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Abstract

We present a systematic study of the synthesis, structural and magnetic properties
of Mgy_,7Zn,Fe;O4 nanoferrites and that of tetracycline-Mgj 5Zng 5Fe;O4 nanocom-
posites. The nanoferrites were synthesized by the low temperature glycol-thermal
technique at 200 °C. Single phase formation and the structural properties were de-
termined by X-ray diffraction (XRD). The Scherrer formula was used to estimate
crystallite sizes which ranged from 10.60 to 22.24 nm. The method of washing the
precipitates by sedimentation using a centrifuge appears to be critical on the crys-
tallite sizes. The lattice parameters increased with increased zinc ion concentration
as expected because of the larger radii of Zn?* jons. A strong correlation was found
between the XRD density pxgrp and z. The magnetic properties as a function of z
were investigated by °"Fe Mossbauer spectroscopy and by magnetization measure-
ments using a vibrating sample magnetometer (VSM). The Mdssbauer spectra show
ferrimagnetism for x < 0.7 and paramagnetism for x > 0.7 at room temperature.
A peak in the saturation magnetization was observed at x = 0.5. The magnetic
properties of the mixed Mg-Zn nanoferrites were more enhanced compared to the
parent compounds of MgFe;O4 and ZnFe;O4 nanoferrites.

Nanocomposites of tetracycline-Mgg 5Zng sFe;O4 were also synthesized by high-
energy ball milling. The pre-mixed starting materials (tetracycline hydrochloride
and Mgg 5Zng5Fe;O4) were milled for 1, 3, 5, 15 and 30 h under air and argon
atmospheres. The resulting nanocomposites had well defined cubic spinel for both
atmospheres. The crystallite sizes increased with milling time, a trend that is not so
familiar with milling. A larger average crystallite size of about 39 nm was obtained
after 30 h of milling of the nanocomposite in the air. Less variation and more
stability was observed for samples milled in argon. The magnetic properties were
enhanced by milling as confirmed by the decreased doublet areas by further milling.
Hyperfine fields at tetrahedral (A) sites appear to be more responsive to further
milling and hence we suspect that the tetracycline to be complexing more with ions
at A sites. These results appear to have an important effect in the enhancement of

the bioactivity of tetracycline.
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Chapter 1

Introduction

1.1 A brief overview on ferrites

Ferrites are a group of oxides with their metal cations forming two sublattices,
namely the tetrahedral (A) and the octahedral (B) crystallographic sites [1]. The
oxides have a spinel crystal structure with chemical composition of the form AB;04
where A and B are a single or a combination of divalent or trivalent metal ions
which occupy A and B sites [2]. MFe;O4 where M = Mg, Cd, Zn and Ni are
examples of simple ferrites [3] and Mgg 5Zng 5Fe;Oy is an example of a mixed ferrite.
In the present study we have investigated the structural and magnetic properties
which result from the addition of non-magnetic ions like Zn?* to the MgFe,O,
spinel oxide. Ferrites can be produced in bulk or nanoparticle form with a variety
of magnetic and electrical properties which render them useful or attractive for
many practical applications. Ferrites possess the combined properties of magnetic
materials and insulators. The variation in properties is influenced by several factors
such as the cations involved, their distribution amongst the crystallographic sites,
synthesis method and sintering time. In this chapter we present a brief discussion
of the structure, synthesis, magnetic properties and interesting applications of these
novel materials. The main aims and objectives of the study and a brief outline of

the dissertation are also given.



1.2 Crystal structure

Ferrites have the crystal structure of the mineral spinel (MgAl,O4) and have the
general chemical formula MFe;O4 where Fe ions replace the Al ions and M is a
divalent metal ion [4]. All ferrites are man-made except for the only naturally
occurring magnetite (Fe?*Fei " O,4) which is also referred to as ferrous ferrite. In the
spinel structure, the larger oxygen ions are packed close together in a face-centered
cubic arrangement forming smaller spaces between them which can be occupied by
the smaller metal ions [5]. In Figure 1.1 we show a unit cell of a spinel structure.
Two types of spaces with different environments are formed between the oxygen
ions. One is the center of a tetrahedron whose corners are occupied by oxygen ions.
The other center is an octahedron.

Depending on the cations distribution amongst the interstitials sites the struc-
ture is referred to as ‘normal’ or ‘inverse’ spinel. In a normal spinel, all the divalent
ions (A?T) occupy the tetrahedral sites and the octahedral sites are occupied by
the trivalent ions (Fe3™). ZnFe,O4 and CdFe,O, are perfect examples of normal
spinels [5]. In an inverse spinel ferrite, all the divalent ions occupy the octahe-
dral sites and the trivalent ions are equally distributed at both the tetrahedral
and octahedral sites. Some popular examples of inverse spinel ferrites are NiFe,Oy
and CuFe,O4 [6]. However, it is not always the case that a perfectly normal or
inverse spinel structure is obtained. Most ferrites are either partially normal or
partially inverse. These intermediate structures between the normal and inverse
spinel structures can be characterized by a degree of inversion A . In such cases the
cations distributions amongst the tetrahedral and octahedral sites can be expressed
by (Mi_g)Fesy)[MaxFey1-1)|O4 where the normal brackets represent the A site and
the square brackets represent the B site. The value of A tends to be temperature-
dependent ranging from 0 to 0.5 with A= 0 assigned to a normal spinel and A= 0.5
assigned to inverse spinel [7]. Examples of partially inverse ferrites are MgFe,Oy
and MnFe,O4. Mixed ferrites can also be produced where M in the structure is a
combination of two or more divalent ions. Some common examples of mixed ferrites

are Mg-Zn, Ni-Zn and Co-Ni ferrites. Most commercially used ferrites are mixed.



(a) Tetrahedral A4 site (b) Octahedral B site

Metal ion in
tetrahedral site

e Metal ion in
octahedral site

O Oxygen ion

Figure 1.1: Crystal structure and metal ion occupations of the tetrahedral (A) and

octahedral (B) sites of a cubic spinel ferrite [5].
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Hence the properties of the spinel material will be dependent on the cation dis-
tribution at the interstitial sites. This is found to be influenced by the synthesis

methods.

1.3 Synthesis

Ferrites exhibit different properties because of different factors such as constituent
ions and synthesis methods. The key factor in obtaining good quality samples is by
selecting an appropriate synthesis technique. High purity starting oxides can be used
to prepare ferrites in the bulk form by the solid state reaction (ceramic method).
The main disadvantage of this method is the prolonged heat treatments at high tem-
perature [6]. The elevated temperatures more likely cause some of the constituent
materials to evaporate and thus cause the unbalancing of the stochiometry [8]. Dur-
ing the grinding process in the conventional ceramic method, some sample is lost by
sticking to the grinding surfaces resulting in a non-stochiometric composition. The
grinding or milling process may also introduce impurities from the grinding material
into the final product. A wide range of particle sizes are also obtained by mechanical
milling which may produce samples with irreproducible characteristics.

The wet chemical techniques serve as a better alternative to the solid state
reaction because samples with a high level of homogeneity can be produced at a low
sintering temperature [9, 10]. A variety of these wet chemical methods are available
such as hydrothermal, glycol-thermal, sol-gel, combustion and co-precipitation [11,
12, 13, 14]. Here, metal chloride or nitrate salt solutions for a desired composition
are mixed by continuous stirring to allow mixing at atomic level to take place. A
base such as ammonium hydroxide (NH4OH) for chlorides or potassium hydroxide
(KOH) for nitrates is added to the mixture to form a precipitate. Surfactants may
also be added to the mixture in order to limit crystal growth [15]. The precipitate
is then dispersed in deionised water or ethylene glycol and heated to allow further
reaction to take place. The mixture is then filtered and dried. Further sintering
may be performed at much lower temperature compared to the solid state reaction

technique to ensure the formation of single phase material. The ferrites produced



by the wet chemistry techniques are of high purity as the incorporation of unwanted

impurities is significantly reduced.

1.4 Magnetic properties

In this section we briefly discuss the magnetic order in ferrites that make them useful
in various applications. The magnetic properties are determined by the magnetic in-
teractions between magnetic moments which are strongly dependent on the location
of metal cations in the crystal structure. The interaction of the cations is mediated
by the oxygen ions which also insulate them from each other and thus resulting in
high resistivity as another important property of ferrites. The interaction between
magnetic moments via the intermediary oxygen ions is referred to as superexchange
interaction which is the source of magnetism in ferrites. Since the magnetic moments
of the cations occupying the A and B sites are not equal, the strong superexchange
interactions results in an anti-parallel arrangement with net non-zero magnetization
[16]. This type of magnetic ordering is known as ferrimagnetism. This is similar to
ferromagnetic order. Spontaneous ordering of the magnetic moments occurs below
the Curie temperature T. However, significant positive and negative exchange in-
teractions occur in ferrimagnets. In some ferrimagnets the net magnetization can
also be zero at a temperature below T called the compensation temperature 7o,
[17]. More details of the different types of magnetic order in solids are given in the

next chapter.

1.5 Applications

Ferrites have been widely used in a wide range of applications due to their favourable
magnetic, electrical and mechanical properties such as in high-density data storage,
magnetocaloric refrigeration, magnetic resonance imaging (MRI) and drug delivery
[18, 19, 20, 21]. Mn-Zn ferrites have high permeability, high saturation magnetiza-
tion and low core losses. They are used in high frequency devices such as mobile

phones, transformers, radios and magnetic heads [22]. The Mn-Zn ferrites are also



potential candidates in the asymmetric digital subscriber line application (ADSL)
where fast data transfer is required [23]. Ni-Zn ferrites have high permeability and
resistivity so they are useful in radio-frequency (RF) applications such as low loss
inductors, transformer cores and electromagnetic interference suppression devices
at high frequencies [24]. Magnesium ferrites have been used as catalysts and hu-
midity sensors. Superparamagnetic ferrites have also have also become promising
candidates for biomedical applications in magnetic carrier technology (MCT) for se-
lective extraction of biological components and drug delivery to specific parts of the
body [25]. The heating effects of magnetic nanoparticles in response to alternating
magnetic field has also been used in the treatment of cancer using hyperthermia

[26].

1.6 Motivation for the current work

The magnetic properties of ferrites is influenced by the cation distribution amongst
the interstitial sites. The synthesis method, composition, sintering time and sinter-
ing temperature are factors which determine the cation distribution and hence the
magnetic properties. lonic sizes and cation valency also play a role in the cation
distributions [27]. Ni-Zn ferrites have been widely used in industry because of their
unique properties. The US environmental protection Agency for Toxic Substances
and Disease Registry (ATSDR) and US Department of Health and Human Ser-
vices have identified nickel and its compounds as human carcinogens [28, 29]. We
were also motivated by the use of Mg-Zn ferrites as a low-toxicity alternative to
the Ni-Zn ferrites [24]. It is therefore important to investigate the variation of the
structural and magnetic properties of the Mg-Zn system as a function of composi-
tion. We have therefore produced and studied structural and magnetic properties
of Mg;_,7Zn,Fe;O4 nanoferrites for 0.0 < z < 1.0 in steps of 0.1. High satura-
tion magnetization (Mg) have been reported for small concentration of Zn* ions
[27]. Observing the trend in Mg as a function in z can also help in confirming the
site preference of the Zn?* ions in Mg-Zn ferrites. *"Fe Mossbauer spectroscopy is

therefore an ideal tool in the study of such a series of compounds.



