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Abstract

"Fe Mosshauer spectroscopy is one of the most powerful tools that used in studying
magnetic properties of materials. This work aims to investigate the magnetic properties of
MgxSrkMn,Co1.3Fe,04 (x = 0, 0.1, 0.2, 0.3 and 0.33) nanoparticles annealed at 500 °C.
The aim extends to study the magnetic properties of BaFe,O4 sample as a function of
different measuring temperatures. The results showed that magnetic hyperfine fields of
the annealed samples were larger compared to as-prepared samples which agrees with
literature. This reflects the effect of particle sizes on relaxation time z as explained by
Néel theory. The values of isomer shift were in the range of 0.30 to 0.51 mm/s. This
indicates presence of Fe** ions in the samples. The line widths decreased in annealed
samples compared to as-prepared ones.

Investigation the magnetic properties of BaFe,O, sample as a function of different
measuring temperatures of 77, 80, 90, 160, 200, 250 and 300 K revealed that increasing
of measuring temperature changed the ferrimagnetic order of the sample to paramagnetic
state. Isomer shift values were in the range of 0.30 to 0.45 mm/s, which related to Fe**
ions. Line width values show no significant trends with increasing measuring

temperatures.

The results showed that temperature (annealing or measuring) has significant influence

upon hyperfine parameters therefore; it can decide the magnetic state of a material.
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Chapter One

Introduction

1.1 Overview

Interaction of electromagnetic radiation with matter is technologically important for
many applications relates to remote sensing techniques. This interaction is associated
with absorption, emission and scattering of electromagnetic radiation by atoms or
molecules giving significant information about structure properties of matter (Kakkar,
2015). Spectroscopy which describes the interaction between electromagnetic radiation
with matter has different types include X-rays photoelectron (XP), Infrared absorption
(IR), Ultraviolet and visible absorption (UV-VIS), Nuclear magnetic resonance (NMR),

Raman and Mdssbauer spectroscopy.

1.1.2 Mdssbauer effect

In 1957 Rudolf L. Mdssbauer, while working on his doctoral thesis discovered the
recoilless nuclear resonance absorption of y-rays which known recently as Mdéssbauer
effect (Philipp Gdtlich, 1978). This has been observed for many elements which lead to

significant contribution to physical, chemical, biological and earth sciences.

A y-rays that emitted during the transition of an excited nucleus to the ground state, can
be resonantly absorbed by another nucleus of the same nuclide, if emission and

absorption lines matches.

The energy of the emitted y-rays can be decreased by the recoil energy so conservation of
energy is satisfied. Similarly, when the photon is absorbed, the absorber recoils back. In
the case of atomic transitions, the recoil energies are very small compared to the width of
the natural line. Therefore, there is a high probability of absorption of resonance in

atomic transitions. In nuclear transitions, resonance absorption is very low.

In the recoil system when increasing the effective mass, the recoil energy decreases. The
nucleus transfers energy to the lattice by exciting vibration states by creating phonons. If

no phonon is produced, all the energy goes to the emitted photon, which is called

1



recoilless emission. Figure 1.1 shows the recoilless emission and resonance absorption of

y-rays.

The fraction for non-emission of a phonon is given by the Debye-Waller coefficient, a
function in Debye temperature, y-rays energy and the temperature of both the emitter and
the absorber. Because the vibratory excitation process is a quantitative process, there is
the possibility of a certain transition that will not transfer any energy into the lattice, that

is, the recoilless emission (Philipp Gutlich, 1978).

Nuclear Excited State Nuclear Excited State

| A~

]
Ground State Ground State
Source Absorber

Figure 1.1. Recoilless emission and resonance absorption of y-rays.

Many isotopes can show Mdssbauer effect such as °'Fe, *°Sn, '?Sh and **I. There are
two factors limit the isotopes to be used for Mdssbauer spectroscopy namely life time of

the excited states and the amount of y-rays energy (Glaser, 2011).

*"Fe isotope is commonly used for Massbauer spectroscopy. This is because of that large
amount of substances used in many applications contain irons. Mdssbauer isotopes are

shown in figure 1.2.
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Figure 1.2. Mdssbauer isotopes highlighted in red.

