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Abstract

We report the structural and magnetic properties of CdFe,0y,
ZuzMug . Fe,04 (0 < 7 < 1.0) and Zng5(Co, Ni)gsFesO4 oxides. The bulk
CdFep04 ferrite was syuthesized by solid state reaction. Upon high energy ball
milling, the fine powders with particle size of about 10 nm were produced. The
structural and magnetic changes as induced by high energy ball milling have
been investigated. The Zu,Mn;_,Fe,0, and Zng5(Co, Ni)gsFey04 nanosized
oxides with particle size between 5 nm and 14 nm were also produced by gly-
colthermal reaction under low reaction temperature of 200 °C. The compounds
were characterized by X-ray diffraction (XRD), Mésshauer spectroscopy at 300
K, vibrating sample magnetometer (VSM) and superconducting quantum in-
terference device (SQUID) from 2 K to 400 K measurements.

XRD data confirm formation of pure cubic spinel phase in all the CdFe; 04
oxide samples. A general decrease in lattice constant of CdFe;0, oxide with
increasing milling time las been observed. This is associated with structural
disorder induced by milling. The Mésshauer spectra indicate paramagnetic
spin state in all the CdFe;O4 samples. An increase in magnetization witl
nicreasing milling time (reducing particle size) occurs. This can be explained
by the redistribution of Cd ions in both tetrahedral (A) and octahedral (B)
sites. The coercive fields of the milled CdFe;04 oxide appear to be more
sensitive to measuring temperature compared to the unmilled sample. For the
50 hours milled sample coercive fields increase from about 9 Qe at 300 K to
520 Oe at 10 K. A smaller increase in coercive fields from 9 Oe at 300 K to 200
Oe at 10 K occurs in the unmilled oxide. The variation of magunetization as a
function of measuring temperature is also presented. An anomalous variation
of field cooled magnetization as a function of temperature in the 50 I milled
CdFe;04 hias been observed.

The Zng5(Co, Ni)ysFe,O4 and Zn;Mn;_,FepO4 compounds crystallized witl

single phase cubic spinel structure. Tle properties of Zu-Ni and Zu—Co samples

v



are closely related. The variation of Zn concentration has significant effects
on the structural and maguetic properties of Zn,Mn;_,Fe,Q, compounds. A
non-linear variation of the size of the unit cell with increasing Zn content
occwrs. The >"Fe Méssbauer spectra show paramaguetic spin states in all Zu—
Mn compounds. We have found a discontinuity in the temperature dependence
of magnetization of Zng4Mng¢Fes0, which suggests more than one magnetic

phase in both as-prepared and annealed samples.
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Chapter 1

Introduction to ferrites

Ferrites are oxides with the chemical formula MFesO4. M is a divalent metal
ion such as Co?*, Mu?*, Cu?*, Zn2*, Mg?* etc. [1]. In mixed ferrites M is a
mixture of these ious. There are usnally two types of ferrites, namely, soft and
hard ferrites. Soft ferrites exliibit cubic spinel structure and hard ferrites Lave
hexagonal crystal structure. In this work the structural and magnetic study
of soft ferrites is presented. This chapter gives a brief description of the spinel
crystal structure, synthesis, maguetic properties and applications of ferrites.

The motivation for the current work is also given.

1.1 Crystal structure of ferrites

The crystal structure of ferrite materials is that of a mineral spinel with com-
position MgAlyO4 shown in Figure 1.1. In ferrites Mg and Al ions are replaced
by divalent metal and Fe ions respectively. The spinel lattice consists of a
cubic closed-packed array of oxygen ions with two interstitial positions called
A and B sites. The A sites are surrounded by four oxygen ious forming tetra-
Ledral symmetry and the B sites are surrounded by six oxygen ions forming
an octahedron. The tetrahedral (A) and octaledral (B) sites are occupied
by metal cations. The chemical formula for ferrites is sometimes written as

AByOy4. Various ious can be placed at either A or B sites. In a normal spinel
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Figure 1.1: The occupation of tetrahedral (A) and octahedral (B) sites in a

spinel structure [2],



all the divalent metal cations occupy A sites and the trivalent Fe ions occupy
B sites. The inverse spinel has divalent ions occupying B sites and trivalent Fe
lous equally distributed between A and B sites. The zinc ferrite, ZnFeyQy, is a
normal spinel with all Zn?* and Fe3* ions occupying A and B sites respectively
[3]. The NiFeyQy ferrite is an example of an inverse spinel where all Ni*t ions
occupy B sites aud Fe?t ions are distributed equally between A and B sites

[4-6).

1.2 Synthesis of ferrites

Bulk ferrite materials are generally produced by solid state reaction [7-10]. The
starting materials are high purity oxides. The procedure involves two sample
preparation stages of high temperature heat treatments. This techuique is
therefore generally called double sintering method. The initial pellets are Leat
treated at about 950 °C. The products are reground and pressed to final pellets
which are annealed at a higher temperature. Sometimes samples are lLieated
i sealed quartz tubes and degassed under vacuum. This allows pellets to
be quenched in liquid nitrogen immediately after heat treatmeut in order to
preserve the phase that occurs at high temperature.

Ferrites materials can also be prepared by high energy ball milling [11-16].
Materials with controlled particle size can be produced with this technique.
The starting pre-calculated stoichiometric oxides are loaded with hardened
steel balls into hardened steel vials. The influence of milling conditions on
properties is discussed in reference [17]. Ferrites in bulk quantities for com-
mercial use can be easily produced by high energy ball milling.

Various chemical methods such as hydrothermal [18, 19], co-precipitation
[4, 20-22], sol-gel [23, 24], forced hydrolysis [25], citrate precursor [26, 27]
and low temperature solid state reaction [5] have appeared in the literature
recently. These methods are being developed for syntlesis of ferrites with fine

particles. During hydrothermal or co-precipitation method chlorides, nitrates



or sulphates are used as starting materials. The precipitate is formed by addi-
tion of a base like NaOH. After washing, the precipitate is reacted in a pressure

reactor by boiling in deionozed water for at least 3 Lours.

1.3 Magnetic properties of ferrites

The maguetic behaviour in ferrites is similar to that of a ferromagnet where
maguetic moments are aligned parallel to each other as showuy in Figure 1.2
(a). As the sample measuring temperature is decreased below the Curie tem-
perature, the maguetization rapidly increase at first and they slowly rises to
a maximum at absolute zero. Tle magnetic properties are also characterized
by a non-linear variation of the maguetization with an applied magnetic field.
Wheun the temperature is increased above the Curie point a disordered spin
state occurs (see Figure 1.2 (d)). This can be seen by the onset of zero magne-
tization during magnetization measurements or collapse of a six line Mésshaner
spectrum to a doublet during Méssbauer experiment.

The maguetism in ferrites is ferromaguetism. The spin orientations are simi-
lar to antiferromaguetic alignment of magnetic moments as shown in Figure 1.2
(b). This is due to negative exchange interactions between magnetic moments.
The anti-parallel alignment of magunetic momeuts results in zero spoutaneous
magnetization for antiferromagnets. In the case of ferrites, the magunetic mo-
ments on the adjacent sublattices are unequal and auti-parallel as shown in
Figure 1.2 (c). There is therefore a resultaut maguetization due to the differ-
ence in the magnitude of the magnetic moments. Ferrimaguetism is described
using a two sublattice model [28].

