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Abstract

The study of the magnetic and structural properties of CoSn,Fe; ,04 (0 < z < 1)
and Mo 5NigsFesO4 (M= Mg, Ca, Sr, Ba) synthesized by the glycol-thermal route
has been carried out. The structural properties were investigated using Fourier
transform infrared (FTIR) and X-ray diffraction (XRD) measurements. XRD and
FTIR data confirmed the formation of a single phase cubic spinel structure in the
samples synthesized. The Scherrer formula helped in determining the crystallite
sizes of the oxides found in the ranges between 10 nm and 23 nm. The lattice pa-
rameters of the CoSn,Fey 04 (0 < x < 0.5) were observed to be increasing with
an increase in z. The lattice parameters in the Mg 5NigsFe2O, (M= Mg, Ca, Sr,
Ba) samples were increasing with the ionic radii of the cations. The value of parti-
cle size estimated from high resolution transmission electron microscopy (HRTEM)
was found to be similar to that from XRD patterns for a sample. High resolution
electron microscopy (HRSEM) micrographs of z = 0.5 and = = 0.1 indicated a uni-
form distribution of particles with different sizes. The small particles indicated by
SEM images compared well with nanoscale crystallites size estimated from XRD
data. The magnetic measurements were performed using Mossbauer spectroscopy
at room temperature for all the samples. The Mossbauer spectra recorded have been
found to be indicative of ordered magnetic spin phase for the M 5Nig5Fe;O4 nano-
ferrites. The hyperfine field showed a decrease in the Sn-doped samples as x was
increasing. The fitting of the sextets and a doublet in the ferrites was an indicator of
the ferrites being in ferromagnetic and paramagnetic state. Magnetization measure-
ments were obtained using the Vibrating sample magnetometer (VSM). The coercive
field, saturation magnetization and remanent magnetization were obtained at room
temperature. Some properties such as lattice parameters, XRD densities, unit cell
volume and coercive fields of the CoSn,Fe,_,O4 ferrites showed a subsequent in-
crease as x increased. A good correlation between the coercive field and particle size
for the CoSn,Fe,_,O4 samples was determined. The magnetization properties of the
M 5NigsFesO4 (M= Mg, Ca, Sr, Ba) appeared to decrease as the ionic radii of the
metal ions were increasing. The substitution of Ba however showed an increase due

to the site occupancy of the doped metal ions at different lattice sites. Nanocrys-



talline Cog 5Nig5Fe,O4 ferrite was also studied. The samples were annealed from 300
°C to 900 °C. The broadening of the XRD peaks at lower temperatures account for
the nanosized nature of the samples. The temperature dependence of the magnetic
properties such as coercive field, saturation magnetization, remanent magnetization
and squareness of the hysteresis loops were investigated. The sample transformed
from single-domain to multi-domain configuration at particle size of about 31 nm.

The sample annealed at 700 °C exhibits a maximum coercivity, at 300 K.
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Chapter 1

Introduction

1.1 Ferrites

The name ferrite originated from the Latin word ferrum meaning iron. Ferrites
are defined as a group of oxides with the chemical formula MFe,O, where M is
a divalent metal ion such Zn?**, Cd?*, Mg?**, Ni**, Fe?*, Cu?* or a combination
of these ions in the case of mixed ferrites. Ferrites may also possess the combined
properties of magnetic materials and insulators. The ferrites can be divided into
different groups namely spinel, garnet, ortho ferrites and hexaferrites [1]. The crystal
structure is that of a mineral spinel MgAl,O4 which was first determined by Bragg
and Nishikawa in 1915 where Mg ions are replaced by the divalent M ions and Al by
Fe [2, 3]. The structure consists of a closed lattice of oxygen ions forming tetrahedral
(A) and octahedral (B) sites [4]. The chemical formula can also be written in the
form AB5O4 where A and B are metal cations on the tetrahedral and octahedral
sites. The properties of ferrites are dependent on several factors such as type and
distribution of metal cations at the interstitial sites, crystallite size and synthesis
technique [5]. Amongst the properties in the magnetized state, the spin moments
may or may not be aligned in the same direction [6]. The magnetic properties of
ferrites are due to the interactions in the tetrahedral (A) and octahedral (B) sites.
In this chapter some details of the crystal structure, synthesis and applications of

ferrites are discussed. A brief motivation for the present study is also presented.



1.1.1 Spinel structure of ferrites

Figure 1.1.1 shows the crystal structure where Fe ions can be located at tetrahedral
(A) and octahedral (B) sites surrounded by the oxygen ions. The oxygen ions are
packed close together in a face-centered cubic arrangement resulting in smaller spaces
between them. In the unit cell of oxygen ions, 32 are octahedral and 64 are tetrahe-
dral of which 16 and 8, respectively are occupied by metal ions [4]. Depending on the
arrangement of the ions and cation distribution in the interstitial sites, the structure
may be referred to as normal, inverse and in some cases mixed spinel. In a normal
spinel, the divalent ions occupy the tetrahedral sites and trivalent ions occupy the
octahedral site. Some examples of the normal spinel are ZnFe,O4 and CdFe,Oy.
The intermediate structures between normal and inverse spinel structures can be
characterized by a degree of inversion, A. In such cases the distribution of cations
amongst the tetrahedral and octahedral sites is expressed by (Mj_ox)[Man—y)] with
the normal brackets representing the A site and square brackets the B site, respec-
tively. The value of X is temperature dependent in the range from 0 to 0.5 with
A = 0 for a normal spinel and A = 0.5 for an inverse spinel [7]. The examples of
inverse spinel ferrites are NiFe;O4 and CuFe,Oy4 [8]. In the nickel ferrite, the spinel
structure is in its ideal state with all Ni** ions in the B-sites and Fe?* ions being
distributed between A and B sites [9]. Mixed ferrites can be produced where M in
the structure is a combination of two or more divalent ions. Some common examples
of the mixed ferrites are Mg-Zn, Ni-Zn and Co-Ni ferrites. Some interesting features
of the spinel ferrites includes their strong dependence of properties on the state of
chemical order and on the cation distribution. The magnetic order of the ferromag-
netic spinels is known to be due to the super-exchange interaction mechanism that
occurs between the metal ions in the tetrahedral A sites and octahedral in the B
site. The difference of the magnetic moments of the ions in the B site and those in

the A site give rise to the magnetization [10].
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Figure 1.1.1: Spinel unit cell crystal structure [11].

1.1.2 Synthesis of ferrites

In order to obtain the desired results and properties, selecting an appropriate synthe-
sis method is critical. Researchers use several synthesis methods such as conventional
ceramic method, sol-gel method, co-precipitation, combustion and high energy ball
milling to study the properties of nanomaterials. The conventional ceramic method
has the disadvantage of prolonged annealing time at high temperature which causes
some loss of the sample due to evaporation and can unbalance the stoichiometric
composition. The mechanical milling may introduce impurities and as a result the fi-
nal properties may be inconsistent and not re-producible. The ceramic method tend
to produce ferrites with low surface area which limits their applications [12]. Wet
chemical methods are usually the preferred method in the production of nanomate-
rials as they provide better control of the morphology and particle size with minor
impurities [13]. Wet chemical methods include hydrothermal [14], glycol-thermal
[15], co-precipitation [16], sol-gel [17] and combustion [18]. In these methods, metal
chlorides or nitrates are used as starting materials which are mixed by continuously

stirring in deionized water. A base such as ammonium hydroxide (NH,OH) is added



to the mixture to form a precipitate. The precipitate is then dispersed in deionised
water or ethylene glycol and heated to allow the reaction to take place. After heating
the mixture is filtered and dried. The ferrites produced by wet chemical methods
are expected to have minimal impurities. That is why the preferred method used

for this study is the glycol thermal method.

1.2 Applications of ferrites

Ferrites exhibit a wide range of electromagnetic properties that are useful for for a
variety of technological applications. Since these materials can be prepared as room
temperature insulating ferromagnets by varying the divalent and trivalent ions into
the spinel lattice, they play a significant role in various technological devices [19,
20]. Based on the magnetic properties, ferrites are used in permanent magnets and
memory storage devices. Spinel ferrites have interesting electrical properties that
are suited for high frequency applications with potential applications in new areas
such as medicine, electronics and electrical engineering [21]. Nickel ferrite (NiFeyOy)
is a soft ferrite used in microwave devices, catalysis, photomagnetic materials, gas
sensors and site specific drug delivery and the cobalt ferrite (CoFeyO4) is a hard
ferrite which has attracted a lot of attention for its applications in biomedicine,
catalysis, microwave absorbers, magnetic inks and high-density magnetic memories

22, 23, 24, 25, 26].

