,0 (99%) (LOBA CHEMIE) and
citric acid (C¢HgO7, 99%) (LOBA CHEMIE) have been
utilized as the initial ingredients without additional pro-
cessing. Various amounts of the starting components were
utilized in accordance with the necessary stoichiometric
proportions of the Cd;, CosFe,O4. At room temperature,
stoichiometric amounts of the nitrate precursors were dis-
solved in small quantities of distilled water, and citric acid
was utilized as a fuel; molar ratio of metal nitrates to citric
acid as (1:1). The resultant solution was blended using a
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hotplate magnetic stirrer at 70°C in order to ensure
homogeneity, and the pH level was adjusted with ammonia
to a value of ~7. In order to eliminate any excess water, the
mixture was heated to approximately 95 °C while being
constantly stirred. In the presence of ambient air, the brown
gel spontaneously caught fire, producing a powdery light
brown ash as an outcome. The samples of porous ash were
ground into a fine powder and heated to 950 °C for
annealing.

2.2 Samples characterization

The structure of the samples and their phase purity were
analyzed at room temperature using X-ray diffraction
measurements. A Bruker D8 Advance diffractometer
equipped with Cug, radiation (A = 1.5418 10\) was used for
this purpose. The diffraction data were obtained by scan-
ning 2O values ranging from 5° to 70° at a scanning speed
of 2°/min. The images for the examined samples were
produced using a scanning electron microscope model
Quanta 250 FEG (Field Emission Gun) connected to an
EDX unit (Energy Dispersive X-ray Analyses) with a 30kV
accelerating voltage and a magnification range of 14 to
1,000,000. Image J software was applied to examine the
SEM images. Fourier-transform infrared spectroscopy
(FTIR) spectra of all the materials under investigation were
obtained using a Perkin—FElmer 1430 infrared spectrometer;
a wavenumber range of 200-4000 cm™' was used for this
analysis. A vibrating sample magnetometer (VSM) was
employed to examine magnetic hysteresis characteristics in
magnetic fields with intensities up to 25 kOe at room tem-
perature. Dielectric investigations of samples were achieved
using a Novocontrol high-resolution alpha analyzer in the
frequency range 10~ '-10” Hz at room temperature.

3 Results and discussion
3.1 X-ray diffraction

The X-ray diffraction (XRD) patterns of the spinel ferrite
system Cd;_Co.Fe,O, (x =0.0, 0.25, 0.5, 0.75, 1.0) after
calcining at a temperature of 950 °C are shown in Fig. 1.
The XRD patterns revealed that the existence of cubic-
phase spinel ferrite with the space group Fd-3m. The prin-
cipal lattice planes of the cubic spinel structure may be
identified as (220), (311), (400), (422), (511), and (440).
These lattice planes are significant in characterizing the
cubic spinel structure. Additionally, it was observed that a
second phase was present, except for the Co,Fe,O, sample.
This second phase exhibited peaks corresponding to the
hematite hexagonal phase a-Fe,O3; (JCPDS#86-0550) with
the R-3c space group. The incomplete diffusion of Cd ions
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Fig. 1 X-ray diffraction patterns for the Cd;,Co ,Fe,O, samples after
calcining at 950 °C The inset shows the significant shift of the main
peak (311) belonging to cubic spinel ferrite phase towards higher
degree (20°) with increasing Co content

into the ferrite matrix led to the development of the hematite
phase. The inset in Fig. 1 demonstrates there is a noticeable
shift of the primary (311) peak for cubic phase spinel ferrite
towards higher degrees (20°) when the cobalt substitution
ratio increases. The observed phenomenon may be attrib-
uted to the comparatively greater ionic radius of cadmium
(0.97 A) in comparison to cobalt (0.74 A) [22, 23]. Addi-
tionally, as seen in Fig. 1, it can be observed that the volume
percentage of the hematite phase decreases as the doping
concentration increases. This trend continues until it reaches
sample x =1, at which point the hexagonal phase com-
pletely disappears.