Tle interactious between neighibouring magnetic ions in ferrites occurs via
an intervening oxygen ion. The superexchange interactions between maguetic
lous at A or B sites (intrasublattice interactious) are characterized by exchange
integrals Jaa (A~O-A) or Jgg (B-O-B). The intersublattice interactions be-

tween A and B sites magnetic moments are characterized by exchange integrals
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Figure 1.2: The maguetic order in a (a) ferromagnet (b) antiferromaguet (c)

ferrimagnet and (d) paramagnet.

Jap (A-O-B) [29]. The intrasublattice interactions tend to align magnetic
moments ferromaguetically. The exchange interactions between A and B sites
maguetic moments (intersublattice) are negative and therefore tend to align
the A aud B sublattices antiferromagnetically [30]. There is usnally a compe-
tition between intersublattice and intrasublattice interactions. Ferrimagnetic
ordering takes place when the intersublattice interactions are stronger than the

intrasublattice interactions [29).

1.4 Applications of ferrites

Ferrites have a wide range of applications in the electronic industry and medicine.
Intrinsic robustuess, Ligh negative magnetoelastic behavior and ability to work
at high frequencies make cobalt ferrite (CoFeyQ,) suitable for the develop-
ment of maguetostrictive materials [31]. In modern teclmology the magnetic

nanoparticles Lave great potential for biomedical applications such as improv-



ing the quality of magnetic resonance imaging (MRI), hyperthermic treatment
for maliguant cells, site specific drug delivery and manipulating cell membranes
[32]. Maguetite is an important member of ferrites. It is used in efficient hyper-
thermia for canuser MRI contrast agents [22]. The nano—sized CoFe,04 oxide
have hLigh coercive field and moderate saturation maguetization. These prop-
erties combined witl physical and chemical stability make CoFeyQ4 nanopar-
ticles suitable for magunetic vecording applications sucl as audio, video tape
and high deusity recording disks [55]. For such applications it is important to
produce stable single domain particles [34]. Mu-Zu ferrites have high magnetic
permeability, saturation maguetization, dielectric resistivity and relatively low
eddy current losses. These properties make them suitable for applications in
transformers, maguetic recording heads, noise filters, electromagnetic gadgets,
information storage systems, medical diagnostic devices, magnetic refrigera-
tion, magnetic fluids, microwave devices, computer memory chips, fabrication
of radio frequeucy coils and rod antennas. They are also used in biomedicine as
maguetic carriers, such as bio-separation, enzyme and protein immobilization

[35-37).

1.5 Motivation for current work

The maguetic properties of ferrites can be controlled by suitable substitution
at A aund B sites [37]. Mauganese ferrite, MuFe,Q, is an inverse spinel with
Fe3t jons distributed equally between A and B sites. Dilution hy nonmaguetic
divalent ions such as Zu?* ious at A site reduces the amount of maguetic
Fe ions. This usually results in an increase in maguetization. Making suitable
substitution can tune the magnetic properties. Depending on type of cations at
A aud B sites, ferrimaguetic, antiferromaguetic and paramagnetic behavior can
be observed in ferrites [37]. Ferrites with similar composition produced from
different laboratories have sometimes been found to have different maguetic

properties. This may be due to differences in particle size or distribution of



cations between A and B sites. The synthesis technique is therefore expected
to have significant effect on the properties [20].

The properties of nanosized magnetic particles are also different from the
corresponding bulk counterpart. This has aroused increasing interest among
researchers. A unique feature of magnetic nano-particles is superparamag-
netism. In this maguetic state there is weak interparticle maguetic interac-
tious. Each naunoparticle has well defined magnetic order and behaves like
a paramagnetic atom with large magnetic moments which act independeutly
(32, 38]. Super spin—glass hehaviour can be observed where there is sufficiently
strong interparticle magnetic interaction and the ensemble of nanoparticle can
show a collective behavior [32]. Superparamaguetic behavior can be seen from
measurements of magnetization as a function of external maguetic field and
temperature. The very low values in coercive fields and remanence of the lLys-
teresis loop indicate superparamagnetic behavior. The collapse of the six line
Mossbauer spectra into a doublet also marks the onset of paramagnetism. Su-
perparamagnetic nanoparticles are relevant in important modern techuologies
such as magnetic resonance imaging contrast agents, ferrofluids and magne-
tocarolic refrigeration [38]. Nano—crystalline Mu—Zu have been the subject of
intense research [11-13, 18-20, 22, 36, 37, 40-42]. These compounds have wide
applications in industry as discussed in section 1.4. Hense any systematic study
of ferrite compounds is important. The main objectives of the current work
is to undertake (carry-out) a systematic study of the magnetic properties of

ferrites in order to:
e investigate the effects of grain size reduction on the properties and
e superparamaguetic behaviour in nanoferrites.

In this work we have produced bulk CdFe;O4 oxide by solid state reaction
and systematically reduced particles to nanometer scale by using high energy
ball milling. The Zng;CopsFes04 and Zn,Mu;_,FesO4 mixed ferrites with

fine particles have been produced by glycolthermal reaction under low reac-



tion temperature of 200 °C. The magnetic properties have been characterized
by Mossbauer spectroscopy (at about 300 K), vibrating sample magnetometer
(VSM) and superconductive quantum interference device (SQUID) measure-
ments from 2 K to 400 K.

In chapter 2 we present the basic principles of Méssbauer spectroscopy. The
experimental techniques used in the current work are discussed iu chapter 3.
Tle results and discussions are presented in chapters 4 and 5. The concluding

remarks are given in chapter 6.



Chapter 2

Basic principles of Mossbauer

spectroscopy

MGsshauer effect is the recoil-free emission and absorption of v photons with
energy ranging from 10 keV to 100 keV [43]. It was discovered by Rudolf L.
Mossbauer in 1957. The recoilless emission and absorption of y-rays allow
radiation with natural line width of about 14.6x10~9 eV [44] to be used in
resonant absorption spectroscopy. This produces high resolutiown (AE/E =
3.5x1071%) [43, 44], making Mossbauer spectroscopy a powerful tool in nu-
clear spectroscopy and condensed matter physics. It is capable of detecting
weak interactions between the nucleus and its surrounding electrons [45, 47].
Mossbhauer spectroscopy cau provide information o magunetic, structural and
bonding properties of materials. In this chapter we present the basic principles
of Méssbauer spectroscopy. A brief discussion of hyperfine interactions is also

givell.

2.1 Mossbauer effect

When a nucleus in an excited energy state makes a transition to ground state, a
7-ray photon is emitted. The nucleus recoils during the y-ray emission process.

The energy of the emitted y-ray photon is reduced by recoil and is thus less



than the energy difference between the excited and ground state energies. The
y-ray photon can therefore not be absorbed by another identical nucleus, i.e.,
resonant absorption is not possible.