1.3 Motivation for the current work

Magnetic properties of ferrites are influenced by their cation distribution amongst
the interstitial sites. Synthesis method, composition, sintering time and sintering
temperature influence the cation distribution and hence the magnetic properties.
Tonic sizes and cation valency also play a role in cation distribution [9]. NiFe,Oy4
possesses an inverse spinel structure and is a well-known magnetic material which
has been studied due to a combination of different properties such as excellent

corrosion resististance, chemical and mechanical stability, high Curie temperature,



low coercivity, high electrical resistivity and high saturation magnetization [27, 28,
29]. The most significant difference with CoFeyOy is the high coercivity associated
with high anisotropy of Co ions. Several researchers have studied properties of
NiFe,O4 and CoFe;Oy4 in their pure forms after syntheses by different methods.
Many attempts have been made to study the changes in the properties with cation
substitution in both NiFe,O4 and CoFeyOy.

Ugendar et al. [30] have reported on the synthesis, magnetic and electrical properties
of a series of bulk CoFey_, Sn,O4 with (z = 0.025, 0.05, 0.075) prepared by solid
state reaction at 1200 °C in order to study the effects of doping by non-magnetic
Sn** ions. In this study we will investigate on the properties nanosized CoFey_,
Sn,O4 with (z = 0, 0.1, 0.5) prepared by low temperature synthesis.

Replacing nickel by divalent metal ions such as Zn?*, Mg?*, Cd?** and Ca?" signifi-
cantly affects the properties and have been widely reported [26, 31]. There seems to
be not much emphasis on the systematic studies of substitutions by alkaline earth
metals in ferrites. Naidu and Madhuri [32] have studied the structural and mag-
netic properties of Ni,Mg; ,.Fe,O4 prepared by double sintering using microwaves
and Vigneswari and Raji [33] studied Nig5Cag 5FesO4 produced by co-precipitation
method. In this study we also intend to investigate the effects of composition and
change in magnetic properties of NiFe,O,4 substituted with Mg, Ca, Sr and Ba which
are alkaline earth metals and are in Group 2 in the periodic table. We are also par-
ticularly interested in how the synthesis pressure in the pressure reactor affects the
particle sizes and how these affect the properties. All the samples prepared for this
study were synthesized by glycol-thermal method from pure metal chlorides at 200
°C.

1.4 Dissertation outline

This dissertation is arranged in the following order: chapter 1 includes some basic
introduction to ferrites and motivation for the dissertation. A discussion on the
fundamentals of magnetics order in solids is given in chapter 2. The experimental

techniques used for the synthesis, structural and magnetic characterization of the



samples are presented in chapter 3 and 4. Chapters 5 and 6 are devoted to the
experimental results for all the samples synthesized and the final conclusions of the

work are given in chapter 7.



Chapter 2

Magnetism and magnetic order in

solids

This chapter will give some background information on magnetism and its origin and
also give a brief discussion on the different types of magnetic order in solids. This
will help in understanding better and analysing the magnetic properties in chapter

4 and 5.

2.1 Origin of magnetism

The origin of magnetism lies in the orbital and spin motions of electrons and how
the electrons interact with one another. Magnetic properties of the spinel ferrite
are mainly due to the interaction of species on tetrahedral A sites and Octahedral
B sites controlled by substitution of trivalent or tetravalent ion in the host spinel
lattice [6]. The interaction between magnetic moments via intermediary oxygen ions
is referred to as superexchange interaction and results in anti-parallel arrangement
with net non-zero magnetization [34]. This type of order is called ferrimagnetism.
The magnetic behaviour of materials can be classified into the following five major
orders: Diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism and anti-
ferromagnetism. There are two types of motion of electrons in atoms, one is the
motion of the electrons in an orbit around the nucleus, similar to the motion of the

planets in our solar system around the sun, and the other is the spin of the electrons



around its axis, analogous to the rotation of the Earth about its own axis [26]. The
circular motion of electrons around the nucleus and their intrinsic spin results in the
existence of magnetic moments. The moments can be permanent or induced under
the effect of a magnetic field. The current I is constituted by the moving electron

is associated with a magnetic moment defined as

ji=1IA (2.1.1)

where A is the area of the closed loop with a magnitude of 7r2. For the electron

moving with an angular speed w then

= —ef = % (2.1.2)

where f is knows as the frequency of rotation. The magnetic moment can then be

defined as

(&

= 2.1.
n=gl (2.1.3)

where [ is the orbital angular momentum of the electron. From quantum mechanics

—

the z-component of the angular momenta of (1) leads to

eh
Hi, = —<2m )ml = — My (214)

where 7 is called the reduced Planck constant (h) defined as i = h/27, the mag-
netic quantum number m; = 0, +1, £2, +3, ....... ) and pp is smallest non-zero

fundamental value of p with the value of 9.247 x 10724 J/T defined as

1y — (;j) (2.1.5)

known as the Bohr magneton. The magnetic moment due to the intrinsic spin for

an electron is given by

fs = — gs (2.1.6)

2me
with g being the Landé g factor having an experimental value of 2.002322 for pure

electron spin and s being the intrinsic spin of the angular momentum. According to



Russel Saunders coupling, the orbital momenta of the electrons in an atom couple

is given by

L= zn:zi (2.1.7)
=1

and similarly the resultant spin angular moment S' is

S = is (2.1.8)
=1

The total angular moment J is taken as a result of coupling of L and S through
spin-orbit interaction. From Hund’s Rule the magnitude of the magnetic moment

of an atom is given as

pi = ppgy/J(J +1) (2.1.9)

with g factor for a free atom is defined as

JJ+1)+S(S+1)—-L(L+1)
2J(J+1)

g=1+ . (2.1.10)

2.2 Classification of magnetic materials

Materials may be classified by their response to externally applied magnetic fields
as diamagnetic, paramagnetic, or ferromagnetic. These magnetic responses differ
greatly in strength, arrangement and orientation of the magnetic moments [35, 36].

This section will give a brief description on the classes of the magnetic materials.

2.2.1 Diamagnetism

Diamagnetism is an inherent result of the orbital motions of the electrons in the
magnetic field. The motions are altered by the field to produce induced magnetic
moments in the direction opposite to the applied field described by a negative sus-
ceptibility [37]. The diamagnetic contribution to the magnetism arises from all
electrons. However, its contribution is usually very small [37]. This is usually sup-
pressed by other magnetic affects in a sample. The susceptibity x of the diamagnetic

materials [38] may be defined as



o Z
X = _“0"6216 Z <> (2.2.1)
with Z being the atomic number, r; the orbital radii of the electrons, py the mag-
netic permeability, m,. electron mass and n the number of atoms per unit volume.
Diamagnetic materials may be used to align the magnetic field induced liquid crys-
tals. Figure 2.2.1 illustrate the magnetization dependence on magnetic field and
susceptibility dependence on temperature of a diamagnetic material. The figure
shows the magnetic response of the diamagnetic material and also from the figure

the magnetic susceptibility x of a diamagnetic material is negative and constant as

a function of temperature.

M
A —
+ M=t %
%<0
T
> >
H ~+ = constant
slope=y = [reoomeeeeeeooeeoe-

Figure 2.2.1: Magnetization dependence on magnetic field and susceptibility depen-

dence on temperature of a diamagnetic material [39].

2.2.2 Paramagnetism

The term paramagnetism is used to describe the low and linear increase in flux
density with an increase in the magnetic field [40]. Whe the electron spin ans
orbital magnetic moments are not cancelled completely the paramagnetic materials
possess a permanent dipole moment. The moments align by rotating towards the
direction of the field in the presence of an applied field and are randomly oriented
in the absence of the field. The net magnetization is acquired by the material [37],

as illustrated in Figure 2.2.2.

10



—_—
=0 B,

Figure 2.2.2: Atomic dipoles for a paramagnetic material.

In the case where there is no magnetic field, the paramagnetic material will not show
any magnetization. Magnetic field and the temperature plays an important role in
the paramagnetic materials in order to determine the magnetization of the material.

The energy of a magnetic moment in an applied magnetic field By is described by

—

EmJ = —/jBO = —g,uBmJBO (222)

where f[i; is the magnetic moment and m; is the quantum number part of the set

-, J(J—=1),(J—=2),---,(1 =J),J and g is the Lande’s g-factor given by

JI+1) +S(S+1) = LL+1).

=1 2.2.3
g=1+ 2J(J+1) (223)

The average of the magnetic moment < p; > is then given by
< g >= ngJ,uBP(EmJ) (224)

where P(FE,,;) is the probability of the occupation energy level (E,,;) given in with

reference to the Maxwell-Boltzmann distribution as

eiEmJ/kBT

P(Em ) = ije—EmJ/kBT

(2.2.5)

where kg is the Boltzmann constant.
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The average magnetic moment is given as

< pg >= gupJF(j,x) (2.2.6)
where
gupJ By
=T 2.2.
x T (2.2.7)

F(J,z) is called the Brillouin function and is given as

F(J,x)= 2(]2}— ! coth ((2J2+1)x) _ L coth (i) (2.2.8)

which is the asymptotic to the Langevin function for every J and to tanhx when
J = % and g = 2 [6, 41]. The Brillouin function varies from zero when applied field is
zero to unity for infinite field. Thus the saturation magnetization for a paramagnetic
solid i8 M4 = NgupJ [41]. The magnetization for non-interacting moments per

unit volume is then given by

ng*upJ(J + 1)By

M = 2.2.
3kgT (229)
leading to the Curie law susceptibility expressed as
C
= — 2.2.10
X =7 ( )
with C' known as the Curie constant, expressed as
2,2
1
¢ = Mg s I+ L) (2.2.11)

3kp
When interactions between magnetic moments in a paramagnet are significant, the

susceptibility is expressed by the modified Curie law known as the Curie-Weiss law

e
T —0p

X (2.2.12)

where 6p is the paramagnetic Curie temperature.
The dependence of susceptibility on temperature is shown in Figure 2.2.3. The figure
shows that the increase in temperature 7' causes a decrease in the susceptibility y.

