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Abstract

Three high-purity cubic spinel-type crystalline magnetic iron oxides i.e. FesOy,
CoFey Oy, and NiFe;O4 nanoparticles were successfully synthesized by co-precipitation
method. X-ray diffraction (XRD) showed the formation of stoichiometric phases
with average particle size of 11.7 nm, 23.6 nm, and 16.4 nm for the as-prepared
Fe304, CoFe;Oy4, and NiFe,O4 nanoparticles, respectively. Transmission electron
microscopy (TEM) observation for all three samples revealed spherical morphol-
ogy with single magnetic domain structure. From high resolution TEM (HR-TEM)
imaging, lattice fringes with d-spacing of 0.473 nm and 0.248 nm corresponding
to (111) and (311) reflections planes, were observed for both the Co-doped and
Ni-doped samples. Energy-dispersive x-ray spectroscopy (EDX) analysis showed
the presence and homogeneous distribution of main elements Fe, O, Co, and Ni in
the samples. Quantitative EDX results confirmed the formation of stoichiometric
CoFe;0O4 and NiFe,O4 phases with the experimentally measured weight wt% of the
samples closely equal to the theoretical calculated wt% values i.e. Fe = 46.35 wt%,
0O = 26.79 wt%, and Co = 26.87 wt% for CoFe,O,4, and Fe = 47.02 wt%, O = 27.27
wt%, and Ni = 24.75 wt% for NiFe,Oy.

The magnetic properties of these nanoparticles were investigated by 57-Fe Mossbauer
spectroscopy (MS) and Vibrating Sample Magnetometer (VSM) techniques. Room
temperature MS spectrum for the pure FesO, phase consist of two superimposed
sextets with isomer shifts (0.321, 0.463) mm/s and hyperfine field (57.3, 43.4) T
attributed to tetrahedral (A-sites) and octahedral (B-sites). The CoFeyO, and
NiFe;O,4 samples both showed room temperature MS spectra consisting of two sex-
tets and a single central paramagnetic doublet. The two sextets in each sample had
almost equal isomer shifts for both A- and B-sites i.e. 0.2956 & 0.3247 mm/s and
0.3784 & 0.2761 mm/s for each of the sites of the CoFe;O4 and NiFe;O4 sample,
respectively. The paramagnetic doublet was fitted with isomer shift of 0.3272 mm/s
for the CoFeyO4 sample and 0.3249 mm /s for the NiFe,O4 sample.

Temperature dependence M-T magnetization curves measured at H = 500 Oe in
the zero-field-cooled (ZFC) and field-cooled (FC) conditions showed the superpara-
magnetic nature of all three particles. The Mzprc magnetization curve showed a
maximum (cusp) at 225 K, 300 K, and 228 K corresponding to blocking tempera-
ture (Tp), for Fe304, CoFeyOy4, and NiFey Oy, respectively. For the CoFe,O4 sample
the irreversibility temperature (T;..) was equal to the blocking temperature (Tp).
While measured T}, for Fe304 and NiFe;O4 was ~ 300 K for both samples.
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The M-H magnetization curves at 300 K for all three samples revealed the coex-
istence of ferrimagnetic and superparamagnetic behaviour of the nanoparticles. At
300 K all three samples exhibit symmetrical and almost ”closed” hysteresis loops
with coercivity approximately 36, 70, and 117 Oe and remanence magnetization of
approximately 5, 3, and 4 emu/g, for Fe3O,, NFe,O4, and CoFesOy, respectively.
Furthermore, M-H measurements at 300 K showed a high saturation magnetization
of 89 emu/g for the Fe3O, sample compared to 37 emu/g and 26 emu/g for the
CoFeyQy, and NiFeyOy, respectively.

M-H measurements recorded at low temperatures showed rather ”opened” hysteresis
loops compared to loops measured at 300 K. In contrast to saturated magnetization
M-H curves for the Fe3O4 and NiFe;O,4 nanoparticles, unsaturated M-H loops were
observed for CoFe,O4 sample in the temperature range 10 - 100 K. A significant in-
crease in coercivity to 102 Oe, 391 Oe, and 2.4 kOe was observed for Fe3Oy4, NiFe;Oy,
and CoFe;Qy, respectively, when the temperature was reduced from 300 K to 10 K.
For the CoFe;O,4 sample, a highest coercivity of ~ 2.7 kOe was measured at 100 K.
And finally, M-H data at 10 K showed high saturation magnetization of 100 emu/g,
51 emu/g, and 31 emu/g, for the pure magnetite, CoFe;Oy4, and NiFe;O4 samples,
respectively.
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Chapter 1

Introduction

Recently[l, 2|, there has been great scientific interest in the preparation and the
study of magnetic nanoparticles due to their unique magnetic properties. More
interestingly, is the change of the magnetic structure from multi-domain to single-
domain when decreasing the size of these magnetic particles. If the size of the single-
domain particles is sufficiently small, these magnetic nanoparticles exhibit a unique
magnetic property called superparamagnetism i.e. the random fluctuation of mag-
netic moment in the domain due to thermal agitation [2—4]. Superparamagnetism is
a consequence of particle size in magnetic nanoparticles, and this demonstrate that
magnetic properties are not only related to the composition of nanomaterials but
are also particle size-dependent.

Amongst these mostly studied magnetic nanoparticles are the spinel-type ferrites.
They have wide range of applications such as magnetic data storage, magnetic fluids,
and magnetic separation [5]. Furthermore, superparamagnetic ferrite nanoparticles
are unique as they are able to induce heat under the application of an alternating
magnetic field, and so magnetic nanoparticles may be applied in various application
of interest, e.g. drug delivery, targeting magnetic hyperthermia, magnetic resonance
imaging, and thermochemotherapy [5-7]. Many ferrites adopt the spinel structure
with formula (AB2O,) where (A) and (B) represents divalent cations in tetrahedral
sites and trivalent cations in octahedral, respectively. However, Fe3O4 based ferrites

adopt the inverse spinel structure ((B)*'(AB)°'O,), where the divalent ions swap

with half of the trivalent ions. In this structure %th tetrahedral holes are occupied

by (B) cations, }lth of the octahedral sites are occupied by the (A) cations, and the

other ith are occupied by (B) cations [8, 9].

Interest in the ferrite nanoparticles currently focuses on control of their magnetic
properties. The magnetic properties of Fe3O4 based ferrites can therefore be tuned
by partially replacing the divalent Fe?* ions with cations like Zn**, Mn*", Co**, and
and Ni** [10-12] e.g. cobalt-ferrites (CoFeyOy4) shows a significant increase in coer-
civity compared to pure magnetite, which is a base requirement for its use in high
density recording. Besides its high coercivity, cobalt-ferrites provide improved sta-
bility with respect to temperature and stress [13, 14]. The substitution of Fe?* with
either Co®** or Ni?T should result in Co?* or Ni?* occupying the octahedral sites.



2 CHAPTER 1. INTRODUCTION

However, the distribution can be altered depending on the synthesis conditions, and
this results in a partially-inverted spinel structure for the Co?* or Ni** substituted
nanoparticles, where the divalent cations are found to be present in both tetrahedral
and octahedral sites [15, 16].

The aim of this work was therefore to synthesize and study the effect of nickel
and cobalt substitution on the magnetic properties of magnetite nanoparticles. For
this reason, three samples were synthesized (Fe3O4, CoFe;Oy4, and NiFe;O4) by co-
precipitation method and their structure and magnetic properties were investigated
by X-ray diffraction, Transmission electron microscopy, Energy-Dispersive X-ray
spectroscopy, Mossbauer Spectroscopy, and Vibrating Sample Magnetometer.

The dissertation is structured into six main chapters: Chapter 1 is the introduction
chapter which gives the aim of the work and introduces the reader to the magnetic
ferrites and their applications, Chapter 2 and Chapter 3 gives detailed litera-
ture review on magnetism, the structure, and magnetic properties of the ferrites,
respectively. Chapter 4 is the methodology chapter which gives synthesis methods
and experimental techniques used in this study, Chapter 5 results and discussion,
this is the main chapter that contains the results and analysis on the three samples
(Fe3Oy, CoFey0y4, and NiFe,Oy4) considered in this project, and finally Chapter 6
gives the general conclusion and recommendations.



Chapter 2

Magnetism in Magnetic Materials

2.1 The origin of Magnetism

Magnetism is a phenomenon associated with magnetic field that arise from the mo-
tion of electric charges [17]. This chapter discusses the origin of magnetic moments
in matter as well as the different types of magnetic order in solids which are based
on the arrangements of the magnetic moments.

A free atom’s magnetic moment arises from three sources i.e. the electron’s or-
bital motion around the nucleus, spin angular momentum, and the change in the
orbital moment induced by an applied magnetic field [18]. Depicted in Figure 2.1 is
the orbital (a) and spin motion (b) of an electron in an atom. The orbital moment
can be understood using Bohr’s model. An electron mass m moving in an orbit
is equivalent to a current in a closed current loop where the current direction is
opposite to the sense of circulation [19]. The period it takes the electron of mass m

(a) (b)
MNucleus
,-"'H'.r 1 = z‘_‘“
\_‘_ _.,”
L
ps
Y

Figure 2.1: Schematic representation of the unpaired electron around the nucleus.
(a) orbital motion, and (b) spin motion [20].
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to make an orbit is given by the equation 2.1.

2
T="" (2.1)

v

Where v is the velocity of the electron, therefore the current due to motion of the
electron during that period is given by;

:charge __ (2.2)

period  27r

I

Langevin’s theory of diamagnetism and paramagnetism states that this current will
produce at a given distance a magnetic field with the same intensity as a permanent
magnet with a magnetic moment that can be expressed as;

ev. 1

i =JA = —2—7TI'7TI' = —56(1' X V) (23)

Where A is the area vector with a magnitude 7r? [19, 21]. In terms of angular
momentum 1 = m.r x v, the magnetic moment becomes;

e

/= 14 2.4
om, g1 ( )

Py = —

Where pup = 4;:; - is the Bohr magnetron and the intrinsic spin motion of the electron

is associated with spin magnetic dipole moment given by;

e
Py = — —S = gs/iBS (2.5)
Me
When the electron spin and orbital motion are simultaneously taken into account
this results in the total angular momentum of the atom J given by the spin-orbit
coupling J = S 4 L. Finally one obtains the magnetic moment of the atom given
by [19];

p=—pp(28+L)=—us(S+J) (2.6)

Where g, = 1, g5 = 2, and the lower case s and [ has been replaced by upper case
S and L, according to the Russell-Saunders coupling, the spin momenta couples to
form a total spin S = >""" | s;, and orbital momenta couple to form L = 3" | /; in a
many electron atom. The total magnetic moment of the atom can finally be written
as;

pi = —gupJ. (2.7)
Where ¢ is known as the Landé factor and may be expressed as;

J(J+1)+S(S+1) = L(L+1)
2J(J +1) ’

g=1+ (2.8)
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2.1.1 Magnetization

The resultant magnetization in a material is therefore defined as the sum of all
magnetic moments per unit volume given by;

1 n
i=1

However, the magnetization of the sample is often reported in terms of the mass m
due to temperature effects on the volume:

1 n
M = EZ’“‘ (2.10)
=1

Finally, the degree of magnetization of a material in response to an external applied
magnetic field H = B/ug is known as the susceptibility defined by [22, 23]

X=7 (2.11)
where B is the magnetic flux density, B established within the material, and py is the
permittivity of free space. It is well known that magnetic response to an applied field
of materials which do not order magnetically may be either paramagnetic (x > 0) or
diamagnetic (x < 0). Diamagnetism is observed in materials containing no atomic
magnetic moments i.e. in atoms where all the orbital shells are filled and there are no
unpaired electrons [24, 25]. While paramagnetism occurs in materials which possess
a permanent magnetic moment. In the absence of an external applied magnetic field,
magnetic moments in paramagnetic materials are randomly oriented and there is no
net spontaneous magnetisation (see Figure 2.3). If a field is applied a torque is

induced to the magnetic moments which aligns them in the same direction to the
field [26].

2.1.2 The Curie Law

Ferro- and ferri magnetic materials are known to undergo a magnetic transition to
paramagnetic state above a certain temperature called Curie temperature, T». This
is a temperature named after the French physicist Pierre Curie, who in 1895 discov-
ered the laws that relate some magnetic properties to change around the temperature
Te [27]. According to Curie’s law for paramagnets the magnetic susceptibility of a
paramagnets is inversely proportional to the absolute temperature [19].
C

X=7 (2.12)
where C is known as the Curie constant. On the other hand, ferromagnets possesses
spontaneous magnetisation in the absence of an external field below Ty. Taking
into account the presence of the molecular field (AM) responsible for aligning the
moments in the absence of an applied field in ferromagnets, the total field becomes:

H,=H+A\M (2.13)
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If H, is substituted in equation 2.12 for paramagnets we obtain

C(H + \M)
T

M = (2.14)

which can be re-arranged to obtain the more general Curie-Weiss law for ferromag-
nets above T [19, 28]:

e
T —-Te

X (2.15)
where Tz = AC. Figure 2.2 shows temperature dependence of the magnetic sus-
ceptibility for paramagnets and ferromagnets. The Curie temperature 7 indicates
the point at which ferromagnetic material are considered to exhibit a paramagnetic
behaviour. It can be clearly seen that the susceptibility of ferromagnets is similar to
that of paramagnets above T¢. It is observed that the susceptibility (Fig. 2.2 (b))
diverges as T" — T¢.

(a) (b)

Figure 2.2: Temperature dependence of the magnetic susceptibility for (a) para-
magnetic and (b) ferromagnetic [28].

2.2 Magnetic Order in Solids

In section 2.1.1 it was discussed that some materials do not have any order of mag-
netic moments, hence orientation of magnetic moments are random [29, 30]. Thus,
no spontaneous magnetization appear, these are known to be paramagnetic ma-
terials. In this section, materials with ordered magnetic moments are discussed,
these include ferromagnetism, antiferromagnetism, ferrimagnetism and superpara-
magnetism. Figure 2.3 shows the magnetic ordering of (a) paramagnetic, (b) ferro-
magnetic, (c¢) anti-ferromagnetic, and (d) ferrimagnetic materials in the absence of
an external applied field.

