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ABSTRACT
Three series of Mn-Zn based ferrites have been prepared for investigation of the
influence of t ransition m etal i ons ( Cu, C r) on t heir s tructural a nd m agnetic pr operties.
The three series of ferrite compositions are i) Mn 0.50-x Zn 0.50 Cu x Fe 2 O 4 where the value x
ranges from 0.0-0.3 at a step of 0.1, ii) Mn 0.50 Zn 0.50-x Cu x Fe 2 O 4 where the value x ranges
from 0.00-0.50 at a step of 0.05 and iii) Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 where the value x ranges
from 0.00 -1.0 a t a s tep of 0.10. S amples of a ll c hemical c ompositions ha ve be en
prepared b y auto combustion m ethod. Pellet- and t oroid-shaped s amples prepared f rom
each composition a nd s intered a t di fferent s intering t emperatures i n a ir f or 5 hour s.
Structural and s urface morphology are c arried out b y X -ray di ffraction (XRD) and
optical m icroscopy, respectively. T he magnetic pr operties o f t hese f errites s uch as
complex permeability and temperature dependent permeability have been measured by a
Wayne Kerr Impedance A nalyzer. D C m agnetization a nd B-H l oops m easurements at
room t emperature b y S QUID m agnetometer and an Automatic M agnetic H ysteresis
Graph Tracer respectively. The XRD analyses revealed that all the samples of the three
series crystallize in single phase and formed cubic spinel structure. There is a decrease of
lattice c onstants due to C u2+ and C r3+ ion substitutions. T he la ttice constants of
Mn 0.50 Zn 0.50-x Cu x Fe 2 O 4 and M n 0.50-x Zn 0.50 Cu x Fe 2 O 4 decrease l inearly with Cu2+ ion
obeying Vegard’s law. Theoretical density of these compositions is slightly greater than
that of t heir bul k d ensities due t o existence o f some por es i n t he bul k sample. B ulk
density depends on s intering temperature. It increases up t o some optimum temperature
(depending on c omposition) due t o uni form grain growth a nd t hereafter i t i s de creased

vii

due to discontinuous grain growth. Porosity of these compositions follows the opposite
trend. T he uni formity i n a verage grain s ize ha s significant i nfluence on the m agnetic
properties such as permeability and magnetization. The microstructural study shows that
both the sintering temperatures and the cations substitutions have great influence on the
average gr ain size. The ave rage gr ain sizes of all t he s amples i ncrease w ith increasing
Cu2+ ion s ubstitution i n M n 0.50-x Zn 0.50 Cu x Fe 2 O 4 , de crease w ith Cr3+ ion substitution i n
Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 . The ave rage gr ain size i ncreases w ith Cu2+ ion substitution in
Mn 0.50 Zn 0.50-x Cu x Fe 2 O 4 up to x=0.20 thereafter it decreases . The average grain sizes of
all the samples of the three series increases with increase in sintering temperatures.
A significant change in initial permeability has been found (increase or decrease)
by t he C u2+ and C r3+ ion s ubstitution i n Mn 0.50-x Zn 0.50 Cu x Fe 2 O 4 , M n 0.50 Zn 0.50x Cu x Fe 2 O 4

and M n 0.50 Zn 0.50 Cr x Fe 2-x O 4 . The ini tial pe rmeability of all the s amples

increases w ith increasing C u2+ ion s ubstitution in M n 0.50-x Zn 0.50 Cu x Fe 2 O 4 , decreases
with Cr3+ ion substitution in Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 . The initial permeability inc reases
with Cu2+ ion s ubstitution i n M n 0.50 Zn 0.50-x Cu x Fe 2 O 4 up t o x = 0.20 t hereafter i t
decreases . The hi ghest ini tial pe rmeability (1061) is obs erved for x = 0.3 in
x Zn 0.50 Cu x Fe 2 O 4

sintered at 1 300 °C

which is

Mn 0.50-

greatly e nhanced from 258 t o

1061(∼400%) compared t o pa rent c omposition. The hi ghest relative quality f actor
(12800) has been found for the sample Mn 0.50 Zn 0.40 Cr 0.10 Fe 2 O 4 sintered at 1300 °C. The
temperature de pendent i nitial pe rmeability of all t he s amples i ncreases with increasing
Cu2+

ion s

ubstitution i

n

Mn 0.50-x Zn 0.50 Cu x Fe 2 O 4 and Mn 0.50 Zn 0.50-x Cu x Fe 2 O 4 where as it decreases with Cr3+ ion
substitution in Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 . T he s aturation m agnetization ( M s ), coercivity
(H c ) and remanent induction (B r ) have been calculated from the M-H and B-H loops at
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room t emperature. M s increases w ith the i ncrease i n Cu2+ in M n 0.50-x Zn 0.50 Cu x Fe 2 O 4
and decreases for increasing Cr3+ content in Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 but it increases up
to
x = 0.20 in Mn 0.50 Zn 0.50 Cr x Fe 2-x O 4 and for further increase in Cu2+ content it decreases.
The H c decreases with increasing Cu2+ content in Mn 0.50-x Zn 0.50 Cu x Fe 2 O 4 whereas there
is an increase o f M s and B r , H c increases w ith Cr3+ in M n 0.50 Zn 0.50 Cr x Fe 2-x O 4 due t o
decrease of anisotropy constant.
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ABSTRACT
Three series of Mn-Zn based ferrites have been prepared for investigation of the
influence of transition metal ions (Cu, Cr) on their structural and magnetic properties.
The three series of ferrite compositions are i) Mn0.50-xZn0.50CuxFe2O4 where the value x
ranges from 0.0-0.3 at a step of 0.1, ii) Mn0.50Zn0.50-xCu xFe2O4 where the value x ranges
from 0.00-0.50 at a step of 0.05 and iii) Mn0.50Zn0.50Cr xFe2-xO4 where the value x ranges
from 0.00-1.0 at a step of 0.10. Samples of all chemical compositions have been
prepared by auto combustion method. Pellet- and toroid-shaped samples prepared from
each composition and sintered at different sintering temperatures in air for 5 hours.
Structural and surface morphology are carried out by X-ray diffraction (XRD) and
optical microscopy, respectively. The magnetic properties of these ferrites such as
complex permeability and temperature dependent permeability have been measured by a
Wayne Kerr Impedance Analyzer. DC magnetization and B-H loops measurements at
room temperature by SQUID magnetometer and an Automatic Magnetic Hysteresis
Graph Tracer respectively. The XRD analyses revealed that all the samples of the three
series crystallize in single phase and formed cubic spinel structure. There is a decrease of
lattice constants due to Cu 2+ and Cr3+ ion substitutions. The lattice constants of
Mn0.50 Zn0.50-xCu xFe2O4 and Mn0.50-xZn0.50Cu xFe2O4 decrease linearly with Cu 2+ ion
obeying Vegard’s law. Theoretical density of these compositions is slightly greater than
that of their bulk densities due to existence of some pores in the bulk sample. Bulk
density depends on sintering temperature. It increases up to some optimum temperature
(depending on composition) due to uniform grain growth and thereafter it is decreased
due to discontinuous grain growth. Porosity of these compositions follows the opposite
trend. The uniformity in average grain size has significant influence on the magnetic

vii

properties such as permeability and magnetization. The microstructural study shows that
both the sintering temperatures and the cations substitutions have great influence on the
average grain size. The average grain sizes of all the samples increase with increasing
Cu2+ ion substitution in Mn0.50-xZn0.50Cu xFe2O4, decrease with Cr3+ ion substitution in
Mn0.50 Zn0.50Cr xFe2-xO4. The average grain size increases with Cu 2+ ion substitution in
Mn0.50 Zn0.50-xCu xFe2O4 up to x=0.20 thereafter it decreases. The average grain sizes of all
the samples of the three series increases with increase in sintering temperatures.
A significant change in initial permeability has been found (increase or decrease)
by the Cu2+ and Cr3+ ion substitution in Mn0.50-xZn0.50CuxFe2O4, Mn0.50Zn0.50-xCu xFe2O4
and Mn0.50Zn0.50Cr xFe2-xO4 . The initial permeability of all the samples increases with
increasing Cu2+ ion substitution in Mn0.50-xZn0.50Cu xFe2O4, decreases with Cr3+ ion
substitution in Mn0.50Zn0.50Cr xFe2-xO4. The initial permeability increases with Cu 2+ ion
substitution in Mn0.50 Zn0.50-xCu xFe2O4 up to x=0.20 thereafter it decreases. The highest
initial permeability (1061) is observed for x = 0.3 in Mn0.50-xZn0.50CuxFe2 O4 sintered at
1300 °C which is greatly enhanced from 258 to 1061(400%) compared to parent
composition. The highest relative quality factor (12800) has been found for the sample
Mn0.50 Zn0.40Cr 0.10Fe2O4 sintered at 1300 °C. The temperature dependent initial
permeability of all the samples increases with increasing Cu 2+ ion substitution in
Mn0.50-xZn0.50Cu xFe2O4 and Mn0.50Zn0.50-xCu xFe2O4 where as it decreases with Cr3+ ion
substitution in Mn0.50 Zn0.50Cr xFe2-xO4. The saturation magnetization (Ms), coercivity (Hc)
and remanent induction (B r) have been calculated from the M-H and B-H loops at room
temperature. Ms increases with the increase in Cu 2+ in Mn0.50-xZn0.50Cu xFe2 O4

and

decreases for increasing Cr3+ content in Mn0.50Zn0.50Cr xFe2-xO4 but it increases up to
x = 0.20 in Mn0.50Zn0.50Cr xFe2-xO4 and for further increase in Cu 2+ content it decreases.
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The Hc decreases with increasing Cu2+ content in Mn0.50-xZn0.50Cu xFe2O4 whereas there
is an increase of Ms and B r, Hc increases with Cr3+ in Mn0.50Zn0.50Cr xFe2-xO 4 due to
decrease of anisotropy constant.
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CHAPTER 1
INTRODUCTION AND REVIEW WORKS
1.1

Introduction
Today, magnetic materials are found in numerous products around us- home

appliances, electronic products, automobiles, communication equipments and data
processing devices and equipments. These materials have now become a vital part of
everyday life in modern industries. The magnetic materials used in early applications
were metallic magnetic materials. But for frequencies exceeding MHz, metals and alloys
are generally not suitable as soft magnets, as the eddy current losses are very high. Since
1946 after the development of ferrites it has been reported that electrical resistivity of
ferrites are higher than those of metals and it has an enormous impact in the application
of magnetic materials particularly at high frequencies. Ferrites are used in power
electronics devices from the radio frequency (300 kHz to 3 MHz) to the microwave
frequency (3 MHz to 20 GHz), bubble devices, audio, video and digital recording and as
permanent magnets [1-5]. Spinel ferrite is one of the most important classes of magnetic
ceramic materials owing to their interesting applications. Most modern soft ferrites have
spinel type crystal structure. Ferrites are ferromagnetic substances of double oxides of
iron and another metal. It has tetrahedral A site and octahedral B site in AB2O4 crystal
structure. Depending on A site and B site cations it can exhibit ferromagnetic,
antiferromagnetic, spin (cluster) glass, and paramagnetic behaviour [6-9]. Various
cations can be placed in A site and B site to tune its magnetic properties. In the spinel
structure, the magnetic ions are distributed among two different lattice sites, tetrahedral
(A) and octahedral (B) sites. The structural, magnetic and electrical properties of these
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ferrites depend on the relative distribution of cations at the different sites as well as the
preparation condition. The interest in the wet-chemical synthesis of ultra fine ferrite
powders enabling production of ferrites with high density at low temperatures is
demandable. Combustion technique meets the increasing demand for the preparation of
these powders. As an alternative or new approach, combustion synthesis is less energy
consuming and less polluting than the other techniques of ferrite powder manufacture.
Mn–Zn ferrite, one of the main categories of soft magnetic materials has high
permeability, low magnetic loss, and high electrical conductivity. Therefore Mn–Zn
ferrites are mainly used as the cores for inductors, transformers, recording heads and in
switch mode power supplies [10]. The properties of Mn–Zn ferrite depend mainly on the
technique and conditions of preparation, which in turn affect the cation distribution over
the tetrahedral A–site and the octahedral B–sites. Mn-Zn ferrites have a high saturation
magnetization and interesting electromagnetic properties in the spinel ferrites family.
They are very important ferromagnetic ceramic and widely used for high frequency
magnetic core materials because they have low power loss, high initial permeability and
relatively low resistivity [11- 14]. Different aspects of base Mn-Zn ferrite and dopant
Mn- Zn ferrites on structural, magnetic, electrical, dielectric and applications are
discussed by many researchers [15 -17]. Substitution of Ni2+ ions in Mn-Zn ferrite and its
effect on structural, electrical and magnetic properties has been studied by Nam et al.
and Yue et al.

[18-20]. Dionne et al. [21] and Amarendra et al. [22] also have

investigated the magnetic and electric properties of Ni2+ substituted Mn-Zn ferrites. The
structural and magnetic properties of Mn substituted Ni0.50-xMnxZn0.50 Fe2O4 ferrites,
where x = 0.00, 0.10 and 0.20 sintered at various temperatures have been studied by
Hossain et al. [23]. It was observed that the lattice parameters and average grain sizes
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increase with Mn substitution. The increase in lattice parameter with increasing Mn2+
substitution was explained in terms of ionic radii. It was also observed that the real part
of initial permeability (μi/) increases with increasing Mn content in the Ni-Zn-Mn
ferrites. The Co2+ substituted Mn-Zn ferrites have been studied by Babbar and Puri [24].
Ferrite series of the composition Mn0.6Zn0.4-yCoyFe2O4 were prepared by the hot-pressing
technique. They yielded ferrites with improved magnetic properties having low porosity
(<0.1%), and small grain sizes (=10μm). A larger substitution of Mn ions is, however,
likely to deteriorate these properties because of the increase in the net anisotropy of the
ferrite matrix.
With rapid development of mobile communication and information technology,
the electronic devices with small size, low cost and high performance is expected. As
surface mounting devices and multilayer chip inductors are important components for the
latest electronic products such as cellular phones, video cameras, notebook, hard and
floppy drives, etc which requires light weight and better functions are made from soft
ferrites became more integrated [25, 26].
Scientists are continuing their effort to achieve the optimum parameters of
ferrites, like high Ms, high permeability, high resistivity, low eddy current loss, etc. Since
the research on Mn-Zn ferrites is so vast, it is difficult to collect all experimental results
and information about all types of ferrites in every aspect. The systematic research is still
necessary for more comprehensive understanding of such materials.
In this research three series of ferrites have been prepared to investigate
the effect of substitution of divalent transition metal ion copper (Cu 2+) and trivalent
transition metal ion chromium (Cr 3+) on the structural and magnetic properties of Mn-Zn
based ferrites. Divalent transition metal ion copper (Cu 2+) has been substituted in place
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of divalent manganese (Mn 2+) in Mn0.5-xZn0.5Cu xFe2O4 and in place of non-magnetic zinc
(Zn2+) in Mn0.50Zn0.50-xCu xFe2O4 where as a trivalent transition metal ion chromium
(Cr3+) in Mn0.50Zn0.50Cr xFe2-xO4 in place of Fe3+.

1. 2

Objectives with specific aims and possible outcome
Ferrite is very convenient for high frequency application because of its high

resistivity. The high frequency response of the complex initial permeability is therefore
very useful in determining the convenient frequency range in which this particular ferrite
material is useful. From the relative magnitudes of the real and imaginary parts of the
complex permeability (μi//), the mechanism of eddy current losses and damping of
domain wall motion can be understood
The main objectives of the present research work are as follows:
Preparation of various
(i) Mn0.5-xZn0.5CuxFe2O4, (x = 0.00-0.3 at a step of 0.10),
(ii) Mn0.50 Zn0.50-xCu xFe2O4 (x = 0.00-0.50 at a step of 0.05) and
(iii) Mn0.50Zn0.50Cr xFe2-xO 4 (x = 0.00-1.0 at a step of 0.10) compositions by auto
combustion method.


Structural characterization has been performed by X-ray diffraction (XRD).
From the XRD results lattice parameter, density and porosity of all compositions
are determined.



From microstructural analysis, the average grain sizes of all compositions have
been measured to investigate the influence of grain size on the domain wall
motion, density and porosity of the above mentioned compositions.
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The variations of saturation magnetization (Ms), remanence (Br) and coercivity
(Hc) with different compositions have been studied using M-H loops and B-H
loops measured at room temperature.



A study of magnetic moments and the distribution of cations on different lattice
sites due to addition of divalent and trivalent ions have been investigated.



Temperature dependent initial permeability TN, which indicates the strength of
the exchange interaction among magnetic cations and also homogeneity of these
mixed ferrites, has been measured from the temperature dependent μ i/
measurements.



The μi/ as a function of compositions over a range of frequency (1 kHz-120
MHz) having various grain size, density and coercivity will be investigated.

1.3

Review of earlier research
S. Hilpert [27] first focused of the usefulness of ferrites at high frequency

applications. In 1946 at Philips research laboratory Snoek [28] started a systematic
investigation. Takai [29] in Japan at the same time was engaged in the research on the
ferrite materials. He was particularly looking for high permeability materials of cubic
structure. He found suitable materials in the form of mixed spinel of the type (MZn)
Fe2 O4, where M represents metal Like Mn, Ni, Mg, Cu etc. Many scientists and
technologists are engaged in the research to get the optimum properties of the ferrites.
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A brief review of earlier work done relevant to the present research is presented:
Lwin et al. [30] fabricated Mn1-xZnxFe2 O4 at different sintering conditions
(1100, 1200 and 1300 °C) and three sintering times (1 hr, 2 hr and 3 hr). The effect of
sintering conditions, physical properties, X-ray diffraction analysis, and phase
characterization were studied. Powder metallurgy method was used for production of
Mn-Zn ferrite. From X- ray diffraction analysis of Mn-Zn ferrite sintered at 1100 °C for
1hr it was observed that some unreacted Fe2O3 phases were present It indicates that this
sintering temperature and time is not sufficient for better densification of the samples.
Mn-Zn ferrite was sintered at 1300 °C by varying sintering time for 1hr, 2hr and 3hr.
From the nature of the peak of X- Ray pattern, the optimum sintering condition for
Mn-Zn ferrite was confirmed at 1300 °C for 3hr. They observed the increasing of the
density and shrinkage of the sintered pellets with increasing of the sintering times and
temperatures. About 94% theoretical density was observed for the sample sintered at
1300 °C. By increasing sintering time and temperature, grain growth increases and the
average grain size increases from 3.2 to 6.9 µm. High permeability, small coercive field,
small remanence, small hysteresis loop, rapid response to high-frequency magnetic fields
and low electrical resistivity were observed in Mn-Zn ferrite.

(a)

(b)

Fig. 1.1 SEM Micrograph of Mn-Zn Ferrite Sintered (a) at 1200 ºC for 3hr (b) at 1250 ºC for 3hr [30].
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Fig. 1.2 Typical hysteresis loop of Mn- Zn ferrite [30].

Mathur

et

al.

[31]

prepared

Mn-In-Zn

ferrite

of

composition

Mn0.4Zn0.6In0.5Fe1.5O4 co-precipitation method. They reported that the initial permeability
is a sensitive function of ambient temperature. It attains a maximum value at Curie
temperature (Tc). They were successful in achieving high resistivity, which was about
two times more as compared to other chemical methods. Appreciable value of μ i was
obtained at low temperature and permeability loss factors were also found remarkably
low. According to them co-precipitation technique is an effective route to synthesize
nanocrystalline Mn0.4Zn0.6In0.5Fe1.5O4 ferrite particles because there is no requirement
for a calcinations

process at high temperature. Single domain particle nature was

confirmed by Mössbauer spectra. In small sized grains, they observed a possibility of
re-oxidation of Fe2+ to Fe3+ during cooling after the sintering process, as diffusion of
oxygen advances more rapidly in smaller grains than in larger ones [32] and
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re-conversion of Fe2+ to Fe3+ improves the ferrite stoichimetry [33]. The average particle
size was found to be 35 nm at 200ºC and 49 nm at 500 ºC, which is due to lack of
domain magnetic structure in the samples [34]. There is a decrease in the value of μi with
increase in frequency up to 8 MHz and a significant rise is observed at high frequencies.
Initial permeability, μi, is found to be appreciable as the sample is formed at a low
temperature and the grain size is found to be small and uniform, which results in a
single-domain structure with uniform magnetization. They did not observe the resonance
peak, which occurs when the frequency of applied field equals the Larmor precession of
electron spins in the present technique. They assumed that, as the grain size becomes
smaller and uniform, the resonance character vanishes. Similar trend of results was found
by Rado et al. [35, 36] and Snoek [37].

Fig. 1.3 Variation of initial permeability with frequency at different temperatures [31].

Liu et al. [38] investigated that as the driving frequency of switching power
supplies has been raised from several kHz to 1 MHz, there is a need for the reduction of
power loss of core material at high frequency. Mn-Zn ferrites, usually used as materials
in the switching power supplies, exhibit a high power loss at high frequencies. Therefore,
many efforts have been made to reduce the power loss of Mn-Zn ferrites. Theoretically,
power loss P is divided into three parts, hysteresis loss P h, eddy current loss Pe, and
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residual loss Pr. As Pe and Pr could not be measured experimentally, they are obtained by
subtracting hysteresis loss. The wall related loss P r was generally ignored below MHz in
previous. Recently, several studies mentioned that P r becomes dominant at this frequency
range and at high temperature. The relation between grain size and domain size in
Mn-Zn ferrite was studied by neutron depolarization. It is found that the
domain size is identical to the grain size for Mn-Zn ferrites for grain size between 0.3
and 3 mm. They examined the effect of various grain sizes in low–loss Mn-Zn ferrites in
order to resolve the above mentioned problems. Power loss has been analyzed as a
function of grain size in order to study wall-related power loss.

Fig. 1.4 Frequency dependence of resistivity for samples with various grain sizes [38].

Pannaparayil et al. [39] investigated the magnetic and electrical properties of
high density Mn-Zn ferrites. Subdomain size superparamagnetic particles of these
ferrites were prepared by mild hydrothermal conditions.

High densities have been

obtained upon sintering these ferrite powders at relatively low temperatures (800 to
1200 ºC). Density increased with temperature up to 1000 ºC and remained fairly constant
thereafter. About 98% of the theoretical densities were obtained in all the samples
9
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sintered at 1000 ºC or above. From the SEM micrographs of the fractured surfaces the
ferrites confirmed that high densification was achieved. There was no intergranular
porosity and the grains were quite uniform. It is seen that μ i increases with temperatures
above 1000 ºC, although the density remains constant. This is attributed to the variation
in grain sizes of the ferrites with temperatures. Mn-Zn ferrites are extensively used in
broad band and pulse transformer and wideband read heads for high definition video
recording. For use in such devices, μi should remain constant over certain frequency
ranges. Here in this case μi remains level at first, and then rises to a very shallow
maximum before falling rapidly to a relatively low value due to ferromagnetic resonance.
It was found that the larger the dc value of the permeability, the lower the frequency at
which μi begins to drop. Saturation magnetization (σs), electrical resistivity (ρ) increases
with increasing sintering temperature. It is known that Mn-Zn ferrites with permeability
>10000 can be prepared with the use of additives like CuO, CdO, etc. In such cases the
Tc is found to be rather low, around 120 ºC.
Brusentsova et al. [40] investigated Gd-substituted Mn–Zn ferrite nanoparticles
of different compositions were synthesized by chemical co-precipitation method. To
study the reduction of T C for different samples, their magnetic properties in dependence
from the composition and cationic distribution were investigated. An attempt to lower
the TC of super paramagnetic particles to the optimal temperature required in magnetic
fluid hyperthermia (44–47 ºC) was made.
The MnxZny[Fe2-zGdz]O 4 and MnxZny Fe2O4 ferrite super paramagnetic particles
of

different ionic distribution were synthesized and their magnetic properties

investigated. The TC of all MnxZny[Fe2-zGdz]O4 and MnxZnyFe2O4 samples proved to be
too high for the auto- regulation of temperature in the desirable range. Apparently, it is
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not possible to get the ferrites of this composition with the T C lower than 70–100 ºC. It is
quite possible that there is a need to include additional components, such as Mg or Cu
(II), and try to then substitute Fe (III) further, as possible for Gd (III) in the new ferritesystem to achieve the lower T C. From our experience, such a substitution in
MnxZny[Fe2-zGdz]O4 would only be possible up to z = 3; because no spinel single-phase
would form above this value. From a low T C point of view, there are some samples,
which exhibit the promising magnetic behavior and show a sufficiently high magnetic
moment (≈14000 μB/particle). In addition, these nanoparticles do not contain any
biologically highly toxic elements, and further investigations with them seem warranted.

Fig. 1.5 Temperature dependencies of magnetic moment for Mn0.45Zn0.45 [Fe1.9Gd0.09] O4 in the lowtemperature range [40].

El-Saadawy et al. [41] studied the effect of jump length of electrons on the
physical properties of Co0.6Zn0.4 Mnx Fe2-xO4.The ferrite samples were prepared by the
general ceramic method. The X-ray diffraction patterns confirmed the spinel cubic
structure. The dielectric constant, electrical conductivity and magnetic susceptibility
were studied as a function of the jump length of electrons at the B sites of the above
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compositions. The increase of the jump length of electrons increases the electrical
conductivity, dielectric constant and magnetic susceptibility which confirm that the
jumping of electrons is predominant in the electrical behavior of ferrites. The
polycrystalline ferrites with high resistivity and low current losses play a useful role in
many technological applications. The physical properties of ferrites depend on the
method of preparation and the amount of the doping type. The electron exchange
interaction (Fe2+↔Fe3+`) results in a local displacement of electrons during the sintering
process of ferrites. This shows that the jump length decreases with increasing Mn
content. These results are explained on the assumption that Mn4+ ions enter the crystal
structure in the octahedral sites. The interaction between Fe2+ and Fe3+ ions at octahedral
sites with increasing Mn concentration decreases the iron ion content. This interaction
results in a corresponding decrease in the ferrous ions content at the B sites which is
responsible for electrical conduction in the jump length.

Fig. 1.6 Composition dependence of the jump length [41].

The decrease of the jump length which decreases the conductivity with increasing
Mn concentration which is attributed to the following: (a) nonmagnetic Mn ions occupy
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positions in the B sub lattice and this causes a decrease in both the A-B and B-B
interaction forces, and (b) the B-B interaction is responsible for conduction decrease. The
existence of weak B-B exchange interaction between ions at the B sites of such a ferrite
will affect the jump length of electrons between Fe2+ and Fe3+. The interaction of Mn4+
ions into the structure results in a decrease in the number of Fe3+ ions in the octahedral
sites, which decreases the jump length. This is because the ionic radius of Mn 4+(0.52 Å )
is smaller than that of Fe3+ (0.67 Å ) and so the size of the unit cell is expected to
decrease with (x) thus the hopping length depends upon the separation between the ions
involved. The increase of the jump length increases the dielectric constant which is
attributed to the hopping of electrons between Fe 3+ and Mn4+. The mechanism
of exchanging the jumping electrons between Fe3+ and Fe2+ occurred over the octahedral
sites of n-type ferrite. This mechanism increases the ferrous ions at B sites which play a
dominant role in increasing polarization at the surface of the samples. In conclusion, the
number of ferrous ions at the octahedral sites plays a dominant role in the mechanism of
conduction and dielectric polarization as in previous work.
Andrei et al. [42] observed the contribution of Bi2O3 additions on the
microstructure of MnZn ferrites and consequently on the magnetic properties such as the
Curie temperature, the initial permeability, the relative loss factor and the
disaccommendation was investigated. The magnetic properties of the MnZn ferrites can
be strongly influenced by doping with small amounts of additives. This paper restricts its
attention to the influence of the excitation frequency and of the Bi 2 O3 concentration
(doping levels 0-0.5 wt %) on the magnetic properties, such as hysteresis loop and losses.
In Fig. 1.7 are presented the measured and the simulated data for the samples 1 and 4
(the excitation frequency is 1 kHz). One observes that by increasing the additives up to
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0.01 wt % the saturation magnetic flux drops while the remanent magnetic induction and
the coercive magnetic field rise; consequently, the hysteresis losses raise too. The
magnetization process at high frequencies is satisfactorily described by the dynamic
Preisach model as shown in Fig 1.8.

Fig. 1.7 Hysteresis loop at low frequency for

Fig. 1.8 Calculated (symbol) and measured

the samples of 0.01wt % and 0.07 wt% [42].

hysteresis loop for the sample of 0.07 wt % [42].

Dasgupta et al. [43] investigated (i) the effect of milling and annealing
environment and initial blend composition on microstructure phase evolution, (ii) the
suitability of mechanical alloying followed by annealing as a synthesis-route for
nanostructured Mn–Zn spinel with superparamagnetic behavior, and (iii) the effect of
grain size and microstructure on the magnetic properties of the samples. Nanocrystalline
Mn1-xZnxFe2 O4 (0.2≤x≤0.9) was prepared by mechanical alloying of the concerned oxide
precursors and subsequent annealing in air and Ar atmosphere, respectively. Milling and
annealing in air produces Zn-ferrites (ZnFe2O4) instead of Mn–Zn ferrites as MnO
convert to higher oxides at higher oxygen partial pressure and fail to dissolve in the
spinel phase. This is confirmed by X-ray diffraction analysis using Rietvelt profile
matching. On the other hand, single phase Mn–Zn ferrite results from the identical
precursor oxide blend when milling and annealing are carried out under controlled (Ar)
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atmosphere. SEM study reveals spherical particles in both single isolated and
agglomerated forms. The average grain size of the as-milled and annealed powders,
measured by Rietvelt refinement, varies between 6–8 and 14–18 nm, respectively.
Further investigations performed with Mn0.6Zn0.4Fe2O4 reveal that a careful selection of
annealing parameters may lead to an early super paramagnetic relaxation. Therefore, the
blocking temperature can be significantly reduced through proper heat treatment
schedule to ensure super paramagnetism and negligible hysteresis at low temperature.
Li et al. [44] investigated the influence of ZrO 2 on the microstructure and
electromagnetic properties of MnZn ferrites. Powders of Mn 0.68 Zn0.25Fe2.07O4
composition were prepared by the conventional ceramic technique. Toroidal cores were
sintered at 1350 ºC for 4 h in N2/O2 atmosphere with 4% oxygen. They found that the
lattice constant and average grain size increase with ZrO 2 concentration, but excessive
ZrO2 concentration results in exaggerated grain growth and increases the porosity. The
dc resistivity, activation energy, saturation magnetic flux density, and initial permeability
increased monotonically when the ZrO2 concentration is not more than 0.04 wt %. Then
they decrease with further increase of ZrO 2 concentration. On the other hand, the
porosity, drift mobility, resonance frequency, and core loss decrease initially and then
increase with the increase of ZrO 2 concentration. It is observed that the lattice constant
is increasing with increasing ZrO 2 (as shown in Fig. 2.19). The increase of lattice
constant with ZrO2 concentration increasing could be explained in terms of the ionic
radii, the ionic radius of Zr4+ is larger than the radius of Fe3+ and Fe2+ ions, and, then Zr4+
ions can enter the crystal lattice, so the lattice constant increases with ZrO 2 increasing
concentration.
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Fig. 1.9 Variation of the lattice constant a (Å) with different ZrO2 concentration [44].

The influence of ZrO2 concentration on the average grain size and microstructure
of MnZn ferrites has been observed. It is indicated that the average grain size has the
increasing trend as ZrO2 concentration increased. And the excessive ZrO 2 concentration
(0.10 wt %) leads to the exaggerated grain growth is illustrated in Fig. 1.10.

Fig. 1.10 Variation of average grain size with different ZrO2 concentration [44].

Singh et al. [45] studied on initial permeability, dc resistivity, dielectric
relaxation intensity, relative loss factor, Curie temperature, saturation magnetization and
the

B-H

loop

parameters

of

Ni-substituted

Mn-Zn

ferrites.

Powders

of

MnxNi0.5-xZn0.5Fe2O4 with x=0.05–0.4 were synthesized by the citrate precursor method.
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Variation of saturation magnetization with composition observed and presented in the
Fig. 1.11. It can be explained on the basis of cations distribution and exchange
interaction between iron and manganese ions. It is known that Zn and Ni ions occupy A
and B sites, respectively. Although iron and manganese ions exist at both A and B sites,
they have preference for the B and the A sites, respectively. The effect of composition on
the saturation magnetization, which is the difference between the magnetization of B and
A sublattices, can be due to the following processes:
i) When manganese ions are introduced at the cost of nickel ions,
some of the iron ions migrate from A to the B sites in view of the site preferences for
different ions as mentioned above. This increases the iron ion concentration at B sites. As
a result, the magnetic moment of B sublattice increases for small manganese
concentrations. However, as manganese concentration increases, the iron ions left at A
site being small in number, the A–B interaction experienced by B site iron ions decreases.
Also, the increased number of iron ions at the B site increases the B–B interaction,
resulting in spin canting. Consequently, the magnetization of B sublattices decreases.
ii) Although the magnetic moment of Mn2+ is the same as that of the Fe3+ (5 μB), the
exchange interaction between manganese and iron ions being small, there will be canting
of spins of Fe3+ and Mn2+ ions at the A site. The increase in the manganese content in the
sample therefore decreases the magnetic moment of the A sublattice. iii) It is expected
that in the samples sintered at high temperatures, some of the elements may evaporate.
The melting point and the vapor pressure of Zn being the lowest, much lower than those
for other elements, the probability of zinc evaporation is the maximum. Any Zn loss
results in unsaturated oxygen bonds which tend to saturate by bonding with the
surrounding B site Fe3+ ions reducing them to Fe2+. This reduces the Fe3+ ion
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concentration at the B site. The B–B interaction thus becomes relatively weaker, resulting
in an increase in magnetization of the B sublattice for lower manganese concentrations.
However, for higher manganese concentrations, there being more Fe 3+ ions at the B site,
the increased B–B interaction reduces the magnetization of the B sublattice.