The magnetic susceptibility x of a paramagnetic material is positive.
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Figure 2.2.3: Magnetization dependence on magnetic field and susceptibility depen-

dence on temperature of a paramagnetic material [39].

2.2.3 Ferromagnetism

Ferromagnetism is a type of magnetism whereby the material has a spontaneous
magnetic moment even in zero magnetic field and is due to the electron spin with
little or no contribution from orbital motion of the electrons [42]. Co-operative
interaction of large numbers of atomic spins in domains is the result of the permanent
magnetic moment in the ferromagnetic materials. The regions in which all the spins

are aligned in the same direction, is shown in Figure 2.2.4.

I
1
Pt

Figure 2.2.4: Magnetic moments of a ferromagnetic material [43].

Below the Curie temperature (T¢), the magnetic moments of the atoms are mag-
netically ordered. Above T the magnetic moments point in random directions and
the material behaves like a paramagnet because the thermal energy is large enough

to overcome the cooperative ordering of the magnetic moments. In this case, the

13



susceptibility obeys the Curie-Weiss law [44]. The variation of the magnetization
with temperature is explained by the Weiss mean field theory. Weiss (1907) sup-
posed that in addition to any externally applied field, there is an internal molecular

field in a ferromagnet proportional to its magnetization

where A is a molecule field coefficient. The assumption by Weiss was based on the
knowledge that magnetic moments are ordered under the influence of an internal
magnetic field B;,;. The magnetic binding energy is the one responsible for the
alignment of the moments at 7" = 0 K, while the thermal energy at T will be

sufficient to kill the perfect magnetic order that is existing. For a magnetic moment

For T, ~ 100 K, B;,; should be at least 100 T which is a much larger field that can
be produced through the magnetic dipole interaction. In the case where there is an
externally applied magnetic field, the effective magnetic field in the sample is given

as

Beff - BO + Bint == BO + )\Ms (2215)

Similar to a paramagnet, the magnetization of a ferromagnet in an applied field can

be given in terms of the Brillouin function where

My (B,T) = ngupJF(J,y). (2.2.16)
The ratio of the Zeeman energy to thermal energy is now defined as

. g[LBJ(BQ + /\Ms

D) (2.2.17)

The magnetization will stay finite even for By = 0. At By = 0 and T > 0 the

spontaneous magnetization can be given as

M,(0,T) = M,(0,0)F(J,y) (2.2.18)
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where M;(0,0) is the saturation magnetization and y is given by

_ gupJ M (0,T)
Y kg T

The spontaneous magnetization from equation 2.2.18 can be described in terms of

. (2.2.19)

the reduced magnetizations

M,(0,7T)
— ' L =F 2.2.2
and
M,(0,T) kgT
= ) 2.2.21
M,(0,0) (ng%%ﬂ?)y ( )

The variation of the reduced magnetization as a function of y is shown in Fig-
ure 2.2.5. The curve CI1 represents equation (2.2.21) varies proportionally with
temperature. The point of intersection between C1 and F'(J,y) represents the fer-
romagnetic state. The Weiss theory predicts the collapse magnetization at T but
the theory does not account for the origin of the internal field and the reduction in

magnetization with increasing temperature for T' << T¢.

=T, T> T:
’ /
/ A

FU,Y)

M(T)/M(0)

Figure 2.2.5: Graphical presentation of equation (2.2.20) and (2.2.21) [45].
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2.2.4 Antiferromagnetism

In an antiferromagnet material, the magnetic moments line up so that the adjacent
moments are aligned in opposite direction [44]. The moments result zero net mag-
netization [42]. Above the Néel temperature, the material becomes paramagnetic
exhibiting Curie-Weiss behaviour. The antiferromagnet structure is made up of two
atomic sublattices A and B with saturation magnetization M, and Mpg in opposite
directions. At absolute zero temperature (7" = 0 K), each sublattice has maximum
saturation magnetization that decreases as the temperature increases similar to a

ferromagnet. The internal magnetic field at each sublattice is given by

Bjy = AaaMa+ AapMp (2.2.22)

BB = \ggMp + ApaMy4. (2.2.23)

The molecular field coefficients Asg and Ag correspond with the first nearest neigh-
bors. The second nearest neighbor have these molecular field coefficients As4 and
App respectively. With the application of the mean-field theory, the magnetization
at each sublattice M4 and My can be determined in terms of the Brillouin function

F(J,z) so that.

M; = gg,uBJF(J, z) (2.2.24)
where i is the identity of the sublattice A or B and z; = g,;—BT‘](BO + B! ). In the case

where the is no applied field (7" < Ty ), the net magnetization is

M=My+ Mg=0 (2.2.25)

when 7" > T' — N, the magnetization M depends on the applied field By with an

effective field B, and is expressed as

Bly; = Bo + Bjj = Bo + XaaMa + AaBMp (2.2.26)

and

B = Bo+ Bjj = Bo+ AppMp + ApAM, (2.2.27)
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The susceptibility of an antiferromagnet at T' > T obeys the Curie-Wiess law

(2.2.28)

with #p mathematically defined as

!’
op = ¢ (Aaa + Asp) (2.2.29)
240

In an antiferromagnet #p < 0. The susceptibility at T' < T,y magnetization depends

whether the applied field is perpendicular or parallel to the orientation of the spins.

2.2.5 Ferrimagnetism

Ferrimagnetic materials possess a permanent magnetic moment in the absence of an
external field and a large permanent magnetization due to an incomplete cancella-
tion of the magnetic dipole moments [46]. This is similar to the antiferromagnetic
alignment of the magnetic moments. However the adjacent moments of the ferri-
magnets are usually of different magnitude, such that the larger of the two moments
tends to align with the applied magnetic field while the smaller moment aligns oppo-
site to the field [37]. Figure 2.2.6 shows the representation of the magnetic structure

in a ferrimagnetic material.

Figure 2.2.6: Magnetic moments of a ferrimagnetic material [43].

The net saturation magnetization can be modelled by the equation

M= My—(1-X\Mpg (2.2.30)
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L or 1. The net

where My # Mp. The ferrimagnetism can occur when A\ # 0, 3

magnetization will always be non-zero except in cases where the magnetization of
the two sublattices cancel out at Teom, < T, where T, is called the compensation

temperature. Above T, the magnetization at each sublattice is given by

C
My = (?f“) (AaaMa + AapMp + By) (2.2.31)
and
C
My = (?B) (AapMa + ApsMp + By) (2.2.32)

where g4, Aap and Agp are the Weiss coefficients representing the inter- or intra-

sublattice reactions.
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Chapter 3

Mossbauer spectroscopy

3.1 Introduction

Mossbauer spectroscopy is a technique used to provide information in many areas
of science such as Physics, Chemistry, Biology and Metallurgy. It can give very
precise information about the chemical, structural, magnetic and time-dependent
properties of a material. It is based on the 1958 discovery by Rudolf Mossbauer
that it is possible for a nucleus of Ir'! to decay without recoil from its first excited
state to its ground state by y-ray emission [6]. This is now referred to as the
Mossbauer effect. Mossbauer discovered that the resonant absorption increases with
decreasing in temperature. The Fe5" isotope with an in incomplete filled 3d shell is
usually used to study the magnetic materials by the Mossbauer effect. This means
all the materials containing Fe can therefore be studied by Mdossbauer spectroscopy.

Figure 3.1.1 shows the instrument used for the current study.

3.1.1 Principles of the Mossbauer effect

Mossbauer effect is due to the nuclear resonant emission or absorption of gamma
rays [6, 42]. It relies mostly on the Fe®” isotope after Co®” decays by electron capture.
The 5"Co decays to the excited state I, = 5/2 of ®’Fe by nucleus electron capture
(EC). This state in not stable because the *’Fe nuclei can subsequently decay directly
to the I, (ground state of °"Fe) with probability 9% or to the excited state I., =
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3/2 with a probability of 91% and therefore the state is considered to be unstable

[47]. The decay process is illustrated in Figure 3.1.2.

Figure 3.1.1: Mossbauer spectroscopy used for measurements.

§7
L =772 Co

57
Fe 136.32 keV

1 =25/2

9% 91 %
I =32 : l_ 14.41 keV
[ =12 0

Figure 3.1.2: Schematic demonstration of >"Co nuclear decay [47].

