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Electrical And Magnetic Properties Of Nickel
Substituted Cadmium Ferrites
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Abstract: Nickel substituted cadmium ferrites with general formula Cd1-xNixFe2O4 (where x = 0.1, 0.2, 0.3) were prepared by solid state reaction method.
The particle size of the ferrite samples were estimated from X-ray diffraction studies after the confirmation of the formation of single phase spinel
structure of the ferrites. The two prominent IR absorption bands (γ1 & γ2) of the samples observed in the regions 600 cm -1 and 400 cm-1 are assigned to
vibrations of tetrahedral and octahedral complexes respectively and using these IR band frequencies the force constants for tetrahedral (KA) and
octahedral (KB) sites were estimated. SEM images of the sample shows increase of the average grain diameter with the increase of nickel content in the
cadmium ferrite. The purity and stoichiometry of the compositions after final sintering were confirmed by Energy Dispersive X-ray (EDX) analysis. DC
resistivity, measured as a function of temperature shows the break at Curie temperature indicating the transition from ferrimagnet to paramagnet region.
The dielectric constant (ε' ) and loss tangent (tan δ) measured at room temperature as a function of frequency (40 Hz to 110 MHz), as a function of
temperature at certain frequencies (1KHz, 10KHz, 100KHz, 1MHz, 10MHz,) shows dielectric dispersion. Dielectric constant and loss tangent decreases
with increase of frequency, indicating decrease in polarization. Infact, dielectric constant (ε') and loss tangent (tan δ) reaches a constant value for all the
samples above certain higher frequency. The plot of dielectric constant with temperature shows two broad peaks one around 1800C and another around
380oC for frequencies in the range from 1KHz - 100KHz. Saturation magnetization and magnetic moments of the ferrite samples estimated from VSM
analysis were found to increase with Nickel content.
Index Terms: Ferrites, VSM, SEM, EDX, dielectric constant, loss tangent.
————————————————————

