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Spinel ferrites have a significant role in high-tech applications. In the present work nano-crystalline ferrites having
general formula Co0.5Cd0.5BixFe2−xO4 with (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25) are synthesized via micro-emulsion
route. Powder x-ray diffraction (XRD) studies discover the FCC spinel structure. Crystalline size is calculated in a range
of 11 nm–15 nm. Lattice parameter calculations are reduced due to its substitution which leads to the exchange of large
ionic radius of Fe3+ for small ionic radius of Bi3+. The x-ray density is analyzed to increase with doping. Fourier
transform infrared spectroscopy (FTIR) is performed to analyze absorption band spectra. The two absorption bands are
observed in a range of 400 cm−1–600 cm−1, and they are the characteristic feature of spinel structure. Thermo-gravimetric
analysis (TGA) reveals the total weight loss of nearly 1.98%. Dielectric analysis is carried out by impedance analyzer in
a frequency span from 1 MHz to 3 GHz by using the Maxwell Wagner model. Dielectric studies reveal the decrease of
dielectric parameters. The alternating current (AC) conductivity exhibits a plane behavior in a low frequency range and it
increases with the applied frequency increasing. This is attributed to the grain effects in a high frequency range or may be
due to the reduction of porosity. Real and imaginary part of impedance show the decreasing trend which corresponds to
the grain boundary action. The imaginary modulus shows the occurrence of peak that helps to understand the interfacial
polarization. Cole-Cole graph shows a single semicircle which confirms that the conduction mechanism is due to the
grain boundaries at low frequency. Dielectric studies reveal the applicability of these ferrites in high frequency equipment,
microwave applications, high storage media, and semiconductor devices.
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1. Introduction
Ferrites are the materials containing iron oxide as its

main component, and they are ferromagnetic oxides possess-
ing high permeability and resistivity.[1] They have vast area
of applications in all the fields because they are suitable for
the applications in high frequency, resistivity and high corro-
sion resistance.[2] Their commercial use appeared after 1950
in electronic devices like computer circuitry, microwave de-
vices, television, telephones, radio, magnetic memories and
transformers and so on. The ferrites possess a large num-
ber of bulk applications but the phenomenon of magnetism
lies in nano-scale domain.[3] Spinel ferrites have great sig-
nificance because of their electrical and dielectric characteris-
tics, and these characteristics depend on the chemical compo-
sition and the method of preparation. Recently, with the devel-
opment in information technology, high performance storage
devices have received great attention.[4] Multiferroic materi-
als have significance due to their ferroelectric, ferromagnetic
and ferroelastic properties. The application of external elec-
tric field, magnetic field and stress can cause the change in

spontaneous magnetization, polarization and deformation, re-
spectively. Mutual coupling of these phenomena has revealed
their applications in sensing, storage and spintronic devices
{Wang, 2019 #135}.[5–7] The ferrites possess characteristics
of behaving like inhomogeneous dielectric material consist-
ing of highly conducting grains detached by air gap or in-
sulating layers called grain boundaries.[8] Dielectric proper-
ties of ferrite like dielectric constant, tangent loss, AC con-
ductivity and impedance can be controlled by annealing and
composition.[9,10] Nowadays cobalt ferrites gained much at-
tention due to their applications in high electromagnetic, in-
dustrial and biomedical applications. They have good elec-
tromagnetic properties and hardness just because of their high
chemical stability.[11–13] The characteristics of these ferrites
greatly depend on synthesis methodology and the annealing
temperature. It should be noted that size of such ferrites
strictly relies on annealing temperature.[14–21] In a current
refined era, a limited number of researches have been done
on cobalt–cadmium spinel ferrites, and researchers have paid
magnificent attention to the DC electrical conductivity which
exhibits an increasing trend with the rise of temperature.[22]
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Researchers have also reported the increase in conductance
characteristics of cobalt–cadmium ferrites as well as catalytic
decomposition of 2-propanol. The cobalt-cadmium ferrites
with variational composition, magnetic coupling leads to a
strengthening effect on A–B interaction.[14] Research groups
have also reported an increase in dielectric properties of mate-
rial as well as AC conductivity.[23]

In the present study, the cobalt-cadmium ferrite hav-
ing bismuth as a substituent are prepared via micro-emulsion
route. The prepared ferrite material is characterized by
thermo-gravimetric analysis (TGA), x-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and dielectric
properties analysis.