The decay from I., = 3/2 to I., = 1/2 produce y-rays with energies of 14.41 keV

20



which are associated with >"Fe Mossbuer spectroscopy. When a free nucleus at rest
in an excited state with an energy E above the ground state emits a photon of
energy I, = pc it will receive a recoil momentum —p and the nuclei recoil due to

conservation of momentum with recoil energy Eg is then given by

E.?

FEr =
B 9Me

(3.1.1)

where M is the mass of the nucleus and ¢ is the speed of light. The recoil of free
nuclei in the emission and absorption of a gamma ray is shown in Figure 3.1.3.
However, when the nuclei are embedded in a completely rigid lattice, the recoil
momentum in the case of emitting or absorbing a ~-ray is taken up by the solid as
a whole. In this case the recoil energy is reduced because the mass M is now the

mass of the whole crystal. The recoilless fraction f is expressed as

E, <332>
72

where (%) is the mean-square thermal displacement of the nucleus, E. the energy

f =exp(— ), (3.1.2)

of the v-ray and %i* = h/2m where h is the Planck’s constant. When FE, becomes
negligibly small compared to the transition energy Er resonant emission and ab-
sorption can easily occur [48]. The transition energies of the identical emitter and
the absorber nuclei are given by

/ !

ET - Ee:vcited - Eground =k E

excited ~ ~ground

(3.1.3)

where Eepcitea and Egoung are the excited and ground state, respectively for recoil-

. . /!
less emission. FE

veiteq a0d E. - are excited and ground state, respectively for

groun

AVAVag

Figure 3.1.3: Recoilless emission or absorption of a gamma ray [49].

resonance absorption.

»
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Figure 3.1.4: Graphical representation of resonant absorption and recoilless emission

[50].

As illustrated in Figure 3.1.4, the resonant absorption occurs to excite a nucleus
from the ground state. A photon energy Er = Eepeiteq + Eg is necessary for Fe®”,
E., =14.41 keV and Er = 2 x 1072 eV. The uncertainty in time corresponds to
the mean-life 7 of the nuclear state and the uncertainty in energy corresponds to
the linewidth I' of the y-ray [39]. The relation of these parameters are are given in

terms of Heisenberg relation by

h
Ir=-. 3.14
- (3.1.4)

When Er > TI', resonant absorption does not occur. The condition for resonant ab-
sorption is satisfied when the mass in equation (3.1.1) is much larger, so that Er = 0
and Er ~ E,. Hence Doppler shifting the y-ray energy by vibrating the source is
commonly used for achieving resonant absorption in Mdssbauer spectroscopy mea-

surements. The Doppler shifts of v-ray energies can be shown to be

6E:E% (3.1.5)

where v is the velocity of the vibrating source usually of about 10 mm/s [51]. A
Mossbauer spectrum is a plot of the transmitted intensity against velocity v. Using
the appropriate Mdssbauer analysis software such as Recoil or MossWinn, the mag-

netic state of the sample can be deduced from the spectra. For the present work,
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the Recoil Méssbauer analysis software was used.

3.2 Hyperfine interactions

Hyperfine interactions are electric or magnetic interactions that exist between a nu-
cleus and its environment. These interactions help to characterize the magnetic state
of the material by the generating information for the isomer shift §, quadrupole split-
ting A and hyperfine magnetic field H. These three hyperfine parameters are very
useful quantities for the characterization of materials by Mdssbauer spectroscopy

52].

3.2.1 Isomer shift

Isomer shift is the electrostatic energy shift of a nuclear level, due to the finite size
of the nucleus and the penetration of electronic charge into the nuclear volume [53].
The shift is caused by a difference in chemical environment between source and
absorber [51]. When the valence state of the Mdssbauer atom changes, the isomer
shift will also change. Thus making it possible to estimate the fraction of Mossbauer
isotope in different valence states originating from different crystallographic site
occupancies or from the presence of multiple phases in a sample [52]. The shift can
be observed in the centroid of a Mdssbauer spectrum from the zero velocity centre.
It can either be to the left or to the right depending on the energy difference in the
electron charge density. The isomer shift is expressed as the difference in the nuclear

state between the source (S) and the absorber (A) nuclei in the form of

§=FE4— Es. (3.2.1)

Then the approximate isomer shift value with Doppler velocity is expressed as

7= T2 (W) ~ s OFR) (2, — R) (3.2.2)

where Z is the atomic number, e is the electron charge, [(0)[4 and |¢5(0)]%) are

the s-electron densities of the absorber and the source respectively. R? and R; are
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the radii of the excited and ground states, respectively. A Mossbauer spectrum is
usually first calibrated using an iron foil and reporting of isomer shift tends to be

relative to the standard absorber.

3.2.2 Quadrupole splitting

The quadrupole interaction is caused by an electric quadrupole moment. The
splitting of the nuclear energy levels as a result of the interaction of the nuclear
quadrupole moment with the electric field gradient is called the quadrupole splitting
[54]. Peaks of the transmission spectrum splits into two doublets. The separation

between the two peaks is then called the quadrupole splitting and is expressed as

A= ev';ZQ. (3.2.3)

The expression relates the quadrupole moment () and the electric field gradient V.,
and is given in the units of mm/s. Figure 3.2.1 shows a diagram of the isomer shift,
electrical quadrupole splitting and magnetic hyperfine splitting on nuclear energy

levels. The excited state I., = 3/2 splits into two sub-levels +1/2 and £3/2 [51].

_u_‘_‘\' f \ 'fp Wll Ifh' rH‘I ﬂ' 'M' ':--\‘ll 'r'."
g \ .ﬁ- iy \ | RN '||'

%o Transmission
—
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] ot (5 ==
15, IS L
0 0 0
Relative Velocity
/J i F
3/2 - & 7 2 ! g - F 1/2
e — T_ 152 \ F 3 2
F'y F 3
112 12 . 17z
o ' —=<, 142
Free 15 15 - NI
alom Mo Q8 With Q% Hyperfine Splitting

Figure 3.2.1: Isomer shifts, electrical quadrupole splitting and magnetic hyperfine

splitting on nuclear energy levels [50].
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3.2.3 Magnetic hyperfine interaction

The spin in the nuclear states is associated with the magnetic dipole moments. The
spins can be oriented with different projections along a magnetic field direction.
The transitions in the nuclear energy is therefore modified when the nucleus is in
a magnetic field. The energy perturbations caused by this magnetic interaction are
sometimes called the nuclear Zeeman splitting [52]. The splitting that occurs in the
magnetic field yields a sextet. The Hamiltonian describing the interaction is given
by

H.,=—p.H=—guyl.H (3.2.4)

where py is called the nuclear Bohr magneton and g is the nuclear gyromagnetic
ratio also known as the g-factor [48]. The value of uy is 5.04929 x107%7 J T!
[51]. The energy levels are split into equally non-degenerate energy sub-levels by

the magnetic field as shown in Figure 3.2.1.
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Chapter 4

Experimental techniques

4.1 Introduction

The properties of nanoferrites are mostly affected by synthesis methods. Wet chem-
ical synthesis methods such as hydrothermal, glycol-thermal and co-precipitation
have been reported to be more successful compared to the solid state method [10].
In the present work, the glycol-thermal method was used to synthesize the samples.
This method produces a single phase material with small crystalline sizes ranging
from 5 nm - 13 nm at a temperature of 200 °C. The single phase formation of the

nanoferrites were confirmed by X-ray diffraction (XRD).

4.1.1 Glycol-thermal

The glycol-thermal method is a synthesis method that uses stoichiometric precursors
of metal chlorides that are dissolved in de-ionized water to form a mixed solution of
starting compounds. CoSn,Fe; ,O4 and M 5Nig5FesO4 nanoparticles were synthe-
sized by the glycol-thermal reaction. The chemical reagents used were CoCly.2H,0
(98%), SnCly.2H,0 (98%), MgCly.6H0O (99%), CaCly.6H,O (99%), BaCly.2H20
(98%), SrCl,.2H20 (98%), Ni(NO3)2.2H20 (99%) and FeCl3.6H,0 (98%). All chemi-
cals were of analytical grades. These were weighed in required proportions and mixed
using a magnetic stirrer for about 30 minutes. In 5 M solution of excess NaOH was

then slowly added to the mixture of chloride solutions under rapid stirring until
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a pH- 10 was measured by a model 211 microprocessor pH meter. The precipi-
tate was washed several times by deionised water over a Whatman glass mirofibre
(GF/F) until there were no traces of the chlorides. A solution of silver nitrated
was used to check the presence of the chlorides. The precipitate was then washed
by 200 ml of ethanol. The clean precipitate was dispersed in 300 ml of ethylene
glycol under rapid stirring. The mixture was then placed in a 600 ml stainless steel
pressure vessel (Watlow series model PARR 4843 reactor) as shown in Figure 4.1.1.
The temperature was allowed to rise to 200 °C and the gauge pressure was allowed
to gradually rise to about 100 psi at 300 rpm. These conditions were held for 5
hours, as shown in Figure 4.1.2. After 5 hours of boiling, the pressure reactor was
allowed to cool down to room temperature for an hour. The remaining products
were washed over a Whatman glass mirofibre (GF/F) by deionized water then by
ethanol. The recovered synthesized sample was dried overnight under a 250 W in-
frared lamp. The agate mortar and pestle was used to homogenize the recovered

sample.