1.1.3 Doppler effect

The change in the wavelength or frequency when there is relative motion between the
source and absorber is known as Doppler effect. When the source moves toward the
absorber, the frequency of waves increases, while the frequency decreases if the source
moves away from the absorber (Gill, 1965). Hence the energy of photon is proportional
to the relative velocity. By varying the relative velocity of the emitter, it is possible to
sweep photon energies over range of values. In Mdéssbauer spectroscopy, absorption rate
is measured as a function of source velocity. Using Doppler effect may covert velocity to
energy shift. Analysis of observed absorption peaks reveals details about nuclear energy

levels.

1.1.4 Mdossbauer applications
Maossbauer spectroscopy becomes powerful tool used in different scientific fields such as
in chemistry, physics, biology and geology (Cohen, 2013). The practical application of

Mdossbauer spectroscopy is not so much concerned with the observation of the effects




itself, but mostly with the effects of the sample's own internal electrical and magnetic
fields on the energy of the nuclear states (Greenwood, 2012). It plays significant role in

characterizing metal complex by determining oxidation and magnetic state of elements.

For example, this technique has become established for the planetary exploration on the
surface of Mars, the presence of water on Mars is confirmed by Mdssbauer spectroscopy
(Klingelhofer et al., 2004). Mdssbauer spectroscopy was used to solve problems in solid
state research (Cohen, 2013). For example it was successfully used to distinguish
between Prussian Blue (PB) and Turnbull’s Blue (TB). Both these are compounds with
the general molecular formula AxMa[Mb(CN)6]zH,0O (where, A is alkali cation, Ma and
Mb are metal ion) (Sengupta et al., 2008). Also Mdssbauer spectroscopy used to assist in
the identification of Fe oxide phases on the basis of their magnetic properties (Lear et al.,
1988). Mdssbauer spectroscopy is applied to analyses the iron compounds present in car
exhausts (Eymery et al., 1978). in geology, Md&ssbauer spectroscopy can be used to

determine redox ratios in rocks (Fleet et al., 2003).

1.1.5 Magnetic materials

Electrons and nuclei have an essential spin, which creates a magnetic moment. These
magnetic moments align along in axes. When there is an external magnetic field applied
on the materials, the magnetic moments interact with this field. This interaction appear in
spin of the electrons, the motion of the electron and the change in motion resulting from

the external magnetic field (Cao and Brinker, 2008).

Most of atoms have pair electrons which their spins are in opposite directions because of

Pauli Exclusion Principle. As a result, they cancel each other hence, no magnetic field is
observed for such atoms. In contrast atoms with unpaired electrons in outer shell are
expected to have a magnetic field. Magnetic materials may classify into diamagnetic,
paramagnetic, ferromagnetic ferrimagnetic and anti-ferromagnetic. However, in terms of
magnetic properties magnetic materials can be either soft or hard. Soft magnetic materials
have a low coercivity, whereas hard magnetic materials have a high coercivity (Coey,
2010).




1.1.5.1 Diamagnetic

The orbital motion of electrons in diamagnetic materials generates a field opposite to the
external applied field. That is why this type of materials possesses negative magnetic
susceptibility. All materials have characteristic of diamagnetism. However, because it is a
weak phenomenon other magnetic effects are dominated and hence more observed.
(Dorfman, 1965).

1.1.5.2 Paramagnetic

The magnetic state of the paramagnetic materials is due to unpaired electrons. In the
absence of an external magnetic applied field the dipole moments of a paramagnetic
material are randomly oriented. Therefore, no magnetization effect is observed. The
magnetization appears when the magnetic moments aligned by applied magnetic field
and then oriented toward same direction of the external magnetic field. (Boudreaux and
Mulay, 1976).

1.1.5.3 Ferromagnetic

Ferromagnetic materials exhibit strong interaction between magnetic moments. This
appears as spontaneous parallel alignment of magnetic moments. In T = 0 the magnetic
moment have a perfect alignment. The collapse of ferromagnet order occurs at
temperature called Curie temperature T¢ (Coey, 2010).

1.1.5.4 Ferrimagnetic

Ferrimagnetism is observed in compounds. The exchange interactions lead to parallel
alignment of atoms in some of the crystal sites and anti-parallel alignment of others
which leads to magnetization similar to a ferromagnetic material. Ferrimagnet have a

Curie temperature T¢ and spontaneous magnetization below Tc.