2.2.1 Ferromagnetism

Ferromagnetic materials have ordered magnetic moments and the molecular field
is responsible for the strong interactions results to ordering of the moments. A
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Figure 2.3: Types of magnetic ordering in solids (a) Paramagnetism, (b) Ferro-
magnetism, (c¢) Anti-ferromagnetism, and (d) Ferrimagnetism [26, 31].

strong interaction between magnetic moments aligns the moments when the mate-
rial experiences an intense internal magnetic field known as molecular field that is
proportional to the magnetization of the ferromagnet. The field is expressed as:

H' = \M (2.16)

where A is know as the molecular field coefficient. The physical origin of the molec-
ular field in eq. 2.16 is exchange interaction which originates from the electrostatic
Coulomb repulsion, overlap of the wave functions and the Pauli exclusion principle.
Therefore, the wave functions of nearest neighbour magnetic moments overlap and
interact through direct exchange interaction. The short-range interaction between
two electrons with spins S; and S5 is expressed by the Heisenberg Hamiltonian
given by [32]

HHeis = \71'3‘?1 . §2 (2.17)

where J;; is an exchange integral. J;; is positive for parallel spin arrangement
(ferromagnetic ordering) and is negative for antiparallel spin arrangement (antifer-
romagnetic ordering ). Since the exchange interaction is short-range, the value of J;;
is largest for magnetic moments that are so close to each other [33]. Exchange in-
teraction between magnetic moments aligns the magnetic moments, materials with
magnetic moments which are in a parallel alignment are known as ferromagnetic
materials (see Fig. 2.3 (b)).

2.2.2 Antiferromagnetism

If the magnetic moments align in an antiparallel orientation, this is known as antifer-
romagnetic behaviour as demonstrated in Figure 2.3 (¢). The overall magnetization
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for anti-ferromagnets is zero and J;; is negative for this magnetic spin configura-
tion. Anti-ferromagnets have a critical temperature called Néel temperature, Ty,
above which they become paramagnetic [30, 34, 35]. Anti-ferromagnetism materials
crystal lattice is subdivided into two atomic sublattices (A and B) which order in
such a way that their net magnetization is zero. The molecular field acting on each
sublattice spins is given by

H'y = AgaMy + AapMp + H

; (2.18)

Hp = ApaMa+ AppMp + H
where Aap = Ap4 is the inter-sublattice coupling, Aya = Agp is the intra-sublattice
coupling and My = —Mp [19].

Sometimes direct exchange interaction between magnetic ions is weakened by the
presence of non-magnetic interstitial ions. In this case, indirect interaction of mag-
netic moments occurs through an intermediary in a process called super-exchange
interaction [33]. Figure 2.4 shows super-exchange interaction between M; and M,
through oxygen ions in an anti-ferromagnetically ordered MnO oxide.

LA
&

Figure 2.4: 2p orbital of oxygen ion overlapping orbitals of metal ions M; and M,
in a super-exchange interaction [33].

Figure 2.5 further illustrates the super-exchange interaction in MnO showing the
rotation of an electron on the M; ion to be antiparallel to the other electron on the
M, ion. Initially, the two electrons on M; and M, are parallel to each other. Then
the oxygen bridge transmit a super-exchange interaction which flips the electron on
M; to be antiparallel to the electron on Mj resulting in an anti-ferromagnetic ar-
rangement [19, 33]. Therefore, super-exchange interaction can be used to explain the
antiparallel spin configuration in both ferrimagnetic and anti-ferromagnetic mate-
rials. Ferrites, which is a subject of the current investigation, are ferrimagnetically
ordered and the super-exchange interactions between neighbouring magnetic mo-
ments take place through the oxygen ions.
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Figure 2.5: Schematic showing super-exchange interaction (a) high energy state
and (b) high energy state [19].

2.2.3 Ferrimagnetism

In a case of two antiparallel aligned dipole moments on two sublattices (A and B)
that have unequal magnitudes, a net non-zero magnetization is produced, and such
materials are known as ferrimagnetic. The magnetic ordering in ferrimagnets is
illustrated in Figure 2.3 (d). The most famous ferrimagnet is magnetite, which is
the subject of the present investigation. The total field on each sublattice is similar
to the one for anti-ferromagnetic materials with Ags # Agp and M4 # Mp [19].

HY = AaaMy + MapMp + H

: (2.19)
HB ES )\BAMA+)\BBMB + H

2.2.4 Superparamagnetism

Single-domain ferromagnetic and ferrimagnetic nanoparticles with sufficiently small
crystallite size exhibit a unique magnetic property known as superparamagnetism.
This magnetic behaviour was made by Néel’s theoretical prediction that coercivity
approaches zero for sufficiently small nanoparticles as a consequence of spin ther-
mal agitation induced by thermal energy which prevent the existence of a stable
magnetization [36]. Superparamagnetic behaviour induces a spontaneous reversal of
magnetization i.e. magnetic moments randomly flips direction and the average time
to perform such flip is known as the Néel relaxation time given by [37];

AE
T =Tpexp (kB_T> (2.20)

where 7y is called the characteristic time, 7" is temperature, and kg is Boltzmann
constant. AF is the energy barrier between the two orientations which can be
expressed as [37]:

AE = KV sin®*0 (2.21)

where V' is the volume of the nanoparticles, K is the anisotropy constant, and
0 is the angle between the magnetic moments and the easy axis. In sufficiently
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small nanoparticles, the thermal energy (K7T) overcomes the barrier energy i.e.
AFE < KT, and magnetization starts to randomly flip direction under influence of
temperature [38].

When the Néel relaxation is smaller than the time scale of the measurement i.e.
T < T, the magnetization maintains one direction during measurement and there-
fore the magnetic moments are in an ordered state. However, when 7 > 7,,, a
superparamagnetic state is observed, magnetic moments randomly flips direction
[39, 40]. The transition temperature at which 7 = 7,,, is known as superparamag-
netic blocking temperature (Tg) given by:

_ KV
ko ln(%)

Superparamagnetism occurs in nanoparticles which are single domain. A domain
is a region of a ferromagnetic material in which positive interactions between the
magnetic dipole moments favours parallel alignment. Frenkel and Dorfman [41] ini-
tially predicted that when the size of ferromagnetic or ferrimagnetic becomes less
than a critical size, the amount of energy required to create domain walls outweighs
the decrease in magnetostatic energy. Therefore, the formation of a single-domain
is preferred. This process is illustrated in Figure 2.6. If the particle size of the
nanoparticles is reduced from tens of nanometers to a few nanometers, a change in
magnetic structure from multi-domain to single-domain is observed when d < dgp,
where dgp is a critical diameter. A further reduction in particle size to d < dgpas,
results in superparamagnetic behaviour. The M-H curves of these nanostructures
will show hysteresis (d > dgpys) and anhysteretic (d < dgpps) behaviour [41].

Ty = (2.22)

e.m.a.
-—

]
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single-domain magnetic structure multi-domain magnetic structure

depy dsp
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Figure 2.6: Transition from multi-domain and to single-domain structure for
nanoparticles [41].
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In ferro- or ferrimagnetic materials, the spontaneous magnetization has an easy
axis, along which the magnetization prefers to lie [33]. Magnetization reversal can
occur via rotation of the magnetization from one magnetic easy axis to another. In
the case of uni-axial anisotropy the energy barrier takes the general form [42]:

AE, = K,V sin?6 4 K,V sin* 0 (2.23)

where K and K5 are the magnetic anisotropy constants, and @ is the angle between
the easy axis. The secondary term is often neglected due to its small contribution
[42] and equation 2.23 is similar to equation 2.21.

Figure 2.7 demonstrate the thermal fluctuation of a magnetic moment along the
uni-axial easy axis i.e. a-axis in this case. The magnetic moment flip up and down
between the two positions theta = 0° and 180° when thermal energy overcomes the
anisotropy energy barrier AFE,. The typical time between the two flips is known as
Néel relaxation time given by equation 2.20.

: ; v
0 90 180 270 360
a

Figure 2.7: Schematic showing thermal fluctuations in superparamagnetic
nanoparticles [43].



Chapter 3

Ferrites Structure and Their
Properties

3.1 Introduction

Magnetite Fe3O4 based nanoparticles exhibit unique and tunable fundamental size
and shape-dependent magnetic properties. These magnetic nanosized iron oxides are
used in various applications in different areas such as ferrofluids [44], magnetic drug
delivery, high-density information storage, photo-catalysis, gas sensors, biosensors
and magnetic hyperthermia for cancer treatment [45, 46]. Magnetite nanoparticles
are preferred in biomedical field, because of their biocompatibility and variable tox-
icity.

For applications such as biomedical, particle sizes in the superparamagnetic regime
is preferred. In superparamagnetic materials, the net magnetization averages to
zero once the external field has been removed which reduces particle’s magnetic in-
teraction and hence particle’s resistance to aggregation is increased [47]. Another
important requirement for these magnetic nanoparticles in the biomedical field is
high magnetic saturation so that the particles can be controlled with a moderate
external magnetic field [47].

Amongst the known iron oxides, magnetite is unique in that it contains both Fe?*
and Fe3" ions and its magnetic properties can be tuned by partly or fully replacing
the Fe?T ions by other divalent ions (Co*", Ni?*, Mn?*,Zn?" etc). The substitution
of Fe®" cations in magnetic iron oxide (i.e magnetite) with cobalt Co®* and/or nickel
Ni** cations, has significant effect on the magnetic properties of the ferrites [47].

3.2 Magnetite (Fe;0,) nanoparticles

Crystal Structure

Magnetite is the most common black or dark brown naturally occurring iron ox-
ide with the chemical formula FezO4 [48]. In its bulk state, magnetite has a cubic
inverse spinel structure with chemical formula (Fe®t), [Fe*™, Fe*"]30y, and crystal-

12
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lizes in the F'd3m space group with a lattice parameter a = 8.39 A [49, 50]. The
crystal structure of magnetite is shown in Figure 3.1. In the structure, all the Fe?*
ions occupy octahedral sites and Fe?" ions are equally distributed into octahedral
and tetrahedral sites [49]. The blue spheres shows Fe®t ions in tetrahedral (A-sites)
coordination, black spheres represents the Fe? /Fe®" ions occupying the octahedral
(B-sites), and the orange spheres are oxygen O?~ ions [51, 52].

oxygen

O r™
e /Fe**

Figure 3.1: Crystal structure of magnetite [52].

The phase identification of magnetite can be achieved by conventional X-ray diffrac-
tion methods. Figure 3.2, shows a typical XRD pattern for magnetite reported by
compean-Jasso et al. [53] indexed according to the spinel structure with F'd3m space

group.

(311)

(440)

Intensity (u.a.)
(220)
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Figure 3.2: Magnetite XRD pattern [53].
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Magnetic Properties

Magnetite is ferrimagnetic at room temperature and becomes paramagnetic above
Te = 850K [54]. The ordering of magnetic moments in ferro-, ferri-, and antifer-
romagnetic materials decreases with increasing temperature and material become
disordered, lose their magnetization above T [55, 56]. In magnetite, the ferri-
magnetic behaviour results from super-exchange interaction between the cations in
A-sites and B-sites sites which occurs through the oxygen anions [19]. The magnetic
moments of Fe?" ions (spin = 5/2) in A-sites and B-sites are antiparallel to each
other, and cancels each other out because there is a same number Fe?* ions in these
two sublattices as demonstrated in Figure 3.3 [57, 58]. Therefore, the net moment
in magnetite originates from the uncompensated (Fe?*, 3d*) moment with spin 2.
The net moment per formula unit is given by [59]:

M = Moyt — Miet (31)

where M, and M, are the magnetic moments of the octahedral and tetrahedral
sites, respectively. And for magnetite, the net magnetic moment per Fe;O4 unit is
equal to = [(5+4)—5] =4pup at T = 0K [19, 49, 57]. Asstated before, the ordering of
magnetic moments in ferrimagnetic magnetite originates from super-exchange inter-
actions between cations through mediation by the oxygen ions where the 3d orbital
of Fe overlaps with the 2p orbital of oxygen. For magnetite, the inter-sublattice
super-exchange between cations in A- and B-sites has a strength Jsp = —28 K,
and intra-sublattice super-exchange interaction between cations in A-sites is anti-
ferromagnetic with strength J44 = —18 K, and finally the intra-sublattice super-
exchange interaction between cations in B-sites has strength Jpp = 3 K [19].

Tetrahedral ] '
sites S=5/2
=2
Octahedral
sites
§=5/2 / ' 1 ' 2
8Fe“*

8Fe3*

Figure 3.3: Diagram showing spin arrangement in magnetite [57].

Magnetite is a soft magnetic material with small magnetic anisotropy at room tem-
perature. Different synthesis routes produces magnetite particles with coercivity
ranging from ~ 30 to 250 Oe [60], thus, FesO, is classified as a soft ferrimagnetic
material. Materials are classified as soft or hard magnets depending on the field re-
quired to reverse their magnetization. If magnetization of a material can be reversed
with an externally applied field H < 500 Oe, such material is classified as a soft
magnetic material [50]. Single-domain Fe3O, nanoparticles with sufficiently small
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particle size shows superparamagnetic behaviour at room temperature. The critical
diameter (dgp) for magnetite particles to form magnetic single-domain structure
is reported to be in the range 25 - 80 nm [61]. And different threshold or critical
diameter (dgspyps) values to observe superparamagnetic behaviour in magnetite are
reported in literature e.g. Cornell [60] reported that magnetite becomes superpara-
magnetic for particle sizes smaller than 6 nm, Hah et al. [62] reported a value of
(dspp < 11nm), and Reichel et al. [61] observed superparamagnetic behaviour for
magnetite particles less than 25 nm.

Figure 3.4 shows field dependent magnetization curves for magnetite nanoparti-
cles reported by [63]. The curve recorded at 295 K shows no hysteresis (H. = 0,
and M, = 0), while the curve recorded at low temperature (4 K) showed hysteresis
behaviour.
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Figure 3.4: M-H magnetization curves for magnetite at 4 K and 295 K [63].