1 INTRODUCTION
Ferrimagnetic substance referred to as ferrites are often
crystallized in spinel structure. Ferrites are of commercial
importance due to their high frequency applications in different
devices such as radio frequency coils, transformer cores etc
and thus many magnetic materials are replaced by the
conventional magnetic materials. The importance of the soft
magnetic ferrites, in low frequency inductors, antenna rods
and wide-band are well known and their uses in the fields
have been continuously increasing for several decades. For
high frequency electronic devices such as electromagnetic
wave absorbers or inductor devices, initial permittivity in high
frequency region is an important factor. The permeability of the
ferrites is one of the important factor as high permeability have
a large value across the low frequency region and rapidly
decreases over the high frequency region [1-3]. The grain size,
porosity and microstructure have great influence on the
properties like coercivity and permittivity, which are in turn
controlled by preparation method and sintering process. The
magnetic properties such as, saturation magnetization and
magnetic moment depends on chemical composition [4].
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Ferrites are characterized by high conductive grains separated
by highly nonconductive grain boundaries. The electric
properties are mainly controlled by the grain boundaries. The
high electrical resistivity of ferrites has been extensively used
in many magnetic devices than those of soft magnetic alloys
[4], [5]. Therefore an electrical property such as DC
conductivity was carried out by two probe method to
understand the hopping mechanism of conduction as
described by Verwey and the estimated drift mobility was
found to be temperature dependent [6]. The dielectric
behaviors in ferrites were studied with the help of AC
conductivity. Ferrites are good dielectric materials and the
dielectric properties of ferrites dependent on factors such as
method of preparation, hence the study of dielectric behavior
became important. The dielectric properties of the ferrites are
depending on several factors such as method of preparation
[7]. The dielectric behavior of ferrites as a function of
frequency is attributed to Maxwell – Wagner polarization. It is
been reported that there is a correlation between the
conduction mechanism and the dielectric behavior of the
ferrites [8]. Magnetic properties of several mixed ferrites with
the spinel type crystal structure have been the subject of many
investigations. These ferrites have provided series of
compounds with general formula MFe2O4 where M is a mixture
of divalent diamagnetic elements [9]. Substituted nickel ferrites
have been the subject of extensive investigation because of
their microwave applications. Solid solution of the spinel
Cadmium Nickel ferrite system have cubic configuration with
the unit cell consisting of eight formula units of the form (Cd 12+
3+
2+
3+
2[10], [11]. Accordingly, a normal
x Fex )A [Nix Fe2-x ]BO4
spinel ferrites were obtained for x=0, an inverse obtained for x
= 1, and intermediate for 0<x<1. In the present work an
attempt was being made to synthesis Cd-Ni ferrite with
general formula Cd1-xNixFe2O4 (where x= 0.1, 0.2, 0.3) by solid
state reaction method and also the influence of substitution of
nickel in cadmium ferrite on structural, electrical and magnetic
properties are investigated.
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2 EXPERIMENTAL DETAILS
Nickel substituted cadmium ferrite with the general formula
Cd1-xNixFe2O4 (where x= 0.1, 0.2, 0.3) were prepared by
conventional double sintering ceramic method. The AR grade
cadmium oxide (CdO), nickel oxide (NiO) and ferric oxides
(Fe2O3) were used as starting materials; these oxides were
mixed in required molar proportion thoroughly in agate mortar
for several hours. The presintering of the sample was carried
out at 800oC for 8 hours and cooled to room temperature in air,
followed by grinding for 1hour. The fine homogeneous powder
of these samples were mixed with 2-3 drops of poly-vinyl
alcohol (PVA) as binder and pressed into pallet (diameter≈1.3
cm and thickness≈ 1-2 mm) by applying pressure of 5 tons/
cm2 for 7 minutes, using a hydraulic press. These pellets were
finally sintered at 1150oC for 12 hours and cooled to room
temperature in air. The formation of single phase of the sample
were confirmed from the study of X-ray diffraction patterns of
the ferrites using X-ray Diffractometer of type XPERT PRO
using CuKα (λ = 1.5424 Ǻ) radiation. The characteristic
absorption bands were determined using IR spectra in the
range of 400 cm-1 to 800 cm-1 using FTIR spectrometer at
room temperature. The SEM gives the morphological
information of the samples from which the grain diameter was
estimated. Purity of the ferrites was conformed using EDX
technique (ESEM Quanta 200, FEI). The DC resistivity and the
drift mobility of the samples were measured as a function of
temperature ranging from room temperature to 500o C using
two probe technique. The silver paste is applied on either
sides of the pellet for good ohmic contact. Agilent 4294 A
impedance analyzer was used to measure the dielectric
constant and dielectric loss tangent as a function of frequency
(40 Hz to 110 MHz) at room temperature. The dielectric
constants were studied as a function of temperature for
selected frequencies (1KHz, 10KHz, 100KHz,). The magnetic
hysteresis loops of ferrites were studied using Vibrating
sample magnetometer (VSM model 735 Lakeshore) and the
results were used to estimate the saturation magnetization
and magnetic moments of the ferrite samples.
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where δ is the diameter of the crystal particle, λ is the
wavelength of the target used (CuKα = 1.5424 Ǻ), β is the full
width half maximum of the most intense (3 1 1) diffracted
peak. The particle sizes of the order of nanometer dimension
were observed and are entered in the Table 1.

3.2 IR Studies
IR studies of these samples were used to get information
about the position of the ions in the crystal lattice through the
crystals vibrational modes [13]. The IR absorption spectra of
the sample
recorded in the range of 400 cm-1 to
-1
600 cm are shown in Fig 2. The IR spectra shows two strong
characteristic broad absorption bands, one for tetrahedral
position around 600 cm-1 and the other for octahedral position
at 400 cm-1, it explains the normal mode of vibrations of
tetrahedral site and is higher than that of octahedral site
[14],[15]. The band positions appeared in IR spectra is entered
in Table 1. It can be noticed that no shift occurs in the position
of band at frequency υ2 by increase in nickel content, but the
absorption bands for the tetrahedral position frequency υ 1 is
shifted towards higher frequency region with increasing nickel
ion concentration. This is attributed to the fact that, in inverse
spinels, the octahedral site is occupied by Fe3+ and the
divalent Ni2+ions. Due to the charge imbalance, the oxygen
ions is likely to shift towards the Fe3+ ions increasing the force
constant between Fe3+ and O2-, and hence we expect an
increase in band stretching. The mean ionic radius of A-site
(rA) and B-site (rB) was calculated by assuming the following
cation distribution
. The cation
distribution is based on the premise that the cd2+ ions have a
higher tendency to occupy A-site allowing Fe2+ ions to occupy
B-site. As the Ni2+ions are doped in Cd ferrite, it occupies the
B-site moving the Fe ions from B-site to A-site. The ions radius
of A-site (rA) and B-site (rB) were calculated using the following
relations
(2)
(3)