Rietveld refinements of the diffraction pattern [24] were
performed on all samples, as seen in Fig. 2. These refine-
ments proved the presence of two phases in the samples: the
hexagonal a-Fe,03 phase with the space group R-3c and the
cubic spinel phase with the space group Fd3m. The volume
percentage of the a-Fe,O; phase decreased as the doping
concentration increased, until it reached x =1, at which
point no further hexagonal phase was observed. The lattice
parameter values of the cubic spinel phase were calculated
using the FULL-PROF program, and these results are pre-
sented in Table 1. It is clear that the lattice constant
decreases with an increase in the quantity of Co present.
The relationship between the decrease in lattice parameters
and the increase in doping content may be explained by
considering the ionic radii of the impurity ions. The sig-
nificant difference in ionic radii between Cd** (0.97 A) and
Co** 0.74 10%) [25] might be the primary factor contributing
to this phenomenon.

Strain broadening and peak size contribute to the overall
integral width of a Bragg peak. Williamson and Hall used
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Fig. 2 Observed (symbols) and patterns calculated via Rietveld

refinement (line) for all samples. Vertical bars indicate positions of

Bragg reflection for the existing phases. The difference between cal-

culated and observed intensities is shown at the bottom. The peaks
associated with the impurity hematite phase are marked with asterisks

Table 1 Lattice parameter, particle size, lattice strain, dislocation
density, theoretical density and hopping lengths L4 and Lg of prepared
samples Cd;_, Co, Fe,O4

Cd;_ CoFe,0, 0.0 0.25 0.5 0.75 1.0
a (A) 8.6835 84907 84311 84041 83796
D(nm) 61 64 65 78 83

€ 0010 0024 0035 0045  0.058
Sr¥1074 2.7 25 24 1.6 1.5

p (gm/em?) 5845 5962 5793 5550  5.297
La(A) 3760  3.677  3.651  3.639  3.628
Ls(A) 3070 3.002 2981 2971 2963

the different angle (©) dependence of size and strain
broadening to distinguish between these two parameters in
their analysis [26, 27]. The Williamson-Hall formula is used
here to determine how much strain is formed in nanocrys-
tals as a result of lattice distortion and imperfection. By
means of the uniform deformation model (UDM) described
by Eq. (1), we have approximated the crystallite size and
lattice strain of the Cd; Co.Fe,O, samples. The average
crystallite size and lattice strain may be calculated using Eq.
(1) [28] from the Williamson-Hall equation.

KA
B Cosd = 5 + 4¢Sinb (1)
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Fig. 3 a Williamson-Hall plot of 4sin© against fcos© calculated from
XRD spectra for the prepared samples Cd; \Co (Fe,O4

where D is the particle size in nanometers, A is the
wavelength, K is a constant (0.9), By is the peak width at
half-maximum intensity and € is the lattice strain. By
plotting 4sin® in the x-direction and B, x | cosO in the
y-direction, which is a linear fit as demonstrated in Fig. 3,
the crystallite size and lattice strain may be determined. The
average strain caused by the particles is represented by the
slope of the figure, while the size of the nanocrystals is given
by the intercept on the y-axis. According to Table 1, as Co
concentration (x) rose, so did particle size and lattice strain.

The quality of the samples crystals is estimated by cal-
culating the dislocation density &;. The & values of
Cd, _«Co (Fe,0, spinel nano ferrite was estimated using Eq.
() [291:

1

Table 1 indicte that the dislocation density O; decresed
with increasing Co content (x). This behavior may be
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related to the improvement of the crystallization process of
Co doping; this in turn reduces the crystals defects of the
synthized samples.

The theortical density p, of Cd;_4Co.Fe,O, samples was
calculated using the relation (3) [30]:

_8M
a NAa3

Px (3)
where M is the molecular weight of the sample, N, is
Avogadro’s number, and a is the lattice constant.
Theoretical density p, values for Cd; _Co4Fe,O4 samples
were found to decrease with increasing Co content
(Table 1). The decline in theoretical density is attributed
to the density convergence of Co (8.90 g/cm®) and Cd
(8.65 g/cm?).