One of the compositions was selected and complexed with tetracycline-HCI via
high-energy ball milling with the intention of improving the bioactivity of tetra-
cycline against a range of bacteria. In the present work we explore the structural
and magnetic properties of such nanocomposites as a function of milling time and

atmosphere.

1.7 Dissertation outline

The dissertation is organized into 6 chapters. In Chapter 1 we have introduced
spinel ferrites and briefly discussed their crystal structure, synthesis techniques,
magnetic properties and their potential applications. Chapter 2 gives the basic
theory that describes the magnetic order in solids. The experimental techniques
used in this study are discussed in Chapter 3. This also include some basic literature
on Mossbauer spectroscopy which is the main analytic tool used in this study. The
results are presented in Chapters 4 and 5. The general conclusions of the study are

presented Chapter 6.



Chapter 2

Magnetism and magnetic order in

Solids

This chapter gives some background information on magnetism in materials and
its origin. It is important to understand the ordering of magnetic moments in
materials as they are responsible for the magnetic behavior under various conditions
such as temperature and applied magnetic fields. We also give a brief discussion of
the different types of magnetic order in solids. This background information is
helpful in understanding and analyzing the magnetic properties of the materials

under investigation in Chapters 4 and 5.

2.1 Origin of magnetism

The circular motion of electrons around the nucleus and their intrinsic spin result
in the existence of magnetic moments. The moments can be permanent or induced
under the effect of a magnetic field. Magnetism originates from the existence of
these permanent and induced magnetic moments on constituent atoms and their
mutual interactions. To illustrate the existence of a magnetic moment we consider
an electron of mass m, moving in a closed orbit of radius r as shown in Figure
2.1. The current I constituted by the moving electron is associated with a magnetic

moment defined as



o~

Figure 2.1: An electron moving in a close orbit [30]

<



p=1IA (2.1.1)

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

moves with an angular speed w then

I=—ef =~ (2.1.2)

where f is the frequency of the rotation. The magnetic moment becomes

er? emer? e
_ert L emert e 2.1.3
K 2 @ 2m, @ 2m, ( )

where [ is the orbital angular momentum given by m.r?w. The scalar value of the

magnetic moment in the z-direction is thus given by

e
2m.,

pr, = ———L.. (2.1.4)

In Quantum Mechanics the angular momentum of an electron is quantized in units

of h since I, = m;h where m; =0, £ 1, &= 2 ... Hence

eh
M, = — (2m6> mp = —pupm;. (215)

The quantity pup = 221 = 9.274 x 1072* J/T is the smallest non-zero fundamental

value of u known as the Bohr magneton. The magnetic moment due to the intrinsic

spin of an electron is given by

B, = — gs (2.1.6)

2me

where g is the Landé g factor which has an experimental value of 2.002322 for pure
electron spin [31] and s is the spin angular momentum. The magnetic moment due
to intrinsic spin is also quantized in units of A, where s, = m h and m, = i%. Hence
eh
fs, = — (—) Mg = —LBgMs. (2.1.7)
Me

The total magnetic moment of an electron is therefore proportional to the total

angular momentum 7 in the form of

p=7j=1+s) (2.1.8)
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where v is called the magnetomechanical ratio. For pure orbital motion (s = 0),

e

Y= —55- and for pure electron spin (I =0), v = —-=

Me

The magnetic moment of an atom is determine by the collective contribution of
orbital and spin angular momenta of all the individual electrons. According to the
Russell-Saunders coupling, the orbital angular momenta of the electrons in an atom

couple to give a resultant orbital momentum L = ) I; [32]. Similarly the resultant
i=1

spin angular momentum S = »_ s;. The total angular momentum of an atom J
i=1
is taken as the coupling of L and S through spin-orbit interaction. Using Hund’s

rules, the magnitude of the magnetic moment of an atom can be shown to be

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

where the g factor for a free atom is given by [6, 31, 33]

JJ+1)+S(S+1)—-L(L+1)
2J(J+1 '

g=1+ (2.1.10)

2.2 Magnetization and susceptibility

The total magnetic moments per unit volume of a sample is known as the magneti-

zation M which is expressed as

1 n
M= > ma (2.2.1)
=1

V' is the volume of a sample of mass m. The magnetization depends on temperature
and the coupling between the magnetic moments. It is practically easier to measure
the mass of the sample than its volume. The volume of a sample can also undergo
thermal expansion and magnetostriction effects. Hence it is more convenient to

measure the magnetization per unit mass which can be expressed by

1 n
. § 9.9.2
o= Zlu (2.2.2)

Externally applied magnetic fields can be used to stimulate the magnetic moments
to align with the field. The magnetization is determined experimentally under the

influence of a magnetic field Hy which is related to the magnetic induction By = o Hy

11



where o is the permeability of free space. The degree of the magnetization of a
material in response to an applied magnetic field is known as the susceptibility x

defined by

_ poM
By -

Materials can be classified simply according to their bulk susceptibilities. Figures

(2.2.3)

2.2 and 2.3 show the variation of the reciprocal susceptibility with temperature for
different materials. Materials with induced dipole moments have negative x and
are called diamagnets [31]. There is also a variety of substances characterized by

positive x which are associated with permanent magnetic moments.

2.3 Magnetic order in solids

This section is dedicated to different types of magnetic order in solids. We explore
how the magnetic moments respond to external magnetic fields and temperature

change.

2.3.1 Paramagnetism

Paramagnetism occurs in atoms and molecules which have permanent magnetic mo-
ments. This occurs in materials with atoms and ions with partly filled inner d and f
shells such as transition metal, rare earth and actinide elements [31]. This magnetic
order is characterized by a random orientation of magnetic moments. Paramag-
netism is associated with non-interacting or weakly interacting magnetic moments.
The corresponding susceptibility is positive and temperature dependent. In the
presence of an external magnetic field, the magnetic moments align themselves to-
wards the direction of the field. The magnetic field intensity By causes the splitting
of energy levels to

EJ = —[,LJ.BO = —ng,U,BBO (231)

where m is the azimuthal quantum number with values —J, —J+1,...J —1,J. The

average magnetic moment of an atom in the field direction is given by

< Wy >= ngJMBP(EJ) (232)
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where P(E}) is the probability for the occupation of a particular energy level E;.
P(Ey) is given by the Maxwell-Boltzmann distribution

e—9nBmyBo/kpT

Z e—9nBm Bo/ksT

P(E)) = (2.3.3)

where kg is the Boltzmann constant. The average magnetic moment is thus given
by
< pp >=gupJF(J,x) (2.3.4)

where F'(J, x) is the Brillouin function defined as

F(J,z) = (1 + %) coth K1 + %) x} - % coth (%) . (2.3.5)

The parameter x is a dimensionless ratio of the Zeeman energy to the thermal energy

given by
- gusJ By
kT

For high temperature (7" ~ 300 K) and low field (By ~ 1 T),  becomes very small

(2.3.6)

(x << 1) such that the Brillouin function is approximated by

F(J,z) ~ % (2.3.7)

For n non-interacting magnetic moments per unit volume, the magnetization be-

comes
2
ngatihJ(J + 1) By
M = 2.3.8
3kgT ( )
Since the susceptibility is given by
po M
= 2.3.9
. (239)
and when substituting for M we get
2,2
npog gt (J +1)
= = —. 2.3.10
3kgT T ( )
This is known as the Curie law for susceptibility where
2,2
1
o = Mg I (J+ 1) (2.3.11)

3kp
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C is called the Curie constant. However, in many instances interactions between

magnetic moments occur which lead to the Curie-Weiss law expressed by

C
T-0,

6, is known as the paramagnetic Curie temperature. In presenting experimental

X = (2.3.12)

1

data it is common to plot x~ against 7" as in Figures 2.2 and 2.3. The randomly

oriented magnetic moments in a paramagnet are illustrated in Figure 2.4.

2.3.2 Ferromagnetism

Atoms of ferromagnetic materials possess magnetic moments which are sponta-
neously aligned below some critical temperature called the Curie temperature Tt.
This occurs because of strong interaction between magnetic moments. The magnetic
moments are in a parallel alignment at 7" = 0 K as shown in Figure 2.5. Examples
of classical ferromagnets are Fe, Ni and Co. Even in the absence of an applied field,
ferromagnets exhibit a net spontaneous magnetization. Increasing the thermal en-
ergy of the magnetic moments results in spin disorder due to thermal agitation. At
the Curie temperature, the disorder of magnetic moments becomes complete. At
T > T, a ferromagnet exhibits properties of a paramagnet with a susceptibility
that obeys the Curie-Weiss law. However, the laws fails in the vicinity of 7. The
susceptibility near T¢ is thus approximated by x ~ (7T'—T¢) ™" when approaching T¢
from above and y ~ (Tg —T')? when approaching T from below. The parameters v
and [ are called critical exponents and are calculated to be 1 and 0.5 respectively in
the mean-field approximation [35]. The variation of the magnetization with temper-
ature as shown in Figure 2.3 was first explained by the Wiess mean-field theory in
1907. The theory assumes the existence of an internal magnetic field B;, within the
material which is responsible for the spontaneous alignment of magnetic moments.

The spontaneous magnetization is taken to be proportional to B;,. Hence
By, = AM, (2.3.13)

where )\ is referred to as the molecular field coefficient. Exchange interactions in-
troduced in Quantum Mechanics are known to be responsible for the existence of

Biy.
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Figure 2.4: Randomly ordered magnetic moments in a paramagnetic material [36].

Figure 2.5: Parallel alignment of magnetic moments in a ferromagnetic material

[37).

16



The internal field can be approximately estimated from the magnetic binding energy
1B, and the thermal energy kgTo. The magnetic binding energy is responsible
for the perfect alignment of moments at 7' = 0 K. At T where the magnetic order

collapses, kg1l ~ pupB;, hence

kT
B, ~ 82 (2.3.14)
UB

B;, turns out to be much larger than the field that can be produced due to dipole
fields of a permanent magnet (B, ~ 150 Telsa for T ~ 100 K).
In the presence of an external applied magnetic field, the effective magnetic field

in a sample is expressed by
Beff - BO+an - Bo+)\M8 (2315)

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

be described in terms of the Brillouin function such that
M(Bo, T) = ngupJF(J,y) (2.3.16)

where the ratio of the Zeeman energy to thermal energy is now defined as

y = 91T (Bo + AM,)

. 2.3.1
i T (2.3.17)

The magnetization still stays finite even for By = 0 since B;, >> Bjy. At abso-
lute zero temperature (7" = 0 K), the spontaneous magnetization per unit volume
saturates to

M,(0,0) = ngupdJ. (2.3.18)

For zero applied field (By = 0) and 7' > 0, the spontaneous magnetization of a

ferromagnet can be expressed by
M(0,T) = Ms(0,0)F(J,y) (2.3.19)

where in this case y is given by

)= gusJAM,(0,T)

. 2.3.2
T (2.3.20)
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The magnetic state of a ferromagnetic material can therefore be described by satis-
fying two simultaneous equations of reduced magnetizations namely

M,(0,T)

MREEYIZWLy) (2.3.21)

and

Aﬂii%”g)) ( kel )y. (2.3.22)

~ \ngyEA\J?
Figure 2.6 shows the variation of the reduced magnetizations as a function of y.
Equation (2.3.22) is represented by curve C1l. The point of intersect (P) between
C1 and the Brillouin function defines the magnetic state of the material. At temper-
atures above T, the assumption that B;, >> By is no longer valid. The magnetic
moments are now randomly oriented. This means that the sample behaves like a

paramagnet above Tx. The susceptibility of a paramagnetic material above T¢ is

given by the Curie-Weiss law
C

T-9,

(2.3.23)

because significant interactions between the magnetic moments still exist. For many
materials, experiments show that 0, > Tc.