3 RESULTS AND DISCUSSION
3.1 X-Ray diffraction
X-ray diffraction patterns of the
ferrites are
shown in the Fig 1. The diffraction pattern of the samples and
the experimental data shows that the samples have cubic
spinel structure. The absence of additional lines in X-ray
pattern confirms the formation of single phase ferrite. Indexing
of the lines is done on the basis of ASTM data [11] and it is
observed that there is good agreement between the calculated
and observed values. The lattice parameters for all the
samples were calculated using d – spacing values. X-ray
diffraction pattern was used to calculate the particle size of the
samples. The lattice parameters and the particle size of Cd-Ni
ferrites are entered in Table 1. The linear decrease in the
lattice constant with increase in Ni content obeys Vegard’s law
[11] and it is due to the replacement of larger ions Cd2+ (0.97
Ǻ) by smaller ions Ni2+ (0.74 Ǻ). Similar behavior was
observed by Kulkarni et al in case of
[12]. The
Particle size of the ferrite samples were estimated by using the
Scherrer formula with broadening of XRD patterns

The values of
,
,
are the ionic radius of Fe, Cd
and Ni respectively. The estimated values of ionic radii of Asite (rA) and of the B-site (rB) are listed in Table2. The bond
lengths have been computed using the formula given by Smith
[16].
(4)

(5)
Where

and

The oxygen position parameter u is a displacement of an
oxygen ion due to the substitution of metal ions into A-site.
Using the value of a, the radius of oxygen ions Ro = 1.35 Å
and u the variation of rA and rB were calculated using the
following relations
(6)

(1)
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(7)
The variation of ionic radius rA and rB are listed in Table 2. It is
clear that rA decreases as the content of nickel increases while
rB increases. The decrease in rA was due to the decrease of
larger ions Cd2+ (0.97Å) in A-site which are replaced by
smaller Fe2+ ions (0.67Å). The parameter rB increases due to
the migration of smaller ions Fe2+ from B-site to A-site replaced
by larger ions Ni2+ (0.69Å). The decrease in the bond length
with increase in Ni content in ferrite is attributed to the
decrease in the lattice parameter. The force constant of the
tetrahedral and octahedral sites was calculated from IR
spectra using the method given by Waldron [17] as given
below
(8)

charge carriers. The plot of ln σ versus
for each sample
T
shows a break at certain temperature Tc, giving two distinct
regions with different slopes. In Fig 5 each sample shows a
break near the Curie temperature and is attributed to the
transition from ferromagnetic region to paramagnetic region. In
ferrite samples the electrons are localized and there is lattice
overlap between the wave functions of ions situated on the
adjacent sides. As the temperature increases the lattice
vibrations also increases and thus the ions occasionally come
so close that the transfer of the electrons from one ion to
another ion occurs with high probability. In fact the mobility of
electron is temperature dependent and is characterized by
activation energy. The temperature dependent DC resistivities
of all the samples are measured by two probe method by
pasting silver paste on either side of pallets for good ohmic
contact. The DC resistivity of the ferrite samples is calculated
using Arrhenius relation

(9)
(10)
where M1 and M2 are the molecular weights of cations at A and
B sites respectively. The established values of force constants
and bond lengths are listed in Table 2. It was found that the
force constant decreases with the increase of Ni concentration
in the Cd ferrite.

3.3 SEM
Fig (3) shows the SEM micrographs of ferrite samples for x =
0.1, 0.2 and 0.3. Using Goel’s model average grain diameter
was estimated from SEM micrographs and the corresponding
values are entered in Table 1. The estimated average grain
diameter was observed to increase with increase in nickel
content in ferrites. The structural inhomogeneity was due to
the presence of pores between the grains. The conduction in
ferrites was largely affected due to porosity in ferrites. The
increase in grain diameter with Ni content can also be
attributed to smaller solid solubility of nickel in samples [18].

where ∆E is the activation energy and k is Boltzmann
constant.
Activation energy in ferromagnetic region, paramagnetic
region and Curie temperature were studied from the plot of ln
103

σ versus
using the following relation and the values are
T
entered in Table 3.
(11)
where m = slop of the graph.
The drift mobility μd of electrons of all samples are measured
by using the following relation
(12)