2. Experimental technique
Bismuth substituted cobalt–cadmium ferrites were manu-

factured by micro-emulsion technique. The general composi-
tion formula used was Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05,
0.1, 0.15, 0.2, and 0.25). The materials used were cobalt
(II) nitrate hexa-hydrate (Co (No3)2.6H2O), cadmium nitrate
tetra-hydrate (Cd (No3)2.4H2O), bismuth (III) nitrate penta-
hydrate (Bi (No3)3.5H2O), ferric (III) nitrate nano-hydrate
(Fe (No3)3.9H2O), and cetyl trimethyl ammonium bromide
(CTAB) C19H42NBr. The sample solutions were prepared and
in order to make the homogenous mixture and hot plate mag-
netic stirrer was used. The prepared ferrites samples were
characterized by using TGA/DTA analysis to study the weight
loss of material with respect to the provided temperature. The
XRD was carried out on PANalytical XPert Pro to analyze the
crystal structure and to find several parameters pertaining to
the crystalline structure. The value of 2θ was set to be in
a range from 10 ∘ to 80 ∘. The FTIR analysis was done on
iS50 FT-IR to investigate tetrahedral and octahedral stretching
bands. The dielectric analysis was done by impedance ana-
lyzer to investigate the dielectric properties of prepared fer-
rite material. Several dielectric parameters like dielectric con-
stant, dielectric loss, tangent loss, AC conductivity, real and
imaginary part of impedance and modulus are calculated in
frequency range from 1-MHz to 3-GHz range, their variations
are studied with the increase of Bi3+ content as well.

3. Results and discussion
3.1. TGA-DTA analysis

Thermo-gravimetric analysis (TGA) as well as dif-
ferential thermal analysis (DTA) of prepared sample
Co0.5Cd0.5Fe2O4 is accomplished in a temperature range of
0 ∘C–1010 ∘C. The analysis of percentage weight loss against
temperature was made with the help of TGA curve, which
exhibits that the decomposition process is completed step by
step.

A weight loss of about 1.98% is observed in the whole
temperature range. Rapid changes in the curve occur at 55 ∘C
and 420 ∘C. Below 100 ∘C there is a weight loss of approxi-
mately 0.38%, which is due to the evaporation of water.[24,25]

At 358 ∘C the weight loss of about 1.38% occurs which is due
to the decomposition of matter, evaporation of water and oxi-
dation of organic matter.[26,27] Secondly, most of the weight
loss is nearly 1.36% occurring in the temperature range of
100 ∘C–420 ∘C. Then in the last step, a 0.17% weight loss is
found in the temperature range of 420 ∘C–974 ∘C. From TGA
graph it follows that the phase formation starts at 900 ∘C after
which there is very small weight loss, beyond 1010 ∘C there
exists no weight loss, which confirms the creation of stable
phase. The DTA curve shows that the decomposition is carried
out step by step due to some exothermic peaks. The first sharp
peak is observed at 94 ∘C, the second oneoccurs at 234 ∘C and
the third one appears at 405 ∘C, indicating the burning of ad-
ditional constituents.[24,28] Figure 1 shows the TGA and DTA
curves.
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Fig. 1. TGA and DTA curves.