The variation of the magnetization at temperatures lower than the Curie point
(T < T¢) can also been studied. Just below T¢ the reduced magnetization can be

approximated by

M,(T) T\?
MMD:O—E). (2.3.24)

The Weiss theory successfully predicts the collapse of the magnetization at T, un-
fortunately the theory cannot account for the origin of the internal field and the
reduction in magnetization with increasing temperature for 7' << T. Experimen-
tally we find that the reduced magnetization follows the Bloch 7%/ power law due
to excitation of spin waves. The origin of internal field is now known to be due to

exchange interactions [17].
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Figure 2.6: Graphical presentation of equations (2.3.21) and (2.3.22) [38].

19



2.3.3 Antiferromagnetism

In antiferromagnetic materials, the magnetic moments are spontaneously aligned in
antiparallel orientation with zero net magnetization [31]. Figure 2.7 shows the ar-
rangement of magnetic moments in an antiferromagnet. The antiparallel alignment
of moments is observed only below the ordering temperature known as the Néel
temperature Ty. The magnetic structure in an antiferromagnet is subdivided into
two atomic sublattices A and B with saturation magnetization M, and Mp respec-
tively. The arrangement of the moments is in such a way that A atoms have only B
atoms as their nearest-neighbors. Antiferromagnetism is due to negative exchange
interactions [17]. For T' < Ty, the net saturation magnetization of an antiferro-
magnet is zero due to the direct cancellation of M 4 and M g since M 4 = —M p.
At absolute zero temperature (7' = 0 K), each sublattice has maximum saturation
magnetization which decreases with increase in temperature as in a ferromagnet. A
small cusp is observed in the susceptibility of an antiferromagnet [31]. Above Ty,
the magnetic moments at both sublattices are randomly orientated. This means
that an antiferromagnet behaves like a paramagnet at temperatures above Ty .
The magnetization at each sublattice can be deduced using the mean-field the-
ory and the assumption of the existence of an internal magnetic field B;, as in a
ferromagnet. The internal field mediating the magnetic order is assumed to be due
to the interaction of magnetic moments with its first and second nearest neighbors.

The internal magnetic field at the respective sublattices is given by

B, = AaM s+ AapMp (2.3.25)

and

B}, = ApaM s+ AppMp. (2.3.26)

The molecular field coefficients A4p and Aga correspond to the first nearest neigh-
bors. The second nearest neighbor molecular field coefficients are given by A44 and

App respectively. As a matter of fact we expect

A = Apa = —\; (2.3.27)
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Figure 2.7: Antiparallel alignment of magnetic moments in an antiferromagnetic

material.

21



and

Aaa = Agp = Ao (2.3.28)

where \; and Ay are both positive constants. Therefore, equations (2.3.25) and

(2.3.26) can be rewritten in the form of

B = M o(\ — \) (2.3.29)
and
BE = Mg\ — )\o) (2.3.30)

respectively. The magnetization at each sublattice is now given by

Mi(T) = Sgup F(J,y) (2.3.31)

where i is the identity of the sublattice (A or B) and

_ gpsJBj,

: 2.3.32
y T ( )

If we let A = Ay — X\, we can shown that the magnetization at each sublattice is

given by
n
Mi(T) = S9rsJF(J,y) (2.3.33)
where y is now defined by
gupJAM
=22 2.3.34
Y T ( )

At T = Ty, the magnetization becomes zero at each sublattice as in the case of a

ferromagnet at T'= Tx. Ty can be expressed by

ng’toppJ (J +1)

Ty = 2.3.35
N 2kppo ( )
or
AC
Ty = — 2.3.36
N 2410 ( )

where C' is the Curie constant as before.
For T' > Ty, the magnetization depends on the applied external field By such
that the effective field on each sublattice is given by
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and

BS, = By+ BE = By~ MM, — MMy (2.3.38)

respectively. The susceptibility of an antiferromagnet can be shown to obey the

Curie-Weiss law

C
= 2.3.39
X=7_¢g ( )
where 6, is now expressed by
CAM+ A
0, = M (2.3.40)
240
0, is related to the Néel temperature by
A1+ Ao
0, = Ty. 2.3.41
p /\1 _ )\2 N ( )

For T" < Ty, the magnetization depends critically on the direction in which the
magnetic field is applied with respect to the orientation of the magnetic moments.
The field can be applied parallel or perpendicular to the magnetic moments with the
corresponding x| and x susceptibilities. In poly-crystalline or powdered samples
the average total susceptibility below T is given by [17]

1 2

— - Syl 2.3.42
X =3x+3x1 ( )

2.3.4 Ferrimagnetism

This is the behavior that is typically found in ferrite materials. The arrangement
of magnetic moments is similar to that of an antiferromagnet. The two antipar-
allel aligned moments on the sublattices have unequal magnitude. This results in
a non-zero net magnetization. The arrangement of magnetic moments is shown in
Figure 2.8. Ferrimagnetism occurs in most oxides and is known to be an intermedi-
ate magnetic state between ferromagnetism and antiferromagnetism [39]. The net

saturation magnetization can be modeled by
M=My—(1-X\Mp (2.3.43)

where My # Mpg. When M, = Mp we can define the ferromagnetic state corre-

sponding to A = 0 or 1 and antiferromagnetic state for A = % The ferrimagnetic
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Figure 2.8: Alignment of magnetic moments in a ferrimagnetic material [37].
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state occurs when \ # 0,1 or 1. In ferrimagnets, the net magnetization is always

)
non-zero for T' < Ty except in the special case when the magnetizations of the two
sublattices cancel out at Tiom, < T as shown in Figure 2.9. T, is known as the
compensation temperature.

Above T¢, paramagnetic behavior is observed and the magnetization thus de-

pends on the applied field. The magnetization at each sublattice is given by
M 4= (Ca/T)(naaMa+napMp+ Bo) (2.3.44)

and

Mp = (Cp/T)(napMa+nps Mg + Bo) (2.3.45)

where na4, npp and nap are the Weiss coefficients representing the intersublat-
tice and intrasublattice interactions. The coefficient n g < 0 is regarded as an
essential parameter representing strong negative exchange interactions. The Curie

temperature for a ferrimagnet can be expressed by [17]

1
Ic = 3 (Canaa + Cpnpp) + \/(CAnAA — Cpngp)? + 40ACB”%B] - (2.3.46)

The variation of the inverse susceptibility with temperature is shown in curve (b)
in Figure 2.2 which can be expressed by

1 -6, C’
- _ 2.3.4
X {0A+OB T—Q’} (2.3.47)

where C4, Cg,C" and ' are the microscopic parameters of the material.

2.3.5 Superparamagnetism

Superparamagnetism occurs below the Curie temperature in nanosized ferromag-
netic or ferrimagnetic materials. The nanoparticles are composed of single magnetic
domains which are aligned in a ferromagnetic pattern. Thermal fluctuations of the
moments exist on a microscopic level and some energy (AF) is required to over-
come the crystal field anisotropy. In this case the magnetic moments has two stable

antiparallel orientation separated by AE which is given by

AE = KV sin? 6 (2.3.48)
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Figure 2.9: Sublattice magnetization, net magnetization and collapse of spontaneous

magnetization at T and Tpppm, for a ferrimagnet [17].
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where V' is the volume of the nanoparticle, K is the effective uniaxial anisotropy
energy density and 6 is the angle between the direction of the moments and the easy
axis. At Tg < T < T, there is a finite probability for the magnetization to flip its
direction. The mean time between two flips is known as the Néel relaxation time

(7w) and can be expressed by

K
TN = Tm €XD (KB‘;> (2.3.49)

where 7, is the measuring time. For 7,, >> 7y, a superparamagnetic state exists
since the magnetization will flip several times thus resulting in an average measured
magnetization of zero. The nanoparticles are said to be blocked for 7,,, << 7y since
no flips in magnetization are observed. The transition between the two states occurs
when 7,,, = 7y [40]. It is practical to observe the transition between the two states

as a function of temperature such that

KV
In (:—Z)

where 7, is fixed. Below Tz, the nanoparticles are completely blocked and above Ty

Ty = (2.3.50)

but less than T the nanoparticles are in a superparamagnetic state. This means that
superparamagnetism can be destroyed by cooling. Experiments have also shown that
Ts increases with crystallite sizes. When studying the magnetization as a function
of applied field in the superparamagnetic range (T < T < T¢), it is observed that
superparamagnets do not show hysteresis. The magnetization of a superparamagnet
under the influence of magnetic field and temperature is described by the classical

Langevin function [41]. The reduced magnetization in this case is given by

M(T) 1
= cothx — — 2.3.51
Ms(0) cothz — — (2.3.51)
where
pBo
= 2.3.52
x T (2.3.52)

and p is the magnetic moment of single a domain particles. Superparamagnetic
order can be confirmed by universal plots of reduced magnetization as a function

of By/T in the temperature range Tp < T < To. Below Tp we expect the reduced
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magnetization of nanoparticles to vary as [17]

M(T) kT
M) (ol 2

2.3.6 Other types of magnetic order

Other types of magnetic order which are not discussed in the current work do ex-
ist in solids. Most are derivatives of the basic magnetic orders already discussed.
Diamagnetism is one of the five basic magnetic orders found in solids. The other
magnetic orders are incipient ferromagnetism, metamagnetism, speromagnetism, as-
peromagnetism, ideal spin glass, helimagnetism, mictomagnetism (cluster glass) and

sperimagnetism (canted ferrimagnetism) [40].

2.4 Magnetic interactions

There are two types of magnetic interactions between magnetic moments namely
dipole-dipole and exchange interactions. The dipole-dipole interaction can be shown
to be too small to account for the observed magnetic order in solids. The origin
of magnetic order is now known to be due to exchange interactions which have
Quantum Mechanical origin. Two types of exchange interactions are known called
direct and indirect exchange interactions. Direct exchange interactions give strong
but short range coupling between magnetic moments that are close enough that their
wavefunctions overlap. This interaction between magnetic moments with spins S;

and S is expressed by the Heisenberg hamiltonian
He = —stls] (241)

The parameter J;; is called the exchange integral [6]. The magnitude of J;; depends
on the interatomic distance. J;; can be positive or negative depending on the balance
of the Coulomb and kinetic energies [42]. The exchange integral (J;;) is positive for
parallel aligned spins (ferromagnets) and negative for antiparallel aligned spins (an-
tiferromagnets). Magnetic moments over relatively large distances can also interact
through an intermediary. This is called indirect exchange interaction. In metals,

the conduction electrons can act as intermediaries. In this case the interaction is
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called RKKY interaction named after Ruderman, Kittel, Kasuya and Yoshida [42].
When distant magnetic moments interact through a non-magnetic ion, the indirect
exchange interaction is called superexchange interaction. In ferrites, the interaction

between magnetic moments occurs via non-magnetic oxygen ions.