This can be seen by counsidering an isolated nucleus of mass m and with
excition energy E moving with velocity V. 1Ifa y-ray photon with energy E,
is emitted in the direction of the emitting nucleus with velocity ', the nucleus
recoils with energy %m(v + )2 Conservation of energy before and after the
ejection of a y—ray photou gives [45)

1 1
E+5mV=E, + §m(17’ + )2 (2.1.1)

From equation (2.1.1) E, = E — smv? — mvV = E — Egr — Ep. The y-
ray pliotou energy is reduced by recoil (Ex = imv?) and thermal or Doppler

(Ep = mvV) energies. The conservation of momentum gives [45]

E.
mvzm(V+W)+?“’. (2:1.2)
From equation (2.1.2) v = —E., /mc. The recoil energy can therefore be written
as
E2
Ep=—L. 2.1
7 ome? &:12)

Eg depends on the nuclear mass and energy of the y-ray emitted. Ep lLas a dis-
tribution of values which are dependent on temperature. The average Doppler

energy (Ep) is related to the average translational energy (Ek) according to

— ol
Ep = Eﬂ/m—;‘. (2.1.4)

The effects of recoil and thermal energy respectively result in the displacement

the equation [45, 47]

and broadening of the statistical energy distributions of emitted and absorbed
vy-ray photons as shown in Figure 2.1. The emission and absorption distri-
butions of y-ray photon energies are shifted from tle excitation energy E by

—FEp and +Ejg respectively, and broadened by Ep into Gaussian distributions

10



Figure 2.1: Resonant overlap iu free atoms [45].

of width 2Ep. Tlere must be some overlapping (shown as shaded area) be-
tween the emission and absorption distributions for nuclear resonance to have
a significant probability.

If the emitting nucleus is not free but fixed in a crystal lattice, recoil energy
is taken up by the whole crystal. The nuclear mass m in equations (2.1.3)
and (2.1.4) cau be replaced by the mass of the whole crystal lattice. A typical
crystal has about 10 atoms. Therefore replacing nuclear mass m by the
crystal mass M in equations (2.1.3) and (2.1.4), Ep and Ep become negligible.
This is called Mdssbauer effect, eliminating the effects of recoil and thermal
broadening. If the recoil energy is uot taken up by the whole crystal lattice,
it will be transferred to the lattice by increasing its vibrational energy. Iu this
case recoil energy is dissipated by creation of phonons. Ep is ouly transfered to
lattice vibrations if it corresponds with the allowed increments otherwise it is
transferred to the crystal as a whole ensuring recoilless emission or absorption

of y—ray photous.

11



2.2 Recoilfree fraction

The fraction of recoilless emission and absorption of y—rays is related to the

vibrational properties of the crystal lattice as [45]
—E2 < g >?
= pp P

Few ( (ho)? )

< ¢ >? is the mean-square vibrational amplitude of the emitting or absorbing

(2.2.1)

nucleus. To increase the relative strength of the recoilless resonant process it
is necessary to make the recoil-free factor as large as possible. The form of
equation (2.2.1) indicates that f is large for low £, and small < 2 >? (strong
lattice). This sets conditions for isotopes suitable for Mossbauner spectroscopy.
5TFe, 1981, 1271 15Te and 9Pt are examples of isotopes that can be used
during Mosshauer experiments. *’Fe is a typical Massbauer nucleus produced
hy the radioactive decay of *’Co. It is used to study compounds that contain
Fe.

According to the Debye model [45] recoil free fraction varies with tempera-

ture according to the equation

B 6Eg [1 T )2 Op/T gz
f= ‘”’p[ P Li i (99 /0 e—1|| (222)

where @ = hkgT and 8p is the Debye temperature defined as

gy = 1D (2.2.3)

kg

From equation (2.2.2) f is maximum when fp is large and the measuring

temperature (7°) is low. At 7" = 0 equation (2.2.2) gives

[ =gz <_3ER)
= TP\ Skptp )

(2.2.4)

2.3 Hyperfine interactions

The electrostatic and magnetic interactions of a nucleus with its own envi-
roument are known as “hyperfine interactions”. These interactions can he
measured during Mossbauer experiments and are discussed in the following

sections.

12



2.3.1 Isomer shift

The nuclear size changes wheu a nucleus makes a transition from excited to
ground state or vice versa. The change in nuclear size results in the changes in
Coulombic forces between the nuclear charge and the extra nuclear electrons.
This results in a shift but not splitting of nuclear energy levels known as isomer
or chemical shift. This effect is shown in Figure 2.2 (a). The expression for
isomer shift is give hy [47]

°" (50_;) [VaOF = [wsOF] (RE - R). (2.3.1)

Z is the atomic number, e is the electronic charge and ¢, is the permittivity in
free space. |14(0)|* and |1hg(0)[? are s—electron densities at the nuclear sites of
the absorber and source nucleus. R., and Rgq are nuclear radii in the excited
and ground states. This energy shift is usually quoted in mm/s rather than
in energy units. “1 mm/s’is proportional to 4.8x107® keV for 5Fe isotope.
The change in nuclear radius is constant for a Mdsshaner trausition. Equation

(2.3.1) can therefore be written as
6= K (|6a(0)]* = [ys(0)]?) (2.3.2)

where K is a constant depending on the change in nuclear radii. During a
Mossbauer experiment energy shifts are measured relative to the centroid of
a metallic iron foil spectrum recorded at room temperature. The measure-
ments of isomer shift are therefore independent of the nature of the source

[45]. Equation (2.3.2) can therefore be reduced to
b= Ko— Kl1pa(0)[? (2.3.3)

where Ky is a constant. The isomer shift is therefore only dependant ou the
s-electron density of the absorber. It can therefore give information on the
changes of the orbital occupation iu the valence shell of the absorber atom and

can be used to investigate oxidation states and covalency effects [45].

13
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Figure 2.2: (a) Isomer shift, (b) Isomer shift and quadrupole splitting [43].
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2.3.2 Electric quadrupole splitting

The electric quadrupole splitting results from the interaction between the mi-
clear quadrupole moment (Zj) and the electric field gradient (VE) at the
crystal lattice. The electric quadrupole interaction is described by the Hamil-

tonian

H= kgé’.vi‘. (2.3.4)

It results in the splitting of a nuclear energy level with angular momentum 7

into 271+1 sublevels. The energies of the sublevels are given by [45]

(2.3.5)

eV, 3m?—I(I+1) (1 772) 1/2
=l -

BTHEI~1) i —1) B
V.. = 0?V/8z% is the component of the electric field gradient tensor along
the z axis and 5 = [§?V /022 — 9*V/Oy?]/q is an asymmetry parameter. m;
is the magunetic quantum number of the nuclear state considered and takes
values from [ to —I. The *"Fe Méssbauer trausition taking place between I =
3/2 and I = 1/2 spin states. The I =3/2 energy state splits into two ewnergy
levels corresponding to m; = £3/2 and m; = £1/2 and the I =1/2 energy
state does not split. The transitions hetween the sublevels take place provided
the selection rules (Al = 0, £1) are satisfied. The two possible transitions
shown in Figure 2.2 can be seen as two absorption peaks during a Mosshauer

experiment. The peaks are separated by energy [45]

i)
V = EeVZZQ, (236)

called the quadrupole splitting.

2.3.3 Magnetic splitting

A nucleus with a magnetic moment (77) and spin quantum number (I) will have
a dipole interaction with the magnetic field (,—5?) This interaction is described

by the Hemiltonian

H= —W’E) = —gun1.B (2:07)
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The energies of the nuclear levels are given by [45]

B
E, = —EI—m,I = —guyBm;j. (2.3.8)

my is the magnetic quantum number, py is the nuclear magneton, g is the
Lande’s factor = 2 and B is the maguetic field. B depends on the combination
of both the internal and applied maguetic field. In this work the Mossbauer
measurements were taken under zero applied fields. The magnetic splitting is
due to only the internal magnetic fields. In the case of 5"Fe nucleus I=3/2 splits
into my = +3/2, +1/2, -1/2 and -3/2 sublevels. The I = 1/2 ground state
splits into m; = +1/2 and - 1/2 sublevels. The allowed transitions according
to the selection rules (Al = 0, £1) are shown in Figure 2.3. The six absorption
lines are seen as a six line Méssbauer spectrum during a Mossbaner experiment.

