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ABSTRACT

This article reports synthesis, electrical, and magnetic properties of Nig5.,Cd,ZngsFe;0,4 (with X = 0.0, 0.15,
0.30, and 0.45) ceramics by simple solid state method. The temperature dependence of the electrical
conductivity plot shows the semiconducting behavior, which can be attributed to ferromagnetic-
paramagnetic transition. The activation energies obtained from resistivity plots in paramagnetic region is
witnessed to be more than that in ferri-magnetic region. The conduction mechanism in nickel-zinc (Ni-Zn)
ferrite particles has been discussed on the basis of hopping of electrons. The magnetic hysteresis at room
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temperature indicates the ferri-magnetic behavior of synthesized ferrite system. The detailed influence of
cadmium doping in Ni-Zn ferrites found to be enhances saturation magnetization, remnant

magnetization, coercivity, magnetic moment, and Y-K angles.

Introduction

There is an increasing interest in ferrite magnetic materials because
of their broad applications in legion technological disciplines view-
ing ferrofluids, information storage, and drug delivery.""! Ferrites
are technologically substantive materials that are used in the fabri-
cation of electronic, microwave, and magnetic devices. Because
their high resistivity and negligible eddy current losses, they have
gained technological importance.>”! Ni-Zn ferrite is of greater
commercial application in the electromagnetic interfaces known
as EMI, which is used in hard disk drives, laptops, and other elec-
tronic products.! The outstanding combinational properties like
high electrical resistivity, high permeability, compositional stabil-
ity, and low eddy current losses attracted researchers due to their
potential applications in diverse fields.””) The properties of Ni-Zn
ferrites can be castrated by changing preparation methods (like
solid state method, sol-gel method, co-precipitation method, etc.),
chemical composition, sintering temperature, and impurity ele-
ment. Elemental structural properties of nickel-zinc ferrites have
been studied by Refs.!* The dielectric properties’®’ and magnetic
properties of Ni-Zn ferrites were reported.”! Researchers have also
shown interest in the structural, electrical, and dielectric properties
of doped Ni-Zn ferrite. Influence of calcium oxide and silicon
oxide doping,"™” MnO2 doped," copper doped,'? Sm™?
doped™ in Ni-Zn ferrites has been reported. There are several
methods®** of synthesis like solid state method, sol-gel methods,
chemical method, double sintering ceramic technique, hydrother-
mal methods, and co-precipitation method.””**!

However, the literature survey on Nij 5 ,Cd,Zn, sFe,O, fer-
rites indicates that not much work has been done. Focusing on
these objectives we have prepared, in the present work standard
double sintering ceramic route was used to synthesize the poly-
crystalline Nips.<Cd,ZngsFe,O, ferrite .This method is easier

and cheaper for fabrication of the materials is as compared to
other methods in addition, the grain size and sintering temper-
atures are easily controllable. The present work is engrossed on
the study of electric and magnetic properties of cadmium
substituted nickel-zinc ferrites.

Experimental

In agate mortar (in acetone medium), high purity nickel
oxide, cadmium oxide, zinc oxide, and iron oxide were mixed
in stoichiometric proportion to obtain the desired compound
(Nip5.CdyZny sFe,O4). All samples were pre-sintered at
800°C for 10 h. Powders were subjected to hard milling in
acetone medium and dried powders were sieved to obviate the
large sized particles. Using hydraulic press (pressure of ten
tons for 5 min) pellets were prepared to obtain dense pellets.
Final sintering is done at 1000°C by keeping them on an alu-
mina sheet in a silicon carbide furnace for 20 h to enable
complete solid state reaction."*! The DC electrical resistance
for all compositions was measured by two-probe methodology
applying silver conductor paste on each side, and the room
temperature to well beyond the Curie temperature. The sam-
ple holder was then placed in temperature regulated furnace
provided with thermocouple. The schematic flow chart of the
process is shown in Figure 1.
The resistivity p was calculated using the relation:

(1)

where t = thickness of pellet in cm. r = radius of the pellet in
cm. R = resistance in ohm.
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Electrical

Figure 1. Schematic flow chart of the proposed work.