2.5 Magnetization process

The magnetization process can be explained by rotation of magnetization or by dis-
placement of domain walls. The external influences and internal microstructure play
a vital role in the magnetization process of a material. In rotational magnetization
we assume that the magnetic field is applied at an angle 6, from the direction of the
uniaxial magnetic flux as shown in Figure 2.10. The energy per unit volume of the
system is given by

E = Ksin®0 — poMgH cos(fy — 0) (2.5.1)

where K is the magnetic uniaxial anisotropy constant [43]. We assume that a
magnetically ordered material is constituted of domains and domain walls. In the
presence of external fields the magnetization is uniform in the domains and non-
uniform in the domain walls. The magnetization process can be demonstrated by
performing isothermal measurements of magnetization as a function of applied mag-
netic field. The results are presented in the form of a hysteresis loop as shown in
Figure 2.11. The saturation magnetization is approached at high fields through irre-
versible domain wall movements and rotations of individual magnetic moments [6].
The saturation magnetization can be approximated by an empirical relationship of
the form

M(H) = M,(0) (1 ————— ) +yH (2.5.2)

where a and b are fit parameters and y is the high-field susceptibility [39]. Residual
magnetism known as remanence Mp remains in the material after reducing the
field back to zero. The coercive force H¢ is the reverse magnetic field required to
reduce the remanence to zero. The hysteresis loop provides information about the
domain wall movements. The bigger the coercive fields the harder it is to reverse

the magnetization. Hence the hysteresis loop can distinguish between soft and hard
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Figure 2.10: Rotation of magnetization from easy axis [43].
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Figure 2.11: Isothermal variation of magnetization with applied magnetic field in a

ferromagnet [44].
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magnets. From the magnetization measurements we can determine the Curie points
of materials and also deduce information about critical exponents in the vicinity of

Te.
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Chapter 3

Experimental techniques

3.1 Introduction

The magnetic properties of spinel nanoparticles are strongly dependent on the ions
involved and their distribution in the tetrahedral (A) and octahedral (B) interstitial
sites [6]. All the important factors contributing to the variation of magnetic prop-
erties of these ferrites such as the grain size, morphology, crystallinity and cation
distribution are strongly influenced by the preparation methods [45]. Since this is the
case, a variety of synthesis methods are used to control and change these factors. The
synthesis techniques include hydrothermal, glycol-thermal, co-precipitation, sol-gel
and high-energy ball milling techniques [46]. In this study we have chosen to syn-
thesize our samples by the glycol-thermal technique because of its ability to produce
single phase materials at low synthesis temperature. The high-energy ball milling
technique has been used to complex tetracycline-HCl with a Mgy 5Zng 5FesO, sam-
ple. The non-equilibrium nature of the milling process also allows for the preparation
of nanoferrite powders with improved and novel properties [46]. X-ray diffraction
(XRD) was used to confirm single phase formation and to estimate crystallite sizes.
The samples were further subjected to Mossbauer spectroscopy and magnetization

measurements at room temperature (~ 300 K).
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3.2 Glycol-thermal technique

This is a wet chemistry technique in which metal chloride or nitrate salts are used
as starting materials to produce a desired composition of the product material. The
stoichiometric values of the reactants are measured and mixed in deionised water
to form a solution. A wet homogeneous precipitate of the reactants is formed by
adding ammonium hydroxide to chloride solutions or by adding sodium hydroxide
or potassium hydroxide to nitrate solutions. Usually the precipitates are washed
by deionised water in order to remove the chloride and alkali ions before further
processing. The precipitate is then heated in ethylene glycol in a high pressure vessel
under continuous stirring for sufficient time to allow the reaction to take place. The
reaction temperature and reaction time play a crucial role in obtaining single phase
samples. Our sample syntheses were performed by using the PARR 4843 stirred
pressure reactor shown in Figure 3.1. The pressure reactor consists of a reaction
chamber and a controller. The reaction chamber is equipped with a high temperature
heater, stirrer, pressure gauge and a temperature sensor. The controller monitors
continuously the reaction conditions. Figure 3.2 shows the operation schedule of the
reactor in the synthesis of all our samples.

In the present work we have synthesized a series of Mg;_,Zn,Fe;O,4 nanoferrites
(for 0 <z < 1). High purity metal chlorides salts were used in the synthesis of the
compounds. The starting materials were MgCly.6H,O (99.0%), ZnCly (99.999%)
both supplied by Sigma Aldrich and FeCl3.6H50 (99%) which was supplied by Merck
Chemicals (Pty) Ltd. Stoichiometric amounts of the starting materials were used in
order to produce the targeted compositions of 3 g about per sample. The chlorides
were mixed together in 400 ml of deionised water using a magnetic stirrer for about
30 minutes or until all the salts had completely dissolved. Ammonium hydroxide
solution (NH,OH) was slowly added to the solution until full precipitation was
achieved at a pH value of about 9.5. The precipitated solutions were poured into four

50 ml falcons (Conical Centrifuge Tubes) which we secured to the falcon adapters.
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Figure 3.1: The PARR 4843 stirred pressure reactor.
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Figure 3.2: The operation schedule of the PARR 4843 pressure reactor.
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The four adapters with the falcons were then placed into the stations of an Eppen-
dorf Centrifuge model 5207 shown in Figure 3.3. Figure 3.4 shows the uncentrifuged
precipitate solutions which have unwanted chlorides. The precipitate solutions and
subsequent dilutions by dionised water were then centrifuged at 1500 relative cen-
trifugal force (rcf) for two minutes to allow for the precipitate to settle at the bottom
of the tubes as shown in Figure 3.5. The clear solution was poured in a glass beaker
and tested for the presence of chloride ions by adding a standard solution of AgNO3.
This was repeated several times until no chloride ions were detectable. About 250
ml of ethylene glycol was used as the reaction medium for the precipitate in the
pressure reactor which was operated at 200 °C under rapid stirring at 300 rpm for
3 hours. For all our samples, the pressure in the reactor vessel varied between 120
and 130 psi. The sample was removed from the pressure vessel and centrifuged at
2000 rcf for 4 minutes as it took longer time to sediment the precipitate after the
heat treatment. This allowed the removal of the ethylene glycol. The precipitate
was briefly washed as above by deionised water and finally by 200 ml of ethanol
in order to aid the drying process of the sample. The synthesized compounds were
dried for 6 hours in a vacuum flask under a 200 W infrared light. The final products
were homogenized and ground to fine powder by a mortar and pestle in readiness

for further measurements and processing.

3.3 High-energy ball milling

High energy ball milling is a multi-purpose technique that can be used to synthesize
compounds and to complex powders uniformly. Milling can also be used to reduce
particle sizes of bulk materials to nanosize [6]. When synthesizing compounds,
metal oxides or carbonates can be used as starting materials to produce the desired
composition of the final product. For the purposes of this study, we have used high-
energy ball milling to complex Tetracycline-HCl with Mg 5Zng 5Fe;O4 nanoferrite.
The required molar ratio of the reactants is chosen and then used with individual
molecular masses of the reactants and the product to calculate the correct mass

for each reactant. The ball-to-sample mass ratio is chosen in advance in order to
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Figure 3.3: Eppendorf centrifuge used to remove excess chlorides during the synthe-

sis of Mg;_,7Zn,Fe;O4 nanoparticles.
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Figure 3.4: Uncentrifuged precipitate of Mg, _,Zn,Fe,O4 samples.

Figure 3.5: Centrifuged precipitate of Mg;_,Zn,Fe,O4 samples.
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determine the number of balls needed for a particular sample size ms. The number

of balls n;, required in each grinding jar can be calculated from the equation

TpsMs

(3.3.1)

ny =
mp

where 14 is the ball-to-sample mass ratio and m;, is the average mass of the balls.
The starting materials were pre-mixed and sealed in grinding steel jars with an
appropriate number of balls.

The complexing of the Tet-NF was carried out on a Retsch PM 400 planetary
ball mill MA type shown in Figure 3.6. This instrument has four workstations which
allow the milling of four different samples at the same time. It also has an on-board
controller which allows the setting of the milling time interval, speed and mode.
The user can choose one out of the two modes of milling depending on the way the
samples are to be milled. The first mode rotates the workstations continuously in
a clockwise direction. In the second mode the workstations alternate in rotation
between clockwise and anticlockwise directions at pre-set time intervals. The later
is the mode of rotation used in the complexing of our samples. The grinding was
performed in 250 ml hardened steel jars in air and argon atmospheres using steel
balls.

The Mgy 57Zng5FesO4 composition with equal proportions of Zn and Mg was
chosen to be the best representative compound sample to complex with Tetracycline-
HCl in order to form the Tet-NF complexes. Zinc and magnesium are both essential
elements in the human body and are non-toxic. We have used a 1:1 molar ratio of
the reactants (1.6 g of Mg 5Zng 5Fe;O4 and 3.489 g of Tetracycline-HCI) to produce
about 5 g of the Tet-NF complex in each grinding jar. The ball to sample ratio
was chosen to be 20:1. The samples were pre-mixed and sealed with 16 steel balls
in each jar. The mass of each ball was 4.05 g. The two grinding jars with air
and argon environments were placed and secured on opposite workstations of the
planetary ball mill in order to balance the rotations during the milling process. The
complexes were milled for 1, 3, 5, 15 and 30 hours at 200 revolutions per minute
(rpm). About 0.5 g of sample was removed from each jar for characterization after

each milling interval.
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Figure 3.6: Retsch PM 400 high-energy planetary ball mill used for the complexing
of Tetracycline-HCI with Mgq 5Zng 5Fe;Oy.
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3.4 X-ray diffraction

X-ray diffraction (XRD) is a characterization technique that is widely used to de-
termine the structural properties of materials. XRD is based on the interaction of
X-rays with crystalline substances which generate XRD patterns which are charac-
teristics of the structure of the material. An XRD pattern is therefore regarded as a
fingerprint of that particular substance [47]. Ferrites reported in this study have the
spinel structure. In this regard, the single phase formation is confirmed by indexing
all the primary peaks in the diffraction pattern with respect to the known Miller

indices of the cubic spinel structure. XRD is governed by Bragg’s law
nA = 2dsiné (3.4.1)

where n is an integer related to the order of the diffraction, A is the X-ray wavelength,
d is the perpendicular distance between lattice planes and 6 is the angle of incidence
of X-rays with the lattice plane which is also known as the Bragg’s angle [48].
Figure 3.7 shows the graphical representation of Bragg-scattering. For a cubic spinel
structure, the lattice parameter a define the size of the unit cell in a crystal lattice

which is related to the d-spacing by the formula
a=dvVh?+ k> +1[? (3.4.2)

where h, k and [ are the corresponding Miller indices for the diffracting planes [33].
The lattice parameter can be easily determined by combining equation (3.4.1) and

equation (3.4.2) to give
W e
= . 4.
¢ 2sin 0 (3.43)

The crystallite size D and the crystallite XRD density p,.q are important parameters

which can be determined from XRD pattern analysis. The peak broadening of the
most intense (311) peak can be used to estimate the crystallite sizes by the Scherrer

formula
KA\
D —
b cost

where K is a constant dependent on crystalline shape, A is the X-ray wavelength,

(3.4.4)

B is the full width at half maximum (FWHM) of the peak and @ is the Bragg angle
[49]. K is approximately 0.9 for the cubic spinel structure [50].
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Figure 3.7: Graphical representation of Bragg-scattering [47].
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Density plays an important role in controlling the properties of polycrystalline
ferrites [3]. The XRD density (prq) gives information about the packing of atoms

in a unit cell. In cubic spinels

SM
NACZ3

Pxrd = (345)

where 8 refers to the number of molecules per unit, M is the molecular weight, N4
is the Avogadro’s number and a is the size of the lattice constant which defines the
size of the unit cell [51]. Figure 3.8 shows the Bruke D8 ADVANCE diffractometer
which we used to perform the XRD measurements.