Fig. 1.11 Compositional variation of saturation magnetization of MnxNi0.5-xZn0.5Fe2O4 sintered
at 1200, 1300, and 1400 °C [45].

Variation of μi with frequency has been investigated for all compositions of the
series MnxNi0.5-x Zn0.5 Fe2O4. It is observed that μi remains almost constant up to about 5
MHz and increases at higher frequencies up to 13 MHz. Variation corresponding to the
sample x = 0.1 is shown in Fig. 1.12. Initial permeability in ferrites is due to domain
wall displacement and remains constant with frequency as long as there is no phase lag
between

the

applied

field

and
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Fig. 1.12 Compositional variations of initial permeability and Curie temperature of MnxNi0.5-xZn0.5Fe2O4
[45].

Krysicki et al. [46] investigated the influence of different conditions of
presintering process on microstructure and initial permeability of Mn-Zn ferrite. Powders
of Mn0.516Zn0.395 Fe2.08904 ferrites were prepared by the conventional ceramic method. The
mixture of the raw materials was pre sintered at 800- 1050 °C for 2 h in air and cooled at
a cooling rate 100 °C/h and quenched in water. The main objectives of the application of
the presintering process, are: (a) to decompose raw materials, and therefore to normalize
the shrinkage during the sintering stage ; (b) to produce the required reactivity of the
powder and its controlled crystal-size distribution; (c) to obtain the desirable ferrite for
particular uses.
They observed differences in the particle size between the slowly-cooled and the
quenched samples depend on the cooling conditions. The slowly-cooled samples are
characterized by smaller average particle size. The initial permeability increased to a
large extent for samples obtained from quenched powders. It is assumed due to the
different run of the ordering process of cations in the crystal lattice that take place
during sintering of the specimens influence the permeability.
19
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Fig. 1.13 Initial permeability versus presintering temperature of ferrite samples sintered [46].

Shokrollahi et al. [47] studied the effect of Bi2O3 on the Curie temperature, Q
factor and linear shrinkage of a Mn-Zn ferrite. Mn-Zn ferrites are usually produced by
dry powder metallurgy, Mn-Zn ferrite belongs to a group of spinels studied extensively
because of their interesting physical properties and their importance for technical
applications. Small amounts of additives can greatly affect the properties of Mn-Zn
ferrites. Q factor is a criterion for core quality. Therefore with increasing the Q factor,
the magnetic loss (hysteresis and eddy current losses) decreases. The pore and grain
microstructures were studied by SEM. it is clear that the Q factor of the Mn-Zn ferrite
strongly depends on the amount of Bi 2O3 present in the ferrite. It is seen that in small
additions of Bi2O3 (0.03 wt %), the Q factor was maximum. The Bi cations act as an
electrostatic trap by pinning the electrons at Fe2+ sites, thus increasing the resistivity of
the grains. At the same time, some Bi ions segregate to the grain boundaries so that it
can significantly reduce eddy current losses by increasing the resistivity of the grains and
grain boundaries. The total core loss of a magnetic device is the sum of the eddy current
losses and hysteresis losses and is the inverse function of the quality factor.
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Fig. 1.14 Effect of Bi2O3 on the Q factor at f = 40 kHz [47].

Fig. 1.14 shows that the linear shrinkage of Mn-Zn ferrite strongly depends on
the amount of Bi2O3 present in the samples during sintering. With an increased amount
of Bi2O3, the linear shrinkage decreased. Bi2O3 has a low melting point and evaporates
during sintering. This oxide forms a liquid phase at the sintering temperature and
dissolves easily into the lattice. The presence of a liquid phase during sintering can
induce the transition from normal to anomalous grain growth and causes chemical and
physical changes on the grain boundaries. At the same time, due to the high vapor
pressure of Bi2O3, this oxide prevents material flow into pores and densification becomes
lower.

Fig. 1.15 Effect of Bi2O3 on the linear shrinkage [47].
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Ravinder et al. [48] investigated the electrical conductivity (σ) of polycrystalline
mixed ferrite MnxZn1-xFe2O4 (where x = 0.0, 0.2, 0.4, 0.6, and 0.8). With a view to
understand the conduction mechanism in mixed Mn-Zn ferrites, the electrical
conductivity and thermoelectric power as functions of composition and temperature were
undertaken. The electrical conduction in these ferrites is explained on the basis of
hopping mechanism. The samples of mixed Mn-Zn ferrites were prepared by the
conventional double sintering method. The electrical conductivity measurements were
done by the two probe method. It was found that the values of σ vary from 5.32 x 10 -9
Ω-1cm-1 for MnFe2O = to 1.79 x 10-5 Ω-1cm-1 for Mn0.2Zn0.8Fe2O4. So it is evident that σ
increases with the addition of zinc. From the relation between Curie temperature T c and
the Zn concentration, it is seen that T c decreases linearly due to increasing Zn content.
L. Haihua et al. [49] investigated the effects of Fe2+ content in raw materials on
Mn–Zn ferrite magnetic properties. The magnetic properties of Mn–Zn ferrite are
affected greatly by Fe2+ content in the raw materials. The superfluous Fe2+ content in the
raw materials usually induces low resistivity σ and high eddy current loss Pe. The scant
Fe2+ content in the raw materials usually leads to high hysteresis loss Ph, low Curie
temperature Tc, low saturation magnetization Ms and low initial permeability µi.
Samples of Zn0.209Mn0.765Fe2.026O4 and Zn0.215 Mn0.742Fe2.043O4 were prepared by the usual
ceramic techniques. Samples having more Fe2+ content before sintering than the others,
the DC resistivity of the former is smaller than those of the latter. The resistivity is
basically in inverse direction to the change of Fe2+ content. Because Fe2+ and Fe3+ ions
co-exist in B- sites in Mn–Zn spinel lattices, electrons in their ions are „„hopping‟‟ easily,
when Fe2+ ion content goes up, resistivity σ decreases, and vice versa. The initial
permeability is affected by Fe2+ content in a certain way because the values of Ms, K1
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and λs are all affected by Fe2+ content. Magnetic ions Fe2+ and Fe3+ occupy A-sites and
B-sites in the crystal lattices, A–B super-exchange interaction is increased with the
increase of Fe2+ and Fe3+ content, so Ms increases too. As we know, magnetic ions Fe2+
and Fe3+ occupy A-site and B-site in Mn–Zn spinel lattices, respectively, A–B superexchange interaction increases with the increase of the Fe2+ content in Fe2 O3. Thus, the
maximum flux density Bs and Curie temperature go up.
Beatrice et al. [50] discussed experimental results on the loss versus frequency
behavior in Mn–Zn ferrites and we clarified the role and nature of the loss components.
The Mn–Zn ferrites, whose very soft behavior and near-insulating character make them
ideal for uses in the medium-to high frequency ranges (from a few kHz to a few MHz).
However, the energy loss phenomena in these materials are poorly assessed and there are
neither clear conclusions nor quantitative predictions regarding the specific role played
by the invoked dissipation mechanisms: eddy currents, spin damping, resonance effects.
Three different types of Mn–Zn ferrite ring samples, having different diameters (8.0,
12.7, 20 mm) were magnetically characterized, between a few hundred Hz and a few
MHz. DC resistivities σDC were measured ranging between 0.14Ωm and 8.4 Ωm. Excess
losses in metallic soft magnets are interpreted in terms of inhomogeneous space-time
distribution of eddy currents, stemming from the discrete nature of the domain structure.
Lebourgeois

et

al.

[51]

prepared

the

samples

of

composition

Mn0.71−xZn0.23+xTi0.01Fe2.05O4 with x= 0, 0.05, 0.1, and 0.15 and studied for the
development of original compositions of Mn–Zn ferrites with a high permeability
between −50 and +150 °C by optimizing the Mn/Zn ratio. The ferrite samples were
prepared using the conventional ceramic route. The measurement of magnetic field in
space environment requires onboard magnetometers that can operate up to 200 kHz and
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in a wide temperature range. These magnetometers, called “search coils,” are made with
a ferrimagnetic core on which a copper wire is wound. They chose Mn–Zn ferrites
because their permeability can be higher than 1500 up to 1 MHz and in all the
temperature ranges.
For all the sintered samples, the porosity was between 4% and 9%. Highest
density was obtained for high zinc content ferrites. From the observations it was revealed
that the initial permeability (µi) was increased for high Zn content while the Curie
temperature (T c) and saturation magnetization (Ms) were decreased (shown in Figs. 1.16
and 1.17 respectively). Initial permeability versus temperature in the temperature range
from −100 to +10 °C is shown in Fig. 1.18. The relaxation frequency of the complex
permeability increased with the Mn content because the magnetocrystalline anisotropy
and the saturation magnetization increase. So, a high µi at low temperature requires high
zinc content and a high T c requires high manganese content.

Fig. 1.16 Curie temperature and saturation magnetization at 20 °C vs zinc content for Mn–Zn ferrites with
chemical compositionMn0.71−xZn0.23+xTi0.01Fe2.05O4 sintered at 1330 °C [51].
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Fig. 1.17 Initial complex permeability vs frequency for Mn0.71−xZn0.23+xTi0.01Fe2.05O4 ferrites sintered at
1345 °C [51].

Fig. 1.18 Initial complex permeability vs temperature for Zn0.33 ferrites sintered at 1345 °C [51].

The magnetic fluid is considered to have applications in the field of heat transfer
in solar systems and cooling of mechanical or electric heat sources. The Mn–Zn ferrite
nanoparticles that are the most temperature sensitive among the mixed ferrites, is used in
the preparation of temperature sensitive magnetic fluid. Jeyadevan et al. [52] reported
on the synthesis technique to increase the average particle diameter of Mn–Zn ferrite
and thereby increase the magnetic volume force of the temperature sensitive magnetic
fluid.
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Mn–Zn ferrite nanoparticles were synthesized first by co- precipitation technique
that depends mostly on parameters such as reaction temperature, and the pH of the
suspension. Then, further enhancement in particle size was obtained by using the
already prepared particles as seed. The particles to be used as seed were synthesized
under varying reaction temperature and pH conditions. The variation in magnetization
due to the variation in reaction temperature between 80 and 95 °C was very marginal.
Similar behavior was observed in the case varying the pH. The average particle diameter
and magnetization of the particles increased from 9 to 12 nm and 37 to 50 emu/g,
respectively.

Fig. 1.19 Hysteresis loops of Mn–Zn ferrite prepared under (a) the co-precipitation and the (b) proposed
method [52].

Polycrystalline Mn-Zn ferrites have been used widely in high frequency devices
such as transformers and magnetic heads. Recently, the dimension of the electronic
devices has been reduced, and simultaneously, the driving frequency of switching power
supplies has been raised to the 1MHz range, in which the power loss drastically
increases. The suppression of the power loss is an important problem in the case that the
ferrite is utilized for high-frequency devices. T. Nakamura et al. [53] studied the effect of
iron oxide raw-materials, and discussed the relationship between the ceramics micro26
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structural and electromagnetic properties. Mn-Zn ferrite sintered ceramics were prepared
by usual ceramic method using different iron oxides raw materials. The starting particles
of α-Fe2O3 , MnCO3, and ZnO were mixed together through wet attrition milling, with the
cation ratio adjusted to Mn0.73Zn0.20Fe2.07O4. Two types of α-Fe2O3 particles were
utilized. Powder 1 was synthesized by calcinations of FeCl 3 nH2O salts at 800 ºC in air
and then by dry vibration milling. Powder 2 was obtained by the oxidation of Fe 3O 4
particles, precipitated by aerial oxidation of alkaline FeSO 47H2O-NaOH suspension at
800°C in air and then by dry vibration. It was found that density, average grain size,
magnetization, permeability and electrical resistivity are increased with the sintering
temperature, and also that using powder 2 yielded greater values at the same sintering
temperature. It was also found that the hysteresis loss decreases and the eddy current loss
increases with increase of the sintering temperature, and that using powder 2 provided
greater eddy current loss and lower hysteresis loss than using powder 1 at the same
sintering temperature. Since the power loss in higher frequency region is mainly
attributed to the eddy current loss, using powder 1 as iron oxide raw materials is thought
to be suitable for the reduction of power loss in high-frequency region. Consequently, it
was clear that using powder 2 as iron oxide raw material provides lower-temperature
sintering but causes the enhancement of the power loss in high frequency region.
V.T. Zaspalis et al. [54] investigated the role of Nb2 O5 additions on the structural
and electromagnetic properties of MnZn-ferrites. The influence of the presence of Nb in
the grain boundaries can be easily recognized from the AC electrical resistivity results. It
is well known that the ac electrical resistivity of polycrystalline materials is mainly
influenced by the grain boundaries. In this study it was found that, it increases by a factor
of 4 upon doping with 200 ppm Nb2O5 due to the creation of a thicker insulating grain
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boundary phase. In addition, the ac electrical resistivity decreases again for the higher
doping levels. The exact mechanism for this is not known. However, it seems that, in this
case some big grains short circuit the grain boundaries, which ultimately leads to a
decreased resistivity. For this reason it is not surprising that the power losses drastically
increase for high doping levels. At higher concentrations Nb2O5 segregates at the grain
boundaries, promotes grain growth and affects negatively the microstructure
development. At concentrations up to 200 ppm, where a gradual improvement of the
magnetic properties is observed, Nb2 O5 is found to precipitate together with CaO
homogeneously along the grain boundaries and participates in the formation of glassy
phases. Those phases act as buffers between the grains and make smooth the transition
from one grain to the other.
T.Y. Byun et al. [55] investigated on polycrystalline MnZn ferrite with the
composition of Mn0.47 Zn0.47 Fe0.06Fe2O4 , prepared by the conventional mixed oxide
method. It is known that very high initial permeability in MnZn ferrite is only obtainable
in compositions with very low anisotropy. Complex permeability spectrum of
polycrystalline MnZn ferrite has typically single dispersion. In this investigation, two
dispersions were observed in the complex impedance spectrum and were characterized
by

two

magnetization

mechanisms through topological and

magnetostrictive

investigations. Contributions of domain wall motion and domain rotation to
magnetization process in the Rayleigh region were inferred from investigations of
impedance spectra in polycrystalline MnZn ferrite with very low magnetic anisotropy.
One dispersion typically shown in magnetic spectra is actually composed of two
dispersions and individual contributions of domain wall motion and domain rotation to
initial permeability were calculated to be about 9400 and 1500, respectively. As an
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external stress increases, in a multi-domain specimen, the contribution of domain wall
motion to magnetization decreases by the gradual disappearance of domain walls or
increased difficulty in domain wall motion, leading to eventual removal of its
correspondent impedance peak. Also, the reversible domain wall motion is gradually
removed after the irreversible domain wall motion is eliminated in the Rayleigh region as
the external stress increases.

References
[1]

Snelling, E. C., “Soft Ferrites”, Properties and Applications”, Butter-worth and Co.
(Publishers) Ltd., London, 1988.

[2]

Shah, M. A., “Electricity and Magnetism”, Sh. Ghulam Ali and Sons (Publisher) ltd., Lahore,
Pakistan, 1971.

[3]

Van Vleck, J. H., “Elements of Material Science and Engineering”, 6th Ed, Addison- Wesley Co.
(Publisher) Ltd., New York, 1989.

[4]

Spaldin, N. A., “Magnetic Materials, Fundamentals and device applications”, Cambridge
University Press, 2003.

[5]

Von Aulock, W. H., “Hand Book of Microwave Ferrite Materials”, Academic Press, New York,
London, 1965.

[6]

Goldman,

A., “Modern Ferrite Technology”,

Van

Nostrand Reinhold, New York,

1990.
[7]

Craik, D. J., Magnetic Oxide, part 1, John Wiley & Sons, Ltd., Bristol, England, 1975.

[8]

Verway, E. J. W., and Heilmann, E. L., “Physical properties and cation arrangement of oxide with
spinel structure”, J. Chem. Phys., Vol. 15, No. 4, pp. 174-180, 1947.

[9]

Chickazumi, S. and Charap, S. H., “Physics of Magnetism”, Krieger Malabar, 1978.

[10]

Cahn,

R.

W.,

Haasen,

P.,

Kramer,

“Materials

Science

and

Technology”,

Vol.

3B, VCH Publisher Inc., New York (USA), 1994.
[11]

Gimenes, R., Baldissera, M. R., da Silva, M. R. A., de Silveria, C. A., Soares, D. A. W., Perazolli,
L. A., da Silva, M. R., Zaghete, M. A., “Structural and magnetic characterization of
MnxZn1-xFe2O4 (x = 0.2; 0.35; 0.65; 0.8; 1.0) ferrites obtained by the citrate precursor method”,
Ceramics International, Vol. 38, pp. 741 – 746, 2012.

[12]

Jeyadevan, B., Chinnasamy, C. N., Shinoda, K. and Tohji, K., “Mn-Zn ferrite with higher
magnetization for temperature sensitive magnetic field”, J. Appl. Phys., Vol. 93, pp. 8450-8452,
2003.

29

Chapter 1

[13]

Introduction and Review Works

Azadmanjiri, J., “Preparation of Mn-Zn ferrite nanoparticles from chemical sol-gel combustion
method and the magnetic properties after sintering”, J. Non-Cryst. Sol., Vol. 353, No. 44, pp.
4170-4173, 2007.

[14]

Ahmed, M. A., El-Khawas, E. H., Radwan, F. A., “Dependence of Dielectric Behavior of Mn-Zn
Ferrite on Sintering Temperature”, J. Mater. Sci., Vol. 36, pp. 5031-5035 , 2001.

[15]

Shokrollahi, H.,

Janghorban, K.,“Influence of additives on the magnetic properties,

microstructure and densification of Mn-Zn soft ferrites”, Mater. Sci. Eng. B, Vol. 141, pp. 91-107,
2007.
[16]

Igarshi, H., Okazaki, K., “Effects of porosity and grain size on the magnetic properties of NiZn
ferrite”, J. Am. Ceram. Soc., Vol. 60, No. 1-2, pp. 51-54, 1977.

[17]

El-Sayed, H.M., “Effect of Magnetic Field on the formation of Spin-polaron in Mn-Zn ferrites”,
Am. J. Appl. Sci., Vol. 3, No.10, pp. 2033-2036, 2006.

[18]

Nam, J. H., Hur, W.G., Oh, J. H., “The effect of Mn substitution on the properties of NiCuZn
ferrites”, J. Appl. Phys., Vol. 81, pp. 4794-4797, 1997.

[19]

Yue, Z., Zhou, J., Gui, Z., Li, L., “Magnetic and electrical properties of low-temperature sintered
Mn-doped NiCuZn ferrites”, J. Magn. Magn. Mater., Vol. 264, pp. 258- 263, 2003.

[20]

Yue, Z., Zhou, J., Li, L., Gui, Z., “ Effects of MnO2 on the electromagnetic properties of NiCuZn
ferrites prepared by sol-gel auto combustion”, J. Magn. Magn. Mater., Vol. 233 , pp. 224-229,
2001.

[21]

Dionne, G. F., West, R. G., “Magnetic and dielectric properties of the spinel ferrite system
Ni0.65Zn0.35Fe2-xMnxO4 ”, J. Appl. Phys., Vol. 61, pp. 3868-3870, 1987.

[22]

Singh, A. K., Singh, A. K., Goel, T. C., Mendiratta, R. G., “High performance Ni-substituted
Mn-Zn ferrites processed by soft chemical technique”, J. Magn. Magn. Mater., Vol. 281, pp. 276280, 2004.

[23]

Hossain, A. K. M. A., Biswas, T. S., Mahmud, S. T., Yanagida, T., Tanaka, H., Kawai, T.,
“Enhancement

of

initial

permeability

due

to

Mn

substitution

in

polycrystalline

Ni0.50-xMnxZn0.50Fe2O4”, J. Magn. Magn. Mater., Vol. 321, pp. 81-87, 2009.
[24]

Babbar, V. K., and Puri, R. K. “Hot-Pressed Mn-Zn-Ni and Mn-Zn-Co ferrites for magnetic
recording heads”, IEEE Trans. Magn., Vol. 28, No.1, pp. 21-26, 1992.

[25]

Varalaxmi, N. and Sivakumar, K., “development of non-shrinking sot ferrite composition useful
for microinductors applications”, World J. Conden. Matt. Phys., Vol. 1, pp. 105-119, 2011.

[26]

Nomura, T., Nakano, A., Proceedings of ICF-6, Japan Society of Powder and Powder Metallurgy,
pp. 1198, 1992.

[27]

Hilpert, S., Ber. Deutseh. Chem. Ges. BD2, Vol. 42, pp. 2248-2261, 1909.

[28]

Snoek, J. L., “Magnetic and electrical properties of the binary systems MO.Fe2O3”, Physica, Vol.
3, pp. 463-483, 1936.

[29]

Takai, T., J. Electr. Chems. Japan, Vol. 5, pp. 411, 1937.

30

Chapter 1

[30]

Introduction and Review Works

Ni, S. M. and Lwin, K. T., “Production of Manganese-Zinc Ferrite Cores for Electronic
Applications”, World Academy of Science, Engineering and Technology, Vol. 2, pp. 130-135,
2008.

[31]

Mathur, P., Thakur, A., Singh, M., “Low temperature Synthesis of Mn0.4Zn0.6In0.5Fe1.5O4
nanoferrite for high-frequency applications”, J. Phys. Chem. Solids, Vol. 69, pp. 187-192, 2008.

[32]

Iwauchi, K., “ Dielectric properties of fine particles of Fe3O4 and some ferrites”, Jpn. J. Appl.
Phys., Vol. 10, pp. 1520, 1971.

[33]

Smit, J., Wijn, H. P. J. “ Dielectric behaviour of Niobium doped Ni-Zn Ferrites”, Philips
Technical Library, Eindhoven, the Netherlands, pp. 230, 1959.

[34]

Caizer, C., Stefanescu, M., “Nanocrystallite size effect on σs and Hc in nanoparticle assemblies”
Physica B, Vol. 327, pp. 129-134, 2003.

[35]

Rado, G. T.,Wright, R. W., Emerson, W. H.,

Terris, A., “ ferromagnetism at very high

frequencies . IV. Temperature dependence of the magnetic spectrum of a ferrite”, Phys. Rev., Vol.
88, pp. 909, 1952.
[36]

Rado, G. T., “Magnetic Spectra of Ferrites”, Rev. Mod. Phys., Vol. 25, pp. 81, 1953.

[37]

Snoek, J. L., “New Developments in Ferromagnetic Materials, Elsevier Publishing”, New York
1947.

[38]

Liu, C. S., Wu, J. M., Nan lin, I., Chen, C. J.,“ High–power-use Mn-Zn ferrites with monodomain
structure prepared by low-sintering temperature sintering”, J. Appl. Phys., Vol. 79, No. 8, pp.
5432-5434, 1996.

[39]

Pannaparayil, T., Marande, R., and Komarneni, S., “ Magnetic properties of high- density Mn-Zn
ferrites”, J. Appl. Phys., Vol. 69, No. 8, pp. 5349-5351, 1991.

[40]

Brusentsova, T. N., Brusentsov, N. A., Kuznetsov, V. D. Nikiforov, V. N., “Synthesis and
investigation of magnetic properties of Gd-substituted Mn–Zn ferrite nanoparticles as a potential
low-TC agent for magnetic fluid hyperthermia”, J. Magn. Magn. Mater., Vol. 293, pp. 298-302,
2005.

[41]

El-saadawy, M., Barakat, M.M., “Effect of jump length of electrons on the physical properties of
Mn-doped Co0.6Zn0.4 Fe2O4 ferrite”, J. Magn. Magn. Mater., Vol. 213, pp. 309-311, 2000.

[42]

Andre, P., Caltun, O. F., Papusoi, C., Stancu, A., “Feder, M., “Losses and magnetic properties of
Bi2O3 doped MnZn ferrites”, J. Mag. Mag. Mater., Vol. 196-197, pp. 362-364, 1999.

[43]

Dasgupta, S., Das, J., Eckert, J., Manna, I.,“ Influence of environment and grain size on magnetic
properties of nanocrystalline Mn–Zn ferrite”, J. Magn. Magn. Mater., Vol. 306, pp. 9-15, 2006.

[44]

Li, L., Lan, Z., Yu, Z., Sun, K., Xu, Z. and Ji, H., “Microstructure, Electrical, and Magnetic
Properties of ZrO2 Added MnZn Ferrites”, IEEE TRANSACTIONS ON MAGNETICS, Vol. 44,
NO. 9, pp. 2107-2112, 2008.

[45]

Singh, A. K., Goel, T. C., Mendiratta, R. G., Thakur, O. P. Prakash, C., J. Appl. Phys., Vol. 92,
pp. 3872-3875, 2002.

[46]

Krysicki, Z., Luban'ska, T., “Effect of the presintering process on the microstructure and initial
permeability of Mn-Zn ferrite”, J. Magn. Magn. Mater., Vol. 19, pp. 107-108, 1980.

31

Chapter 1

[47]

Introduction and Review Works

Shokrollahi, H. and K. Janghorban, K., “Effect of Bi2O3 doping on the Curie
temperature, Q factor and linear shrinkage of Mn-Zn ferrites”, Iranian Journal of Science &
Technology, Vol. 31, B4, pp. 441-445, 2007.

[48]

Ravinder, D. and Latha, K., “Electrical conductivity of Mn-Zn ferrites”, J. Appl. Phys., Vol. 75,
No. 10, pp. 6118-6120, 1994.

[49]

Li

Haihua,

L., Zekun, F., Huahui,

H., Quanqing, Z., Jianjun, J., Jianhua, N.,

2+

Xiaoling, Y., “Effects of Fe content in raw materials on Mn– Zn ferrite magnetic properties”, J.
Magn. Magn. Mater., Vol. 237, pp. 153–157, 2001.
[50]

Beatrice, C., Bottauscio, O., Chiampi, M., Fiorillo, F., Manzin, A., “Magnetic loss analysis in
Mn–Zn ferrite cores”, J. Magn.Magn. Mater., Vol. 304, pp. e743–e745, 2006.

[51]

Lebourgeois, R., and Coillot, C., “Mn-Zn ferrite for magnetic sensor in space applications”, J.
Appl. Phys., Vol. 103, 07E510, 2008.

[52]

Jeyadevan, B., Chinnasamy, C. N., Shinod, K. and Tohji, K.. K.,“Mn–Zn ferrite with higher
magnetization for temperature sensitive magnetic fluid”, J. Appl. Phys., Vol. 93 No.10, pp. 84508452, 2003.

[53]

Nakamura, T., and Okano, Y., “Electromagnetic Properties of Mn-Zn Ferrite”, J. Phys. IV France
7, C1-101-102, 1 997.

[54]

Zaspalis, V. T., Antoniadis, E., Papazoglou, E., Tsakaloudi, V., Nalbandian, L., Sikalidis, C. A.,
“The effect of Nb2O5 dopant on the structural and magnetic properties of MnZn-ferrites”, J.
Magn. Magn. Mater., Vol. 250, pp. 98–109, 2002.

[55]

Byun, T. Y., Hong, K. S., Yoon, C. S., Kim, C. K., “Impedance spectroscopic study on the
magnetization of polycrystalline MnZn ferrite with very low magnetic anisotropy”, J. Magn.
Magn. Mater., Vol. 253, pp. 72–76, 2002.

32

Chapter 2

Theoretical Background

CHAPTER 2
THEORETICAL BACKGROUND
2.1

Origin of magnetism
Almost everyone is familiar with what a magnetic material can do but very few

know how a magnet works. To understand this phenomenon one must first grasp the
inextricable connection that exists between magnetism and electricity. A simple
electromagnet can be produced by wrapping copper wire into the form of a coil and
connecting the wire to a battery.

Fig. 2.1 The orbit of a spinning electron about the nucleus of an atom.

A magnetic field is created in the coil but it remains there only while electricity
flows through the wire. An ordinary bar magnet does not have an obvious connection with
electricity so how does it work? The field created by the magnet is associated with the
motions and interactions of its electrons, the minute charged particles which orbit the
nucleus of each atom. Electricity is the movement of electrons, whether in a wire or in an
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atom, so each atom represents a tiny permanent magnet in its own right. The circulating
electron produces its own orbital magnetic moment, and there is also a spin magnetic
moment associated with it due to the electron‘s own spin about its axis as illustrated in
Fig. 2.1. So the origin of magnetism lies in the orbital and spin motions of electrons and how
the electrons interact with one another. In most materials there are resultant magnetic
moments, due to the electrons being grouped in pairs causing the magnetic moment to be
cancelled by its neighbor [1-4].
In certain magnetic materials the magnetic moments of a large proportion of the
electrons align, producing a unified magnetic field. The field produced in the material has a
direction of flow and any magnet will experience a force trying to align it with an externally
applied field. These forces are used to drive electric motors, produce sounds in a speaker
system, control the voice coil in a CD player, etc. The interactions between magnetism and
electricity are therefore an essential aspect of many devices we use every day.

2.2

Magnetic ordering
The magnetic properties of a matter are fundamentally the result of the electrons of

the atom, which have a magnetic moment by means of the electrons motion. The response of
a material to a magnetic field is represented by the magnetization. Many materials
containing transition elements behave as if they were spontaneously magnetized. Fe, Co, Ni,
Gd and many of their alloys, as well as many of their oxides and fluorides exhibit
spontaneous magnetic ordering. The magnetic behavior of materials can be classified into

34

Chapter 2

Theoretical Background

five major groups [5, 6]. They are discussed below and their different types of magnetic
moment ordering are shown in Fig. 2.2.

2.2.1 Diamagnetism
Diamagnetism is an inherent property of the orbital motion of the individual electron
in a field. Since it is even a weaker effect than paramagnetism, it is only observed when the
atom does not have a net spin or orbital moment. The orbital motion even though
compensated sets up a field opposite to the applied field in a manner similar to the back emf
of Lenz's Law. The effect leads to a negative susceptibity or the actual lowering of the net
moment in the material as an external field is applied. Diamagnetism is so weak an effect
that a small paramagnetic impurity can offer mask out the effect.

2.2.2 Paramagnetism
If an atom has a net magnetic moment, (it is paramagnetic), this moment may be
partially aligned in the direction of an applied magnetic field. Each atom therefore acts as an
individual magnet in a field. The process of rotating these moments against thermal agitation
is a difficult one and a large field is necessary to achieve only a small degree of alignment or
magnetization. In many paramagnetic materials such as in hydrated salts, as the temperature
is raised, the thermal agitation of the spins reduces even this small amount of alignment.
Pierre Curie showed that in these cases, the susceptibility, χ, which is defined as
χ = M/H

(2.1)

Where χ = susceptibility, M = magnetization or moment, H = Magnetic field strength
follows the Curie Law given as; χ = C/T ;

(2.2)
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Where: C = Curie constant,T = Temperature in Degrees Kelvin
Also; 1/χ =T/C

(2.3)

2.2.3 Ferromagnetism
In ferromagnetic materials (as in paramagnetic materials), the alignment of magnetic
moments in a magnetic field at higher temperature is decreased. Since a much greater degree
of alignment occurs in ferromagnetics, the effect is even more pronounced. With further
temperature increase, the thermal agitation will exceed the exchange forces and at a certain
temperature called the Curie point, ferromagnetism disappears.
Above the Curie point, the ferromagnetic material becomes paramagnetic, the susceptibility
of which decreases with temperature. If the reciprocal susceptibility, 1/χ, is plotted against
T, the curve obeys the Curie Weiss Law;
1/χ =1/[C(T-Tc)]

(2.4)

Where, C = Curie Weiss Constant, Tc = Curie point

2.2.4 Antiferromagnetism
A simple antiferromagnet can be visualized as consisting of two magnetic sublattices
(A and B). In the magnetically ordered state, the atomic moments are parallel or
ferromagnetically coupled within each of the two sublattices. Any two atomic magnetic
moments belonging to different sublattices have an antiparallel orientation. Since the
moments of both sublattices have the same magnitude and since they are oriented in
opposite directions, one finds that the total magnetization of an antiferromagnet is
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essentially zero (at least at zero kelvin). Many antiferromagnetic substances are oxides, the
classic case being MnO.
In ferromagnetism, the interaction of atomic spin moments was a positive one
meaning that the exchange interaction aligned neighboring spins parallel in a magnetic
domain. antiferromagnetic susceptibility of the Curie-Weiss law at high temperatures with
negative  as;
χ = C/(T+)

(2.5)

where  = Experimentally determined constant
Also χ = C/(T-TN)

(2.6)

where T N= Néel Temperature

2.2.5 Properties of ferrimagnetism
In ferrimagnetic substances, in contrast with the antiferromagnets the magnetic
moments of the A and B sublattices are not equal (as shown in Fig. 2.2). The magnetic
atoms (A and B) in a crystalline ferrimagnet occupy two kinds of lattice sites that have
different crystallographic environments. Each of the sublattices is occupied by one of the
magnetic species, with ferromagnetic (parallel) alignment between the moments residing on
the same sublattice. There is antiferromagnetic (antiparallel) alignment, however, between
the moments of A and B. Since the number of A and B atoms per unit cell are generally
different, and/or since the values of the A and B moments are different, there is nonzero
spontaneous magnetization below T c [1-3, 5].
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(a)

(b)

(c)

(d)

(e)

Fig. 2.2 Schematic representation of Some magnetic structures (a) ferromagnetic (b) antiferromagnetic, (c)
ferrimagnetic (d) triangular or canted; and (e) helical [3].