The lattice constant values were used to determine the
hopping lengths L, and Lg, which represent the dis-
tances between magnetic ions in the A site (Tetrahedral)
and B site (Octahedral), respectively. These values
were computed using relations (4, 5) and are shown in

Table 1.

L, =X V3 (4)
4

Ly — % (5)

Table 1 demonstrates that as the concentration of Co ions
rises, the L, and Ly decreases. The shrinking of the unit cell
resulting from the conversion of larger ions into tetrahedral
lattice sites and inclusion of smaller Co>*ions into octahe-
dral lattice sites may be identified as a result of this.

3.2 SEM and EDAX analysis

The surface morphological properties of the cadmium-cobalt
ferrite samples were investigated using scanning electron
microscopy (SEM). The majority of particles have been
observed to possess a spherical shape and are found to be
agglomerated, as seen in Fig. 4a. The substitution of cobalt
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Fig. 4 a Scanning electron micrographs for the samples CdFe,O, (x =0), Cdy5CogsFe;0, (x =0.5) and CoFe,O, (x =1.0) spinel ferrite.
b Histogram distribution of particles size by using Image J software and (¢) EDAX spectra of the x =0, 0.5 and x = 1.0 samples
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Table 2 EDX analysis of of Cd;, Cox Fe,O; (x=0, 0.5 and 1.0)
samples

Sample Element wt%
x=0 Fe 574
Cd 12.7
(0] 29.9
x=0.5 Fe 55.5
Cd 5.9
(0] 225
Co 16.1
x=1 Fe 48.0
(0] 25.7
Co 26.3

has a significant influence on both the size and form of grains,
which is readily observable. SEM images clearly demon-
strated that the particle size increases with increasing Co-
content (x) as revealed in histogram distribution of particles
size (Fig. 4b), which is consistent with crystal size results from
XRD analysis. Figure 4c shows that the samples’ energy-
dispersive X-ray (EDAX) spectra only showed emission
peaks corresponding to the expected elements; there were no
other contaminants that could be seen and the corresponding
weight percent for each elements are listed in Table 2.

3.3 FTIR analysis

Fourier transform infrared spectroscopy (FTIR) is a very
useful spectroscopic method for characterizing different
functional groups inside materials. FTIR spectra were
obtained in the range of 400—4000 cm’l, as seen in Fig. 5.
The metal-oxygen bonds exhibit prominent peaks at
wavenumbers of 559-588 cm™' and 471-477 cm ™', which
are indicative of the bonding typically seen in ferrite
materials. According to Waldron [31], it can be shown that
these peaks correspond to the stretching vibrations of the
M-O species. Specifically, the bands within the range of
560-590 cm ™' are attributed to tetrahedral sites (A) (v,
while those within the range of 470-480 cm™! are ascribed
to octahedral sites (B) (). Table 3 shows the changes in
wavenumber observed at sites (A) (1), and (B) (vp) as the
concentration of cobalt (Co) rises. It is remarkable that v,
exceeds v, as a result of a higher degree of Fe’T— 0%~
overlapping occurring at A sites compared to B sites. The
difference in Fe’*— O distances for the A and B sub-
lattices controls the positioning of these two absorbance
bands [20]. Moreover, the observed rise in (v,), values and
decline in (v,), values when Co”* jons are substituted is
attributed to the preference of nonmagnetic divalent Cd**
ions to occupy tetrahedral sites, hence compelling Fe and
Co ions to occupy octahedral sites. Based on the
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Fig. 5 FTIR spectra for the prepared samples Cd;_4Co \Fe,O,

Table 3 Variations of tetrahedral (v,) and octahedral (v,) stretching
vibrations and force constants & and k, of Cd;_,Co, Fe,Oy spinel ferrite
nanoparticle samples

X Vv Vo k¢ ko
cm™! cm™! (Dyne/cml)* 10° (Dyne/cml)”‘IO5
0.0 560 478 2.895 2.108
0.25 568 476 2.979 2.092
0.5 575 474 3.052 2.074
0.75 579 472 3.095 2.057
1.0 582 469 3.127 2.031

observation that Fe’>* and Co®" ions possess smaller ionic
radii compared to Cd2+, it can be inferred that this differ-
ence leads to a reduction in the Fe-O bond length. Conse-
quently, this structural modification induces a displacement
of the (1) towards higher energy and a corresponding shift
of the (v,) towards lower energy.