Other parameters relating to the packing of atoms in a material not reported in
this study are the bulk density p, and porosity P. If enough sample is available, p;,
can be obtained by making pellets. Once the dimensions of the pellet are known, p,

can be calculated using the formula

m
= — 3.4.6
Pb 2 ( )

where m is the mass, r is the radius and t is the thickness of the pellet. The
volume of the pellet is given by 7r?t. The porosity is defined as a percentage which

gives information about the amount of empty spaces in between crystallites. This

is defined as

P=(1-"y100. (3.4.7)
Pxrd

The smaller the value of P, the larger the crystallite sizes.

3.5 Mossbauer spectroscopy

Mossbauer spectroscopy is a technique that is used to study materials because of
its ability to detect the weak interactions between a nucleus and its surroundings.
Scientists use the tiny energy changes to give precise information about the chemical,
structural and magnetic properties of materials. Geologist use this technique in
mineralogy to examine the valence states of iron atoms at lattice and interstitial
sites. The technique is important for both research and applications. In 1957 Rudolf

Méssbauer discovered the recoil-free emission and resonant absorption of gamma ()
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Figure 3.8: Bruker D8 ADVANCE diffractometer used for XRD measurements.
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rays by atoms in a crystal. This is known as the Mdossbauer effect and serves as a

basis for Mossbauer spectroscopy.

3.5.1 Mossbauer effect

The Mossbauer effect is a recoilless emission of y-ray photons by an emitter nucleus
and resonant absorption of those 7y-rays by an identical nucleus in the absorber
material without thermal broadening [52, 53]. For our ferrite samples, the identical
nuclei in the source and absorber material are >"Fe isotopes. The natural abundance
of ®'Fe isotope in a material containing Fe atoms is 2.12% [17]. Figure 3.9 shows a
graphical representation of resonant absorption. Some conditions must be satisfied
in order for resonant absorption of photons to occur. The transition energy (E7) of

the identical emitter and the absorber nuclei is given by
Ees — Egs = Er = E,, — E,. (3.5.1)

The energy levels are defined in Figure 3.9. In recoilless emission, all the transition

energy is transferred to the gamma ray such that
Er=E, (3.5.2)

for the resonant absorption to occur. However, recoilless emission and absorption
of ~-rays is in conflict with conservation of energy and momentum and is thus
impossible for free atoms. Figure 3.10 shows an illustration of the recoil energy due
to conservation of momentum as a nucleus emits or absorbs a ~«-ray photon. The
recoil energy during the absorption or emission of y-ray photon by a nucleus of mass

M can be shown to be

2
2Mc?
where ¢ is the speed of light [54]. The uncertainty in energy corresponds to the

ER

(3.5.3)

linewidth I" of the «-ray whilst the uncertainty in time corresponds to the mean-life
7 of the nuclear state [54]. The two parameters are related through the Heisenberg
relation by

h
I'=-— 3.5.4
- (35.4)

45
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Nucleus Egs E' gs

Recoilless emission Resonance absorption

Figure 3.9: Graphical representation of resonant absorption [55].

Figure 3.10: The excited nucleus on the left hand side (LHS) emits a «-ray photon
to the right hand side (RHS) and recoils to the LHS (emission). A nucleus in the
ground state on the RHS absorbs the ~-ray photon on the LHS and recoils to the
RHS (absorption) [56].
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where h is the Planck’s constant. For nuclear transitions, resonant absorption does
not occur when

Er>T. (3.5.5)

To limit the energy loss by recoil, we can consider the emitting and absorbing nuclei
to be fixed in a solid matrix. The recoil will then be shared by the whole crystal.
This makes the mass M in equation (3.5.3) to be much larger and thus making the
recoil energy Er ~ 0 and Er ~ E,. This would satisfy the condition for resonant
absorption. Another way to achieve resonant condition is to Doppler shift the -
ray energy by vibrating the source or emitter nucleus. This is a common method
of achieving resonant absorption during Mossbauer spectroscopy experiments. The

~v-ray energy is Doppler shifted by a factor
v
0F = E,— (3.5.6)
c

where v is the velocity of the vibrating source in a few mm/s [53]. In our set-up, a 25
mCi 57Co source sealed in Rh matrix and vibrated at constant acceleration was used
as a source of y-rays. Figure 3.11 shows the schematic decay of ®"Co to produce *"Fe
nuclei. The Mossbauer spectroscopy measurements are based on the emission and
absorption of the 14.41 keV ~-ray. The experimental data consist of the transmitted
intensities through the absorber as a function of the Doppler velocity. Using suitable
Mossbauer analysis software such as Recoil, Mosswinn and NORMOS electrostatic
and magnetic information can be deduced from the spectra. The Recoil Mossbauer
analysis software has been used to analyse all the spectra in the present work. In
the next section we discuss the different types of interactions in absorber materials

that can be deduced using Mdssbauer spectroscopy.
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Figure 3.11: Schematic diagram showing the nuclear decay of °”Co to produce *"Fe

nuclei [57].
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3.5.2 Hyperfine interactions

Electrostatic and magnetic interactions between the nucleus and its environment
are collectively known as hyperfine interactions. These interactions results in the
small splitting of the nuclear energy levels which are used for characterization of
materials. These include the chemical isomer shift d, electric quadrupole interaction
A and magnetic hyperfine interaction H. The effects of 9, A and H on the nuclear
energy levels is illustrated in Figure 3.12 [58]. Further details of the origin and

impact of each of the interactions are given in the following sub-sections.

3.5.2.1 Chemical isomer shift

Isomer shift or chemical shift is a shift in resonance energy due to the difference
in the s-orbital electron density between the source and the absorber nuclei. It is
dependent on the difference of the nuclear radii of the ground and excited states
of the source and absorber [54]. However, the screening effects give the p, d and
f-electrons an influence on the s-electron density. The s-electron density is known
to be affected by the oxidation state of the atom. Hence, during Mossbauer spectra
analysis, the oxidation state of the atom can be deduced from the isomer shift value
[59]. This has been proven by the different isomer shift values for Fe?™ and Fe3™ even
though their atomic configuration differ by a d-electron which does not contribute
to the charge density. The 3s-electrons are further from the nucleus than the 3d-
electrons. The additional d-electron reduces the Coulomb potential and causes the
wave function of the 3s-electrons to expand. This results in reduced charge density
and a greater net difference between the nuclear states for the source and absorber.
The isomer shift is observed as a shift in the centroid of a Modssbauer spectra from
the zero velocity center. The shift can be either to the right or left depending on the
difference in the electron charge density. The isomer shift is actually the difference

in the nuclear state between the source (S) and absorber (A) nuclei given by
§=E, — Es. (3.5.7)

The approximate isomer shift value with Doppler velocity is given by
2m

0 =22 [[Ya(0)F° — s ()[R, — Rgal (3.5.8)
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Figure 3.12: Shifts in nuclear energy levels resulting from chemical isomer shift (IS),

electric quadrupole interaction (QS) and magnetic hyperfine interaction [58].
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where Z is the atomic number, e is the electron charge, |1)4(0)[* and [1g(0)]* are
the s-electron densities of the absorber and source respectively. R., and Ry are
the radii of the excited and ground states respectively. In a Mossbauer spectrum,
the isomer shift is given in velocity units (mm/s) where 1 mm/s is equivalent to
4.8 x 1078 keV for 5Fe isotope [53]. Calibrating the spectra helps in reporting the
isomer shift with reference to the standard absorber. Alpha iron is commonly used

as a standard absorber in *"Fe Mossbauer spectroscopy.

3.5.2.2 Electric quadrupole interaction

The electric quadrupole interactions occur between the nuclear quadrupole moment
and the electric field gradient (EFG) resulting in all or part of their (27+1)-fold
degeneracy to split. The quadrupole splitting is only observed in non-spherical
nuclei where the nuclear quantum number 1 >%. The nuclear quadrupole moments
arise from the splitting of the nuclear energy levels produced by an asymmetric
electric field caused by non-spherical charge distribution. For nuclei with an excited

state of I., = 2 like °"Fe and '?Sn, the interactions split the excited state into two

2
degenerate energy sub-levels corresponding to m; = i% and m; = j:% [53]. This
is well illustrated in Figure 3.12 (b). The ~-transitions occur between the states
my; = j:% — i% and :I:% — :I:%. These transitions are observed as two separate

peaks in a Mossbauer spectrum referred to as a ‘doublet’. The separation between

the two peaks is called the quadrupole splitting A which is given by

eV @
2

A:

(3.5.9)

which reflects the electric field at the nucleus. V. is the electric field tensor and () is

the electric quadrupole moment. The quadrupole splitting is also quoted in mm/s.

3.5.2.3 Magnetic hyperfine interaction

Magnetic hyperfine interactions occurs because of the presence of a magnetic field
at the nucleus. The magnetic field can be internal originating from the atoms
themselves or external by placing the sample in an applied magnetic field. The

nuclear magnetic dipole moment (u) will tend to align itself with the field. The
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interaction between p and magnetic field (H) results in the magnetic splitting
of energy levels also referred to as nuclear Zeeman splitting. The Hamiltonian

describing the interaction is given by
H =—-p.H=—guyl.H (3.5.10)

where py is the the nuclear Bohr magneton and ¢ is the nuclear gyromagnetic ratio
also referred to as the g-factor [54]. The g-factor is given by

L

= 3.5.11
Tim (3.5.11)

9

and px has the value of 5.04929x10727 J T~! [53]. The eigenvalues values of the

above Hamiltonian are given by

H
B, =" [mf. (3.5.12)

The magnetic field splits the energy levels into equally spaced 27 + 1 non-degenerate

energy sub-levels. In the case of >"Fe nuclei, the excited state I, = % splits into four

3 m=—-m=1and

non-degenerate energy sub-levels corresponding to m = —3, 55 5

3

m = 5 as shown in Figure 3.12 (c). The ground state splits into two non-degenerate

states corresponding to m = % and m = —%. The ~-ray transitions occur between
the different nuclear energy levels governed by the selection rule Am; = 0, £1. There

- s : 3 11 11 1
are six allowed v-ray transitions in the order of —5 — —3, —5 = —35, —5 — 3,
1+ Lland 2 — 1 These y-ray transitions are observed as six lines in
a Mossbauer spectra as shown in Figure 3.12 usually referred to as a ‘sextet’. The
widths of the sextet lines are assumed to be the same. The ratio of the absorption

peaks is given by 3:2:1:1:2:3 for a thin Fe-absorber [52].