Ferrimagnetics also have a Curie point and one would expect the same type of
paramagnetic behavior above the Curie temperature as shown in Fig. 2.3. However, because
of the negative interaction such as found in antiferromagnetics, the curve of 1/χ vs T will be
concave approaching an asymptotic value which would extrapolate to a negative value
which again was found in antiferromagnetics.
The onset of magnetic order in solids has two basic requirements:
(i) Individual atoms should have magnetic moments (spins),
(ii) Exchange interactions should exist that couple them together.
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Magnetic moments originate in solids as a consequence of overlapping of the electronic
wave function with those of neighboring atoms. This condition is best fulfilled by some
transition metals and rare-earths. The exchange interactions depend sensitively upon the
inter-atomic distance and the nature of the chemical bonds, particularly of nearest neighbour
atoms. When the positive exchange dominates, which corresponds to parallel coupling of
neighbouring atomic moments (spins), the magnetic system becomes ferromagnetic below a
certain temperature TC called the Curie temperature. The common spin directions are
determined by the minimum of magneto-crystalline anisotropy energy of the crystal.
Therefore, ferromagnetic substances are characterized by spontaneous magnetization. But a
ferromagnetic material in the demagnetized state displays no net magnetization in zero field
because in the demagnetized state a ferromagnetic of macroscopic size is divided into a
number of small regions called domains, spontaneously magnetized to saturation value and
the directions of these spontaneous magnetization of the various domains are such that the
net magnetization of the specimen is zero.
The existence of domains is a consequence of energy minimization. The size and
formation of these domains is in a complicated manner dependent on the shape of the
specimen as well as its magnetic and thermal history. When negative exchange dominates,
adjacent atomic moments align antiparallel to each other, and the substance is said to be
anti-ferromagnetic below a characteristic temperature, TN, called the Néel temperature.
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Fig. 2.3 Summary of the temperature dependence of the magnetization M, the magnetic susceptibility χ or the
reciprocal of susceptibility χ-1 in various types of magnetic materials [1].
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Néel theory of ferrimagnetism
If we consider the simplest case of a two-sublattice system having antiparallel and

non-equal magnetic moments, the inequality may be due to:
1) different elements in different sites,
2) same element in different ionic states, and
3) different crystalline fields leading to different effective moments for ions having the
same spin.
The spins on one sublattice are under the influence of exchange forces due to the spins on
the second sublattice as well as due to other spins on the same sublattice. The molecular
fields acting on the two sublattices A and B can be written as [2, 5-6]




H A   AA M A   AB M B ,



H B   AB M A  BB M B



where M A and M B are the magnetizations of the two sublattices and  ‘s are the Weiss
constants. Since the interaction between the sublattices is antiferromagnetic,  AB must be
negative, but  AA and  BB may be negative or positive depending on the crystal structure
and the nature of the interacting atoms. Probably, these interactions are also negative,
though they are in general quite small.
Assuming all the exchange interactions to be negative the molecular fields will be
then given by




H A   AA M A   AB M B ,



H B   AB M A  BB M B
41

Chapter 2

Theoretical Background

Since in general,  AA and  BB are small compared to  AB , it is convenient to express the
strengths of these interactions relative to the dominant  AB interaction.
Let

 AA  AB

and

BB   AB


In an external applied field H , the fields acting on A and B sites are





H A  H   AB (M A  M B ) ,




H B  H   AB (M A  M B )




At temperatures higher than the transition temperature, TN , H A , M A and M B are all parallel
and we can write




C 
M A  A [ H   AB (M A  M B )] ,
T

(2.7)




C 
M B  B [ H   AB ( M A  M B )]
T

(2.8)

where C A and C B are the Curie constants for the two sublattices.

C A  N A g B2 S A (S A  1) 3K
and

C B  N B g B2 S B (S B  1) 3K

N A and N B denote the number of magnetic ions on A and B sites respectively and S A and S B are
their spin quantum numbers. Solving for the susceptibility,  , one gets [2, 5]
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1


1





T
1
b


C 0 T 



T  (C /  0 )
b

C
T 

(2.9)

where C ,  0 , b and  are constants for particular substance and are given by

C  C A  CB
1

0



b

1
[C A2  AA  C B2  BB  2C AC B  AB ]
2
C

C AC B 2
[C A ( AA   BB ) 2  C B2 ( BB   AB ) 2
C3
 2C AC B {2AB  ( AA  BB ) AB   AA BB }]

 

C AC B
( AB  BB )  2 AB
C

Equation (2.5) represents a hyperbola, and the physically meaning part of it is plotted in Fig.
2.3. This curvature of the plot of 1/ versus T is a characteristics feature of a ferrimagnet. It
cuts the temperature axis at TC , called the Ferrimagnetic Curie point. At high temperatures
the last term of equation (2.5) become negligible, and reduces to a Curie-Weiss law:



C
T  (C /  0 )

This is the equation of straight line, shown dashed in Fig. 2.4, to which the 1/ versus T
curve becomes asymptotic at high temperatures.
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Fig. 2. 4 The temperature dependence of the inverse susceptibility for ferrimagnets [3].

The Ferrimagnetic Curie temperature TC is obtained from equations (2.3) and (2.4)
with H  0 and setting the determinant of the coefficients of M i equal to zero. This gives

1
TC  [C A  AA  C B  BB  {(C A  AA  C B  BB ) 2  4C AC B 2AB }2 ]
2

(2.10)

Equation (2.5) is in good agreement with the experiment, except near the Curie point. The
experimental Curie temperature, the temperature at which the susceptibility becomes infinite
and spontaneous magnetization appears, is lower than the theoretical Curie temperature
[1, 2, and 6]. This disagreement between theory and experiment in the region of Curie point
is presumably due to the short-range spin order (spin clusters) at temperatures above
experimental TC [6].
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Fig. 2.5 Superposition of various combinations of two opposing sublattice magnetizations producing differing
resultants including one with compensation point (schematic) [3].

The sublattice magnetizations will in general have different temperature dependences
because the effective molecular fields acting on them are different. This suggests the possibility
of having anomaly in the net magnetization versus temperature curves, Fig. 2.5. For most
ferrimagnets the curve is similar to that of ferromagnets, but in a few cases there be a
compensation point in the curve, Fig. 2.5(c) [2]. At a point below the Curie temperature point, the
two sublattice magnetizations are equal and thus appear to have no moment. This temperature is
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called the compensation point. Below this temperature one sublattice magnetization is larger
and provides the net moment. Above this temperature the other magnetization does
dominates and the net magnetization reverses direction.
The essential requisite for Néel configuration is a strong negative exchange
interaction between A and B sublattices which results in their being magnetized in opposite
directions below the transition point. But there may be cases where intrasublattice
interactions are comparable with intersublattice interaction. Neel's theory predicts
paramagnetism for such substances at all temperatures. This is unreasonable since strong AA
or BB interaction may lead to some kind of ordering especially at low temperature. In the cases
of no AB interaction, antiferromagnetic ordering may be expected either in the A or in the B
sublattice. Under certain conditions there may be non-collinear spin arrays of still lower
energy.

2.2.7

History of ferrite materials
Ferrites are extensively studied materials because of their interesting physical,

structural and magnetic properties. For the first time, S. Hilpert described the usefulness of
ferrites at high frequency [7]. Ferrites were fabricated into commercially useful magnetic
material during 1933 by Snoek [8]. At the same time Takai in 1937 in Japan was
seriously engaged in the research work on the same materials [9]. Neel established
theoretical treatment on ferrite [6]. We can achieve a brief history of the development of
ferrites in books by Gorter [10]. Now a day‘s many researchers are trying to enhance the
magnetic properties of ferrites.
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Very high permeability is restricted to certain temperature ranges and the shapes of
permeability versus temperature curves are strongly affected by any inhomogeneity in the
ferrite structure as shown by Roess [11]. High permeability is certainly affected by the
microstructure of the ferrites. The sintering process plays a dominant role in many magnetic
properties of ferrites. Both the sintering density and the average grain size increased with
sintering temperature as reported by Nakamura [12] and Tasaki et al. [13].

2.2.8 Spinel structure of ferrites
The spinel ferrites are a large group of oxides which possess the structure of the
natural spinel MgAl2O4 . Spinels are predominantly ionic. The particular sites occupied by
cations are, however, influenced by several other factors, including covalent bonding effects
(e.g~, Zn in tetrahedral sites) and crystal field stabilisation energies of transition-metal
cations. Many different cation combinations may form a spinel structure; it is almost enough
to combine any three cations with a total charge of eight to balance the charge of the anions
[1]. The most important spinels from the magnetic point of view are the MeO.Fe2O3 or
MeFe2O4 where Me is the divalent metal ion [3].
Ferrites have the cubic structure, which is very close to that of the mineral spinel
MgO.Al2O3, and are called cubic spinel. Analogous to the mineral spinel, magnetic spinel
have the general formula MeO.Fe2O3 or MeFe 2O4 where Me is the divalent metal ion [14].
This crystal structure was first determined by Bragg and by Nishikawa [3, 5]. Formerly,
spinels containing Fe were called ferrites but now the term has been broadened to include
many other ferrimagnets including garnets and hexagonal ferrites these need not necessarily
contain iron. The spinel lattice is composed of a close-packed oxygen (radius about 1.3Å)
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arrangement in which 32 oxygen ions form a unit cell that is the smallest repeating unit in
the crystal network.

Fig.
2.62.4.
Two
subcells
of aofunit
cellcell
of the
spinel
structure
[15].
Fig.
Two
subcells
a unit
of the
spinel
structure.

Fig. 2.7 Unit cell of spinel ferrite divided into eight subcells with A and B sites [3].

The unit cell of the ideal spinel structures is given in Fig. 2.6. Between the layers of oxygen
ions, if we simply visualize them as spheres, there are interstices that may accommodate the
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metal ions (radii ranging from 0.6 to 0.8 Å). Now, the interstices are not all the same: some
which we call A sites are surrounded by or coordinated with 4 nearest neighboring oxygen
ions whose lines connecting their centers form a tetrahedron. Thus, A sites are called
tetrahedral sites. The other type of sites (B sites) is coordinated by 6 nearest neighbor
oxygen ions whose center connecting lines describe an octahedron. The B sites are called
octahedral sites. In the unit cell of 32 oxygen ions there are 64 tetrahedral sites and 32
octahedral sites. If all these were filled with metal ions, of either +2 or +3 valence, the
positive charge would be very much greater than the negative charge and so the structure
would not be electrically neutral. It turns out that of the 64 tetrahedral sites, only 8 are
occupied and out of 32 octahedral sites, only 16 are occupied. Thus the unit cell contains
eight formula units AB2O4, with 8 A sites, 16 B sites and 32 oxygen ions, and total of 8 x 7 =
56 ions. A spinel unit cell contains two types of subcells, Fig. 2.6. These two types of
subcells alternate in a three-dimensional array so that each fully repeating unit cell require
eight subcells, Fig. 2.7. The positions of the ions in the spinel lattice are not perfectly
regular (as the packing of hard spheres) and some distortion does occur. The
tetrahedral sites are often too small for the metal ions so that the oxygen ions move
slightly to accommodate them. The oxygen ions connected with the octahedral sites
move in such a way as to shrink the size the octahedral cell by the same amount as the
tetrahedral site expands. The movement of the tetrahedral oxygen is reflected in a
quantity called the oxygen parameter, which is the distance between the oxygen ion
and the face of the cube edge along the cube diagonal of the spinel subcell. This
distance is theoretically equal to 3/8a 0 where a 0 is the lattice constant.
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Cation distribution of spinel ferrites
In spinel structure the distribution of cations over the tetrahedral or A sites and

octahedral or B sites can be present in a variety of ways. If all the Me2+ ions in

Me 2 Me23 O4 are in tetrahedral and all Me3+ ions in octahedral positions, the spinel is then
called normal spinel. Another cation distribution in spinel exists, where one half of the
cations Me3+ are in the A positions and the rest, together with the Me3+ ions are randomly
distributed among the B positions. The spinel having the latter kind of cation distribution is
known as inverse spinel. The distribution of these spinels can be summarized as [3, 16, and
17]:
1) Normal spinels, i.e. the divalent metal ions are on A-sites: Me 2 [Me23 ]O4 ,
2) Inverse spinels, i.e. the divalent metal ions are on B-sites: Me 3 [Me 2 Me23 ]O4 .
A completely normal or inverse spinel represents the extreme cases. Zn ferrites have normal
spinel structure and its formula may be written as Zn 2 [ Fe 3 Fe 3 ]O42 . On the other hand, Ni
ferrites have inversel spinel structure and its formula may be written as Fe 3 [ Ni 2 Fe 3 ]O42 .
There are many spinel oxides which have cation distributions intermediate between these
two extreme cases and are called mixed spinels. The general cation distribution for the
spinel can be indicated as:

(Mex2 Me13x )[Me12x Me13x ]O4
where the first and third brackets represent the A and B sites respectively. For normal spinel
x=1, for inverse spinel x=0. The quantity x is a measure of the degree of inversion. In the
case of some spinel oxides x depends upon the method of preparation.
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The basic magnetic properties of the ferrites are very sensitive functions of their
cation distributions. Mixed ferrites having interesting and useful magnetic properties are
prepared by mixing two or more different types of metal ions. The chemical formula of
mixed Ni-Zn ferrite may be written as (Znx2 Fe13x )[ Ni12x Fe13x ]O42 where 0x1.
Spinel oxides are ionic compounds and hence the chemical bonding occurring in
them can be taken as purely ionic to a good approximation. The total energy involved,
however, consists of the Coulomb energy, the Born repulsive energy, the polarization and
the magnetic interaction energy. The energy terms are all dependent on lattice constant,
oxygen position parameter and the ionic distribution. In principle the equilibrium cation
distribution can be calculated by minimizing the total energy with respect to these variables.
But the only energy that can be written with any accuracy is the Coulomb energy. The individual
preference of some ions for certain sites resulting from their electronic configuration also
play an important role. The divalent ions are generally larger than the trivalent (because the
larger charge produces greater electrostatic attraction and so pulls the outer orbits inward).
The octahedral sites are also larger than the tetrahedral. Therefore, it would be reasonable
that the trivalent ions Fe3+ (0.67Å) would go into the tetrahedral sites and the divalent ions
Fe2+ (0.83Å) go into the octahedral. Two exceptions are found in Zn2+ and Cd2+ which
prefer tetrahedral sites because the electronic configuration is favourable for tetrahedral
bonding to the oxygen ions. Thus Zn2+ (0.82Å) prefer tetrahedral sites over the Fe3+ (0.67Å)
ions. Zn2+ and Co2+ have same ionic radius but Zn prefers tetrahedral sites and Co prefers
octahedral sites because of the configuration exception. Ni2+ (0.78Å) and Cr3+ (0.64Å) have
strong preferences for octahedral sites [3, 5]. Hence the factors influencing the distribution
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of cations among the two possible lattice sites are mainly their ionic radii of the specific
ions, the size of the interstices, temperature, the matching of their electronic configuration to
the surrounding anions and the electrostatic energy of the lattice, the so-called Madelung
energy, which has the predominant contribution to the lattice energy under the constrain of
overall energy minimization and charge neutrality.

2.2.10

Canting effect in spinel ferrites
The magnetic structure of Ni ferrite, NiFe 2O4, is that of two opposing magnetic

sublattices A (tetrahedral sites) and B (octahedral sites), in which the magnetic ions are all
coupled antiferromagnetically [18]. The A-B coupling is the strongest and dominates the
interactions. There are more B sites than A sites so the net magnetization is simply the
difference between the B sub lattice magnetization and the A sub lattice magnetization. The
crystalline structure of Ni ferrite is the inverted spinel, where the A sub lattice contains half
of the Fe3+ ions and the other half together with all the Ni2+ ions are in the B sub lattice. Zn
ferrite belongs to the ‗normal‘ type of spinels, that is, all the Zn 2+ ions are in A sites. In a
mixed Ni-Zn ferrite, ZnxNi1-xFe1-xO4 (x being the Zn content per formula unit), the Zn2+ ions
stay in A sites and the Ni2+ ions in B sites [15]. When the Fe3+ ions concentration in the A
sub lattice is diluted by low concentrations of diamagnetic substitutions (like Zn 2+), the net
magnetization increases. However, at higher doping levels, a decrease in magnetization
occurs. The reason for this is that low Zn concentrations lead to a decrease in the number of
spins occupying the A sub lattice causing an increase of the net magnetization. As the Zn
content is increased the exchange interactions are weakened and the B spins are no longer
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held rigidly parallel to the few remaining A spins. The decrease in the B-sublattice moment,
interpreted as a spin departure from collinearity, causes the effect known as canting.
Having in mind previous results of Dionne [19], in the present work it is considered
that there are two octahedral sublattices B and B /, and only B/ is affected by the canting
effect. It is assumed that the B/ sublattice is formed only by the nearest neighbors to the A
sites which have been occupied by Zn2+ ions. In this way the amount of B/ sites will increase
with higher z values. The B/ spins will be canted from the direction of net magnetization an
angle θ, forming an angle of 2θ between them, as depicted in Fig. 2.8.
Fe3+

Tetrahedral sublattice

Zn2+

Octrahedral sublattice

Spin under consideration

SB

SB/

SB/

Fig. 2.8 Model spin consideration of a Zn substituted ferrites.

Two cases are studied:
(i) B/ is occupied only by Fe 3+ ions: As Zn2+ ions replace Fe3+ ions in A sites it can
be argued that, in order to locally keep the total charge neutral, all the ferric ions that had
been displaced will tend to stay near the Zn2+ ions that have taken their place. In this way, B /
sites will be occupied by Fe3+ ions. In this case it is considered that all B / sites have ferric
ions; therefore, in sublattice B there will be equal proportion of Fe3+ and Ni2+.
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(ii) B/ is occupied by Fe3+ and N 2+` ions: It can be thought that all the ions in
octahedral sites which are nearest-neighbors of Zn ions keep an ‗average character', so B /
sites are occupied by Fe3+ and Ni2+ ions in the proportion given by the average composition
of the ferrite.
Geller [20] proposed a localized canting approach, in which individual moments on
one sublattice are canted at di!erent angles, depending on the specifics of the local magnetic
environment. Patton et al. [21] provided a mathematical formulation of random localized
canting, starting from a nearest-neighbor Heisenberg-Hamiltonian.
The model spin configuration of a Zn-substituted ferrite is shown in Fig. 2.8.
The number of Bohr magnetons per formula unit, n B as a function of Zn content can then be
expressed for T= 0 K in the following way
nB = MB CosθY-K- MA.
The expressions are for cases (i) and (ii), and for comparison the case was included in which
there are only two sublattices, A and B, and the entire sublattice B is affected by canting
[22].

2.2.11

Interaction between magnetic moments on lattice sites
Spontaneous magnetization of spinels (at 0K) can be estimated on the basis of their

composition, cation distribution, and the relative strength of the possible interaction. Since
cation-cation distances are generally large, direct (ferromagnetic) interactions are negligible.
Because of the geometry of orbital involved, the strongest superexchange interaction is
expected to occur between octahedral and tetrahedral cations.
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Fig. 2.9 Nearest neighbours of (a) a tetrahedral site, (b) an octahedral site and (c) an anion site [15].

The strength of interaction or exchange force between the moments of the two metal
ions on different sites depends on the distances between these ions and the oxygen ion that
links them and also on the angle between the three ions. The nearest neighbours of a
tetrahedral, an octahedral and an anion site are shown in Fig. 2.9. The interaction is greatest
for an angle of 180° and also where the interionic distances are the shortest. Fig. 2.10 shows
the interionic distances and the angles between the ions for the different type of interactions.
In the A-A and B-B cases, the angles are too small or the distances between the metal ions
and the oxygen ions are too large. The best combination of distances and angles are found in
A-B interactions.
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Fig. 2.10 Interionic angles in the spinel structure for the different type of lattice site interactions [15].

For an undistorted spinel, the A-O-B angles are about 125 0 and 1540 [2, 3, and 14].
The B-O-B angles are 900 and 1250 but the latter, one of the B-B distances is large. In the AA case the angle is about 80 0. Therefore, the interaction between moments on the A and B
site is strongest. The BB interaction is much weaker and the most unfavorable situation
occurs in the AA interaction. By examining the interaction involving the major contributor,
or the A-B interaction which orients the unpaired spins of these ions antiparallel, Néel was
able to explain the ferrimagnetism of ferrites [6].

2.2.12

Magnetism in spinel ferrite
The magnetic moment of a free atom is associated with the orbital and spin motions of

electrons in an incomplete sub-shell of the electronic structure of the atom. In crystals the orbital
motions are quenched, that is the orbital planes may be considered to be fixed in space relative to
the crystal lattice, and in such a way that in bulk the crystal has no resultant moment from this
source. Moreover this orbital-lattice coupling is so strong that the application of a magnetic field
has little effect upon it. The spin axes are not tightly bound to the lattice as are the orbital axes.
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The anions surrounding a magnetic cation subject it to a strong inhomogeneous electric field and
influence the orbital angular momentum. However, the spin angular momentum remains
unaffected. For the first transition group elements this crystal field effect is intense partly due
to the large radius of the 3d shell and partly due to the lack of any outer electronic shell to screen
the 3d shell whose unpaired electrons only contribute to the magnetic moment. We have
originally defined the magnetic moment in connection with permanent magnets. The
electron itself may well be called the smallest permanent magnet [2]. For an atom with a
resultant spin quantum number S, the spin magnetic moment will be

  g S (S  1)  B ,

(2.11)

where g is the Landé splitting factor and  B, known as

the Bohr magneton, is the

fundamental unit of magnetic moment. The value of g for pure spin moment is 2 and the quantum
number associated with each electron spin is  1/2. The direction of the moment is comparable to the
direction of the magnetization (from South to North poles) of a permanent magnet to which the
electron is equivalent. Fig. 2.11 illustrates the electronic configuration of Fe atoms and Fe3+ions. Fe
atom has four unpaired electrons and Fe3+ion has five unpaired electrons. Each unpaired electron
spin produced 1 Bohr magneton. In compounds, ions and molecules, account must be taken of the
electrons used for bonding or transferred in ionization. It is the number of unpaired electrons
remaining after these processes occur that gives the net magnetic moment [1]. According to the
Hund‘s rules the moment of Fe atom and Fe3+ ion are 4 B and 5 B respectively. Similarly the
moment of Fe2+ and Ni2+ ion are 4 B and 2 B respectively.
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Fig. 2.11 Electronic configuration of atoms and ions [2].

2.2.13

Super exchange interactions in spinel
The intense short-range electrostatic field, which is responsible for the magnetic

ordering, is the exchange force that is quantum mechanical in origin and is related to the overlapping
of total wave functions of the neighbouring atoms. The total wave function consists of the orbital
and spin motions. Usually the net quantum number is written as S, because the magnetic moments
arise mostly due to the spin motion as described above. The exchange interactions coupling the spins
of a pair of electrons are proportional to the scalar product of their spin vectors [14, 17, and 23],
Vij = -2Jij Si..Sj

(2.12)

where Jij is the exchange integral given in a self explanatory notation by

1
1 1
1 
J ij   i* (1) *j (2)      i (2) j (2)dv1 dv2
 r12 rij ri1 r j 2 
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In this expression r‘s are the distances, subscripts i and j refer to the atoms, 1 and 2 refers to the two
electrons. If the J in equation (1) is positive, we achieve ferromagnetism. A negative J may
give rise to anti-ferromagnetism or ferrimagnetism.
Magnetic interactions in spinel ferrites as well as in some ionic compounds are
different from the one considered above because the cations are mutually separated by bigger anions
(oxygen ions). These anions obscure the direct overlapping of the cation charge distributions, sometimes
partially and some times completely making the direct exchange interaction very weak. Cations are
too far apart in most oxides for a direct cation-cation interaction. Instead, superexchange
interactions appear, i.e., indirect exchange via anion p-orbitals that may be strong enough to
order the magnetic moments. Apart from the electronic structure of cations this type of
interactions strongly depends on the geometry of arrangement of the two interacting cations
and the intervening anion. Both the distance and the angles are relevant. Usually only the
interactions with in first coordination sphere (when both the cations are in contact with the
anion) are important. In the Neél theory of ferrimagnetism the interactions taken as effective
are inter- and intra-sublattice interactions A-B, A-A and B-B. The type of magnetic order
depends on their relative strength.
The superexchange mechanism between cations that operate via the intermediate
anions was proposed by Kramer for such cases and was developed by Anderson [24]. A
simple example of superexchange is provided by MnO which was chosen by Anderson.
From the crystal structure of MnO it will be seen that the antiparallel manganese ions are
collinear with their neighbouring oxygen ions. The O 2- ions each have six 2p electrons in three
antiparallel pairs. The outer electrons of the Mn2+ ions are in 3d sub-shells which are half
filled with five electrons in each. The phenomenon of superexchange is considered to be due
59

Chapter 2

Theoretical Background

to an overlap between the manganese 3d orbits and the oxygen 2p orbits with a continuous
interchange of electrons between them. It appears that, for the overall energy of the system to be
a minimum, the moments of the manganese ions on either side of the oxygen ion must be
antiparallel. The manganese magnetic moments are thus, in effect, coupled through the
intervening oxygen ion. The idea is illustrated in Fig. 2.12.

In Figs. 2.12(a) and 2.12(c) the outer electrons in a pair of Mn2+ ions, and in an
intervening O2- ion in the unexcited state, are shown by the arrows. One suggested mode of
coupling is indicated in Fig. 2.12(b). The two electrons of a pair in the oxygen ion are
simultaneously transferred, one to the left and the other to the right. If their directions of spin
are unchanged then, by Hund‘s rules, the moments of the two manganese ions must be
antiparallel as shown. Another possibility is represented in Fig. 2.12(d). One electron only
has been transferred to the manganese ion on the left. The oxygen ion now has a moment of
1 B and if there is negative interaction between the oxygen ion and the right-hand manganese
ion then again the moments of the manganese ions will be antiparallel. If these ideas are
accepted then the oxygen ions play an essential part in producing antiferromagnetism in the
oxide. Moreover, because of the dumbbell shape of the 2p orbits, the coupling mechanism
should be most effective when the metal ions and the oxygen ions lie in one straight line, that
is, the angle between the bonds is 180°, and this is the case with MnO.
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Fig. 2.12 Illustrating superexchange in MnO [3].

Fig. 2. 13 Schematic representation of the superexchange interaction in the magnetic oxides. The p orbital
of an anion (center) interact with the d orbitals of the transitional metal cations [3].

In the case of spinel ferrites the coupling is of the indirect type which involves
overlapping of oxygen wave functions with those of the neighboring cations. Consider two
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transition metal cations separated by an O, Fig. 2.13. The O2- has no net magnetic moment
since it has completely filled shells, with p-type outermost orbitals. Orbital px has two
electrons: one with spin up, and the other with spin down, consistent with pauli‘s exclusion
principle. The essential point is that when an oxygen p orbital overlaps with a cation d
orbital, one of the p electrons can be accepted by the cations. When one of the transitionmetal cations is brought close the O2-, partial electron overlap (between a 3d electron from
the cation and a 2p electron form the O2-) can occur only for antiparallel spins, because
electrons with the same spin are repelled. Empty 3d states in the cation are available for
partial occupation by the O2- electron, with an antiparallel orientation. Electron overlap
between the other cation and the O2- then occurs resulting in antiparallel spins and therefore
antiparallel order between the cations. Since the p orbitals are linear, the strongest
interaction is expected to take place for cation O2- cation angles close to 180 0 [2].

2.2.14

Magnetic moments in spinel ferrites
Fe3O4 has a ferromagnetic property because of its inverse structure which leads to

the formation of domains. A unit cell of Fe3O4 contains eight formula units each of which
may be written in the form Fe 3 [ Fe 2 Fe 3 ]O42 [16]. Snoek and his co-workers found that
oxides of inverse structure could be artificially produced in which the divalent ions of
another element, for example Mn, Ni, Co, Mg or Cu, could be substituted for the divalent
Fe2+ ions in Fe3O4 . An extensive range of ferrites could thus be made having the general






formula Fe 3 [ M 2 Fe 3 ]O42 , where arrows indicate spin ordering. Since the trivalent iron
ions are equally distributed on A and B sites they cancel each other out magnetically, and the
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magnetic moment per formula unit is then theoretically the same as the magnetic moment of
the divalent ion. The Ni ferrite has a moment of 2.3 B compared with a theoretical value of

2 B [2]. Zn ferrite is a normal spinel, with Zn2+ (3d 10 ) ions in A sites have zero magnetic
moment; Fe3+ ions in B sites have a magnetic moment 5 B . The cation distribution can be




written as Zn 2 [ Fe 3 Fe 3 ]O4 , where spin ordering is indicated by arrows. The zero
magnetic moment of Zn2+ ions leaves trivalent iron ions on B sites with a negative BB
interaction between equal ions. Therefore Zn ferrite is not ferromagnetic. Zinc ferrite
therefore be expected to be antiferromagnetic and thus to have a Néel point, though
measurements show it to be paramagnetic only [1- 4, 16].
Magnetic properties can be modified widely by cation substitution. An illustrative
case is substituion of Ni by Zn in Co ferrite to form solid solutions Ni1 x Znx Fe 2 O4 . The
cation distribution can be written as (Znx2 Fe13x )[ Ni12x Fe13x ]O42 [2]. Zn2+ is diamagnetic
and its main effect is to break linkages between magnetic cations. Another effect is to
increase interaction distance by expanding the unit cell, since it has an ionic radius larger
than the Ni and Fe radii. The most remarkable effect is that substitution of this diamagnetic
cation (Zn) results in a significant increase in magnetic moment in a number of spinel solid
solutions, Fig. 2.14. Magnetic moment as a function of Zn content shows an increase for
small substitutions, goes through a maximum for intermediate values, decreases and finally
vanishes for high Zn contents. A simple analysis shows that this increase can be expected for
an antiparallel alignment. As the Zn content increases, magnetic moments decreases in
sublattice A and increase in sublattice B. If the magnetic moment of Fe and Ni are 5 and
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~2.3  B /ion, respectively, then, per foufumula unit, the total moment in Bohr magnetons on
B sublattice is 2.3(1  x)  5(1  x) and on A sublattice the total antiparallel moment
is 5(1  x) . If the resultant moment per formula unit is M S (0) , then by taking the difference
of A and B moments [16],

M S (0)  2.3(1  x)  5(1  x)  5(1  x)  x(10  2.3)  2.3

Fig. 2.14 Variation of Magnetic moment (in Bohr magnetons per formula unit) with increasing zinc
substitution [25].

A linear relationship is obtained with a slope of 7.7, predicting a moment value of 10 B
per formula unit for Zn substitution x  1 , as shown by the broken lines in Fig. 2.14. This
relationship is not followed over the entire composition range. However, as the Zn content
increases, A  O  B interactions become too weak and B  O  B interactions begin to
dominate. That is, the average distance between the interacting spins gets larger. As a
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consequence, the system becomes frustrated causing a perturbation to the magnetically
ordered spins as large number of B sites spins gets non-magnetic impurity atoms as their
nearest neighbors.

Fig. 2.15 Schematic representation of spin arrangements in Ni1 x Znx Fe 2 O4 : (a) ferrimagnetic (for x  0.5 );
(b) triangular or Yafet-Kittel (for x  0.5 ); and (c) antiferromagnetic for x  1 [22].

The B spins are no longer held in place due to this weak anti-ferromagnetic A-B
interaction leading to non-collinearity or canting among the B sublattice. Thus for x  0.5 Zn
content, instead of a collinear antiparallel alignment, canted structure appears, where spins
in B sites are no longer parallel [2], Fig. 2.15. Evidence of this triangular structure has been
observed by neutron diffraction [23]; a theoretical analysis showed that departure from
collinear order depends on the ratio of the A  O  B to B  O  B molecular field
coefficients,  AB / BB [22]. For high Zn concentration, B  O  B interactions dominant and
the ferrite become antiferromagnetic for x  1 [2].
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Surface morphology of ferrites

2.3.1 Microstructures
A polycrystal is much more than many tiny crystals bonded together. The interfaces
between the crystals, or the grain boundaries which separate and bond the grains, are
complex and interactive interfaces. The whole set of a given material‘s properties
(mechanical, chemical and especially electrical and magnetic) depend strongly on the nature
of the microstructure. In the simplest case, the grain boundary is the region, which
accommodates the difference in crystallographic orientation between the neighbouring
grains. For certain simple arrangements, the grain boundary is made of an array of
dislocations whose number and spacing depends on the angular deviation between the
grains. The ionic nature of ferrites leads to dislocation patterns considerably more complex
than in metals, since electrostatic energy accounts for a significant fraction of the total
boundary energy [3].
For soft ferrites, the grain boundaries influence the properties are [26-30]
1) creating a high ressistivity intergranular layer,
2) acting as a sink for impurities which may act as a sintering aid and grain growth
modifiers,
3) providing a path for oxygen diffusion, which may modify the oxidation state of
cations near the boundaries.
Interfaces play a central role in sintering and any other diffusion phenomena; for
instance, diffusion along grain boundaries can be 100 times faster than across them.
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Interfaces are a common location for segregated second phases; in fact, grain boundaries in
ceramics are more prone to segregation than their counterpart in metals because segregation
can be promoted by electrostatic interactions). When segregation occurs, grain boundaries
become Inhomogeneous, as their chemical composition is different from that of the grains.
The uniformity in the grain size and the average grain diameter can control
properties such as the magnetic permeability. An undesirable effect of certain sintering
conditions is the formation of the so-called duplex microstructure, where a very large grain
is surrounded by smaller ones as shown in the Fig. 2.17. When this occurs, the large grain
has a high defect concentration.
In addition to grain boundaries, ceramic imperfections can impede domain wall
motion and thus reduce the magnetic property. Among these are pores, cracks, inclusions,
second phases, as well as residual strains. Imperfections also act as energy wells that pin the
domain walls and require higher activation energy to detach. Stresses are microstructural
imperfections that can result from impurities or processing problems such as too rapid a
cool. They affect the domain dynamics and are responsible for a much greater share of the
degradation of properties than would expect [1].