Wlen the nuleus experiences hoth guadrupole and magnetic interactions,
the energy eigen values are given by [44]

e? 3cos?8 — 1
Eonm = jQ ((—1)\mz\+1/2> (_HT) —gunT.B. (2.3.9)

The effect of combined maguetic and quadrupole interactions is the shifting

of the nuclear energy levels by [44]

2 2 — 1
s (3“’3; ) . (2.3.10)

4

f is the angle between the magnetic field axis and the major axis of the electric

field gradient teunsor.
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Figure 2.3: Magnetic splitting in >’Fe nucleus [43].
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Chapter 3

Experimental details

Ferrites are geverally prepared by solid state reaction or Ligh energy ball milling
as discussed in section 1.2. This requires double high temperature lLieat treat-
ment stages. Ferrite nanoparticles can be prepared by using high energy ball
milling and wet chemical methods. The synthesis of fine powders has been
the subject of recent intensive research. Several reports Lhave appeared in the
literature which use wet chemical methods such as co-precipitation (20, 21],
hydrothermal [18, 19], sol-gel [23], forced hydrolysis [25] and combustion [23]
methods. In this work we have produced bulk and nanosized CdFey04 and
ZuyMu;_,FeyOy ferrites usiug solid state reaction, high energy ball milling and
glycolthermal reaction. The procedures followed during sample preparation
are discussed in this chapter. The compounds produced were characterized
by Méssbauer spectroscopy, magnetizations and XRD measurements. A brief

discussion of these sample measurements techniques is also givell.

3.1 Sample preparation

3.1.1 Solid state reaction

The CdFe;Qy4 oxide was produced by solid state reaction. The starting mate-

rials were CdO (99 %) and FeaO3 (99.995 %). The stoichiometric proportions
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of the oxides were weighed using an electronic balance (Precisa 205A SCS)
and mixed. During the mixing process the oxide mixture was hand ground for
about 30 minutes using agate mortar and pestle in liquid medium (ethanol).
The grinding was done under a 100 W study lamp. This is helpful in the
drying process of the mixture. The dried powders were pressed in a stainless
steel evacuated die under a pressure of about 2 tons/cm? to form pellets. The
pressure was applied for two minutes. The pellets were initially sintered at 950
OC. The products were reground to fine powders which were again pressed into
pellets and finally sintered at 1050 °C. All the Leat treatments were done in air
for 12 hours. After each heat treatment samples were allowed to slowly cool to

room temperature.

3.1.2 High energy ball milling

A Retch hLigh energy planetary ball mill (type PM 400) was used to grind
CdFey04 ferrite sample produced by solid state reaction into a fine powders.
The oxide was loaded into hardened steel vials with hardened steel balls. The
ball-to-mass ratio was 20:1. Tle planetary ball mill was operated at 200
rev/min. The sample was milled for 50 hours. After selected milling times (1
h, 3 h, 5L, 10 L, 20 L, 30 L, 40L and 50 L) some powders were removed for
analysis. The aim was to systematically study the effect of high energy ball

milling on the properties and to produce CdFe;O4 nanoparticles.

3.1.3 Glycolthermal reaction

We lave used a wet chemical method called glycolthermal reaction [42] to pro-
duce Zngs(Co, Ni)osFesOy4, ZnyMn;_oFesOg and CuMny_,FerOy (0 <2 < 1)
ferrites. The starting materials were chlorides or nitrates. The required stoi-
chiometric amouunts of chlorides or nitrates were mixed. 5 M solution of sodium
hydroxide (NaOH) was used as a precipitant. It was slowly added to the ni-

trate mixture under rapid stirring until the pH was about 10. The precipitate

19



was waslied several times with deionized water to remove chlorides or nitrates.
During the washing process the precipitate was filtered using ashless Glass
microfibre (GF/F Whatman) filter papers. The clean precipitate could be
confirmed by the addition of a standard silver nitrate solution or phenolph-
thalein. The product was dispersed in 300 ml of ethylene glycol and placed
in a 600 ml stainless steel pressure vessel (Watlow series model PARR 4843
reactor). The temperature was allowed to increase to 200 °C. The pressure
rose to about 110 psi. These conditions were kept for 6 hours while stirring
at 200 rev/min. The cooled products were filtered and re—washed in deionized
water and finally with ethanol. The recovered synthesized powders were dried

under a 250 W infrared lamp and homogenized using agate mortar and pestle.

3.2 Mossbauer measurements

In a Mossbauer experiment a suitable radioactive source is used to irradiate
the specimen under investigation. *’Co is used to study samples with irouw.
Figure 3.1 shows the decay scheme of °’Co from the 837 keV (I = 7/2) energy
state to °"Fe with lower energy state of 136 keV by electron capture. Tlese
plotous are emitted during trausitions from the I = 3/2 to I = 1/2 ground
states. The 14.41 keV energy peak is used in the Mossbauer experiment.

In order to use the source as a spectroscopic tool, the energy of the source
is varied. Tlis is achieved by Doppler shifting the energy of the photouns.
Moving a source at velocity of 1 mm /s towards the sample increases the energy
of photons by 14.4 keV (v/c) = 4.8 x107® V. The mm/s is a unit used in
Méssbauer experiments. This is equivalent to 4.8 x1078 eV for 57Fe,

A Mossbauer spectrometer cousists of a source which may be moved rela-
tive to the sample and a counter to monitor the intensity of the beam after it
Lias passed through the sample. The basic experimental set—up in transmis-
sion geometry cousists of a Mossbauer source and a detector placed belind the

specimen heing measured. The y-ray photous transmitted through the sample
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Figure 3.1: Nuclear Decay schieme of 57Co [45].
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are detected by a detector and the corresponding amplified pulses are regis-
tered in different channels according to their energies. The Mossbhauer spec-
trum develops with time as counts are accumulated in different channels. The
spectrum thus cousists of “dips”and “high”intensity counts. The “dips”and
“high”intensity counts are at the energies where resonant absorption and max-
imum transmission occur respectively. The Mossbauer spectium is a plot of
the transmitted intensity agaiust the source velocity (beam energy).

In a constant velocity Mossbauer spectrometer, the transmitted ~v-ray pho-
tous are recorded at a constant velocity in a fixed period of time. The spectrum
is accumulated as the constant velocity is changed. In this method the spec-
trum is accumulated step wise with one velocity at a time. Iu the current
work we have used a more common approach wlere the whole velocity range is
rapidly scanned. By numerous repetition of the velocity sweeps, states for in-
dividual velocities (energies) are accumulated simultaneously. The Mossbauer
measurements were performed at room temperature (300 K). The spectrom-
eter was connected as shown in Figure 3.2. The frequency (2.5 Hz) of the
source was selected from the function generator. A triangular wave output was
selected so that the source moves at constant acceleration. The MCS32 card
(used for data acquisition) was connected to both linear amplifier output and
Méssbauer drive unit as shown in Figure 3.2. The Recoil software package was

used for the analysis of the Mdssbauer data.