The ionic force constants (Kt) and (Kq) associated with
A sites and B sites, respectively, may be determined by
substituting the values of vibrational frequencies (v,) and
(v,) into the following Eq. (6) [32]

K = 47°C*v*m (6)

where ¢ is the light speed (3x10'°cm/s), v is the
wavenumber at A and B sites, and m is the reduced mass
of Fe’™ and 0% (2.601 x 107> g). Table 3 lists the values
for the force constants (Kt) and (K,); note that as the Co
content rises, the (Kt) values rise while the (K,) values
decline. Nonmagnetic divalent Cd*" ions with a larger ionic
radius preferentially occupy the tetrahedral sites, whereas
the smaller Fe and Co ions occupy the octahedral sites, as
seen by the increase in (Kt) and decrease in (Kr).
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3.4 Magnetic properties

Hysteresis loops of spinel ferrites Cd;_CosFe,O4 samples
estimated in room-temperature fields of 20 kOe are shown
in Fig. 6. The magnetic characteristics were enhanced by
increasing the Co concentration and normal (S)-shaped
curves were seen for all compositions, demonstrating their
ferromagnetic nature. Saturation magnetization (M) and
magnetic coercivity (H.) are listed in Table 4 which
demonstrates the changes brought about by the various Co
substitutions. According to Néel’s two sublattice models,
there are three kinds of exchange activities (A-A, A-B, and
B-B). Among those three, the A-B exchange is much
stronger than the other two couplings. When the density of
the cations and the magnetic moments of the cations are
varied, the interchange between the magnetic ions will
change. Substituting a trace quantity of Co®" (B position)
jons for Fe’t (B position) will lead to an increase in the
concentration of Fe>™. By increasing the Co substitution
ratio, the M value of the sample CoFe,O, (pure cobalt) was
raised from 13.31 emu/g (the value for undoped CdFe,O,)
to 78.45 emu/g. Possible explanations include the exchange
of magnetic Co>" ions (3 pg) for diamagnetic Cd*" ions
(0 pp) [33]. In addition, the Magneto-crystalline anisotropy
is enhanced by the incorporation of soft magnetic Co"
ions, enabling samples to retain their magnetic ordering and
display soft ferrimagnetic behavior.

Using the following relationships (7) and (8), the mag-
netic moment pg per formula unit in Bohr magnetron (B)
and the anisotropy constant K can be calculated [32, 34]:

_ M x My (7)
5585

_ M x Hc (8)
0.98

where M is the saturation magnetization, M,, is the
molecular weight of the sample and H, is the coercivity
of the sample.

The correlation between the concentration of Co and the
magnetic moment (ug) of the Bohr magnetron is illustrated in
Table 4. The enhancement of magnetic parameters can be
attributed to the high extent of occupancy of the tetrahedral
A-site by the Cd** ion [35, 36]. In contrast, the octahedral
B-site is occupied by the Co*" ion [37], and both the tetra-
hedral and octahedral sites are occupied by the Fe’" ions.
According to Néel’s two sub-lattice models [38], the intro-
duction of magnetic divalent ions (Co*" ions) into ferrites
results in an increase in the quantity of Fe*™ ions at the A-site
and a decrease in the quantity of Cd>" ions. This substitution
accounts for the observed enhancements in saturation mag-
netization and magnetic moment. The migration of Fe*™ ions
from the octahedral site (B-site) to the A-site is equivalent to