Fig. 2.16 Porosity character: (a) intergranular, (b) intragranular [3].
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Fig. 2.17 Grain growth (a) discontinuous, (b) duplex (schematic) [2].

2.3.2

Sintering and grain formation

Sintering is defined as the process of obtaining a dense, tough body by heating a
compacted powder for a certain time at a temperature high enough to significantly promote
diffusion, but clearly lower than the melting point of the main component. The ideal
sintering process results in a fully dense material by elimination of the porosity.

The driving force for sintering is the reduction in surface free energy of the powder.
Part of this energy is transformed into interfacial energy (grain boundaries) in the resulting
polycrystalline body. An important contribution to the understanding of sintering
phenomena in the last few years has been the recognition of the role of surfaces and
interfaces, which determine not only the macroscopic driving force, but also the microscopic
diffusion mechanisms.
To obtain a dense, tough polycrystalline aggregate it is necessary to eliminate the voids
between the particles of the ferrite and form grain boundaries. Although there is a
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continuous evolution of the microstrueture during sintering, it is commonly divided into
three stages,
Stage 1 Contact area between particles increases
Stage 2 Porosity changes from open to closed porosity
Stage 3 Pore volume decreases; grains grow
In the initial stage, neighboring particles form a neck by surface diffusion and presumably
also at high temperatures by an evaporation- condensation mechanism, Fig. 2.18. Grain
boundaries begin to form at the interface between particles with different crystallographic
orientation. Pores appear as voids between at least three contacting particles. Shrinkage
occurs.

(a)

(c)

(b)

(d)

Fig. 2. 18 Schematic representation of sintering stages (a) green body, (b) initial stage, (c) intermediate stage,
and (d) final stage [3].

The second stage of sintering begins when a three-dimensional network of necks is
achieved. During this stage, most of the densification occurs. To decrease and eventually
eliminate pore volume, a net transport of material to the pores by volume diffusion is
required. The mobility of the atoms (or ions) is greatly enhanced by the presence of lattice
defect. The sintering mechanism involves creation of vacancies in the curved surfaces of
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pores, their transport through the grain and their absorption at grain boundaries, which play
the role of sinks. Material transport in ionic compounds requires the simultaneous flux of
both cations and anions to preserve both electro-neutrality and stoichiometry. The theory of
sintering for ionic solids is more complex because of the constraints imposed by the
electrical charges of the diffusing species. A difference in mobility between diffusing ions,
for instance, gives rise to electric fields opposing the flux of fast species. Material transport
is therefore controlled by the slowest diffusing species.
Grain growth begins during the intermediate stage of sintering. Since grain
boundaries are the sinks for vacancies, grain growth tends to decrease the pore elimination
rate due to the increase in distance between pores and grain boundaries, and by decreasing
the total grain boundary surface area.
In the final stage, grain growth is considerably enhanced and the remaining pores
may become isolated. When the grain growth rate is very high, pores may be left behind by
rapidly moving grain boundaries, resulting in pores that are trapped inside the grains, and
not between the grains. This intragrunular porosity, Fig. 2.16, is practically impossible to
eliminate, leading to poor magnetic and mechanical properties. Exaggerated or
discontinuous grain growth is characterized by the excessive growth of some grains at the
expense of small, neighboring ones, trapping all the pores present in that volume, Fig. 2.17.
Grain growth kinetics depends strongly on the impurity content. A minor dopant can
drastically change the nature and concentration of defects in the matrix, affecting grain
boundary motion, pore mobility and pore removal [3, 5]. The effect of a given dopant
depends on its valence and solubility with respect to host material. If it is not soluble at the
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sintering temperature, the dopant becomes a second phase, which usually segregates to the
grain boundary.
The porosity of ceramic samples results from two sources, intragranular porosity and
intergranular porosity, Fig. 2.16. An undesirable effect in ceramic samples is the formation
of exaggerated or discontinuous grain growth which is characterized by the excessive
growth of some grains at the expense of small, neighbouring ones, Fig. 2.17. When this
occurs, the large grain has a high defect concentration. Discontinuous growth is believed to
result from one or several of the following: powder mixtures with impurities; a very large
distribution of initial particle size; sintering at excessively high temperatures; in ferrites
containing Zn and /or Mn, a low O2 partial pressure in the sintering atmosphere. When a very
large grain is surrounded by smaller ones, it is called ‗duplex‘ microstructure.

2.4

Permeability of ferrites

2.4.1 Theories of permeability
Permeability is the degree of magnetization of a material that responds linearly to an
applied magnetic field. Magnetic permeability is typically represented by the Greek letter μ.
The reciprocal of magnetic permeability is magnetic reluctivity. In SI units, permeability is
measured in Newton per Ampere squared (N A-2). The constant value μ0 is known as the
magnetic constant or the permeability of free space, and has the exact (defined) value
μ0 = 4π×10−7 N·A−2 . In electromagnetism, the applied magnetic field H represents how a
magnetic induction B influences the organization of magnetic dipoles in a given medium,
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including dipole migration and magnetic dipole reorientation [2, 22 and 26]. Magnetic
induction, magnetic permeability and magnetic field can be related by
B=H

(2.14)

where the permeability  is a scalar if the medium is isotropic or a second rank tensor for an
anisotropic linear medium.

Fig. 2.19 Simplified comparison of permeabilities for: ferro or ferri magnets (μf), paramagnets (μp), free space
(μ0) and diamagnets (μd).

In general, permeability is not a constant, as it can vary with the position in the
medium, the frequency of the field applied, humidity, temperature, and other parameters. In
a nonlinear medium, the permeability can depend on the strength of the magnetic field in
Fig. 2.19. Permeability as a function of frequency can take on real or complex values
[31, 32]. In ferromagnetic materials, the relationship between B and H exhibits both nonlinearity and hysteresis: B is not a single-valued function of H, but depends also on the
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history of the material. When frequency is considered the permeability can be complex,
corresponding to the in phase and out of phase response.

2.4.2 Initial permeability
An important characteristic of magnetization produced by wall bowing is that it is
reversible. Walls recover their planar shape when the field is removed; field removal leads
to zero magnetization as shown in the Fig. 2.20. In addition to reversibility, the permeability
for this particular field range tends to be a linear function of the field; it is known as the
initial permeability,  i and is defined as:

i  (

B
) H 0
H

(2.15)

The initial permeability corresponds to the slope of the B = f(H) relation at the origin and the
critical field to the slope change, respectively, Fig 2.20 (usually, it is the relative initial
permeability,  i  (

B
) , that is used). The strong increase in magnetization at fields
 0 H

larger than the critical value is therefore a consequence of wall unpinning and displacement.
Wall displacement sweeps volumes significantly larger than wall bowing and leads therefore
to a greater slope in the M (H) plot.
A plot of permeability as a function of field is often useful to determine
characteristics such as initial permeability,  i , and maximum permeability,  max
(Fig. 2.20). This plot represents the slope of the B (H) relationship, as a function of H. The
initial part at low fields is the initial permeability,  i and the maximum corresponds
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therefore to  max Fig. 2.20. As H increases above this value, magnetization approaches
saturation and permeability decreases as 1/H.

 max

r
i
H (A/m)
Fig. 2.20 Relative permeability as a function of field.

2.4.3 Relative permeability
Relative permeability, sometimes denoted by the symbol μr, is the ratio of the
permeability of a specific medium to the permeability of free space given by the magnetic
constant  B = 1×10-7 :

r 


0

(2.16)

In terms of relative permeability, the magnetic susceptibility is:
χm =  r -1

(2.17)
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χm, a dimensionless quantity, is sometimes called volumetric or bulk susceptibility, to
distinguish it from χp (magnetic mass or specific susceptibility) and χM (molar or molar mass
susceptibility).

2.4.4 Complex permeability
A useful tool for dealing with high frequency magnetic effects is the complex
permeability. While at low frequencies in a linear material the magnetic field and the
auxiliary magnetic field are simply proportional to each other through some scalar
permeability, at high frequencies these quantities will react to each other with some lag time.
These fields can be written as H = H0 e-jt
where

δ

is the phase delay of

B

from

H.

B = B0e-j(t- δ)

(2.18)

Understanding permeability as the ratio of the

magnetic field to the auxiliary magnetic field, the ratio of the phasors can be written and
simplified as

 = B/H = B 0e-j(t- δ)/ H0 e-jt = B/H e-jδ

(2.19)

so that the permeability becomes a complex number. By Euler's formula, the complex
permeability can be translated from polar to rectangular form,
 = B/H cosδ - j B/H sinδ =  / -  //

(2.20)

The real part ( /) of complex permeability (), as expressed in equation (2.8) represents the
component of B which is in phase with H, so it corresponds to the normal permeability. If
there are no losses, we should have  =  /. The imaginary part  // corresponds to that of B,
which is delayed by phase angle 90 0 from H [5]. The presence of such a component
requires a supply of energy to maintain the alternating magnetization, regardless of the
origin of delay [33]. The ratio of the imaginary to the real part of the complex permeability
is called the loss tangent,
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tanδ =  // / /

(2.21)

which provides a measure of how much power is lost in a material versus how much is
stored. The quality factor is defined as the reciprocal of this loss factor, i.e.
Quality factor = 1/tanδ
And the relative quality factor, Q =  //tanδ

(2.22)
(2.23)

The curves show the variation of both  / and  // with frequency are called the magnetic
spectrum or permeability spectrum of the material [5]. The variation of permeability with
frequency is referred to as dispersion. The measurement of complex permeability gives us
valuable information about the nature of domain wall and their movements. In dynamic
measurements the eddy current loss is very important. This occurs due to the irreversible
domain wall movements. The permeability of a ferrimagnetic substance is the combined
effect of the wall permeability and rotational permeability mechanisms.

2.4.5 Mechanisms of permeability
The mechanisms can be explained as follows: A demagnetized magnetic
material is divided into number of Weiss domains separated by Bloch walls [1-3, 34-36]. In
each domain all the magnetic moments are oriented in parallel and the magnetization
has its saturation value Ms. In the walls the magnetization direction changes gradually
from the direction of magnetization in one domain to that in the next. The equilibrium
positions of the walls result from the interactions with the magnetization in neighboring
domains and from the influence of pores; crystal boundaries and chemical
inhomogeneities which tend to favour certain wall positions. There are two mechanisms
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in the phenomenon of permeability; spin rotation in the magnetic domains and wall
displacements [3, 12]. The uncertainty of contribution from each of the mechanisms makes
the interpretation of the experimental results difficult. Globus [27, 37] shows that the
intrinsic rotational permeability  r and 1800 wall permeability  w may be written as:
 r = 1+ 2Ms2 /K and  w = 1+ 3Ms2 D/4γ, where Ms is the saturation magnetization, K is
the total anisotropy, D is the grain diameter and   Kw is the wall energy [33, 38, 39].

2.5

Magnetic domain and magnetization process

2.5.1 Magnetic domain
Domain is a region within a magnetic material which has uniform magnetization. In
a ferromagnetic domain, there is parallel alignment of the atomic moments. In a ferrite
domain, the net moments of the antiferromagnetic interactions are spontaneously oriented
parallel to each other (even without an applied magnetic field). The term, spontaneous
magnetization or polarization is often used to describe this property. Each domain becomes
a magnet composed of smaller magnets (ferromagnetic moments). Domains are formed
basically to reduce the magnetostatic energy which is the magnetic potential energy
contained in the field lines (or flux lines as they are commonly called) connecting north and
south poles outside of the material. Fig. 2.21 (a) shows a single domain. The arrows indicate
the direction of the magnetization and consequently the direction of spin alignment in the
domain [2]. We can substantially reduce the length of the flux path. The Fig. 2.21 shows
domain divided into two or more smaller domains. This splitting process continues to lower
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the energy of the system until the point that more energy is required to form the domain
boundary than is decreased by the magnetostatic energy change.

Fig. 2.21 (a)—(c) Reduction in magnetostatic energy, Em, by subdivision into magnetic domains,
(d) virtual elimination of Em by creation of closure domains [3].

The size and shape of a domain may be determined by the minimization of several types of
energies. They are [3];
1. Magnetostatic Energy
2. Magnetocrystalline Anisotropy Energy
3. Magnetostrictive Energy
4. Domain Wall Energy
A domain wall is an interface separating magnetic domains. It is a transition between
different magnetic moments and usually undergoes an angular displacement of 90° or 180°.
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Domain wall is a gradual reorientation of individual moments across a finite distance. The
domain wall thickness depends on the anisotropy of the material, but on average spans
across around 100-150 atoms. The energy of a domain wall is simply the difference between
the magnetic moments before and after the domain wall was created. This value is usually
expressed as energy per unit wall area. The width of the domain wall varies due to the two
opposing energies that create it: the magnetocrystalline anisotropy energy and the exchange
energy (Jex), both of which tend to be as low as possible so as to be in a more favorable
energetic state. The anisotropy energy is lowest when the individual magnetic moments are
aligned with the crystal lattice axes thus reducing the width of the domain wall. Whereas the
exchange energy is reduced when the magnetic moments are aligned parallel to each other
and thus makes the wall thicker, due to the repulsion between them (Where anti-parallel
alignment would bring them closer working to reduce the wall thickness). In the end
equilibrium is reached between the two and the domain wall's width is set as such.

2.5.2 Magnetization process
The response of any magnetic material to an applied magnetic field can be
understood on the basis of magnetic domains and domain walls [2]. Magnetization processes
are essentially similar in ferromagnetic metals and ferrimagnetic ceramics. The division of a
magnetic material into domains explains why, when no field is applied, the magnetic flux is
entirely contained within the sample and there is no external manifestation of it.
The application of an external field, however, can result in a dramatic increase of
magnetization in the sample; an extreme ease appears for a Ni—Fe alloy. A small field of 2
A/m can lead to a magnetization of 400 kA/m, quite close to its saturation value, M~ 477
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kA/m, which represents a susceptibility, M/H, of 200000. In ferro- and ferrimagnetic
materials, it is more common to use the permeability, 

instead of the susceptibility,

because the induction, B, is measured directly. Induction, magnetization and field are related
by [2- 4]:

B  0 (H  M )

(2.24)

If the permeability and susceptibility are defined by  
related by    0 (1   ) or  r  1  , where  r ( 

B
M
and  
, then they are
H
H


) is a relative permeability.
0

The value of the relative permeability gives a good indication of how easily a given material
can be magnetized, since  r  1 represents the free space. An additional advantage of
using  r is that it has exactly the same value in both CGS and SI unit systems. But the
important fact in the magnetization curve of Fig. 2.22 is that a small field can lead to an
enormous magnetization change.

Fig. 2.22 Schematic magnetization curve showing the important parameter: initial permeability, i (the
slope of the curve at low fields) and the main magnetization mechanism in each magnetization range [3].
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Large permeability or substantially large magnetization produced by small fields can
only occur because of domain walls [2- 4]. Suppose that a small field, H, with +z orientation
is applied to (the magnetic material of‖ Fig. 2. 23, which has two domains separated by a
Bloch wall (one domain with spins oriented along +z, parallel to the field and the other
domain along - z, opposite to H).

Fig. 2.23 Model of a Bloch domain wall thickness [23].

Since H is small, it has a negligible effect on the spins; these spins are coupled to the - z easy
direction by the magnetocrystalline anisotropy. However, the effect of the field on wall spins
can be important; these spins are in a sensitive equilibrium state between two easy directions
(both + z and -z: are easy directions) and can easily be reoriented by the field. The result is
that the wall moves‘ from left to right, increasing the volume of the + z domain at the
expense of the - z domain. There is no actual displacement of the wall, but a progressive
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reversal of spins, as in a wave. However, as in many other collective phenomena, it is easy
to visualize it in terms of wall movement. Magnetization variations are large because even a
small wall displacement involves the reversal of spins within a substantial domain volume.
Also, the volume change results in two fold magnetization variation since the increase in
volume with the field orientation occurs at the expense of domains with the opposite
orientation.
The increase in magnetic field leads to domain wall displacements until all the
domains with orientations opposite to the field have been substituted by domain with
direction parallel to H. However, there might be domains with orientation neither opposite
nor parallel; also, the applied field can have an orientation which does not coincide with an
easy direction. In the general case, to attain the saturation state (in which the sample
becomes a single domain oriented along the field direction), a rotation mechanism is
required, as indicated in Fig. 2.23. This magnetization mechanism takes place at high fields;
it involves higher energies because the field has to overcome the anisotropy field to produce
spin reversal. In contrast, domain wall motion occurs by the progressive reversal of a small
fraction of spins, from an easy direction to another one.
Magnetization processes can be affected by stress [2-4]. These phenomena, known as
stress anisotropy, are related to magnetostriction and can also be explained on the basis of
the spin-orbit coupling.
The domain wall displacement is not started by any field. There exists a threshold or
critical field (Hcr), below which the wall is not displaced. This critical field depends on
sample defects; walls are affected by any deviation from the lattice periodicity: point
defects, dislocations, other phases, porosity and even the sample‘s external surface act as
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pinning sites. The effect of defects can be understood by considering that any discontinuity
in magnetic flux represents an additional contribution to the magnetostatic energy. So the
defects lead to a higher critical field.
Another important consequence of defects is that even if a wall is displaced, it is
pinned in a new position when the field is removed. To obtain a new wall displacement, a
larger field than the initial one is usually required.
The critical field appears as a change of slop in the magnetization curve (Fig. 2.22).
For fields lower than the critical value, there is a net magnetization. This means that even a
pinned wall can give a response to an applied field. The mechanism responsible for this
magnetization is domain wall bowing or bulging & a pinned wall can be bent as a flexible
membrane under the field ‗pressure; in the energy balance, the increase in total wall energy
(due to the increase in wall surface area) is overcome by the decrease in potential energy (as
a result of the increase in magnetic moments in the field direction).

2.5.3 Hysteresis loop
In polycrystalline materials, the hysteresis loop can be described by a combination of
bowing, unpinning and displacement processes on grain boundaries [2-6, 27]. Starting from
the demagnetized state, Fig. 2.22, the sample is represented by a single grain divided into
two domains, separated by a diametral Bloch wall. Application of a small field leads to
reversible wall bowing, corresponding to initial permeability. For H>Hcr, the wall is
unpinned and displaced within the grain, resulting in a strong increase in magnetization.
Removal of the strong field (larger than the critical value) does not lead to elimination of
magnetization, but in a remanent state, Br, which is shown in the Fig. 2.24. The wall is now
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pinned in a new position within the grain; the small reduction in magnetization towards the
remanent state is due to the fact that the wall recovers its planar shape. A new wall
displacement requires a new critical field.

Fig. 2.24 B-H loop. Bs, Br, Hc are the saturation induction, remanent induction and coercive field, respectively
[2].

A field with the opposite orientation is now applied. Wall bowing occurs for small
fields; the critical field value for this new position is generally larger than for the initial
displacement from the zero magnetization state. This field is known as coercive field,
coercive force or coercivity, Hc. When the value of this field is overcome, a reversal of
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magnetization is produced (the wall is unpinned and displaced towards the other end of the
grain) and a tendency to saturation in the new orientation appears (wall is pinned again).
Removal of the field leads to the symmetric remanent magnetization. A cyclic field results
therefore in a loop; this is the hysteresis loop, which is in some way a synthesis of almost all
magnetic phenomena.
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CHAPTER 3
EXPERIMENTAL PROCEDURES
This chapter focuses on the methods and techniques used to synthesize,
characterization and investigation of Mn-Zn based substituted mixed ferrites. Many
techniques have been developed for the improvements of the basic operations of
ceramic fabrication. Auto Combustion technique is one of the most favorite method of
fabricating ferrite samples now a days and in my research work all the ferrite powders
have been prepared by this auto combustion technique[1, 2].

3.1

Sample synthesis method
The sample synthesis of polycrystalline ferrites with desired properties is still a

complex and difficult task. The control of chemical composition, homogeneity and
microstructure is very crucial. The preparation of polycrystalline ferrites with optimized
property needs delicate handling and cautious approach. There are many sample
preparation methods. They are mainly divided into two different groups:
 Conventional ceramic method, i.e, solid state reaction method, involves milling
of reactants followed by sintering at elevated temperature range.
 Non-conventional method is also known as wet method. Among these processes
there is Auto Combustion method, Sol-gel synthesis, Chemical Co-precipitation
method, Organic Precursor method, Reverse Micelles method, Co-spray
Roasting etc. We have synthesized all our samples by auto combustion method.
The sample preparation method is briefly described below.

88

Chapter 3

3.1.1

Experimental Procedures

Auto combustion method
Auto Combustion method, a novel method for preparation of fine particles of

ferrites makes use of the strong exothermic reaction between metal nitrate and fuel. In
this processes, the stoichiometric ratio of nitrates is dissolve in the minimum amount of
ethanol in a glass beaker and starrier it until all the nitrate salts completely soluble in the
ethanol. The mixed solution was then evaporated on a constant temperature water bath.
After boiling and ignition of the mixture, a spinel residue is obtained in a few minutes. A
heating rate of at least 75 °C/min is used to obtained good combustion. These powders
are crushed and grounded thoroughly. Low temperature calcinations have to perform. In
our case these powders are calcined at 700 °C for 5 hrs. The calcined powders are again
crushed into fine powders. Fig. 3.1 shows the equipments used in preparing samples. The
pellet and toroid-shaped samples are prepared from these calcined powders using diepunch assembly or hydrostatic or isostatic pressure. Sintering is carried out, at
temperature ranging 1200-1350 C, for times of typically 1-40 h and in various
atmospheres (e.g. Air, O2 and N 2) [3-6]. Fig. 3.2 shows diagrammatically, the stages
followed in ferrite preparation.
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(a)

(b)

(e)

(c)

(f)

(d)

(g)

Fig. 3.1 Snapshot of (a) Digital electronic balance, (b) Agate mortar and pestle (c) Alumina crucible (d) Drying
oven (e) Constant temperature water bath (f) Magnetic stirrer (g) pH meter.

There are basically four steps in the preparation of ferrite through Combustion method:
1) Preparation of materials to form an intimate mixture with the metal nitrate in the
ratio which they will have in the final product,
2) Heating of this mixture to form the ferrite (often called calcining),
3) Grinding the calcined powders and pressing the fine powders into the required
shape, and
4) Sintering to produce a highly densified product.
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Nitrate of raw materials

Weighing by different mole percentage

Solution of Cations

Atomisation in a temperature bath

Drying

Calcining

Grinding and adding binder

Finished products

Pressing to desired shapes

Sintering

Fig. 3.2 Flow chart of the stages in preparation of spinel ferrite.

3.2

Details of calcining, pressing and sintering
Calcining is very crucial because in this step of sample preparation a ferrite is

formed from its component raw materials. Calcining is defined as the process of
obtaining a homogeneous and phase pure composition of mixed powders by heating
them for a certain time at a high temperature and then allowing it to cool slowly.
The calcining process can be repeated several times to obtain a high degree of
homogeneity. The calcined powders are crushed into fine powders. The ideal characteristics of
fine powders are [2]:
1) small particle size 2) narrow distribution in particle size 3) dispersed particles
4) equiaxed shape of particles 5) high purity 6) homogeneous composition.
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A small particle size of the reactant powders provides a high contact surface area for initiation
of the reaction; diffusion paths are shorted, leading to more efficient completion of the
reaction. Porosity is easily eliminated if the initial pores are very small. A narrow size
distribution of spherical particles as well as a dispersed state is important for compaction of the
powder during green-body formation. Grain growth during sintering can be better controlled if
the initial size is small and uniform. The ferrite is formed essentially in the calcinations process
but the „raw‟ ferrite formed has poor qualities. In order to produce chemically homogeneous,
dense and magnetically better material of desired shape and size, sintering at an elevated
temperature is required.
A binder is usually added prior to compaction, at a concentration lower than 5wt % [2].
Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl alcohol.
The binder facilitates the particles flow during compacting and increases the bonding between
the particles, presumably by forming bonds of the type particle-binder-particle. During
sintering, binders decompose and are eliminated from the ferrite. Pressures are used for
compacting very widely but are commonly several tons per square inch (i. e., up to 108 N m-2).

Fig. 3.3 Snapshot of uniaxial pressure in the experimental solid state physics laboratory, BUET.
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Sintering is defined as the process of obtaining a dense, tough body by heating a
compacted powder for a certain time at a temperature high enough to significantly
promote diffusion, but clearly lower than the melting point of the main component. The
driving force for sintering is the reduction in surface free energy of the powder. Part of
this energy is transferred into interfacial energy (grain boundaries) in the resulting
polycrystalline body [5, 8-11]. The sintering time, temperature and the furnace
atmosphere play very important role on the magnetic property of ferrite materials, as
when a material has been treated above a certain temperature, it undergoes a structural
adjustment or stabilization when cooled at room temperature. The cooling rate plays an
important role on which the structural modification is mainly based. The Sintering must
fulfill three requirements:
(i) to bond the particles together so as to impart sufficient strength to the product
(ii) to densify the grain compacts by eliminating the pores and
(iii) to complete the reactions left unfinished in the calcining step.
Sintering can be enhanced by the presence of a liquid phase. If the constitution
point of an alloy during sintering falls in a solid plus liquid region of the phase diagram,
then the liquid persists throughout the sintering. Transient liquid phase sintering occurs
when the liquid phase is absorbed by the solid phase during sintering. The liquid flows
between the particles filling pores and causing densification by capillary action and
through the provision of a fast diffusion pathway. Shrinkage occurs by particle
rearrangement if the liquid volume is high enough and the green density is low enough,
by the particles changing shape to allow better packing by pore filling and by solid state
sintering if a solid skeleton is formed.
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Figure 3.4 Snapshot of furnace (Carbolite Eurotherm 2408 made by England) in the experimental solid
state physics laboratory, BUET.

Sintering of crystalline solids is dealt by Coble and Burke [9] who found the
following empirical relationship regarding rate of grain growth:


d =kt n


where d is the mean grain diameter, n is about 1/3, t is sintering time and k is a
temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [5, 8].
Stage 1. Contact area between particles increases,
Stage 2. Porosity changes from open to closed porosity,
Stage 3. Pore volume decreases; grains grow.
In the initial stage, neighbouring particles form a neck by surface diffusion and
presumably also at high temperatures by an evaporation-condensation mechanism. Grain
growth begins during the intermediate stage of sintering. Since grain boundaries are the
sinks for vacancies, grain growth tends to decrease the pore elimination rate due to the
increase in distance between pores and grain boundaries, and by decreasing the total
grain boundary surface area. In the final stage, the enhanced grain grows.
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3.3.1 Compositions studied
A series of polycrystalline nominal compositions
i)

Mn0.5-xZn0.5CuxFe2O4, (x = 0.00-0.3 at a step of 0.10)

ii)

Mn0.50 Zn0.50-xCu xFe2O4 (x = 0.00-0.50 at a step of 0.05)

iii)

Mn0.50 Zn0.50Cr xFe2-xO4 (x = 0.00-1.0 at a step of 0.10)

were prepared, to study the relationship between structural parameters and concentration
of the substituted Cu and Cr ions, by auto combustion method.

3.3.2 Sample preparation
All the compositions were prepared by combustion method. The stoichiometric
amounts of commercially available analytical grade Cu(NO 3)2.3H2O, Zn(NO3)2.6H2O,
Fe(NO3)3.9H2O, Cr(NO3)3 .9H2O, Zn(NO3) 2.6H2O and MnCl2.4H2O were dissolved in
ethanol to obtain a mixed homogenous solution. Ammonia solution was slowly added to
metal nitrate solution to adjust the pH at 7. The solution was placed at constant
temperature bath (70 ºC) followed by an ignition and formed a fluffy loose powders of
the desired composition. The resultant powders were calcined at 700 ºC for five hours in
air. The ground fine powders were then pressed into disc- and toroid-shaped samples.
The samples prepared from each composition were sintered at different sintering
temperatures (For different compositions sintering temperatures are mentioned separately
in the discussion sections) for five hours in air. During sintering, temperature ramps were
10 ºC /min for heating and 5 ºC /min for cooling.
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Fig. 3.5 Snapshot of toroid- (to the left) and (b) pellet- (to the right) shaped samples.

3.4

X-ray diffraction

3.4.1 Phillips X Pert PRO X-ray diffractometer
X-ray diffraction (XRD) provides extensive information on the crystal structure.
The wavelength of an X-ray is of the same order of magnitude as that of the lattice
constant of crystals and this makes it so useful in structural analysis of crystal structure.
To study the crystalline phases of the prepared samples PHILIPS PW3040 X‟pert PRO
X-ray diffractometer was used in the Institute of Scientific and Industrial Research,
Osaka University 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan.

Fig. 3.6 Snapshot of PHILIPS PW 3040 X‟pert PRO X-ray diffractometer used for XRD.
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The specimens were exposed to CuK radiation of wavelength, λ = 1.54178 Å with a
primary beam of 40 kV and 30 mA with a sampling pitch of 0.02° and time for each step
data collection was 1.0 sec. A 2 scan was taken from 10° to 90° to get possible
fundamental peaks where Ni filter was used to reduce CuK radiation. All the data of the
samples were analyzed using computer software “X PERT HIGHSCORE”.

Fig. 3.7 Block diagram of the PHILIPS PW 3040 X‟Pert PRO XRD system.

3.4.2 Powder X-ray diffractometer
Powder X- ray diffraction is perhaps the most widely used x –ray diffraction
technique for characterizing materials, Powder diffraction is commonly used to identify
unknown substances, by comparing diffraction database maintained by the International
Center for Diffraction Data. It may also be used to characterize heterogeneous solid
mixtures to determine relative abundance of crystalline compounds and, when coupled
with lattice refinement technique, such as Rietvelt refinement, can provide structural
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information on unknown materials. Powder diffraction is also a common method for
determining strains in crystalline materials.
Powder diffraction data can be collected using either transmission or reflection
geometry. Because the particles in the powder sample are randomly oriented, these two
methods will yield the same data. Powder diffraction data are measured using the Philips
XPERT PRO diffractometer, which measures data in the reflection mode and is used
mostly with powder or solid samples.

Fig. 3.8 X-ray diffraction, (a) classic transmission geometry and (b) Classic reflection geometry.

Diffraction can occur when electromagnetic radiation interacts with a periodic
structure whose distance is about the same as the wavelength of the radiation. This
technique uses the principle that waves interacting with atomic planes in a material will
exhibit the phenomenon of diffraction. X-rays incident on a sample are scattered off at an
equal angle. At certain angles of incidence, x-rays scattering off of neighboring parallel
planes of atoms will interferer destructively. At other angles, these waves will interfere
constructively and result in a large output signal at those angles. The XRD technique is
based on Bragg‟s principle. Bragg reflection is a coherent elastic scattering in which
the energy of the X-ray is not changed on reflection. If a beam of monochromatic
radiation of wavelength  is incident on a periodic crystal plane at an angle  and is
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diffracted at the same angle as shown in Fig. 3.10. The atoms represented as block
spheres in the figure, can be viewed as forming different sets if planes in the crystal.
The Bragg‟s diffraction condition for X-rays is given by

2d Sin  n

(3.1)

where d is the distance between crystal planes,  is the scattering angle and n is the
positive integer which represents the order of reflection. Equation (3.1) is known as
Bragg law. This Bragg law suggests that the diffraction is only possible when  ≤ 2d
[11]. For this reason we cannot use the visible light to determine the crystal structure of a
material.

Fig. 3.9 Schematic diagram of Bragg‟s pattern.

The structural characterization was carried out by X-ray diffractometer with
CuKα radiation of wavelength, λ= 1.54178Å.