3.5.3 Experimental set-up

The Mossbauer spectroscopy unit used for measurements consists of a 25 mCi "Co
source sealed in rhodium matrix, HALDER D 8110 transducer, LND 45431 detector,
FAST ComTec pre-amplifier, CANBERRA 2011 linear amplifier, TUNNELEC TC-
950 HV supply, HALDER MR-351 Mgssbauer drive unit (MDU), an ORTEC model
MCS-PCI card and a desktop computer. Figure 3.13 shows a block diagram for the
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Figure 3.13: Graphical representation of Mossbauer spectroscopy experimental set-
up shows the connection of the high voltage (HV) to the detector through the

pre-amplifier.
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Mossbauer spectrometer used for magnetic measurements in this study. The MDU is
the most important component as it it gives the mode of vibration of the transducer
and the constant acceleration rate to achieve resonant absorption. The amplified
signal from the detector goes through a single channel analyser (SCA) then to the
multi channel analyser card in the computer for data capturing. The captured data
is displayed in form of a spectra using the MCS 32 Mossbauer computer program.The
source, transducer and the detector were covered by 1 c¢m thick lead blocks to mini-
mize exposure to radiation. The transducer was operated at 25 Hz and the velocity
was varied in a range between 4 - 14 mm/s depending on whether the expected
spectra was a doublet or a sextet. The spectra was calibrated by a standard a-iron
(99.5 %) foil. The measurements were limited to the Mdssbauer peak with ~-ray en-
ergy of 14.41 keV in order to observe the hyperfine interaction between the nucleus
and its environment. At-least 1 million passes (~ 24 hours recording time in MCS

mode) were recorded for one spectrum to be ready for analysis.

3.6 Magnetization measurements

The magnetization is an important parameter to measure as it provides crucial in-
trinsic information about the magnetic state of a material and also gives information
on the nature of the interactions of the constituent magnetic moments. The mag-
netization is well determined under the influence of an external magnetic field. The
role played by the external field is to align the magnetic moments in the direction
of the field. A vibrating sample magnetometer (VSM) shown in Figure 3.14 is com-
monly used to measure magnetization. One important aspect is to study how the
magnetization of a material varies with temperature T or applied field B. Vibrating
samples magnetometers are based on Faraday’s law of induction. The principle of
measurement is that if a sample is vibrated in sinusoidal motion in a uniform field,
a sinusoidal electrical signals can be induced in suitably placed stationary pick-up
coils [60]. The amplitude of the output signal is proportional to the magnetization
of the sample being studied [61]. Our LakeShore VSM system consisted of an elec-

tromagnet, model 642 bipolar electromagnet power supply, model 450 gaussmeter,
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Figure 3.14: Lakeshore 735 vibrating sample magnetometer used for magnetization

measurements.
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model 340 temperature controller, model 735 VSM controller, a NESLAB Ther-
moFlex 2500 chiller, National Instruments IEEE-488 interface card and a desktop
computer. The components were connected to the interface card by PCI-GPIB ca-
bles. All the components were powered through an Eaton 9355 Uninterrupted Power
Supply (UPS) system to avoid data loss and abrupt shutdown of the VSM during
power failure. Windows interface software was used to control the components and
monitor the status of the equipment during measurement. The VSM was calibrated
by a standard nickel sphere of known saturation magnetization of 54.7 emu/g [39].
Experimental errors can be reduced by making the calibrating sphere to be of the

same size and shape as the samples to be measured [62].
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Chapter 4

Magnetic properties of

Mgi_.7Zn,FeoO, nanoferrites

4.1 Introduction

The magnetic properties of ferrite nanoparticles depend on composition, synthesis
techniques and heat treatment. In this chapter we present the results of the variation
of the magnetic properties of the Mg, _,7Zn,Fe,O4 nanoferrites where 0 < x < 1. We
have identified this series of compounds as good candidates for complexing with
tetracycline. The presence of zinc would ensure low toxicity of the final complexed
nanocomposites. Magnesium is an environmentally friendly element which is also
a vital trace element in humans. The aim of the current work is to perform a
systematic study of the evolution of the magnetic properties of the Mg;_,7n, Fe,O4
system as it is a more environmentally friendly alternative to other ferrites like
Niy_,Zn,Fe,Oy4 [24]. 1t is also interesting to investigate how properties change across
the series. We have therefore gradually substituted the magnesium ions by zinc ions
starting with the MgFe,O4 compound. MgFe, O, has been reported to exhibit an
inverse spinel structure with the Fe?" ions distributed between the tetrahedral (A)
and octahedral (B) sites with most of the Mg?™ ions occupying the B sites [1]. Zn**
ions have a strong preference for the A site thus when added to the magnesium
ferrite will tend to occupy the A sites and the Fe ions will then migrate to the B sites

[63]. We expect the cations redistribution to affect the variation of the magnetic,
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structural and physical properties of the Mg;_,7Zn,Fe;O4 compounds as reported in
other systems such as Cuy_,Zn,Fe,O4 by Akhter et al [3] and in Mn;_,Zn,Fe,Oy
by Dunlap et al [64].

4.2 Results and discussions

4.2.1 X-ray diffraction results

The XRD patterns for the Mg;_,Zn,Fe;O4 nanoferrites are shown in Figure 4.1. The
major peaks correspond to the reflections from the (220), (311), (400), (422), (511)
and (440) planes which correspond to the cubic spinel structure with no significant
impurity peaks observed. Single phase formation of the compounds is therefore
achieved. The measurements were performed on an XRD diffractometer with Cu-
K, radiation of wavelength, A = 1.5406 nm. The crystallite sizes of the nanoferrites
were estimated from the peak broadening of the most intense (311) peak using
the Scherrer equation (3.4.4). The lattice parameters of the nanoferrites were also
calculated from the XRD data using equation (3.4.3). The XRD densities for various
x values were calculated from the lattice parameters and molecular weights of the
individual nanoferrites using equation (3.4.5). In Table 4.1, we present the results
of the crystallite sizes D, lattice parameters a and XRD densities pxgrp-

Figure 4.2 shows the variation of crystallite sizes and lattice parameters as a
function of the Zn-concentration, x. The crystallite sizes lie between 10.5 and 22.5
nm with the largest crystallite for the composition with x = 0.6. The method of
washing by sedimenting the precipitate used in the current series of compounds (sec-
tion 3.2) appears to affect the range of crystallite sizes. For another Mgg 5Zng 5FeOy
sample that was washed and filtered using glass microfibre GF/F Whatman filters,
a much lower crystallite size of 8.0 nm was obtained. An increase in the lattice
parameter with increasing x is also observed which we attribute to the replacement
of the smaller Mg?* (0.66 A) ions by the larger Zn>* (0.86 A) ions [1, 65, 66]. There
is an overall expansion of the unit cell due to the introduction of an ion with larger
radius. Similar results have also been observed in the Zn-Mg [67], Li-Mg [68] and
Li-Cd [69] ferrites.
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Figure 4.1: XRD patterns of the Mg;_,7Zn,Fe,O4 nanoferrites.
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Table 4.1: Crystallite sizes D, lattice parameters a and XRD densities pxrp for

Mg;_,.7Zn,Fe;O4 nanoparticles.

v | D (nm) | a (A) | pxep (g/cm?)
+0.02 | £1073 £0.02
0.0 11.49 8.339 4.58
0.1 10.60 8.375 4.62
0.2 | 14.38 8.384 4.70
03| 13.70 8.380 4.80
04| 16.35 8.393 4.86
0.5| 16.28 8.396 4.95
0.6 | 2224 | 8419 5.00
0.7 14.51 8.393 5.14
0.8 | 18.48 8.431 5.16
0.9 | 18.00 8.461 5.20
1.0 | 1834 | 8421 5.34
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Figure 4.2: Crystallite sizes D and lattice parameters a for Mg;_,7Zn,Fe;O, nano-

ferrites.
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Figure 4.3 shows the variation of the XRD density (pxrp) as a function of Zn
content, x. We have investigated this because it is well known that density plays
an important role in controlling the properties of ferrites [70]. pxrp depends on the
molecular weight and lattice parameter of the sample. Figure 4.3 suggests that the
XRD density is strongly dependent on the Zn-concentration. We observe a linear

increase in pxgrp with  with a correlation coefficient of 0.9955.

4.2.2 Mossbauer spectroscopy results

Room temperature Mossbauer spectra for the Mgy _,7Zn,Fe,O4 nanoferrites are given
in Figure 4.4. The data points correspond to the experimental data and the solids
lines represent fits to the data. The fits are based on the Lorentzian site analysis
by using Recoil Mossbauer analysis software. All the spectra were calibrated with
respect to alpha-iron spectrum at room temperature. The spectra were fitted by
at least two sextets and one doublet which represent the fraction of the Fe ions at
both the tetrahedral and octahedral sites. The sextets represents the Fe3* ions in a
ferrimagnetic state whilst the doublets represents the Fe?* ions in paramagnetic state
[2]. The spectra indicate that the samples for = < 0.7 were magnetically ordered and
thus were fitted by the two sextets. The sextet with the higher magnetic field was
assigned to the octahedral site due to the dipolar fields resulting from the deviation
from cubic symmetry and from the covalent nature of the tetrahedral bonds [1, 71].
Paramagnetic behavior was observed for x > 0.7 and thus the spectra were fitted
by two doublets. Each doublet represents the paramagnetic state for the Fe at
tetrahedral or octahedral site. The doublets were assigned to A or B sites by the
values of their isomer shifts. The smaller isomer shift was assigned to the tetrahedral
site. Various parameters obtained during the Mossbauer spectra analysis including
isomer shifts, line widths, hyperfine fields and site populations for the fitted sextets
and doublets are presented in Table 4.2. The range of the values of the isomer shifts
is consistent with Fe** ions [72]. Figure 4.5 shows the variation of isomer shifts at A
and B sites respectively. This confirms the lower isomer shift on the A site than at
B site due to the higher covalency of the Fe-O bond on the A site [2]. The magnetic

hyperfine fields for x < 0.7 are shown in Figure 4.6. A decrease in the hyperfine
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Figure 4.3: XRD density pxgp for Mg;_,7Zn,Fe,O4 nanoferrites.
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Figure 4.4: Mossbauer spectra for Mgy _,7Zn,Fe,O4 nanoferrites.
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Table 4.2: Isomer shifts d, line widths I', hyperfine fields B and Fe3* site populations

f for Mg;_,7Zn, FesO4 nanoparticles.