A coercivity (H.) of 160 Oe and saturation magnetization (M) of 73 emu/g were
reported for this sample. However, the reported M, value of 73 emu/g is lower than
the saturation magnetization value of 92 - 100 emu/g for bulk Fe;O4 [60] at room
temperature. Amongst the iron oxides, magnetite is known to have the highest.

Room temperature Mossbauer spectrum of superparamagnetic magnetite nanopar-
ticles i.e. d < dgpps shows a central paramagnetic doublet. In contrast, magnetite
nanoparticles with particle sizes d > dgpys shows a magnetically ordered spectrum
with two sextets attributed to the iron cations in A- and B-sites. The isomer shifts
of the B-sites in pure magnetite is usually larger than the isomer shifts from the
A-sites. This is because the B-sites contains mixed valance Fe*™ /Fe?T ions and
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Fe?* jons contributes to the increased isomer shifts in B-sites compared to A-sites
which contains only Fe* ions. In addition, the magnetic hyperfine field for Fe*" in
tetrahedral A-sites are larger than octahedral sites due to their different crystalline
environment [64].

3.3 Cobalt-Ferrites (CoFe;0,) nanoparticles

Crystal Structure

Cobalt ferrite (CoFeyOy4) with space group Fd3m, has a cubic inverse spinel struc-
ture [50]. The crystal structure of CoFe,Oy is presented in Figure 3.5. The blue
spheres represents Fe" ions in tetrahedral coordination (the A-sites), and the yel-
low/red spheres represents Fe*™/Co®T ions occupying the octahedral coordination
(the B-sites), and the dark grey-sphere are oxygen ions [50].

(D Fe, Co
© Fe

e O

Figure 3.5: Crystal structures of cobalt-ferrite nanoparticles [50].

For a well crystallized CoFe;O4 phase, all the tetrahedral sites are occupied by
Fe3* ions and the octahedral sites are shared by half of Co?* ions and half of Fe?*
ions and its structure can be described as [50]:

(Fe*T)A[Co*t, Fe’ 1|50, (3.2)

However, it is generally accepted that Co®" ions are distributed in both A- and B-
sublattices. The cations in the partially inverse structure of CoFe,O4 are distributed
as follows [65]:

(Co?t_Fed™)A[Co2t, Fedt g0y (3.3)
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where o is known as the degree of inversion. When o is equal to 1, we get the
normal inverse structure where the tetrahedral sites are occupied by the Fe3* ions
only. The degree of inversion depends on the synthesis procedure.

The phase identification of CoFe,O, by XRD technique shows same XRD reflec-
tions to that of pure Fe3O,4. The resemblance of the XRD patterns of CoFe,O4 and
pure Fe3O, indicates that these ferrites have the same inverse cubic spinel structure
[5]. Indeed, in the structure of CoFe,Oy4, only the Fe*™ ions are replaced with Co?*
ions and therefore CoFe;O4 retains the cubic inverse structure. Figure 3.6 shows
XRD pattern for CoFe;O4 nanoparticles reported by Zhao and Ma [66]. Tt can be
seen that the XRD pattern for CoFe,O4 confirms the formation of the cubic inverse
spinel structure similar to magnetite, compare XRD patterns in Figure 3.2 and 3.6.

311
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Figure 3.6: Powder X-ray diffraction pattern for CoFe;O4 nanoparticles [66].

Magnetic Properties

Cobalt-ferrites posses interesting magnetic properties such as high coercivity, mod-
erate saturation magnetization, and high chemical stability [67, 68]. The Co-doped
ferrite i.e. CoFeyQy is ferrimagnetic below its Curie temperature of ~ 789 K [69].
Ferrimagnetism in this compound also originates from super-exchange interactions
between magnetic moments of Fe3" ions at octahedral and tetrahedral sites, and
Co?" ions at octahedral sites via O?~ ions. For CoFe,Q,4 system, the inter-sublattice
super-exchange has a strength Jxp = —25Kp, and intra-sublattice super-exchange
interactions of strengths Ju4 = —18Kp and Jpp = 3.9Kp [70]. The overall mag-
netic moment per CoFe,O,4 formula unit is given by the magnetic moment of the
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Co?* ions which is equal to ~ 3up. Therefore the net moments is M = [(5+ 3) — 5]
= 3up per CoFe,O,4 formula unit [50]. The magnetic properties of Fe3O4 based fer-
rites can be tuned by substituting the Fe?" ions with higher anisotropic Co?* ions
which significantly increases the coercivity in CoFe;O4 nanoparticles [5].

Figure 3.7 shows M-H magnetization curves for CoFe;O4 nanoparticles recorded
at at 10 K and 300 K reported by Mahhouti et al. [71]. The room temperature
magnetization curve shows reversible curve typically superparamagnetic behaviour.
In contrast, the M-H recorded at 10 K exhibits hysteresis with a significantly high
coercive field ( H,.) of 18.6 kOe compared to a 315 Oe at 300 K. Because of the super-
paramagnetic behaviour at room temperature, the CoFe,O4 nanoparticles behaves
as a soft magnet with small coercivity. CoFe,O, is generally accepted as a strong
magnet [50]. However, it can also be regarded as a semi-hard magnet i.e. exists in
between soft and hard magnets [67]. Important to note is the significant increase in
the coercivity of the Co-doped ferrite compared to pure magnetite. The two sam-
ples reported in Figs. 3.4 and 3.7 have comparable particle sizes but the coercivity
of the Co-doped sample at low temperature is more than 100 times higher than
the coercivity of the pure magnetite sample. The results demonstrates the effect of
Co*" substitution in magnetite. The substitution of Fe®" with Co®" increases the
magneto-crystalline anisotropy of the ferrite —hence the high coercivity in CoFe;O4
nanoparticles. CoFe;Oy ferrite is known to have moderate H,. values less than 5.4
kOe, depending on the particle morphology and cobalt to iron ratio [50]. However,
H. values can go as high as 18.6 kOe for the CoFe;O4. CoFeyO4 system as reported
by [71].
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Figure 3.7: M-H hysteresis curves for a cobalt-ferrite nanoparticles recorded at
10 K and 300 K [71].

In its bulk form, CoFe,O4 has a maximum saturation magnetization (Ms) of 80
emu/g [50, 72]. For the sample considered in Figure 3.7, the experimentally ob-
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served values of Ms were in the range of 58 to 65 emu/g. The high values are due to
enhanced effective anisotropy constant because of the contribution from the surface
anisotropy constant [73].

Similarly to pure Fe3O,4, the Mossbauer spectrum of a magnetically ordered CoFe,O4
phase is composed of two superimposed sextets assigned to A- and B-sites and a
paramagnetic doublet is observed for a sample in superparamagnetic state. For the
CoFey0, ferrite (where all the Fe?™ ions are substituted by Co?"), the isomer shifts
for both the A and B sites are usually similar and are consistent with Fe3* in either a
high-spin or low-spin state. This is because in both the A- and B-sites, a Mossbauer
spectroscopy based on iron will only ”see” the iron nuclide in both sites.

3.4 Nickel-Ferrites (NiFe,O,4) nanoparticles

Crystal Structure

Nickel ferrite (NiFe;O4) has got the same cubic inverse spinel structure to the other
two ferrites discussed in section 3.2 and 3.3. Figure 3.8 represents the inverse-
spinel ferrites of a well crystallized nickel ferrite phase with the chemical formula
(Fe*™) A[Ni*t, Fe*T]gOy. In this structure, 16 Fe3* ions are evenly distributed across
the tetrahedral A-sites and the octahedral B-sites (red spheres), 8 Ni*t ions occupy
half of the octahedral sites (green spheres), and the oxygen ions are denoted by light
blue spheres [74].

@ Fe’' (Ty & Oy, sites)
@ Ni** (0, sites)
¢ OF

Figure 3.8: Inverse spinel cubic structure for Ni-doped ferrite [74].

The structure in Figure 3.8 shows all the Ni?* ions in octahedral coordination.
However, different preparation processes could lead to distribution of th Ni?* ions
in both A- and B-sites [16, 58]. And the general structural formula for NiFe;Oy is
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written as [58]:
(NiZT_Fel™)A[Ni2" Fest 150, (3.4)

where ¢ is the fraction of the A-sites occupied by Fe?" ions and it is known as the
degree of inversion. Equation 3.4 represents the structure of partially inverse spinel
NiFe;Oy4, and when o is equal to 1, we get the normal inverse structure where the
tetrahedral sites are occupied by the Fe3* ions only.

NiFe,O, ferrites also shows same XRD features as FesO, due to the similarities
in their crystal structure. Figure 3.9 shows a powder X-ray diffraction spectrum for
NiFe,O, as reported by Maaz et al. [75], the observed XRD peaks are indexed to
Fd3m space group.
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Figure 3.9: X-ray diffraction pattern of nickel-ferrite [75].

Magnetic Properties

The nickel-ferrite is a soft magnetic material with low coercivity and moderate sat-
uration magnetization in contrast to that of cobalt-ferrites [76]. In its bulk form,
NiFe,O, ferrite shows ferrimagnetism with T 865 K [74]. The ferrimagnetic order-
ing originates from magnetic moment of anti-parallel spins between tetrahedrally
coordinated Fe®' ions and octahedrally coordinated Fe®* /Ni*T ions [74, 77]. This
process happens through super-exchange interactions between the cations in A- and
B-sites mediated by the overlap of the Fe 3d orbitals with the intermediate oxygen
2p orbitals as illustrated in section 2.2.4. A strong and antiferromagnetic inter-
sublattice super-exchange constant of Jyp = —25Kp, and intra-sublattice super-
exchange interactions constants of Jaa = —4Kp and Jgp = 4Kp [78]. The mag-
netic moments due Fe3* ions in the two sublattices compensate each other, and the
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magnetic moment due to the Fe?" ions in the B-sublattice is not compensated re-
sulting in a net magnetic moment of M = [(5+ 2) — 5] = 2up for the bulk NiFe,O,4
spinel structure [74].

Figure 3.10 presents the hysteresis loop of NiFe,O,4 nanoparticles measured at 77 K
and 300 K temperatures reported by Maaz et al. [75]. At room temperature, the
sample showed some superparamagnetic behaviour with blocking temperature T'g
~ 221 K. The coercivity of the sample increased from 89 Oe at room temperature
to 175 Oe when the temperature was reduced to 77 K. M-H measurements showed
saturation magnetization(M;) of 45 emu/g for the sample measured at 77 K, the ob-
tained M, value was smaller than the bulk value of 56 emu/g for NiFe,Oy4 [75]. The
decrease in M, for nanoparticles compared to their bulk counterparts is reported
to originate from the surface effects, high surface to volume ratio, and canted spins
on the particle surface [79]. Sivakumar et al. [80] managed to synthesize NiFeyO4
nanoparticles with H, value of 250.8 Oe and saturation magnetization of 51.3 emu/g,
the M, for this sample was close to the M, value of bulk NiFe;O4. The small H.
values from these two studies [75, 80] confirms that indeed NiFe,Oy, is a soft magnet.
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Figure 3.10: M-H hysteresis loops of Ni-doped ferrite measured at 77 K and 300
K [75].

Magnetically ordered NiFe,O4 shows a Mossbauer spectrum with a magnetically
split sextet which can be fitted with two sextets as a linear combination of two
Lorentzian lines attributed to the A- and B-sites. The two sextets can be fitted well
with similar isomer shifts for both the A- and B-sites e.g. as reported by Lazarova
et al. [16]. While the tetrahedral and octahedral sites are represented by different
magnetic hyperfine fields.

In this work, three ferrites nanoparticles (i.e. Fe3O4, CoFeyOy4, and NiFe;Oy) will
be synthesized using co-precipitation methods and their magnetic properties will be
investigated using Mossbauer spectroscopy and vibrating sample magnetometer.



Chapter 4

Methodology

4.1 Introduction

This chapter gives an outline of the research methods that were employed in the
study. The theoretical aspect of the techniques employed in this project is presented
in section 4.2. The synthesis procedures for the three ferrite nanoparticles as well as
experimental methods and detailed experimental conditions used in this study can
be found in section 4.3 of this chapter.

4.2 Experimental Techniques

4.2.1 X-Ray Diffraction

X-Ray diffraction (XRD) is a high-tech, non-destructive technique for structure and
phase identification of crystalline materials [81]. The technique is based on the in-
teraction of the X-ray beam with the electronic structure of the specimen. X-rays
are artificially created in the cathode ray tube when a beam of high energetic elec-
trons collide with a target metal. By using a filter, a monochromatic X-ray beam
is produced and collimated before directed to the sample [81]. Presented in Figure
4.1 is a Bruker advanced D8 X-ray diffractometer showing the three main features
of a diffractometer i.e. X-ray tube, sample stage, and a detector.

X-ray diffraction pattern is produced by constructive interference of a monochro-
matic beam of x-rays scattered at specific angles from each set of lattice planes in a
sample when Bragg’s law condition is satisfied [81, 83]:

nA = 2dsin6 (4.1)

where n is an integer, A\ the wavelength of the x-rays, d is the interplanar spacing and
0 is the diffraction angle [83]. Figure 4.2 shows a schematic diagram representation of
Bragg’s law condition. Constructive wave interference will occur if the extra distance
(AB4AC) travelled by ray 2 is equal to an integral multiple of the wavelength nA.
The Bragg’s law relates wavelength of electromagnetic radiation to the angle of
diffraction and the lattice spacing of the crystalline sample. The samples x-rays

22
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Figure 4.1: Image of a Bruker Advance D8 X-ray diffractometer [82].

pattern is obtained by scanning through a range of 260 angles. The XRD pattern is
a graphical representation of the X-rays intensity versus diffraction angle 26.
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Figure 4.2: Schematic diagram illustrating Bragg’s law [84].