XRD patterns of all samples were

collected over a 2θ range of 15–60º using a step size 0.01 degree.
The lattice parameter for each peak of each sample was calculated by using the
formula (for cubic spinel structure)

a  d h2  k 2  l 2

(3.2)
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where h, k and l are the indices of the crystal planes. To determine the exact lattice
parameter for each sample, Nelsion-Riley method was used. The Nelsion-Riley function
F() is given as

F ( ) 



 

1
Cos 2 / Sin  Cos 2 / 
2



(3.3)

The values of lattice constant 'a' of all the peaks for a sample are plotted against
F(). Then using a least square fit method exact lattice parameter 'a o ' is determined. The
point where the least square fit straight line cut the y-axis (i.e. at F() = 0) is the actual
lattice parameter of the sample [4, 12]. The theoretical density  th was calculated using
following expression:

 th 

8M
g / cm 3
3
N A ao

(3.4)

where N A is Avogadro's number (6.023  1023 moleculesmol-1), M is the molecular
weight. The porosity was calculated from the relation 100 th   B  /  th % , where  B is
the bulk density measured by the Archimedes‟s principle.
Bulk density of sintered specimens was determined by Archimedes principle.
Sintered samples were weighed in air. Samples were immersed in water to ensure that
water filled up the open pores completely. The bulk density was calculated as follows:

B 

W1
  , where  the density of water at room temperature, W 1 is is the
W1  W2

weight of the sample in air and W2 is the weight of the sample in water
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Microstructural study
For microstructural study, polished and etched samples of different

compositions sintered at different temperatures were chosen. The samples were
visualized under a high-resolution optical microscope (Olympus DP70) and a scanning
electron microscope (SEM) (JEOL JSM-6460, Japan) then photographed. Average
grain size of the samples was determined from optical and SEM micrographs by linear
intercept technique [6]. To do this, several random horizontal and vertical lines were
drawn on the micrographs. For the accuracy, minimum 200 grains were measured in
different sections for each sample. Therefore, we counted the number of grains
intersected and measured the length of the grains along the line traversed. Finally the
average grain size was calculated.

3.6

Complex permeability measurement
For high frequency application, the desirable property of a ferrite is high

permeability with low loss. One of the most important goals of ferrite research is to
fulfill this requirement. The techniques of permeability measurement and frequency
characteristics of the present samples are described in the following way.
Measurements of permeability normally involve the measurements of the change in
self-inductance of a coil in presence of the magnetic core. The behavior of a selfinductance can now be described as follows. We assume an ideal loss less air coil of
inductance L0 . On insertion of a magnetic core with permeability  , the inductance will
be L0 . The complex impedance Z of this coil [3] can be expressed as follows:

Z  R  jX  jL0   jL 0 ( /  j // )
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where the resistive part is

R  L0  //

(3.6)

and the reactive part is

X  L0  /

(3.7)

The r. f. permeability can be derived from the complex impedance of a coil, Z, given
by equation (3.5). The core is taken as toroidal to avoid demagnetizing effects as
shown in Fig. 3.10. The quantity Lo is derived geometrically.

3.6.1 Frequency characteristics of the prepared samples
The frequency dependent complex permeability spectra of mentioned ferrite
sample were investigated using a Wayne Kerr Precision Impedance Analyzer (model no.
6500B) in the solid state physics laboratory, Bangladesh University of Engineering and
Technology (BUET).which is shown in Fig. 3.11. The complex permeability
measurements on toroid shaped specimens were carried out at room temperature on all
the samples in the frequency range 100 Hz - 120 MHz. The real part (  i/ ) and imaginary
part (  i// ) of the complex permeability were calculated using the following relations [6]:

 i/  Ls L0 and  i//   i/ tan  , where Ls is the self-inductance of the sample core
and L0   o N 2 h 2 (ln

ro
) is derived geometrically. Here Lo is the inductance of the
ri

winding coil without the sample core,  0 is the permeability constant in the free space
and has a value 4π x 10-7 WA-1. N is the number of turns of the coil (N = 4), measurements
of the toroidal sample, ro  outer radius, ri  inner radius, h  height

The relative quality factor is determined from the ratio RQF =
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Fig. 3.10 Winding of four turns on the sample core.

Fig. 3. 11 Snapshot of Wayne Kerr Impedance Analyzer (Model No. 6500B) in experimental solid state
physics laboratory, BUET.

3.7

Temperature characteristics of the prepared samples
Temperature dependent initial permeability measurement is one of the most

important measurements for ferrite materials. Since the initial permeability is directly
related to the magnetization and to the ionic structure, then the thermal spectra of
permeability can be taken as a test of the formation and homogeneity of the ionic
structure of the samples.
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3.7. 1 Néel temperature measurement
Néel temperature provides substantial information on magnetic status of a
substance in respect of the strength of exchange interaction. So, the determination of
Néel temperature is of great importance [13]. Néel temperature was measured from the
temperature dependent initial permeability. For this measurement, the sample was kept
inside a little oven with a thermocouple placed at the middle of the sample. The
thermocouple measures the temperature inside the oven and also of the sample. The
sample was kept just in the middle part of the cylindrical oven in order to minimize the
temperature gradient. The temperature of the oven was then raised slowly. If the
heating rate is very fast then temperature of the sample may not follow the
temperature inside the oven, and there can be misleading information on the
temperature of sample. Due to the closed winding of wires, the sample may not
receive the heat at once. Therefore, a slow heating rate was used to eliminate this
problem. Also, a slow heating ensures accuracy in the determination of Néel
temperature. The oven was kept thermally insulated from the surroundings. The
temperature dependent permeability was measured at a constant frequency (100 kHz) of
a sinusoidal wave.
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Fig. 3.12 Snapshot of (a) setup for temperature dependent measurement (b) the sample holder (in
experimental solid state physics laboratory, BUET.

3.8

DC magnetization
In the present study the field dependent magnetization (M) measurements were

made on pieces of the samples (approximate dimensions 2 × 1 × 1 mm 3) using the
Superconducting Quantum Interface Device (SQUID) magnetometer (MPMS-5S;
Quantum Design Co. Ltd.) from Japanese Laboratory. The Ms has been determined from
the force experienced by the ferrite specimen in a field gradient.

3.8.1 SQUID magnetometer
A SQUID is a very sensitive magnetometer used to measure extremely weak
magnetic field, based on superconducting loops containing Josephson junctions (two
superconductors separated by thin insulating layers to form two parallel Josephson
junctions). The device may be configured as a magnetometer to detect incredibly small
magnetic fields that small enough to measure the magnetic fields in living organisms.
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The great sensitivity of the SQUID devices is associated with measuring changes in
magnetic field associated with one flux quantum and SQUIDs are sensitive enough to
measure fields as low as 10-14 T, whereas magnetic field of heart is 10 -10 T and magnetic
field of brain is 10-13 T [hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html].
Fig. 3.13 shows a commercial SQUID magnetometer. SQUID magnetometers are
used to characterize materials when the highest detection sensitivity over a broad
temperature range and using applied magnetic field up to several Tesla is needed.
Nowadays, this instrument is widely used worldwide in research laboratories.

Fig. 3.13 Snapshot of commercial SQUID magnetometer (reproduce from www.nanomagnetics. Org
2003).

The system is designed to measure the magnetic moment of a sample, from
which the magnetization and magnetic susceptibility can be obtained. Therefore, SQUID
magnetometers are versatile instruments that perform both, DC and AC magnetic
moment measurement.
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The SQUID device is an extremely sensitive current-to-voltage-converter. A
measurement is done in this equipment by moving the sample through the second-order
gradiometer. Hence, the magnetic moment of the sample induces an electric current in
the pick-up coil system. A change of magnetic flux in these coils changes the persistent
current in the detection circuit. So, the change in the current in the detection coils
produce variation in the SQUID output voltage proportional the magnetic moment of
sample. The main components of a SQUID magnetometer are: (a) superconducting
magnet (that must be acquired together its programmable bipolar power supply); (b)
superconducting detection coil which is coupled inductively to the sample; (c) a SQUID
connected to the detection coil. (d) Superconducting magnetic shield. In the following a
short description of each one is given below.

3.8.2 Superconducting magnet
A superconducting magnet is a solenoid made of superconducting wire. Fig. 3.14
shows a cut view of a typical superconducting magnet used in a SQUID magnetometer.

Sample
Multifilament
superconducting wire

Pick up coil

Composite form of
solenoid

Fig. 3.14 Cross-sectional view of a typical superconducting magnet.
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3.8.3 Superconducting detection coil
This is a single piece of superconducting wire configured as a second-order
gradiometer (as shown in Fig. 3.15). In this geometry this pick-up coil system is placed
in the uniform magnetic field region of the solenoidal superconducting magnet.

Superconducting wire

Fig. 3.15 A superconducting pick-up coil.

3.8.4 Superconducting magnetic shield
It is used to shield the SQUID sensor from the fluctuations of the ambient
magnetic field of the place where the magnetometer is located and from the large
magnetic field produced by the superconducting magnet as shown in the Fig. 3.13.
In response to rising demands of today‟s magnetic researcher, Quantum Design
has set a new level in SQUID magnetometers. These are magnetic properties
measurement system (MPMS) and physical properties measurement system (PPMS).
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MPMS SQUID magnetometer
The Quantum Design MPMS Magnetometer is a very sensitive tool to measure

the magnetization of materials, as function of temperature and magnetic field. The
MPMS is a computer controlled magnetometer, whose detecting ability is enhanced by
Superconducting Quantum Interference Device (SQUID) electronics. Two customized
models (MPMS-5S and MPMS-XL) of commercial SQUID magnetometers from
Quantum Design, Inc., San Diego, CA were used for the DC and AC magnetic
measurements. The model MPMS-5S is equipped with a 5 T longitudinal
superconducting magnet and with options including AC measurement, magnet reset,
environmental magnetic shield, and degauss shield. The detailed specifications and
relevant technical notes of the MPMS can be found in the MPMS manuals [14-17]. A
measurement is performed in the MPMS by moving a sample through the
superconducting detection coils, which, as shown in Fig. 3.16, are located at the center of
the magnet. The sample moves along the symmetry axis of the detection coil and
magnet. As the sample moves through the coils the magnetic dipole moment of the
sample induces an electric current in the detection coils. The MPMS measures the local
changes in magnetic flux density produced by a sample as it moves through the MPMS
superconducting detection coils. The detection coils are located at the midpoint of a
superconducting solenoid (normally referred to as the superconducting magnet) which
can apply a DC magnetic field to the sample as specified by the user. The detection coils
are connected to the input of a SQUID located in a magnetic shield some distance below
the magnet and detection coils.
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Fig. 3.16 Schematics of Magnetic Property Measurement System (MPMS).

In this configuration the detection coils are part of the superconducting input
circuit of the SQUID, so that changes in the magnetic flux in the detection coils (caused
by the sample moving through the coils) produce corresponding changes in the current
flowing in the superconducting input current, which is detected by the SQUID. The
general design of the system is shown in Fig. 3.16.
The MPMS determines the magnetic moment of a sample by measuring the
output voltage of the SQUID detection system as the sample moves through the coil.
Since changes in the output voltage of the SQUID are directly proportional to changes in
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the total magnetic flux in the SQUID‟s input circuit, transporting a point-dipole sample
along the z-axis of the detection coil system produces the position-dependent output
signal, V(z), shown in Fig. 3.16. In practice, a measurement is performed by recording
the output voltage of the SQUID sensor at a number of discrete, equally spaced positions
as the sample is drawn upward through the detection coils. To insure that the mechanical
motion of the sample transport mechanism does not cause vibrational noise in the
SQUID detection system, the measurements are performed by recording the SQUID
output while the sample is held stationary at a series of points along the scan length.
A set of voltage readings from the SQUID detector, with the sample positioned at
a series of equally spaced points along the scan length, comprise one complete
measurement, which we refer to as a single “scan”. The number of points to be read
during each scan can be selected by the user; we have used 40 points for the data shown
in this report. For more general measurements we recommend using 16 points when one
is measuring samples which have large moments, and increasing the number of points to
32 for smaller signals. This range of values is a compromise between the need for
greater averaging of small signals and the simultaneous need to stay above the lowfrequency noise regime. After each scan has been completed, a mathematical algorithm
is used to compute the magnetic moment of the sample from the raw data.

3.9.1 Configuration of MPMS
In general, MPMS consists of six main parts: a sample rod, a probe, a
longitudinal superconducting magnet, liquid helium Dewar, a console cabinet, and a
computer, as schematically shown in Fig. 3.16.
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3.9.1.1 Sample rod
A typical sample rod provides a place to mount a sample and can be inserted into
the probe at standard operating temperatures (1.9 K ~ 400 K). A long thin stainless steel
tube (39 inch) is connected to a short quantalloy (silicon copper alloy) tube (8 inch) to
make the body of sample rod. The sample rod goes through a slide seal assembly, which
engages to the probe head and allows the sample rod to move in the longitudinal
direction while maintaining an air leak tight environment on the sample side. The
sample is usually placed inside a transparent beverage straw, and the straw is fixed to the
end of quantalloy side of the sample rod. Although the beverage straw provides a
sufficient housing for most samples, the auto tracking function of the MPMS, which
compensates the thermal contraction of sample rod, was originally calibrated for quartz
sample tube. As a consequence, there is a small drift in sample position with respect to
the magnet center, when the straw was used as sample housing, even when the auto
tracking function is enabled. When the straw was used, a typical sample center shift
between 310 K and 2 K is ~ 0.1 cm, which is not negligible when studying the absolute
magnetization of a spatially small sample.

3.9.1.2 Probe
The probe contains many parts, such as the probe head, the sample space, a
cooling annulus, the liquid helium reservoir, primary and secondary impedance tubes,
thermometers and heaters, a detection pickup coil, and the SQUID electronics. Briefly,
the main function of the probe is to provide the computer controlled temperature (within
0.5%) environment for the sample and to measure the SQUID enhanced magnetic signals
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from the sample. The probe is sitting in the liquid helium dewar and regulates the
temperature of the sample space by withdrawing the liquid helium through the
impedance tubes to the cooling annulus, which surrounds the sample space
concentrically.
If the impedance tubes become completely plugged, temperature control is lost.
In this unfortunate case, the whole system has to be warmed by boiling the liquid helium,
and the impedance tubes must be cleaned. Most of time, if ice blocks the impedance, it
will melt and unplug the impedance when the system is warmed to room temperature.
However in some cases, impurity, such as residual oil, blocks the impedance tubes and
does not melt upon warming. In this case, the impedance tubes must be cleaned by
blowing helium gas through the cooling annulus pumping line, or the impedance tube
itself has to be replaced with a clean one. On the other hand when the impedance is
partially plugged, the control of the temperature is partially enabled. The quick solution
for this partial plugging is to set the probe temperature to 300 ~ 310 K for an extended
period, usually overnight, expecting the impurity ice to melt and to be pumped.
However, when this quick solution fails, the whole system has to be warmed as in the
case of complete plugging.
3.9.1.3 Console and computer
The pumping tubes and electric cables from the probe and the magnet are
connected to the console cabinet. The console cabinet consists of a pump, gas handling
system, a temperature controller, a magnetic measurement unit, and a power source for
the magnet. The main role of the console cabinet is to provide electronically controlled
pumping power to the probe for temperature regulation as well as electric controls to the
probe and the magnet. The computer is connected to the console cabinet via a GPIB
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(General Purpose Interface Bus) cable and operates all activities of the console using
Multi-View, a Lab VIEW based computer program that can be controlled locally and
remotely via the internet. Once the sample is placed, all other standard activities of
MPMS, such as sample positioning, ramping magnetic field, changing temperature,
magnetic measurement, and recording data, can be controlled using Multi-View program.

3.10

Principle of DC magnetization measurement
To measure the DC magnetization of the sample, the sample is first placed near

the bottom of the pickup coil, which is a single superconducting coil wound by one
clockwise turn at the top position, and then by two counter-clockwise turns at the middle
position, and finally by one clockwise turn at the bottom position, as shown in Fig. 3.17
(a). This type of coil is called a second-derivative coil and the main purpose of winding
in different directions is to cancel the uniform external magnetic field (HE) from
superconducting magnet of MPMS and other stray fields in the lab. In principle, as a
sample moves along the axis of the detection pickup coil to the top position, an
electromotive force (EMF) is induced in the pickup coil. This induced EMF is
proportional to the sample magnetization, and the MPMS electronics detect the amplified
EMF signals using SQUID electronics as the sample moves along the pickup coil. The
detected signal is then fit into the calculated model curve [12] to give the actual magnetic
moments of the sample. Figure 3.17 (b) shows a typical detected signal and the fit as a
function of sample position.
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Fig. 3.17 Second-derivative pickup coil and centering magnetic signal. The Second derivative pickup coil
(a) is a single superconducting coil wound by one clockwise turn at the top position then by two
counterclockwise turns at the middle position and finally by one clockwise turns at the bottom position. (b).
the sample, in this case moved 4 cm along the pickup coil from the near bottom of the coil (0.0 cm position
in (a) at T = 298 K with HE = 100 G. For this detection 16.04 mg of K0.6Co1.2 [Fe (CN) 6] ·4H2O powder
was used.

3.11

DC magnetization measurement procedure
A typical DC magnetization measurement involves two steps. The first step is to

measure magnetization of the sample holder only and the next is a measurement of the
sample in the holder. The sample in powder or microcrystalline form is usually packed
into the holder such as gelatin capsule (gel cap) or plastic can (capped polyethylene vial).
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The diamagnetic background signals from these holders are measured and then
subtracted from the total signal of the sample and the holder. Therefore, the background
signal must be measured individually and independently before the sample measurement,
especially for a weak magnetic sample, whose magnetic moment is comparable to that of
the holder. Since the magnetic pickup coil and the sample moving distance have finite
lengths of ~ 3 cm and ~ 4 cm (to 12 cm) respectively, a short sample and a symmetric
(along the horizontal plane) sample packing are desired.

References
[1]

Sla´ma, J., ˇSoka N. M., Gruskova´, A., Dosoudil, A., Jancˇa´rik, V., Jarmila, D., “Magnetic
properties of selected substituted spinel ferrites”, J. Magn. Magn. Mater., Vol. 326, pp. 251-256,
2013.

[2]

Patil, K. C., Mimani, T., “Solution combustion synthesis of nanoscale oxides and their
composites”, Mater. Phys. Mech., Vol. 4, pp. 134–137, 2001.

[3]

Goldman, A. Handbook of Modern Ferromagnetic Materials, Kulwer Acad. Pub, Boston, U.S.A
1999.

[4]

Buschow, K. H. J. and De Boer, F. R., Physics of Magnetism and Magnetic Materials, Kluwer
Academic Publishers, New York, USA, 2004.

[5]

Valenzuela, R., Magnetic Ceramics, Cambridge University Press, Cambridge, 1994.

[6]

Hossain, A. K. M. A., “Investigation of colossal magnetoresistance in bulk and thick film
magnetites”, Ph. D. Thesis, Imperial College, London, 1998.

[7]

Cullity, B. D., Introduction to Magnetic Materials, Addison-Wisley Publishing Company, Inc.,
California, 1972.

[8]

Kingery, W. D., Bowen, H. K. and Uhlman, D. R., Introduction to Ceramics, 2nd edition, Wiley
Interscience, Newyork, pp. 476, 1976.

[9]

Coble, R. L., and Burke, J. E., 4th Int. Symp. On the Reactivity of Solids, Amsterdam, pp. 38-51
1960.

[10]

McColm, I. J., and Clark, N. J., Forming, Shaping and Working of high Performance Ceramics,
Blackie, Glasgow, pp. 1-338, 1988.

[11]

Kittel, C., Introduction to Solid State Physics, 7th edition, Jhon Wiley & Sons, Inc., Singapore
1996.

[12]

Nelson, J. B., Riley, D. P., “An experimental investigation of extrapolation methods in derivation
of accurate unit-cell dimensions of crystals”, Proc. Phys. Soc., Vol. 57, pp. 160-177, 1945.

116

Chapter 3

[13]

Experimental Procedures

Nĕel, L., “Properiĕtĕs magnĕtique des Ferrites; Ferrimagnĕtisme et Antiferromagnĕtisme”
Annales de Physique, Vol. 3, pp. 137-198, 1948.

[14]

MPMS User‟s Manual, Quantum Design, San Diego, CA., 2004.

[15]

MPMS Application Note 1014-201, Quantum Design, San Diego, CA., 2004.

[16]

Park, J., “Magneto-structural and magnetooptical studies of Prussian blue analogs” Ph.D.
thesis, University of Florida, 2006.

[17]

MPMS Application Note 1014-213, Quantum Design, San Diego, CA. 2002.

117

RESULTS AND DISCUSSION

Chapter 4

Study of Mn0.50-xZn0.50CuxFe2O4

CHAPTER 4
Study of Mn0.50-xZn0.50CuxFe2O4
A series of polycrystalline having nominal composition Mn 0.50-xZn0.50CuxFe2O4 (where x = 0.0 0.3) ferrites have been synthesized by auto combustion method. It is seen from the investigation that in
Mn-Zn-Cu ferrites when Mn2+ ions are replaced by Cu2+ ions, the structural and magnetic properties are
modified. XRD patterns reveal that the samples are of single phase cubic spinel structure. The lattice
parameter (a0) decreases with the increase in Cu2+ content obeying the Vegard’s law. The ρB, D, μi/, TN
and Bs of Mn0.50-xZn0.50CuxFe2O4 increase with increasing Cu2+content. It is observed that both ρB and μ i/
increase with increasing Ts. The maximum μ i/ is found to be 1061 which is almost four times greater
than that of the parent composition. The fr of all the samples shifts towards the lower frequency as the
permeability increases with increasing Cu2+ content. It is observed from B-H loops of
Mn0.50-xZn0.50CuxFe2O4 that Hc decreases and Br increases with Cu2+ content. Possible explanations for
the observed magnetic properties with various Cu2+ contents are discussed.

4.1

X-ray diffraction analysis
Fig.

4.1

shows

the

XRD

patterns

for

various

Mn0.50-xZn0.50Cu xFe2O4 (with x = 0.0 - 0.3 at a step of 0.1) sintered at 1250 ºC. The
positions of the peaks for the various compositions indicate a single phase cubic spinel
structure [1]. The variation of a0 as a function of Cu2+ content is shown in Fig. 4.2. It is
seen that a0 decreases linearly with increasing Cu 2+content and obeys Vegard’s law [2].
The values of a0 are shown in Table 4.1. The decreasing a0 with Cu2+ content may be
explained in terms of their ionic radii. As the ionic radius of Mn 2+ (0.80 Å) ion is larger
than that of Cu2+ (0.72 Å), a0 decreases [3-5]. As the smaller Cu2+ ions replace the larger
Mn2+ ions in Mn0.50-xZn0.50Cu xFe2O4 , the unit cell compresses without disturbing the
symmetry of lattice [6]. A similar linear variation has been reported by Ravinder et al.
[7]. The r-variant for Mn0.50-xZn0.50Cu xFe2O 4 was calculated by the expression:
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r-variant = (0.50-x)rMn + xrCu ,where rMn and rCu are the radii of the Mn2+ and Cu2+ ions,
respectively. It is found that the r-variant decreases with the increase in Cu2+ content
which is shown in Fig. 4.2.
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Fig. 4.1 The X-ray diffraction patterns of Mn0.50-xZn0.50CuxFe2O4 sintered at 1250 °C in air.
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Fig. 4.2 Variation of the lattice constant ao and the mean ionic radius of the variant ion with the
composition Mn0.50-xZn0.50CuxFe2O4 sintered at 1250 °C in air.

Fig.

4.3

shows

the

effect

of

Cu 2+

substitutions

on

 th and

 B in

Mn0.50-xZn0.50Cu xFe2O4 sintered at various T s. It is found that  th is larger in magnitude
than corresponding  B . This is because some pores may be developed in the samples
during sample preparation and sintering process.
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Fig. 4.3 The variation of (a) theoretical and bulk density and (b) porosity with Cu content for various
Mn0.50-xZn0.50CuxFe2O4 sintered at different sintering temperatures.

It is also found that both  th and  B increase with the increase in Cu2+ content
while the P follows the opposite trend. The increase in  B can be attributed to the
difference in atomic weight and specific gravity of the Cu and Mn. The atomic weight
and specific gravity of Cu (63.55 amu and 8.94g.cm -3) are greater than those of Mn
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(55.94 amu and 7.21g.cm -3) [8]. Also Cu2+ ion promotes densification of
Mn0.50-xZn0.50Cu xFe2O4 during sintering at low temperature. These combined factors may
contribute to the enhancement of  B for various Mn0.50-xZn0.50Cu xFe2O4 [9]. Similar
results have been reported by Haque et al. [10, 11]. On the other hand P of
Mn0.50-xZn0.50Cu xFe2O4 reduces due to increasing  B .
Table 4.1 The lattice constant, density, porosity, average grain size, real part of initial permeability,
resonance frequency, residual induction, saturation induction, coercivity and Néel temperature of various
Mn0.50-xZn0.50CuxFe2O4 sintered at various temperatures with fixed dwell time 5hrs.
x
0.0

0.1

Ts
(° C)
1200

a0
(Å)

1250

8.4556

ρB
(g/cm3)
4.72

P
(%)
8.9

4.77

1300
1200
1250
0.2

0.3

5.18

μi/
220

fr
(Hz)
5.3×105

8.7

240

4.5×105

4.85

7.7

285

4.2×105

4.79

7.6

440

4.7×105
5

2.3

7.0

560

2.6×10

1300

4.95

6.0

600

2.3×105

1200

4.83

6.8

530

1.8×105
5

5.6

620

1.7×10

1300

4.99

4.8

800

1.4×105

1200

4.87

6.1

675

1×105

4.98

4.5

800

9×104

5.04

4.2

900

7.5×104

1300

8.4212

5.26

2.8

4.93

1250

8.4351

5.22

D
(μm)
2.0

4.86

1250

8.4471

ρth
(g/cm3)

5.30

3.5

Br
(T)
0.039

Bs
(T)
0.131

Hc
(A/m)
44

TN
(° C)
63

0.080

0.184

29

69

0.092

0.217

28

72

0.098

0.228

27

79

It is revealed from the Figs. 4a and 4b that  B increases and P decreases with
increasing T s for various Mn0.50-xZn0.50CuxFe2O4. This is because during the sintering
process, the thermal energy generates a force that drives the grain boundaries to grow
over pores, thereby decreasing the pore volume and increases the density of the
compositions. Our obtained result agrees well with the reported value [10, 12]. The
increase in  B and decrease in P for various Mn0.50-xZn0.50Cu xFe2O4 with the addition of
Cu2+content and various T s are tabulated in Table 4.1.
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Microstructures
The scanning electron micrographs (SEM) as shown in Fig. 4.4 reveal that the D

is influenced by the Cu 2+ substitution, where the D increases with increase in Cu 2+
content

in

Mn0.50-xZn0.50Cu xFe2O4

sintered

at

1200

°C.

The

D

of

Mn0.50-xZn0.50Cu xFe2O4 varies from 2 μm to 4 μm at constant T s. The values of D are
presented in Table 4.1. Fig. 4.5 shows the micrographs of Mn0.40Zn0.50Cu0.10Fe2O4 at
different T s. It is seen that the D increases with increasing T s. The D increases with the
increase in Cu2+ due to the melting point of copper (1084 ºC) is less than that of
manganese (1246 ºC). During sintering Cu2+ influences the microstructure by the
formation of liquid phase. It facilitates the grain growth and grain growth reflects the
competition between the driving force for grain boundary movement and the retarding
force exerted by pores [13, 14]. D increases with T s because of homogeneous grain
growth.
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x= 0.0

x= 0.1

x= 0.2

x= 0.3

Fig. 4.4 SEM micrographs of the Mn0.50-xZn0.50CuxFe2O4 sintered at 1200 °C in air.
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1250 °C

1200 °C

1300 °C
Fig. 4.5 SEM micrographs of Mn0.40Zn0.50Cu0.10Fe2O4 at different Ts.
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Magnetic properties

4.3.1 Frequency dependence of complex permeability
Fig.

4.6

shows

the

complex

initial

permeability

spectra

for

all

Mn0.50-xZn0.50Cu xFe2O4 (where x = 0.0 to 0.3 at a step of 0.1) sintered at 1200, 1250 and
1300 ºC, respectively as a function of frequency. The complex permeability is given
by   i/  i// . Here  i/ describes the stored energy expressing the component of
magnetic induction B in phase and i// describes the dissipation of energy expressing the
component of B 90° out of phase with the alternating magnetic field H. It is found that

 i/ increases with increasing Cu2+ content for various Mn0.50-xZn0.50Cu xFe2O4 at constant
Ts. It is also observed that  i/ increases with increasing T s.  i/ remains almost constant in
the frequency range up to a certain frequency, which is called the resonance frequency,
fr. There is a decrease in  i/ and increase in i// above fr observed for various
Mn0.50-xZn0.50Cu xFe2O4 . The fr is the utility range of frequency of the compositions up to
which these can be used efficiently. The values of  i/ and fr for all samples sintered at
various T s are presented in Table 4.1. It is observed from Fig. 4.7 that the  i/ increases
and

fr

shifted

towards

the

lower

frequency

with

Cu2+

in

Mn0.50-xZn0.50Cu xFe2O4 at different T s. The increasing  i/ and shifting fr to lower
frequency at constant T s follows the Snoek’s relation [15]. Fig. 4.8 shows the variation of

 i/ with Cu2+ content at different frequencies for various Mn0.50-xZn0.50Cu xFe2O4 sintered
at 1200, 1250 and 1300 °C. It is found that  i/ decreases at higher frequencies. This is
due to the fact that at higher frequencies impurities between grains and intragranular
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pores act as pinning points and increasingly hinder the motion of spin and domain walls
thereby decreasing their contribution to permeability [16].
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Fig. 4.6 The complex permeability spectra for various Mn0.50-xZn0.50CuxFe2O4 sintered at (a) 1200, (b)
1250 and (c) 1300 °C in air for 5hrs.
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The  i/ of ferrites depends on many factors like reversible domain wall
displacement, the amount and the type of dopant ions, D and intragranular porosity, etc
[11, 12]. It is well known that  i/ of polycrystalline ferrite is related to two magnetizing
mechanisms: domain wall motion and spin rotation [19-21]. Globus et al. [16] studied
several Ni-Zn ferrites and found a linear relationship between  i/ and D. Kakaktar et al.
[22] studied the effect of D on μi/ and found that  i/  D. The  i/ can be expressed by



Globus-Duplex relation i/  M S2 D



K1 , where Ms is the saturation magnetization; K1

is the anisotropy constant [22]. In our present study of microstructure, it is seen that the
D increases significantly with Cu 2+ content. Therefore, the increase of  i/ with increasing
Cu2+ content is justified. The increasing  i/ with T s is due to increase in both  B and D.
The increasing  i/ with Ts at a constant frequency are shown in Fig. 4.10 is due to the
increase in both  B and D.
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Fig. 4.7 The variation of initial permeability and resonance frequency of Mn0.50-xZn0.50CuxFe2O4 at
different Ts.
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Fig. 4.8 The variation of initial permeability with Cu2+ content at different frequencies of
Mn0.50-xZn0.50CuxFe2O4 sintered at (a) 1200, (b) 1250 and (c) 1300 °C in air for 5hrs.
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Fig. 4.9 The variation of initial permeability with Cu2+ content at (a) 1 kHz and (b) 1.02 MHz of various
Mn0.50-xZn0.50CuxFe2O4 sintered at different sintering temperatures.
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4.3.2 Frequency dependence of loss factor
Energy loss is an extremely important subject in soft ferrimagnetic materials,
since the amount of energy wasted on process other than magnetization can prevent the
AC applications of a given material. The ratio of i/ and i// representing the losses in
the material are a measure of the inefficiency of the magnetic system. Obviously this
parameter should be as low as possible. The magnetic losses, which cause the phase
shift, can be split up into three components: hysteresis losses, eddy current losses and
residual losses. This gives the formula tan  m  tan  h  tan  e  tan  r . As i is the initial
permeability which is measured in presence of low applied magnetic field, therefore,
hysteresis losses vanish at very low field strengths. Thus at low field the remaining
magnetic losses are due to eddy current losses and residual losses. Residual losses are
independent of frequency. Eddy current losses increase with frequency and are negligible
at very low frequency. The ferrite microstructure is assumed to consist of grains of low
resistivity separated by grain boundaries of high resistivity. Thicker grain boundaries are
preferred to increase the resistance.
The variation of loss factor, tanδ (=  i// /  i/ ) with frequency for all samples has
been studied. Fig. 4.10 shows the variations of loss factors with frequency for
Mn0.50-xZn0.50Cu xFe2O4 ferrites sintered at 1200, 1250 and 1300 °C respectively. It is
clear from these figures that the tanδ decreases with increasing Cu2+ content. At higher
frequencies, a rapid increase in loss factor is observed. At the resonance, maximum
energy transfer occurs from the applied field to the lattice which results the rapid
increases in loss factor. As it is observed that phase lag between domain rotation and
applied field is greater than that between applied field and domain wall displacement, the
magnetic losses due to domain rotation overrides those due to domain wall displacement.
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Fig. 4.10 The variation of loss factor with Cu2+ content of various Mn0.50-xZn0.50CuxFe2O4 sintered at
different sintering temperatures.