3.3 Magnetization measurements

Magunetization arises in materials due to the presence of maguetic moments
of coustituents atoms. The maguetic moments originate from the electronic
motions and intrinsic spin of electrons as discussed in reference [28, 46]. The
total magnetic moments of a sample per unit volume is called magnetization
(M). M is usually determined nnder the influence of a maguetic field. The field

can be considered as a stimulus which affects the alignments of the magnetic
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moments in the field direction. In practice we want to know low M varies
with temperature and applied magnetic field. The definition of magnetization
as magnetic moments per unit volume turns out to be unsuitable because the
volume is dependent on the temperature (thermal expansion) or maguetic field

(maguetostriction). Magnetization (o) can be defined per unit mass as
o=—. (3.3.1)

wlhere M is the magunetic moment and p is the density. The response function
of maguetization of the sample under the influence of a maguetic field is called
susceptibility and is defined as

oM
X - B 1

(3.3.2)

where jip = 47 x 1077 v;/Am. Measurements of magnetization using magne-
tometry are discussed in [28]. In this work we have studied magnetization as a
function of magunetic field or temperature using a Lakeshore vibrating sample
magnetometer (VSM) at UKZN and Quantum Design Superconductive Quan-
tum Interference Device (SQUID) of quantum design make in the Deparment

of Physics at the University of Johannesburg (UJ).

3.4 X-ray diffraction

X-rays were discovered in 1895 by Wilielm Roentgen while experimenting with
cathode rays (electrons) in an evacuated glass tube containing two electrodes
between which a high voltage was applied. Roentgen noticed that some of
radiation from such a tube could easily penetrate through materials such as
card board, wood and sheets of metals. He referred to these rays as X-rays.
The X-rays originate from the sudden stopping of fast moving electrons at the
walls of the tube or at the metal plate which served as an anode. X-rays are
now commouly produced by the bombardment of a metal target (anode) by

electrons accelerated from the cathode by high voltage as shown in Figure 3.3.
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At high accelerating voltages, the impinging electrous have enougli energy to
eject electrons from core-levels of the target atoms. X-rays are also emitted
when electrous in higher energy states move down to fill the lower energy states.
If 1s (k-shell) electrons are ejected by the impinging electrons beam, L-sliell
(2p3s2, 2p1y2) or M-shell (3ps/2, 3p; /2) electrons fill the k—shell. On dropping
down, ka; and kas or k) and kf3; x-rays are emitted. Monochromatic X-ray
beams are achieved by using a filters or a monochromators. Monochromatic
X-ray beam of wavelength A is diffracted by a crystal when the condition for
Bragg d reflection [48-50]

nA = 2dsinf (3.4.1)
is satisfied. n is an integer and d is the distance between the adjacent atomic
planes in a crystal. The Bragg angle  is the glancing angle at which the X-1ays
heam strikes the specimen.

In the powder X-ray diffraction (XRD) method, a powdered sample can
rotated in the X-ray beam. Each particle in the sample acts as a crystal
mounted at random with respect to the beam. As the sample is rotated,
different planes at different Bragg angles diffract. Diffraction takes place for
the planes of particle oriented such that the Bragg equation (3.4.1) holds. The
spectrum therefore consists of different diffraction lines at different 20 values.
From equation (3.4.1) if an x-ray beam of a known wavelength ) is used, the
spacing of the planes of atoms (d) can be calculated. In the case of ferrite
materials studied in the current work, the crystal structure is cubic. Hence d

is related to the lattice parameter (a) by [48]

a=dvh?+k2+12 (3.4.2)

We ouly need to assign the correct Miller indices (h, k, 1) to each diffraction

peak. In the present work, XRD was used to characterize the samples. The

XRD measurements were carried out in the Department of Physics at the

University of Free State and in the Department of Geology at the University
of KwaZulu-Natal.
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A monochromatic beam of Co k, radiation of wavelength A = 1.78897 A,
was used in the measurements. The nature, size of the unit cell and quality of

the samples were determined from XRD.
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Chapter 4

Magnetic properties of bulk and

nanosized CdFey,O, oxides

The particle sizes have significant effects on the properties of materials. The
Curie temperature (7¢) of the bulk normal spinel ZnFe;Oy is about 10 K [5, 14].
An increased maguetic transition temperature in milled ZnFe,04 fine powders
to about 40 K was observed. This enhancement of T was associated with
the increase in the population of Fe3t ious at A sites. Cd is a larger size atom
compared to Zn. In this work we Lave produced CdFe;Qy4 by solid state reaction
and systematically reduced particle sizes to nanometer scale. The chemical and
structural disorders induced by high energy ball milling are investigated. In
this chapter we present the variation of the magnetic properties of CdFe,Oy as

a function of milling time.

4.1 X-ray diffraction results

The structural analysis of the as prepared and milled CdFeyQy ferrite samples
were performed by X-ray diffraction (XRD) technique using Co K, radiation.
Figure 4.1 shows the variation of the XRD patterns for different of milling
times (from 0 I to 50 h). The most significant peaks were successfully indexed

to cubic spinel structure. A small impurity peak at 260 = 53° is observed in
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Figure 4.1: Variation of XRD patterns for CdFe;O4 with milling time.
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the as prepared (0 L), 3 L and 5 L milled samples. This may be due to an
ntermediate a—FepOy phase. This impurity peak disappears after milling for
more than 20 Lhours. The broadening of the XRD peaks with increasing milling
time indicates reducing particle size. The particle sizes were estimated from

the most inteuse 311 XRD peaks using the Debye-Scherrer formula [51, 52]

0.9
D=y (4.1.1)

D is the particle size, A is X-ray wavelength, @ is the full widtl at half maxi-
mum of the 311 XRD peak and 8 is the Bragg angle. The values of grain size
as a functiou of milliug time are shown in Table 4.1 and plotted in Figure 4.2,
After milling for 50 hours the graiu sizes were reduced from about 39 um to 9
nm. Milling has a siguificant effect on particle diameters. As shown in Figure
4.2, a fast initial decrease of grain size upon milling oceurs. After 10 Lours of
milling, a slower reduction of grain size with further milling is observed. This is
limited by the size of the steel balls nsed in the milling process for dry grinding.
The values of lattice parameters deduced from the XRD data are also shown in
Table 4.1. A geueral decrease in the size of the lattice constant with increasing
milling time may be due to structural disorder induced by milling. The z-ray
densities can be calculated from the values of lattice parameters (a) by using

the formula [53]
&M
Px = NAGS :

8 is the number of atoms in the uuit cell of a spinel lattice, M is the molecular

(4.1.2)

weight of the sample and N4 is the Avogadro’s number. The values of py are
shown in Table 4.1 as a fuuction of milling time. The average X-ray density
calculated for our samples is 5.77 g/cm®. This is comparable to values found
for similar compounds [52, 54]. The px reflects ou the packing of the atoms in

a unit cell. This is expected to be higher than the bulk densities.
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Table 4.1: Variation of grain size (D), lattice parameter (a) and x-ray density

(px) with milling time.

MT (b) | D (um) | a (A) | px (g/m®)
+0.02 | £0.01 + 0.01
0 39.43 8.75 5.71
1 22.54 8.76 5.70
3 23.54 8.81 9.60
b} 18.87 8.72 5.76
10 11.43 8.73 5.75
20 10.13 8.70 5.81
30 1111 8.71 9.78
40 10.55 8.67 5.86
50 9.07 8.63 3.95
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4.2 Mossbauer spectroscopy results

The variation of Méssbauer spectra with milling time is shown in Figure 4.3.
The spectra could be resolved into two quadrupole doublets. The doublets
ndicate paramagnetic nature in the CdFe,Oy oxide at room temperature. The
points are the experimental and the lines are fitted data. The doublets can be
associated with Fe®* ions in paramaguetic spin state at A or B site. The values
of isomer shifts, quadrupole splitting, line widths and Fe fractions at A and B
sites deduced from the fitted spectra are listed in Table 4.2. The doublets were
allocated to A or B site based on the fitted data of isomer shifts, quadrupole
splitting and line width. The A site isomer shifts and quadrupole splitting are
generally lower than B sites values because the A site isomer shift is higher
than the B sites values [6].

