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Abstract

This project presents the effects of particle size and composition on the magnetic

properties of ferrites investigated by magnetization and electron spin resonance

(ESR) spectroscopy. CuxMn1−xFe2O4, (Zn, Cd)Fe1.2Al0.8O4, NixCo1−xFe2O4 and

Cu0.5Ni0.5Fe2O4 nanoferrites were produced by glycol-thermal reaction under a low

reaction temperature of 200 ◦C. Structural properties were analysed by transmission

electron microscopy (TEM) and X-ray diffraction (XRD).

For CuxMn1−xFe2O4, the majority of the XRD peaks were indexed to the cubic

spinel phase. However, a small impurity peak at 2θ ≈ 52◦ attributed to α-Fe2O3

and Mn2O3 phases for samples 0.4≤ x ≤ 0.8 was observed. The particle sizes varied

between 8 nm and 16 nm. The particle size for the sample x = 0.3 (Cu0.3Mn0.7O4),

which did not show any impurity phases was about 8 nm. The reduction of lattice

parameters as a function of increasing Cu content is attributed to the smaller Cu

replacing Mn ions. Magnetization data revealed superparamagnetic Cu0.3Mn0.7Fe2O4

fine particles and spin-glass behaviour. Enhanced magnetization and coercive fields

at 10 K were explained by the core-shell model and spin freezing.

An attempt to produce (Zn, Cd)Fe1.2Al0.8O4 was made. The XRD spectrum of the

Cd-based sample showed impurity phases. XRD analysis showed clean ZnFe1.2Al0.8O4

with a particle size of about 6 nm. TEM images revealed nearly spherical particles

with a reasonably narrow distribution of particle size which compared well with the

value estimated from XRD data. ESR measurements showed a single-line signal in-

dicative of dominant superexchange interactions. A small peak at very low magnetic

field (about -500 ≤ H ≤ 500 G) was observed for the Zn- based oxide annealed at

1000 ◦C. This anomalous peak may be due to the low field microwave absorption

(LFMA) phenomenon that is not fully understood in magnetic materials.

NixCo1−xFe2O4 were successfully indexed to the cubic spinel. An additional peak

associated with α-Fe2O3 was observed for samples with 0.7 ≤ x ≤ 0.9. XRD spectra

revealed crystallite sizes ranging from 8 nm to 13 nm. There was no significant change

in lattice parameters with increasing Ni concentration due to the small difference in

their atomic radii. The ESR results showed single-line signals. Additional resonances
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were observed at low fields which need further measurements. We suspect these

additional resonance peaks to be due to LFMA. The Landé g-values varied between

1.98 and 3.6.

Nanosized Cu0.5Ni0.5Fe2O4 fine particles with particle sizes of about 12 nm were

produced. XRD did not show any impurity phases. The as-prepared oxide was

annealed from 500 ◦C to 1100 ◦C to investigate particle size effects. Grain growth to

about 46 nm was observed after annealing at 900 ◦C. ESR data revealed enhanced

magnetization on the sample annealed at 900 ◦C due to the large ferromagnetic

domains.
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Chapter 1

Literature review

1.1 Introduction

Research on the magnetic nanomaterials has gained attention due to their technolog-

ical and scientific importance [1, 2]. They have potential applications in magnetic

resonance imaging (MRI), drug delivery, magnetic data storage, magnetic hyperther-

mia for cancer treatment, magneto-caloric refrigeration etc. [2–4].

Ferrites are a special group of magnetic materials with unusual optical, electrical and

magnetic properties. They have applications in high density data storage, microwave

absorption, high frequency transformer cores, MRI, electronic devices, electromag-

nets, magnetic hyperthermia for cancer treatment, frequency filters, sensors, tune

generating circuitry of push button telephones, ferrofluids, magnetic drug delivery,

microwave devices, catalytic and antibacterial agents [5–7].

The properties of ferrite compounds are dependent on the type, amount of constituent

atoms, particle size, sample preparation method and the distribution of metal cations

within the crystal lattice [8]. Doping effects and sample preparation methodology

are important topics in ferrite research. Ferrites with fine particles have exceptional

properties not observed in bulk materials [7,9, 10]. These include phenomena such

as superparamagnetism, spin-glass behaviour [11] and single-domain structure that

transforms to multi-domain structure at a critical particle size [1, 12]. The unusual

properties in nanoferrites are due to the distribution of atoms on the surface rather

than in the core of the particles (large surface-to-volume ratio) [13–15]. A brief review

of the crystal structure, synthesis and magnetic properties of ferrites is presented in

the following sections.

1.2 Crystal structure

Ferrites have a crystal structure of a mineral spinel, MgAl2O4 [16, 17]. Mg ions are

replaced by divalent metal ions such as Zn2+, Co2+, Cd2+, Ni2+, Mn2+ and Al ions
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are replaced by Fe ions. Hence the general chemical formula of ferrites is MFe2O4,

where M is a divalent metal ion [18]. In mixed ferrites M can be a mixture of metal

ions.

The crystal structure of ferrites consists of tetrahedral (A) and octahedral (B) sites.

Their chemical formula can also be expressed as AB2O4 [19, 20]. Figure 1.1 (a)

shows the unit cell of a spinel lattice. It is a closely packed face-centred cubic (FCC)

structure of oxygen anions [20,21]. The geometries of A- and B-sites are shown in

Figure 1.1 (b). The spinel lattice consists of 64 A- and 32 B-sites. There are 56

vacant A- and 16 empty B-sites. The presence of vacant sites in the spinel structure

allows for the introduction of foreign atoms [22]. This has attracted many researchers

on the doping effects in ferrite materials [23].

Ferrites are classified as either normal or inverse spinels depending on the distribution

of metal ions. In normal spinels, divalent cations occupy tetrahedral sites and trivalent

ions are in octahedral sites [24, 25]. Bulk ZnFe2O4 is an example of normal spinel

ferrites with all Zn2+ atoms occupying A-sites and Fe3+ ions at B-sites [24, 26]. For

inverse spinel ferrites, the divalent cations are only found in B-sites and the trivalent

ions are equally distributed between A- and B-sites [12,24]. Cobalt (CoFe2O4) and

nickel (NiFe2O4) ferrites are examples of inverse spinels with all Co2+ or Ni2+ ions

at B-sites and Fe3+ ions equally distributed between A- and B-sites [12, 27].

The distribution of metal cations in ferrites can be expressed as [28]

(M2+
1−λFe3+

λ )A[M2+
λ Fe3+

2−λ]BO2−
4 (1.1)

where λ is a parameter between zero and one representing the degree of inversion.

Normal and inverse ferrites are ideal cases. Ferrite materials are partially inverse or

normal [29].
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For normal ZnFe2O4 (λ =0) and inverse CoFe2O4 (λ = 1), equation 1.1 becomes

[32,33].

(Zn2+)A[Fe3+
2 ]BO2−

4 (1.2)

and

(Fe3+)A[Co2+Fe3+]BO2−
4 (1.3)

for Zn- and Co-ferrites.

Cobalt ferrites have remarkable physical properties such as high coercive fields, high

magneto-crystalline anisotropy constant, moderate saturation magnetization, good

mechanical hardness and chemical stability [27]. These properties make them suitable

for applications in electronics, magnetic recording, magnetic fluids, magnetic drug

delivery, sensors, high quality filters, phase filters, optoelectronics, photo-catalytic

activity, spintronics and transformer cores [2, 18]. Cobalt ferrite nanoparticles also

have applications in hyperthermia and genetics, for their suitability in isolation and

purification genomic deoxyribonucleic acid (DNA) [34]. Zinc ferrites are impressive

compounds and have been used in MRI, photocatalysis, anti-cancer drug sensors,

hyperthermia and gas sensing [12,13,35]. The properties of mixed Zn0.5Co0.5Fe2O4

are different from those of pure ZnFe2O4 and CoFe2O4.

1.3 Magnetic properties

The magnetic properties of ferrites are due to superexchange interactions, where

the magnetic moments interact through intervening oxygen ions [27]. MnO is the

simplest example of a compound with superexchange interactions. The electron spin

orientation of one Mn ion induces an opposite spin on another Mn ion through the

non-magnetic oxygen ion as shown in Figure 1.2. This results in an antiferromagnetic

alignment of Mn atoms.