HOT SURFACES
H|G!| PRESSURES

reactor chamber
PERIR.ox

control unit

| pressure (psi
p (psi)
<Atemperature (G
SpPeed control
motor power switch

Figure 4.1.1: The PARR 4843 stirred pressure reactor.
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Figure 4.1.2: Synthesis schedule for the PARR 4843 stirred pressure reactor.
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4.1.2 X-ray diffraction

X-ray diffraction (XRD) is a structural characterization technique used for the iden-
tification of the crystalline structure, different phases and purity of a sample in
powder form. If an XRD pattern is found that is not known in the diffraction data
libraries an attempt can be made to index the pattern. XRD is based on the use
of a monochromatic beam of X-rays with wavelength A in the range: 0.01-10 nm to

probe the material. The analysis of the XRD data is based on Bragg’s law

nA = 2dsinf (4.1.1)

where n is the integer, d is the interplanar distance, 6 is the angle between the
incident beam and the scattering plane and A is the wavelength of the incident
beam. The width of an XRD is related to the grain size D by the Debye-Scherrer
[55] formula given by

KA\
 Wgcost

where K is the crystal shape factor, A is the wavelength of the monochtomatic X-ray

D (4.1.2)

beam, Wj; is the line broadening of the diffraction peak at its full-width at half
maximum (FWHM) and 6 is the Bragg’s angle. X-ray density of a sample can be

estimated from the XRD measurents with the use of the formula

SM
NACL3

PXRD = (413)

where M is the molecular weight of the sample and Ny is the Avogadro’s number
and a is the lattice parameter calculated and 8 is the number of atoms per unit
cell of the spinel lattice. Figures 4.1.3 and 4.1.4 shows the instruments used for the

XRD measurements.
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Figure 4.1.3: Rigaku Miniflex 600 XRD diffractometer using Cu-K,, radiation (A =
1.5818 A).
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Figure 4.1.4: XRD PANalytical Emperian diffractometer using Co-K,, radiation (A
= 1.7903 A).
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4.1.3 FTIR

(FTIR) is defined as a non-dispersive method of infrared spectroscopy Fourier Trans-

form InfraRed [56]. The mathematical Fourier transform can be expressed as

F(w) = /_Oo f(z)e™*dw (4.1.4)

and the reverse transform is given by

F(z) = % /:: f(w)e™ dw (4.1.5)
where w is the angular frequency, z is optical path difference, f(z) is the inter-
ferogram and f(w) is the spectrum. f(x) can be determined experimentally and
f(w) can be obtained by using the Fourier transform [57]. In the infrared (IR)
spectroscopy radiation is passed through the sample. Some of that radiation will
be absorbed and some will be transmitted. The resulting spectrum represents the
molecular fingerprint of the sample. The word fingerprint is used to highlight that
each material is a unique combination of atoms and cannot reproduce the same in-
frared spectrum [58]. In an FTIR (see Figure 4.1.6) instrument, the monochromator
and the slits are replaced by an interferometer usually of Michelson type. In the
interferometer, a beam of radiation is divided into two beams by means of a beam
splitter. The path difference between the beams is introduced where upon they are
allowed to recombine. In this way, interference between the beams is obtained and
the intensity of the output beam from the interferometer can be monitored as a
function of path difference using an appropriate detector. The schematic diagram
is shown in Figure 4.1.5.

Some uses of the FTIR include chemical analysis to help match the spectra to un-
known databases and monitor chemical reactions on site. It is also used to determine
the quality or consistency of a sample, to determine the chemical groups to measure
optical conductivity [59, 60]. Some of the advantages of the FTIR is its ability to
provide measurements in lesser time, the optical throughput is higher resulting in
lower noise levels and mechanical simplicity, the instrument is self-calibrating and

never has to be calibrated by the user and measurements are accurate and repro-
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ducible [58]. To get the spectra the sample is loaded on the silver plate such that
it covers the crystal at the centre. The handle is used to lock the sample and the
crystal. The handle is turned clockwise until the reading the about 120 psi. The
spectra is generated after a minimum time of 2 minutes. The results for the current
study were obtained from the PerkinElmer Spectrum 100 FT-IR spectrometer found
in the School of Chemistry and Physics at UKZN Westville campus.

Fixed Mirror Extreme mirror

2 i
A P i i
A i
A i
5 :
IR- =~ e : |
Source . H H
§ A B i Movable Mirror |
e i i
'
Beam-
splitter
To Sample and
Detector

Figure 4.1.5: Schematic diagram of the optical layout of a Michelson interferometer

[57).

Figure 4.1.6: PerkinElmer Spectrum 100 FT-IR spectrometer.
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4.1.4 HRTEM

High resolution transmission electron microscopy (HRTEM) is a well established
technique in the field of research and technology that is used to obtain particle size,
orientation and the appearance of the structure. One can also obtain the diffraction
pattern of the sample and the concentration of the elements in a sample [61]. The
principal set-up of TEM is such that the sample is illuminated with the electrons
beams. The formation of the image is generated from the interaction of the electron
beans transmitted through a thin sample. The image of the sample is then magnified
by means of projection lenses and represented on a screen. The Joel-JEM-2100 high
resolution transmission was used is shown in Figure 4.1.7. A small sample of about
0.0002 g was dispersed in ethanol and vibrated in a 40 sonic cleaner for 5 minutes.
A copper thin film sample holder is dipped into the dispersed sample and loaded in
the HRTEM equipment.

—

electron gun

sample port

Figure 4.1.7: HRTEM taken at the Electron Microscopy unit at UKZN-Westville

campus.
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4.1.5 Magnetization measurements

Magnetic measurements were obtained from LakeShore Cryotronics 735 Vibrating
Sample Magnetometer (VSM) with an EM4 Electromagnet with Stand and Chiller
and a Model 642 Bipolar Power Supply, as shown in Figure 4.1.8. In order to
generate a signal proportional to the magnetic moment, the sample is set to vibrate
in a constant applied field to a maximum value of about 15 kOe. The signal is
detected by an astatic pair of pick-up coils. The coils sense the variation of magnetic
flux due to the sample movement. The pick-up coils are located on the poles of the
electromagnet. The signal is detected by a lock-in amplifier. The VSM measures
the magnetic behavior of a sample as a function of magnetic field, temperature and
time. The VSM operates on the basis of Faraday’s law of induction which The law
states that the induced voltage in the pick-up coils is equal to the negative rate at
which the magnetic flux through the loop is changing with time [62] and is expressed

as

dss

= — ) 4.1.
€ g (4.1.6)

The magnetization of the sample produced is assumed to be proportional to the
induced signal in the pickup coils [62]. The magnetization was calibrated by the
use of standard nickel sample sphere with a saturation magnetization of 54.7 emu/g
[63]. To take measurements the sample is placed in a cylindrical sample holder and
then screwed to the lower end of the vibrating sample rod. The rod is lowered into
the sample space to a position between the pick-up coils. The measurements take
about an hour to complete. The data is collected using the interface card and the

data acquisition software already installed on the computer.
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Figure 4.1.8: LakeShore Cryotronics 735 Vibrating Sample Magnetometer.
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Chapter 5

Structural and magnetic
properties of CoSn,Feo_ .0y

nanoferrite

5.1 Introduction

Superparamagnetism is a unique feature of magnetic nanoparticles. This phe-
nomenon is indicated by blocking behavior characterized by a blocking temperature
(Tp), marking a transition to superparamagnetic state. In magnetization measure-
ments blocking behavior is shown as a hump in the zero field cooled (ZFC) curve or
zero coercive fields and residual magnetization in hysteresis curves. Mdssbauer mea-
surements show onset of superparamagnetism by a transition of Mossbauer pattern
from sextet to a doublet. For a collection of magnetic nanoparticles, Ts depends
on particle size, anisotropy and interactions in the sample. According to the con-
ventional theory of ferromagnetic nanoparticles, blocking temperature is related to

particle volume (V') and anisotropy energy density constant (K) [64] as

KV
 25kg’

Ty (5.1.1)

The magnetization of magnetic nanoparticles is dependent on the magnetocrystalline

anisotropy energy (E£4). Magnetic anisotropy originates from the magnetic coupling
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at atomic scale. For a single domain particle, £/4 is related to its particle size and

anisotropy energy density constant according to the equation
E4 = KVsin?0. (5.1.2)

The angle @ is between the easy axis of the nanoparticle and applied magnetic field
direction. E, is also related to the energy barrier that will prevent a change in the
magnetization direction. Below a critical particle diameter, £, becomes comparable
to nanoparticle’s activation energy and an increase in temperature or applied mag-
netic field can overcome the energy barrier and the magnetization can turn away
from its easy axis [65]. Nanomaterials can show remarkably different properties
compared to corresponding bulk compounds. Significant changes in properties of
nanoparticles can be attributed to a large number of atoms located at the boundary
of the crystal due to large surface to volume ratio. Besides particle size, magnetic
properties of ferrites are also dependent on the type of cations involved and their dis-
tribution and preferences for tetrahedral (A) and octahedral (B) sites in the spinel
lattice. The properties of bulk CoSn,Fe; .04 compounds produced by standard
ceramic process have been reported by V. Vaithyanathan et al. [66]. In the study
they found that the larger ionic radius of Sn** resulted in the lattice expansion
and the formation of small amount of secondary phase. Here we report on the
magnetic properties of CoSn,Fes .04 nanoparticles synthesized by glycol thermal
process and characterized by X-ray diffraction (XRD), Mdssbauer spectroscopy and

magnetization measurements.