809 cd, Co Fe,0,

60+

40 4

o, emu/g

H, kOe

Fig. 6 Room temperature hysteresis loops for spinel ferrites samples
Cd,; «Co,Fe,04 obtained in +20 kOe field ranges

Table 4 Magnetic parameters of Cd;.Co,Fe,O, spinel ferrite
nanoparticle samples

Cd;_« 0.0 0.25 0.5 0.75 1.0
Co,Fe,0y4

M; (emu/g) 13.31 36.23 58.22 71.29 78.45
M; (emu/g) 6.4075 13.203 25.927 35.360 39.988
H. (O.) 22035 25790 534.60 1092.6 1176.1

K (uB) 0.687 1.782 2.724 3.165 3.296

K (erg/cm3) 2992.71 9534.41 31759.60 79482.53 94147.20

the occupancy of Co?" ions at the B-site. Consequently, as the
concentration of Co>* ions increases, the magnetic moment of
the B-site sublattice diminishes, while the magnetic moment
of the A-site sublattice increases with the addition of Fe*"
ions. Furthermore, the observed increase in saturation mag-
netization (M) was attributed to the enhanced super-exchange
interaction within the inter-sub-lattice (A-B). This finding is
consistent with the collinear two-sub-lattice model. The
magneto-crystalline anisotropy of nanoparticles influences
their H, value [39]. As presented in Table 3, the H. of the
prepared samples increased as the Co®" content increased.
Strong spin-orbit coupling was associated with the high
magnetocrystalline anisotropy of Co®" ions; this could be
attributed to the unquenched orbital moment of Co*" ions in
the asymmetric crystalline field of octahedral sites [40, 41].
Co”" and Fe*" had d-shell electron configurations of 3d” and
3d6, respectively. Fe*t ions possessed half-full electron shells,
or five unpaired electrons, which led to orbital quenching
(L=0). In this particular case, spin-orbit interactions are
essentially negligible. In contrast, Co’" ions possessed four
unpaired electrons, and due to spin-orbit interactions, the
orbital angular momentum remained unquenched. As a result,
cobalt ions exhibited a greater degree of magneto-crystalline

@ Springer
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Table 5 Cation distribution,

ionic radius of the tetrahedral A X Cation distribution 1A (A) rg (A) ag (A) ay_g (degree)
(ra), octahedral B site (rg), A site B site
theoretical lattice parameter (a;;)
and Yafet—Kittel angle (a-YK) 0.0 Cdy ggsFeq 012 Cdy 12Feq 988 0.946 0.651 8.7412 85.65
of Cdl’XCOXFezo4 0.25 Cd04742C00.118F60414 Cd0'008C004132F61.36 0.875 0.652 8.6331 72.99
0.5 Cd04494C00.246F60426 Cd0.006C004254FC] 74 0.803 0.653 8.5250 59.78
0.75 Cd04247COO.363F(30439 Cd0.003C0()43g7FC].6] 0.731 0.654 8.4168 47.66
1.0 CopsFen 54 Cop ssFe; ag 0659 0655 83086 3432

anisotropy in comparison to iron ions. As a result, H.
increased in Cd;_,Co,Fe,O, samples [42].

3.5 Cation distribution

The examination of cation distribution in spinel ferrite pro-
vides valuable insights for the development of materials with
specific features. The phenomenon of cation distribution refers
to the arrangement of cations at tetrahedral (A) and octahedral
(B) positions inside a crystal lattice. The determination of
cation distribution in spinel ferrite may be achieved by the
examination of XRD patterns and magnetic characteristics.

The enhancement of magnetic moment ng, which arises
from the progressive Co substitution ratio, may be eluci-
dated by using the three-sublattice model proposed by Yafet
and Kittel (Y-K model) [43, 44]. Based on the Y-K model,
it is postulated that the B lattice may be partitioned into two
distinct sublattices, namely B; and B,. These sublattices
exhibit magnetic moments of similar magnitude, and each is
oriented in an opposing canting direction at an identical
angle. The two sublattices, B; and B,, have a triangular spin
configuration that becomes more prominent as the con-
centration varies. The cation distribution of the spinel ferrite
Cd; _CoFe,0,, as produced using the described method, is
listed in Table 5. The most accurate assessment of cation
distribution is obtained by comparing experimental lattice
parameters acquired by X-ray diffraction with estimated
lattice parameters derived from cation distribution.