The magnetic interactions in ferrites are characterized by intrasublattice (A-O-A

and B-O-B) and intersublattice (A-O-B) exchange integrals. The magnetic spins at

A- sites interact through A-O-A while those at B-sites interact trough and B-O-B

intrasublattice exchange integrals. Superexchange interactions are negative i.e., they

tend to align magnetic moments antiparallel [6, 8]. The A- and B-site magnetic
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Figure 1.2: Superexchange interaction [41].

moments interact through A-O-B exchange integrals.

Substitution of foreign atoms can modify the magnetic properties [22]. Dilution

by non-magnetic ions in a spinel structure can result in broken exchange paths

and thus reduced magnetization [36]. Substitution by magnetic atoms can enhance

magnetization [37,38].

Magnetism in ferrites is ferrimagnetism, where unequal magnetic moments are

antiparallel to each other. The magnetization in A- (MA) and B-sites (MB) are due

to unequal magnetic moments. The resultant magnetization in ferrite compounds is

M = | MA − MB | and depends on the constituent atoms [27,39]. In a normal spinel

ZnFe2O4, non-magnetic Zn2+ ions contribute zero magnetization at A-site (MA) and

antiparallel magnetic moments of Fe3+ ions at B-site also give rise to MB = 0 [27,40].

In inverse CoFe2O4, equal amounts of antiparallel Fe3+ ions at A- and B-site result

to zero net magnetization [2]. The magnetization is thus due to Co2+ magnetic spins

at B-sites.

The dependence of the magnetic properties of ferrites on composition and sample

preparation method has resulted in several articles appearing in the literature

associated with doping effects and synthesis methods [1, 19, 29, 32, 35, 39, 42–59].

Cd-doped NiFe2O4 (CdxNi1−xFe2O4) showed an increase in lattice parameter with

increasing Cd concentration. Maximum saturation magnetization was observed for

x = 0.3. This was reduced with the further addition of Cd-ions [56]. Cr substituted

NiFe2O4 oxides (NiCrxFe2−xO4) showed lower saturation magnetization attributed

to a lower magnetic moment of Cr3+ (3 µB) compared to Fe3+ (5 µB) ions [32]. A
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study of Ni0.2Mg0.8Fe2O4 ferrites revealed a high dielectric constant and low coercive

magnetic field, making them promising candidates for supercapacitors and magnetic

recording [50].

Rare earth substitution has interesting effects on magnetic properties of ferrites

due to the occupancy of their 4f-shells [27]. Gadolinium (Gd) substitution in

magnesium ferrites (MgGdxFe2−xO4) was observed to improve resistivity, initial

permeability and saturation magnetization [49]. Substitution of Fe3+ (5 µB) by

Gd3+ (8µB) resulted to high saturation magnetization and increased remanence

magnetization [60]. Mössbauer studies on these ferrites also showed ferromagnetic

behaviour. The reduced magnetization in Sm-based oxides observed was explained

by less magnetic Sm3+ ion concentration. Due to the low dielectric loss factor and

high resistivity of Sm-Mg ferrites, they are potential candidates for high frequency

applications [60].

Low coercivity in magnetic materials is a characteristic for soft magnetic behaviour

[55, 61], which is important in transformer cores and telecommunication applications

[36]. Aluminium doping has been practised due to the softening effects observed

in Aluminium doped ferrites [14, 36, 55, 62, 63]. Samad Zare et al. [62] prepared

Co1−xZnxFe2−xAlxO4 using a co-precipitation technique. They reported a softening

effect due to non-magnetic Al and Zn substitution. Saturation magnetization initially

increased from x = 0.0 to x = 0.4 and decreased with a further increase of x, which

is due to strengthening of A-O-B super-exchange interaction and increase in spin

canting, respectively. Aluminium in ZnxCo1−xFe2−xAlxO4 synthesized by glycol-

thermal technique [36] displayed a similar softening effect. A brief discussion on the

synthesis of ferrites is given below.

1.4 Synthesis

Bulk spinel ferrites can be prepared by using solid state reaction from high-purity

metal oxides [18,28,29,32–35,56,64]. The process involves annealing twice at high

temperatures (between 800 ◦C and 1400 ◦C). This technique is sometimes called a

double sintering ceramic technique or standard ceramic process [8]. The starting

oxides can be mixed by hand grinding or high energy ball milling. Solid state reaction
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has been successful in the production of good quality ferrites and improved properties

with grain sizes of about 100 nm [60]. High sintering temperatures and the mixing of

oxides can be a disadvantage of this technique. Some materials may show low quality

when produced at high sintering temperatures due to the melting of some atoms. This

can result in the loss of stoichiometry of the desired compounds. Non-homogeneous

shape and particle size distribution can also be observed in compounds produced by

this technique and the risk of contamination is high [29,56].

Different synthesis techniques for ferrite nanoparticles such as sol-gel [3,4,39,51,65], co-

precipitation [2,6,7,27,53], sol-gel auto combustion [32], microwave assisted hydrother-

mal [65], hydrothermal [48, 66], micro-emulsion [67, 68], solvothermal [20], microwave

irradiation-assisted technique [40], solution combustion [43], auto-combustion [69,70],

citrate precursor [44, 71, 72], self-combustion [73, 74], phase transformation [75],

mechanochemical processing [58], citrate-precursor auto-combustion [76], thermal

treatment [13,72], microwave combustion [77], polymer pyrolysis [18], spray pyrol-

ysis [70], electrodeposition [78], normal micelles [34] and reverse micelles [34] have

appeared in literature for the synthesis of nanoferrites.

With the development of nanotechnology, synthesis methods for ferrites with fine

particles are being developed. The bulk counterparts can be produced from the

as-prepared nanoparticles through annealing processes [14]. The focus of the current

work is on the magnetic properties of nanocrystalline compounds with the chemical

formulae CuxM1−xFe2O4 (M = Mn, Ni), NixCo1−xFe2O4, and (Cd, Zn)Al0.8Fe1.2O4

synthesized by glycol-thermal method.

Glycol-thermal reaction is able to produce materials under low reaction temperature.

Annealing is not required to produce the as prepared samples.

1.5 Problem statement

The magnetic properties of ferrite materials are dependent on the composition,

particle size and sample preparation method. The random distribution of metal

cations also affects the properties and is dependent on the sample preparation

technique.
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Samples from different laboratories can show different ferrite properties which can

be tuned for applications by controlling the particle size and composition.

Furthermore, the novel LFMA phenomenon is not fully understood in magnetic

materials [79,80]. Materials with this phenomenon need very low (non-resonance)

applied magnetic fields [80]. Hence they have potential applications in low field

magnetic sensors, field-controlled microwave absorbers, junction tunneling, spin

valves etc. [79,82].

Any systematic study of the magnetic properties of ferrite materials is important

since they have a wide range of applications in the electronic industry and medicine.

In this project, the magnetic properties of bulk and nanostructured ferrite materials

have been studied by magnetization and ESR measurements.

1.6 Aims and Objectives

The aim of this project is to investigate the effects of composition and particle

size on the magnetic properties of substituted mixed ferrites and search for LFMA

phenomenon.

The objectives are thus to produce bulk and nanoferrites and characterize them

by using XRD, TEM, magnetization and ESR measurements. In this attempt

CuxMn1−xFe2O4, (Zn, Cd)Fe1.2Al0.8O4, NixCo1−xFe2O4 and Cu0.5Ni0.5Fe2O4 will be

synthesized by glycol-thermal reaction.

1.7 Structure of the dissertation

The magnetic properties of the compounds studied are presented in Chapter 2.

Experimental details are given in Chapter 3. The results are presented in Chapters

4 to 7. Conclusions and future studies are given in Chapter 8.
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If the angular speed of an electron is ω,

I = − e

T
= −ef = −eω

2π
, (2.3)

hence

µ = IA = −1
2eωr2 = − eL

2me

. (2.4)

The orbital magnetic moment is proportional to the angular momentum (L). L is

quantized in the units of h̄, i.e. Lz = mlh̄. This gives

µz = −
(

eh̄

2me

)
ml = −µBml, (2.5)

where µB = 9.2732×10−24 J/T and is the lowest value of magnetic moment called the

Bohr magneton. The number ml is the orbital magnetic quantum number. Taking

into account the electron spin, the total angular momentum J⃗ = L⃗ + S⃗ and the

corresponding magnetic moment is µ = γJ , where γ is called the gyro-magnetic

ratio [84, 85]. For pure orbital motion (S = 0)

γ = − e

2me

. (2.6)

For pure spin (L = 0)

γ = − e

me

. (2.7)

The magnetic moment of an atom is due to both electron orbital and spin motion

and is proportional to the total angular momentum J , i.e.