5.2 Experimental details

CoSnzFe,_,O4 nanoparticles were synthesized by glycol-thermal reaction.The chem-
ical reagents used were cobaltous chloride CoCly.2H50, stannous chloride SnCl,.2H,0
and iron (IIT) chloride hexa-hydrate FeCl3.6H5O. All chemicals were of analytical
grades. The experimental procedure has been discussed in chapter 4. The XRD pat-
terns of the samples were obtained using a monochromatic beam of Co-K,, radiation

(A = 1.7903 A) on a model PANalytical Empyrean or Cu-K, radiation (A = 1.5818
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A) on a D8 Brucker advance X-ray diffractometers. The Mossbauer spectra for all
the samples was recorded at about 300 K using a conventional constant accelera-
tion Mossbauer spectrometer in transmission geometry with a 25 mCi Co®” source
sealed in Rh matrix. The standard iron foil was used to calibrate the Mossbauer
spectrometer. Variations of the magnetization as a function of applied magnetic
field and temperature have been studied by using a Lake-Shore vibrating sample
magnetometer (up to 1.4 T and at 300 K) and by a SQUID MPMS produced by
Quantum Design (up to 7 T and temperature range 2-400 K).

5.3 Results and discussion

5.3.1 XRD results

The XRD spectra for the as prepared CoSn,Fe; ,O4 (z = 0, 0.1, 0.5 and 1.0)
nanosized samples are shown in Figure 5.3.1. All the major peaks are characteristic
of pure cubic spinel structure for samples x = 0, 0.1 and 0.5. The shift of the peaks
on the sample is accounted to using different XRD models and having different
radiation sources Cu-K,, radiation (A = 1.5818 A) on a D8 Brucker advance for z =
0 and Co-K, radiation (A = 1.7903 A) on a model PANalytical Empyrean for z =
0.1 and 0.5 and 1.0. Impurity phases have been detected in the sample (z = 1.0).
This may be the result of high concentration of large Sn?" ions not being able to
fully enter the spinel lattice. Further analysis was carried out for samples x = 0,
0.1 and 0.5 which crystallized with single phase cubic spinel structure. The broad
peaks on the XRD spectra for all the samples = 0, 0.1 and 0.5 indicate smaller
particles. The grain sizes shown in Table 5.3.1 were estimated from the 311 XRD
peak using the Debye-Scherrer equation. The particle size ranges between 10 nm
and 23 nm. The lattice parameters were computed from the XRD data using the
formula a = dv/h? + k? + [2 and Bragg’s law n\ = 2dsinfl. As shown in Table 5.3.1,
the unit cell volume increases with increasing Sn content. This is due to substitution
of smaller Fe ions by larger Sn ions. The X-ray densities were computed from lattice
constants a using the formula [67]. The values of X-ray density shown in Table 5.3.1

are comparable to those reported previously for similar bulk compounds [67, 68, 69].
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Figure 5.3.1: X-rays patterns for the CoSn,Fe, ,O4 ferrites obtained by Cu-K,

radiation source for x = 0 and by Co-K,, for 0.1 <z < 1.0.
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Table 5.3.1: The lattice parameters (a), crystallite sizes (D), X-ray densities (p) and

unit cell volume (V') of the ferrites.

v a(A) pxro(g/em?) D (nm) V(nm?)

+0.003 £0.01 +0.2 + 3.0
0.0 8.353 10.5 2.35 582.8
0.1 8.435 11.2 2.33 600.1
0.5 8.463 22.9 5.83 605.1

5.3.2 Morphology study

The morphology and micro-structure of the nanoparticles were investigated using
the high energy transmission electron microscopy (HRTEM) and scanning electron
microscopy measurements. The typical HRTEM images shows the nanoparticles
in Figure 5.3.2. The nanoparticles are nearly spherical with average particle size of
about 9.5 nm for the as-prepared sample. Much larger particles can also be identified
in the samples. The values of particle size for the x = 0.1 and 0.5 estimated from
TEM 9.5 nm and 9.9 nm are greater to those from XRD patterns 5.33 nm and 5.83
nm in Table 5.3.1. SEM micrographs shown in Figure 5.3.3 indicates a uniform

distribution of particle sizes over a wider distance.

50 nm

Figure 5.3.2: HRTEM images of x = 0.5 and z = 0.1.
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Figure 5.3.3: HRSEM micrographs of x = 0.5 and x = 0.1.

5.3.3 FTIR results

A typical FTIR spectrum recorded in the frequency range 400 cm™! to 4000 cm™!
is shown in Figure 5.3.4 for CoSng ;Fe; 504 (z = 0.5). Different bands at about 580,
1050, 1400, 1600, 2300 and 3300 cm~! can clearly be identified. Our plots are from

400 ecm™* to em~! instead of 4000 ecm ™! to 400 ecm~!. This is done consistently as

on page 53.
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Figure 5.3.4: FTIR spectrum of CoSng sFe; 504.

The two strong bands around 580 cm™! and 1050 cm™! appear to be characteristic

of single phase cubic spinel structure in agreement with XRD results [69, 70]. The
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bands appear shifted to higher frequency due to Sn?*substitution. These absorption
bands (associated with low transmittance) are ascribed to the stretching vibration
modes of metal-O bonds at the tetrahedral (A) sites and octahedral (B) sites. The
high frequency bands at 3300 cm™! and 1600 cm™! are associated with O-H bonds
due adsorbed water used in the synthesis process. The band at 2300 cm~! has been
identified as due to atmospheric COy while the bands at lower frequancy around

1400 cm™! may be due to carboxyl bonds [69, 70].

5.3.4 Mossbauer measurements

The room-temperature (~ 300 K) Mossbauer spectra of the oxides are shown in Fig-
ure 5.3.5. The observed broad Mossbauer peaks can be attributed to wide particle
size distribution. Each particle with a different size will show a different hyperfine
magnetic splitting. To fit the spectra three sextets and one doublet were required.
The doublet is associated with small nanoparticles in paramagnetic states. The
spectrum for nanosized CoSng sFe; 50,4 appears relaxed. It consists of two absorp-
tion doublets in addition to six-line component sextets. The additional doublet for
this sample was for a better fit. This is indicative of both paramagnetic and ferro-
magnetic nature of this sample. The fitted data of isomer shifts, hyperfine fields and
line widths are shown in Table 6.2.3. There is no significant change in the isomer
shifts with composition. This indicates that the s electron density is not significantly
affected by Sn concentration. The A- and B-sites isomer shifts in the range 0.29
mm/s to 0.67 mm/s are typical of high spin Fe*" ions [71]. The hyperfine fields for
Sn-doped CoFe;O, ferrites are lower compared to pure cobalt ferrite oxide. This
can be explained by the weakening of superexchange interactions due to dilution
of magnetic neighbours (Fe and Co) by nonmagnetic Sn ions. Substitution of Fe
ions by Sn leads to tetrahedral ions having few near-neighbour octahedral ions that
are magnetic and hence produces a reduction in A-O-B superexchange interactions.
The variations of the hyperfine fields associated with different sites are illustrated in
Figure 5.3.6 as a function of particle size. In Figure 5.3.7 we show changes at similar
sites induced by mechanical milling in a MnFe,O4 sample. The results appear to

show significantly different trends in the changes of the hyperfine fields in relation
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to particle sizes.