The isomer shifts give information on s—electron charge distribution of the
Fe ions. There is no significant change in isomer shifts upon milling. This
is expected since the Fe concentration is not changing witlh milling. The line
widths and quadrupole splitting also do not change significantly with crystal
size reduction.

The areas of fitted doublets represent Fe fractions on A or B sites. The
doublet areas indicate the fractions of Fe ions at A or B sites. The Fe fractions
at A or B sites are also shown in Table 4.2. The unmilled (0 1) and 1 i milled
oxides indicate lower content of Fe atoms at A sites. This implies A sites are
occupied by Cd ions. The distribution of Fe ions between A and B sites in the
3 L milled sample is similar. This behaviour is similar to a normal spinel. A
decrease in A site Fe concentration with further milling is observed. Milling
appears to force some of the Fe ious from A to B sites. This is associated with

chemical disorder induced by milling.
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Table 4.2: Variatiou of isomer shift (6), quadrupole splitting (&), line width (1)

and Fe3* fraction (f) on A and B sites for CdFe,0Q, oxide with milling time.

6§ (mum/s) e (mmfs) | I(mm/s) £(%)

MT (h) N 6B EA £B IA Ip fa | f
+ 0.006 | £ 0.008 | £0.03 | & 0.04 | £0.01 | + 0.02 | +£0.5 | +0.6

0 0.360 0.366 0.70 0.91 0.16 0.18 | 33.9 | 66.1
1 0.386 0.368 0.69 0.81 0.12 0.22 19.6 | 80.4
3 0.378 0.348 0.72 0.95 0.15 0.25 | 51.7 | 48.3
) 0.367 0.330 0.75 1.19 0.18 023 | 786 | 214
10 0.359 0.330 0.72 1.15 0.20 0.28 | 59.2 | 40.8
20 0.418 0.210 0.87 0.89 0.24 026 | 586 | 41.1
30 0.348 0.343 0.70 1.12 0.23 0.27 | 53.6 | 464
40 0.356 0.346 0.69 1.00 0.23 035 | 70.5 | 29.5
50 0.353 0.341 0.71 1.01 | 039 | 21.7 | 78.3
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4.3 Magnetization results

The maguetizations of the CdFesQy ferrite samples were measured using a vi-
brating sample maguetometer (VSM) from 10 K to 400 K. Figure 4.4 (a) shows
typical variation of hysteresis loops with milling time. The S~ shaped mag-
netization curves with very small coercive fields indicate superparamagnetic
nature of the fine particles. There is no significant change in coercivity with
reduction in particle size. This is unlike the behaviour observed in NiFeq Oy
and Cug5Nig5Fes04 compounds where the coercive fields increase with reduc-
g grain size [6, 31]. This was explained on the basis of domain transformation
from single- to multi-domain behaviour with reduction in particle size.

A general increase iu saturation maguetization with reducing particle size is
observed. This can be explained by the redistribution of Cd and Fe** atoms
at both A and B sites as the grain size reduces. Bulk CdFe;0,4 is a normal
spinel with Fe ious equally distributed between A and B sites. Since A and
B sublattices are aligned antiparallel, CdFe;Qy is expected to have very small
maguetization. Increasing maguetization with increasing milling time (reduc-
ing particle size) relates well the Mdsshauer results indicating reduction of Fe?+
content at A sites with milling.

The variation of lLysteresis curves as a function of sample measuring tem-
perature is shown in Figures 4.4 (b) and (c) for the as prepared (0 L) and 50
L milled samples, respectively. A larger increase in maguetization with reduc-
tion in temperature occurs in the 50 L milled sample. The coercive fields also
depend ou the on the temperature. The magnetic parameters deduced from
the maguetization curves are shown in Table 4.3. A plot of coercive fields as
a function of sample measuring temperature is shown in Figure 4.5. A fast
decrease in coercivity with increasing temperature is observed up to about 100
K. The coercive fields then slowly reduces with further increase in temperature.
The coercive fields of the as prepared sample increases from about 38 Oe at

room temperature to 197 Oe at 10 K. A larger increase from about 9 Oe to
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Table 4.3: Variation of coercive field (H,), saturation (Mg) and remanent (M)

magunetization with measuring temperature (T') for CdFe; Oy oxides.

Ol 501

T He Mg Mp H,. Mg Mg
(K) | (06) | (emu/g) | (emu/g) | (Oe)) | (ermn/s) | (emu/e)

+ 0.3 +0.02 + 0.1 +0.03 +0.04 +0.2
300 | 38.2 0.58 36.0 8.55 12.70 8.6
200 | 38.9 0.79 32.9 17.48 23.57 172
150 | 39.2 1.03 59.5 23.76 27.47 19.0
100 | 66.5 1.31 119.6 40.85 31.09 76.8
o0 68.8 1.62 87.6 100.80 33.87 100.7
10 | 197.3 2.39 198.1 514.89 33.53 510.9

515 Oe at 10 K is observed for the 50 L milled sample. According to Kneller’s
law coercive fields varies with temperature as [55]

He = Ho(0) [1 - (%)W] ,

(4.3.1)
where Hc(0) is the coercive field at 7 = 0 K which can be estimated by ex-
trapolating the He versus temperature curve towards the field axis and T is
the superparamagnetic blocking temperature of the nanoparticles. Figure 4.6
shows a plot of He versus T2, The solid lines are linear fits to the data.
He varies with T according to Kueller’s law for temperature ranging from
50 K t0 300 K. The differences in maguetization and coercive fields between
the unmilled and 50 L milled samples are attributed to the different particle
sizes. The values of magnetization shown in Table 4.3 were recorded at a field
of 5 kOe. There was no indication of saturating magnetization in both the
as prepared and 50 L milled samples. A very high field would be needed to

saturate the maguetization. The zero field cooling (ZFC) and field cooling
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(FC) (50 Oe) maguetization curves are shown in Figures 4.7 (a) and (b) for
the as-prepared and 50 h milled compounds. During (FC), the oxides were
cooled from 400 K to 10 K in the presence of an external magnetic field of 50
Oe. For ZFC measurements, the applied field of is zero during cooling to 10 K
and the maguetization was recorded during warming up to 400 K in the pres-
ence of an external field for FC (50 Oe). FC magnetization of the as-prepared
sample increases to a maximum at low temperature and then reduces rapidly
with further reduction in temperature. The temperature dependence of the FC
magnetization of the milled sample is different to that of the unmilled sample.
FC maguetization of the 50 h milled compound increases to a maximum at 100
K and then reduces slowly and levels off with further reduction in temperature.
The variations of ZFC maguetizations of the milled and unmilled samples are
similar. The ZFC magnetization increases with reduction in temperature to
a maximum and then decreases with further reduction in temperature. The
drop in ZFC magnetization below the maximum blocking temperature is char-
acteristic of re—entrant spin glass behavior [56]. The wide peaks observed in
ZFC curves indicate wide distribution of particle sizes. Each particle with a
particular size has a certain blocking temperature. The differences between
the as-prepared and milled samples are associated witli chemical disorder and

reduced particle sizes due to milling.