Williamson-Hall Plot Method

The Williamson-Hall (W-H) plot can be used to estimate the crystallite size and
micro-strain from X-ray diffraction data [85, 86]. Unlike the Scherrer’s formula, the
(W-H) plot method takes into account the effect of both crystallites size and micro-
strain on the broadening of the XRD peaks. It is known that the broadening of the
XRD peaks is due to the sample and the instrument according to:

BXRD - ﬁinstrument + /Bsample (42)

If the broadening due to the instrument is corrected using a standard sample with
small micro strain and large particle size, then the total broadening of the XRD
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peak (f;) is only due to the sample and equation 4.2 reduces to:

Bt = BXRD - Bsample (43)

In the Scherrer’s formula, the broadening of the peak is assumed to be only due to the
effect of crystallite size. However, in the (W-H) plot method, the total broadening
(B;) of the peaks (after instrument broadening is corrected) is due to the combined
effect of crystallite size (fp) and macro-strain (5,):

Br = Be+ bp (4.4)

The contribution of the crystallite size to the XRD peak broadening can be
expressed using Debye-Scherrer’s equation as [85, 87]:

K\

P = D cos@

(4.5)

Where K is called the shape factor constant, A is the wavelength of the incident
X-rays, D the crystallite size, and 6 is the Bragg angle. On the other hand, the
contribution of the micro-strain to the XRD peak broadening is given by [85, 87]:

Be = 4etan b (4.6)

Taking equation 4.5 and equation 4.6 and substituting them into equation 4.4, we
obtain the (W-H) method equation;

K\

B cos = desin b + 53 (4.7)
Equation 4.7, expressed in the form of a straight line equation as y = mx +
¢ where, y = [;cos6, m = 4e¢, x = sinf and c¢ = %. From the plot, di-

mensionless micro-strain (€) was determined from gradient, while the intercept was
used to calculate the crystallite size D.

4.2.2 Transmission Electron Microscope

For structural and morphology characterization of the nano-sized ferrites samples,
the transmission electron microscopes (TEM) was used. The transmission elec-
tron microscope (TEM) has become the premier tool for the characterization of
materials [84]. The technique is ideal for a number of different fields such as life
sciences, nanotechnology, medical biological and materials research, where it pro-
vides topographical, morphological, compositional and crystalline information. The
TEM provides researchers/scientist the much needed atomic scale compositional and
structural analysis for their materials [88]. TEM works on the same basic principle
as light microscopy. However, electrons and magnetic lenses instead of light and
glass lenses are used in a TEM to form an image. The technique relies on the trans-
mission of high energetic electron beam through a very thin specimen to form a
highly magnified TEM image. The TEM instrument consists mainly of three sets of
major electromagnetic lenses: the condenser lens which is used to bring focused
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electron beam into the specimen, at the heart of the TEM there is the objective
lens which brings scattered and transmitted beam of electrons into focus and forms
the first image of the specimen, (3) the first image and diffraction pattern produced
by the objective lens is then magnified and projected into the viewing screen by a
set of projector lens [384, 88]. This setup is illustrated in Figure 4.3.

Electron gun

Acceleration tube

an

1st condenser lens - L
2nd condenser lens. :
Condenser aperture—
assembly
Goniometer
Obijective aperture
Specimen holder—=|

Objective lens
Selected field aperture—

=]
<] ; Intermediate lens
=4 Projector lens
Binocular ——=
e ] Small fluorescent
Viewing port——=, i screen
/ i Large fluorescent

screen
Camera chamber— ﬁ

Figure 4.3: A diagram showing the internal structure of a transmission electron
microscope [84].

Image Formation in TEM

Image contrast in Transmission Electron Microscopy arises because of the scattering
of the incident beam by the specimen. “Contrast” is the distinct appearance of fea-
tures in an image. Conventional TEM image is obtained using diffraction contrast,
which relies on the change of intensity in a TEM image when diffraction conditions
changes in the different areas of the specimen [84, 88]. A TEM image based on
diffraction contrast depends on the beam selected to form the image, a bright-field
(BF) image is formed when the transmitted is selected and a dark-field (DF) image
is formed when the diffracted beam is selected as shown in Figure 4.4. A bright-field
TEM image is acquired by the objective aperture being placed around the trans-
mitted beam, excluding out the diffracted one (see Fig.4.4 (A)). In a BF image the
region that does noes diffract would appear bright and the area where diffraction
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Figure 4.4: Bright-field (A) and Dark-field image formation in a TEM [88].

has occurred it will appear darker [84, 88]. On the other hand, a dark-field im-
age is formed by blocking the transmitted beam with an aperture and allowing the
diffracted beam to form the image (see Fig. 4.4 (B)). In this case regions that does
not diffract will appear dark and regions that diffract will appear bright.

Besides using " diffraction” contrast to form TEM images, ”phase-contrast imaging”
can be used to form high resolution TEM (HR-TEM) images. In this technique, the
phase of the diffracted electron wave is preserved and interferes constructively or de-
structively with the phase of the transmitted wave [34]. Unlike diffraction contrast
where one beam can be selected to form images phase contrast imaging requires
the selection of more than one beam collected at the objective aperture to form the
HR-TEM image.

Energy Dispersive X-ray Spectroscopy

The versatility of the TEM equipment allows for the compositional analysis of a
given specimen through the energy dispersive x-ray spectroscopy (EDS) technique.
An EDS detector is attached to the TEM equipment and its role is to record char-
acteristic x-rays versus their energy and form an EDS spectrum. Typical EDS
spectrum is portrayed as a plot of x-ray counts vs energy (keV), with each peak
corresponding to the presence of a specific element in the sample [89, 90].

Energy dispersive X-ray spectrum (EDS) is obtained by using the characteristic
X-rays signal. Figure 4.5 illustrates the process of generating characteristic x-rays
and EDS spectrum. Characteristic x-rays are produced when the primary electron
beam collides with an electron in an inner shell of a target atom with sufficient
energy to remove the electron from the atom creating a vacancy e.g. in a K-shell as
shown in Fig. 4.5 (a). The vacancy created in the shell is filled when an electron
from a higher level (e.g. L-shell) drops down into the lower-energy level (K-shell)
containing the vacancy creating an x-ray photon in the process [90]. An energy-
dispersive spectrometer measures the energy of the created x-ray photon from the
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Figure 4.5: Diagram showing the creation of characteristic X-rays (a) and EDS
spectrum (b) [91].

number of electron-hole pairs generated in a semiconductor and disperses them ac-
cording to their energies which is then displayed as an energy-dispersive spectrum
as shown in Figure 4.5.

4.2.3 Mossbauer Spectroscopy
Introduction

Méssbauer spectroscopy (MS) is a nuclear technique based on the recoilless emission
and resonant absorption of v-rays by identical nuclei bound to solids [92, 93]. The
technique is widely used in mineralogy to provide information such as valence state,
cation distribution and coordination environment of iron which occur in nature
as Fe’, Fe’T and Fe®™. Mossbauer spectroscopy is also a very good technique for
identification of Fe oxide phases on the basis of their magnetic properties [92, 94-96].

The Mossbauer Effect

Mossbauer spectroscopy is a spectroscopic technique based on the Mossbauer effect.
In this process, a radioactive nuclide emits v-rays when it undergoes nuclear tran-
sitions from excited state to ground state, subsequently these v-rays are resonantly
absorbed by identical nuclei since identical nuclei have equal transition energy be-
tween the excited and ground states [92]. However, ”free” nuclei experiences recoil
during nuclear transitions and the Mossbauer effect cannot occur e.g. if a nucleus
gives off ~-rays, it must recoil in the same way that a rifle recoils when a bullet
is fired out of it, the resulting energy of the emitted ~-ray is therefore given by
E, = Ey — Er (where Ey is the energy of the nuclear transition and Eg is the en-
ergy of the recoil. Likewise, the absorbing nucleus of an isolated atom can absorb
the y-ray from the emitting nucleus and recoil, the resulting energy of the photon
is given by E, = Ey + Er. The centres of the emission and absorption spectra
are displaced by 2ER as illustrated in Figure 4.6. In this case, a nuclear resonant
emission-absorption process cannot be observed because the recoil energy of both
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the source and emitter are relatively large for ”free” nuclei [92].

I 2Eg >

TEner
Eg — E, E, Eg +E, Y

Figure 4.6: Diagram showing emission spectrum (brown)and absorption spectrum
(red) of y-ray process [97].

The resonant emission-absorption process can only be achieved if the energy of
the emitted ~-ray is precisely equal to the nuclear transition energy according to:

E, = Ey (4.8)

For an isolated and initially at rest atom, conservation of momentum requires that it
must recoil with momentum ?nuclwsz —?7, in the process acquiring a recoil energy,
Erg, given by Dyar et al. [92]:

— (?nucleus)Q _ (?7)2 o E’%

E —
R 2m 2m 2mc?

(4.9)

Due to this recoil, the process of recoilless emission and resonant absorption will
not occur for free nuclei. However, In 1957, Rudolf Mossbauer discovered that if
the emitting and absorbing nuclei are strongly bound in crystalline solids, recoilless
emission and resonant absorption of 7y-rays can occur since the recoil energy is
absorbed by the whole lattice rather than a single nucleus. The mass m in equation
4.9 is replaced by the mass of the whole solid M such that Eg is negligibly small
92, 96].

Hyperfine Interactions

The interactions between the positively charged Mossbauer nucleus and the electric
and magnetic fields created by the Mossbauer atom itself and other atoms in the
local environment results in the shift and/or splitting of the nuclear energy of the
Méssbauer nucleus [98]. These interactions are generally referred as hyperfine inter-
actions. Important information regarding the chemical and physical properties of
the sample can be obtained from three hyperfine interactions i.e. isomer shift (IS),
quadrupole hyperfine splitting (QS), and hyperfine magnetic field (Bj,y). Therefore
Mossbauer spectra are described using these three parameters whose interactions
are governed by the Hamiltonian #H [98]:

H = H(e0) + H(e2) + H(m1) (4.10)
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where H(e0), H(e2), and H(ml) relates to the Coulombic interactions between
the Mossbauer nucleus and its surrounding electrons, interaction between nuclear
quadrupole moment and electric field gradient, and the interaction between the
Mossbauer nucleus and any magnetic field neighbourhood, respectively. The e0
interaction shifts the position of the Mossbauer lines while the €2 and the m1 inter-
actions induce splitting of the Méssbauer lines [98]. The three Mossbauer parameters
are discussed below.

Isomer Shift (IS)

The isomer shift (IS or ¢) arises from the difference in s-electron density between
the source and the absorber nucleus. Furthermore, the nuclear radii of the excited
R and ground R, states are not equal which manifests itself as a shift of the nuclear
levels giving by [98, 99]:

5= 18 = 226 [[(O0) 2y, — k()| [R? - 2] (4.11)
where Z is the atomic number, e electron charge, ew(0)|% N
density in the absorber nucleus, and e¢(0)|%5) is the electronic charge density in
the source nucleus. Figure 4.7 is a graphical representation of the isomer shift in a
Mossbauer spectrum when the source and absorber nucleus are in different chemical
environments. The measurement of the isomer shift provides information about the
valance and oxidation state of the (Mdssbauer) atom [92, 98, 99]. The isomer shift
is given with respect to a suitable reference material, *"Fe isomer shifts are often
reported relative to the centroid of the magnetically split spectrum of metallic a-iron

[9].
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Figure 4.7: Schematic representation of the isomer shift [90].
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4.2.4 Quadrupole Hyperfine Splitting (QS)

Quadrupole hyperfine splitting (QS or AEg) arises due to interaction between
electric quadrupole moment of the Mossbauer nucleus and electric field gradient
(EFG) generated by the electrons in the sample.All nuclei with nuclear spin that
is [ > % possess nuclear quadrupole moment (eQ) and the interaction of eQ) with
the EFG splits the nuclear energy levels which is usually observed as a doublet in
a (Mossbauer) spectrum as illustrated in Figure 4.8. The electric quadrupole inter-

4 iy

3
*2

— 5

Energy levels

Figure 4.8: Schematic representation of quadrupole splitting [96].

action splits the I = % level into two sub-levels (m; = i—%, i%) that are two-fold
degenerate while the I = % level remains unsplit. This results into two observed
transitions which are separated by [100]:

9 1

QS:AEQ:%dﬂ@(1+%>2 (4.12)

where 7 is called the asymmetry parameter which takes the form:

[Vaw — Vil
= 4.13
TV 419)
In a simple case where EFG is axially symmetric i.e. 7 = 0, the energy difference

between the two sub-levels is given by:

AEQ:6%¥Z (4.14)

Magnetic Hyperfine Splitting

A nucleus with nuclear spin I > 0 possess a magnetic dipole moment. The magnetic
moment (4) of the nucleus then interacts with the internal magnetic field created by
the sample to further split the nuclear levels and this known as magnetic hyperfine
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splitting. The interaction of 1 and magnetic field is governed by the Hamiltonian

H [98]:

~

Hyp = —1L- (4.15)

ﬁ = _gN,U/N? . ﬁ (416)

where py is the nuclear magneton, and gy is the nuclear Landé factor. It imme-
diately follows that the eigenvalues Ej;(m;) of the Hamiltonian that governs the
magnetic hyperfine interaction are given by:
BM
Ey(my) = L — (4.17)

Nucleus with spin I splits into 2/+1 states e.g. the excited state (I = 3/2) will
split into four substates (+2, +1, —1, —2) and the ground state (I = 1/2) will split
into two substates (—1—%, —%) This gives rise to six transition energies and these six
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Figure 4.9: Energy levels transition to show a sextet hyperfine splitting of an MS
spectral96].

energy transition lines corresponds to a sextet Mossbauer spectrum as illustrated in
Figure 4.9.

4.2.5 Mossbauer Experimental Set-up

Figure 4.10 shows a typical set-up used to record Mdssbauer spectrum. The set-up
consists of the following main components: (i) The Mossbauer source (°"Co) and
absorber (sample), (ii) the collimator whose function is to produce parallel beam
of y-rays, (iii) the Mdssbauer drive which moves the source relative to the sample,
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Figure 4.10: Schematic of the apparatus used in a Mdssbauer spectroscopy (ref.
Dyar).

a process that varies the emission energy, and (iv) the detector which records the
number of transmitted ~-rays [101] as shown in Figure 4.10.