3.2. XRD analysis

Bismuth doped cobalt–cadmium ferrites having general
composition formula Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05,
0.1, 0.15, 0.2, and 0.25) are synthesized via micro-emulsion
route. To study the crystalline structure in detail and identify
the crystalline phase formation, powder XRD is carried out on
PANalytical XPert Pro.[29] It is very basic and important char-
acterization technique to determine certain parameters of crys-
tal structure like, crystalline size, lattice constant, bulk density,
x-Ray density, stacking fault, lattice strain, micro-strain and
dislocation density, and so on. The crystalline phase of the
material is confirmed because the obtained XRD pattern con-
sists of very sharp peaks. At 2θ = 35∘ the most intense peaks
are observed to have 311 hkl value, this peak is considered to
be an ideal for cubic structure.[30] The peaks corresponding
to XRD pattern are studied and are indexed as (220), (311),
(222), (400), (422), (511), (440), (531), and (533). These
peaks correspond to the FCC spinel structure.[31,32] For further
confirmation, these peaks are verified by JCPDS card number
22-1086. A couple of impure peaks has also been observed:
one is at 2θ = 44.5∘ having hkl value 411, the other is at
2θ = 32.9∘ in the sixth sample indicated by (*). The occur-
rence of these peaks may be because of insolubility of Bi at
octahedral site.[26,33] The XRD patterns of the synthesized fer-
rite samples are shown in Fig. 2.

088701-2



Chin. Phys. B Vol. 28, No. 8 (2019) 088701

10 20 30 40 50 60 70 80

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

x / .

x / .

x / .

x / .

x / .

x / .









 

 

*

*

 

Angle 2θ/(°)

Fig. 2. XRD Analysis of Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15,
0.2, and 0.25).

The crystalline size is calculated for the hkl value of (311)
from the Debye Sherrer’s formula given by

Dm =
kλ

β cosθ
, (1)

where k is the constant having a valueof 0.9, λ is the x-ray
beam wavelength and its value is 1.54 Å, β is the full width at
half maximum (FWHM) of the (311) peak, and θ is its angle
of diffraction.[4] The crystalline size varies in homogenously
with the substitution of Bi. This behavior of inhomogeneity
existing in crystalline size may be due to the generation of
secondary phase and also relatively small ionic radius of Bi3+

as compared with that of the Fe3+ which is to be replaced.[26]

Lattice constant is calculated by Nelson Relay Function. This
is given as follows:

a = d
√
(h2 + k2 + l2). (2)

The average lattice constant is calculated to be in a range
of 8.46 Å–8.5 Å. The variations in the “a” is described on the
basis of Bi3+ and Fe3+ ion radius. Lattice parameter is found
to decrease with the substitution of Bi ion content.

This is due to the replacement of large radius of Fe3+ ion
(0.76 Å) by smaller radius of Bi3+ ion (0.74 Å) at the octahe-
dral site.[34–36] Lattice constant first decreases rapidly with the
substitution and then increases, in the end it again decreases,

which s may be due to the segregation of Bi3+ ions on grain
boundaries.[1] The x-ray density of synthesized ferrite is found
from the following formula:

ρx = 8M/Na3, (3)

where M represents the molecular weight, N the Avogadro
number, and a3 is a unit cell volume. The relation between
x-ray density and concentration is almost linear. With the in-
crease of Bi3+ concentration, the x-ray density also increases:
this is attributed to the greater molar weight of Bi3+ (208.98)
than that of Fe3+ (55.845). Bulk density of the prepared pal-
lets is calculated from the formula

ρm =
m
v
, (4)

where m represents the mass of pallet and ‘v’ its volume. Lat-
tice strain (ε) of the prepared nanoparticles is calculated from
the Stokes–Wilson equation

ε = β/4tanθ (10−3), (5)

where β is the FWHM of the most intense XRD peak. The
micro-strain of prepared nanoparticle is found from the fol-
lowing equation:

Micro-strain = (β cosθ)/4 (10−3). (6)

Dislocation density of the synthesized ferrite is calculated
from the equation

δ = 1/D2 (1015), (7)

where D represents the crystalline size. Stacking fault is cal-
culated for the prepared ferrite samples with the help of the
following formula:

Stacking fault (SF) = 2π
2/45

√
3(tanθ). (8)

Stacking fault fluctuates repeatedly: first it decreases then it
increases to a certain value and in the end it again decreases
and then increases. This inhomogeneous behavior can be due
to annealing temperature.[37] Table 1 shows all the structural
parameters dependent on the doping concentration.

Table 1. Structural parameters of Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25).