T § (mm/s) [' (mm/s) B (T) f (%)

0A op Op L' I's | Ba | B | fa | [ | />
4+0.06 | +0.04 | £0.02 | £0.08 | +0.06 | 0.4 | £0.2
0.0 0.29 0.40 0.32 1.69 1.04 | 244 | 42.0 | 46.3 | 37.0 | 16.7
0.1 0.30 0.41 0.36 1.46 0.97 | 249 | 41.8 | 42.3 | 454 | 12.3
0.2 ] 0.34 0.39 0.38 0.94 094 | 254 | 424 294|633 | 7.3
0.3 | 0.31 0.47 0.40 0.96 0.98 | 24.7 | 404 | 32.2 | 56.9 | 10.9
0.4 0.32 0.41 0.40 1.05 1.02 | 23.7 | 39.5 | 33.9 | 55.0 | 11.1
0.5 0.38 0.48 0.41 0.92 0.93 | 24.1 | 38.3 | 29.3 | 52.7 | 18.0
0.6 | 0.27 0.46 0.42 0.89 094 | 24.1 | 38.6 | 27.0 | 55.6 | 17.4
0.7 0.37 0.50 0.36 1.09 1.01 | 21.7 | 35.0 | 37.4 | 36.5 | 26.1

0.8 0.35 0.41 - 0.22 1.03 - - 339 | 66.1 | -
0.9 0.30 0.39 - 0.19 0.25 - - 2311769 | -
1.0 | 0.33 0.40 - 0.21 0.32 - - 34.3 | 65.7| -
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67



fields with higher Zn content was observed at both sites in agreement with the results
by Gismelseed et al [1]. The decrease of the hyperfine fields is due to the dilution

of the system by non-magnetic Zn ions [73].

4.2.3 Magnetization results

Figure 4.7 shows the room temperature hysteresis loops of the Mg; _,7Zn,Fe;,O4 nano-
ferrites which are consistent with superparamagnetic behaviour. The maximum ap-
plied external field during the measurements was 14 kOe. We can identify two groups
of compounds (z = 0.8, 0.9 and 1.0) with maximum isothermal magnetizations be-
low 40 emu/g and another group (z < 0.7) with magnetizations above 60 emu/g at
14 kOe. The former group (z > 0.7) was associated with paramagnetic phases from
Mossbauer spectroscopy measurements. The S-shape magnetizations in the para-
magnetic state suggests the presence of superparamagnetic clusters even above the
Curie points. Figure 4.8 shows the initial magnetization curves of the nanoferrites
which were fitted by equation (2.5.2). The magnetic moment per molecule (x) in

units of up was calculated from the equation

M, M,
9585

where M, is the molecular mass of the sample in grams [74, 75]. The squareness ratio

o= (4.2.1)

(SQR) which provides a good distinction between soft and hard magnetic materials

was also calculated from the equation

M,

SQR = M

(4.2.2)

Several magnetic properties parameters were determined from the magnetization
data. These are presented in Table 4.3 and the magnetizations plotted in Figure 4.9.
An increasing trend in the saturation magnetization was observed with increasing x
for x < 0.5. For x > 0.5, there is a decreasing trend for magnetizations. The lowest
saturation magnetization is 6.1 + 0.1 emu/g for z = 0.9. All the compositions for
x < 0.7 have higher saturation magnetization (above 50 emu/g) with the highest of

71.4 + 0.1 emu/g for x = 0.5. Low values of the SQR and coercivity were obtained
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Figure 4.7: Hysteresis loops of the Mg;_,7Zn, Fe;,O4 nanoferrites. The insert shows
hysteresis in the field range -0.05 kOe < H < 0.05 kOe.
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Table 4.3: Saturation magnetization M, maximum magnetization M,,, remanent
magnetization M,., coercive fields Ho and magnetic moment per molecule p for the

Mg;_,7Zn,Fe;O4 nanoferrites.

v | My (emu/g) | My, (emu/g) | M, (emu/g) | He (Oe) | p (up) | Mr/My
+0.1 +0.1 +0.05 +0.5 | £0.04
0.0 58.2 59.8 0.68 8.6 2.08 | 0.0117
0.1 67.1 69.6 0.82 8.0 2.45 | 0.0122
0.2 68.0 70.8 0.43 4.6 2.54 | 0.0063
0.3 67.6 69.5 0.05 4.7 2.57 | 0.0007
0.4 65.7 68.4 0.42 8.3 2.55 | 0.0064
0.5 71.4 74.8 1.68 12.8 | 282 | 0.0235
0.6 66.5 71.9 0.83 6.5 2.67 | 0.0124
0.7 56.6 61.4 1.14 8.9 2.32 | 0.0201
0.8 32.0 39.1 1.14 17.8 1.33 | 0.0356
0.9 6.1 14.2 0.08 1.8 | 026 | 0.0131
1.0 22.0 29.6 0.09 4.3 0.95 | 0.0040
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for all the compositions which indicate soft magnetic properties of the compounds.
The coercive field is a very important parameter as it is a measure of magnetization
reversal process under the action of an applied field. The low values also suggest

the existence of small magnetic particles in the form of single domains [76].

4.3 Conclusions

We have successfully made Mg;_,7Zn,Fe,O, nanoferrites using glycol-thermal method.
XRD results show single phase cubic spinel structure for all the compositions with
no impurity peaks. Crystallite sizes were obtained in the range 10.5 - 22.5 nm which
appear to be influenced by the method of washing the precipitates. A gradual in-
crease in the lattice parameter was observed with increasing Zn content x as evidence
that the smaller Mg?*t ions were being replaced by the bigger Zn?* ions leading to
the expansion of the unit cell. We have also found a strong correlation between the
XRD density with Zn concentration x. The Mossbauer spectra recorded at room
temperature show transformation from ordered ferrimagnetic state to paramagnetic
state with increase in Zn content. Analysis of the spectra show Fe3* ions at both
tetrahedral (A) and octahedral (B) sites. The isothermal magnetizations at room
temperature show evidence of superparamagnetic behaviour of the compounds. It
is interesting to note that starting with ZnFe,Oy,, slightly doping with Mg causes
a drastic reduction in the saturation magnetization. Magnetization results show a
peak in the saturation magnetizations at x = 0.5 which is the composition with
equal concentration of zinc and magnesium. The compound Mgy 5ZngsFe;O4 has

therefore been selected as the best choice for complexing with tetracycline.
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Chapter 5

Magnetic properties of
Tetracycline—l\/[go.5Zn0.5Fe2 04

composites

5.1 Introduction

One of the objectives of studying the magnetic properties of the Mg, _,7Zn,Fe,O4 sys-
tem was to choose a composition with suitable magnetic properties to complex with
tetracycline. The intention was to improve the bioactivity of the antibiotic proper-
ties of tetracycline against a range of bacteria. We have selected the composition
corresponding to z = 0.5 for this purpose.

Tetracyclines are a group of antibiotics used in the treatment of infections in the
urinary track and intestines [77]. They have been used in humans and veterinary
medicine for many decades and still provide effective treatment for some specific
conditions like moderately severe acne and rosacea. However, bacterial resistance
has reduced the effectiveness of tetracyclines in many instances. Tetracyclines have
a planar structure consisting of four hydrophilic groups on one face and hydrophobic
groups on the other face. In our study we have used tetracycline-HCI which is used
to treat many gram-negative and gram-positive bacteria and some protozoa [78].
In this chapter we present the structural and magnetic properties of tetracycline-

Mgq 5Zng 5sFesO4 nanoferrites (Tet-NF) produced by high-energy ball milling under
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argon and air environments. The starting materials initially had different crystal
structures. It is interesting to investigate the evolution of the structure of the Tet-NF
composites as a function of the milling time. Another important aspect of the study
is to investigate the site preference of tetracycline in the cubic spinel structure. The
experimental details for the formation of the Tet-NF nano-composites are discussed

in section 3.3.

5.2 Results and discussions

5.2.1 X-ray diffraction results

Figure 5.1 shows the XRD spectra for the milled Tet-NF with reference to the
original unmilled Mgy 5Zng sFe;O4 and tetracycline hydrochloride. The XRD re-
sults show that the Tet-NF complexes into the cubic spinel structure without sig-
nificant changes in the peak positions, intensity and line width compared to the
Mg 5Zng sFesO4 nanoferrite. However, the milling environment seems to have an
effect on the results. An impurity peak develops around 20 = 58° with increased
milling time to 5 h. This is more prominent in samples milled in air atmosphere.
The impurity peak disappears in both air and argon environments after milling for
at least 15 h. We attribute this to a transient impurity probably due to the oxida-
tion of the drug. We therefore do not find evidence for contamination of the Tet-NF
from the grinding surfaces of the hardened steel jars and balls used. No significant
changes in the masses of the grinding balls were observed before and after milling
for 30 h.

The crystallite sizes were deduced from the most intense (311) XRD peak us-
ing the Scherrer equation. The lattice parameters were determined from the XRD
patterns using Bragg’s law. Table 5.1 shows the calculated crystallite sizes D and
the lattice parameters a for the Tet-NF composites as a function of milling time
(MT) for both air and argon atmospheres. The associated changes are illustrated in
Figure 5.2. The results show that the milling atmosphere has an effect in controlling
the variation of the crystallite sizes and lattice parameters. Smaller variations are

observed for the argon milled composites compared to the samples milled in air.
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Figure 5.1: XRD patterns of un-milled tetracycline-HCI (Tet), un-milled nanoferrite

(0 h), and milled Tet-NF composites in air and argon atmospheres.
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Table 5.1: Variation of crystallite sizes D and lattice parameters a for the Tet-NF

composites milled under air and argon atmospheres for different milling time (MT).

MT Air Argon

(h) | D (nm) | a(A) | D (nm)| a(A)
+0.04 | £0.0002 | £0.02 | £0.0002
0 20.35 8.4260 20.35 8.4260
1 21.17 8.4640 - -

3 20.89 8.4495 20.18 8.4357
5 20.77 8.4362 21.65 8.4316
15 22.39 8.4235 21.70 8.4289
30 38.52 8.4338 21.44 8.4405
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5.2.2 Mossbauer spectroscopy results

Room temperature Mossbauer spectroscopy measurements were performed in zero
applied magnetic field. The Mdssbauer spectra provide more information about the
magnetic state of the nanocomposites and the Fe3T ion distribution amongst the
interstitial sites. This will give us information on how tetracycline is complexed
into the spinel structure of the Mgg 5Zng 5Fe;O4 nanoferrite. Figure 5.3 shows the
5"Fe Mossbauer spectra of the samples obtained for different milling times and at-
mospheres. As before the velocity calibrations for the Mdssbauer spectra were per-
formed with respect to the a-Fe spectra at room temperature and the analysis by
Recoil Mossbauer analysis software. All the quoted isomer shifts in this study are
therefore with respect to that of a-Fe. The Voight-based fitting (VBF) analysis was
used to extract the magnetic parameters of the samples since it provides reliable
information on cation distribution. Zn?' ions are known to have strong prefer-
ence for the A sites [5, 79]. Although Mg®" ions prefer the B sites, about 10% of
the ions have been reported to be located at the A-sites as well for MgFe;O4 and
Mgq 5Zng sFes Oy ferrites [1, 80, 81]. We have therefore assumed the cation distri-
bution of the form: (anEFeerMgiJr )a [Mggg_zFegfy]B for our Mgg5Zngs5Fes04
nanoferrite where x ~ 0.1 and y are the proportions of Mg?* and Fe?* ions in the
interstitial sites [81].