1.1.5.5 Anti-ferromagnetic

In Anti-ferromagnetic materials the exchange interaction between neighbouring atoms

leads to anti-parallel alignment of the atomic magnetic moments. Therefore the material




appears to behave in the same way as a paramagnetic material because the magnetic field
cancels out. Anti-ferromagnetic materials become paramagnetic above a transition

temperature, known as the Néel temperature (Coey, 2010).

1.1.6 Ferrites

A ferrite is a magnetic material that takes the formula MFe,O,4, which consists mainly of
ferric oxides with one or more other metals such as cobalt, manganese and zinc. It has
significant saturation magnetization, very good chemical stability and high electrical
resistivity. The remarkable properties of ferrite materials make them used in many
applications in permanent magnets, cores for transformers, computer memory elements
and solid-state devices. Ferrites have three types, namely spinel, cubic garnet and

hexagonal ferrites (Division, 1948).

1.1.6.1 Spinel ferrites

Spinel ferrite has a face centered cubic structure with a large unit cell containing eight
octants. There are two types of lattices for cation occupancy namely A-site which has
tetrahedral and B-site which has octahedral coordination's. M*? and Fe™ cations
distribute at both sites. The distribution of the cations over the A and B sites in the spinel
can lead to different magnetic properties of these type of oxides even though the chemical
composition of the compound does not change (Liu et al., 2000), figure 1.3 show spinel

structure.

® Oxygen
@ B-octahedral
@ A-tetrahedral

Figure 1.3. Spinel structure, B atoms in octahedral sites and A atoms in octahedral
sites, (Liu et al., 2000).




CoFe,0,4 ferrite is a well-known magnetic material with high coercivity, moderate
remanence and saturation magnetization, good chemical stability and mechanical
hardness (Rao et al., 2015). These properties could make the cobalt ferrite
technologically important and has been used in high density magnetic recording media,

enhanced memory storage, magnetic fluids and catalysts (Rashad et al., 2008).

BaFe,O, ferrite has intrinsic properties such as high chemical stability, low production
cost, corrosion resistance high capacity of magnetization, high coercivity and high Curie
temperature. These properties have indicated it as a good candidate for microwave
devices, radar absorbent materials, permanent magnets, drug deliveries, photo-catalytic
catalysts, credit cards (Da Dalt et al., 2011).

1.2 Literature reviews

The measuring temperatures have found to be significantly affecting the magnetic
behaviour of spinel ferrite materials. For example, Kazuo Ono, et al studied the magnetic
properties of FeCl, which were measured over the temperature range of 1.5-530 K. The
magnetization was increased while measuring temperature decrease (Ono et al., 1964). In
2001 P.C. Morais et al investigated the magnetic behaviour of CoFe,O4 performed at 77
K and 300 K using °’Fe Mdsshauer spectroscopy. At 77 and 300 K, the internal field is
489.5 and 423.7 kOe, respectively. The collapsing of the internal field as the temperature
increases from 77 to 300 K is explained to be associated with super-paramagnetic

behaviour of nano-sized particles (Morais et al., 2001).

Significant microstructure changes may occur due to annealing process. This associated
with increase of particle sizes, recovery from structure defects, re-crystallization and
phase transformations. Many researchers have studies effect of annealing temperatures on

spinel ferrite nanoparticles using Mdssbauer spectroscopy.

N.S.E. Osman and T. Moyo and in 2015 present a paper in titled structural and magnetic
properties of CoFe,0,4 nanoferrite simultaneously and symmetrically substituted by Mg,

Sr and Mn. The magnetic investigation achieved by vibrating sample magnetometer and




Mdossbauer spectrometer. However, The Mdssbauer measurements of the as prepared
MgxSrkMn,Co;_34Fe,O4 nanoferrite series (with x =0, 0.1, 0.2, 0.3, 1/3) was performed at
300 °C (Osman and Moyo, 2015). Annealing temperatures are expected to have a
significant influence upon the magnetic behaviour of the synthesized samples.

Nevertheless, according to our knowledge, this has not been yet studied.

1.3 Research problem
Thermal treatment can significantly affect the size of particles, hence magnetic behaviour

of a material are expected to be changed.