The mean ionic radius of the tetrahedral A (ry) and
octahedral B site (rg) can be calculated from Egs. (9) and
(10).

ra = Cagm)rin2+ + Cacayrea + Care)res+ 9)

1

rg = 5 [CB(M,,)VM,IH + CB(Cd)VCd2+ + CA(Fe)ng3‘] (10)

In addition, the theoretical lattice parameter (a,,) was

estimated by using the following Eq. (11) [45, 46]:

an = 5 (144 R) + Vi + R,) (1)

where R, is the ionic radius of oxygen. Table 5 provides the
cation distribution and computed ry, rg for both tetrahedral
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and octahedral positions for the prepared Cd; ,Co.Fe,O4
spinel nanoparticles. The increase in the theoretical lattice
parameter (ay) as the Co content rises is illustrated in
Table 5. Additionally, the similarity between the experi-
mental and theoretical values for the lattice parameter
verifies the cation distribution’s validity.

The observation of the cation distribution and the cor-
relation between the magnetic moment and the concentra-
tion of Co can be achieved through the calculation of the
Y-K angle (ay.x). Equation (12) represents the magnetic
moment pg(th) following the Y-K model.

pug(th) = ug cos(ay-x) — ua (12)

The magnetic moments on the A and B sites are denoted
as U and pg, respectively, and are given in units of Bohr
magneton. It also demonstrates the agreement between the
experimental and theoretical magnetic moment values,
confirming the accuracy of the cation distribution. The
values of ay. g angles as a function of x are presented in
Table 5. The values of ay g angles of Cd;_,Co,Fe,0, spinel
ferrite exhibited a reduction as the concentration of Co
increased.

3.6 Dielectric properties

The dielectric and electrical characteristics of the
Cd,_«Co,Fe,0,4 samples, where x = 0, 0.25, 0.5, 0.75, and 1,
were investigated over the frequency range from 107! to
107 Hz. Figure 7 illustrates the frequency dependence of the
dielectric constant, usually called permittivity and denoted
as €, for nano-composite samples of Cd;_Co.Fe,O4. The
Cd-free sample has the lowest values for both permittivity
and ac conductivity across the whole frequency range that
was studied. This means that pure cobalt ferrite is more
insulating than the other four samples that were investi-
gated. This may explain the reduction of dielectric constant
with increasing the concentration of cobalt. Permittivity
rises very little with decreasing frequency; however, this
sample shows exceptional stability with respect to fre-
quency. The figure represents a superposition polarization
of the dipoles in the Cd-free samples and the other three
composites, which is the result of charge transfer between
divalent and trivalent cations inside the spinel structure and
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Fig. 7 Dielectric constant (¢‘) as a function of frequency for all
compositions under investigations, Cd;_,Co,Fe,O4 with x = (0, 0.25,
0.5, 0.75, 1) sintered at 950 °C

the contribution of charge carriers’ movement. Spinel fer-
rite’s dielectric spectra provide important details regarding
the movement of electric charge carriers and the process of
polarization in ferrites. As seen in Fig. 7, the frequency
dependence of €, for the four samples exhibits three distinct
tendencies. The observed linear drop in conductivity at
lower frequencies may be attributed to the movement of
free-charge carriers. This behavior may be followed by a
plateau-like pattern in the presentation of dc-conductivity.
In this case, we see a bending-like behavior in the middle-
frequency band (from around 5 Hz to roughly 10 kHz). This
deflection is likely caused by Maxwell-Wagner—Sillars
(MWS) polarization at the interface. In recent years, this
kind of polarization in inhomogeneous structures has gained
well-known recognition [47-49].