µ ∝ J. (2.8)

2.1 Magnetic moment of an atom

The magnetic moment of an atom is determined by the contributions of all the

electrons [86,87]. The angular momenta of its electrons couple to give a total angular

momentum J . The interaction between the angular momentum of one electron and

the spin angular momentum of another or the same electron is called the spin-orbit

coupling. Orbit-orbit interaction exists between the orbital angular momenta of

different electrons. The angular momentum of one electron has stronger interaction

with its own spin than with those of the other electrons. Experiments show a

preference for orbit-orbit and spin-spin interactions. This results to the coupling
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referred to as Russell-Sounders (L-S) coupling [84,87], discussed below.

In this scheme, spin-spin interactions give rise to a total resultant spin:

S⃗ =
∑

s⃗i. (2.9)

Orbit-orbit interactions give rise to the total angular momentum:

L⃗ =
∑

l⃗i. (2.10)

The resultant of L⃗ and S⃗ couple through spin-orbit interactions to form the total

angular momentum J⃗ .

L-S coupling works properly for most of the elements. The ground state configurations

of magnetic moments can be deduced using Russel-Sounders coupling and Hund’s

rules [87]. The resulting total magnetic moment of an atom is related to J as:

µtot = eh̄

2me

√
J(J + 1) = gµB

√
J(J + 1), (2.11)

where g is a dimensionless Landé g-factor given by:

g = 1 + J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1) . (2.12)

The value of g = 2 when there’s no contribution of orbital motion to the net magnetic

moment and g = 1 whenever electron spins sum up to zero [88]. There are different

types of magnetism in solid materials, namely, diamagnetism, ferro-, antiferro- and

ferrimagnetism as presented in the sections below.

2.2 Diamagnetism

Diamagnetism is a weak non-permanent type of magnetism that is characterized by

negative susceptibility [86]. It is observed in molecules with closed shells such as

noble gases, diatomic gases and covalent solids [88]. When an external magnetic field

is applied to such materials, a very small magnetic field is induced in the opposite

direction of the external field [86].
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2.3 Paramagnetism

Figure 2.2 shows the arrangement of magnetic moments for various magnetic materials.

The magnetic moments of paramagnetic materials are randomly oriented as shown

in Figure 2.2 (a). The magnetic moments are aligned parallel to each other in

ferromagnetic materials as shown in Figure 2.2 (b). Figure 2.2 (c) and (d) show the

antiparallel alignment of magnetic moments for antiferromagnetic and ferrimagnetic

materials, respectively. In antiferromagnetic materials, equal magnetic moments

are aligned in an anti-parallel manner. On the other hand, ferrimagnetic materials

exhibit anti-parallel alignment of unequal magnetic moments. Ferro-, antiferro- and

ferrimagnetism will be further discussed in the following sections.

In the presence of an external magnetic field, the magnetic moments of a paramagnet

become aligned with the direction of the magnetic field resulting to a net magnetic

moment. Paramagnetism occurs in paramagnets with unpaired electrons. Chlorides,

sulphates, carbonates of manganese, chromium, iron, cobalt, etc. are examples of

paramagnets [89]. According to the Curie law, susceptibility in paramagnets varies

with the temperature as [88]:

χ = C

T
, (2.13)

where C is a Curie constant. The magnetic susceptibility of materials according to

this law varies with temperature as shown in Figure 2.3 (a). Curie law is based on

the assumption that there are no interactions between atoms or molecules. It fails

on most materials. Curie-Weiss law is given by the equation [88]:

χ = C

T − θp

. (2.14)

This accounts for the interatomic interactions and compares well with the exper-

imental results. θp is the paramagnetic Curie point. According to the mean-field

theory, there is an internal magnetic field (called molecular field Hm) proportional

to the magnetization of a material

Hm = γM. (2.15)

It can be shown that the parameter θp = ρCγ, where ρ is the density of a material

and γ is the molecular field constant.
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At temperatures close to the Curie point, theoretical predictions by equation (2.21)

deviate from experimental values. As a result, there is a slightly different value of

the experimental Curie temperature θf < θp is observed called a ferrimagnetic Curie

point. This is because of short-range magnetic order (spin-clusters) at temperatures

slightly above Tc [97, 98].
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Chapter 3

Experimental details

3.1 Introduction

The dependence of the magnetic properties of ferrite materials on chemical com-

position and particle size has attracted many researchers. The properties are also

influenced by the random distribution of atoms involved among the interstitial sites.

Some atoms have a preference for tetrahedral (A) or octahedral (B) sites. The distri-

bution of metal cations, which affects the properties is also dependent on the sample

preparation technique and particle size. In this work about 1 g nano-sized ferrites with

chemical compositions CuxMnxFe1−xO4 (0≤ x ≤0.8), Ni0.5Cu0.5O4, NixCo1−xFe2O4

(0≤ x ≤ 1), CdAl0.8Fe1.2O4 and ZnAl0.8Fe1.2O4 were produced by glycol-thermal

reaction and analysed by using XRD, ESR and magnetization measurements.

3.2 Synthesis of materials

The as-prepared fine powdered ferrite compounds studied in this work were syn-

thesized by a technique referred to as glycol-thermal reaction. The stoichiometric

amounts of Ni(NO3)2·6H2O (99.999 %), Co(NO3)2·6H2O (99.999 %), FeCl3·6H2O

(99.999%) and ZnCl2·6H2O (hexahydrate) supplied by Aldrich were used as starting

materials. The steps followed in this sample preparation method are shown in Figure

3.1. The chlorides and nitrates were weighed and mixed thoroughly in deionized

water using magnetic stirrer for about 15 minutes.

A 5 M solution of NaOH was then drop-wisely added to the mixture during rapid

stirring while monitoring pH between 9 and 10. This was done to ensure full precipi-

tation. The precipitate was then repeatedly washed with deionized water to get rid

of chloride ions.
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Figure 3.1: Glycol-thermal technique flow diagram.
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During the washing process, deionized water was filtered through Whatman GFF

glass microfibre filter papers, using a Büchner funnel and 2 L filtration flask as shown

in Figure 3.1. The clean precipitate was dispersed in ethylene-glycol and placed in a

1000 mL Model 4848B Parr stirred general purpose pressure reactor shown. Ethylene

glycol has an advantage of higher reaction temperature of 200 ◦C. The temperature

was set to 200 ◦C and pressure was allowed to increase to about 380 kPa. These

conditions were kept for 5 hours while stirring at about 31.4 rad/s.

The cooled product was rewashed and dried in a microwave oven at 80 ◦C overnight

to remove excess moisture. After homogenization by agate mortar and pestle, the

synthesized samples were taken for X-ray diffraction measurements to confirm the

quality of compounds produced before further characterizations.

3.3 X-ray Diffraction (XRD)

XRD is a very powerful and non-destructive technique that uses monochromatic

X-rays to determine the structural properties of crystalline materials [45, 99]. M.

Laue, W. Friedrich and P. Knipping were involved in the discovery of this technique

for crystals in 1912, which was further developed by W. H. Bragg and his son W.

L. Bragg [99]. An X-ray tube is shown in Figure 3.3. The major parts are cathode,

anode and glass envelope, supporting anode and cathode. X-rays are produced within

the X-ray tube when the accelerated electrons from the filament (cathode) strike

the atoms of the target (anode). Both characteristic and Bremsstrahlung X-rays are

produced.

During the X-ray diffraction experiment, monochromatic radiation from the X-ray

tube hit the surface of the specimen under investigation as shown in Figure 3.4.

X-rays are reflected off successive layers of atoms. Constructive interference of

reflected rays occurs when the optimal path difference = nλ where n is an integer.

That is, X-rays interfere constructively when [99,102]

2d sin θ = nλ. (3.1)
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Figure 3.5: X-ray diffractometer (D8 Advanced) (UNIZULU).
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where a, b and c are the lattice parameters. For cubic crystals (a = b = c), d is

related to the size of a unit cell a as [2, 103]

d = na√
h2 + k2 + l2

. (3.3)

In this particular work, a D8 Advanced X-ray diffractometer shown in Figure 3.5

was used for XRD analysis.

3.4 Transmission electron microscopy (TEM)

TEM is a technique that uses transmitted electrons to provide morphological proper-

ties of specimen. In this particular work, the FEI Tecnai Field Emission Microscope

(G2 F20 X-Twin MAT, Eindhoven) shown in Figure 3.6 was used for TEM analysis.