1.4 Research objectives

This work aims to

- Investigate the effect of annealing temperature on magnetic properties of CoFe,O4
substituted by Mg, Sr and Mn.

- Compare the obtained results of the annealed samples with the reported ones by
Osman and Moyo in 2015.

- Study the influence of different measuring temperatures on the magnetic

properties of BaFe,0,.

1.5 Dissertation layout

This dissertation contains four chapters; chapter one gives introduction, literature review
and aims of the dissertation. Chapter two describes the theoretical background of
Mdossbauer spectroscopy. Chapter three shows the experimental details. The results,

discussion, conclusions and recommendations are presented in chapter four.
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Chapter Two

Theoretical Background

This chapter discusses the theoretical background of Mdssbauer spectroscopy. The main
idea of Mssbauer spectroscopy measurements is to detect y-rays that transmitted through
the sample under investigation. This associated to the resonant emission and absorption
of y-rays see figure 2.1.

F

ANNNNAN
v— Photon energy

recoil direction

nucleus of mass M

Figure 2.1. Recoil energy loss in free atoms.

The recoil energy Er is given by

2
E)’

E,= ——,
R= 2Mc2

2.1

where Ey is the energy of y-rays, c is speed of light and M is the mass of the nucleus. M
has to be replaced by the mass of the entire lattice when Mdossbauer source doped in a
non-magnetic matrix. This ensures that only a shift in the energy levels of the source
occurs without splitting. In °’Fe Mdssbauer spectroscopy, the source >'Co isotopes which

doped into Rh matrix vibrated in specific way in order to Doppler shift, emitted energy of

9



y-rays. This help in matching the energy difference between the excited and ground

states. The emitted y-rays is Doppler shifted by
OE =E, -, 2.2

where v is the source velocity, SE is energy difference between the excited and ground

states.

2.1 Decay of *'Co isotopes

*Co is radioactive source which can decay by electron capture (EC) to lex = 5/2 of *'Fe
isotope. This decay might be directly to the state lex= 1/2 of >'Fe with probability of 9 %,
or it can be to the state l¢x = 3/2 with probability of 91%. However, this state (lex = 3/2) is
not stable, hence *'Fe nucleus decay to the ground state by emitting y-rays with energy of
14.4 keV which related to °’Fe Mossbauer spectroscopy (Lemmer et al., 1955). Figure 2.2

illustrate the nuclear decay of °’Co isotope.

Tex =712 Co
EC
“TFe
Tx=3512 136.32 keV
9% 01%
Tx=312 ¥ 1441 keV
=172 F ¥ 0

Figure 2.2. Schematic demonstration of °’Co nuclear decay.
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2.2 Line width

The transition of >'Fe electrons from the excited to the ground states; the mean life time ¢
of the excited state cannot be determined exactly because of the limited time interval At
available for measurements. However, AE can be obtained based on Heisenberg

uncertainty principle
AE. At>h, 2.3

where At =~ t. However, ground state of infinite life time has zero uncertainty in energy.
The natural width of the emission and absorption line can be determined by mean life

time
I't = h, 2.4

Where I"is line width, h (h = h/2r) is modified Planck constant 6.582 x 10716, t1/2ha|f

life time. In °"Fe Mdssbauer spectroscopy, the first excited state of >’Fe has mean life

time ty, = 1.43 x 10~ 7s. The life time values for lower excited nuclear states ranging

between 10 °to 10 ** seconds (Méssbauer, 1962).

2.3 Recoil-free fraction
The nuclear reactions that occurs without exciting the lattice and cause no change in its

quantum state, is known as recoil-free fraction (Malainey, 2011) given by

2.5

202
Ey<x >)
)

f = (-5
2

where < x? > is the mean square thermal displacement of the emitting nucleus in the
direction of the y-ray. Based on the Debye model which assumes a range of possible
frequencies from zero up to a maximum cut-off frequency, the recoilless fraction can be

shown as

11
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0
~ 3Ep 1+4(T) .[‘TD udu »
f=expy= 2 g op) ), e —1|(’ '

where kg is the Boltzmann constant, u =hw/ (kgT) and 6p= hwp/ kg is the Debye
temperature. Recoil-free fraction is useful to determine the site occupancy (M. D.
DYAR, 2008).