The activation energy was calculated using the equation:'**’

E = 2.303 K slope of log p vs. (1000/T) curve (2)

The room temperature magnetic measurements for all the
compositions were performed by using a computerized high
field hysteresis loop tracer (Magenta, Mumbai) at 5 kOe mag-
netic field strength. The ferromagnetic B-H hysteresis loop
parameters such as saturation magnetization (Ms), coercive
field (Hc), and retentivity (Mr) were measured from the
observed B-H loop, recorded by using high field hysteresis
loop tracer. The magnetic moment per formula unit in Bohr
magneton (np) was calculated by using the following rela-
tion:1?”!

MXMS
np—=
5585

©)

where M is the molecular weight and Ms is the saturation mag-
netization per gram of the sample.

The Y-K angles of ferrite samples were estimated using the
following relation:*!

5(1 —
cosay, = %:_x)x) (4)

where np is the Bohr magneton, x is the concentration of
substituted ion.

Structural studies

X-ray diffraction patterns of NijsCd,Zn,sFe,0, (X = 0.0,
0.15, 0.30, and 0.45) ferrites are shown in Figure 2. According
to it, the planes that diffract X-rays are (220), (311), (400),
(422), (511), and (440). All the samples exhibit cubic spinel

structure. The absence of extra lines in the patterns confirms
the formation of single phase ferrites. Interplaner spacing and
lattice parameter (a) were calculated and tabulated in Table 1.

a

=R ®

Electrical studies

The plots shown in Figure 3 of log p vs 1000/T for
Niy 5 xCd,Zn, sFe,0, (where x = 0, 0.15, 0.3, and 0.45) are neg-
ative temperature coefficient (NTC) behavior of the material.
These plots show transition near Curie temperature. At this
temperature the material changes from ferromagnetic state to
paramagnetic state. The change in slope is observed in all the
ferrites in two regions. The activation energy corresponding to
paramagnetic and ferromagnetic regions are calculated from
the plot of log p vs 1000/T. The data on activation energy,
Curie temperature, are given in Table 2. It is evident from the
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Figure 2. XRD patterns of Niys..Cd,ZngsFe,0,4 (X = 0.0,0.15,0.30, and 0.45).



Table 1. Interplaner spacing(d) and lattice parameter (a) of ferrites.

X=100 X=0.15 X=1030 X =045
a=_83747 A° a = 84157 A° a=285082A° a=284593 A°
d obss A° d calr A° d obsr A d calr A° d obss A° d calr A d obss A° d calr A°
29570 29592 29795 29795 48517 48518 25751 25751
2.5231 24740 25422 25422 25633 25633 24678 24678
2.0931 2.0523 21082 21082 21212 21212 1.7440  1.7440
1.7094 16761 17007 17007 17331 17331 1.6447 1.6447
1.6131 15817 16226 16226 16110 16110 13042 13042
1.4820 14531 14917 14917 12974 12975 11128 1.1128

table that activation energy in paramagnetic region is greater
than that in ferromagnetic region. This result is in agreement
with the theory of Irkhin and Turov." The electrical conduc-
tivity in Li-Ni ferrites has been studied by Reddy et al.!*® They
observed a transition at Curie temperature. Whall et al."” and
Ahmed et al."® had remarked discontinuities in mixed nickel
ferrites. Song et al.'” had studied Co-Li ferrites and observed
two regions of different slopes. They attributed the change in
slope to the change in conduction mechanism. They have
attributed the conduction mechanism to the electron hopping
between Fe’' and Fe’' ions on the octahedral sites in the
region of low activation energy. Smit and Wijn®* had attrib-
uted the change in slope to the two parallel conduction mecha-
nisms with different activation energies. The conduction in
ferrites is primarily due to hopping of electrons from Fe** to
Fe’* ions on a crystallographically-equivalent site i.e. B site.
The lowering of activation energy is attributed to the effect of
spin ordering.”!! In the material, the decrease in the number of
Fe’* ions hinders the conduction mechanism. This leads to
increase in the resistivity of the material as a consequence of
increase in composition(x). In other words change in slope at
Curie temperature is mainly due to spin ordering of electrons.
The electrical conductivity of ferrites can be explained on the
basis of the Verwey and de Boer mechanism?>**! which
involves the exchange of charge carriers, that is, electrons
between the ions of the same element that are present in more
than one valence state (Fe™2, Fe™), distributed randomly over
the crystallographic lattice sites.”*! This change in slope occurs
while crossing the Curie temperature (the temperature at which
the ferromagnetic material changed to paramagnetic).The
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Figure 3. Variation of electrical conductivity with temperature of Nigs.
+CdyZng sFe,0,.
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Table 2. Data on activation energy and Curie temperature for Nigs, Cdy Zngs
Fe,0, ferrites.