4.4 Conclusions

The effect of grain size reduction on the magnetic properties of CdFe;04 ox-
ides lLias been investigated. High energy ball milling appears to affect the size
of the particles. This is indicative of structural disorder induced by milling.
Milling also appears to force some of Cd ions to transfer from A site to B site.
This results in increasing magnetization in milled compounds. The Méssbauer
results show the paramagunetic spin state in the CdFeyQy4 oxides while the mag-

netizations show evidence of superparamaguetic hevavior induced by milling.
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Chapter 5

Magnetic properties of
Zn0.5(Ni, CO)O_5F6204 and

Zn,Mnj_,.FeyO, oxides

Magnetic nanoparticles have broad practical applications in important tech-
nologies such as ferrofluids, maguetic drug delivery and high density informa-
tion storage as discussed in chapter 1. The unusual properties of nanosized
compared to bulk samples have attracted a lot of attention. The important
features of magnetic nanoparticles are superparamagnetism and surface spins
which can lead to a canted-spin structures. In the superparamaguetic state
there are weak inter-particle magnetic interactions. Each nanoparticle lLas
well defined magnetic order and behaves like a paramaguetic atom with a large
maguetic moment and acts more or less independently. Super spin-glass be-
haviour can be observed where there is sufficiently strong maguetic interaction
and the ensemble of nanoparticles show a collective behaviour. Efforts are
still being made to improve synthesis techniques of nanophase ferrites. I this
chapter we present the magnetic properties of Zng 5NigsFesQy, Zng 5Cop 5Fes Oy
and Zn,Mn;_FesO4 nanosized ferrites synthesized by glycolthermal technique

under Jow reaction temperature of 200 °C.
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9.1 X-Ray diffraction results

The XRD data were used to confirm formation of cubic spinel phase of the com-
pounds and to estimate crystallite sizes. The XRD spectra for Zng sNig sFes Oy
and ZngsCopsFes04 compounds are shown in Figures 5.1 (a) and (b). The
minor peak at 26 = 52° not indexed in the XRD spectrum of the as prepared
sample is attributed to an intermediate hematite a-Fe,O3 phase [58, 59). This
impurity phase disappears after aunealing the as prepared sample between
500 °C and 600 °C. All the XRD peaks of the sample annealed at 600 °C
are characteristic of single phase cubic spinel structure. The small impurity
peak observed in the as prepared Zng sNigsFesO4 oxide is not preseut in the as
prepared Zig sCopsFesOy oxide.

The variation of XRD partterns for Zu,Mn;_,Fe;O, as a function of Zn
concentrations () is shown in Figure 5.2. All the XRD peaks were successfully
indexed to pure cubic spinel structure. The broad peaks in some of the samples
are indicative of fine particles. The grain sizes were calculated using the Debye-
Scherrer formula as discussed in section 4.1. Tle average grain size for the as
prepared Zng 5Nig sFesO4 and Zig 5Cog sFes Q4 oxides were 10.2140.04 nm and
13.54+0.03 um respectively. The values of gain sizes for the as prepared series
of Zn,Mn;_,FesO4 compounds are listed in Table 5.1. The particle size varies
between 5 nm and 14 num. The smallest particle size of 5.4 nm was obtained
for the Zng4MnggFe;04 sample (z = 0.4).

We lhave also investigated the effect of aunealing time and annealing tem-
perature on crystal size. The compound with the smallest particle size (z =
0.4) was divided into several specimens which were then annealed at 600 °C
for 6 L, 18 I, 24 h, and 30 h. The XRD partterus for the Z11g 4 Mg gFes Oy
oxide annealed at different times are shown in Figure 5.3. The particle size
of Zng4Mng gFeaQy4 increased from about 5.4 nm to 13.7 nm after annealing it
for 6 L at 600 °C. The annealing temperature Las siguificant effect on grain

growth. As shown in Table 5.2, longer annealing times do not seem to signifi-
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Table 5.1: Variation of grain size (D), lattice parameter (a) and x-ray deusity

(px) for Zn,Mn;_,Fe,O,4 as a function of 7.

v | D (um) | a(A) | px(g/m®)
+0.02 | £001| +0.01
0| 1381 | 853 4.94
01| 820 | 847 5.07

0.3 7.65 8.45 0.15
0.4] 542 8.45 5.17
0.5] 11.99 8.49 5.11
0.6 | 11.26 8.49 5.13
0.7 ] 14.08 8.47 3.20
0.8 13.48 8.42 0.32
0.9 1348 8.38 0.42

1.0 8.59 8.35 5.50

cantly affect particle sizes further. This is unlike the previous results reported
by K. Maaz et al [55] where the particle size of CoFesQ4 were found to increase
with annealing time.

The values of lattice parameters for Zn,Mn;_,Fe,O4 deduced from XRD
data are also presented in Table 5.1 and plotted in Figure 5.4. A non-linear
variation of lattice constant with increasing x is observed. The lattice constant
reduces to a minimum at about z = 0.3 and attains maximum at z = 0.6.
A decrease in the lattice parameter with further substitution of Zn atoms
occurs. The reduction of the unit cell parameter with increasing Zu content
can be explained by substitution of bigger Mn?* ious (0.91 A) by smaller
Zn?* (0.74 A) ions. The reduction in the lattice constants with increasing Zn

coustants was also observed in Zu,Mn;_.Fe;O4 compounds produced by high
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Table 5.2: Variation of grain size (D), lattice parameter (a) and x-ray density

(px) with aunealing time (t) for Zng4Mng gFesQ4 oxides annealed at 600 °C.

t (1) | D (um) | a (&) | px (g/m?)
+ 0.02 | £+ 0.01 4+ 0.01
0 0.42 8.45 5.17
6 13.74 8.43 5.19
18 14.18 8.43 5.20
24 14.15 8.44 5.17
30 13.72 8.43 5.21

energy ball milling [11]. The increase in the lattice constauts with increasing
Zn concentration from about 7 = 0.4 to » = 0.7 which are observed in our
samples may be due to the replacement of smaller Fe** (0.67 A) by larger size
Zn?* (0.74 A) at tetrahedral (A) sites. The complex variation of a with
observed in this work is similar to the changes in lattice constants observed
in bulk Zn,Mn;_,FesO4 produced by solid state reaction and then sintered at
1200 °C and 1300 °C [1]. The values of x-ray deusities listed in Table 5.1 are

also comparable to those of similar compounds [3].

5.2 Mossbauer spectroscopy results

Figure 5.6 shows the Mdésshauer spectra of the as prepared Zn,Muy_ FeyOy4
oxides. The spectra could be resolved into two quadrupole doublets. This
indicates paramaguetic spin state of Zn—based compounds. The data of isomer
shifts, quadrupole splitting, line widths and Fe fractions at A and B sites
deduced from the best fits to the experimental data are shown in Table 5.4.

There is no significant change in isomer shift with increasing . This indicates
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Table 5.3: Variation of isomer shift (6), quadrupole splitting (&), line width (1)

and Fe fraction (f) at A and B sites of Zn,Mn;_,Fe;Oy4 as a function of 7.