2.4 Hyperfine interaction

Hyperfine interaction can be defined as the interaction between nucleus and its
environment. In a magnetic environment the energy states of nucleus can split due to an
internal magnetic field, this known as Zeeman Effect. Hyperfine interaction gives
significant information about magnetic states of a material such as valence state, electron
distribution, magnetic order, spin configuration and magnetic relaxation. These
information can be obtained experimentally from hyperfine parameters such as isomer

shift §, magnetic hyperfine interaction H and quadrupole splitting A.

2.4.1 Isomer shift

Since atoms of source and absorber are in different local environments, their nuclear
energy levels are expected to be different, this appears in the transmission spectrum as a
shift of the troughs away from zero velocity, known as isomer shift (Da Dalt et al., 2011,
Gibb, 1976). This effect usually occurs in radioactive isotopes. The isomer shift reflects
the interaction between the nuclear and electronic charges (Gutlich et al., 2011).The
coulomb interaction is significantly affected by isomer shift. This because of isomer shift
associated with s-electron density due to the changes in the valance electrons. (Filatov,
2009). This causes a shift in nuclear states. Figure 2.3 shows centroid of the Mdssbauer

spectra that shifted due to isomer shift.

12
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Figure 2.3. Isomer shift in nuclear state.

The isomer shift values can be used to determining valance states, spin state coordination
and electron distribution (Neese, 2002). Since this shift cannot be measured directly, it is
calibrated to a known absorber. In >’Fe Mdssbauer spectra often be calibrated relative to
alpha-iron at room temperature (Filatov, 2007). The electron configurations for Fe*? and
Fe*® are 3d® and 3d° respectively, the ferrous ions have less s-electron at the nucleus so
they have larger positive isomer shifts than ferric ions (Dickson and Berry, 2005). The
values of isomer shift for Fe* ions are in the range of 0.6-1.7 mm/s, whereas for Fe*®
ions are 0.1-0.5 mm/s (Gitlich et al., 2011). The isomer shift § can be calculated using
the equation

Ze?
1080

§ = AE, — AEg = —[[9(0)[7 — l¥s(0)I51(RZ — R?), 2.7

where Ea and Eg are energy of absorber and sample respectively. Z is the nuclear charge,
Re and Ry are the nuclear radii of *Fe in the excited and ground state respectively, &, is

permittivity of free space. [(0)|? is electronic charge density.

2.4.2 Magnetic hyperfine interaction
Split of the spectrum in the case of magnetic dipole interaction occurs due to the effect of
magnetic field H on the nuclear magnetic dipole moments p. The magnetic moments is

zero in nuclear levels with spin | = 0, therefore there is no Zeeman splitting (Jackson and

13



Hargreaves, 2009). Nuclear levels with spin | > 0 has a magnetic dipole interaction give

by the Hamiltonian
Hy = —§.H=—gyp,l.H, 2.8

where gy is the nuclear landé g-factor, u is the nuclear Bohr magneton. Therefore, the

energy levels can be expressed as

pHm,y
Em = - i = gNuNHml, 2.9

where my is spin quantum number. The nuclear levels that have spins | are split to 21+1
because of the effect of magnetic field. The splitting of the sub-levels is gyu, H, and
consists with equal distances. Six possible transitions with selection rules A m;- 0,
t1caused by Zeeman splitting, appear as sextet in Mdssbauer spectrum (Gltlich, 1975).

Figure 2.4 show the Zeeman effect in >"Fe.
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Figure 2.4. Effect of the magnetic dipole interaction in®'Fe Mossbauer spectrum.

14



The magnetic hyperfine fields give information about spin configurations, magnetic
moments and magnetic order. In the case of magnetic hyperfine fields as a function of

temperatures useful information about magnetic relaxation can be obtained.