Cadmium Curie temperature  Activation energy, Activation energy,
content x Tc(°Q) ferro region (Ea) (eV)  para region (eV)
X=0 525 0.2117 0.3935
X=0.15 325 0.1982 0.3726
X=0.30 300 0.1501 0.2379

X =045 275 0.1269 0.2027

discontinuity at the Curie temperature was attributed to the
magnetic transition from well-ordered ferromagnetic state to
disordered paramagnetic state which involves different activa-
tion energies. The values of the electrical resistivity (o) and
thermal activation energies (E,) of the prepared samples at fer-
romagnetic region and paramagnetic region were described in
Table 2. It is also observed that the activation energy (E,) in the
ferromagnetic region is smaller than the paramagnetic region;
this is due to the effect of spin disordering.*®) We know that
from thermodynamics the magnetic transition is a second
order transition and is accompanied by an expansive change in
volume.**?”) The decrease in DC resistivity with increase in
Cd content up to 0.15 can be attributed to the excess formation
of Fe** ions, since these ions may also be formed due to evapo-
ration of cadmium during sintering process. The increase in
resistivity with Cd content is attributed to the microstructure.
Venugopal Reddy et al.*®! had reported the activation energy
(E,) for Li-Ni ferrite in ferromagnetic region in the range of
0.46-0.83 eV'*®! and Ni-Cd ferrites in the range of 0.21-
0.4eVv.

The activation energy (E,) lies in the range of 0.46-0.90 eV
in ferromagnetic region for Ni-Cd ferrites.”*’ For electron hop-
ping the activation energy is found to be less than 0.2 eV and
greater than 0.2 eV for polarons hopping. In the present case,
large value of activation energy (AE > 0.2 eV) suggest that the
conductivity is due to hopping of polorons. Verwey et al.>"*?!
reported that the conductivity in ferrites is due to the simulta-
neous presence of both Fe> and Fe’" ions on octahedral sites.
The conductivity in ferrites was attributed to the hopping of
electrons between Fe** and Fe’* ions on octahedral sites. Pra-
kash et al.**! have studies Ti*" substituted Ni-Zn ferrites and
explained the conductivity on the basis of hopping mechanism.
The electrical properties of ferrites are affected by the distribu-
tion of cations on A and B sites, magnetic and non-magnetic
substances, the amount of Fe** ions present, sintering condi-
tion, and microstructure. The ferrites which contain iron in
excess show n-type conduction and those with iron deficiency
show p-type conduction. The electron interacts with the ions of
the lattice creating a local deformation of the lattice. This tends
to follow the electron as it moves through the lattice. The lattice
deformation increases the effective mass of electron as it par-
tially drags the ion along with it. This effect is more pro-
nounced due to strong Coulomb interaction in ionic crystals
such as ferrites. The combination of an electron and strain field
is called as polaron. Therefore mobility of electrons decreases
and becomes highly temperature dependent.

The Curie temperature obtained from resistivity data are
given in Table 2. It can be seen from the table that Curie tem-
perature (T.) decreases with cadmium content. The Curie tem-
perature (T.) majorly depends upon the intensity (strength) of



1148 M. R. PATIL ET AL.

/100
+262

+197

+131

+
L
L

mrpl-100.bhd

Hc 40.58 Oe

Mr 0.29 enus/amn
Ms

Ht

2.36 enus amn

L[ | [}

00.569 an

Magnetic Moment (enu)
|
o +
* =}

|
-
w
-

—197

+ue Area = 56.7

Shift

X-—axis ! € 3>
Y-axis ! 1 &
Nornal : Home
T : shift sTep

: Store data

s
U : sUperinpose
"