4.3.3 Frequency dependence of relative quality factor
For practical application the RQF is often used as a measure of performance. The
RQF were calculated from the magnetic loss tangent measured on the coil wound
toroidal samples. The RQF increases with an increase of frequency, showing a peak and
then decreases with further increase in frequency as shown in Fig. 4.10. The variation of
RQF with frequency showed a similar trend for all the samples. By increasing Cu
content, the RQF increases with the peak associated with the RQF shifting to lower
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frequencies. This phenomenon is associated with the Snoek’s law [15] in that an increase
in saturation magnetization leads to a decrease in the resonance frequency, and vice
versa. Therefore, the cut off frequency of the composites can be manipulated by
changing the Cu. It is observed that the sample sintered at 1250 °C has the highest RQF
(5420) for Mn0.40Zn0.50Cu0.10Fe2O4. The highest RQF for Mn0.20Zn0.50Cu0.30 Fe2 O4 is 5420
sintered at 1250 °C is probably due to the growth of less imperfection and defects
compared to those of other samples [4].
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Fig. 4.11 The RQF of Mn0.50-xZn0.50CuxFe2O4 with Cu2+ content sintered at different sintering
temperatures.
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Temperature dependence of initial permeability
The  i/ as a function of temperature for various Mn0.50-xZn0.50CuxFe2O4 samples

sintered at 1200 °C measured at a constant frequency 100 kHz is shown in Fig. 4.12. It is
observed that there is a sudden drop in  i/ at Néel temperature, T N, where the magnetic
state of the ferrite changes from ferrimagnetic to paramagnetic state. This is because at
TN, the thermal agitation is so high that it reduces the alignment of the magnetic moment
along a given axis to zero [29]. The sharp fall of  i/ at TN reveals the good homogeneity
of the samples which can be obtained as the slope of the linear part

d i/
at TN .Fig. 4.13
dT

shows the variation of T N with Cu2+ content. It is observed that T N increases with the
increase in Cu2+ substitution for Mn2+ in Mn0.50-xZn0.50Cu xFe2O4 due to strengthening of
A-B interaction between the two sublattices. This could be attributed to the decrease in
distance between the magnetic ions of A- and B-sites and is confirmed by the decrease in
the lattice parameter with the increase in Cu2+ content as shown in Fig. 4.14. The shorter
distance between magnetic cations leads to the increase in A-B interaction and
consequently T N increases.
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Fig. 4.12 The temperature dependence of initial permeability of Mn0.50-xZn0.50CuxFe2O4 with Cu2+ content
sintered at 1200 °C.
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Fig. 4.13 The variation of TN with Cu content for various Mn0.50-xZn0.50CuxFe2O4 sintered at 1200 °C.
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Fig. 4.14 The variation of a0 and TN with Cu content for various Mn0.50-xZn0.50CuxFe2O4.
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B-H loops
Fig. 4.15(a) shows the B-H loops of Mn0.50-xZn0.50Cu xFe2O4 sintered at 1200 °C

at constant frequency 1000 Hz and Fig. 4.15(b) is the B-H loops at low field. The
magnetic induction, B of all samples increases linearly with increase in applied magnetic
field up to 120 A/m (depending on compositions). Beyond 120 A/m, B increases slowly
and then reaches to the saturation induction, B s. Increasing B with applied low field H
indicates that all compositions are in ferromagnetic state at room temperature. From the
loops Bs has been calculated. It is observed that Bs increases with increasing Cu 2+ content
which is shown in Fig. 4.16(a). The variation in saturation magnetization with Cu 2+
content could be explained by cation distribution and exchange interaction. It is well
known that Zn2+ ion has strong A-site occupancy and Mn2+ ions prefer to go to both sites
(80% A- and 20% B-sites) [16]. Also Cu2+ and Fe3+ ions can occupy both A- and Bsites. Substitution of Cu2+ in place of Mn2+ results in migration of some of Fe3+ ions from
A- to B-site. The change in Br (residual induction) and Bs with Cu2+ content are shown in
Fig. 4.16(a). The Hc for each sample has been measured from the B-H loops of
Mn0.50-xZn0.50Cu xFe2O4 which is shown in Fig. 4.16(b). It is observed that Hc decreases
with the increase in Cu2+ content, whereas  i/ increases. Mazen and Abu-Elsaad reported
that Hc is directed to gradually decreasing with D [23]. Therefore, samples having larger
grains are expected to have higher  i/ and lower Hc as shown in Fig. 4.17.
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Fig. 4.15 (a) B-H loops of Mn0.50-xZn0.50CuxFe2O4 sintered at 1200 °C at room temperature (b) B-H loops
of Mn0.50-xZn0.50CuxFe2O4 at low field.
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Fig. 4.16 (a) The Bs and Br and (b) Hc of Mn0.50-xZn0.50CuxFe2O4 with Cu2+ content sintered at 1200 °C.
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and Coercive field (Hc) of Mn0.50-xZn0.50CuxFe2O4 with Cu content sintered

at 1200 °C.

4.4

Summary
The XRD patterns confirm the single phase cubic spinel structure of the samples

of the ferrite composition Mn0.50-xZn0.50CuxFe2O4. The a0 decreases with the increase in
Cu2+ content obeying the Vegard’s law. The ρB, D, μi/, TN and Bs of the samples increase
with increasing Cu2+content. It is observed that ρB and μi/ increase with increasing Ts.
The maximum μi/ is found to be 1061 which is almost four times (400) greater than that
of the parent composition. The μi/ decrease in the higher frequencies with Cu2+ content
whereas for a constant frequency with increasing T s, μi/ increases. The fr of all the
samples shifts towards the lower frequency as the permeability increases with increasing
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Cu2+ content. The highest quality factor (5420) has been found for the sample
Mn0.20 Zn0.50Cu0.30Fe2O4 sintered at 1250 °C. These ferrites are important and suitable for
technological applications because of their high permeability. It is observed from B-H
loops of Mn0.50-xZn0.50Cu xFe2O4 that Hc decreases but μi/ and Br increase with Cu2+
content.
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CHAPTER 5
Study of Mn0.50Zn0.50-xCuxFe2O4
A series of Cu substituted Mn0.50Zn0.50-xCuxFe2O4 (x = 0.00- 0.50 at a step of 0.05) were synthesize by
using auto combustion method. All ferrites are sintered at various temperatures (1200, 1230, and 1250 C) for
five hours in air. Structural and surface morphology are studied by XRD and high resolution optical
microscope. XRD patterns confirm their single phase and cubic spinel structure. a0 decreases with increasing
Cu2+content following Vegard‟s law. D increases up to x = 0.20 then decreases. The magnetic properties such
as complex initial permeability and temperature dependent permeability of the ferrites are investigated in the
frequency range 1 kHz-120 MHz by Wayne Kerr Precision Impedance Analyzer (model no. 6500B). DC
Magnetizations of all samples are also studied by SQUID magnetometer. The effects of Cu2+ ion substitution
and sintering temperature on these parameters of Mn0.50Zn0.50-xCuxFe2O4 ferrites are discussed.

5.1

X-ray diffraction analysis
The phase identification and lattice constant from XRD patterns for various

Mn0.50 Zn0.50-xCu xFe2O4 (x = 0.00 - 0.50 at a step of 0.05) are shown in Fig. 5.1. The
observed diffraction lines were found to correspond to those of standard pattern of
manganese ferrite with no extra lines, indicating thereby that the samples are of single phase
cubic spinel structure and no unreacted constituents were present in these samples. The
lattice parameter was determined by using the Nelson-Riley extrapolation method. The
lattice parameters obtained from each reflected plane were plotted against Nelson-Riley





function [1] F    1 2 cos 2  sin   cos 2   , where  , the Bragg‟s angle and straight
lines are obtained. The exact values of lattice constant were estimated from the extrapolation
of these lines to F ( )  0 or   90 . The variation of lattice parameter „a 0‟ as a function of
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Cu2+ content is shown in Fig. 5.2. It is seen from the figure that the lattice parameter
decreases with increasing Cu2+ content and follows the Vegard‟s law [2]. The ionic radius of

(440)

x = 0.50

(422)

(400)

(222)

(311)

(220)

(111)

Intensity (a.u)

Mn0.50Zn0.50-xCuxFe2O4

(511)

Cu2+ (0.72 Å) is smaller than that of Zn2+ (0.82 Å) [3].

x = 0.45
x = 0.40
x = 0.35
x = 0.30
x = 0.25
x = 0.20
x = 0.15
x = 0.10
x = 0.05
x = 0.00

20

30

40
50
2 (degree)

60

Fig. 5.1 The X-ray diffraction patterns for Mn0.50Zn0.50-xCuxFe2O4.

Thus addition of Cu2+ ions in Mn0.50Zn0.50-xCu xFe2O 4 ferrites is expected to decrease
the lattice parameter. The slightly non-linear variation in lattice constant indicates the
random distribution of Cu 2+ ions in the B-site that copper ions are present in different ionic
states in the A- and B-sites [4]. Fig. 5.3 shows the effect of Cu 2+ substitutions on ρB, ρX-ray
and porosity in Mn0.50Zn0.50-xCu xFe2O4 ferrites. The ρB is decreasing with increasing Cu 2+
content, while porosity follows the opposite trend as shown in Fig. 5.4. The decrease in bulk
density can be attributed to the difference in atomic weight of the ferrites components. The
atomic weight of Cu2+ (63.55 amu) is less than that of Zn2+ (65.38 amu) [5]. It is found that
the theoretical densities are larger in magnitude than corresponding bulk densities. This may
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be due to the presence of pores in the samples [6]. Although the lattice constant decrease
non-linearly with the increase of Cu +2 content, yet theoretical densities vary linearly owing
to the stoichiometry of the samples. The increases in porosity with the addition of Cu 2+
content may be due to the creation of more cation vacancies with the reduction of oxygen
vacancies [7].

Lattice constant, a0(Å)

8.48
Mn0.50Zn0.50-xCuxFe2O4

8.47
8.46
8.45
8.44
0.0

0.1

0.2
0.3
0.4
Cu content, x

0.5

Fig. 5.2 Variation of lattice constant with x for Mn0.50Zn0.50-xCuxFe2O4.

It is observed that the density of all samples increase with increasing sintering
temperature from 1200 to 1250 ºC. The increases in density with sintering temperature are
expected. This is because during the sintering process, the thermal energy generates a force
that drives the grain boundaries to grow over pores, thereby decreasing the pore volume and
densifying the material.
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Table 5.1 The lattice constant, density, porosity, average grain size, Néel temperature, real part of initial
permeability of the Mn0.50Zn0.50-xCuxFe2O4 sintered at various temperatures for 5 hrs.
x

0.00

ao
(Å)

8.4772

0.05

8.4713

0.10

8.4680

0.15

8.4661

0.20

8.4623

0.25

8.4602

0.30

8.4574

0.35

8.4553

0.40

8.4524

0.45

8.4480

0.50

8.4425

Ts
(ºC)
1200
1230
1250
1200
1230
1250
1200
1230
1250
1200
1230
1250
1200
1230
1300
1200
1230
1250
1200
1230
1250
1200
1230
1250
1200
1230
1250
1200
1230
1250
1200
1230
1250

ρx-ray
(g/cm3)

5.14

5.15

5.16

5.16

5.16

5.16

5.17

5.17

5.17

5.18

5.19

ρB
(g/cm3)

P
(%)

4.72
4.75
4.77
4.72
4.74
4.76
4.70
4.72
4.74
4.68
4.71
4.72
4.67
4.70
4.70
4.65
4.67
4.69
4.65
4.66
4.68
4.63
4.65
4.66
4.61
4.63
4.64
4.59
4.61
4.62
4.57
4.59
4.60

8.1
7.6
7.2
8.1
8.1
7.6
9.0
8.6
8.1
9.3
8.8
8.5
9.5
9.1
8.9
9.7
9.4
9.1
10.2
9.8
9.6
10.5
10.1
9.9
10.8
10.4
10.3
11.3
10.9
10.8
12.0
11.6
11.3
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TN
(ºC)

63

160

167

181

209

226

247

-

326

-

-

Grain size
(μm)

 i/ (at 100 kHz)

3
17
27
15
42
45
46
55
75
60
75
95
65
109
129
94
101
120
108
110
112
29
33
39
120
143
163
129
139
169
95
130
150

234
244
262
265
280
296
315
343
388
376
435
531
498
600
672
416
5078
573
336
370
371
221
233
249
152
161
189
100
122
129
47
83
110
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Fig. 5.3 The variation of X-ray and bulk densities with x for Mn0.50Zn0.50-xCuxFe2O4 at different sintering
temperatures.
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Fig. 5.4 The variation of Bulk density and Porosity with x for Mn0.50Zn0.50-xCuxFe2O4 at different sintering
temperatures.
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Microstructures
Structural and magnetic properties sensitively depend on the microstructure of

ferrites. Grain size is an important parameter affecting the magnetic properties of ferrites.
Grain growth is closely related to the grain boundary mobility. Recrystallization and grain
growth involve the movement of grain boundaries. The grain growth, being a result of
interparticle mass transport, appears to be dominated by the diffusion mechanism, lattice and
grain boundary diffusion. The behavior of grain growth reflects the competition between the
driving force for grain boundary movement and the retarding force exerted by pores [8].
When the driving force of the grain boundary in each grain is homogeneous, the sintered
body attains a uniform grain size distribution. Abnormal grain growth occurs if this driving
force is inhomogeneous. Moreover, the strength of the driving force depends upon the
diffusivity of individual grains, sintering temperature and porosity. The optical micrographs
of Mn0.50Zn0.50-xCuxFe2O4 ferrites sintered at 1200 and 1250 ºC are shown in Figs. 5.5 and
5.6 respectively. The D increases with increasing Cu2+ content in the Mn0.50 Zn0.50-xCuxFe2O4.
A possible explanation may be the formation of solid solution. It is supposed that all Cu2+
ions enter into the spinel lattice during sintering and activate the lattice diffusion. This may
be due to the fact that the melting point of copper (1084 ºC) is higher than that of Zinc
(420 ºC). The uniformity and the grain size and the average grain diameter can control
properties such as the magnetic permeability. It is seen from these micrographs that the
dense microstructures are obtained for all samples. D of the samples is determined by linear
intercept technique [20]. The D increases with increasing Cu 2+ substitution. The
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considerable decrease in D with the increase in Cu2+ content shows due to non uniform grain
growth.

x = 0.00

x = 0.10

x = 0.05

x = 0.15

x = 0.20

x = 0.30

x = 0.35

x = 0.25

x = 0.40

x = 0.50

x = 0.45

Fig. 5.5 The optical micrographs of Mn0.50Zn0.50-xCuxFe2O4 samples sintered at temperatures 1200 °C.
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Fig. 5.6 The optical micrographs of Mn0.50Zn0.50-xCuxFe2O4 samples sintered at temperatures 1250 °C.
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The exaggerated grain growth hinders the migration of the pores to the grain
boundary and hence, contributes to the reduction of the sintered density which was also
confirmed in previous section. Effect of T s on the grain growth [10] is shown in Fig. 5.7.

1200 °C

1230 °C

1250 °C

Fig. 5.7 The optical micrographs of Mn0.50Zn0.35Cu0.15Fe2O4 sintered at (a) 1200 (b) 1230 and (c) 1250 °C.

5.3

Magnetic properties

5.3.1 Frequency dependence of complex permeability
Fig. 5.8 shows the complex permeability spectra for all Mn0.50Zn0.50-xCuxFe2 O4
ferrites as a function of frequency sintered at various T s. From this figure it is seen that μi/
remains almost constant up to a certain frequency and then falls to a very low values at
higher frequencies. Whereas μi// gradually increased with the frequency and took a broad
maximum at a certain frequency, where μ i/ rapidly drops. The frequency where the sharp
decrease occurs is known as the resonance frequency. The resonance frequency, fr is the
results of the absorption of the energy due to matching of the oscillation frequency of the
magnetic dipoles and the applied frequency. At the resonance, the maximum energy
transferred from the applied field to the lattice resulting in the rapid increase in loss or tanδ.
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The fr of the samples were determined from the maximum of μ i//. It is known that fr and μi/
is inversely proportional which confirms with Snoek‟s relation  i/ f r  constant [11]. It is
seen that μi/ increases as the Cu2+ content increases up to x = 0.20 because of increase in
grain size and after than they decrease. μ i/ of the ferrite samples increases with increasing
sintering temperatures. The μi/ of polycrystalline ferrite is related to two different
magnetizing mechanisms: spin rotation and domain wall motion [12, 13], which can be
described as, i  1   w   spin

where  w is the domain wall susceptibility and  spin

is the intrinsic rotational susceptibility.  w and  spin may be written as:  w  3M s2 D / 4
and  spin  2M s2 / K u with Ms the saturation magnetization, Ku the total anisotropy, D
the average grain size and γ is the domain wall energy. Thus, the domain wall motion is
affected by the average grain size and enhances with increase in grain size. Larger grains
tend to consist of a greater number of domain walls. The magnetization caused by domain
wall movement requires less energy than that is required by domain rotation. As the number
of walls increases with the D, the contribution of wall movement to magnetization is
increased. In our work, the grain size is increased by the Cu 2+ content in the samples up to a
certain level. Similar result is reported for other materials by Hossain et al. [14]. Kakaktar et
al. [15] studied the effect of D on μi/ and found that μi/∞D. Perduijin et al. [16] and Roess
[17] also found a linear relation between μi/ and D in Mn-Zn ferrites.
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Fig. 5.8 The frequency dependent complex initial permeability spectra for various Mn0.50Zn0.50-xCuxFe2O4
sintered at (a) 1200 (b) 1230 and (c) 1250 °C.
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Fig. 5.9 The variation of Loss factor with frequency Mn0.50 Zn0.50-xCuxFe2O4 samples sintered at (a) 1200 (b)
1230 and (c) 1250 °C.

5.3.2 Frequency dependence of relative quality factor
Fig. 5.10 shows the frequency dependence of RQF of the samples sintered at different
temperatures. The variation of RQF with frequency showed a similar trend for all the
samples. The RQF increases with an increase of frequency, showing a peak and then
decreases with further increase in frequency. It is seen that RQF deteriorates beyond
approximately 1 MHz i.e. the loss tangent is minimum up to 1 MHz and then it rises rapidly.
The loss is due to lag of domain wall motion with the applied alternating magnetic field and
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is attributed to various domain effect [9], which include non-uniform and non-repetitive
domain wall motion, domain wall bowing, localized variation of flux density, nucleation and
annihilation of domain wall. This happens at the frequency where the permeability begins to
drop. The peak corresponding to maxima in RQF shifts to higher frequency as copper
content increases. The maximum value of RQF (10065) was obtained for the sample
sintered at 1250 °C.
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Fig. 5.10 The variation of RQF with frequency Mn0.50 Zn0.50-xCuxFe2O4 samples sintered at (a) 1200 (b) 1230
and (c) 1250 °C.
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5.3.3 Temperature- dependent permeability and Néel temperature
Study of temperature dependence of μi/ is very important for applications. The μi/as a
function of temperature for various Mn0.50 Zn0.50-xCu xFe2O4 sintered at 1200 ºC is shown in
Fig. 5.11. It is observed that there is a sudden drop in μi/ at TN, where magnetic state of the
ferrite changes from ferrimagnetic to paramagnetic state. This is due to the fact that at TN, the
thermal agitation is so high that it reduces the alignment of the magnetic moment along a
given axis to zero [18]. TN

is determined from the meeting point of μi/and μi// to the

temperature axis. The sharp fall of μi/ with temperature indicates the formation of single
phase of these ferrites and samples good homogeneity [19, 20]. The anisotropy constant (K1)
and saturation magnetization ( M s ) usually decrease with the increase in temperature.
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Fig. 5.11 The temperature dependence of initial permeability of Mn0.50 Zn0.50-xCuxFe2O4 sintered at 1200 °C.
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But, decrease in K1 with temperature is faster than the decrease in M s . When the
anisotropy constant reaches to zero, μi/ attains its maximum value and then drops off to the
minimum value near the T N. It is found from Fig. 5.12 that TN increases with the increase in
Cu2+ due to strengthening of A-B interaction between the two sublattices and is confirmed
by the decrease in the lattice constant with increase in Cu 2+ content as shown in Fig. 5.12.
The smaller distance between the magnetic cations leads to the increase in A-B interaction
and consequently enhanced the TN.
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Fig. 5.12 The variation of a0 and TN with Cu2+ content for various Mn0.50 Zn0.50-xCuxFe2O4.
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5.3.4 DC Magnetization
The magnetization (M) as a function of applied magnetic field (H) for various
Mn0.50 Zn0.50-xCu xFe2O4 (with x = 0.00-0.50 at a step of 0.05) ferrite samples at room
temperature (300K) are shown in Fig. 5.13. The magnetization of all samples increases
linearly with increasing the applied magnetic field up to 0.1T. Beyond this applied field
magnetization increases slowly and then saturation occurs. It indicates that all the samples
are in ferromagnetic state. The saturation magnetization, Ms, for all sample are determined
by the extrapolation of magnetization curve to   H  0 . It is observed that saturation
magnetization increases for small substitution of Cu2+ (x = 0.0-0.20) and decreases for
further increase in Cu2+ up to x = 0.50 in the series as shown in Fig. 5.14. According to
Néel‟s two sublattice model of ferrimagnetism [21], saturation magnetization is given by

M s  M B  M A where M B and M A are the octahedral and tetrahedral sublattice
magnetizations respectively. In these ferrites Zn2+ ions occupy the A-sites only. The
decrease in M s can be explained by the cation distribution in which Cu2+ ions can convert
some of Fe3+ to Fe2+ in B-sites. Since the magnetic moment of Fe2+ is less than that of the
Fe3+, therefore the net moment is expected to decrease as well as magnetization. By
substituting Cu2+ ions, it prefers B-sites; therefore magnetic moment in B-sites is decreased,
leading to the decrease of the saturation magnetization of the ferrites. It is reported that Cu2+
change to Cu+ at higher copper concentration [4]. The Cu+ ions have preference to
accommodate themselves in A-sites and force some of Fe3+ to migrate from A-sites to Bsites. This migration of Fe3+ to B-sites enhances the magnetization in B-sites which leads to
an increase in net magnetization [22].
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Fig. 5.15 (a) The B-H loops for various Mn0.50Zn0.50-xCuxFe2O4 at room temperature, samples sintered at
1200 °C (b) Loops at low field.
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Fig. 5.16 Variation of Hc and μi/ for various Mn0.50Zn0.50-xCuxFe2O4 with Cu2+ content.

The B-H loops of the Mn-Zn-Cu ferrite were measured at room temperature at
constant frequency f = 1 kHz is shown in different figures. The hysteresis loops of the
ferromagnetic materials and their properties such as the B r, Hc and hysteresis loss are very
useful information from the application point of view. The Hc was determined from Figs.
5.15, 5.17 and 5.18 and are tabulated in the Table 5.1. It is observed that H c decreases with
the increase in Cu2+ content up to x = 0.20 and for further increase in Cu content Hc
increases and shown in Fig. 20. Decrease in Hc with increase in Cu2+ may be due to the
decrease in magnetocrystalline anisotropy [23]. It is well known that all these properties are
extrinsic, which depend on the grain size, intra- and inter-granular porosity. Intragranular
porosity occurs for higher content of Cu 2+, which affects the magnetic properties. When
Cu2+ content increases, exaggerated grain growth occurs and pores are trapped inside the
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grains, leading to the intrtagranular porosity. This leads to higher crystalline anisotropy and
Hc. The area within the loop is directly related to the hysteresis loss.
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Fig. 5.17 (a) The B-H loops for various Mn0.50Zn0.50-xCuxFe2O4 at room temperature, samples sintered at
1230 °C (b) Loops at low field.
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Fig. 5.18 (a) The B-H loops for various Mn0.50Zn0.50-xCuxFe2O4 at room temperature, samples sintered at
1230 °C (b) Loops at low field.
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Fig. 5.19 Variation of Hc and μi/ for various Mn0.50Zn0.50-xCuxFe2O4 with Cu content.

90

Mn0.50Zn0.50-xCuxFe2O4
o

Hc (A/m)

Ts=1200 C
o

Ts=1230 C

60

o

Ts=1250 C

30
0.0

0.2
Cu content, x

0.4

Fig. 5.20 Variation of Hc and μi/ for various Mn0.50Zn0.50-xCuxFe2O4 with Cu content at different, Ts.

161

Chapter 5

5.4

Study of Mn0.50 Zn0.50-xCuxFe2O4

Summary
Substitution of Cu2+ ions causes appreciable change in the physical, structural and

magnetic properties of the Mn-Zn ferrites. The ferrite samples prepared by auto combustion
technique are of single phase cubic spinel structure. The lattice constant decreases with the
increase of copper concentration. It is due to the relative size difference of the component
ions. ρB was found to decrease while P increases with increase in Cu2+ concentration. D
increases with the increase in Cu 2+ up to x = 0.20 but for further increase in x, D decreases.
The μi/ and Ms Increase with the increases of Cu content up to x = 0.20 then it decreases for
further increase in x. There is a sharp shifting of fr to a higher value for the samples with
lower μi/. TN was mounting with the increase in Cu 2+ content.
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CHAPTER 6
Study of Mn0.50Zn0.50CrxFe2-xO4
The impact of Cr3+ ion on the magnetic properties of Mn0.50Zn0.50CrxFe2-xO4 (with x = 0.00 -1.0 at
a step of 0.1) have been studied. Ferrite samples were synthesized by combustion method and sintered at
various temperatures (1250, 1300 and 1350 ºC). The structural properties were investigated by means of
XRD patterns and indicate that the samples possess single phase cubic spinel structure. The a0 decreases
with increase in Cr3+ content, as the ionic radius of Cr3+ ion is smaller than that of Fe3+. The D, ρB, μ i/, TN
decrease with the increase in Cr3+ content. The ρB was found to increase with increase in Cr3+ content as
the Ts is increased from 1250 to 1350 ºC. The Ts affect the densification, grain growth and μi/ of the
samples. The μ i/ strongly depends on D, density and intragranular porosity. TN was determined from the
temperature dependence μ i/ plots and was found to decrease with the increase in Cr3+ concentration. This
is attributed to the weakening of A-B interaction. The sharp fall of μi/ at TN indicates that the compositions
are homogeneous. The B-H loops of the compositions were measured at room temperature. The M s, Hc, Br
and hysteresis losses were studied as a function of Cr3+ content. The Ms was found to decrease with the
increase of Cr3+ content, which is attributed to the dilution of A-B interaction. The inclusion of Cr3+ caused
the Ms, Br and hysteresis losses to decrease.

6.1

X-ray diffraction analysis

Fig. 6.1 depicts the XRD patterns of various chromium-substituted Mn-Zn
ferrites. The patterns exhibit typical reflection of (111), (220), (311), (222), (400), (422),
(511) and (440) planes indicating the formation of cubic spinel structure of manganese
ferrite. All the diffraction peaks comply with the standard JCPDS peaks of cubic spinel
ferrites. No secondary peaks were detected in XRD patterns of above mentioned samples
which ensured the phase purity of each composition. The a0 was determined by using the





Nelson-Riley function, which can be expressed as F    1 2 cos 2  sin   cos 2   ,
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where  , the Bragg’s angle. The exact values of lattice parameter of each sample was
estimated from the extrapolation of all peaks to F ( )  0 or   90 . As the
Cr3+substitution increases, the a0 decreases as shown in Fig. 6.2. It is due to the fact that
the ionic radius of substituting Cr3+ (0.62Å) is less than that of Fe3+ (0.64Å) [1, 2].
Taking into consideration the preference of Cr3+ to the octahedral site, the partial
replacement of Fe3+ by Cr3+causes a slight effect on the unit cell dimensions [3]. Similar
result has been reported in Cr3+ doped Ni-Zn ferrite prepared by combustion synthesis
[4].
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Fig. 6.1 The X-ray diffraction patterns for Mn0.50Zn0.50CrxFe2-xO4 samples sintered at 1300 °C.

166

Chapter 6

Study of Mn0.50Zn0.50CrxFe2-xO4

Lattice constant, a0(Å)

Mn0.50Zn0.50CrxFe2-xO4

8.4632

8.4483

8.4334

8.4185
0.0

0.2

0.4
0.6
0.8
Cr content, x

1.0

Fig. 6.2 Variation of lattice constant with x for Mn0.50Zn0.50CrxFe2-xO4 samples sintered at 1300 °C.

Fig. 6.3 shows the effects of Cr3+ substitutions on bulk density and porosity in
Mn0.50 Zn0.50Cr xFe2-xO4 ferrites. The ρB decreases with increase in Cr3+ content, while
porosity decreases. The decrease in ρB can be attributed to the difference in atomic
weight and density of the ferrite components. The atomic weight and density of Cr3+
(51.996 amu and 7.19 g/cm3) respectively is less than that of Fe3+ (55.85 amu and 7.87
g/cm3) [4]. It is found that the theoretical densities are higher in magnitude than
corresponding bulk densities. This may be due to the presence of pores in the samples
[5]. The increase in P with the addition of Cr3+ content may be due to the creation of
more cation vacancies with the reduction of oxygen vacancies [6]. It is observed that ρB
of all samples increase with increasing T s while porosity follows the opposite trend.
During the sintering process, the thermal energy generates a force that drives the grain
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boundaries to grow over pores, thereby decreasing the pore volume and densifying the

3
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Fig. 6.3 The variation of (a) theoretical and bulk density and (b) porosity with Cr3+ content for various

Mn0.50 Zn0.50Cr xFe2-xO4 sintered at different sintering temperatures.
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Microstructures
Magnetic properties of ferrites are dependent on their microstructures. D is

more important parameter affecting the magnetic properties of ferrites. Grain growth is
closely related to the grain boundary mobility. During grain growth there is a
competition between the driving force for grain boundary movement and the retarding
force exerted by pores [7]. When the driving force of the grain boundary in each grain
is homogeneous, the sintered body attains a uniform D distribution. Discontinuous
grain growth occurs if this driving force is inhomogeneous. The optical micrographs of
Mn0.50 Zn0.50Cr xFe2-xO4 ferrites are shown in Figs. 6.4 and 6.5. Average grain sizes of
the samples determined by linear intercept technique are presented in Table 6.1. The
average grain size of the samples varies from 0.5 to 5.7 µm. The D decreases with
increasing Cr3+ substitution. This may be due to the fact that the melting point of
chromium (1914 ºC) is greater than that of iron (1538 ºC). It is seen from Figs. 6.4 and
6.5 that the sample without chromium shows a nonhomogeneous microstructure with
soft agglomerations. With the substitution of chromium, the appearance of smaller
grains has been observed and when the substitution level is higher the population of
smaller grains is dominating over the larger grains. The size of the bigger as well as
smaller grains is decreased when the Cr3+ concentration is higher. From the
microstructures, it is also observed that the P is increased when the Cr3+ content is
increased [8].
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x = 0.0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

x = 0.5

Fig. 6.4 (a) The optical micrographs of Mn0.50Zn0.50CrxFe2-xO4 (x = 0.0-0.5) samples sintered at
1250 °C.
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x = 0.7

x = 1.0

x = 0.9

Fig. 6.4 (b) The optical micrographs of Mn0.50Zn0.50CrxFe2-xO4 (x = 0.6, 0.7 and x = 0.9, 1) samples
sintered at 1250 °C.

(a)

(b)

(c)

Fig. 6.5 The optical micrographs of Mn0.50Zn0.50Cr0.9Fe1.1O4 samples sintered at (a) 1250 (b) 1300 and
(c) 1350 °C.
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Table 6.1 The lattice parameter, density, porosity, average grain size, real part of initial permeability, Néel
temperature, coercive field, residual induction and room temperature saturation magnetization of various
Mn0.50Zn0.50CrxFe2-xO4 sintered at various temperatures in air for 5 h.

x

0.0

Ts
(ºC)
1250
1300
1350

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350
1250
1300
1350

a0
(Å)

8.4659

ρth
(g/cm3)

5.38

8.4611

5.20

8.4512

5.16

8.4448

5.18

8.4299

5.21

8.4245

5.21

8.4243

5.2

8.4236

5.19

8.4231

5.19

8.4230

5.18

8.4213

5.16

ρB
(g/cm3)

P
(%)

<D>
(µm)

4.65
5.09

13.5
5.48

5.7

5.20

3.36

4.54
4.97

12.7
4.3

5.03
4.52
4.77
4.97
4.37
4.66
4.93
4.30
4.61
4.84
4.24
4.59
4.78
4.03
4.50

3.34
12.4
7.6
3.7
15.6
10
4.8
17.5
12
7.18
18.7
12
8.33
22.4
13.4

4.71
3.92
4.47

9.35
24.4
13.8

4.66
3.71
4.34

10.3
28.6
16.4

4.51
3.64
4.29
4.47
3.68

13.2
29.7
17.2
13.7
28.8

4.19
4.34

18.8
15.9

4.6

4.4

3.9

3.4

3.2

2.5

2

1.2

0.7

0.5

172

µ/i at
(1MHz)

299
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Magnetic properties

6.3.1 Frequency dependence of complex permeability
The complex initial permeability spectra for all Mn0.50Zn0.50Cr xFe2-xO 4 ferrite
compositions sintered at various sintering temperatures as a function of frequency are
shown in Fig. 4.39. The μi/ decrease with increase in Cr 3+ substitution in
Mn0.50 Zn0.50Cr xFe2-xO4. Similar trend is followed in Cr3+ substituted Li-Sb ferrites [26].
The μi/ remains steady up to a certain frequency, known as relaxation frequency ( f r ).
Although the μi/ of the samples decrease but the f r shifted to higher values as result of
Cr3+ substitutions. The μi/ of a ferrimagnetic material depends on many factors like
reversible displacement of domain walls, bulging of domain walls as well as
microstructural parameters like D, intragranular porosity, etc.[27]. Perduijin et al. [28]
and Roess et al. [29] found a linear relation between the μi/ and grain size in Mn-Zn
ferrites. It is also noticed that there is a decrease in μi/ and increase in μi/ above the f r .