Before the TEM measurements were carried out, the fine-powdered samples were

prepared. During the preparation process, small grains of the powdered samples

were placed in vials, dissolved with ethanol and sonicated for about 20 minutes to

ensure even dispersion of the particles. Solutions of the specimens were drop-wisely

deposited to separate TEM copper grid meshes. The specimens were dried using a

desk lamp for about 10 minutes. The support grids with specimens were carefully

placed in the sample holder using tweezers. One specimen at a time was loaded into

the TEM machine using the sample holder.

When the filament is turned on, a high energy (100-400) keV electron beam is

accelerated from the electron gun and focused on the sample using electromagnetic

lenses. Some of the electrons are transmitted while others are absorbed or scattered

by the sample. The transmitted electron beam is then projected on a fluorescent

screen forming an image showing the morphology of the sample. This image can

be magnified up to about 106 times [104, 105]. Shown in Figure 3.7 is the TEM

cross-sectional diagram with components of the TEM machine.
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Figure 3.6: Transmission electron microscope (UCT).
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Figure 3.7: TEM cross sectional diagram [106].
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3.5 Magnetization measurements

Magnetization is the magnetic moment per unit volume, i.e., [92, 107]

M⃗ = µ⃗

V
= 1

V

∑
i

µ⃗i. (3.4)

It is proportional to the magnetic field strength i.e. M⃗ = χH⃗, where χ is the

susceptibility of the material. By examination of χ, one can deduce the type of

magnetism in a material [108]. Since the volume varies with temperature, it is

convenient to express magnetization in terms of mass by using the quantity σ⃗ called

specific magnetization defined as

σ⃗ = µ⃗

mass
= µ⃗

ρV
= M⃗

ρ
, (3.5)

where ρ is the density of a material [109].

Magnetization gives information on the ordering of magnetic moments in response

to the applied or internal magnetic fields. The magnetic order of spins is also de-

pendent on temperature. Para-, ferro-, antiferro- and ferrimagnetic materials have

characteristic magnetic transition temperatures. In the current work magnetization

measurements were done at certain temperatures (isothermal) and as a function of

temperature under the influence of magnetic field.

A Superconducting Quantum Interference Device (SQUID) is a magnetization mea-

surement device made up of a superconducting loop separated by Josephson weak

links. It consists of a superconducting magnet (solenoid) that requires cooling with

liquid helium or nitrogen to keep it at low temperatures to maintain its supercon-

ducting property. Both the sample chamber and a detector need to be cooled with

liquid helium and or nitrogen. It is a preferred device due to its properties like

high sensitivity, easy calibration, linear response to magnetic flux and a sufficiently

small interaction with samples [110]. SQUID offers an automated magnetization

measurement at various temperatures as a function of external magnetic field [47].

A SQUID magnetometer of Quantum Design model was used in this work.
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Figure 3.8: SQUID magnetometer (Quantum Design) used in this work (UKZN).
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In principle, the empty sample holder had to be measured for the elimination of the

background signal. About 0.02 g of the specimen was weighed and inserted into the

sample holder.

The mounting station was used to ensure the correct positioning of the sample.

The specimen holder was mounted on the rod for insertion into the SQUID device.

Computer software was used to install and centre the sample using an auto-tracking

function. The specimen details like mass, name and dimensions were specified in the

measurement data. After the specifications of temperature, magnetic field and other

parameters, the magnetization measurements could be performed.

3.6 Electron spin resonance (ESR)

ESR spectroscopy is an important tool to study the magnetic properties of materials.

Atoms have discrete states with different energies. Measurements of energy differences

(∆E) between atomic or molecular states give information on the structure and

electron dynamics of the sample under investigation [36]. The relation between ∆E

and the electromagnetic radiation given by Plank’s law allows for the measurement

of ∆E. Electromagnetic radiation is absorbed when ∆E = hν = gµBB0, where h =

Plank’s constant, B0 = magnetic field and ν is the radiation frequency [111].

The ESR signal intensity is also proportional to the magnetization of the sample.

When there is a large anisotropy magnetic field H = 4πMs (where Ms is the

saturation magnetization), each grain resonates independently. The ESR curve

is a broad envelope of grain resonances [112]. If the anisotropy field is small for

saturation magnetization, linewidths of the signal are proportional to the porosity

(p), i.e. ∆H = 1.5Msp.

During the ESR experiment, the specimen is irradiated with microwaves at a constant

frequency in the order of 1010 Hz [45,113] and the signal is recorded while scanning

the magnetic field in the region of interest. During spectroscopic measurements

like NMR, frequency is varied and absorption peaks in the spectrum correspond to

energy differences of the atomic or molecular states shown in Figure 3.9. In the case

of ESR, ν is kept constant and the signal is recorded as a function of B0.
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Figure 3.10: Bruker ESR spectrometer (UNISA).

31



Chapter 4

Magnetic properties of CuxMn1−xFe2O4

fine powders

4.1 Introduction

Manganese ferrites are known as soft magnetic materials owing to their high mag-

netic permeability and low dielectric losses [115,116]. The remarkable properties of

MnFe2O4 nanoferrites make them suitable candidates for technologies like microwave

devices, computer memory chips, transformer cores, rod antennas, catalysis, record-

ing media and other telecommunication applications [115,116].

Doping manganese ferrites with copper ions can modify their structural, magnetic

and electrical properties for various applications. Substitution of manganese ions

by smaller copper ions can cause lattice parameter contraction and lattice distor-

tion [115,117,118]. The incorporation of copper ions in MnFe2O4 can also enhance

electrical conductivity as a result of reduced hopping lengths [115].

S. Meena et al. [116] reported an enhancement of the photocatalytic activity of 90

% under 20-minute sunlight irradiation upon substitution of Mn by Cu ions. S.

Yuvaraj et al. [118] studied the electrical properties of Cu-Mn oxides synthesized by

chemical co-precipitation. They reported the ferromagnetic nature of these ferrites

and a decrease in optical band gap from 1.83 to 1.51 eV. An increase in electric

conductivity on CuxMn1−xFe2O4 with the increase in copper concentration produced

by co-precipitation was reported by L. M. Salah et al [115]. In this chapter the

magnetic properties of CuxMn1−xFe2O4 (0≤ x ≤ 0.8) oxides prepared by glycol-

thermal method and characterized by using XRD and magnetization measurements

are presented.
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4.2 Results and Discussions

4.2.1 X-Ray diffraction results

Figure 4.1 shows the XRD patterns for CuxMn1−xFe2O4 (0 ≤ x ≤ 0.8) compounds

investigated. The major peaks (220), (311), (400), (422), (511) and (440) for both

doped and undoped compounds are indicative of cubic spinel phase [9,119–121]. The

XRD pattern for an undoped sample was shifted to the right because a different XRD

source (Co-Kα) was used for undoped sample. Small impurity peaks at 2θ ≈ 29◦ and

52◦ indicated by an asterisk (*) may be due to α-Fe2O3 and Mn2O3 phases [9,122,123].

Similar impurity phases were reported in MnxZn1−xFe2O4 oxides prepared by sol-gel

auto combustion technique [32]. The presence of α-Fe2O3 was also reported by M.

Rezaei [124] in sol-gel hydrothermally prepared MnFe2O4 which disappeared with

the addition of polyvinyl alcohol (PVA) during sample preparation. The crystallite

sizes (Ds) were calculated by using the Debye-Scherrer formula, following standard

practice [22,24,120]:

Ds = 0.91λ

βcosθ , (4.1)

from the most intense (311) XRD peak. β is the full width at half maximum and

θ is the Bragg’s angle. The Ds values shown in Table 4.1 fluctuate between 8 nm

and 16 nm. For the sample x = 0.3 the crystallite size is about 9 nm and its XRD

spectrum does not show impurity peaks. Crystallite sizes (Dw) can also be estimated

from all the major peaks in an XRD spectrum by using the William-Hall (W-H)

equation [22]:

βcosθ = 0.91λ

Dw

+ 4εsinθ, (4.2)

where β is the full width at half maximum for each XRD peak at Bragg’s angle θ,

and ε is the lattice strain. Equation (4.2) has the advantage of providing information

on internal lattice strain. The values of W-H crystallite size (Dw) obtained from the

plots of βcosθ versus εsinθ are also shown in Table 4.1 for the CuxMn1−xFe2O4 (0

≤ x ≤ 0.8) oxides investigated. The typical βcosθ versus εsinθ plots are shown in

Figure 4.2 for Cu concentrations x between 0 and 0.4.
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Table 4.1: Variation of crystallite size (D), lattice parameter (a), X-ray density ( ρx)

and lattice strain (ε) as a function of Cu content x for CuxMn1−xFe2O4.

x Ds(nm) Dw(nm) a (Å) ρx(g/cm3) ε

±0.2 ±2 ±0.001 ±0.01 ±0.002

0 10.9 13 8.506 4.98 0.001

0.1 15.5 25 8.457 5.08 0.002

0.2 14.4 13 8.425 5.16 0.002

0.3 8.5 8 8.405 5.22 0.005

0.4 14.4 16 8.425 5.20 0.001

0.5 11.5 6 8.412 5.24 0.005

0.6 16.0 15 8.388 5.31 0.001

0.7 8.2 4 8.378 5.35 0.002

0.8 8.3 5 8.343 5.43 0.001

Figure 4.3 shows the Ds and Dw values plotted as a function of Cu content x. The

values of crystallite size estimated by equations (4.1) and (4.2) have a similar trend

and are not significantly affected by Cu atom concentration. The crystallite size

differences observed for samples x = 0.1, 0.5, 0.7 and 0.8 shown in Figure 4.3 may be

due to the scattered data points on the graphs of βcosθ versus εsinθ and anisotropic

behaviour.