: back to Menu

—262
—-40 —-27

—-13 +0 +13
Magnetic Field Strength <(Oe)

27

<100
+225

+169

+113

+
o
&

MmrpzZ—100. bhd

He 25.97 Oe

0.42

-~

Mr enusan

Ms 1.349 enusan

Mt 0D0.662 arn

Magnetic Moment (emu)
|
14 +
] a

1
[
[N
w

—169

+ve Area = 70.3

Shift
H—axis - >
Y-axis T 4
Nornal ©: Home
T : shift sTep
§ : Store data
U : sUperimpose
M

! back to Menu

—-225

-53 —27

=13 +0 +13 +27
Magnetic Field Strength (0Oe)

+53x10

Figure 4. Magnetic hysteresis loops of Niy s Cd,Zng sFe;0;.

A-B interaction. When non-magnetic ions are incorporated
into lattice, the formation of co-ordination compounds such as
Fe,’*-O*" and Feg’™-O°", on which T. depends, decreases
leading to the decrease in Curie temperature. The wide range of
resistivity of ferrites is mainly explained on the basis of actual
location of cations in the spinel structure and hopping mecha-
nism. The high conductivity in ferrites is due to the simulta-
neous presence of both ferrous and ferric ions in the
crystallographically-equivalent sites. The high resistivity in fer-
rites is associated with the occupation of B sites by divalent
metal ions and trivalent iron ions. Such an arrangement
requires a higher activation energy for hopping of electrons.
The two mechanisms of conductivity can be represented as

Fe’T + Fe*t & Fe*t 4+ Fe?t + AE
Me?t 4+ Fe*T «— Me*T + Fe?t + AE

Magnetic studies

The hysteresis loops for Nij s xCdxZn, sFe,O4 samples (x = 0
and 0.15) are depicted in Figure 4. Magnetic parameters like
Ms, Mr, and Hc are tabulated in Table 3. It is noticed that the
saturation magnetization (M) decreases with increase in

cadmium (Cd) content. As per the site preference energy, cad-
mium (Cd) ions occupy A site. As the amount of Cd on A site
increases, more and more Fe>* is replaced from A site to B site.
The magnetic properties of ferrites depend on chemical compo-
sition, grain size, porosity, and interaction between tetrahedral
and octahedral sites. In ferrites, the variation in saturation mag-
netization has been attributed to both surface spin effect and
cation distribution on A and B sites.*>**!

As the cobalt content increases in Ni-Cd ferrite, the inverse
spinel Ni-Cd ferrite converts into mixed spinel ferrite. In the
mixed spinel type structure, some nickel (Ni**) ions may
occupy tetrahedral sites and hence the net magnetization found
is relatively higher than that for inverse spinel structure. Promi-
nent impact on the coercivity and saturation magnetization was
observed due to cobalt ion doping which causes the pinning of
the domain walls due to an increase in anisotropy.*>**! This in
turn affects the magnetic moment of an individual sublattice as

Table 3. Magnetic parameters for the Nig 5.,Cd,Zng sFe,0, ferrites.

Cd Content Ms Hc Mr/Ms ng ayk
0 2.36 40.50 0.228 0.101 43.22
0.15 1.34 25.97 0313 0.06 47.32




well as A-B interaction. As a result A-B interaction gets weak-
ened causing the decrease in saturation magnetization with
increase in Cd content. At x = 0.3 and above B-B interaction
becomes comparable in strength to A-B interaction. B spin
becor[ne]s no longer parallel and net magnetization becomes
zero.”*

Conclusion

In summary, Nigs xCdxZn,sFe,0, ferrites were prepared by
the solid state method. Temperature dependent DC electrical
resistivity decreases with an increase in temperature ensuring
the semiconductor-like nature. The variation of DC conductiv-
ity with temperature can be explained using the polaron hop-
ping mechanism of electrons between the Fe** and Fe™> due to
their thermal activation. The activation energy calculated from
the DC resistivity plots increases with an increase in cadmium
content (x) in nickel-zinc ferrite. This activation energy may be
attributed to the oxygen vacancy motion. Saturation magneti-
zation, retentivity, coercivity, and magnetic moment are found
to be decreasing with an increase in the cadmium content.
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