The μi/ of ferrite follows  i/  M S2 D



K1 , where

Ms

is the saturation magnetization

is, K 1 is the magneto- crystalline anisotropy constant and D is the average grain
diameter. The decrease in μi/ with increase in Cr3+ substitution can be attributed to the
decrease in grain size. Decrease in D also results in a decrease in the number of domain
walls in each grain. The onset of relaxation frequency (due to domain wall oscillations)
is drifting towards the higher side with the increase in Cr 3+ concentration or decrease in
μi/. This agrees well with the Snoek’s limit [30].
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Fig. 6.6 The frequency dependent complex initial permeability spectra for various Mn0.50Zn0.50CrxFe2-xO4
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6.3.2 Frequency dependence of loss factor
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Fig. 6.9 The variation of loss factor for various Mn0.50Zn0.50CrxFe2-xO4 sintered at (a) 1250 (b) 1300 and
(c) 1350 °C.

6.3.3 Frequency dependence of relative quality factor
Fig. 6.10 shows the frequency dependence of RQF of the samples sintered at (a)
1250, (b) 1300 and (c) 1350 ºC. The RQF increases with an increase in frequency,
showing a peak and then decreases. The variation of RQF with frequency showed a
similar trend for all the samples. It is seen that RQF deteriorates beyond 0.2 MHz i.e. the
loss tangent is minimum up to 0.2 MHz and then it rises rapidly. The loss is due to lag of
domain wall motion with the applied alternating magnetic field and is attributed to
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various domain effect, which include non-uniform and non-repetitive domain wall
motion, domain wall bowing, localized variation of flux density, nucleation and
annihilation of domain wall [31]. The peak corresponding to maxima in quality factor
shifts to higher frequency as Cr3+ content increases. RQF has the maximum value for the
parent composition sintered at 1350 ºC.
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1300 and (c) 1350 °C in air for 5hrs.
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6.3.4 Temperature dependent permeability and Néel temperature
The μi/ as a function of temperature for various Mn0.50Zn0.50Cr xFe2-xO4 sintered at
1300 ºC is shown in Fig. 6.11. It is observed that there is a sudden drop in μi/ at TN, where
magnetic state of the ferrite changes from ferrimagnetic to paramagnetic state. This is
due to the fact that at T N, the thermal agitation is so high that it reduces the alignment of
the magnetic moment along a given axis to zero [32]. It is well known that the
replacement of Fe3+ ions by the paramagnetic or diamagnetic ions results in the fall of T N
[33-35] as shown in Fig. 6.11(a). The observed variations in T N may be explained on the
basis of exchange interactions. When Fe3+ ions at B site are being replaced by
antiferromagnetic Cr3+ ions, B sub lattice magnetization decreases without affecting the
A sub lattice magnetization, which in turn weakens A-B exchange interaction [12] as
shown in Fig. 6.11(b). The sharp drop of the initial permeability at T N can be used as a
measure of the degree of compositional homogeneity according to Globus et al. [31].
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Fig. 6.11 (a) The temperature dependent complex initial permeability spectra for various
Mn0.50Zn0.50CrxFe2-xO4sintered at 1300 °C (b) Variation of a0 and TN with Cr3+ content.
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6.3.5 DC magnetization and B-H loops
The magnetization (M) as a function of applied magnetic field (H) for various
Mn0.50 Zn0.50Cr xFe2-xO4 (with x = 0.00-1.0 at a step of 0.1) measured at room temperature
(300K) are shown in Fig. 6.12. The magnetization of all samples increases linearly with
increasing the applied magnetic field up to 0.1T. Beyond this applied field magnetization
increases slowly and then saturation occurs. It indicates that all the samples are in
ferromagnetic state. The saturation magnetization, Ms, for all sample are determined by
the extrapolation of magnetization curve to   H  0 .
Néel [36] considered three kinds of exchange interactions between unpaired
electrons of two ions lying: (i) both ions at A sites (AA interaction), (ii) both ions at B
sites (BB interaction), and (iii) one at a site and the other at B site (AB interaction). AB
interaction strongly predominates over AA and BB interactions. The AB interaction
aligns all the magnetic spins at A site in one direction and those at B site in opposite
direction. The net magnetic moment of the lattice is therefore the difference between the
magnetic moments of B and A sublattices, i.e, M = M B-MA. The saturation
magnetization is observed to decrease with increasing Cr 3+ content throughout the
concentration range studied. It is well known that Cr3+ ions preferably occupy B sites
[37]. As the number of Fe3+ ions at B sites continuously decreases, the magnetization of
B sub lattice decreases which results into the observed decrease in saturation
magnetization. A graph relating to Ms and nB with Cr content in Mn0.50Zn0.50CrxFe2-xO4 is
shown in Fig. 6.13. A similar decrease was reported in Mn-Zn-Cr [38] and Mg-Mn-Cr
ferrites [39].
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The hysteresis loops of the Mn-Zn-Cr ferrite were recorded by a computer
interfaced hysteresis loop tracer at room temperature at constant frequency f = 1 kHz.
Figs. 6.14, 6.15 and 6.16 show the B-H loops of Mn0.50Zn0.50Cr xFe2-xO4 sintered at 1250,
1300 and 1350 ºC respectively. The inclusion of Cr and various T s significantly changes
hysteresis parameter like Hc , Br, Bs etc. Hc increases with increase in Cr but decreases
with increases in T s. The addition of Cr reduced the Ms as expected as it reduces the
density of magnetic ions at B site. H c increases due to the weakening of exchange
interaction and the loss of magnetocrystalline anisotropy [40]. The area within the
hysteresis loops are directly related to the hysteresis loss. It is observed from Fig. 6.14
that the hysteresis loop area increases and deviates significantly from rectangularity with
increase in Cr content [41, 42]. It is well known that all these properties are extrinsic,
which depend on the grain size, intra- and inter-granular porosity. It is observed that
remanance varies inversely with porosity and this agrees with the reported observations
[43]. Hc is inversely proportional to D and μi/ of the ferrite system as shown in Fig. 6.17.
Our present observations of compositional variation of coercivity, initial permeability
and average grain size agree with the reported value [44, 45].
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Fig. 6.14 (a) B-H loops of various Mn0.50Zn0.50CrxFe2-xO4 at room temperature, samples sintered at
1250 °C (b) loops at low field.
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6.4

Summary
Substitution of Cr in Mn-Zn ferrite results in slight shrinkage of the unit cell. The

grain size,  B , µ/i, TN, decrease with Cr content. As μi/ decreases the fr of the samples
shifts towards the higher frequency with Cr content. The fr indicates the operational
frequency limit of the ferrites in applications, so it is preferable to push this frequency to
the higher frequency region. So the operational frequency range is increased with the
increase in Cr substitution. Saturation magnetization was found to decrease with Cr
content in the ferrites. Coercivity increases, retentivity and hysteresis loss decreases at
the Cr rich Mn- Zn ferrite indicating the softness of the material.
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CHAPTER 7
Conclusions and suggestions for future work
The present research work was undertaken mainly to investigate the influence of transition metal ions (Cu,
Cr) on the structural and magnetic properties of Mn-Zn ferrites. All the samples of different compositions were
prepared by auto combustion method and sintered at different sintering temperatures for 5 hrs. Different
measurements of the samples were carried out and results were analyzed carefully to visualize the changes of
structural and magnetic properties. This chapter contains a concise summary based on the results and discussion
presented in the previous chapters and suggestions on the scope for the further work.

7.1

Conclusions

The conclusions drawn from the present investigations are as follows:


The polycrystalline ferrite samples of Mn0.50-xZn0.50Cu xFe2O4 , Mn0.50Zn0.50-xCuxFe2 O4 and
Mn0.50 Zn0.50Cr xFe2-xO4 have been prepared successfully by the auto combustion method.



The XRD patterns confirm that all the samples are of single phase cubic spinel structure
without any impurity peaks.



The a0 decreases with the increase in Cu2+ content, obeying the Vegard’s law in
Mn0.50-xZn0.50Cu xFe2O4 and Mn0.50 Zn0.50-xCu xFe2O4 . But in Mn-Zn-Cr series a0 decreases
but at higher content of Cr3+ (x≥0.5), change is very small as there may have some
structural transition.



The ρth and ρB increase with the increase in Cu2+ content obeying the Vegard’s
law

in

Mn0.50-xZn0.50Cu xFe2O4

and

decreases

in

Mn0.50Zn0.50-xCuxFe2O4

and

Mn0.50 Zn0.50Cr xFe2-xO4 with Cu2+ and Cr3+ content respectively. But ρth and ρB increase
with the increase in Ts with substitution of Cu and Cr in all the series of compositions
whereas P% follows the opposite trend with ρ B.
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The surface morphology of the samples was observed by SEM and high resolution
optical microscope and D of all compositions were determined. With increase in Cu 2+ and
Cr3+ content in Mn0.50-xZn0.50Cu xFe2O4 and Mn0.50 Zn0.50Cr xFe2-xO4 respectively along
with Ts, the D increase. But in the series of compositions Mn0.50Zn0.50-xCuxFe2O4 with
increase in x = 0.20, D increases and for further increase in x discontinuous grain grows.
In Mn-Zn-Cu series Cu facilitates the grain growth by forming liquid phase.



The μi/ increases with the increase in Cu2+ content in Mn0.50-xZn0.50Cu xFe2O 4 through out
the series and also with T s; and that decreases with Cr3+ content in Mn0.50Zn0.50CrxFe2-xO4 .
This is because of homogeneous grain growth and decreasing anisotropy constant. The μi/
increases with the increase in Cu2+ content up to x = 0.20 and for further increase in Cu 2+
content it decreases in Mn0.50Zn0.50-xCu xFe2O 4. The μi/ decrease for higher frequencies
with Cu2+ content whereas for a constant frequency with increasing T s, μi/ increases. The
fr of all the samples shifts towards the lower frequency as the permeability increases with
increasing Cu2+ and Cr3+ contents. The maximum μi/ was found 1061 for x = 0.30
sintered at 1300°C which is almost four times (400%) greater than that of the parent
composition in Mn0.50-xZn0.50Cu xFe2O 4.



The highest RQF found for the sample Mn0.20Zn0.50Cu0.30Fe2O4 sintered at 1250 °C is
5420, 10000 for Mn0.50 Zn0.40Cu0.10Fe2O4 sintered at 1300 °C and for the sample
Mn0.50 Zn0.50Cr 0.20Fe2O4 is 12800.



The T N of the compositions of Mn0.50-xZn0.50Cu xFe2O4 and Mn0.50Zn0.50-xCuxFe2O4
decreases with the increase in Cu2+ content in both the series due to strengthening of A-B
interaction between two sub-lattices and is confirmed by the decrease in a0 with the
increase in Cu2+ content. But T N decreases with the increase in Cr3+ content in
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Mn0.50 Zn0.50Cr xFe2-xO4 showing the dilution of A-B interaction. High TN of these ferrites
for any device enables them to be operated above room temperature.


The Ms of the compositions of Mn0.50-xZn0.50Cu xFe2O4 and Mn0.50Zn0.50-xCuxFe2O4
increases with the increase in Cu2+ content, whereas it decreases with the increase in Cr3+
in Mn0.50Zn0.50Cr xFe2-xO4 due to site preference of the substituted ions.



It is observed from B-H loops of the three series of different compositions, Hc and B r are
less for Mn-Zn-Cu series where μi/ is the highest in Mn0.50-xZn0.50Cu xFe2O4 compared to
the other two series of compositions. The B-H loops show rectangularity and with
increase in Cu they show slight deviation from rectangularity causing slight increase in
loop size. Hc shows inverse relation with μi/ and D, may be due to increase in anisotropy
constant.



On the basis of the analysis of results obtained, it may be concluded that substitution of
Cu and Cr in Mn- Zn ferrites yields remarkable changes in structural and magnetic
properties and make the ferrites important and suitable for technological applications.
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Suggestions for future work

Some studies on different aspects are possible for fundamental interest and also for potential
applications of the studied materials.


Neutron diffraction analysis may be performed for these compositions to determine the
distribution of substituted ions between A- and B- sites. Mössbauer spectroscopy can also be
studied.



Some ac and dc electrical properties may be studied.



For the domain wall motion and degree of ordering present in the samples, MFM study can
be carried out.
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Abstract
The impact of Cr3+ ion on the magnetic properties of Mn0.50Zn0.50CrxFe2−xO4 (with x = 0.0, 0.1, 0.2,
0.3, 0.4 and 0.5) has been studied. Ferrite samples were synthesized by combustion method and
sintered at various temperatures (1250˚C, 1300˚C and 1350˚C). The structural properties were
investigated by means of X-ray diffraction patterns and indicated that the samples possess single
phase cubic spinel structure. The lattice parameter decreases with the increase in Cr3+ content, as
the ionic radius of Cr3+ ion is smaller than that of Fe3+. The average grain size (D), bulk density (ρB)
and initial permeability ( µi′ ) decreases with increase in Cr3+ content whereas porosity follows its
opposite trend. The ρB was found to increase with increase in Cr3+ content as the sintering temperature (Ts) is increased from 1250˚C to 1350˚C. The Ts affects the densification, grain growth and
µi′ of the samples. The µi′ strongly depends on average grain size, density and intragranular
porosity. The B-H loops of the compositions were measured at room temperature. The saturation
magnetization (Ms), coercivity (Hc) and hysteresis losses were studied as a function of Cr3+ content.
The Ms was found to decrease with the increase of Cr3+ content, which is attributed to the dilution
of A-B interaction.
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1. Introduction

Polycrystalline mixed spinel ferrites are very attractive for their various potential applications. Manganese zinc
and substituted manganese zinc ferrites are technologically important materials due to their high magnetic permeability, high saturation magnetization, high resistivity and low power losses. These ferrites have been extensively u sed i n e lectronic a pplications such a s t ransformers, c hoke c oils, n oise filters, recording h eads, m ultilayer ch ip i nductor, el ectromagnetic w ave ab sorbers et c. [1]-[5]. Cr ystallogarphically, s pinel ferrites h ave t etrahedral A-site and octahedral B-site in AB2O4 crystal structure. It shows various magnetic and electrical properties depending on the type of cations and their distribution between the two interstitial sites. Desired electrical
and magnetic properties of soft ferrites can be tailored by controlling the different types and amount of substitutes and by choosing suitable synthesize technique [6]-[9]. A large number of mixed ferrites like Mn-In-Zn [10],
Ni-Mn-Zn [11], Mg-Mn-In and Mg-Mn-Cr [12], Ni-Zn-Cr [13], Cd-Mg-Cr [14] have been prepared by various
processing techniques and their structural, electrical and magnetic properties have been reported. Properties of
ferrites are sensitive to the processing technique which can play a very crucial role in defining the structural and
magnetic properties. Many researchers have studied the effect of the substitution of Cr3+ in the spinel structure
of ferrites [15]-[17]. However, t here a re no r eports i n t he l iterature a bout Cr 3+ substitution f or Fe3+ in Mn -Zn
ferrites o btained by c ombustion t echnique. C ompared wi th t he ot her s ynthesization m ethods, t he combustion
method offers advantages of being fast and simple, short preparation duration and low energy consumption. The
present paper therefore reports on a study of Cr3+ substituted Mn-Zn ferrite produced by combustion synthesis,
and on its structural and magnetic characterization.

2. Experimental
The nominal c hemical c ompositions o f Mn0.50Zn0.50CrxFe2−xO4 (with x = 0. 0, 0.1, 0 .2, 0.3, 0.4 a nd 0 .5) were
synthesized by c ombustion method. All t he r aw m aterials u sed i n t his reaction were of a nalytical g rade. T he
proper a mounts of powders of C r(NO3)3·9H2O, Z n(NO3)2·6H2O, M nCl2·4H2O and F e(NO3)3·9H2O were d issolved in ethanol (GR grade). Then the solution were placed at a constant temperature bath (~70˚C) followed by
an ignition and formed a fluffy loose product of the desired composition. The resultant powders were calcined at
900˚C for five hours in air. The grounded fine powders were mixed with binder, and then pressed into disk- and
toroid-shaped samples. T he samples pr epared from e ach c omposition were s intered at 125 0˚C, 130 0˚C and
1350˚C for five hours in air. During sintering, temperature ramps were 10˚C/min for heating and 5˚C/min for
cooling. Surfaces of all sintered samples were polished and thermally etched. The crystalline structure and phase
of the compositions were identified using X-ray diffraction (XRD) patterns obtained using CuKα radiation (λ =
1.54178Å) for 2θ value. The lattice parameter for each composition was determined using Nelson-Riley function
[18]. The ρB, of the samples were determined using the Archimedes principle. The theoretical density (ρth) was
calculated using the expression: ρth = ( 8M N A a03 ) , where NA is Avogadro’s number, M is the molecular weight
of the composition and a0 is the lattice parameter. The porosity (P) was calculated from the relation
P (%) =
{( ρth − ρ B ) ρth } ×100 . The samples were visualized under a high-resolution optical microscope (Olympus DP-70) a nd t hen p hotographed. A verage g rain sizes o f t he s amples w ere de termined from opt ical micrographs by linear intercept technique. The frequency dependent initial permeability spectra were determined using A gilent Impedance a nalyzer (Agilent 4 294A) o n t oroid s haped s amples. 4 t urns of e nameled c opper wire
were wound on the toroid and the inductance (Ls) was measured at room temperature in the frequency range 20
Hz - 120 MHz. The µi′ and the imaginary part ( µi′′) of the complex initial permeability were calculated using
the following r elations µi′ = Ls Lo , and µi′′ = µi′ tan δ , where Lo = ( µo N 2 h 2π ) ln ( ro ri ) . Lo is t he i nductance of the winding coil without the sample core, N is the number of turns of the coil , h is the thickness, ro is
the outer radius and ri is the inner radius of the toroid-shaped sample. The relative quality factor, Q was calculated f rom the r elation: Q = µi′ tan δ , w here tanδ is the l oss f actor. The D C m agnetization m easurements
were made using the SQUID magnetometer (MPMS-5S; Quantum design Co. Ltd.). B-H loops measurements
were performed at room temperature (20˚C) using an Automatic Magnetic Hysteresis Graph Tracer (Model no.
AMH-300, Laboratorio Electrofisico, Italy). The B-H loops were traced from the toroid shaped specimens with
primary and secondary windings of 40:10 ratio of enamelled copper wire using a computer assisted hysteresis
loop tracer at a constant frequency 1 kHz and sufficient high applied field to get magnetic saturation.
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3. Results and Discussion
3.1. Lattice Parameter, Density and Porosity

x = 0.0
x = 0.1
x = 0.2
x = 0.3
x = 0.4
x = 0.5

o

15

30

(400)

(311)
(222)

(220)

(111)

Intensity (a.u)

Ts-1300 C

45
2θ(degree)

(511)
(440)

Mn0.50Zn0.50CrxFe2-xO4

(422)

Figure 1 depicts t he X -ray d iffraction p atterns of v arious chromium-substituted M n-Zn ferrites. T he p atterns
exhibit typical reflection of (111), (220), (311), (222), (400), (422), (511) and (440) planes indicating the formation of cubic spinel structure of manganese ferrite. All the diffraction peaks comply with the standard peaks of
cubic s pinel ferrites. No secondary pe aks were de tected i n XR D patterns of a bove m entioned s amples w hich
ensured the phase purity of each composition. The lattice parameter was determined by using the Nelson-Riley
function, which can be expressed
as F (θ ) 1 2 cos 2 θ sin θ + cos 2 θ θ  , where θ is the Bragg’s angle. The
=
exact values of lattice parameter of each sample was estimated from the extrapolation of all peaks to F (θ ) = 0
or θ = 90 . As the Cr 3+ substitution increases, the lattice parameter decreases as shown in Figure 2. It is due to
the fact that the ionic radius of substituting Cr3+ (0.62Å) is less than that of Fe3+ (0.64Å) [19] [20]. Taking into
consideration the preference of Cr3+ to the octahedral site, the partial replacement of Fe3+ by Cr3+causes a slight
effect on the unit cell dimensions [21]. Similar result has been reported in Cr3+ doped Ni-Zn ferrite prepared by
combustion s ynthesis [13]. The l attice p arameter, es timated from X RD patterns i s t abulated i n Table 1 along
with density, porosity, average grain size and relaxation frequency for various compositions.
Figure 3 shows the effects of Cr3+ substitutions on bulk density and porosity in Mn0.50Zn0.50CrxFe2−xO4 ferrites.
The ρB decreases with increase in Cr3+ content, while porosity increases for Cr 3+ substitutions. The decrease in
ρB can be attributed to the difference in atomic weight and density of the ferrite components. The atomic weight
and density of Cr3+ (51.996 amu and 7.19 g/cm3) is less than that of Fe3+ (55.85 amu and 7.87 g/cm3) [22]. The

60

Figure 1. The XRD pa tterns f or Mn0.50Zn0.50CrxFe2−xO4
with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5.

Lattice constant, a0(Å)

8.4711

Mn0.50Zn0.50CrxFe2-xO4

8.4560
8.4409
8.4258
0.0

0.2
0.4
Cr content, x

Figure 2. The variation o f la ttice p arameter w ith Cr3+
content (x) for various Mn0.50Zn0.50CrxFe2−xO4 samples.

1225

F. Alam et al.

Table 1. The lattice parameter, density, porosity, average grain size, real part of initial permeability, coercive field, and room
temperature saturation magnetization of various Mn0.50Zn0.50CrxFe2−xO4 sintered at various temperatures in air for 5 h.
Ts (ºC)

ρB (g/cm3)

P (%)

4.652

13.5

5.085

5.48

1350

5.199

3.36

1250

4.536

12.7

4.974

4.3

1350

5.026

3.34

1250

4.519

12.4

4.765

7.6

1350

4.969

3.7

1250

4.371

15.6

4.657

10

1350

4.93

4.8

1250

4.296

17.5

4.606

12

1350

4.835

7.18

1250

4.235

18.7

4.585

12

4.776

8.33

a0 (Å)

ρth (g/cm3)

1250
0.0

0.1

0.2

0.3

0.4

0.5

1300

1300

1300

1300

1300

1300

8.4659

8.4611

8.4512

8.4448

8.4299

8.4245

5.38

5.20

5.16

5.18

5.21

5.21

1350

<D> (µm)

µi′ at (1 MHz)

Hc (A/m)

Ms at 1 T (emu/g)

5.7

299

33

54.7

4.6

281

34

51.1

4.4

219

39

45.7

3.9

191

40

43.5

3.4

181

42

32.5

3.2

82

63.6

27

Bulk density, ρB(g/cm3)

Mn0.50Zn0.50CrxFe2-xO4

12

5.0

10
ρB
P

4.8

8
6

4.6
0.0

Porosity, P (%)

x

4
0.1
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Figure 3. The variation of bulk density and porosity as
a function of Cr3+ content (x) for various
Mn0.50Zn0.50CrxFe2−xO4 sintered at 1300˚C.

increase in porosity with the addition of Cr3+ content may be due to the creation of more cation vacancies with
the reduction of oxygen vacancies [23]. It is found that the bulk densities are smaller in magnitude than corresponding theoretical densities. This may be due to the presence of pores in the samples [24].
Figure 4 shows the variation of ρB and P for Mn0.50Zn0.50Cr0.20Fe1.8O4 sintered at various sintering temperatures. It is noticed that the ρB of Mn0.50Zn0.50CrxFe2−xO4 (x = 0.20) increases with increase in sintering temperature. On the other hand, porosity has the opposite trend. It is also noticed that the ρB for all other compositions
increases with increase in sintering temperature, while the porosity of these compositions exhibit opposite behavior which has been tabulated in the Table 1. The increases in density with sintering temperature are expected.

1226

F. Alam et al.
Mn0.50Zn0.50Cr0.20Fe1.8O4

12

4.8

Porosity (%)

Density (g/cm3)

4.9

8

4.7
Density

4.6
4.5
1250

Porosity

1300

Sintering Temperature ( oC)

4
1350

Figure 4. The variation of bul k de nsity a nd p orosity
with sintering temperature for Mn0.50Zn0.50Cr0.20Fe1.8O4.

This is because during the sintering process, the thermal energy generates a force that drives the grain boundaries to grow over pores, thereby decreasing the pore volume and densifying the material.

3.2. Microstructure of Mn0.50Zn0.50CrxFe2−xO4
Magnetic properties of ferrites are dependent on their microstructures. Grain size is more important parameter
affecting t he magnetic p roperties o f ferrites. G rain g rowth i s c losely r elated t o t he g rain boundary mobility.
During grain growth there is a competition between the driving force for grain boundary movement and the retarding force exerted by the pores [25]. When the driving force of the grain boundary in each grain is homogeneous, t he s intered body a ttains a uniform gr ain s ize distribution. Discontinuous grain growth occurs i f t his
driving force is inhomogeneous. The optical micrographs of Mn0.50Zn0.50CrxFe2−xO4 ferrites are shown in Figure
5. Average grain sizes of the samples determined by the linear intercept technique are presented in Table 1. The
average grain sizes of the samples vary from 5.7 µm to 3.2 µm. The grain size decreases with increasing Cr3+
substitution. T his may be due t o t he fact t hat t he m elting point of C r (1914˚C) i s greater t han t hat o f i ron
(1538˚C). With the substitution of chromium, the appearance of smaller grains has been observed and when the
substitution level is higher the population of smaller grains is dominating over the larger grains. The size of the
bigger as well as smaller grains is decreased when the Cr3+ concentration is higher. From the microstructures, it
is also observed that the porosity is increased when the Cr3+ content is increased [26].

3.3. Magnetic Properties of Mn0.50Zn0.50CrxFe2−xO4
3.3.1. Frequency Dependence of Complex Permeability
The complex initial permeability spectra for all Mn0.50Zn0.50CrxFe2−xO4 ferrite compositions sintered at various
sintering temperatures as a function of frequency are shown in Figure 6. The µi′ decrease with increase in Cr3+
substitution in Mn0.50Zn0.50CrxFe2−xO4 ferrites. Similar trend is followed in Cr3+ substituted Li-Sb ferrites [26].
The µi′ remains steady up to a certain frequency, known as relaxation frequency (fr). It is also noticed that
there is a decrease in µi′ and increase in µi′′ above the fr. The µi′ of the samples decrease but the fr shifted
to higher values as result of Cr3+ substitutions at higher sintering temperature. The µi′ of a ferromagnetic material depends on many factors like reversible displacement of domain walls, bulging of domain walls as well as
microstructural parameters like average grain size, intragranular porosity, etc. [27]. Perduijin and Peloschek [28]
and Roess et al. [29] found a linear relation between the µi′ and grain size in Mn-Zn ferrites. The µi′ being
sensitive to many parameters, it is still difficult to draw a specific conclusion for variation of µi′ with concentration. Ho wever µi′ is f ound t o d ecreases w ith d ecreasing o f g rain s ize. The µi′ of fe rrite fo llows
µi′ ∝ M S2 D K1 , where Ms is the saturation magnetization is, K1 is the magnetocrystalline anisotropy constant and D is the average grain diameter. The decrease in µi′ with increase in Cr 3+ substitution can be attributed to the decrease in grain size and Ms which has been discussed in DC magnetization section. Decrease in
grain size also results in a decrease in the number of domain walls in each grain. The onset of relaxation frequency
(due t o domain w all o scillations) i s d rifting t owards t he higher s ide w ith t he i ncrease i n Cr 3+ concentration

(

)
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. The optical micrographs of Mn0.50Zn0.50CrxFe2−xO4 ferrites: (a) x = 0.0; (b) x = 0.1; (c) x = 0.2; (d) x = 0.3; (e) x =
0.4 and (f) x = 0.5 sintered at 1250˚C.
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Figure 6. The va riation of µi′ and µi′′ with fr equency for Mn0.50Zn0.50CrxFe2−xO4 samples si ntered at temperatures (a) 1250 (b) 1300 and (c) 1350˚C in air.

or decrease in µi′ . This agrees well with the Globus model [30].
3.3.2. Frequency Dependence of Relative Quality Factor
Figure 7 shows the frequency dependence of relative quality factor (RQF) of the samples sintered at (a) 1300˚C
and ( b) 13 50˚C. T he R QF increases wi th an i ncrease i n f requency, s howing a peak and t hen decreases. T he
variation of RQF with frequency showed a similar trend for all the samples. It is seen that RQF decreases b eyond 0.2 MHz i.e. the loss tangent is minimum up to 0.2 MHz and then it rises rapidly. The loss is due to lag of
domain wall motion with the applied alternating magnetic field and is attributed to various domain effect, which
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include n on-uniform a nd n on-repetitive domain w all motion, domain w all b owing, l ocalized v ariation of flux
density, nucleation and annihilation of domain wall [31]. The peak corresponding to maxima in quality factor
shifts to higher frequency as Cr3+ content increases up to x = 0.20, after that it decreases. RQF has the maximum
value for Mn0.50Zn0.50Cr0.20Fe1.8O4 sintered at 1300˚C.

3.3.3. DC Magnetization
The magnetization (M) as a function of applied magnetic field (H) for various Mn0.50Zn0.50CrxFe2−xO4 (with x =
0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) measured at room temperature (300 K) are shown in Figure 8. The magnetization
of all samples increases linearly with increasing the applied magnetic field up to 0.1 T. Beyond this applied field
magnetization increases slowly and then saturation occurs. The saturation magnetization, Ms, for all sample are
determined by the extrapolation of magnetization curve to µ0 H = 0 .
L. Néel [32] considered three kinds of exchange interactions between unpaired electrons of two ions lying: (i)
both ions at A sites (AA interaction), (ii) both ions at B sites (BB interaction), and (iii) one at a site and the other
at B site (AB interaction). AB interaction strongly predominates over AA and BB interactions. The AB interaction a ligns a ll the m agnetic s pins a t A s ite in one d irection a nd t hose a t B s ite i n opposite d irection. T he net
magnetic moment of the lattice is therefore the difference between the magnetic moments of B and A sublattices,
i.e, M = MB − MA. The saturation magnetization is observed to decrease with increasing paramagnetic Cr3+ content throughout the concentration range studied. It is well known that Cr 3+ ions preferably occupy B sites [33].
As the number of Fe3+ ions at B sites continuously decreases, the magnetization of B sub lattice decreases which
results into the observed decrease in saturation magnetization. A similar decrease was reported in Mn-Zn-Cr [34]
and Mg-Mn-Cr ferrites [35].
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Figure 7. The variation of Relative Quality Factor (RQF) with frequency for
Mn0.50Zn0.50CrxFe2−xO4 samples sintered at (a) 1300 and (b) 1350ºC.
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Figure 10. The va riation of Hc and µi′ for va rious Mn 0.50Zn0.50CrxFe2−xO4 for va rious Cr3+ content.

The hysteresis loops of the Mn-Zn-Cr ferrite were recorded by a computer interfaced hysteresis loop tracer at
room temperature at constant frequency f = 1 kHz. Figure 9 shows the B-H loops of the samples of the composition Mn0.50Zn0.50CrxFe2−xO4 sintered at 1300˚C. The inclusion of Cr3+ enhances the hysteresis l oop, w hich in
turn increased coercive field (Hc), favoring its application in high frequency transformer. The addition of Cr3+
reduced the Ms as expected as it reduces the density of magnetic ions at B site. Hc increases due to the increase
of magnetocrystalline anisotropy [36]. It is well known that the shape and size of a B-H loop depends not only
on the chemical composition but also on several microstructural properties like grain size, porosity and nature of
the pores [37]. Hc is inversely proportional to initial permeability µi′ of the ferrite system as shown in Figure
10. Our present observations of compositional variation of Hc with µi′ agree with the reported value [38] [39].

4. Conclusion
Substitution of Cr3+ in Mn-Zn f errite r esults in slight shrinkage of the unit cell. D, ρB, µi′ , as w ell as Ms decrease with Cr3+ content. As µi′ decreases the f r of the samples shifts towards the higher frequency up to a
particular Cr 3+ content. The f r indicates the operational frequency limit of the ferrites in applications, so it is
preferable to p ush this f requency to the hi gher frequency r egion. I n o ur pr esent investigation op erational frequency range is increased with a particular Cr3+ substitution. Saturation magnetization decreased with Cr3+ content whereas Hc was found to increase at the Cr3+ rich Mn-Zn ferrites.
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ABSTRACT
Mn0.50-xZn0.50CuxFe2O4 (where x = 0.0 - 0.3) ferrites have been synthesized by auto combustion method. X-ray diffraction patterns reveal that all compositions are of single phase cubic spinel structure. The lattice parameter decreases with
the increase in Cu2+ content obeying the Vegard’s law. The bulk density, average grain size, initial permeability, Néel
temperature and saturation magnetic induction of Mn0.50-xZn0.50CuxFe2O4 increased with increasing Cu2+content. It is observed that both density and initial permeability increase with increasing sintering temperature. The maximum initial
permeability is found to be 1061 which is almost four times greater than that of the parent composition. The resonance
frequency of all the samples shifts towards the lower frequency as the permeability increases with Cu2+ content. It is
observed from B-H loops of Mn0.50-xZn0.50CuxFe2O4 that coercivity decreases and retentivity increases with Cu2+ content.
Possible explanations for the observed magnetic properties with various Cu2+ contents are discussed.
Keywords: Combustion Method; Mn-Cu-Zn Ferrites; Initial Permeability; B-H Loop

1. Introduction
Polycrystalline spinel ferrites are technologically very
important materials having potential applications and
interesting physical properties. Mn-Zn and substituted
Mn-Zn ferrites are pertinent magnetic materials due to
their high permeability, high magnetization, relatively
high Néel temperature, low losses, low cost and environmental stability. These ferrites have been widely used
in electrical and magnetic devices for high frequency
applications [1-4]. The physical and magnetic properties
can be controlled by the preparation condition, chemical
composition, sintering temperature and the amount of
substitutions. Several investigations on the properties of
Ni-Mn-Zn [5], Ni-Cu-Zn [6], Mg-Cu-Zn [7], Co-Mn-Zn
[8] ferrites have been reported. It was found that the poor
densification and slow grain growth rate can be remarkably improved and consequently initial permeability can
be enhanced by the substitution of Cu [9]. No report has
been found in the literature regarding the magnetic prop*
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erties of Cu substituted Mn-Zn ferrites for Mn prepared
by combustion method. In the present work, the influence of Cu2+ in place of Mn2+ on the properties of Mn-Zn
ferrites has been investigated by studying the structure
and some magnetic properties.