The formation of interfacial polarization in a given
material occurs due to the presence of conducting grains
that are separated by non-conducting grain boundaries. The
emergence of a network of microcapacitors exhibiting
electric energy storage capabilities is a very promising
characteristic seen in nanocomposites [50]. The phenom-
enon of interfacial polarization, which affects the dielectric
constant, exhibits a gradual decrease as the frequency
increases. At higher frequencies beyond a specific threshold
(approximately 10kHz in this study), the exchange of
electrons between Fe*™ and Fe®" ions is unable to keep up
with the alternating field, resulting in a constant value
[51-54]. The addition of cobalt to pure cadmium ferrite
results in a significant rise in permittivity.

The dielectric loss (¢*) exhibits an analogous behavior,
as depicted in Fig. 8, which supports the concept that the
real (¢°) and imaginary (¢*) components of the complex
dielectric function are not independent. The observed phe-
nomenon of the dielectric characteristics of the various
samples exhibiting a pronounced decline as the frequency

10
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Fig. 8 Dielectric loss (¢) as a function of frequency for all compo-

sitions under investigations, Cd;CosFe,O4 with x = (0, 0.25, 0.5,

0.75, 1) sintered at 950 °C

rises may be attributed to the influence of conductivity. This
observation validates the governing equation that delineates
the correlation between the complex conductivity and
dielectric function.

The dielectric loss tangent, tan O, often known as the
dissipation factor, is a parameter that quantifies the rate at
which energy is lost or dissipated in dielectric materials.
The expression given in Eq. (13) represents the ratio
between the dielectric constant, denoted as e, and the
dielectric loss, denoted as .

/!

tanézi—/ (13)

Figure 9 illustrates the frequency-dependent values of
tan O for the Co compositions under investigation, which
were sintered at a temperature of 950 °C. The interfacial
polarization exhibits a dynamic peak relaxation phenom-
enon at intermediate frequencies. Additionally, a more
pronounced peak is seen at lower frequencies, indicating
slower dynamic behavior. This lower frequency peak is
indicative of the charge carriers’ transit mechanism,
including a hopping process. To clarify, the observed
maximum in the slower dynamic of the hopping
mechanism shown in the figure may be ascribed to the
fortuitous alignment between the frequency of the applied
electric field and the frequency at which charge carriers
engage in hopping. This phenomenon is evident when the
frequency of the applied electric field is lower than or
similar to the frequency at which charge carriers transition
between Fe’" and Fe’" ions. At elevated frequencies, the
behavior of hopping electrons and the modification of
MWS-polarization deviate from their response to the
electric field, resulting in a reduction in tan 8 and the
attainment of stability.
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Fig. 10 The imaginary part of complex electric modulus as illustrated

graphically against its real part (Nyquist plot) of the investigated
samples as indicated

The real, M/, and imaginary, M”, parts of the complex
electric modulus can be estimated from those of the com-
plex permittivity by using Eqgs. (14, 15):

e/

/
M = (elz +£”2) (14)
e’
1
M" = (8/2 _|_£.//2) (15)

The determination of the electric modulus facilitates the
analysis of the relaxation phenomenon. Figure 10 displays
the Nyquist plot, M"(M'), for the investigated samples. A
representation of the relaxation resulting from the grain
boundary contribution is shown by a semi-circular arc, tak-
ing into account the scale of the figure. Upon careful
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Fig. 11 Real part of the complex conductivity, ¢/, vs. frequency for all
compositions under investigations

examination of the Figure, it becomes evident that there is a
discernible shoulder-like characteristic seen in the lower
range of M’ (specifically, at higher frequencies). The Nyquist
plot of the complex electric modulus, denoted as
M* = M’ + M", is often used to provide precise insights into
the conduction process occurring inside grain or grain bor-
ders. At higher frequencies, the presence of a shoulder
indicates the resistance of grains only. Conversely, the arc
seen over a wider range of frequencies represents the com-
bined resistance of both grains and grain boundaries [55].