It was discussed in section (4.2.3) that resonance absorption occurs when the emis-
sion and absorption spectrum of the emitting and adsorbing nuclei overlaps. This is
achieved by embedding the source and absorbing nuclei in solids to have recoilless
emission and resonant absorption of the ~v-rays. The process involved in recording
of a Mossbauer spectrum is demonstrated in Figure 4.11. At first (very top of Fig.
4.11) there is no overlap between the emission and absorption spectrum. As the
source is moved towards the absorber, its velocity changes hence its energy, the
emission and absorption spectrum gradually change from no overlap to full over-
lap (middle of Fig. 4.11, and as the source moves pass the absorber this situation
moves back to no overlap and a full spectrum is recorded (bottom of Fig. 4.11)
[96, 101]. In the process a Mdssbauer transmitted spectrum is recorded (blue), and

€
X

%%%%%

Intensity

pII7T

E, observed

Figure 4.11: Schematic showing the recording of a Mossbauer spectrum using
Doppler effect: emission spectrum (brown), absorption spectrum (red), and trans-
mitted spectrum (blue) [96].

the Mossbauer parameters can be derived from this transmitted spectrum.



4.2. EXPERIMENTAL TECHNIQUES 33

4.2.6 Vibrating-Sample Magnetometer

The vibrating-sample magnetometer has been in use for routine magnetic measure-
ments as a function of temperature and field of ferromagnetic, ferrimagnetic, anti-
ferromagnetic, paramagnetic and diamagnetic materials for many years[102, 103].
All magnetic induction measurements involve observations of the voltage induced
in a detection coil by a flux change when the applied magnetic field, coil position
or sample position is changed [102-104]. VSM permits precise magnetic moment
measurements to be made in a uniform magnetic field as a function of temperature,
magnetizing field, and crystallographic orientation [105]. It is a technique that mea-
sures the magnetic properties of a material based on Faraday’s Law of Induction.
In a VSM, the sample is magnetized by constant applied magnetic field, producing
what is sometimes called stray magnetic fields. As the sample is moved up and down
i.e. vibrates along the z-axis it produces varying magnetic flux in the coils which in
turn generates electric current in the coils according to Faraday’s law of induction
[102]. The induced current in the pick-up coils is proportional to the magnetization
of the sample [102]. Figure 4.12 demonstrates the operating principle of a vibrating
sample magnetometer. The electromagnets provide the applied constant magnetic
field H, the sample stage consists of the vibrator which moves the sample up and
down along the z-axis producing varying magnetic fields with time, and the mag-
netic moment of the sample is determined from the induced current in the pick-up
coils [102].
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Figure 4.12: (a)System diagram of a Vibrating Sample Magnetometer. (b) Exter-
nal close up view of the alignment sample with the magnetic field [106].
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4.3 Experimental Procedure

4.3.1 Materials Synthesis

The experimental setup of the sample synthesis is shown in Figure 4.13. The pre-
pared aqueous solutions of magnetic salts were titrated with a precipitating agent
(NaOH) with approximately one drop per 15s under a monitored pH range and
continued vigorous stirring. The solutions precipitate immediately partially changed
colour after the addition of a drop of the precipitant and are brought to reaction
temperature before washing, drying, and annealing. Three ferrite nanoparticles i.e.

=
Magnetic salts
- ~

{48y
;

Figure 4.13: Schematic assembly of experimental synthesis in the laboratory.

Magnetite (Fe3Oy,), Cobalt-ferrite (CoFeyOy), and Nickel-ferrite (NiFeyOy4) were syn-
thesized using a method of co-precipitation in the presence of an appropriate salt
and a base [107]. A 3.00 M solution of the base, sodium hydroxide (NaOH), was pre-
pared by vigorously stirring 3.00 g of NaOH granules in 25.0 mL of de-ionized water
for 5min at room temperature. An aqueous solution of cobalt-chloride hexahy-
drate (CoCly.6H50) (1.189g, 25.0mL), ferrous-chloride hexahydrate (FeCly.6H50)
(1.188 g, 25.0mL), and nickel-chloride hexahydrate (NiCl,.6H,0) (1.188 g, 25.0 mL)
were left to stir for 5 min, before the addition of aqueous solution of ferric-chloride an-
hydrous (FeCls) (1.622 g, 25.0mL) to each salt, respectively. The resulting aqueous
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solutions were left to stir for 15 min. While stirring, NaOH was added drop-wisely
to the salts to achieve a pH of the range 11 - 12. Thereafter, 3 drops of surfactant
(Oleic acid) were added and the reaction was left to stir further for 1h at 80°C.
The obtained precipitate was washed thoroughly with ethanol and de-ionized water,
then dried in oven at 90 °C for 24 h before annealing at 600 °C for 10 h.

The wet-chemical (co-precipitation) synthesis route yielded successful results of the
samples to be characterized. Figure 4.14, shows the powdered samples where (a)

Figure 4.14: Synthesized powdered samples (a) Magnetite, (b) Cobalt-ferrite, and
(c) Nickel-ferrite.

magnetite and (b) cobalt-ferrite are black and (c) nickel-ferrite is dark brown. The
colour of the final product of the samples matched that observed during the syn-
thesis addition of the precipitant, additionally, the colour matched well with those
synthesized in the literature [56, 108, 109].

4.3.2 Characterization

X-ray Diffraction: The structural properties and phase identification of the three
samples were investigated by X-ray diffraction (XRD) using a D8 Advance Diffrac-
tometer with a copper tube (Cu) of wavelength A = 1.5306 A and tube voltage
40kV. Phase identification performed using the software (ICDD: PDF database
1999 data evaluation: EVA software from Bruker). Crystallites sizes were estimated
from XRD data using the Williamson-Hall plot method.

Transmission Electron Microscopy: The particle size and morphology were
investigated by TEM measurements using were performed using a JEOL 1400 oper-
ated at 200 kV electron accelerating voltage for a conventional transmission electron
microscope (TEM) imaging and a JEOL-TEM 2100 operated at 200 kV for a high-
resolution TEM imaging. Furthermore, EDX measurements were performed on the
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JEOL-TEM 2100 equipped with STEM and EDX detectors for elemental composi-
tion analysis. TEM samples were prepared by dispersing a small amount of finely
crushed powder in acetone followed by ultrasonication. Then, a drop of the dis-
persed solution was placed on a carbon coated copper TEM grid.

Mossbauer Spectroscopy: Magnetic state of the samples were evaluated using
>"Co/Rh Méssbauer Spectroscopy (MS) operated at room temperature. A metallic
iron foil was used to calibrate the velocity scale of the equipment and all isomer
shifts are reported relative to a-Fe. The Mdssbauer spectra were analysed using
Recoil analysis software that can model the Mdssbauer spectra by a combination of
paramagnetic doublets and sextets based on Lorentzian line-profile shape. Informa-
tion about the Mdssbauer parameters (isomer shift, quadrupole splitting, magnetic
hyperfine field) were then obtained from the fitted spectra. All fitted spectra were
plotted on Origin 9.1 graphing software.

Vibrating Sample Magnetometer: Saturation magnetization, remenance mag-
netization, and coercivity were obtained from field dependent M-H magnetization
curves. Magnetic hysteresis loops (M-H curves) were collected at temperatures of
10, 50, 100, and 300 K in an external applied magnetic field ranged from +2x10* Oe
with PPMS-12T vibrating sample magnetometer (VSM). Temperature dependent
magnetization measurements were recorded with an applied field of H = 500 Oe in
zero-field-cooled (ZFC) and field-cooled (FC) condition in the temperature range 4
- 300 K.
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Results and Discussion

5.1 Magnetite Nanoparticles

5.1.1 X-ray Diffraction

The synthesized Fe;O, sample was first characterized by XRD for phase identifica-
tion, and the XRD pattern of the sample is shown in Figure 5.1. The XRD pattern
shows that the sample is well crystallized with a face-centered cubic spinel FezOy4
structure as reported by Szotek et al.[12]. The sample exhibited 8 distinct peaks
corresponding to the (220), (311), (400), (422), (511), (440), (620), and (533) XRD
reflection planes. This results are also in good agreement with the reflection planes
for Fe;O,4 according to the standard JCP2_19-0629 ICDD database. The XRD pat-
tern shows significantly broad peaks compared to the bulk FezOy, indicating the
formation of nanocrystallites in the sample. According to Scherrer’s equation, the
broadening of the XRD peak is mainly due to the small size of the crystallites, the
smaller is the crystallites, the broader is the XRD peak. The XRD pattern was

311

440
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Figure 5.1: XRD pattern of a powdered Fe3O, sample.
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used to estimate the crystallite size using the Williamson-Hall (W-H) plot method
according to Equation (4.7). Figure 5.2 shows (W-H) plot for the FezO4 sample
obtained from XRD results. The goodness of the linear fit was determined by the
correlation coefficient, R, the value of R must be close to unity but any value greater
than 0.8 is generally considered as strong, and R value less than 0.5 is described
as weak correlation [72]. For this particular sample, the (W-H) plot yielded a good
correlation coefficient of R = 0.946. The plots’ parameters y-intercept and gradient
were used to determine the mean crystallite size of D = 11.7 nm and the dimen-
sionless intrinsic micro-strain € = 1.42 x 1073, respectively. As expected from the
broaden XRD peaks, the mean crystallite size is significantly small, close to the 10
nm crystallite size where Fe3O4 becomes superparamagnetic. A positive micro-strain
is reportedly to indicate lattice expansion while negative micro-strain indicates lat-
tice compression, the observed positive micro-strain in this sample would suggests
the expansion of lattice in the Fe3O, nanoparticles. It is noteworthy noticing that
the fitted straight line did not intercepts all the points on the (W-H) plot, an in-
dication of non-uniform crystallite size distribution and micro-strain in the sample.
It has been reported that a best line fit i.e. a straight line that is a best approx-
imation of the given set of data on the (W-H) plot indicates that the sample has
homogeneous particle size distribution and micro-strain [110]. The outlier points
were handled in Origin-Lab by masking these data points.
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Figure 5.2: Williamson-Hall plot for Magnetite nanoparticles for mean crystallite
size and micro-strain determination.
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5.1.2 Transmission Electron Microscope

The morphology and particle size distribution of magnetite nanoparticles were ex-
amined using TEM measurements. Figure 5.3 (a) shows a bright field (BF) TEM
image of the sample and Figure 5.3 (b) presents the corresponding particle size
distribution histogram determined from the BF TEM image. A large number of
Fe30O4 nanoparticles with some degree of agglomeration in spherical shape were ob-
served, agglomeration has been associated with the small size of the particles and
high surface energy [111]. The nanoparticles in this work were less agglomerated
compared to these reported by Yazdani and Edrissi [111], this is due the addition
of oleic acid (C13H3402) as a surfactant during the synthesis of the nanoparticles in
this work. Because of their electrostatic repulsion and steric hindrance properties,
surfactants are believed to play a significant role in reducing agglomeration of mag-
netic nanoparticles [112].

Particle size analysis on the BF TEM image was performed using ImageJ soft-
ware. Areas of non-agglomerated particles were selected from the BF TEM image
and particle size was estimated by manually measuring individual particles using
line tool on ImageJ. A number of individual particles were measured, and the par-
ticle size distribution histogram with a Gaussian fit is presented in Figure 5.3 (b).
The results shows nanoparticles with a mean particle size of 14.20 nm, which is in
good agreement with the crystallite size determined from the (W-H) plot method.
The agreement between crystallite size obtained from the (W-H) plot method us-
ing XRD data and particle size obtained from TEM suggests that each measured
individual nanoparticle from the TEM image is made of single crystallite. The esti-
mated particle size from both XRD and TEM for the Fe;04 nanoparticles is smaller
than the reported critical domain size (dgp) of approximately 25 to 80 nm for Fe;O,
nanoparticles [61], indicating a single-domain structure for all the particles in this
sample.
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5.1.3 Mossbauer Spectroscopy

The magnetic state of the synthesized magnetite nanoparticles was analysed by
Mossbauer spectroscopy (MS). Room temperature Mossbauer spectrum of FezOy
nanoparticles with fittings is presented in Figure 5.4. The spectrum shows a mag-
netically ordered state with two superimposed sextets due to the contribution of
iron ions (divalent (Fe*") and trivalent (Fe3") in different crystallographic (A and
B) sites. The MS spectrum was accordingly fitted with two Lorentzian sextets
corresponding to tetrahedral A-sites occupied by Fe?" ions and octahedral B-sites
occupied by half of Fe?* and Fe?* ions. In Figure 5.4, the outer sextet was attributed
to Fe3t in tetrahedral sites and the inner sextet was assigned to Fe3t and Fe?* in
octahedral sites. The Mossbauer parameters from this fit are listed in Table 5.1. The
results are consistent with that of pure magnetite previously reported in literature
[113].

It was expected that the Mossbauer spectrum for our sample would at least show
some form of superparamagnetic behaviour because ferro- or ferrimagnetic nanopar-
ticles of particle sizes in the range 10-20 nm exhibit superparamagnetic behaviour
above blocking temperature, Tp [114]. However, the room temperature MS spec-
trum of the sample studied in this work showed a slow relaxation time of magneti-
zation i.e. blocked state as evidenced by the Zeeman sextet. It is not uncommon to
observe magnetically ordered state for nanoparticles even below 10 nm e.g. Winsett
et al. [115] reported a Mdssbauer spectrum in a completely magnetically ordered
state for magnetite and maghemite nanoparticles with particle size of 7 nm. The
observation of a magnetically blocked state over superparamagnetic state for their
sample was explained as a result of coupling of magnetic moments of individual
nanoparticles.
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Figure 5.4: Fe30,4 nanoparticles MS spectrum at room temperature.
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Table 5.1: Mossbauer parameters obtained from the fit of the FesO, MS spectrum.