Relative intensity
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Figure 5.3.5: Mossbauer spectra for CoSn,Fe,_,O4 samples measured at room tem-

perature.
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Figure 5.3.6: Hyperfine fields at different sites for CoSn,Fe; O, plotted as a func-

tion of particle size.
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Figure 5.3.7: Hyperfine fields at different sites for MnFe,O, plotted as a function of

particle size [72].
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Table 5.3.2: Isomer shifts (0), quadrupole splitting (¢), hyperfine fields (H), line

widths (I') and Fe fraction (f) for CoSn,Fes_,O4 (x = 0, 0.1, and 0.5).
Ferrite ) € H r f

(mm/s) (mm/s) (kOe) (mm/s) %
+0.04 +0.03 +8 +0.04
CoFe, 0y A 0.29 0.00 469 0.28 40.7
B 0.35 0.01 489 0.24 23.4
B’ 0.35 0.03 434 0.53 324

D 0.35 2.33 - 0.17 3.2
CoSnFe,_, 04 A 0.23 -0.02 461 0.33 26.7
B 0.67 0.05 464 0.19 68.8
B’ 0.42 -0.10 393 0.70 31.5
D 0.29 2.24 - 0.16 4.6

CoSng1Fe; gO4 A 0.37 0.00 432 0.29  23.7
B 0.35 -0.03 466 0.22 18.7
B’ 0.48 0.10 382 0.99  33.0
Da 0.34 0.71 - 0.27  20.8
Dg 0.35 2.42 - 0.15 3.6

5.3.5 Magnetization measurements

The hysteresis loops measured at 300 K are shown in Figure 6.2.4. Values of co-
ercive fields, saturation magnetization and residual magnetization estimated from
hysteresis loops are also given in Table 5.3.3. The magnetizations M, reduce from
94.55 emu/g to 13.13 emu/g with increasing Sn concentration. This compares well
with the reduction in hyperfine fields with increasing x as indicated by Mossbauer
results attributed to fewer magnetic neighbours as a result of substitution of Fe by

Sn ions. An increase in coercive field and residual magnetization with increasing x
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is observed. Clearly magnetic parameters are affected by Sn concentration.

100

80
60

-100 | rrvrr v rvrprd rrrrrrrTrrrrgd
-12 9 -6 - 0O 3 6 9 12
H (kOe)

Figure 5.3.8: Hysteresis loops of CoSn,Fe,; O, measured at room temperature.

Table 5.3.3: Coercive field He, magnetization M, and residual magnetization Mg

measured at 300 K.

x He (Oe) Mg (emu/g) Mg (emu/g)

+0.4 £0.01 £0.001
0.0 73.2 94.55 1.22
0.1 89.1 53.78 1.22
0.5 270.6 13.13 3.11
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Figure 5.3.9 shows field dependent initial magnetizations recorded at various tem-
peratures from 4 K to 250 K for x = 0.5. The saturation magnetizations increase at
lower temperature as expected. The zero field cooled (ZFC) and field cooled (FC)
magnetization curves are shown in Figure 5.3.10 for CoSng sFe; 504 (z = 0.5). Dur-
ing FC, the oxides were cooled from 400 K to 10 K in the presence of an external
magnetic field of 50 Oe. In the measurements in Figure 5.3.10, the applied field is
zero while cooling to 4 K and the magnetization was recorded during warming up
to 400 K in the presence of the same external field of 50 Oe. The magnetization
initially increases with increasing temperature and reaches a maximum at a blocking
temperature (7) of about 300 K. This is higher than the blocking temperature of
238 K reported for CoFe;O4 which had smaller particle sizes (5 nm) [65].

—4 K
50K
100 K |
e 150 K
e 200 K 7]
250K 1

0 10 20 30 40 50 60 70
H (kOe)

Figure 5.3.9: Magnetization as a function of magnetic field recorded from 4-250 K
for =0.5.

According to the conventional theory of ferromagnetic nanoparticles, larger particles
are expected to have higher blocking temperature [64]. The blocking temperature
(Tp) is the temperature above which we may expect superparamagnetism to begin.

The blocking temperature Tz of 300 K relates well with relaxed Mossbauer spectrum
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for CoSng sFe; 504 recorded at room temperature (300 K). Beyond 300 K, the ZFC
magnetization reduces with further increase in temperature. The width of the peak
in the ZFC curve is associated with particle size distribution. A particle with a
particular size has a certain blocking temperature. The ZFC peak width at half
maximum for CoSngsFe; 504 produced by the glycol-thermal process is 8441 nm,

indicating a narrow particle size distribution.
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Figure 5.3.10:  Zero field cooling magnetization curves.

A strong correlation is shown in Figure 5.3.11 (x? = 0.9995 ) that is apparent
between coercive field data in Table 5.3.3 with particle sizes in Table 5.3.1 which
suggests synthesis of other compositions in the current series. The origin of this
correlation is the subject for further investigation. The properties of CoSn,Fes_,O4
are strongly dependent on particle size and Sn content. Sn doping appears to collapse
the the magnetic order in CoFe;Oy4 in a systematic way exhibiting strong correlation

between increase in coercive field and particle size measured at room temperature.
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Figure 5.3.11:  Correlation between coercive fields at 300 K with crytallite sizes for
x=0,0.1, 0.5.
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5.4 Conclusion

CoSn,Fes_,O4 (x = 0, 0.1 and 0.5) nanoparticles have been characterized by XRD,
Mossbauer spectroscopy and magnetization measurements. All the peaks were in-
dexed for a pure cubic spinel structure with no impurity peaks except for the sample
with z= 1. Therefore large contents of Sn ions do not enter the structure of CoFey,Oy4
as well as when the Sn content was smaller. The properties are strongly dependent
on particle size and Sn content. The ZFC magnetizations of CoSng 5Fe; 504 (x = 0.5)
spin freezing at low temperature. Sn doping appears to collapse the magnetic order
in CoFe,0y in a systematic way exhibiting strong correlation between increase in co-
ercive field and particle size measured at room temperature. The broad Mossbauer
peaks can be attributed to a wide particle size distribution. The hyperfine field of
the Sn-doped CoFe,O4 were found to be lower than the pure CoFey,Oy, this is due to
the weakening of the superexchange interactions. The magnetization was decreasing
with the increasing Sn concetration, which correlated with the information obtained

from the Mossbauer results.
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Chapter 6

Synthesis structural and magnetic
properties of MO.5NiO'5F6204

nanoferrites

6.1 Introduction

Spinel ferrites have been investigated intensively in recent years due to their poten-
tial applications in the production of electronic and magnetic components [73]. As
stated earlier the distribution of cations over tetrahedral and octahedral sites sig-
nificantly affect properties which depends on various parameters such as processing
conditions, sintering temperature and time on their chemical composition [73, 74].
Several synthesis methods are available and have been used in the preparation of the
nanoferrites. Stoichiometric control is not always straightforward. The full control
of the pH, temperature and concentration of the solution is often required [73].
The difference of the magnetic moments of the ions from the A and B sites gives
rise to the magnetization on both sites. Some studies have shown that the magnetic
properties like magnetization, coercivity and remanence may be highly dependent on
the size and concentration which affects the strength of the interparticle interaction
and anisotropy.Substituting NiFe,O, with nonmagnetic metal ions such as Zn2T,
Mg?** and Ca?* ions significantly affect the physical properties which may improve

or add new properties [74]. This current study will deal with the structural and
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magnetic properties of NiFe;O4 nanoferrites in which the Ni is partially substituted
by alkaline earth metals Mg, Ca, Sr and Ba. We will also look at the correlation
between coercive field and pressure and coercive field and particle size [75]. The
synthesis method used was glycol-thermal. For the structural properties, the samples
were characterized by XRD and FTIR. The magnetic properties were characterizes

by magnetization VSM and Mdssbauer spectroscopy at room temperature.

6.2 Results and discussion

6.2.1 XRD results

In Figure 6.2.1, the XRD patterns for M, 5NigsFesO4 (M= Mg, Ca, Sr and Ba) is
shown. The XRD patterns of the samples were obtained using the Rigaku MiniFlex
600 using Cu-K,, radiation (A = 1.5818 A). All the major peaks corresponding to
the spinel structure are indexed and no impurity peak was observed which implied
that the samples made were all single phase. The average crystallite size for each
sample was calculated using the Scherrer formula [55]. The crystallite size, lattice
parameters and XRD densities are presented in Table 6.2.1. The lattice parameters
shows decrease when substituting Mg from 8.355 A[76] to 8.342 Aand therecafter
increases to 8.361 Awhen substituting Ca. This may be due to the fact that the
ionic radii Ca is bigger than the ionic radii of Ni?*. Replacing a cation with a dopant
of smaller ionic radius can change the inter-planar spacing that can induce the lattice
strain and shift the diffraction peak [77]. The values of the X-ray density p, have
been obtained from equation 4.1.3. The density values increases as the metals are
substituted, as shown in Table 6.2.1. A strong correlation between particle sizes
and pressure for M 5NigsFe;O4 (M= Mg, Ca, Sr and Ba) nanoferrites is shown in
Figure 6.2.2. The values of pressure presented in Table 6.2.2 were obtained from the
pressure reactor during the synthesis process and they were experimental readings
not set intentionally but evolved on their own. This is evident that the samples
with larger particle sizes were synthesized at higher pressure. This is consistent
with the study by J Gubicza et al. [78] who found that at constant temperature the

crystallite size increase with pressure. The values for pure NiFe;O4 were taken from
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B. Ndlovu [76].
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Figure 6.2.1: XRD patterns of M 5Nig5FesO4 (M= Mg, Ca, Sr and Ba).

93



Table 6.2.1: The lattice parameters (a), crystallite sizes (D), X-ray densities (p) of
the Mo 5NigsFesO4 (M= Mg, Ca, Sr and Ba) ferrites.