3.4 EDX
The EDX of the samples are shown in the Fig (4). The purity
and the chemical composition of each sample were checked
using energy dispersive X-ray (EDX) spectrograph. The
spectrum reveals no trace of any peak other than the
elemental peaks of the ferrite elements. It also clears that
there is no chemical reaction or any loss of ingredients after
final stage of sintering. No trace of any impurity was found,
this revels that the compositional stiochiometry of the ferrite
were unaffected. The molar proportions of the elements are in
good agreement with that of excepted values which shows
that there is no chemical reaction in final sintering.
3.5 DC electrical conductivity
The variation of DC resistivity with temperature is shown in Fig
(5). The temperature dependent electrical conductivity of all
samples shows semiconducting nature. The conduction
mechanism of these ferrites are explained on the basis of
Verwey de-Boer [19], accordingly, the mechanism involves
exchange of electron between the ions of same elements that
are present in more than one valence state distributed
randomly over crystallography lattice. That is, the conduction
in these ferrites is attributed to hopping of electron from Fe2+ to
Fe3+ ions [20]. The decrease of resistivity with increase of
temperature was due to the increase in drift mobility of the

where e is the charge of electron, ρ is the electrical resistivity
and n is the charge carrier concentration and was calculated
from the well known equation
(13)
where M is the molecular weight, N is the Avogadro’s number,
PFe is the number of iron atoms in the chemical formula of the
ferrites and ρm is the density of the sample. The density of the
samples is determined using the formula,
(14)
where m is the mass, r is the radius, and L the sample
thickness.The mobility values of the ferrite samples vary from
7.49x10-9 to 8.28x10-9 cm2/V S. The variation of charge carrier
mobility with temperature is shown in figure 6. The samples
with x=0.1 has the lowest mobility and the samples with x=0.3
has highest mobility. It is to be noted that charge carrier
mobility increases with increase in temperature suggesting
that the conduction in these ferrites is due to hopping
mechanism of electrons from Fe2+ to Fe3+.
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3.6 Dielectric properties
a. As a function of frequency
The variation of dielectric constant of all the ferrite samples
with frequency is shown in figure (7). It is observed that the
dielectric constant of all the samples decreases rapidly with
increasing frequency. The variation of dielectric constant with
frequency shows the dispersion due to Maxwell – Wagner
[21],[22] type of interfacial polarization in accordance with
Koops phenomenological theory [23]. Among the samples
Cd0.7Ni0.3Fe2O4 exhibits the lowest dielectric constant and
lowest dielectric loss tangent. The decrease in dielectric
constant with increase in frequency was due to the fact that
polarization decreases with frequency and then remains
constant. According to Rabinkin and Novikova the polarization
mechanism is similar to the conduction process. When AC
electric field is applied across the samples, there is a local
displacement of electrons in the direction of applied field, by
exchange of electron between Fe2+ to Fe3+. The higher value
of dielectric constant (ε') at lower frequency was due to the
predominance of species like Fe2+ ions, interfaces dislocation,
grain boundary defects, oxygen defects etc. The increases in
ε' with frequency was due to the fact that any species
contributing to polarization was found to lag behind the applied
field at higher frequencies. The variation of tan δ with
frequency shows a similar behavior as that of ε' with frequency
as shown in Fig (7). All the figure shows continues decrease of
dielectric constant with increasing frequency showing
dispersion in tan δ at lower frequencies.
b. As a function of temperature
The variations of the dielectric constant with temperature for
different frequencies (1KHz, 10KHz, 100KHz, 1MHz and
10MHz) are shown in the Fig 9. In all the ferrite samples with x
= 0.1, 0.2 and 0.3 two peaks are observed, one around 180oC
and the other at 380oC. As the temperature increases the
charge hopping is thermally activated and results in the
increase in the dielectric polarization, thus we observe higher
value of ε' around 180oC. Other peak observed around 380oC
is attributed to the phase transition of the ferrite samples from
ferromagnetic to paramagnetic. For higher frequencies above
10MHz only second peak of phase transition is observed as
the hopping of the electrons cannot follow the applied
alternating field.