Sextet IS (mm/s) QS (mm/s) By, (x10? Oe) A (%)
A-sites 0.321 -0.0095 48.44 57.3

B-sites 0.463 -0.00066 44.60 43.4

5.1.4 Vibrating-Sample Magnetometer

The magnetic properties of the Fe;O, nanoparticles were further studied using the
VSM technique. Depicted in Figure 5.5 is the temperature dependence of the zero-
field cooled (Mzp¢c) and field cooled (Mpe) magnetization of the sample recorded
in an applied magnetic field H = 500 Oe in the temperature range 4-300 K. In the
Mz rc procedure, the sample is first cooled down to 4 K in the absence of an applied
field (zero field cooling), leaving the magnetic moments of each particle frozen in a
random direction, hence the lowest magnetization is recorded (see Mzprc curve in
Fig. 5.5). At 4 K, a small magnetic field is then applied but it is still not enough
to align the magnetic moments in the direction of the field, and magnetization re-
mains at lowest. The magnitude of the resultant magnetization will depend on the
anisotropy of the system, highly anisotropic system will have small resultant mag-
netization compared to less anisotropic system because the small applied field will
not be sufficient to rotate the spins in the direction of the applied field [116]. Mag-
netization starts to build up in the sample upon heating the sample in the presence
of the field, and an increase in Mz rc magnetization with increase in temperature
is observed until Mzpc shows a broad maximum (cusp) at centered around 225 K
followed by a small decrease in magnetization. This is a typical behaviour for soft
magnetic materials [117]. The temperature where the Mg curve is a maximum is
known as the blocking temperature (Tp) (this temperature is clearly shown by the
inset to Fig. 5.5 for the Fe3O4 sample). In typical superparamagnetic systems, the
M_zprce curve shows a well pronounced local magnetization maximum or a cusp at
(Tg) (see Fig. 2 (b) in reference to Peddis et al. [118]). The presence of the cusp
on the Mzpc curve for this sample therefore reveal the typical superparamagnetic
behaviour.

In the Mgc protocol, the sample was cooled in the presence of the same ap-
plied field, H = 500 Oe. As expected, Mpc magnetization was observed to increase
with decreasing temperature. Another important observation from Figure 5.5 is
thermomagnetic irreversibility behaviour in the Mzpo/Mpe curves. Irreversibil-
ity behaviour is caused by the blocking and unblocking of magnetic moments in
nanoparticles as a result of variation in thermal energy [119]. This results and
Mossbauer findings suggests the coexistence of ferrimagnetic and superparamag-
netic state in the sample. The Mzpc and Mpo curves bifurcated from each other at
around 285 K, and the temperature where the Mz rc and Mpe curves separates is
called irreversibility temperature (Ty,.,) [119, 120]. For a system of mono-dispersed
nanoparticles, Tp and T;.. coincides, and in this case the two temperatures are
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Figure 5.5: ZFC/FC magnetization curves measured in an applied field H = 500
Oe for Fe3O,4 nanoparticles.

different, indicating a distribution of particle sizes in the sample in agreement with
TEM results. The temperature, T;.. = 285 K, corresponds to the blocking of the
largest particles in the sample [118].

Field dependent magnetization (M-H) data was measured to obtain values of the
saturation magnetization (Ms), remanence magnetization (Mr), and coercivity (He)
for the Fe3O4 nanoparticles. The (M-H) curves recorded in the range £2 T at 10,
50, 100, and 300 K are reported in Figure 5.6. It was observed that all loops were
hysteretic and symmetric in the whole temperature range 10-300 K. The hysteretic
behaviour shows a ferrimagnetic state of the sample. Furthermore, the ”closing”
(i.e. reduction in coercivity field) of the loops as temperature is decreased points to
the existence of some superparamagnetic behaviour. Exchange interaction between
spin moments is reduced as temperature is increased, as a result of additional ther-
mal activation energy [71]. It should be mentioned that a sample that has got all its
particles in a superparamagnetic state will show an M vs H curve with the absence
of both coercivity (H. = 0) and remanent magnetization (Mr = 0) i.e. an M vs H
that does not exhibit hysteresis and passes through the origin [121, 122]. The small
loop even at room temperature and the "opening” of the loop with decrease in tem-
perature also indicated the presence of particles in both ”blocked” and ”unblocked”
state in the Fe30,4 sample considered in this work.
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The Singular Point Detection(SPD) method was used determine whether the loops
were major (saturated) or minor (unsaturated) [123]. The method seeks to detect
singularities (i.e a singular point where the two branches overlap) by analyzing the
successive derivatives d"M/d"H (where n = 1, 2, ...). A loop is then said to be
saturated if such singularity exist. In this work, the derivatives dM/dH were taken
and the results are presented in Figure 5.7. In all cases (10-300 K), the ascending
and descending branches for negative fields overlaps, indicating that all loops were
saturated. The coercivity, saturation magnetization, and the remanence decrease
with increasing temperature as reported in Table 5.2. He values were observed to
vary between 102 and 35 Oe in the temperature range 10-300 K, typical values for
soft magnets. The saturation magnetization values (Ms) increased up to approxi-
mately 100 emu/g at 10 K from 89 emu/g at 300 K. These Ms values are close to
that of bulk magnetite which is reported in literature to be in the range 86 emu/g
[124] to 92 - 100 emu/g [60]. It is well known that the Ms values in iron oxide
nanoparticles are much lower than their bulk counterparts, but recent studies have
shown nanoparticles Ms values close to or equal to that of bulk counterparts e.g.
reported by Daoush et al. [125] and Kemp et al. [124].
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Figure 5.6: Hysteresis loops measured at 10 K - 300 K for Fe3O4 nanoparticles.
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Figure 5.7: Derivatives of the respective ascending (blue arrow) and descending
(red arrow) branches for negative fields for the Fe;O, (M-H) curves measured at 10
K - 300 K.

Table 5.2: The hysteresis loop data for Fe3O,4 nanoparticles.

T (K) Ms (emu/g) Mr (emu/g) He (Oe)

10 100.1 17.18 102.3
20 99.70 15.73 90.71
100 99.41 11.90 69.26

300 89.28 4.479 35.56
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5.2 Cobalt-ferrite Nanoparticles

5.2.1 X-ray Diffraction

The structure and phase composition of the CoFe;O4 nanoparticles were also inves-
tigated using X-ray diffraction technique. The XRD pattern for the sample recorded
over the 260 range 20 — 80° is reported in Figure 5.8. The observed pattern exhibit
the characteristic XRD pattern of CoFe,O4 (JCP2_79-1744 ICDD database) and it
is in good agreement with some of the XRD patterns reported in literature [120].
The XRD peaks were indexed with the inverse spinel structure of CoFe;Oy4 (space
group: Fd3m) [50] corresponding to the (111), (220), (311), (400), (422), (511),
(440), (620), and (533) planes. The peak broadening of the XRD pattern indicates

311

440
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Intensity (arb.units)

111

20 30 40 50 60 70 80
20 (degrees)

Figure 5.8: XRD pattern of a CoFe;O, powdered sample.

the significantly small size of the resulting crystallites compared to bulk magnetite.
Similarly to FezO4, the XRD data of CoFe;O4 was used to estimate its crystallites
size and micro-strain using the (W-H) plot method (Equ. 4.7). The (W-H) plot is
reported in Figure 5.9, and a mean crystallite size of D = 23.6 nm and micro-strain
€ = 3.09 x 1073 were determined from the plot.
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Figure 5.9: (W-H) plot of the CoFe,O4 sample.

5.2.2 Transmission Electron Microscope

Figure 5.10 (a) shows a bright field transmission electron microscope of the CoFe,Oy4
sample. Analysis of the TEM image reveals that the nanoparticles have spherical
shape with a wide range of particle size distribution. Furthermore, the significant
presence of agglomeration of the nanoparticles is observed. However, the TEM im-
age also shows areas with less degree of agglomeration to even separated particles.
The agglomeration of nanoparticles was also observed for the Fe3O4 nanoparticles.
Particle size distribution (PSD) information is crucial for the analysis of nanoparti-
cles and PSD histogram for this sample is reported in Figure 5.10 (b). The histogram
shows that particle’s sizes ranges from 10 nm to 35 nm and the Gaussian fit suggests
that it is centered around 19.13 nm. This results are consistent with the crystallite
size obtained from XRD data. It is important to note that the calculated particle
size for this sample is well below the critical diameter of the magnetic domain for the
CoFey 0Oy system, which is experimentally and theoretically reported to be dgp = 40
nm and dgp = 100 nm, respectively [50]. This means that all the particles in the
sample have a magnetic single-domain structure.

The crystallinity and crystal structure of the CoFe;O, sample was further evalu-
ated using the selected area electron diffraction (SAED) technique. SAED is a one
of the TEM modes of operation that allows the observation of a diffraction pattern.
The inset to the bright field TEM image in Figure 5.11 represents the SAED pattern
for CoFeyO4. The diffraction pattern shows the polycrystalline nature of the sample
with six ring patterns corresponding to (111), (220), (311), (400), (440), and (511)
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planes, based on calculated d-spacing, these results are consistent with previously
reported XRD results for Co-substituted Fe;O4 [127].

Figure 5.11: Bright field CoFe,O4 TEM images with inset, showing the SAED.

Depicted in Figure 5.12 (a) is the high-resolution transmission electron microscopy
(HR-TEM) image of the CoFe;O4 nanoparticles. The HR-TEM image confirms that
the nanoparticles are well crystallized with the lattice fringes clearly visible in Fig.
5.12 (b). The d-spacing was calculated from the lattice fringes using ImagelJ soft-
ware. Briefly, a fast Fourier transform (FFT) was taken from Fig. 5.12 (b), the
brightest spot from the FFT was then selected to re-calculate the lattice fringes.
Figure 5.12 (c) shows the re-constructed lattice fringes from Fig. 5.12 (b). The
purpose of re-constructing the lattice fringes was to produce clearly visible lattice
fringes with high intensity. In the final step, a profile of the lattice fringes from Fig.
5.12 (c) is plotted in Fig. 5.12 (d), where the crests and troughs represents bright
and dark fringes, respectively. The d-spacing is then calculated by dividing the total
distance (nm) by the total number of lattice fringes. The determined d-spacing for
the lattice fringes represented in Fig. 5.12 (c¢) was d = 0.473 nm, which corresponds
to the (111) planes. The HR-TEM results are consistent with SAED and XRD
which both showed reflections from the (111) planes.
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Figure 5.12: (a) HR-TEM micrograph of cobalt-ferrite nanoparticles showing lat-
tice fringes, (b) enlarged image of the lattice fringes marked with a red rectangle,
(c) re-constructed lattice fringes from (b), and (d) profile of the lattice fringes in
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In order to confirm the elemental composition of CoFe;O, nanoparticles, energy
dispersive x-ray spectroscopy analysis was performed. Presented in Figure 5.13 is
the EDX spectrum of the sample showing elemental composition of one of the sev-
eral areas measured. The inset shows a selected area where the EDX spectrum was
measured, and the presence of the main elements Fe (red), O (blue), and Co (green)
is clearly observed. Quantitative analysis reveals that the sample is composed of
Fe, O, and Co with 46.35 wt%, 27.79 wt%, and 25.86 wt%, respectively (see Table
5.3). The experimentally observed wt% of the sample is in close agreement with
the theoretically stoichiometric ratio of 47.06 wt% Fe, 27.28 wt% O, and 25.12 wt%
Co for CoFeyO4. The obtained results are consistent with the stoichiometric and
crystalline CoFe;O4 phase confirmed by XRD. Additionally, impurities such as Si,
Cu, and C were also detected. The copper and carbon signals originated from the
carbon coated TEM grid, and the Si signal is due to beam detector screen. As the
silicon screen for beam detector was used to convert the electron image to a visible
form or scintillator for a charged-coupled device (CCD) camera.

5
keV

Figure 5.13: EDX spectrum of the CoFe;O,4 sample.
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Table 5.3: The EDX data for CoFe;O,4 nanoparticles.

Area  Element Weight %

] Fe 45.38
0] 29.69

Co 24.93

9 Fe 44.72
O 28.53

Co 26.75

5 Fe 48.94
O 22.14

Co 28.92

Average Fe 46.35
@) 26.79

Co 26.87

Chemical mapping using Scanning Transmission Electron Microscopy (STEM)
EDX was performed in order to investigate the elemental distribution in the spec-
imen. This was performed in a TEM operated in STEM mode which uses the
beam scanning capabilities and a high-efficiency X-ray detector of the instrument
to produce high-spatial-resolution compositional maps [128]. In the STEM EDX
procedure, the electron beam is focused to a fine probe which is then raster scanned
across the specimen. Atoms in the specimen are excited in the process and X-rays
are generated and recorded at each probe position. The EDX spectrum is then used
to construct an elemental map [129]. Elemental maps of Fe, Co, and O generated
using Fe K,, Co K,, and O K, emission lines for the CoFe,O4 sample are pre-
sented in Figure 5.14. The maps shows a homogeneous distribution of Fe, Co, and
O throughout the specimen.

Figure 5.14: Surface elemental mapping for CoFe;O, nanoparticles. (a) STEM
image, (b) elemental map showing distribution of all the elements in the specimen,
(c)-(e) individual elemental maps for Fe, Co, and O, respectively.
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5.2.3 Mossbauer Spectroscopy

The magnetic properties of CoFesO4 nanoparticles have been studied by Mossbauer
spectroscopy and magnetization measurements. Mossbauer spectrum of the sam-
ple recorded at room temperature together with the fitted subspectra is presented
in Figure 5.15. The spectrum reveals a mainly magnetically ordered state at room
temperature. However, fitting of the spectrum using Recoil analysis software showed
that best fit can be achieved by superposition of two sextets due to iron cations in
A-sites (Fe*T) and B-sites (Fe*T, Co?T), and a central doublet attributed to a super-
paramagnetic state. The superparamagnetic behaviour was expected for this sample
since XRD and TEM results showed that some particles had sizes that are smaller
than the superparamagnetic critical size 10-20 nm to exhibit superparamagnetic
behaviour [114]. The Méssbauer spectrum was accordingly fitted with two sextets
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Figure 5.15: Mossbauer spectrum of the CoFe,O4 sample recorded at room tem-
perature.

having isomer shifts (0.2956, 0.3247) mms™!, epsilon (0.000, -0.0078) mms~!, hy-
perfine field (45.73, 41.27) T. The central doublet was fitted with isomer shift of
0.3272 and quadrupole splitting of 0.7184, which corresponds to high-spin Fe3* ions
[130] (see results listed in Table 5.4). This results are in very good agreement with
Méossbauer parameters reported by [131]. It is noted that the isomer shifts for the
A-and B-sites for the CoFe;O4 system are almost equal and both corresponds to
Fe3t. It is important to mention that the octahedral B-sites for CoFe,Oy4 are dif-
ferent from the Fe;O, B-sites since the Fe?* ions in CoFe,O,4 are substituted with
Co?* ions to form (Fe*™)A[Co*" Fe*"]80,4. However, it has been reported that the
Co?" ions are often distributed over both the tetrahedral A-sites and octahedral
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B-sites [50]. This should be the reason why the B-sites for pure Fe3O4 have high
isomer shifts (~ 0.64 mms™') [113] compared to the B-sites (~ 0.3247 mms~!) for
COF€204.