Parameter x = 0.0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

Crystalline size/nm 15.4157 14.1147 14.8737 11.7253 12.8087 13.4281

Lattice constant a/Å 8.50931 8.4783 8.46595 8.49676 8.49952 8.4948

Cell volume (a3) 616.145 609.433 606.774 613.422 614.020 612.998

x-ray density/g · cm−3 5.63509 5.86405 6.05738 6.15756 6.31720 6.49367

Bulk density/g · cm−3 1.17301 1.26855 1.35518 1.24530 1.24331 1.27261

Lattice strain/10−3 7.49341 8.15242 7.72146 9.84644 9.006118 8.593068

Microstrain/10−3 (lines−2/m−4) 2.24769 2.45487 2.32960 2.95514 2.70519 2.580409

Dislocation density/1015 (lines/m2) 4.20794 5.01940 4.52018 7.27363 6.09522 5.54588

Stacking fault 0.45118 0.45022 0.44974 0.45104 0.45083 0.45090
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3.3. FTIR analysis

Fourier transform infrared spectrum (FTIR) is recorded
the on iS50 FT-IR for further detailed analysis of crystal struc-
ture. The spinel structures of the prepared ferrites having
compositional formula Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05,
0.1, 0.15, 0.2, and 0.25) are investigated. The two frequency
bands are recorded: one is high frequency bands ν1 (at around
500 cm−1) because of tetrahedral site of intrinsic stretching
vibrations, and the other is low frequency band which is ν2

(at around 400 cm−1) because of octahedral stretching bands.
These frequency bands represent the characteristic feature of
spinel structure.[26,38] The changes in ν1 are observed in a span
of 530 cm−1–538 cm−1 whereas ν2 remains static. The high
frequency band and low frequency band are formed because of
the Fe3+–O2− stretching vibrations at tetrahedral and octahe-
dral site. The shifting of ν1 frequency band slightly to the high
frequency is due to the variation generated in lattice parameter,
and these changes affect the stretching vibrations of Fe3+–O2−

due to which the band position may be changed.[24,26] Figure 3
shows the FTIR spectra observed in 400 cm−1–1000 cm−1

range.

From the frequency band data the force constants are also
calculated, which are Kt and Ko for tetrahedral and octahedral
sites by the following formulas:

Ko = 0.942128M(ν2)
2/(M+32), (9)

Kt =
√

2Koν1/ν2, (10)

where M denotes the molecular weight, ν1 and ν2 are fre-
quency bands. The force constants are analyzed to enhance the

doping concentration, which indicates the possible strength-
ening of interionic bonding.[39] The tetrahedral radius and the
octahedral radius are also obtained from the following formu-
las:

Rtetra = a
√

3(u−0.25)−Ro, (11)

Rocta = a(5/8−u)−Ro, (12)

where Rtetra is the tetrahedral radii, Rocta is the octahedral radii,
u is the oxygen position parameter, and a represents the lattice
parameter. The value of oxygen position parameter is 0.375
for FCC structure.[40]
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Fig. 3. FTIR analysis of Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15,
0.2, and 0.25).

These tetrahedral and octahedral radii are seen to decrease
inhomogenously, which proves the decrease in bond length
with the concentration of Bi3+ increasing.[24] The values of
these parameters are given in Table 2.

Table 2. Different parameters of FTIR analysis.

Parameters x = 0.0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

Molecular weight/(gm/mol) 261 269 276 284 291 299

ν1/cm−1 530 537 533 533 538 534

ν2/cm−2 402 402 402 402 402 402

Ko/(dyne/cm2)×105 1.35644 1.36066 1.36467 1.36850 1.37213 1.37561

Kt/(dyne/cm2)×105 2.52909 2.57048 2.55886 2.56602 2.59698 2.58419

Ro 0.80733 0.79958 0.79649 0.80419 0.80488 0.8037

Rt 0.52232 0.51561 0.51293 0.5196 0.5202 0.51918

3.4. Dielectric properties

The dielectric properties of prepared ferrite samples having general formula of composition Co0.5Cd0.5BixFe2−xO4 (x =

0.0, 0.05, 0.1, 0.15, 0.2, and 0.25) are calculated with the help of impedance analyzer in a span of frequency from 1 MHz to
3 GHz at room temperature (as shown in Table 3). The dielectric properties are of great interest because of their suitability in
high frequency appliances. These properties strictly depend on the synthesis method, composition of material, and the cation
positioning.[26] In order to obtain the information about conduction mechanism and polarization, the AC conductivity and the
real and imaginary part of dielectric constant must be studied in a high frequency range.[41]
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Table 3. Dielectric parameters for Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2 and 0.25).