Figure 11 shows the real part of the complex con-
ductivity, denoted as o, plotted against frequency for the
five samples that were being studied in their original state.
The graphic clearly illustrates two distinct tendencies. In the
higher frequency range, there is a progressive rise in the ac
conductivity as the frequency increases. This increase of ac-
conductivity, ¢’, is generally linear on the log-log plot and
follows a power law (that is :6’ = kw", where k and n are
constants and o is the radial frequency [56]).

When o' characterized on the low frequency side by a
plateau, its value directly yields the dc conductivity, ogc,
and the characteristic frequency, vc, at which dispersion sets
in and turns into a power law at higher frequencies. How-
ever, in this case, the frequency dependence of ac-
conductivity follows the well-known Jonscher power law.
However, in our case, and according to the heterogeneous
structure, there a clear effect of the interfacial polarization
that originated from the accumulation of charge carriers at
the grain boundaries. So, it is not possible to fit the data
using Jonscher’s model within an acceptable error.

The predominant source of electrical conductivity in fer-
rites is often attributed to the phenomenon of electron hop-
ping between ions of the same element that exist in various
valence states. The elevated concentrations of Co®" result in
the displacement of a greater number of Fe?" ions, thereby
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leading to a decrease in conductivity. The introduction of an
alternating current (AC) field results in an increase in electron
hopping, hence enhancing the AC conductivity. Nevertheless,
the departure from linearity shown in the data may be
attributed to the presence of interfacial polarization, often
referred to as Maxwell-Wagner-Siller polarization. This
phenomenon arises due to the buildup of charge carriers at
the interfaces. The electrical responsiveness of the system is
affected by the migration of charges in response to an applied
alternating current (AC) field. In the lower frequency range,
the ac-conductivity is less affected by or even doesn’t depend
on the frequency of the applied external field at a specific
characteristic frequency (v;).

The equation consists of two distinct elements. The first
element, referred to as dc-conductivity (c4.), is independent
of frequency and arises from band conduction. The sub-
sequent element, known as ac-conductivity (0,), is
frequency-dependent and arises from electron hopping at the
B-site. It is important to observe that the rise in og is fol-
lowed by a steady increase in v.. The empirical Barton-
Nakajima-Namikawa (BNN) connection suggests a linear
correlation between the two parameters, with the relation
04c ~ Ve [57, 58]. It may be inferred that an increase in the
characteristic frequency results in an increase in con-
ductivity. Considering the reciprocal relationship between
frequency and time, there exists an inverse relationship
between the duration of time and the level of conductivity, so
that shorter durations correspond to greater levels of con-
ductivity. This observation provides evidence that the mea-
sured time is uniquely attributable to the ion’s hopping time.

4 Conclusion

Co-substituted CdFe,0, nanocrystalline spinel ferrites were
successfully synthesized using the flash auto-combustion
method. Based on the X-ray diffraction data, it can be
shown that the analyzed samples have a cubic-phase spinel
ferrite structure, which corresponds to the Fd-3m space
group. The lattice parameters exhibited a reduction,
accompanied by a rise in both particle size and lattice strain,
as the Co concentration (x) increased. According to scan-
ning electron microscopy (SEM) images, it has been seen
that the majority of the particles have a spherical shape and
are found to be agglomerated. The FTIR analysis success-
fully identified two main vibrational modes linked to the
stretching of metal-oxygen bonds in the tetrahedral and
octahedral sites. This confirmed that the synthesized ferrites
have a spinel structure. The magnetic measurements
demonstrate an enhancement in many properties, such as
saturation magnetization (M), remanence magnetization
(M,), coercivity (H.), and magnetic moment (ug), with an
increase in the Co substitution content. The permittivity for

the composition Cd;CosFe,O, as sintered at 950 °C
exhibits a frequency dependency that indicates the forma-
tion of a net of micro capacitors-like behavior in the former.
This is due to the efficiently conducting grains being
separated from one another by a thin layer of weakly con-
ducting grain boundaries. The compositions’ conductivity
spectra display two distinct trends that are divided by a
characteristic frequency.
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