Table 5.4: Room temperature Mossbauer hyperfine parameters of the CoFe,Oy
sample.

Sites IS (mm/s) QS (mm/s) By (x10* Oe) A (%)

A-sites 0.2956 0.0000 45.73 34.15
B-sites 0.3247 - 0.0078 41.27 58.33
Doublet 0.3272 0.7184 — 7.524

5.2.4 Vibrating Sample Magnetometer

Presented in Figure 5.16 is the temperature dependence of low field (H = 500 Oe)
Myzrc and Mpe magnetization recorded in the temperature range 4 — 300 K for
the CoFeyO4 sample. There was no clear cusp observed on the Mz po curve of this
sample, and the maximum temperature of the measurement seem to coincides with
the onset of cusp. This indicates that Tp is at ~ 300 K or above, which is also the
same temperature where Mz pc and Mpe bifurcated from each other.
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Figure 5.16: Magnetization FC and ZFC curves as function of temperature in an
applied field (H) for CoFe;O,4 nanoparticles.
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Mahhoute et al. reported similar value of Ty for their CoFe,O4 nanoparticles
with average particle size of 11.2 nm [71]. The transition of nanoparticles from the
ferrimagnetic to a superparamagnetic state of blocked to unblocked magnetic mo-
ments is in good agreement with XRD, TEM, and Mossbauer results.

The field dependence (M-H) magnetization measurements for the CoFeyO4 sam-
ple performed up 20 kOe at 10 K - 300 K are reported in Figure 5.17. It is observed
that all the magnetization curves exhibit hysteresis. An S-shaped loop was observed
for the M-H curve measured at 300 K while all three M-H curves measured at 10,
50, and 100 K revealed wasp-waist hysteresis loops. A wasp-waist hysteresis loop is
a loop that is constricted in the middle but is wider above and below the middle
[132, 133]. For this sample, a narrowing of the hysteresis loop along the field axis
at low applied field is clearly visible on the M-H curves recorded at 10, 50, 100 K.
The SPD method described in subsection 5.1.4 was employed to determine if the
loops achieved saturation magnetization with the maximum applied field H = 20
kOe. The plots of the derivatives dM/dH vs H for the negative fields are reported
in Figure 5.18. It is noted that the descending and ascending branches for the 10,
50, and 100 K loops did not overlap up to the maximum applied field. This is an
indication that these M-H curves did not achieve saturation magnetization with
the maximum applied magnetic field (20 kOe). Since the SPD method pointed out
that the loops were minor loops, the narrowing of the loop along the field axis could
be attributed to minor loop effects. The saturation magnetization (Ms) values were
then estimated from the relationship reported by Marquez et al [121, 134]

M = M,(1— B/H) (5.1)

where [ is a magnetic field-independent parameter. By considering only high field
data, plots of M vs 1/H were obtained and the values of Ms were determined by
extrapolating 1/H to zero field in the experimental data M vs 1/H. The values of
Ms, Mr and He obtained from the hysteresis loops are listed in Table 5.5. The low
temperature loops presented high He values up to ~ 2.7 kOe and saturation magne-
tization up to ~ 54 emu/g. Noticeably, the coercivity field of the Co-doped sample
is quite higher than that of pure Fe3O4. This indicates the higher anisotropic char-
acter of Co?** compared to Fe?T. The Co?T substitution provides a higher degree of
anisotropy relative to Fe?* and Fe3* [16, 112].

In contrast, the 300 K loop reached saturation magnetization and the recorded val-
ues of the saturation magnetization and coercivity were Ms = 36.86 emu/g and He
= 116.7 Oe, respectively. The small coercivity field value at 300 K compared to the
large coercivity field obtained from the M-H curves recorded at low temperatures
was expected. This is caused by the decrease in the exchange interaction between
spin moments at 300 K as a result of additional thermal activation energy [71]. As
the temperature is decreased, the growth of magnetic anisotropy is enhanced and
it aligns magnetic moments in a preferred direction. Large magnetic anisotropy
will inhibit the alignment of the moment in an applied field [135] hence the large
coercivity recorded at low temperatures. The saturation magnetization obtained at
300 K and lower temperatures for this sample were much lower than the saturation
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magnetization of 80 emu/g for the bulk CoFeyOy4 system [136]. The small values of
Ms for nanoparticles compared to their bulk counterparts is known and it is often
attributed to the magnetic moment disorder at the particle surface [71] and [79].
In the case of the CoFe;O4 sample in this study, both Mdossbauer spectroscopy and
VSM measurements revealed the presence of particles in both ferrimagnetic and su-
perparamagnetic state. The reduction in Ms is attributed to surface disorder of the
smaller superparamagnetic particles. The magnetic properties parameters obtained
from the hysteresis loops are reported in Table 5.5.

In addition, the magnetic moment, pp (per formula unit) was calculated from the
formula [58, 135]:

M x M,

2
9585 (5:2)

UB =

Where M is molecular weight of CoFe;O4. The magnetic properties parameters
obtained from the hysteresis loops are reported in Table 5.5.

—_ 40 —10K —50K
o 40
S 30
€
2 209 20
104
)
=
('3 0 30 0 30
."3 -10+ 15 /’ 15
g, -20 o -20 o
©
= -30 -15 -5
-40 4 30
- - -30
40 3k -2k -1k 1k 2k 3l 2k -1k 1k 2k
-20000 -10000 0 10000 20000  -20000 -10000 0 10000 20000
——100K

D - 40 — 300K
3 T
€ /
2 20 20 /f
< i
e ‘
w 0 0
ﬁ o I8
° 15 I|'s
S 20 20|
m /;'J o
g 15 - - 5

-404 30 404 10

-2,0k 0,0 2,0k -250 250
-20000 -10000 0 10000 20000  -20000 -10000 0 10000 20000
Magnetic field (Oe) Magnetic field (Oe)

Figure 5.17: CoFe;O4 hysteresis loop, showing the behaviour of magnetization
and coercivity at lower and higher temperatures (10 - 300)K
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Figure 5.18: Derivatives of the respective descending and ascending branches for

negative fields for the CoFe,O4 M-H curves at 10 K - 300 K.

Table 5.5: The hysteresis loop data for CoFe,O4 nanoparticles.

T (K) Ms (emu/g) Mr (emu/g) He (Oe) pup
10 51.33 29.93 2437 1.30
50 53.91 31.48 2 281 1.30
100 47.63 30.49 2755  1.29
300 36.86 4.146 116.7  1.11
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5.3 Nickel-ferrite Nanoparticles

5.3.1 X-ray Diffraction

Powder X-ray diffraction (XRD) measurements were carried out to investigate the
structure and phase composition of the Ni-doped ferrite (NiFe;O,4) nanoparticles.
Depicted in Figure 5.19 is the measured XRD pattern for the NiFe,O4 sample. The
XRD pattern showed broad XRD peaks, similarly to the Fe304 and CoFe;O4 XRD
patterns presented in sections 5.1.1 and 5.2.1, respectively. The position of the XRD
peaks for the sample matched well with the standard XRD pattern for NiFe,O4 with
JCP2 card No. 10-0325, and it is in good agreement with XRD results previously
reported by Joshi et al. [137] for NiFe;O4 nanoparticles. The XRD peaks were
therefore indexed to the (111), (220), (311), (222), (400), (422), (511), (440), (620),
(533), and (622) reflection planes in a cubic spinal crystal structure belonging to the
space group: Fd3m [137].

311
440

* 400
511

Intensity (arb.units)

422 X A
111 620

T T T T T T T T T T T

20 30 40 50 60 70'80
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Figure 5.19: XRD pattern of NiFe,O4 nanoparticles.

The average crystallite size for the NiFe;O,4 sample was also estimated using the
(W-H) plot method based on equation 4.7, which considers the broadening of the
XRD peaks to be due to both crystallite size and micro-strain effects. Williamson-
Hall plot obtained from XRD data of the sample with a good correlation coefficient,
R = 0.9896, is illustrated in Figure 5.20. An average crystallite size D = 16.4 nm
and a micro-strain € = 2.34 x 107 was calculated from the (W-H) plot.
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Figure 5.20: Williamson-Hall plot for the NiFe;O4 nanoparticles.

5.3.2 Transmission Electron Microscope

The morphology and particle size distribution of the NiFe;O, sample were subjected
to a TEM investigation. A bright field TEM image and histogram of particle size for
the sample are reported in Figure 5.21 (a) and (b), respectively. The nanoparticles
were observed to be approximately spherical in shape with particle sizes in the range
4 — 27 nm. The average particle size diameter derived from the Gaussian fit was
approximately 9.2 nm. The average crystallite size estimated from XRD data is well
within the range calculated from TEM measurements. The particle size obtained
from both TEM and XRD for this sample is well below the reported critical single
domain size (dgp) of ~ 50 nm for the NiFe,O,4 system [16], confirming that all the
particles in the sample have single magnetic domain structure. In addition, the
average particle size measured from TEM is below the critical particle size (dspar)
of 10 nm where NiFe;O,4 becomes superparamagnetic [79].

Similarly to CoFeqQOy, selected area electron diffraction (SAED) technique was
employed to investigate the crystallinity of NiFe;O4 sample. A SAED pattern taken
from a selected area of the bright field TEM image (Fig. 5.22) is shown as an inset to
the figure. The poly-oriented structure of the sample is clearly visible in the SAED
ring pattern (Fig. 5.22, inset). It is known that ring patterns are formed when the
crystallites in a polycrystalline material are randomly oriented, this happens when
the randomly oriented crystallites are illuminated with the electron beam, and their
diffraction patterns superimpose forming an image of concentric rings [138]. The
d-spacing of each plane was determined by measuring the distance of each ring from
the central bright spot, and associated with each calculated d-spacing were the fol-
lowing (111), (220), (311), (222), (440), (422), and (511) Bragg reflections planes.
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Figure 5.21: (a) Bright field TEM image of NiFe,O4 nanoparticles, (b) Histogram

of particle size distribution.
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The SAED results are in good agreement with XRD findings from this study and
XRD results reported in literature by Joshi et al [137] and Lazarova et al [16].

Figure 5.22: Bright field TEM image and indexed SAED pattern (inset) of the
NiFe,O4 sample.

HR-TEM micrograph of the sample is presented in Figure 5.23 (a). Lattice fringes
from different randomly oriented crystallites are observed. The d-spacings of the lat-
tice fringes including the one marked with a red rectangle were calculated following
the method described on page 49, section: 5.2.2. The images ((b) - (d)) represents
the real lattice fringes, re-constructed lattice fringes (inverse FFT), and calculated
profile of the fringes, respectively. The lattice d-spacing is determined from the
profile plot and was found to be 0.478 nm and 0.248 nm which corresponded to
the (111) and (311) planes for the two set of lattice fringes considered from the
HR-TEM image of the CoFe;O4 sample. The HR-TEM analysis confirms the spinel
type crystal structure for the sample, with the two reflection planes i.e. (111) and
(311) belonging to NiFeyOy.

Elemental analysis by energy dispersive X-Ray spectroscopy (EDX) was used to
study the elemental composition of the NiFe;O4 nanoparticles. Depicted in Figure
5.24 is the EDX spectrum of the sample, with the inset showing the STEM image and
corresponding EDX line-scan profile of the main elements Fe (red), O (blue), and Ni
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Figure 5.23: (a) HR-TEM micrograph of NiFe,O, nanoparticles, (b) enlarged
image of the lattice fringes marked with a red rectangle in (a), (c) inverse FFT, and
(d) profile plot of the inverse FFT.
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(green). The EDX spectrum shows the existence of Fe, O, and Ni with an average of
47.02 wt%, 27.27 wt%, and 24.75 wt%, respectively. The EDX quantitative results
are listed in Table 5.6. The experimentally calculated wt% is in close agreement
with the theoretical weight percent of 47.65 wt% Fe, 27.31 wt% O, and 25.04 wt%
Ni for stoichiometric NiFe;O4. Indeed, this is consistent with XRD results which
confirmed the existence of stoichiometric NiFe;O4 phase on the sample without
additional phases. Additionally, impurities such as Si, Cu, and C were also detected
from the sample. The copper and carbon signals originated from the carbon coated
copper TEM grid, and the Si signal as discussed on page 51 of section 5.2.2, the
electron beam interaction with the silicon contained screen, the sensitivity of HR-
TEM equipped with EDX resulted to a minimal amount of Si being picked up.
Further evidence of the presence and distribution of elements on the the sample was

0 i ' ' ' ' ) ' ) i 5 ' ) ' ) ' ) ' ' 10
keV

Figure 5.24: EDX spectrum of the NiFe;O4 sample for elemental composition
analysis.

obtained from STEM EDX mapping. Figure 5.25 shows representative STEM image
and EDX maps for the NiFe;O4 nanoparticles. The existence of elements Fe, O, and
Ni could be observed. Furthermore, the Fe, O, and Ni atoms are homogeneously
dispersed on the surface of sample, as it is clearly seen in the STEM-EDX mapping.
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Figure 5.25: STEM image and EDX maps for the NiFe,O4 nanoparticles.

Table 5.6: The EDX data for NiFe,O4 nanoparticles.

Area  Element Weight %

1 Fe 48.85

O 28.09

Ni 23.06

9 Fe 45.19

) 28.38

Ni 26.44

Average Fe 47.02
O 27.27

Ni 24.75
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5.3.3 Mossbauer Spectroscopy

The zero field >"Fe Mossbauer spectrum of the sample recorded at room temperature
together with the fitted subspectra is reported in Figure 5.26. The main feature of
the spectrum is the magnetically split sextet and a well pronounced superparam-
agnetic doublet. This features are due to two different particle fractions behaving
ferri-magnetically and superparamagnetic-ally, respectively. It was observed from
XRD and TEM measurements that all the particles have a single-domain struc-
ture and a fraction of the particles have particle size below the critical particle size
(dspar) where NiFe,Oy4 becomes superparamagnetic.