Parameters Frequency x = 0.0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

Dielectric constant 1 MHz 4.74 3.69 2.86 5.07 2.53 2.49

1 GHz 4.02 2.63 2.20 3.45 1.83 2.18

3 GHz 4.18 2.49 2.17 3.55 1.73 2.18

Dielectric loss 1 MHz 0.163 0.113 0.110 1.18 0.419 0.315

1 GHz 0.149 0.0250 0.0291 0.0702 0.00977 0.0213

3 GHz 0.359 0.00308 0.0623 0.230 0.00203 0.0793

Tan loss 1 MHz 0.0344 0.0307 0.0385 0.232 0.165 0.126

1 GHz 0.0372 0.00951 0.0132 0.0204 0.00534 0.0097

3 GHz 0.0858 0.00124 0.0287 0.0646 0.00117 0.0364

3.4.1. Dielectric constant, dielectric loss and tangent
loss

Dielectric constant, dielectric loss, and tangent loss of
Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25)
are calculated with respect to the frequency of applied field.
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Fig. 4. Variations of dielectric constant versus frequency.

Figures 4 and 5 show these parameters as a function
of frequency. These graphs exhibit the dispersion behaviors
at high frequencies, such a kind of behavior is because of
Maxwell Wagner interfacial polarization and also Koop’s phe-
nomenological theory. These models explain that the grain
boundaries are more active at low frequencies whereas grains
are more operational at high frequencies. While annealing the
samples, the irregular spreading of oxygen ion at grains and
grain boundaries lead to the ionic and electronic polarization
at high frequency and the interfacial polarization at low fre-
quency. As the frequency rises, the polarization goes on de-
creasing in strength and hence the dielectric constant contin-
ues to decrease. As is well known, the main charge carriers in
ferrites are electrons, the electronic exchange occurs between
Fe3+ and Fe2+ which reside at octahedral sites. This process
of electronic exchange is known as electron hopping. This be-
havior of dielectric constant decreasing is accomplished due

to the electron hopping because it does not obey the pattern of
applied alternating field at very high frequency.[24,42–44]
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Fig. 5. Variations of dielectric loss versus frequency.
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Fig. 6. Tangent loss versus frequency.

Figure 6 shows the variations in tangent loss with fre-
quency. This variation in tangent loss is analyzed to be like
that in dielectric constant and dielectric loss. In a feeble fre-
quency range the electron hopping frequency follows the ap-
plied field frequency, that is why the loss is calculated to be
comparatively high, but as soon as frequency of applied field
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is enhanced further the electron hopping cannot follow the
applied field frequency. Therefore after certain critical fre-
quency, the tangent loss decreases significantly.[24] These di-
electric parameters are listed in Fig. 3.

3.4.2. AC Conductivity

The AC conductivity is one of the important characteris-
tics of dielectric material. The AC conductivity of the pre-
pared ferrite samples Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05,
0.1, 0.15, 0.2, and 0.25) are calculated in a frequency range
from 1 MHz to 3 GHz. ssThe formula to be used for the cal-
culation of AC conductivity is

σac = (t/A) · z′/(z′2 + z′′2),

where t represents the thickness of pallet, A is its area, z′ and
z” represent the real and imaginary impedance parts, respec-
tively. The plot of AC conductivity versus frequency for each
of prepared samples is shown in Fig. 7.
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Fig. 7. AC Conductivity versus frequency.