2.4.3Quadrupole splitting

A non-spherical nucleus that has a spin quantum number | that is greater than 1/2 possess

quadrupole moments Q. which can be expressed as

Q= elfp(r)(Szz —r?)dr, 2.10

an asymmetric electric field in the nucleus is produced as a result of asymmetric charge
distribution. It is characterized by a tensor quantity called the Electric Field Gradient
(EFG). The electric quadrupole interaction between the nuclear moments and EFG gives
rise to a splitting in the nuclear energy levels which called quadrupole splitting in
Madssbauer spectrum. Quadrupole interaction can be expressed as the Hamiltonian

H, = Q.VE, 2.11

the eigenvalues of the last equation are given by

2
eQVzz —I(I + 1)) (1 + "—)2, 2.12

be =qiar-n (3m7

3
where V,, = 9V /dZ? is the principle axis component of the electrical field gradient, m;
is the magnetic quantum number and # is an asymmetry parameter of the electric field

given by
0<n<1 2.13

Due to quadrupole interaction the excited state m;, = 3/2 of *'Fe isotope splits while the

ground state I = 1/2 remains unsplit because of lack of quadrupole moments. Double
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generate sub states create from splitting of the excited state due to m? dependence of the
quadrupole energies
Eq (£3/2) = 3eQV,,/12, 2.14

Eo (£1/2) = —3eQV,,/12, 2.15

The transition from | = 3/2 to | = 1/2 appears as a doublet in the Mdssbauer spectrum
which is separated by quadrupole splitting given by

AEg = Eq (£3/2) —Eq (£1/2) = 2= 2.16

Quadrupole splitting provides information about charge distribution, defects and charge

symmetry around the nucleus of a sample (Dickson and Berry, 2005). Figure 2.5 shows

splitting in Mossbauer spectrum due to the effect of electric quadrupole interaction.
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Figure 2.5. Effect of the electric quadrupole interaction leads to splitting in

Massbauer spectrum.
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Chapter Three
Experimental Details

3.1 Introduction

This chapter provides a discussion about experimental technique of Mdssbauer
spectroscopy that was used in this work. Méssbauer spectrometer consists of several parts

namely drive system, y-rays source, absorber and detector.

In >"Fe Mdsshauer spectroscopy, the radioactive source *>'Co is used which first decays to
the excited state of *Fe then subsequently decays to its ground state giving y-rays with
energy 14.4 keV. The resonance takes place when energy of emitted y-rays equals the
energy difference of °’Fe levels in the absorber. This may occur by moving the y-rays
source leading to Doppler effect. Thus the y-rays source is connected to an
electromechanical velocity transformer, also known as Mdossbauer drive system which
powered by electronic drive control unit provided by the digital function generator. The
detector converts the y-rays into electrical pulses. This process involves device such as
pre-amplifier, main amplifier and a single-channel analyzer (SCA). The SCA is a pulse
recognition device which can be tuned to a Mdssbauer radiation filter such that pulses of
resonance energy passes into the multi-channel analyzer (MCA) for acquisition, and
rejects all pulses from unwanted non-resonant background radiation. The MCA is the
central device for Mdssbauer spectra for data acquisition and storage. It consists of a set
of digital counters to separate electrical pulses. The collected Md&ssbauer spectrum is

recorded on a computer screen.

3.2 Mossbauer drive system

Mdossbauer spectrometer often works in continuous acceleration mode, where the
velocity drive is pulled up and down and the source periodically moves back and forth by
two ways either saw-tooth or triangular mode. The Mdssbauer electromechanical
transducer, can change the velocity range from 1 mm/s to several cm/s. The primary
frequency of the drive motion must be adjusted before the first resonance of the

17



mechanical unit, which usually in range of 10-30 Hz. The frequency determines the
recurrence rate of the Mdssbauer measurement by the motion of source up and down in
the whole velocity scale for spectra cumulating until the end of the measurement. The
amplitude of the velocity range is selected by calibration the reference voltage (VR) at
the drive control unit. The quality of the velocity control can be tuned by setting the
characteristics of the feedback loop. The actual efficiency of the transducer can be seen
from the size of the so-called error signal, which is the voltage difference at the inputs
(VR) and (Vesp) Of the difference amplifier of the drive control unit. The error signal can
be observed with an oscilloscope connected to output In order to optimize the
performance, the corresponding dials on the front panel of the control unit can be

adjusted to minimize the error signal while observing the oscilloscope.