The values of the lattice strain (ε) deduced from the W-H equation (4.2) are shown

in Table 4.1 and they fluctuate between 0.001 and 0.005. Lattice strain is not

significantly affected by Cu concentration. The lattice parameters were computed

from Miller indices (hkl) and Bragg’s angle θ by using the equation [125,126]:

a = λ
√

h2 + k2 + l2

2sinθ
. (4.3)
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The lattice constant reduces with increasing Cu concentration according to Vegard’s

law [120]. This is the law that states that a decreases when a large ion is replaced

by a smaller ion in the crystal structure and decreases when a large ion replaces

a smaller ion in the crystal structure. The ionic radius of Cu2+ is 0.072 nm [121]

while the ionic radius of Mn2+ (0.083nm) is higher than for Mn3+ (0.064 nm) [32].

Hence the reduction of a unit cell with increasing Cu content is attributed to the

substitution of larger Mn2+ (0.083 nm) ion by smaller Cu2+ (0.072 nm) ions.

Both MnFe2O4 and CuFe2O4 are inverse spinels where Mn2+ and Cu2+ ions have a

preference for octahedral (B) sites and equal fractions of Fe3+ ions are distributed

within tetrahedral (A) sites. Doping MnFe2O4 ferrite with Cu atoms forces Fe3+ ions

from B- to A-sites [127].

The cation distribution in CuxMn1−xFe2O4 may be written as [128]:
[
Fe3+

1−x

]
A

[
Cu2+

x Mn2+
1−xFe3+

1+x

]
B

O4. (4.4)

This gives A- and B-site radii as [129]:

rA = RF e3+ − xRF e3+ and (4.5)

rB = 1
2 [xRCu2+ + (1 − x)RMn2+ + (1 + x)RF e3+ ] , (4.6)

where RF e3+ , RCu2+ , and RMn2+ , are ionic radii for the respective atoms. The

theoretical lattice parameter (ath) can be computed by using the relation [120,130]:

ath = 8
3
√

3
[
(rA + RO) +

√
3(rB + RO)

]
, (4.7)

where rA and rB, are A- and B-site radii and RO (0.132 nm) is the ionic radius of

oxygen ion [120]. The theoretical and experimental lattice parameters are depicted

in Figure 4.4 as a function of composition. Deviation of experimental values from

theoretical ones may be due to deviation of experimental cation distribution in fine

particles from inverse spinels in bulk form and the presence of impurity phases [130].

The X-ray density (ρx) was calculated from the size of the unit cell (a) by using the

equation [120,129,131]:

ρx = 8M

NAa3 , (4.8)

where M is a molecular mass, and NA is Avogadro’s constant. The variation of ρx as

a function of x is shown in Figure 4.5.
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Figure 4.5: Variation of ρx as a function of Cu content x for CuxMn1−xFe2O4 oxides.
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The linear increase in ρx as a function of composition can be explained by its inverse

proportionality to the parameter (a) in equation (4.8). ρx reflects on the packing of

atoms within the unit cell. Substitution of larger Mn by smaller Cu atoms reduces

vacant spaces, hence more close packing of atoms. As shown in Figure 4.1, the sample

with composition Cu0.3Mn0.7Fe2O4 does not show any impurity phases. Hence further

magnetization measurements were done for this compound.

4.2.2 Magnetization results

The magnetic properties were investigated using a SQUID magnetometer between 4

K and 400 K. Analysis was done for the sample x = 0.3 (Cu0.3Mn0.3Fe2O4) which

did not show impurity phases of α-Fe2O3 and Mn2O3. The hysteresis loops recorded

from 10 K to 400 K in an external magnetic field up to 2 kOe are shown in Figure

4.6. The insert in Figure 4.6 shows the magnified view within a small magnetic field

range. Very small coercive fields are indicative of the superparamagnetic nature of

the Cu0.3Mn0.7Fe2O4 fine particles.

The magnetization shows a tendency towards saturation in the magnetic field of 2

kOe. Saturation magnetization (Ms) can be estimated by the equation [13,132]:

M(H) = Ms

(
1 − a

H

)
, (4.9)

where a/H represents the magnetic hardness term related to structural defects [133].

The values of Ms were obtained from the plots of M versus 1/H in the high magnetic

field region. A typical plot of M vs 1/H is shown in Figure 4.7 for the measurements

performed at 10 K. As shown in Figure 4.8, the saturation magnetization reduces

with increasing temperature from about 75 emu/g at 10 K to about 50 emu/g at 400

K. This is due to the thermal agitation of the magnetic moments resulting in the

random distribution at higher temperatures.
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Table 4.2: Variation of saturation magnetization (Ms), remanence magnetization

(Mr), coercive field (Hc) and Bohr magneton per unit (nB) for Cu0.3Mn0.7Fe2O4

oxides.

T (K) Ms(emu/g) Mr(emu/g) Hc (Oe) Mr/Ms nB

±0.007 ±0.5 ±6 ±0.007 ±0.008

10 74.776 7.2 88 0.151 3.122

50 74.398 3.8 42 0.039 3.107

70 73.628 3.9 45 0.053 3.074

100 72.150 3.7 31 0.051 3.013

150 69.191 0.7 7 0.010 2.889

200 65.907 1.7 17 0.026 2.752

300 55.021 1.0 13 0.018 2.297

400 48.328 0.2×10−1 0.5 4.426×10−4 2.018

The values of saturation magnetization (Ms), remanence magnetization (Mr) and

coercive field (Hc) are listed in Table 4.2. According to the Bloch’s law, saturation

magnetization varies with temperature as [134]:

Ms(T ) = Ms(0)
[
1 −

(
T

T0

)n
]

, (4.10)

where Ms(0) is the saturation magnetization at 0 K, T0 is the temperature in which

saturation magnetization is zero, and n is the Bloch’s constant. The best fit of

the Bloch’s law to the experimental data shown by the solid line in Figure 4.8 was

obtained with n = 1.4.

Figure 4.9 shows the variation of the coercive field (Hc) as a function of the measuring

temperature. The coercive field reduces with the rise in temperature. The higher

magnetization and coercive magnetic fields at low temperatures can be explained by

the core-shell model as being due to spin freezing [29,135]. In a core-shell nanoparticle,

the core spins are in an ordered magnetic phase and the shell spins might be in

an enhanced relaxation state (even in a paramagnetic state) because of the broken

exchange bonds at the nanoparticle’s surface. At low temperatures, shell-spins are

frozen into their random states giving small response to the external field. This is
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more evident in fine particles. The points are the experimental data, and the solid

line is the fitted Kneller’s law [134]

Hc(T ) = H(0)
[
1 −

(
T

TB

)β
]

, (4.11)

where H(0) is coercive field at 0 K, TB is the blocking temperature and β is Kneller’s

constant [134]. As seen in Figure 4.9, Hc values at 150 K, and 400 K are quite far

from the Kneller’s fit. The obtained fitting parameters of TB = 531 ± 178 K and β

= 0.4 ± 0.002, are a little far from the previously observed values for similar-sized

magnetic particles [134]. However, with the included error, β is similar to the normal

value reported by the literature (0.5) [134]. The blocking temperature from Kneller’s

fit disagrees with the one obtained from zero field cooling (120 K). This discrepancy in

parameters may be caused by the imperfect fit of experimental data to the proposed

law.