From the figure it can be observed that for most of sam-
ples the AC conductivity has an increasing trend in the low fre-
quency range, whereas in the high frequency range it presents
the dispersive behavior . Maxwell–Wagner model and Koop’s
phenomenological theory both explain that the ferrites materi-
als have high conducting grains which are separated by grain
boundaries having resistive nature.[45] At low frequency the
behaviors of all samples seem to be planar and the same due
to high resistance of grain boundaries. At high frequencies,
as a result of the effects of grains and the hopping phenomena
in Fe2+ and Fe3+ at octahedral sites, the conductivity is en-
hanced. The increasing behavior of conductivity may also be
due to the reduction of porosity. At low frequencies it is seen
that the conductivity has a grain boundary effect whereas in
the high frequency range the conducting effects of grains are
observed, therefore the dispersion trend can be seen.[1,24,26]

3.4.3. Real and imaginary impedance

Impedance analysis is a powerful tool to relate dielec-
tric properties of synthesized material with its microstructural
composition.[46,47] The real and imaginary impedance part
are calculated for each of the ferrite Co0.5Cd0.5BixFe2−xO4

(x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25). These impedance
parts dependent on the applied field frequency are calculated
as depicted in Figs. 8 and 9.
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Fig. 8. Real part of impedance versus log of frequency.
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Fig. 9. Imaginary part of impedance versus log of frequency.

Impedance spectrum shows that the increase of applied
frequency reduces the real and imaginary impedance parts.
With the further increase of frequency the impedance curves
of all samples merge with each other and at higher frequency
impedance show constant behavior, which is attributed to the
release of space charges.[48] These space charges are produced
because of the disparity of concentration and also due to the in-
homogeneity of applied field which tends to accumulate these
charges on the grain boundaries. The decreasing real and
imaginary impedance parts show the improvement of conduc-
tivity with the increase of field frequency.[47,48]
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3.4.4. The real, imaginary modulus, and Cole–Cole
(Nyquist) diagram interpretation

Real and imaginary modulus of the prepared ferrite hav-

ing compositional formula Co0.5Cd0.5BixFe2−xO4 (x = 0.0,

0.05, 0.1, 0.15, 0.2, and 0.25) are calculated as a function of

applied frequency. The relations used for the calculation of

real and imaginary modulus are

M′ =
ε ′

ε ′2 + ε ′′2
, (13)

M′′ =
ε ′′

ε ′2 + ε ′′2
. (14)
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Fig. 10. Real electric modulus versus frequency graph.

Figures 10 and 11 demonstrate the plots of real and imagi-

nary electric modulus versus applied field frequency in a range

from 1 MHz to 3 GHz. The ferroelectric materials have an

electrical response which can be analyzed by using electric

modulus, and this electrical response is based on the phe-

nomenon of electric polarization. In some of homogenous ma-

terials the bulk (grain) and grain boundary effects can be de-

scribed on the basis of complex electric modulus formalism.

Electric modulus is used to analyze the behavior of interfa-

cial polarization depending on the applied field frequency in

Co0.5Cd0.5BixFe2−xO4.

If the grain boundary region occupies a greater volume,

then the graph between M′ and M′′ can provide good infor-

mation about the semicircle.[49] This kind of attitude is con-

firmed by obtaining the relation between grain boundary and

the formation of peak.[1] The appearance of each peak vs. fre-

quency in imaginary electric modulus is depicted in Fig. 11.

The values of AC conductivity, impedance and modulus are

represented in Table 4.
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Fig. 11. Imaginary electric modulus versus frequency graph.

Table 4. AC conductivity, impedance, and modulus values for Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25) in the frequency range
from 1 MHz to 3 GHz.