3.3 The Mdssbauer source

The resonance absorption takes place when the emitted y-rays from the nucleus of the
source isotope can be detected in the sample, which is usually a stable isotope. To obtain
such nuclei for y-emission in the source, a long-living radioactive parent isotope is used,
the decay of which passes through the Mdssbauer level. Mdssbauer's sources are
technically prepared by diffusing radioactive material into a matrix of non-magnetic
metal with a cubic crystal lattice. The acquisition of narrow Mdssbauer emission lines
without a hyperfine splitting division requires that the matrix does not impose a magnetic

moment and does not include an electric field for the source nucleus.

3.4 Mossbauer detector

Mossbauer detector converts y-photons into electrical pulses. The detection process of y-
photons by the Mdssbauer detector must be energy-sensitive to distinguish y-lines from
other radiations. Therefore, the detector is preferred to have a high sensitivity to y-
radiation. This also protects electronic components from unnecessary load. The
mentioned features of Mdssbauer detector helps to achieve count quickly with strong

pulses and high count rates.
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3.5 Recording the Moéssbauer spectrum

To collect a Mdssbauer spectrum, the electric pulses must be recorded synchronously by
the y-rays detection system by sweep the source velocity. This can be achieved by
operating the MCA in the so-called multichannel scaling (MCS) mode, in which the
function generator triggers the digital counters (channels) of the MCA sequentially, one
by one. The channels collect incoming y-ray pulses by increasing the value of digital
storage. The memory is initialized when it receives a start pulse from the function
generator at the trigger input (T). The start pulse is synchronized with the sweep
reference voltage (VR) for the Mdéssbauer drive. It opens the first MCA channel when the
source velocity is at minimum. After this start trigger, a set of "channel progress” pulses
follow a precise delay time of approximately 100 ms. when the pulse is received, MCA
closes the open channel and open the next one, which opens to record y-pulses. When the
last channel is closed, the MCA is reset and ready to start the next cycle. The process is
repeated with a spectra frequency of 20 Hz per cycle velocity until the measurement is
stopped. Through this step the channels are opened sequentially and closed for identical
corresponding times, which in total match the velocity sweep period. Thus, y-recording is
synchronized with the source movement so that each counting channel corresponds to a
different increase of the velocity range. The counters stored in each channel of the
Massbauer spectrometer given the channel number as a function of the Doppler velocity.
Typical formation times for such Mdssbauer spectrum may range from several hours to
several days, depending on iron concentration and absorption thickness. After
measurement, the content of the MCA memory is transferred to a computer and stored as
an array of N numbers for further processing and analysis, where N is the number of
channels used to record the spectrum. Any change of the spectrometer velocity setting
requires recording of a new calibration spectrum. The calibration of the energy scale of a
Madossbauer spectrometer is a primary step of data analysis. The simplest way is to use the
spectrum of a standard absorber with known hyperfine splitting. Figure 3.1 shows

schematic diagrammatic of a MGssbauer spectrometer.
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Figure 3.1. Schematic diagrammatic of Mdssbauer spectrometer, (Gitlich et al.,
2011).

3.6 Mossbauer measurement procedures for the studied samples

"Fe Mossbauer spectra for the studied samples were obtained by a conventional
spectrometer using a >'Co source sealed in Rh matrix and vibrated at constant
acceleration of 12 mm/s. A 0.11 g of the sample was spreaded out into a non magnetic
sample holder and then placed between the *’Co source and sodium iodide detector.
Mdossbauer measurements of each sample were achieved for 24 hour. For the annealed
samples of Mg,SrMn,Co1.3Fe;04 (x = 0, 0.1, 0.2, 0.3, 0.33) nanoferrites the
measurements was achieved at room temperature. While Mossbauer spectra for BaFe,04
was measured at different temperatures of 77, 80, 90, 160, 200, 250 and 300 K. The
temperature was monitored by lakeshore model-735 temperature controller as shown in

figure 3.2.
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Figure 3.2. Mdssbauer spectrometer cryostat, Condensed Matter Physics

Laboratory, Westville Campus, South Africa.
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Figure 3.3. Front setup of Mdssbauer spectrometer, Condensed Matter Physics

Laboratory, Westville Campus, South Africa.
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Chapter Four
Result and Dissection

4.1 Introduction

This chapter discusses the obtained Mdssbauer results for the annealed samples of
Mg,SrkMn,Co1.3:Fe204 (x = 0, 0.1, 0.2, 0.3, 0.33). The discussion extends to analysis the
temperature dependence of Mdssbauer results for BaFe,O4. The discussion includes the

values of isomer shift, magnetic hyperfine field, line width and f-fraction.