2. Experimental
The chemical compositions of Mn0.50-xZn0.50CuxFe2O4
(with x = 0.0 - 0.3 at a step of 0.1) were prepared by
combustion method. The stoichiometric amounts of
commercially available analytical grade powders of
MnCl2·4H2O, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O and Fe
(NO3)3·9H2O were dissolved in ethanol to obtain a mixed
homogenous solution. Ammonia solution was slowly
added to adjust the pH at level 7. The solution was
placed at constant temperature bath (70˚C) followed by
an ignition and formed a fluffy loose powders of the desired composition. The resultant powders were calcined
at 700˚C for five hours in air. The grounded fine powders
were then pressed into disc- and toroid-shaped samples.
The samples prepared from each composition were sinMSA
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3.1. Structural Analysis of Mn0.50-xZn0.50CuxFe2O4
Figure 1 shows the X-ray diffraction (XRD) patterns for
various Mn0.50-xZn0.50CuxFe2O4 (with x = 0.0 - 0.3 at a
step of 0.1) sintered at 1250˚C. The positions of the
peaks for the various compositions indicate a single
phase cubic spinel crystal structure. It is seen that a0 deOpen Access
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where  is the Bragg’s angle. The exact values of lattice constant, a0 were estimated from the extrapolation of
the best fitted line to F    0 or  = 90˚. The bulk
density,  B was determined using the expression
 B  W    W  W  , where W and W  are the weight
of the sample in air and water, respectively and ρ is the
density of water at room temperature. The theoretical
density, th was calculated using the relation:
th  ZM N A a3 , where NA is Avogadro’s number, M
is the molecular weight of the corresponding composition
and Z is the number of molecules per unit cell, which is 8
for the spinel cubic structure. The porosity, P was calculated from the relation P  %    th   B  th   100 .
The micrographs of Mn0.50-xZn0.50CuxFe2O4 were taken
by a Scanning Electron Microscope (SEM). From these
micrographs, the average grain size (D) was estimated by
the linear intercept method. The frequency and temperature dependent complex initial permeability were measured using Wayne Kerr Impedance Analyzer (Model
No.6500B) in the frequency range 100 Hz - 120 MHz.
The real part ( i/ ) and the imaginary part ( i/ / ) of the
complex initial permeability were calculated using the
following relations i/  Ls Lo ,and i/ /  i/ tan  ,
where Ls is the self inductance of the sample core and
Lo  o N 2 h 2 ln  ro ri  , is derived geometrically.
Lo is the inductance of the winding coil without the
sample core, N is the number of turns of the coil (N = 4),
h is the thickness, ro is the outer radius and ri is the
inner radius of the toroid-shaped sample. The relative
quality factor (RQF) was calculated from the relation:
RQF  i/ tan  , where tan is the loss factor. B-H
loops were measured at room temperature using an Automatic Magnetic Hysteresis Graph Tracer (Model no.
AMH-300, Laboratorio Electrofisico).

(220)

F    1 2 cos 2  sin   cos 2    ,

creases linearly with increasing Cu2+ content and obeys
Vegard’s law [11].
The variation of a0 as a function of Cu2+ content is
shown in Figure 2. The values of a0 are shown in Table
1. The decreasing a0 with Cu2+content may be explained
in terms of ionic radii. As the ionic radius of Mn2+ (0.80
Å) ion is larger than that of Cu2+ (0.72 Å), a0 decreases.
[8,9,12]. As the smaller Cu2+ ions replace the bigger
Mn2+ ions in Mn0.50-xZn0.50CuxFe2O4, the unit cell compresses without disturbing the symmetry of lattice [13].
A similar linear variation has been reported by Ravinder et al. [14]. The r-variant for Mn0.50-xZn0.50CuxFe2O4
was calculated by the expression: r-variant = (0.50-x)rMn
+ xrCu ,where rMn and rCu are the radii of the Mn2+ and
Cu2+ respectively. It is found that the r-variant decreases
with increase in Cu2+ content which is also shown in
Figure 2.
Figure 3 shows the effect of Cu2+ substitutions on th
and  B in Mn0.50-xZn0.50CuxFe2O4 sintered at various
sintering temperatures, Ts. It is found that th is larger
in magnitude than corresponding  B . This is because

(111)

tered at 1200˚C, 1250˚C and 1300˚C for five hours in air.
During sintering, temperature ramps were 10˚C/min for
heating and 5˚C/min for cooling. The structural characterization was carried out with an X-ray diffractometer
using CuKα radiation (λ = 1.54178Å). The lattice parameter was determined by using the Nelson-Riley extrapolation method [10]. The lattice parameters obtained
from each reflected plane were plotted against NelsonRiley function,

Intesity (a.u)

832
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Figure 2. Variation of lattice parameter and r-variant of
Mn0.50-xZn0.50CuxFe2O4 with Cu2+ content.
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Table 1. Lattice parameter, density, porosity, average grain size, initial permeability, resonance frequency, residual and
saturation inductions, coercive field and Néel temperature of various Mn0.50-xZn0.50CuxFe2O4 sintered at different sintering
temperatures.
Ts
(˚C)

a0
(Å)

th

B

(g/cm3)

(g/cm3)

P
(%)

D
(μm)

i/

fr
(Hz)

4.72

8.9

2.0

220

5.3 × 105
5

1200

0.2

0.3

4.77

8.7

240

4.5 × 10

1300

4.85

7.7

285

4.2 × 105

1200

4.79

7.6

440

4.7 × 105

4.86

7.0

560

2.6 × 105

1300

4.95

6.0

600

2.3 × 105

1200

4.83

6.8

530

1.8 × 105
5

1250

1250

8.4556

8.4471

5.22

2.8

4.93

5.6

620

1.7 × 10

4.99

4.8

800

1.4 × 105

1200

4.87

6.1

675

1.0 × 105

4.98

4.5

800

9.0 × 104

5.04

4.2

900

7.5 × 104

1300

8.4212

5.26

2.3

1300

1250

8.4351

5.18

5.30

some pores may be developed in the samples during sintering process. It is also found that both ρth and ρB increase with increase in Cu2+ content while the P follows
the opposite trend. The increase in ρB can be attributed to
the difference in atomic weight and specific gravity of
the Cu and Mn. The atomic weight and specific gravity
of Cu (63.55 amu and 8.94 g·cm−3) is greater than that of
Mn (55.94 amu and 7.21 g·cm−3) [15]. Also Cu2+ promotes densification of Mn0.50-xZn0.50CuxFe2O4 during low
sintering temperature. These combined factors may contribute to the enhancement of ρB for various
Mn0.50-xZn0.50CuxFe2O4 [16,17]. Similar results have been
reported by Haque et al. [7]. On the other hand, P of
Mn0.50-xZn0.50CuxFe2O4 reduces due to increasing ρB. It is
revealed from Figures 3(a) and (b) that ρB increases and
P decreases with increasing Ts for various
Mn0.50-xZn0.50CuxFe2O4. This is because during the sintering process, the thermal energy generates a force that
drives the grain boundaries to grow over pores, thereby
decreasing the pore volume and increases the density of
the compositions. These results agree well with the reported value [7,18]. The increase in ρB and decrease in P
for various Mn0.50-xZn0.50CuxFe2O4 with the addition of
Cu2+ for various Ts are tabulated in Table 1.
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(T)

Hc
(A/m)

TN
(˚C)
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(b)

3.2. Microstructure of Mn0.50-xZn0.50CuxFe2O4

Figure 3. Variation of (a) density and (b) porosity of
Mn0.50-xZn0.50CuxFe2O4 as a function of Cu2+ content.

The scanning electron micrographs as shown in Figure 4
reveal that the grain size is influenced by the Cu2+ substitution, where the grain size increases with increase in
Cu2+ content in Mn0.50-xZn0.50CuxFe2O4 sintered at
1200˚C. The D of Mn0.50-xZn0.50CuxFe2O4 varies from 2
μm to 4 μm at constant Ts.

The values of D are presented in Table 1. Figure 5
shows the micrographs of Mn0.40Zn0.50Cu0.10Fe2O4 at different Ts. It is seen that the D increases with increasing
Ts. The grain size increases with increase in Cu2+ due to
the melting point of copper (1084˚C) is less than that of
manganese (1246˚C). During sintering Cu2+ influences

Open Access

MSA

Structural and magnetic properties of Mn0.50-xZn0.50CuxFe2O4

834

the microstructure by the formation of liquid phase. It
facilitates the grain growth and grain growth reflects the
competition between the driving force for grain boundary
movement and the retarding force exerted by pores [19,
20]. D increases with Ts because of homogeneous grain
growth.

3.3. Magnetic Properties of
Mn0.50-xZn0.50CuxFe2O4
3.3.1. Frequency Dependent Complex Initial
Permeability
Figure 6 shows the complex initial permeability spectra

x= 0.0

x= 0.1

for all Mn0.50-xZn0.50CuxFe2O4 (where x = 0.0 to 0.3 at a
step of 0.1) sintered at 1200˚C, 1250˚C and 1300˚C, respectively as a function of frequency.
The complex permeability is given by   i/  i/ / .
Here i/ describes the stored energy expressing the
component of magnetic induction B in phase and i/ /
describes the dissipation of energy expressing the component 90˚ out of phase with the alternating magnetic
field H. It is found that i/ increases with increasing
Cu2+ content for various Mn0.50-xZn0.50CuxFe2O4 at constant Ts. It is also observed that i/ increases with increasing Ts. Highest i/ was obtained 1061 for
Mn0.20Zn0.50Cu0.30Fe2O4 at frequency 103 Hz sintered at
1300˚C. i/ remains almost constant in the frequency
range up to a certain frequency, which is called the resonance frequency, fr. There is a decrease in i/ and increase in i/ / above fr observed for various
Mn0.50-xZn0.50CuxFe2O4. The fr is the range of frequency
of the compositions up to which these can be used efficiently. The values of i/ and fr for all samples sintered
at various Ts are presented in Table 1.
It is observed from Figure 7 that the i/ increases
and fr shifted towards the lower frequency with Cu2+ in
Mn/ 0.50-xZn0.50CuxFe2O4 at different Ts. The increasing
 i and shifting f to lower frequency at constant T
r
s
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Figure 4. Scanning electron micrographs of
Mn0.50-xZn0.50CuxFe2O4 sintered at 1200˚C.
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Figure 5. Scanning electron micrographs of
Mn0.40Zn0.50Cu0.10Fe2O4 for various sintering temperatures.
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Figure 6. Frequency dependent Complex initial permeability of Mn0.50-xZn0.50CuxFe2O4 at various Ts.
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Figure 8. The initial permeability of Mn0.50-xZn0.50CuxFe2O4
with Cu2+ content at different frequencies sintered at (a)
1200˚C, (b) 1250˚C and (c) 1300˚C.
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3.3.2. Temperature Dependent Permeability
The i/ as a function of temperature for various
Mn0.50-xZn0.50CuxFe2O4 sintered at 1200˚C is shown in
Figure 10(a).
It is observed that there is a sudden drop in i/ at
Néel temperature, TN, where the magnetic state of the
ferrite changes from ferrimagnetic to paramagnetic state.
This is because at TN, the thermal agitation is so high that
it reduces the alignment of the magnetic moment along a
given axis to zero [29]. Figure 10(b) shows the variation
of TN with Cu2+ content. It is observed that TN increases

0.3

Figure 7. The variation of initial permeability and resonance frequency of Mn0.50-xZn0.50CuxFe2O4 at different Ts.
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Figure 9. The RQF of Mn0.50-xZn0.50CuxFe2O4 with Cu2+
content sintered at 1200˚C, 1250˚C and 1300˚C.
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follows the Snoek’s relation [21]. The i/ of ferrites
depends on many factors like reversible domain wall
displacement, the amount and the type of dopant ions, D
and intragranular porosity, etc [22-24]. It is well known
that i/ of polycrystalline ferrite is related to two magnetizing mechanisms: domain wall motion and spin rotation [25-27]. Globus et al. [22] studied several Ni-Zn
ferrites and found a linear relationship between i/ and
D. Kakaktar et al. [28] studied the effect of D on i/
and found that i/ D. The i/ can be expressed by
Globus-Duplex relation i/  M S2 D K1 , where Ms is
the saturation magnetization; K1 is the anisotropy constant [22]. In our present study of microstructure, it is
seen that the D increases significantly with Cu2+ content.
Therefore, the increase of i/ with increasing Cu2+ content is justified. The increasing i/ with Ts is due to
increase in both  B and D.
Figure 8 shows the variation of i/ with Cu2+ content
at different frequencies for various
Mn0.50-xZn0.50CuxFe2O4 sintered at 1200˚C, 1250˚C and
1300˚C. It is found that i/ decreases at higher frequencies. This is due to the fact that at higher frequencies
impurities between grains and intragranular pores act as
pinning points and increasingly hinder the motion of spin
and domain walls thereby decreasing their contribution to
permeability and also increasing the loss [22].
For practical application the quality factor is often
used as a measure of performance. The RQF increases
with an increase of frequency, showing a peak and then
decreases with further increase in frequency as shown in
Figure 9. The variation of RQF with frequency showed a
similar trend for all the samples. It is observed that the
sample sintered at 1250˚C has the highest RQF (5420)
for Mn0.40Zn0.50Cu0.10Fe2O4. The highest RQF for
Mn0.20Zn0.50Cu0.30Fe2O4 is 5420 sintered at 1250˚C. This
is probably due to the growth of less imperfection and
defects compared to those of other samples [9].
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ions can occupy both A- and B-sites. Substitution of Cu2+
in place of Mn2+ results into migration of some of Fe3+
from A- to B-site. The change in Br (residual induction)
and Bs with Cu2+ content are shown in Figure 12(b). The
coercive field (Hc) for each sample has been measured
from the B-H loops of Mn0.50-xZn0.50CuxFe2O4 which is
shown in Figure 12(b). It is observed that Hc decreases
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Figure 11. (a) B-H loops of Mn0.50-xZn0.50CuxFe2O4 (b) B-H
loops at low field sintered at 1200˚C.
0.24

0.10
Bs
0.08

0.20

Br

0.06

0.16

Mn0.50-xZn0.50CuxFe2O4
0.04

0.12
0.0

0.1
0.2
Cu content, x

0.3

(a)

45
40

Mn0.50-xZn0.50CuxFe2O4

Hc

3.3.3. B-H Loops of Mn0.50-xZn0.50CuxFe2O4
Figure 11(a) shows the B-H loops of
Mn0.50-xZn0.50CuxFe2O4 sintered at 1200˚C at constant
frequency 1000 Hz and Figure 11(b) is the B-H loops
for low field.
The magnetic induction, B of all samples increases
linearly with increase in applied magnetic field up to 120
A/m (depending on compositions). Beyond 120 A/m, B
increases slowly and then reaches to the saturation induction, Bs. Increasing B with applied low field H indicates
that all compositions are in ferromagnetic state at room
temperature. From the loops Bs has been calculated. It is
observed that Bs increases with increasing Cu2+ content
which is shown in Figure 12(a).
The variation in saturation magnetization with Cu2+
content could be explained by cation distribution and
exchange interaction. It is well known that Zn2+ ion has
strong A-site occupancy, Mn2+ ions prefer to go both
sites (80% A- and 20% B-sites) [16]. Also Cu2+ and Fe3+

40

(b)

Bs

With increase in Cu2+ substitution for Mn2+ in
Mn0.50-xZn0.50CuxFe2O4 due to strengthening of A-B interaction between the two sublattices. This could be attributed to the decrease in distance (hooping length) between the magnetic ions of A- and B-sites and is confirmed by the decrease in the lattice parameter with increase in Cu2+ content as shown in Figure 2. The shorter
distance between magnetic cations leads to the increase
in A-B interaction and consequently TN increases.

0.05
B(T)

Figure 10. (a) The temperature dependent initial permeability and (b) Néel temperature of Mn0.50-xZn0.50CuxFe2O4
with Cu2+ content sintered at 1200˚C.
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Figure 12. (a) The Bs and Br and (b) Coercive field of
Mn0.50-xZn0.50CuxFe2O4 with Cu2+ content sintered at
1200˚C.
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with increase in Cu2+ content, whereas i/ increases.
Mazen and Abu-Elsaad reported that Hc is directed to
gradually decreasing with D [29]. Our experimental result is in agreement with the reported value. Therefore,
samples having larger grains are expected to have lower
H c.

4. Conclusion
Substitution of Cu2+ causes appreciable change in the
structural and magnetic properties of the Mn-Cu-Zn ferrites. The XRD patterns confirm single phase cubic spinel structure of Mn0.50-xZn0.50CuxFe2O4. The a0 decreases
with the increase in Cu2+ content while  B , D, i/ and
TN increase with the increase in Cu2+. The Hc decreases
with the increase in Cu2+ content. i/ is greatly enhanced from 258 to 1061 (400%). The highest RQF
(5420) has been found for the sample
Mn0.20Zn0.50Cu0.30Fe2O4 sintered at 1250˚C. These ferrites
are important and suitable for technological applications
because of their high permeability.

REFERENCES
[1]

[2]

K. Praveena, K. Sadhana, S. Bharadwaj and S. R. Murthy,
“Developement of Nanocrystalline Mn-Zn Ferrites for
High Frequency Transformer Applications,” Journal of
Magnetism and Magnetic Materials, Vol. 321, 2009, pp.
2433-2437.
http://dx.doi.org/10.1016/j.jmmm.2009.02.138
P. Mathur, A. Thakur and M. Singh, “Low Temperature
Synthesis of Mn0.4Zn0.6In0.5Fe1.5O4 Nano Ferrite for HighFrequency Applications,” Journal of Physics and Chemistry of Solids, Vol. 69, No. 1, 2008, pp. 187-192.
http://dx.doi.org/10.1016/j.jpcs.2007.08.014

[3]

J. Kalarus, G. Kogias, D. Holz and V. T. Zaspalis, “High
Permeability-High Frequency Stable MnZn Ferrites”,
Journal of Magnetism and Magnetic Materials, Vol. 324,
No. 18, 2012, pp. 2788-2794.
http://dx.doi.org/10.1016/j.jmmm.2012.04.011

[4]

A. Goldman, “Modern Ferrite Technology,” Van Nostrand
Reinhold, New York, 1990.

[5]

Amarendra K. Singh, Abhishek K. Singh, T. C. Goel and
R. G. Mendiratta, “High Performance Ni-Substituted MnZn Ferrites Processed by Soft Chemical Technique”,
Journal of Magnetism and Magnetic Materials, Vol. 281,
No. 2-3, 2004, pp. 276-280.
http://dx.doi.org/10.1016/j.jmmm.2004.04.115

[6]

H. Su, H. W. Zhang, X. L. Tang and X. Y. Xiang, “HighPermeability and High-Temperature NiCuZn Ferrite”,
Journal of Magnetism and Magnetic Materials, Vol. 283,
No. 2-3, 2004, pp. 157-163.
http://dx.doi.org/10.1016/j.jmmm.2004.05.017

[7]

M. Manjurul Haque, M. Huq and M. A. Hakim, “Influence of CuO and Sintering Temperature on the Microstructure and Magnetic Properties of Mg-Cu-Zn Ferrites,”
Journal of Magnetism and Magnetic Materials, Vol. 320,
No. 21, 2008, pp. 2792-2799.

Open Access

837

http://dx.doi.org/10.1016/j.jmmm.2008.06.017
[8]

M. H. R. Khan and A. K. M. Akther Hossain, “Reentrant
Spin Glass Behavior and Large Initial Permeability of
Co0.5-xMnxZn0.5Fe2O4,” Journal of Magnetism and Magnetic Materials, Vol. 324, No. 4, 2012, pp. 550-558.
http://dx.doi.org/10.1016/j.jmmm.2011.08.039

[9]

A. K. M. Akther Hossain and M. L. Rahman, “Enhancement of Microstructure and Initial Permeability Due to Cu
Substitution in Ni0.50-xCuxZn0.50Fe2O4 Ferrites,” Journal
of Magnetism and Magnetic Materials, Vol. 323, No. 15,
2011, pp. 1954-1962.
http://dx.doi.org/10.1016/j.jmmm.2011.02.031

[10] J. B. Nelson and D. P. Riley, “An Experimental Investigation of Extrapolation Methods in the Dimensions of
Accurate Unit-Cell,” Cambridge, 1944.
[11] L. Vegard, “The Constitution of Mixed Crystals and the
Space Occupied by Atoms,” Zeitscchrift fur Physik, Vol.
5, No. 17, 1921, pp. 17-26.
[12] R. D. Shanon and C. T. Prewitt, “Effective Ionic Radii in
Oxides and Fluorides,” Acta Crystallographica, Vol. 25,
No. B, 1969, pp. 925-946.
[13] V. G. Patil, Sagar E. Shirsath, S. D. More, S. J. Shukla
and K. M. Jadhav, “Effect of Zinc Substitution on Structural and Elastic Properties of Cobalt Ferrites,” Journal of
Alloys and Compounds, Vol. 488, No. 1, 2009, pp. 199203. http://dx.doi.org/10.1016/j.jallcom.2009.08.078
[14] D. Ravinder, L. Balachander and Y. C. Venudhar, “Electrical Conductivity in Manganese Substituted Lithium
Ferrites,” Materials Letters, Vol. 49, No. 5, 2001, pp.
267-271.
http://dx.doi.org/10.1016/S0167-577X(00)00381-5
[15] D. R. Lide, “CRC Handbook of Chemistry and Physics,”
76th Edition, CRC Press, Boca Raton, 1995.
[16] S. E. Shirsath, B. G. Toksha, R. H. Kadam, S. M. Patage,
D. R. Mane, G. S. Jangam and A. Ghashemi, “Doping
Effect of Mn2+on the Magnetic Behavior in Ni-Zn Ferrite
Nanoparticles Prepared by Sol-Gel Auto-Combustion,”
Journal of Physics and Chemistry of Solids, Vol. 71, No.
12, 2010, pp. 1669-1675.
http://dx.doi.org/10.1016/j.jpcs.2010.08.016
[17] M. Manjurul Haque, M. Huq and M. A. Hakim, “Densification, Magnetic and Dielectric Behavior of Cu-Substituted Mg-Zn Ferrites,” Materials Chemistry and Physics,
Vol. 112, No. 2, 2008, pp. 580-586.
http://dx.doi.org/10.1016/j.matchemphys.2008.05.097
[18] S. R. Murthy, “A Study of Ultrasonic Velocity and Attenuation on Polycrystalline Ni-Zn Ferrites,” Bulletin of
Material Science, Vol. 24, No. 6, 2001, pp. 611-616.
http://dx.doi.org/10.1007/BF02704009
[19] K. O. Low and F. R. Sale, “Electromagnetic Properties of
Gel-Derived NiCuZn Ferrites,” Journal of Magnetism
and Magnetic Materials, Vol. 246, No. 1-2, 2002, pp. 3035. http://dx.doi.org/10.1016/S0304-8853(01)01390-7
[20] M. I. Mendelson, “Average Grain Size in Polycrystalline
Ceramics,” Journal of American Ceramic Society, Vol. 52,
No. 8, 1969, pp. 443-446.
http://dx.doi.org/10.1111/j.1151-2916.1969.tb11975.x
[21] J. L. Snoek, “Dispersion and Absorption in Magnetic
MSA

Structural and magnetic properties of Mn0.50-xZn0.50CuxFe2O4

838

Ferrites at Frequencies above One Mc/s,” Physica, Vol.
14, No. 4, 1948, pp. 207-217.
http://dx.doi.org/10.1016/0031-8914(48)90038-X
[22] A. Globus, P. Duplex and M. Guyot, “Determination of
Initial Magnetization Curve from Crystallites Size and
Effective Anisotropy Field,” IEEE Transactions Magazine, Vol. 7, No. 3, 1971, pp. 617-622.
http://dx.doi.org/10.1109/TMAG.1971.1067200
[23] T. Nakamura, “Low Temperature Sintering of Ni-Zn-Cu
Ferrite and Its Permeability Spectra,” Journal of Magnetism and Magnetic Materials, Vol. 168, 1997, pp. 285-291.
http://dx.doi.org/10.1016/S0304-8853(96)00709-3
[24] J. Smit and H. P. J. Wijn, “Ferrites,” Philips’ Technical
Library, 1959.
[25] J. Hu and M. Yan, “Preparation of High-Permeability
NiCuZn Ferrite,” Journal of Zhejiang University Science
B, Vol. 6, No. 6, 2005, pp. 580-583.
[26] T. Tsutaoka, M. Ueshima, T. Tokunaga, T. Nakamura and
K. Hatakeyama, “Frequency Dispersion and Temperature

Open Access

Variation of Complex Permeability of Ni-Zn Ferrite
Composite Materials,” Journal of Applied Physics, Vol.
78, No. 6, 1995, pp. 3983-3991.
http://dx.doi.org/10.1063/1.359919
[27] E. P. Wohlfarth, “Ferromagnetic Materials: A Handbook
on the Properties of Magnetically Ordered Substances,”
Elsevier Science, 1980.
[28] S. V. Kakatkar, S. S. Kakatkar, R. S. Patil, A. M. Sankpal,
N. D. Chaudhari, P. K. Maskar, S. S. Suryawanshi and S.
R. Sawant, “Effect of Sintering Conditions and Al3+ Addition on Wall Permeability in Ni1-xZnxAltFe2-tO4 Ferrites,” Materials Chemistry and Physics, Vol. 46, 1996,
pp. 96-99.
http://dx.doi.org/10.1016/0254-0584(96)01746-4
[29] S. A. Mazen and N. I. Abu-Elsaad, “Structural and Some
Magnetic Properties of Manganese-Substituted Lithium
Ferrites,” Journal of Magnetism and Magnetic Materials,
Vol. 324, No. 20, 2012, pp. 3366-3373.
http://dx.doi.org/10.1016/j.jmmm.2012.05.056

MSA

Effect of Mn Substitution on the Structural and
Magnetic Properties of Co0.5-xMnxZn0.5Fe2O4
Ferrites
M. H. R. Khana,d, F. Alamb, M. A. Hakimc, Sk. Manjura Hoquec and A.
K. M. Akther Hossaind
a

Department of Arts and Sciences, Ahsanullah University of Science and Technology, Dhaka-1208,
Bangladesh.
b
School of Engineering and Computer Science, Independent University, Dhaka-1212, Bangladesh
c
Materials Science Division, Atomic Energy Centre, Dhaka 1000, Bangladesh
d
Department of Physics, Bangladesh University of Engineering and Technology, Dhaka-1000,
Bangladesh.
Abstract. Polycrystalline Co0.50-xMnxZn0.5Fe2O4, with various amount of Mn substitution has
been synthesized by conventional solid-state reaction technique. Pellet and toroid-shaped
samples were prepared from each composition and sintered at different temperatures in air for 5
hours. The structural and surface morphology of the samples were characterized by X-ray
diffraction and high resolution optical microscope. Spinel structure is formed for all the samples.
Lattice constants increase with increasing Mn content and obey the Vegard’s law. The
microstructural study shows that both sintering temperatures and cations substitutions have great
influence on the average grain size. The M-H loops of all samples were measured. The studies of
magnetic properties show that the saturation magnetization, Ms, strongly depends on the Mn
content. Variation of complex permeability has been investigated over a wide range of frequency
(100 kHz-100MHz). The real part of the initial permeability, i increases with increasing Mn
content.
Keywords: Co-Mn-Zn ferrite, microstructure, magnetization and initial permeability.
PACS: 75.50Gg, 75.47.Lx

INTRODUCTION
Ferrites have many applications in high-frequency devices, and they play a useful
role in technological and magnetic applications because of their high electrical
resistivity and sufficiently low eddy current losses over a wide range of frequencies
[1-6]. Specially, cobalt ferrites are known to be a good candidate for high frequency
devices, memory core and magnetic recording media because of their unique physical
properties such as high coercive force (Hc), moderate saturation magnetization (MS),
high NÆel temperature (TN), high resistivity and negligible eddy current losses [7-8].
Crystallographically, cobalt ferrite has two magnetic sublattices which originate from
the magnetic interaction between cations with magnetic moment situated in tetrahedral
A-site and octahedral B-sites in AB2O4 crystal structure [2-4]. It shows various
magnetic properties depending on the composition and cation distribution. Depending
on A-sites and B-sites cations it can exhibit ferromagnetic, antiferromagnetic, spin
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(cluster) glass, and paramagnetic behaviour [3]. Many researchers have been
investigated the basic properties i.e. structural, magnetic, electrical, TN and dielectric
properties of Zn substituted Co-ferrites [9-11]. Detailed study on Zn-substituted
CoFeCrO4 is reported in Ref. [12]. No research work has been reported on Mnsubstituted Co0.5-xMnxZn0.5FeO4 spinel ferrites. In our present work we are interested
to investigate the effect of substitution of Mn2+ (instead of Co) on magnetic and
structural properties of Co0.5-xMnxZn0.5Fe2O4 spinel ferrites.

EXPERIMENTAL
Powders of Co0.5-xMnxZn0.5Fe2O4 were prepared by standard solid-state reaction
technique. High purity powders of CoCO3, MnO, ZnO, and Fe2O3 were mixed
thoroughly in an appropriate amount. Mixing was performed in both dry and acetone
media. The mixed powders were calcined at 900ÇC for 5 hours in air. After
calcinations toroid and disk shaped samples were prepared under a pressure of 6000
P.S.I and sintered at 1200ÇC in air. The lattice parameter for each peak of each sample
was calculated by using the formula a = d h 2 + k 2 + l 2 , where h, k and l are the
indices of the crystal planes. The bulk density the samples were determined using
Archimedes principle. The initial permeability (μi) were calculated using the formula:
μi= Ls/Lo, where Ls is the self inductance of the toroid shaped sample and Lo=
(μoN2t/2π)ln( Ro/Ri). Lo is the inductance of the winding coil without the sample core,
N is the number of turns of the coil (N = 5), t is the thickness, Ro is the outer radius
and Ri is the inner radius of the toroidal sample.

FIGURE 1. X-ray diffraction patterns of Co0.5-xMnxZn0.5Fe2O4 sintered at 1200ÇC in air. (b) lattice
parameter as a function of Mn content of Co0.5-xMnxZn0.5Fe2O4 spinel ferrites sintered at 1200ÇC in air.

RESULTS AND DISCUSSION
The X-ray diffraction patterns of Co0.5-xMnxZn0.5Fe2O4 samples sintered at 1200ÇC
are presented in the figure 1. The peaks can be indexed to (111), (220), (311), (222),
(400), (422), and (511) planes of a cubic unit cell, which correspond to cubic spinel
structure. Lattice parameter, determined with the help of Nelson-Riley extrapolation
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methods [6], increases with increasing Mn content as shown in the figure 1(b). This is
explained on the basis of the ionic radii. The ionic radius of Mn2+ (0.8 ) is greater
than that of the Co2+(0.72 ).
The microstructural study was performed in order to have an insight of the grain
structures. The grain size for the compositions were measured by using high resolution
optical Microscope (Olympus DP 70). Average grain sizes (grain diameter) of the
samples were determined from optical micrographs by linear intercept technique. It is
observed that grain size of all the samples increase with increasing sintering
temperatures and Mn content. During the sintering process, the thermal energy
generates a force that drives the grain boundaries to grow over pores, thereby
decreasing the pore volume and densification the material [6].

Figure 2. Frequency dependence of i for Co0.50-xMnxZn0.5Fe2O4 ferrites as a function of Mn
content sintered at 1200ÇC.

It is observed that μi increases with increasing Mn concentration. This can be
attributed to the increase in the average grain size of the ferrite as Mn concentration
increases. This behavior can be explained using the following approximate equation
M 2S D
, Globus-Duplex relation, where Ms is the
for the initial permeability [7]: μi =
K
saturation magnetization, D is the average grain diameter, and K is the
magnetocrystalline anisotropy constant. According to the above results, both M and
average grain diameter increase as Mn content increases. This leads to an increase in
the value of i.

CONCLUSIONS
Single phase cubic spinel structures of Co0.5-xMnxZn0.5Fe2O4 ferrites were successfully
synthesized. Lattice parameter and average grain diameter increase with increasing
Mn content. The initial permeability of these compositions is found to increase as
increase of Mn substitution.
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