3.7 Magnetic measurements
The magnetization in the soft ferrites results due to the domain
rotation and domain walls motion. Domain wall rotation
depends on the sintering temperature of the samples [24]. Fig
(6) shows the VSM analysis of all the samples, which indicates
the ferromagnetic behavior. From the VSM studies the
coercive force (HC), saturation magnetization (MS) and the
ratio of remanance to saturation magnetization (Mr/Ms),
magnetic moment (μB) and YK angles (θYK) values were
estimated and are listed in Table 3. It can be seen that as the
nickel content increases, saturation magnetization and
magnetic moment increases. The magnetic moment of the
samples are calculated using the relation
M
b

5585

Ms
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the face centered cubic oxygen lattice. The preference of Ni 2+
ions for octahedral sites is due to the favorable fit of the
charge distribution of this ion in the crystal field of the
octahedral site. On the other hand Cd2+ ions have a marked
preference for the tetrahedral sites, the tetrahedral
coordination reflecting their readiness to form covalent bonds
involving sp3 hybride orbital [10]. The cation distribution is
presented from the fact that Cd2+ is a non magnetic ion and
had strong preference for the A site. On the other hand Ni 2+
has strong preference for B site. On going to B site it forces
equal number of Fe3+ ions to A site [25] and the cation
2
2
distribution is given by Cd1
e3 A Ni2 e32 B 4 The
Yafet – Kittel angle <θoYK> is calculated using the formula [26]
(16)
where μB is expressed in the units of Bohr-magneton and x
represents the content of cadmium. The calculated values of
Y-K angle are listed in Table 3, it is seen that the Y – K angle
decreases as the nickel content increases, indicating the
decreasing favoring of triangular spin arrangement on B sites
leading to an increase in A-B interaction. Thus the increase in
magnetization can also be explained on the bases of Yafet –
Kittel angles on the B site spin [26],[27]. The other important
factor that influences the magnetization of ferrites is the
microstructure. Each individual grain behaves like a magnetic
material with certain amount of magnetic moment. These
grains form a magnetic circuits producing resultant saturation
magnetization. However the ferrites consists of pores which
break the magnetic circuits present among the grains and thus
resulting in net reduction of magnetization with increase in
pore concentration.

4. TABLES AND FIGURES
Table 1: Lattice parameter (a), Particle size (δ) Grain size,
Absorption Bands (υ1 and υ2 )
x

A
Ǻ

δ
nm

Grain
size μm

υ1
102 m-1

υ2
102 m-1

0.1

8.663

43.81

5.21

586.2

472.4

0.2

8.592

32.04

8.63

590.1

470.5

0.3

8.590

26.03

11.52

593.9

472.4

Table 2: Ionic radius (rA and rB), Bond length (RA and RB) and
force constant (Kt and Ko)
rA
Ǻ

rB
Ǻ

RA
Ǻ

RB
Ǻ

Kt
102 Nm-1

Ko
102 Nm-1

0.93

1.30

1.65

2.29

2.79

1.32

0.90

1.30

1.61

2.29

2.68

1.32

0.87

1.31

1.59

2.30

2.56

1.33

(15)

where M is the molecular weight and Ms is saturation
magnetization. The Fe3+, Ni2+ and Cd2+ cations are distributed
among the octahedral [B] and tetrahedral (A) interstitial sites of
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Table 3: Saturation magnetization (Ms), Ratio of Mr /Ms,
Porosity (P %), Magnetic moment (μB), and Y-K angle (θYK),
Curie temperature (Tc) and Activation energy (∆E)

x
0.
1
0.
2
0.
3

Ms
emu/g

Mr /Ms

17.77

0.012

21.29

0.006

49.43

0.005

P
%

μB

11.
8
10.
2
6.7
9

0.1
7
0.2
0
0.4
5

θYK
de
g
85
81
75

Tc
K
48
3
51
3
54
3

Activation
Energy ∆E
(eV)
∆E1
∆E2
0.14
0.056
4
0.16
0.051
5
0.18
0.050
1
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5 CONCLUSION
X- ray pattern of the ferrite samples reveals the spinel
structure. The lattice parameter of the ferrites decreases as
the nickel content increases. The estimated average grain
diameters are found to increase with increase of nickel
content. The linear variation in the resistivity with temperature
confirms the semiconducting nature of the ferrite samples. A
decrease in resistivity was observed as the nickel content
increases. The drift mobility was found to increase with
increase in nickel content. The dielectric constant and loss
tangent are found to decrease with increase in frequency. The
small polaron type of conduction was confirmed by AC
conductivity.
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