Each spectrum was fitted by two sextets and a central doublet which we assume
arises from the superparamagnetic (SPM) behaviour of the Fe3 ions in the ultra-
dispersed ferrite particles [82]. The two sextets represent the magnetically ordered
Fe?" ions in the tetrahedral (A) and octahedral (B) sites. The spectra for the milled
Tet-NF composites are similar for both air and argon atmospheres thus the milling
time seems to only have a slight effect. Figure 5.4 show more revealing plots of the
superposition of the hyperfine field distributions associated with the tetrahedral (A)
and octahedral (B) sites for the unmilled nanoferrite and milled Tet-NF composites
in air and argon atmospheres.

Lower hyperfine field shifts are observed between the unmilled nanoferrite and
the 1 h air milled Tet-NF composite. Further milling (3, 5, 15 and 30 h) in air

atmosphere does not yield any hyperfine fields shifts but the plots appear superim-
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posed upon each other and clearly only the tetrahedral (A) site Fe3™ ions seem to
be influenced by the milling. Similar trends in lower hyperfine field shifts between
the unmilled nanoferrite and the argon milled Tet-NF (1, 3 and 5 h) composite
are observed. Further milling in argon atmosphere (15 h and 30 h) yields shifts in
both lower and higher hyperfine fields. The changes in hyperfine fields in both the
tetrahedral (A) and octahedral (B) sites for the argon milled composites suggests
less covalent bonding between the ions as compared to the air milled composites.

Tables 5.2 and 5.3 present the magnetic parameters extracted from the spectral
analysis using the VBF site analysis model. The sextet with higher hyperfine fields
was assigned to the octahedral (B) site due to the dipolar fields resulting from the
deviation from the cubic symmetry [1, 71]. The sextet with lower hyperfine field was
assigned to the tetrahedral (A) site. Figure 5.5 shows the variation of the hyperfine
fields on the tetrahedral (A) and octahedral (B) sites for the unmilled ferrite (0 h)
and the milled Tet-NF composites in air and argon atmospheres respectively.

There is an increase in the average hyperfine fields on both A and B sites after
1 h of milling compared to the unmilled nanoferrite. The increase is more on A
site and with further milling the average field reduces on A site. On the B site the
increase is slightly less and remain almost constant on further milling. We therefore
suspect that the tetracycline is complexing more with ions on the tetrahedral (A)
site than on the octahedral (B) site.

The values of the isomer shifts are in the range 0.37 - 0.50 mm/s. This is
consistent with Fe*" ions on both A and B sites [72]. Our results also show slightly
higher isomer shift values on the A site than on B site which was not expected as
in many cases we usually have the trend 64, < dg. Similar results where §4 > dp
have been reported by Gismelseed et al [1] in the Zn,Mg;_,Fe;,O4 system for x =
0.4 and 0.5. A significant increase in the doublet areas is evident for both milling
atmospheres; from 16% to 26% for air atmosphere and from 16% to 28% for argon
atmosphere after only 1 h of milling. This is about 10% and 12% increase in the
doublet areas for air and argon atmospheres respectively. The doublet area increases
further due to milling in air atmosphere to reach a maximum of 32% whilst further

milling in argon atmosphere decreases the doublet area to 24%. This strongly suggest
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Table 5.2: Average isomer shifts §, hyperfine fields B and quadrupole splitting A
for the unmilled nanoferrite (0 h) and the milled Tet-NF composites (1, 3, 5, 15
and 30 h) in air and argon atmospheres. Tetrahedral (A), Octahedral (B) and

superparamagnetic (Db) sites.

MT <0 > < B> <A >

(h) (mm/s) (T) (mm/s)
Argon 04 0p Opp By Bg Apg
4+0.04 | £0.02 | £0.05 | £2.7 | 0.6 | +0.05

0.46 0.43 0.37 | 26.1 | 39.0 1.10
047 | 043 | 046 | 28.7 | 39.3 | -0.29
046 | 0.39 | 037 | 284 | 39.5 | -0.04
0.46 0.42 0.46 | 28.2 | 39.5 0.25
15 0.40 | 0.42 | 0.37 | 26.5 | 39.2 0.03
30 047 | 0.42 | 0.39 | 26.3 | 39.2 | -0.98
Air 04 0p dpp B4 | Bp Apy
£0.04 | £0.02 | £0.05 | £2.7 | £0.6 | +0.05
046 | 0.43 | 0.37 | 26.1 | 39.0 1.10
045 | 0.42 | 0.38 | 28.4 | 39.5 0.04
0.49 | 0.40 | 043 | 29.6 | 39.9 0.20
0.48 0.43 0.50 | 28.1 | 39.2 0.42
15 0.50 | 0.44 | 0.46 | 28.8 | 39.5 0.26
30 0.42 0.40 0.44 | 27.7 | 39.2 0.15

g W = O

gt W = O
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Table 5.3: Lorentzian Half-Width at Half-Maximum linewidth (HWHM), standard
deviation of hyperfine fields o and Fe?*site populations f for the unmilled nanoferrite
(0 h) and the milled Tet-NF composites (1, 3, 5, 15 and 30 h) in air and argon
atmospheres. Tetrahedral (A), Octahedral (B) and superparamagnetic (Db) sites.

MT | HWHM o f

(h) | (mm/s) (T) (%)

Argon | HWHM | o4 | o | fa | fB | fpa
+0.04 | £0.2 | 0.6
0.34 84 | 4.0 |45.1 387|162
0.31 7.0 | 3.7 395330275
0.32 6.7 | 3.6 394332274
0.31 71 | 3.6 |41.8|32.1|26.1
15 0.32 7.1 | 3.9 | 385|349 26.6
30 0.42 82 | 3.3 | 454302244
Air |HWHM | o4 | o | fa | fB | fpa
+0.03 | £0.1 | 0.6

g W = O

0 0.34 84 | 4.0 | 451|387 16.2
1 0.32 7.1 3.7 | 423 1319|258
3 0.34 7.0 3.3 | 44.3 285 | 27.2
D 0.32 6.4 3.7 |1 35.2]36.0 | 28.8
15 0.31 6.6 3.5 141.2129.8|29.0

30 0.34 6.5 | 3.6 |34.8 329|323
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that the superparamagnetic phase increases more in the presence of oxygen than in

an inert gas atmosphere.

5.2.3 Bioactivity of Tet-NF composites

The effectiveness of the Tet-NF' composites against tetracycline in various bacteria
cultures was investigated. Preliminary results show that the complexes are more
effective than tetracycline [83]. The milling time is also found to be critical in the
effectiveness of the Tet-NF composites in various bacteria cultures as illustrated in
Figure 5.6. Details of the bacteria cultures used are not the subject of the current
dissertation. However, we can clearly see that in many instances the region of the
effectiveness (inhibition zone) of the Tet-NF is higher than for tetracycline on its

own. Hence there is significant benefit in complexing tetracycline with nanoferrites.

5.3 Conclusions

We have successfully made Tet-NF composites by complexing Mgg 5Zng 5Fe,O4 nano-
ferrite made by glycol-thermal method with tetracycline-HCI via high energy ball
milling. The starting materials were milled under air and argon atmospheres for 1,
3, 5, 15 and 30 h. The Tet-NF composites with cubic spinel structure formed after
just 1 h of milling. We have observed an impurity peak around 26 = 58° for the 5 h
air milled Tet-NF composite which is suspected to be due to oxidation of the drug.
We have also obtained higher crystallite size after 30 h of milling in air atmosphere
with no significant variation in the crystallite sizes of the argon milled Tet-NF com-
posites. Mossbauer spectroscopy results show an increase in the doublet area in the
first hour of milling in both air and argon atmospheres. We have obtained slightly
larger isomer shifts on the tetrahedral (A) site than the octahedral (B) site for both
milling atmospheres that is hardly affected by further milling. Hyperfine fields on
the tetrahedral (A) sites were found to be more responsive to the milling time whilst
the hyperfine fields on the octahedral (B) site seem to be least affected. Our results
appear to show that tetracycline complexes more with ions on the tetrahedral (A)

sites than on the octahedral (B) sites. Some preliminary results of Tet-NF bioactiv-
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ity have been presented which show potential applications of Tet-NF composites in

combating bacteria.
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Chapter 6

(General conclusions

We have studied structural and magnetic properties of Mg;_,7Zn,Fe,O,4 nanoferrites
produced by the low temperature glycol-thermal technique. Structural properties
were investigated by X-ray diffraction technique which gave information on crystal-
lite sizes, lattice parameters and XRD density of the nanoferrites. In all compo-
sitions of the Mg;_,7Zn,Fe;O4 nanoferrites, single phase cubic spinel structure was
obtained. Larger crystallite size of 22.24 nm + 0.02 nm was obtained for z = 0.6
which is almost doubled for the low 10.60 nm + 0.02 nm obtained for x = 0.2.
Increasing the concentration of the Zn?* ions resulted in an increase in the lattice
parameters as expected because Zn?* ions have a larger radii as compared to Mg?*
ions. A strong correlation was observed between XRD density (pxrp) and z.

Room temperature Mossbauer spectra show ordered magnetic structures for x <
0.7 and paramagnetic doublets for z > 0.7. Isomer shifts on A, B and doublet sites
are consistent with Fe?* ions. We have found that across the series the isomer shift
values are less on A site than on B sites (4 < dp). The hyperfine fields based on
the Lorentzian site analysis gradually decrease with increasing Zn content. Room
temperature magnetization results show evidence of superparamagnetic behaviour
of the nanoferrites. For x = 0.8, 0.9 and 1.0 reduced magnetizations are obtained
which are consistent with the Mossbauer results. A peak in the room temperature
saturation magnetization was also observed for x = 0.5 and the least magnetization
is obtained for x = 0.9.

The sample at the composition x = 0.5 was complexed with tetracycline for
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possible enhancement of the bioactivity of tetracycline against a range of bacteria.
Hence we also investigated the structural and magnetic properties of tetracycline-
nanoferrite (Tet-NF) composites made by high-energy ball milling. Complexing
the planar structured tetracycline with the cubic spinel Mgq 5Zng 5FeoO4 nanoferrite
resulted in essentially cubic spinel nanocomposites which suggest the incorporation
of tetracycline into the spinel structure. The enhancement of average hyperfine fields
are observed on both A and B sites. However, changes on A sites are more significant
than on B sites. This suggest that tetracycline is affecting the A site more than the
B site. Preliminary results also show significant enhancement of the bioactivity of
the Tet-NF' against a number of bacteria cultures. These results suggest further

studies on the bioactivity of Tet-NF composites which are currently in progress.
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