Parameters Frequency x = 0.0 x = 0.05 x = 0.1 x = 0.15 x = 0.2 x = 0.25

AC Conductivity 1 MHZ 5.79866×10−6 7.87803×10−7 7.2124×10−7 9.54509×10−6 1.91567×10−6 5.26607×10−6

1 GHZ 1.883699×10−3 3.96262×10−4 4.596×10−4 9.48×10−4 1.6695×10−4 3.30598×10−4

3 GHZ 1.2092363×10−2 4.14805×10−4 2.84216×10−3 8.553363×10−3 3.5165×10−6 3.395429×10−3

z′/Ω 1 MHZ 9.41×103 2.23×103 1.98×103 1.08×104 7.61×103 1.76×104

1 GHZ 3.31 1.27 1.90 2.08 8.88×10−1 1.38

3 GHZ 2.45 1.64×10−1 1.34 2.02 2.26 1.59

z′′/Ω 1 MHZ 8.50×104 1.13×105 1.11×105 7.04×104 1.33×105 1.21×105

1 GHZ 8.89×101 1.20×102 1.36×102 9.93×101 1.55×102 1.37×102

3 GHZ 3.01×101 4.21×101 4.60×101 3.25×101 5.38×101 4.59×101

M′ 1 MHZ 1.05039 1.39519 1.37548 0.870514 1.650339 1.501691

1 GHZ 1.10524 1.493224 1.694277 1.234792 1.923289 1.705278

3 GHZ 1.11549 1.562217 1.704708 1.205494 1.994711 1.703632

M′′ 1 MHZ 0.11640 0.027573 0.024533 0.13304 0.094080 0.217934

1 GHZ 0.04118 0.015793 0.023585 0.025844 0.011037 0.017183

3 GHZ 9.074×10−2 6.065×10−3 4.9524×10−2 7.4754×10−2 8.3825×10−5 5.9111×10−2
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The Cole–Cole diagram is shown in Fig. 12, which provides the information about grain and grain boundaries. This graph
can be plotted on any of these parameters such as electric modulus, permittivity and impedance. These parameters are interrelated
to each other in terms of characteristics. The Cole–Cole plot shows only single semicircle, which confirms that the conduction
behavior is due to grain boundaries only. Furthermore, the complex modulus spectra show that M′′ is inversely related to the
capacitance due to the fact that the bulk (grain) effects are also seen. The variations in the semicircle radius may be due to the
substitution of Bi3+. The obtained spectra can be explained by jump relaxation model (JRM) as well. According to this model,
the conduction process at low frequency is due to successful hopping of charge carriers between A site and B site but this hopping
mechanism is greatly restricted at high frequency, so the dispersion behavior is observed.[1,50]
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Fig. 12. Cole–Cole plot variations for Co0.5Cd0.5BixFe2−xO4 ferrite (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25).

4. Conclusions
Nano-crystalline ferrites with general formula

Co0.5Cd0.5BixFe2−xO4 (x = 0.0, 0.05, 0.1, 0.15, 0.2, and 0.25)
are effectively synthesized by the micro-emulsion method
which has proved to be an easiest method of synthesizing such

ferrites. The XRD studies confirm the FCC spinel structure

with the appearance of sharp peaks. Crystalline size is found

to be in nanosize range from 11 nm to 15 nm and is calcu-

lated by Debye–Scherrer formula. Lattice constant shows the

decreasing behavior with Bi3+ substitution increasing due to
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the replacement of large-radius Fe3+ ion by smaller-radius
Bi3+ ion. Two frequency stretching bands are observed by
FTIR studies, which are corresponding respectively to tetra-
hedral and octahedral site and are the characteristic bands of
spinel structure. The weight loss of the ferrite material is
calculated by TGA and DTA analyses, which shows the per-
centage weight loss of about 1.98% in a specified temperature
range due to the evaporation of moisture and impurity con-
tent. Dielectric studies are carried out in a frequency range of
1 MHz–3 GHz, which follows the Maxwell Wagner model,
and reveal the dielectric parameters decreasing with applied
field frequency increasing. The AC conductivity of mate-
rial is found to increase with frequency increasing due to the
grain effect at high frequency. The impedance analysis shows
decreasing tendency which in turn results in an increasing
conductivity of material. It is attributed to the grain boundary
effect. The real and imaginary modulus analysis conduces
to the understanding of the bulk and grain boundary effect
and the Cole–Cole explanation reveals the formation of sin-
gle semicircle that confirms that the conduction mechanism is
due to the grain boundaries at low frequency. These dielectric
properties propose the probable usage of these nano-ferrites in
high frequency applications, microwave applications, storage
media, and semiconductor devices.
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