The values of the Bohr magneton per unit (nB) in Table 4.2 were calculated using

the relationship [136]:

nB = M × Ms

5585 . (4.12)

nB is proportional to saturation magnetization. Reducing nB with increasing tem-

perature relates well with saturation magnetization reducing with rising temperature

due to increasing thermal energy.

The temperature dependence of spontaneous magnetization is shown in Figure 4.10.

Field cooled (FC) and zero field cooled (ZFC) data were recorded from 4 K to 400

K. During the ZFC operation, the sample was cooled in the absence of an external

magnetic field from 400 K to 4 K and magnetization data were recorded while

warming up the sample in the presence of a 50 Oe external magnetic field. In the

FC mode the magnetization was recorded while cooling a sample in the presence of

an external magnetic field of 50 Oe. Significant differences are observed between the

FC and ZFC curves shown in Figure 4.10.

The ZFC magnetization curve initially increases with increasing temperature and

reaches a maximum value at the blocking temperature (TB) of about 120 K. With

further increase in temperature above TB, the magnetization curve decreases. The

”hump” of the ZFC curve is characteristic of the superparamagnetic nature of the

sample investigated. The temperature of optimal magnetization (TB) is related to
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the magnetocrystalline anisotropy constant (K) and the volume (V ) of the crystalline

particles as [137,138]:

TB = KV

25kB

. (4.13)

The initial increase in magnetization with increasing temperature below TB can be

explained by frozen magnetic moments of nanoparticles along the easy axis due to

the large anisotropy energy at low temperatures. The nanoparticles gain thermal

energy with increasing temperature which opposes the anisotropy energy barrier

lead to much easier alignment with the field [137,139,140]. The shape of the ZFC

curve below TB reveals the ferrimagnetic behaviour of the sample Cu0.3Mn0.7Fe2O4

under investigation [138,139,141]. Above TB, the magnetic moments are unblocked

because the thermal energy has overcome the anisotropic energy barrier [142,143].

The decrease in magnetization observed above TB is attributed to superparamagnetic

behaviour of nanoparticles following Curie-Weiss law [144]. The magnetization keeps

dropping until the ZFC and FC curves meet at about 257.38 K called the bifurcation

temperature. This point of superimposition marks the blocking temperature for the

largest superparamagnetic particles [145]. The FC curve appears to be flat (plateau

shape) below TB. This shows spin-glass-like behaviour, indicating strong dipole-

dipole interactions among Cu-Mn nanoparticles also observed in other nanoparticles

in the literature [139,141]. Above TB, magnetization reduces with further increase

in temperature due to thermal agitation.

4.3 Conclusion

Nanocrystalline CuxMn1−xFe2O4 (0 ≤ x ≤ 0.8) have been produced by glycol-thermal

reaction and analysed by using XRD and magnetization measurements as a function

of temperature under influence of magnetic fields. Small impurity peaks due to

α-Fe2O3 and α-Mn2O3 at 2θ ≈ 52◦ were observed for most samples, except for

sample x =0.3 (Cu0.3Mn0.7Fe2O4). Detailed magnetization analyses were done for

this sample with no impurity peaks. The lattice constant reduces with increasing Cu

concentration due to smaller Cu- replacing larger Mn atoms. This compares well with

the increase in X-ray density observed. Almost zero coercive fields and ”S”-shaped

magnetization indicate superparamagnetic nanoparticles. This was confirmed by
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ZFC magnetization data which also revealed spin-glass behaviour.
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Chapter 5

Magnetic properties of (Cd, Zn)Al0.8Fe1.2O4

oxides

5.1 Introduction
ZnFe2O4 is one of the most studied spinel ferrites due to its exotic electrical and

magnetic properties [146]. Enhancement of the magnetic properties of this compound

was reported due to the introduction of Al atoms. Zn-Al ferrites showed higher

saturation magnetization [147]. AlxZnFe2−xO4 produced by S. Gul et al. [55] showed

superparamagnetic behaviour and a decrease in DC conductivity [55] (essential for

low-eddy current losses in transformers) [46]. The magnetic properties of ferrites

are influenced by the chemical composition and sample preparation technique. Zn

and Cd atoms have similar electron configurations but Cd atoms have a larger size

(rionic = 0.97 Å ) than Zn atoms (rionic = 0.74 Å) [148]. In this project, an attempt

was made to compare the magnetic properties of Zn- and Cd- based aluminium

ferrites. In this attempt ZnAl0.8Fe1.2O4 and CdAl0.8Fe1.2O4 were synthesized and

characterized by using XRD measurements.

5.2 Results and Discussions

5.2.1 X-ray diffraction and TEM results

The XRD patterns for CdAl0.8Fe1.2O4 and ZnAl0.8Fe1.2O4 ferrites are shown in Figure

5.1. The XRD spectrum for the Cd-based sample shows major impurity peaks

indicated by an asterisk (∗) which may be due to α-Fe2O3 [120,149–151]. Only (311),

(400), (511) and (440) XRD peaks which are not well crystallized are associated with

cubic spinel phase.
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Figure 5.2: TEM micrographs for ZnAl0.8Fe1.2O4 oxide.
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Figure 5.3: Particle size distribution for ZnAl0.8Fe1.2O4 oxide.

A cubic spinel ferrite phase could not be formed for the Cd- based sample. We

suspect this to be due to the larger size of Cd atoms. Impurity peaks were observed

for Cd- substituted cobalt ferrites [150]. They disappeared after annealing at 700
◦C. The spectrum for ZnAl0.8Fe1.2O4 was indexed to the cubic spinel phase with

no evidence of impurities. This is confirmed by the (220), (311), (400), (511) and

(440) peaks in the XRD spectrum. Results show the ease of sample production with

smaller Zn2+ than with larger Cd2+ ions. Broad XRD peaks for Zn- based compound

reveal fine particles.

For the ZnAl0.8Fe1.2O4 oxide, the crystallite size of about 6.6 nm was estimated from

the XRD data. Direct measurements of particle size were obtained by using TEM.

The TEM image for the Zn-based oxide is shown in Figure 5.2. Almost spherical

particles are observed. The particle size distribution shown in Figure 5.3 indicates

a narrow particle size distribution with an average particle size of 5±1 nm. This

relates well with a value (∼6.6 nm) estimated from XRD data. Further analysis has
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been done for the Zn0.8Fe1.2O4 ferrite with no impurity phases.

5.2.2 ESR results

The ESR signal for ZnAl0.8Fe1.2O4 for the as prepared (AP) and annealed samples

which did not show any impurity phases is shown in Figure 5.4. The single-line

signals for both AP and annealed ZnAl0.8Fe1.2O4 compounds confirm a single phase

cubic spinel structure. The narrow signal for the as prepared compound is indicative

of dominant superexchange interactions [125]. The Landé g-factor is related to the

resonance magnetic field (Hr) as [36]

g = hν

µBHr

, (5.1)

where h is a Plank’s constant, ν = microwave frequency and µB is the Bohr magneton.

It is dependent on molecular motion, paramagnetic properties and symmetry of

ions [36]. The g-factor is 2.0023 for a free electron and may be different in a solid

environment [45]. For the ZnAl0.8Fe1.2O4 AP oxides, g = 2.00 and it increased to

about 2.28 after annealing the sample at about 1000 ◦C. This is associated with the

weakening of superexchange interaction and dominance of dipolar interactions [152]

in the sample with larger particles.

The full width at half maximum (∆H1/2) can be computed from the peak-to-peak

width (∆Hpp) by using the equation [153]

∆H1/2 =
√

3∆Hpp. (5.2)

An increase in ∆Hpp from 313 G for the AP to about 1855 G for annealed com-

pounds (particle size about 30 nm) associated with the weakening of superexchange

interactions and strengthening of dipolar interactions with increase in particle size

was observed [32].