Sample a (A)  pxrp(g/cm?®) D (nm)
+0.003 +0.01 +0.2
Mg0.5NiO.5FGQO4 8.342 4.969 11.84
Ca0,5Nio,5FegO4 8.361 5.116 12.79
Sro 5Nig5Fes Oy 8.354 5.669 10.17
Ba0,5NiO.5FeQO4 8.341 6.234 11.10
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Figure 6.2.2: Correlation between particle size and pressure for My 5Nig 5FesO4 where

(M = Mg, Ca, Sr and Ba).
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6.2.2 FTIR

The formation of the single phase spinel structure of the nanoferrites has been
confirmed by the FTIR spectra presented in Figure 6.2.3. The spectra show the
absorption bands in the range of 546 cm™!-3285 cm~!. The first band for all the
samples range from 546 cm~! -570 cm ™! which corresponds with stretching vibration
oxygen-metal ions of the tetrahedral and octahedral sites [79]. The peaks around
1595 cm™! - 1654 cm™! corresponds to the H20 molecules [80], as the samples were
washed using deionized water. The peaks around 3221 cm™! - 3285 cm™! can be

associated with O-H vibrations which are known to vanish after annealing [81].
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Figure 6.2.3: FTIR spectra for M 5NigsFe,O4 (M= Mg, Ca, Sr and Ba).



6.2.3 Magnetization

Figure 6.2.4 shows the room temperature hysteresis loops for the My 5Nig5FesOy
nanoferrites. The variation of the magnetic parameters are shown in Table6.2.2.
The coercive field Hp increases from 12.8 Oe for NiFe,O4 to 17.3 Oe for Mg-Ni.
Then decreases to 13.46 Oe for Ca-Ni and to 12.30 Oe for Sr-Ni. However, there is
an increase from 12.30 Oe to 14.6 Oe when Ba is substituted. This may be due to the
increase of the superexchange interactions [82]. We can also explain the variation
of coercivity with the concentration of the metal ion on the basis of anisotropy field
and domain wall energy [83]. The saturation magnetization M; followed a different
trend, there was an increase from 54.1 emu/g for Mg-Ni to 60.4 emu/g for Ca-Ni,
this increase may be described on the basis on the noncollinear spin arrangement
on the particles’ surface [81]. As it can be seen in Figure 6.2.5 the coercive field
changes with the change in particle size. This change may be attributed to the ex-
change coupling between the grains because it induces cooperative demagnetization
processes starting from misaligned grains. For multidomain systems the coercivity
varies with the grain size [84]. For the highest value of particle size 12.8 nm, the
value of the coercive field decreased from 17.3 Oe to 13.5 Oe. This is indicative of

a transition of the sample from single domain to a multidomain structure [75].

6.2.4 Mossbauer Spectroscopy results

Room temperature Mossbauer spectra for Mg 5NigsFeoO4 (M= Mg, Ca, Sr and Ba)
nanoferrites have been presented in Figure 6.2.6. The fits were generated based on
the Lorentzian site analysis using the recoil Mdssbauer analysis software. At least
three sextets and a doublet was fitted to the spectra. One corresponds to the Fe3*
ions in the tatrahedral A site and the other two magnetic components corresponds to
the octahedral B sites with two different avarage nearest neighbor enviroments. The
sextet represents the Fe3' ions in ferromagnetic state and a doublet indicates the
Fe?* in a ferromagnetic state and the doublet indicates a paramagnetic state [85].
Sextets with higher values of the magnetic field have been assigned to the octahedral

site. The Mossbauer parameters from the analysis are presented in Table 6.2.3.
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The hyperfine field seems to be decreasing for the samples. This reduction may
be explained in terms of collective magnetic excitation. No significant change is

observed with isomer shift values, which is true for a ferric ion [86].
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Figure 6.2.4: Hysteresis loops for M 5NigsFe,O4 (M= Mg, Ca, Sr and Ba).
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Table 6.2.2: Coercive field H s, magnetization M, and residual magnetization Mg

measured at 300 K.

Sample Ho(Oe) Mg(emu/g) Mpg(emu/g)
+0.4 +0.01 +0.001
NiFe; Oy 12.83 22.54 0.27

Mg0.5Ni0.5F6204 17.29 54.06 0.87

Ca0.5Nio‘5F€204 13.46 60.38 0.86

Sr0.5NiO_5FGQO4 12.30 54.28 0.42

Bag 5Nig5Fe;Oy4 14.58 58.16 0.90
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Figure 6.2.5: The variation of coercive field with particle size for My 5Nip5FesOy4 (M
= Mg, Ca, Sr and Ba).
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Figure 6.2.6: Mossbauer spectra for M 5Nig5Fe;O4 nanoferrites.
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Table 6.2.3: Isomer shifts (0), quadrupole splitting (¢), hyperfine fields (H), line

widths (I') and Fe fraction (f) for CoSn,Fes_,O4 (x = 0, 0.1, and 0.5).
Ferrite ) € H r f

(mm/s) (mm/s) (kOe) (mm/s) %
+0.04 +0.03 +8 +0.04
Mgo5NigsFesOy A 0.35 0.00 398 0.713 374
B 0.30 0.01 461 0.52 46.0
B’ 0.37 0.03 263 0.67 14.0

D 0.27 2.38 - 0.17 2.6
CagsNigsFesOy A 0.31 -0.02 381 0.78 38.4
B 0.27 0.05 445 0.52 34.6
B’ 0.56 -0.10 258 0.90 234
D 0.60 2.46 - 0.47 3.6

SrosNipsFesO, A 0.27 0.00 303 144  49.2
B 0.26 0.03 417 0.73 489
B 048 0.10 382 099 33.0

Dy 0.35 2.09 - 0.22 2.0
Bag;NigsFecOy A 0.30 382 0.78 38.4
B 0.28 445 0.52 34.3
B’ 0.51 255 0.52 38.4
D 0.48 2.24 - 0.43 3.02

6.3 Conclusion

The nanoferrites M 5Nip5FeaOy4, (M= Mg, Ca, Sr, Ba) have been successfully syn-
thesized by glycol-thermal. XRD results confirmed single phase formation in all
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of the synthesized samples with no impurity peaks. Crystallite sizes ranged from
10 nm to 13 nm. FTIR spectrum confirmed the formation of a spinel structure.
Mossbauer spectroscopy results showed that the samples exhibit a ferromagnetic
and paramagnetic state with the fit of three sextets and a doublet. There was a
strong correlation between the coercive field and particle size and this confirmed the
transition of the ferrites from single to multidomain structure. The correlation be-
tween synthesis pressure and particle size is confirmed when the pressure increases,

the particle size also increases.
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Chapter 7

(General conclusions

The structural and magnetic properties of CoSn,Fes_,O4 (z = 0, 0.1, 0.5 and 1.0)
and My sNipsFe;O4 (M = Mg, Ca, Sr, Ba) nanoferrites were successfully produced
by glycol-thermal method. Structural properties were investigated by X-ray diffrac-
tion which gave the information on crystallite size, lattice parameter and XRD
density of all the nanoferrites produced. For all CoSn,Fe; ,O4 (z = 0, 0.1, 0.5 and
1.0) samples a single phase was observed except for x = 1. In this case the spinel
structure was not able to form for high concentration of Sn. Therefore, the proper-
ties are highly dependent on the particle size and the content of the Sn substitution.
In the M 5NipsFe;O4 (M = Mg, Ca, Sr, Ba) samples, all the samples were single
phase. The variation of the crystallite sizes showed that the results may not always
follow the same trend, we took into consideration the ionic radii of the ions for the
elements used. There was a strong correlation between the particle size and synthe-
sis pressure for the M 5NigsFesOy4 ferrite. Larger particles were obtained at higher
pressure. The FTIR spectra confirmed the formation of the spinel structure for the
ferrites. Room temperature Mossbauer spectra for the ferrites showed an ordered
magnetic structure and was fitted with sextets. In other samples, we include doublet
component such as for CoSng sFe; 504 and My 5NigsFe2O4 (M = Mg, Ca, Sr, Ba).
The presence of a doublet was indicative of the ferrites in a paramagnetic phase. The
decrease in magnetization with increasing Sn concentration was also consistent with

the Mossbauer results. The magnetization measurements for the M sNigsFesOy
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ferrites showed a nonlinear trend, which was consistent with the Mossbauer and
XRD results. The variation between the coercive field and particle sizes for the
M 5NigsFesO4 showed a transition from single domain to multidomain structure.
For the future, we intend to investigate further the correlation between coercive field
and crystallite size for the Sn-substituted samples. Synthesis at other compositions
(x = 0.2, 0.3 and 0.4) for CoSn,Fe; ,O,4 will be important to undertake in order
to confirm the strong correlation between the coercive fields and crystallite sizes
reported in Figure 5.3.11 [15]. All the M(5Nig5FesO4 samples studied here have
similar XRD patterns. It would be interesting to see if differences in the proper-
ties of the samples can be amplified by performing magnetic measurements at low

temperatures.
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