The deconvolution of the magnetically split sextet shows two superimposed sextets

% Transmitance

—®— Raw data
—— Fitted data
Doublet

B site

A site

-10 | -5 0 5 10
Velocity (mm/s)

Figure 5.26: MS spectrum of the NiFe;O, nanoparticles recorded at room tem-
perature.

due to iron cations in two different crystallographic sites (tetrahedral A-sites and
octahedral B-sites) and a central doublet due to superparamagnetism. The spec-
trum was well fitted with two sextets having isomer shift (0.3784, 0.2761) mm/s,
quadrupole splitting (-0.0511, -0.0097) mm/s, hyperfine field (50.82, 47.37) T, and
a superparamagnetic doublet with isomer shift 0.3249 mm/s and quadrupole split-
ting 0.0045 mm/s. The isomer shifts from the two sextets and doublet indicates
the presence of Fe?* as expected since the structure of a well crystallized Ni-doped
phase can be described as (Fe*™)A[Ni**, Fe**]30, [16], where the Fe?* ions in pure
(Fe*T)A[Fe?t, Fe’ T80, are substituted with Ni** ions. However, literature reports
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suggests that the Ni?* ions can be distributed over both the A-sites and B-sites [16].
The spectral area of 43.62 % for the doublet indicates that superparamagnetic be-
haviour will have significant contribution on the magnetic properties of the sample.
Table 5.7 summarizes the Mdssbauer parameters, IS, QS, and By obtained from
the fitting of the room temperature spectrum.

Table 5.7: Room temperature Mossbauer hyperfine parameters of the NiFey,Oy
sample.

Sites IS (mm/s) QS (mm/s) By, (x10* Oe) A (%)

A-sites 0.3784 - 0.0511 50.82 10.18
B-sites 0.2761 - 0.0097 47.37 46.20
Doublet 0.3249 0.0045 — 43.62

5.3.4 Vibrating Sample Magnetometer

To study the "blocked” and superparamagnetic state of the NiFe;O4 nanoparticles,
the sample was subjected to temperature-dependent zero- field-cooled (ZFC) and
field-cooled (FC) magnetization measurements. Myzpc and Mpe thermomagnetic
curves for the sample recorded in an applied field H = 500 Oe are reported in Fig-
ure 5.27. The Mpe curve was observed to gradually decrease with an increase in
temperature. On the other hand, the Mzpc curve showed a significant increase in
magnetization with increasing temperature until a broad maximum or a cusp at ~
228 K, followed by a decrease in magnetization as temperature was further increased.
The cusp is typical of superparamagnetic behaviour and it corresponds to the block-
ing temperature (Tg) of the sample. This observation is consistent with M&ssbauer
study which revealed that a fraction of the particles behaved superparamagnetically.

The field dependence M vs H magnetization curves for the sample recorded at 10,
50, 100, and 300 K are reported in Figure 5.28. Similarly to the other two sam-
ples studied in this project, the Ni-doped ferrite also display magnetic properties
characteristic of both ferrimagnetic and superparamagnetic state. At 300 K the
particles are observed to be in the transition regime between superparamagnetic
and a blocked state. This is evident by the almost ”close” hysteresis loop at 300 K.
As the temperature is decreased, the loops are ”opening”, indicating the ”blocking”
of these particles which were in an "unblocked” superparamagnetic state at room
temperature. The observed increase in coercivity and saturation magnetization as
temperature decreases indicates an increase in exchange interaction between spin
moments as thermal activation energy is suppressed at lower temperatures which
is attributed to superparamagnetism. This is an observation which is consistent
with a lowering of the energy barrier for magnetization reversal that leads to faster
relaxation by thermal fluctuations as discussed in section 2.2.4. Indeed, this finding
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Figure 5.27: FC and ZFC magnetization curves as a function of temperature in
an applied field (H) for NiFe;O,4 nanoparticles.

is supported by the Mzpc and Mpec measurements which showed the blocking and
unblocking of nanoparticles around 75 = 228 K.

Examination of the hysteresis loops using the SPD method revealed that all the
loops achieved saturation magnetization with the maximum applied magnetic field
of 20 kOe. This is shown by the overlapping of the ascending and descending curves
in the plots of the derivatives dM/dH vs H for the negative fields as illustrated in
Figure 5.29. At 300 K, the values of the coercivity, saturation magnetization and
remanent magnetization are He = 69.59 Oe, Ms = 26.32 emu/g, and Mr = 2.624
emu/g, respectively. A slight increase in saturation magnetization and a significant
increase in coercivity by almost six times was observed when the temperature was
reduced from 300 K to 10 K. Again this pointed out to the enhancement of magnetic
anisotropy growth at low temperatures inhibiting the alignment of the moment in
an applied field [135].

In the whole temperature range (10 - 300 K), low values of Ms were measured as
compared to bulk values of Ms for NiFe,Oy4 (50.4 emu/g) [75]. It is widely reported
that the reduced Ms values in magnetic nanoparticles is caused by canted surface
spins which impedes the alignment of magnetic moments along the direction of ap-
plied magnetic field [79]. It has been independently established by Mdssbauer spec-
troscopy and VSM measurements that the sample considered in this study consists
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of both ferrimagnetic and superparamagnetic particles. The smaller superparamag-
netic particles are responsible for the reduction in saturation magnetization. The
results from M vs H magnetic measurements for the NiFe,O4 nanoparticles are listed
in Table 5.8. The Bohr magneto (up) for the sample was calculated with equation
5.2, where M is molecular weight of NiFe;O,. The magnetic parameters such as
coercivity, saturation magnetization and remanent magnetization were small for the
Ni-doped sample compared to the Co-doped sample because nickel ferrite being a
relatively soft ferrite is known to have a low values of He and Ms [79].
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Figure 5.28: NiFe;O4 hysteresis loop showing the magnetization and coercivity
behaviour at low and high temperatures (10 - 300)K
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Figure 5.29: Derivatives of the respective descending and ascending branches for
negative fields for the NiFe;O4 M-H curves at 10 K - 300 K.

Table 5.8: The hysteresis loop data for NiFe,O4 nanoparticles.

T (K) Ms (emu/g) Mr (emu/g) He (Oe) pup
10 30.86 10.34 391.9 1.30
50 31.06 9.382 332.1  1.30
100 30.80 7.46 253.3  1.29
300 26.32 2.624 69.59 1.10




Chapter 6

General Conclusion &
Recommendations

This dissertation has reported work on the synthesis and characterization of ferrite
nanoparticles. Three ferrite samples i.e. Fe304, CoFe;Oy4, and NiFe;O4 were suc-
cessfully synthesized by co-precipitation method and their magnetic properties were
studied. The structure, morphology, and elemental composition for the as-prepared
samples were characterized by XRD, TEM, and EDX, techniques. Experimental
XRD patterns for the three samples matched standard XRD patterns for stoichio-
metric FezOy4, CoFes Oy, and NiFe;Oy4, with no impurity phase observed, indicating
the high purity of the synthesized nanoparticles. The particle sizes 11.7 nm, 23.6
nm, and 16.4 nm estimated from XRD for Fe;O4, CoFe;Oy4, and NiFey,Oy, respec-
tively, was found to be well below the critical domain sizes (dgp) for all three ferrite
samples considered in this work. This results confirmed the magnetic single domain
structure of the nanoparticles in all three samples. In addition, the particle size
histogram for the three samples showed fraction of the particles with particle size
below the critical particle size (dspys) to achieve superparamagnetism.

As revealed by TEM, all three samples were composed of uniform nanoparticles of
spherical morphology with broad size distribution. The nanocrystalline nature of
the samples was further revealed by the presence of lattice fringes on the HR-TEM
images of the nanoparticles. For the Co- and Ni-substituted samples, the observed
lattice fringes had an interplanar spacing of 0.473 nm and 0.248 nm corresponding
to the (111) and (311) reflection planes, respectively. EDX spectrum and EDX maps
revealed the presence and homogeneous distribution of the main elements Fe, O, Co,
and Ni for the substituted samples. The stoichiometry of the substituted ferrites was
further confirmed by quantitative EDX results where the experimentally observed
wt% of these samples were closely equal to the values of the theoretical calculated
wt% i.e. Fe = 46.35 wt%, O = 26.79 wt%, and Co = 26.87 wt%, and Fe = 47.02
wt%, O = 27.27 wt%, and Ni = 24.75 wt%, for CoFe;Q,4, and NiFe,Oy, respectively.

Room temperature 57-Fe Mossbauer spectroscopy for the Fe;O4 sample showed a fer-
rimagnetically ordered spectrum which was a superposition of two sextets attributed
to the A-sites and B-sites in magnetite. For the CoFe;O4 and NiFe,O4 samples, a
well-defined Zeeman pattern was also observed. Both spectra were deconvoluted into
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two sextets representing the tetrahedrally coordinated Fe cations (A-sites) and oc-
tahedrally coordinated Fe cations (B-sites), and a central paramagnetic doublet due
to superparamagnetism. These results suggested that the two substituted samples
had a fraction of particles behaving ferrimagnetically and another fraction exhibiting
superparamagnetic behaviour. It is noteworthy mentioning that for the substituted
samples, the isomer shifts for the A-sites were approximately equal to the isomer
shifts for the B-sites as a result of substituting the Fe?" ions with Co?* and Ni?*
ions in the B-sites, for the Co- and Ni-substituted samples, respectively. Mossbauer
spectroscopy is element specific, in the case of 57-Fe Mossbauer spectroscopy, it was
only "seeing” Fe? in both the A- and B-sites for the substituted samples —hence
the same isomer shift values for the two different crystallographic sites.

Temperature dependence zero-field-cooled (ZFC) and field-cooled (FC) magneti-
zation measurements were recorded in an applied field H = 500 Oe to study the
transition from ferrimagnetic to superparamagnetic state above the blocking temper-
ature Tg. The coexistence of ferrimagnetic and superparamagnetic behaviour were
observed in all three samples. Mzrc curves for all three samples exhibited a max-
imum (cusp), typical of superparamagnetic behaviour. The cusp correspond to the
temperature Tp, this is a transition temperature between ferrimagnetic and super-
paramagnetic state. Above this temperature the nanoparticles becomes ”unblocked”
in a superparamagnetic state and below it they become ”blocked” in ferrimagnetic
state. The blocking temperatures for the three samples were approximately around
225 K, 300 K, and 228 K, for the Fe30,4, CoFe;Oy4, and NiFeyOy, respectively. For
the Co-substituted sample, the blocking temperature Ty coincided with the bifur-
cation temperature T;.,. (the blocking temperature of the larger particles in the
sample). And for the pure magnetite and Ni-substituted samples, Tg and T;,.. did
not coincides with T}, close to 300 K for the two samples.

The field dependence of the magnetization was investigated at temperatures 10,
50, 100, and 300 K. The M-H curves for the Fe3O,4, NiFe;O4 nanoparticles revealed
the soft magnetic nature of these samples. Symmetrically S-shaped hysteresis loops
were observed for the two samples. At 300 K both samples show almost ”closed” loop
which did not display significant He and Mr values, an indication of the presence
of superparamagnetic behaviour in these samples. However, the non-zero coercive
field and remanence magnetization at 300 K also shows that a fraction of these
nanoparticles were in an ordered ferrimagnetic state. Further evidence of the su-
perparamagnetic behaviour was obtained from the "opening” of the hysteresis loops
when temperature was reduced from 300 K to 10 K, sharp increases in coerciv-
ity from ~ 70 Oe to ~ 392 Oe and ~ 36 Oe to ~ 102 Oe were recorded for the
Fe;0, and NiFe,Qy, respectively. Furthermore, the influence of the Ni%* substitu-
tion resulted in a sharp increase in coercivity of the NiFe,O4 sample compared to the
pure Fe;O, phase, showing the high anisotropic character of Ni?* compared to Fe?*.

In contrast, M-H curves for the CoFe;O4 sample displayed much higher coerciv-
ity compared to the other two samples. Indeed, Co-substituted ferrite is known as
a hard magnetic material because Co®" is highly anisotropic. At 300 K, the sample
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showed the S-shaped hysteric loop with a relatively small coercivity of 116 Oe and
remanence magnetization 4 emu/g. Upon cooling, wasp-waist hysteresis loops were
observed and a substantial increase in coercivity up to ~ 2.7 kOe was recorded. The
observation of a typical soft magnetic loop at room temperature and hard magnetic
loops at low temperatures (100 - 10 K) shows the significant contribution of the
superparamagnetic behaviour in the CoFe,O,4 sample. Saturation magnetization in-
creased from 37 to 51 emu/g when temperature was reduced from 300 to 10 K. The
observed M, values are lower than the bulk My value of 80 emu/g for CoFe;Oy4. An
effect attributed to surface disorder, the disordered spins present at the surface of
the particles prevents core spin from aligning to the field direction.

The results from this work clearly demonstrate that the magnetic properties of
Fe;04 can be tuned by substituting the Fe?* ions with other divalent ions such as
Co?* and Ni?*. Substituting with high anisotropic cobalt results in a hard magnetic
material with large coercivity, while substitution with nickel results in a ”soft” mag-
netic material. Different applications requires nanomaterials with specific magnetic
properties e.g. for application such as magnetic hyperthermia for cancer treatment
nanoparticles must have high saturation magnetization and low coercivity. On the
other hand, high coercivity and moderate magnetization is a requirement for mag-
netic recording applications and for such applications CoFe;O4 will be an obvious
choice. These specific requirements can be achieved by modifying the magnetic
properties of Fe3O, by inclusion of Co?* and Ni?* ions and controlling the particle
size and cationic distributions.

All the as-prepared samples in this work showed some degree of particle agglom-
eration. This is often an undesirable feature and it can be minimised by using a
surfactant. The experimental conditions and the amount of the surfactant used
should be optimised to produce mono-dispersed nanoparticles.
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