The magnetic spin-spin relaxation process is dependent on the magnetic field and the

rate at which microwave energy is absorbed or released. Spin-spin relaxation time

constant (T ) is characteristic of the spin-spin relaxation process. It can be estimated

from ∆H1/2 by the expression [131]

T2 = g∆H1/2µB

h̄
. (5.3)
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5.3 Conclusion

An attempt to produce CdAl0.8Fe1.2O4 and ZnAl0.8Fe1.2O4 has been made. The XRD

patterns for Cd-based oxide showed impurity phases. ZnAl0.8Fe1.2O4 was successfully

produced by glycol-thermal reaction. ESR data confirmed single cubic spinel and

dominant superexchange interactions in the AP fine powders. The annealing process

has significant effects on electron spin dynamics of ZnAl0.8Fe1.2O4 investigated.
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Chapter 6

Magnetic properties of NixCo1−xFe2O4

oxides

6.1 Introduction
CoFe2O4 nanoparticles have exceptional electromagnetic performance, mechanical

hardness, chemical stability, high electrical resistivity, high coercive fields and moder-

ate saturation magnetization [2, 125]. Nickel ferrite is a soft magnetic material with

applications in technologies like transformer cores, inductors [125], MRI, magnetic

fluids, gas sensing, drug delivery etc. [154]. Doping of CoFe2O4 by Ni favours mag-

netic transition from ferro- to superparamagnetism [131]. The magnetic properties

of Ni-substituted ferrites have been investigated by mössbauer and magnetization

measurements [156]. In this chapter, the analysis of NixCo1−xFe2O4 with fine particles

by ESR spectroscopy is presented.

6.2 Results and Discussions

6.2.1 X-ray diffraction

The XRD patterns for NixCo1−xFe2O4 (0 ≤ x ≤ 1) are shown in Figure 6.1. The

major peaks were indexed to (220), (311), (400), (422), (511) and (440) confirming a

cubic spinel structure [24]. A small impurity peak at about 2θ = 52◦ which becomes

significant for compositions with 0.7 ≤ x ≤ 0.9 has been observed. This peak may be

due to iron or nickel oxide impurity phases [157]. The broad peaks for these patterns

are evidence of fine particles. Table 6.1 shows the values of crystallite sizes (Ds and

Dw) calculated from the XRD data as discussed in Chapter 4, section 4.1. During

sample preparation, the reaction temperature was kept constant in a pressure reactor

for five hours. The pressure was allowed to increase to a maximum which varied for

different reactions. This parameter which is one of the reaction conditions might

have contributed to the variation of particle size.
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Table 6.1: Ds, Dw, a, ρx and ε as a function of Ni content x.

x Ds(nm) Dw(nm) a (Å) ρx(g/cm3) ε

±0.1 ±1 ±0.004 ±0.01 ±0.002

0 9.5 11 8.322 5.39 0.002

0.1 11.0 11 8.378 5.31 0.0001

0.2 6.9 11 8.382 5.31 0.002

0.3 10.2 10.1 8.380 5.29 0.0002

0.4 7.9 7.0 8.369 5.22 0.001

0.5 12.7 11.3 8.375 5.33 0.0003

0.6 7.6 6 8.375 5.31 0.002

0.7 8.2 6 8.376 5.34 0.006

0.8 6.9 8 8.366 5.33 0.001

0.9 6.9 5 8.357 5.35 0.0004

1 10.5 9 8.355 5.34 0.0004

Figure 6.2 shows the variation of the lattice parameter as a function of nickel

concentration. The experimental values of the size of a unit cell (lattice constants)

are not significantly affected by Ni ion concentration x. This may be due to the similar

size of Ni (rionic = 0.72Å) and Co (rionic = 0.76Å) [158] ionic radii. The distribution

of metal cations for NixCo1−xFe2O4 may be written as [NixFe]A[Co1−xFe]BO4 [129].
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This gives sites radii [129]:

rA = RF e3+ + xRNi2+ and (6.1)

rB = 1
2 [(1 − x)RCo2+ + RF e3+ ] , (6.2)

where R is the ionic radius of an atom. Hence the theoretical lattice parameters were

calculated from rA and rB using equation (4.7) in Chapter 4. As shown in Figure

6.2, a reduction in theoretical lattice parameters as a function of Ni content occurs.

This may be explained by the assumption that all Co atoms are on B- sites and Ni

atoms on A-sites which is not true. Both Ni2+ and Co2+ ions are known to have a

preference for B-sites [159].

6.2.2 Electron spin resonance measurements

The ESR analyses of NixCo1−xFe2O4 nanoferrites were carried out at room temper-

ature (∼ 300 K). The variation of ESR spectra as a function of magnetic field for

different compositions is shown in Figure 6.3. The ESR signals are initially broad

and become narrow as Ni concentrations x is increased. Resonance peaks occurs at

fields between 2 kG and 8 kG for lower Ni concentrations x. These peaks shift to

lower magnetic fields as Ni concentration increases. Additional resonance signals are

observed at low magnetic fields for samples 0.1≤ x ≤ 0.8. The ESR signals at very

low magnetic fields close to 0 kG may be attributed to LFMA [82]. This is a recent

phenomenon that is not yet fully understood in magnetic materials [79].

Resonant magnetic field (Hr) and peak-to-peak (∆Hpp) values are listed in Table 6.2.

These give information on the magnetic dipolar interaction, superexchange interac-

tions and spin-spin relaxation behaviour of the magnetic nanoparticles [153]. The

reduced values of linewidth as a function of Ni concentration were caused by strength-

ening of superexchange interactions and weakening of dipolar interactions [37,45].

Values of Landé g-factor also shown in Table 6.2 were deduced from measured Hr

values as discussed in section 5.2.2.
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Figure 6.3: ESR spectra for NixCo1−xFe2O4 ferrites as a function of magnetic field

for different compositions.
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The g-factors are dependent on a solid environment and are affected by magnetic

dipole and superexchange interactions between magnetic spins through intervening

oxygen ions. The calculated values range between 1.9 and 3.6. The minimum value of

g indicates the value of x at which the superexchange interaction is the strongest [153].

The spin-spin relaxation time reduces from 0.706 femtoseconds (fs) for sample x = 0.1

to 0.104 fs for sample x = 0.9 with the highest concentration of Ni2+. Nickel content

appears to favour atoms’ spin-spin relaxation.

Table 6.2: The ESR parameters of NixCo1−xFe2O4 oxides.

x Hr(G) ∆Hpp(G) g T2 × 10−15(s)

±15 ±5 ±0.00001 ±0.001

0.1 3391 4700 1.97805 0.706

0.2 2598 4647 2.58177 0.547

0.3 2863 4485 2.34250 0.625

0.4 1889 3695 3.55170 0.500

0.5 2102 3973 3.19067 0.518

0.6 1948 3692 3.44382 0.516

0.8 2284 3012 2.93617 0.742

0.9 2261 2123 2.96650 0.104

6.3 Conclusion

Glycol-thermally prepared oxides of composition NixCo1−xFe2O4 (0.1 ≤ x ≤ 1) were

studied using ESR measurements. The XRD results revealed the successful formation

of the spinel phase with major peaks corresponding to cubic spinel. Nanosized parti-

cles of crystallite sizes between about 6 and 13 nm were formed. The strengthening

of superexchange interaction through the introduction of nickel in NixCo1−xFe2O4

was observed from ESR analyses.
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Chapter 7

Magnetic properties of Cu0.5Ni0.5Fe2O4

nanoferrites

7.1 Introduction

CuFe2O4 is a fascinating material due to its amazing intrinsic magnetic and semi-

conducting properties [160]. These include high coercivity, large magnetocrystalline

anisotropy, moderate saturation magnetization and large room temperature mag-

netostrictive coefficient [119]. Nickel doping has softening properties that lead to

modifications of electrical and magnetic properties of ferrites. A combination of Ni

and Cu ions in a spinel structure can give improved electrical and magnetic properties.

Annealing temperature also plays an important role in altering the physical properties

of ferrites. In this chapter, the effect of particle size on the magnetic properties of a

compound with composition Cu0.5Ni0.5Fe2O4 has been investigated. The effect of

annealing temperature on structural properties of these materials have been studied

through XRD. A more detailed information on the effect of annealing temperature

to the structural properties of these ferrites have been provided. The dependence of

magnetic properties on annealing temperature studied using ESR measurements are

presented in this chapter.

7.2 Results and Discussions

7.2.1 X-ray diffraction

Figure 7.1 shows the XRD patterns for Cu0.5Ni0.5Fe2O4 compounds for the as-prepared

(AP) and samples annealed from 500 ◦C to 1100 ◦C. The major diffraction peaks

confirm cubic spinel [129,131,132]. The broad diffraction peaks are attributed to fine

particles [131,161]. The narrowing of peak width and an increase in intensity with

an increasing annealing temperature indicate increasing particle size [131,134,162].
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Table 7.1 shows Ds, Dw, a, ρx and ε as a function of annealing temperature. The

values of Ds calculated from the standard Debye-Scherrer equation range from about

12 nm to 34 nm after annealing at 1100 ◦C. The increase in crystallite sizes with

annealing temperature indicates grain growth caused by annealing processes [134,162].