§ (mm/s) e(mm/s) [(mm/s) [ (%)

T | %A o A | B | A | B | fA | B
+ 0.01 | £ 0.005 | £0.02 | + 0.02 | £0.03 | + 0.02 | £0.6 | £0.4
0| 034 | 024 | 075 | 1.97 | 056 | 1.56 | 53.0 | 47.0
0.1 018 | 0194 | 0.03 | 021 | 0.81 | 0.16 | 56.4 | 43.6
0.3 018 | 0196 | 001 | 0.20 | 0.84 | 0.16 | 52.1 | 47.8
0.4] 030 | 0362 | 096 | 0.68 | 0.81 | 035 | 55.0 | 45.5
0.5 020 | 0176 | 0.19 | 074 | 0.14 | 0.78 | 34.9 | 65.2
0.6| 036 | 0.363 | 0.54 | 093 | 0.21 | 0.85 | 256 | 74.4
0.7| 0.36 | 0.355 | 0.05 | 050 | 0.18 | 0.25 | 48.1 | 51.9
0.8 0.37 | 0361 | 039 | 068 | 0.15 | 031 | 40.4 | 59.6
0.9 037 | 0374 [0378 | 073 | 0.19 | 026 | 304 | 69.6
1.0 035 | 0339 | 033 | 069 | 014 | 0.30 | 345 | 65.5
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that the s electron charge distribution of the Fe ions is weakly affected by Zn
concentration. The A site quadiupole splitting and line width are generally
lower compared B sites. This belaviour is similar to the previous results of
similar compounds [54] and is due to Ligh symmetry at A site. The doublet
areas indicating the Fe fractious at A and B sites are shown in Table 5.4. The
variation of Fe fractions at A aud B sites can be explained on the basis of the
unstable distribution of Zu atoms between tetrahedral (A) and octahedral (B)
sites as indicated by XRD results. A general increase of Fe component at B
site or a decrease of Fe fraction at B site occurs. This can be explained by A

site preference of Zu ions. Zn atoms tend to force Fe ions out of A sites.

5.3 Magnetization measurements

The hysteresis curves for Zng 5(Ni, Co)gsFesQ4 oxides are shown in Figures 5.7
(a) and (b). No saturation was observed even in the presence of the magnetic
field of fields up to 40 kOe. Higher magnetic fields are required to saturate
magunetization. An increase in magunetization with decreasing sample measur-
ing temperature occurs. This is associated with reducing thermal energies of
the magnetic moments. The coercive fields reduce with increasing tempera-
ture as shown in Figure 5.8. A larger increase in H. at low temperature for Zn
substituted Co—ferrite compared to Zun substituted Ni-ferrite occurs.

The field cooled (FC) and zero field cooled (ZFC) magunetizations for Zn-Ni
and Zn-Co compounds are compared in Figures 5.9 (a) and (b). During FC
operation, the specimens were cooled from 380 K to 4 K in the presewce of an
external maguetic field of 100 Oe. For ZFC measurements the applied field to
the sample was zero during cooling to 4 K and the magnetization was recorded
during warming up to 380 K in the presence of the same external field of 100 Qe.
The changes in magnetization for Zn-Ni and Zn-Co oxides are closely related.
Reducing maguetization with increasing temperature during FC states is due

to increasing thermal energies causing disorderiug of magunetic moments. A
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continuous increase in ZFC magunetization with increasing temperature occurs
for Zn-Ni oxide. For the Zu—Co oxide ZFC magnetization initially increase
slowly with increasing temperature up to about 125 K. A rapid increase in
maguetization with further increase in temperature occurs. The initial slow
increase in magnetization at low temperatures may be due to the frozen mag-
netic moments. The ZFC maguetization attains a maximum and then drops to
zero at thie maguetic trausition temperature. The temperature at which ZFC
magnetization is maximum is called the blocking temperature of maguetic do-
mains. Above the blocking temperature the magnetic domains are unblocked
or are uncoustrained. For the Zngs(Ni, Co)osFesO4 compounds the blocking
temperature is above 400 K. The variation and maguitude of ZFC maguetiza-
tion with temperature helow the blocking temperature is associated with the
corresponding magnitude or temperature dependence of coercive fields. The
large decrease in coercive fields with increasing temperature (shown in Figure
5.8) is related to the change in ZFC maguetization below the blocking temper-
ature. The coercive field is a measure of maguetocrystaline anisotropy. The
large coercive fields and higli magnetizations observed at low temperatures are
due to maguetic anisotropy inhibiting alignment of magnetic moment in the
maguetic field direction [28, 30].

FC and ZFC magnetizations of the as prepared and annealed Zng 4MnggFesO4
samples (at 600 °C for 6 Lours) are shown in Figure 5.10. Some differences
in the maguetizations for the as-prepared sample (with particle size of about
5.4 nm) and the annealed sample (with particle size of 13.7 um) are observed.
There is a discontinuity in the ZFC magnetization around 40 K in the as-
prepared sample which becomes less significant after annealing. Two maxima
are observed in the FC magnetizations which we suspect to be due to both
antiferromagnetic and ferromagnetic phases. Higher magnetization is obtained
in the annealed sample. The annealed hisample has higher magnetization which
we associate with larger ferromaguetic grains. The typical hysteresis loop is

shown in Figure 5.11 for the as prepared Zng 4MnggFeoO4 oxide.
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5.4 Conclusions

The Zngs(Ni, Co)psFerO4 and Zn,Mn;_,FeoO4 nano-sized compounds with
particle size ranging from 5 nm to 14 um have been successfully synthesized and
studied. A nou-linear variation of lattice constants of Zng My, Fes Q4 with Zu
content has been observed. The annealing time did not have a significant effect
on the particle growth unlike the effect of the annealing temperature. We have
found a discontinuity in the temperature dependence of magnetization which
suggests more than oue magnetic phase in both as-prepared and annealed

Znp4Mng gFesO4 samples. The annealed sample has higher magnetization.
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Chapter 6

Conclusions

Fine powders of CdFe;04, Zu,Muy_,FesO4 and Zng5(Ni, Co)osFesQy ferrites
with particle size ranging from about 5 nm to 15 um have been successfully
produced by high energy ball milling and glycolthermal reaction.

The effects of milling on the structural aud magnetic properties of CdFe,Q,
have been investigated. High energy ball milling appears to have significant
effects on properties. The reduction of lattice parameters with milling hLas
beewn associated with structural defects caused by milling. This relates well
with the broadening of the Mdossbauer peaks with milling. An initial sharp
decrease in grain size with milling time has been observed. Tle slow decrease
of grain sizes after milling beyond 20 hours is associated with the particle size
reaching atomic scale. The maguetic beliavior observed in a 50 hour milled
sample is associated with reentrant spin glass behavior. A general increase in
maguetization with increasing milling time occurs. This has been attributed
to inversion, i.e., redistribution of Cd atoms in both tetrahedral (A) and octa-
hedral (B) sites. High energy ball milling appears to force Cd atoms from A to
B sites. There was no significant change in corecive fields with reducing grain
size observed. The oercive fields vary with temperature according to Kueller’s
law [55].

The system of Zu,Mn,;_,Fey;O4 nano ferrites were produced by glycolther-

mal reaction under same the conditions. All the Zn-based sample crystallized

60



with siugle plhase cubic spinel structure. A non-linear variation of lattice con-
stants of Zn,Mn;_,Fe;Q4 compounds as a function of # occurs. This has been
explained on the basis of atoms involved and their redistribution amongst the
nterstitial sites. The sample Zng 4MnggFesO4 (2 = 0.4) was found to have the
smallest grain size of about 5.42 nm. We have observed anomalous magnetic
behavior whicl seems to be grain size dependant for this compound.

The present study has provided us with useful information on the synthesis,
structural and maguetic properties of spinel oxides. The work was presented
at, the 3™ International Couference on Superconductivity and Magnetism (29
April-4 May 2012, Istabul, Turkey). We have also submitted two papers for
publication [76, 77].
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