Table 7.1: Ds,Dw, a, ρx and ε for Cu0.5Ni0.5Fe2O4 oxides

T (◦C) Ds(nm) Dw(nm) a (Å) ρx(g/cm3) ε

±0.4 ±1 ±0.001 ±0.004 ±0.001

AP 11.7 9 8.308 5.519 0.002

500 12.8 11 8.331 5.474 0.0002

700 11.8 12 8.334 5.469 0.0001

800 12.8 13 8.323 5.499 0.001

900 45.6 34 8.391 5.490 0.001

1000 32.3 26 8.391 5.358 0.0007

1100 33.7 31 8.360 5.418 0.0004

Figure 7.2 (a) and (b) show TEM micrographs for Cu0.5Ni0.5Fe2O4 ferrites annealed

at 800 and 900 ◦C respectively. The particles are almost spherical in shape. The

selected area electron diffraction (SAED) patterns are shown on the inserts of each

TEM micrograph. The sharp dotted SAED patterns indicate the polycrystalline

nature of particles with indices of a spinel structure [125,136,145, 159]. The average

grain-sizes (DT EM ) of about 18 nm for the samples annealed at 800 and 900 ◦C were

obtained. Figure 7.3 shows the particle size distributions for samples annealed at (a)

T = 800 ◦C and (b) T = 900 ◦C.

A general reduction in ε with increasing annealing temperature is reflected in Table

7.1. This relates well with increasing particle sizes which can be associated with

more vacant spaces and hence smaller strain in the crystal lattice [163]. As shown

in Table 7.1, the ρx values relate well with the ε. For the as-prepared compound

ρx = 5.519 g/cm3 and ε = 0.002 while for the sample annealed at 1100 ◦, ρx = 5.418

g/cm3 and a lower value of strain 0.0004 is observed. Lower values of strain compare
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7.2.2 Electron spin resonance measurements

The typical room temperature (∼ 300 K) electron spin resonance spectra for the

AP samples and samples annealed at 800 ◦C and 900 ◦C are shown in Figure 7.4.

Changes in particle size have significant effects on the ESR signal. The AP sample

produced under a low reaction temperature of 200 ◦C with particle size of about 12

nm has a lower intensity than the Cu0.5Ni0.5Fe2O4 compounds annealed at 800 ◦C

and 900 ◦C.

The compound annealed at 900 ◦C which has larger crystallite sizes of about 45

nm has a maximum intensity. This could be due to maximum magnetization for

this sample [36] due to ferromagnetic gains. Crystallite size also influences the

positions of the ESR signals. The compound with larger particle sizes has a lower

resonance magnetic field of about 2.032 kG as compared to about 2.445 kG for the

AP sample as seen in Figure 7.4. This behaviour of magnetization can be explained

in terms of the core-shell spin model [164]. The smaller-sized magnetic nanoparticles

have a core-shell spin structure in which randomly oriented surface spins are more

dominant than the ferrimagnetically ordered core spins. The randomly oriented

surface spins result in reduction of the net magnetic moment of each grain, hence

decreased net magnetization of the sample. As the grain sizes increase, there are

more ferrimagnetically ordered spins in the core of the core-shell structure, resulting

to enhanced magnetization for larger particle sizes [165].

Table 7.2 shows ESR parameters obtained from ESR spectra for Cu0.5Ni0.5Fe2O4. The

peak-to-peak linewidth and Landé-g factor are dependent on the superexchange inter-

action between magnetic cations via a non-magnetic oxygen anion and dipole-dipole

interactions [161]. The dominance of dipole-dipole interaction causes enhancement

of the Landé-g factor and peak to peak line width whereas the strengthening of

superexchange interaction leads to a decrease in these parameters [37,131]. The large

values of Landé-g factor (∼3) for both annealed and as-prepared samples indicate

very weak superexchange interactions for these nanoferrites.

The relaxation time gives information about the absorption and dissipation of elec-

tromagnetic radiation energy [36]. It is inversely proportional to specific loss power

(SLP) in magnetic hyperthermia.
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Figure 7.4: ESR Spectra for the AP Cu0.5Ni0.5Fe2O4 (black) and samples annealed

at 800 ◦C (blue) and 900 ◦ C (green).
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The relaxation time for the nanoparticles in these ferrites was found to be about

4×10−11 s as seen in Table 7.2. J. Massoudi et al. [164] have reported a relaxation

time in the range of ∼ (3-6)×10−11 s for Zn-Al substituted nickel ferrite nanoparticles

at various annealing temperatures, making them good candidates for hyperthermia

treatment.

Table 7.2: The ESR parameters of Cu0.5Ni0.5Fe2O4 oxides

T (◦C) Hr(G) HP P (G) g T2 × 10−11(s)

±53 ±2 ±0.07

200 2445 594 2.74 4.02689

800 2499 697 2.68 3.50758

900 2032 510 3.30 3.89842

7.3 Conclusion

Particle size appear to have significant effects on the ESR signal for the Cu0.5Ni0.5Fe2O4

samples investigated. An increase in the signal intensity with annealing tempera-

ture associated with enhanced magnetization has been observed. A lower resonant

magnetic field occurs for samples with larger particles.
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Chapter 8

Conclusions and future studies

Nanostructured ferrites with chemical compositions CuxMn1−xFe2O4, ZnFe1.2Al0.8O4,

NixCo1−xFe2O4 and Cu0.5Ni0.5Fe2O4 have been successfully prepared by glycol-

thermal reaction. This was confirmed by X-ray diffraction data which showed

the major peaks which could be indexed to a single-phase cubic spinel structure.

Unlike the ZnFe1.2Al0.8O4 sample, the CdFe1.2Al0.8O4 could not be produced. The

XRD spectrum of the Cd-based composition had many impurity phases. This has

been attributed to the larger size of Cd atoms. The results show easier formation

with smaller Zn atoms.

The compounds have been characterized by XRD, TEM and the magnetic properties

have been studied magnetization and ESR measurements. CuxMn1−xFe2O4 fine

particles (particle size between 5nm and 25 nm) were produced. XRD spectra showed

small impurity peaks attributed to α-Fe2O3 and α-Mn2O3 at 2θ ≈ 52◦ for samples

x = 0.1, 0.2, 0.4, 0.5 and 0.7. The major peaks were indexed to a single-phase cubic

spinel structure. Reducing lattice parameters as a function of increasing Cu concen-

tration could be explained by smaller Cu replacing larger Mn ions. Magnetisation

measurements were performed for sample x = 0.3 (Cu0.3Mn0.7Fe2O4) which did not

have any impurities. Very low coercive fields and a hump in zero field magnetization

data revealed the superparamagnetic nature of the CuxMn1−xFe2O4 investigated.

An attempt to produce (Cd, Zn)Al0.8Fe1.2O4 was made. The Zn-based compounds

(ZnAl0.8Fe1.2O4) crystallized with single phase cubic spinel structure while the Cd-

based sample did not form. TEM images revealed nearly spherical particles for the

Zn-based compound which were characterized by ESR measurements. An additional

small resonance signal was observed for the Zn-based compound annealed at 1000
◦C. This may be due to the LFMA phenomenon which is not yet fully understood in

magnetic materials. This requires further studies as a function of low temperature

measurements. ESR studies were also carried out for NixCo1−xFe2O4 in search of

low field microwave phenomenon. Small resonance signals between -500 G and +500

G were also observed.
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Nanosized Cu0.5Ni0.5Fe2O4 ferrite with a particle size of about 12 nm was produced.

This compound was subjected to the annealing processes from 500 ◦C to 1100 ◦ in

order to investigate the effect of particle size on the magnetic properties. An increase

in particle size from about 12 nm to 34 nm occurred after annealing at 1100 ◦C.

Particle size has significant effects on magnetic properties. An increase in signal

intensity associated with the enhancement of magnetization was observed.

Future studies

The single phased cubic spinel could not be formed for the Cd- based compounds.

Similar results have been observed previously. It will be important to investigate

this further using other techniques such as high energy ball milling. ESR studies

were performed at room temperature in this study. Low temperature measurements

need to be carried out in ferrite materials to confirm the novel low field microwave

absorption phenomenon that was observed in some of the materials presented in this

dissertation. Further ESR measurements can be performed at lower temperatures to

study LFMA phenomenon. It will also be critical to carry out a systematic study of

the evolution of the electron spin dynamics as a function of particle size.
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