4.2 Magnetic properties of the annealed Mg,Sr,Mn,Co.3,Fe,04

nanoparticles ferrites

Mdossbauer measurements for MgySryMn,Cos.3Fe,04 (x = 0, 0.1, 0.2, 0.3, 0.33) samples
annealed at 500 °C were performed at room temperature. As shown in figure 4.1, two
sextets were used to fit the obtained spectra. Each sextet corresponds to Fe** ions in
ordered spin state that distributed on tetrahedral A-site and octahedral B-site (Rao et al.,
2015). This is attributed to Zeeman effect which indicate ferrimagnetic behaviour of the
compounds. However, A doublet was needed to obtains a better fit for the sample of x =
0.33. The need for the doublet is noticed to be associated with disappearing of Co ions.
This is considered to be as indication to paramagnetic state of the sample. The results
obtained from room temperature Mdssbauer measurements are presented in table 4.1.
Large values of hyperfine field in octahedral site are due to the covalent nature of the
Fe,O4 bonds due to spread Fe** ions without existence of other elements in this site
(Msomi et al., 2016). As shown in figure 4.2, magnetic hyperfine field values of
Mg,SryMn,Co1.3, Fe;04 (x = 0, 0.1, 0.2, 0.3, 0.33) annealed at 500 °C are higher
compared to as-prepared samples reported by N.S.E. Osman (Osman et al., 2013). Since
temperature treatment can increase particle sizes of a sample (Igbal et al., 2008) ,
Therefore, larger values of the annealed sample in figure 4.2 can be attributed to the

increase in particle sizes which associated with decrease in relaxation time (Msomi et al.,
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2016). The relaxation rate t is related to particle’s volume V and anisotropy energy
density K by Néel’s equation (Jing et al., 1990)

1

B 1 ( KV)
T =1, exp|— ,

— 41
kT

Where 7,is (10° — 10%%) is the inverse of the natural frequency of the gyro-magnetic
precession, T is temperature in K and kg is the Boltzmann constant. Néel’s relaxation
associated with the redirection of the magnetic moments within the particles. The bond
separation Fe** [ O” in cubic spinel ferrites is expected to be larger at octahedral site
compared to that at tetrahedral site. This is because of small overlapping of Fe** ions
orbital. Therefore, isomer shift values at octahedral site are expected (see table 4.1).
Slightly difference has been observed between isomer shift values for the annealed
samples and the as prepared ones as reported in (Osman et al., 2013). This reflects that
the s-electrons charge distribution of Fe** ions has not been significantly affected by the
annealing process. It is known that isomer shift values for Fe** lie in the range 0.1-0.5
mm/s and for Fe*? are in the range 0.6-1.7 mm/s (Philipp Giitlich, 1978). Thus the results
obtained for the annealed samples show only presence of Fe** ions. Line width values
decreases in annealed samples. This is expected because of the increase of magnetic
hyperfine field leads to more sharpness of the Mdssbauer sextets. The values of f-fraction
reflect the distribution of Fe* in tetrahedral and octahedral sites of the investigated
samples (Sawatzky et al., 1969). Hyperfine parameters are significantly affected by

annealing temperature.
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Figure 4.1. Mo6ssbauer spectra for Mg,SryMn,Co;.3xFe,O4 nanoferite samples
annealed at 500 °C.
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Table 4.1. Isomer shifts (8), hyperfine magnetic fields (H), line widths (I') and Fe*®
fraction population (f) on A- and B- sites for MgxSryMn,Co;.3xFe,O4 samples

annealed at 500 °C.

X o (mm/s) H (kOe) I (mml/s) f (%)
oA 0B Ha Hs [Ia [Is fa fs
0.7 09 4 3 +1.4 +0.6 £3 £3
0 0.28 0.30 449 486 0.33 021 46 53
0.1 0.28 051 483 498 0.25 0.17 74 25
0.2 0.28 0.30 462 494 036 0.12 60 39
0.3 0.34 0.33 435 484 048 021 62 37
033 029 031 228 412 132 056 53 33

5 - M- as-prepared
500 4
& . ®- annealed
480 - ‘-
\_.‘1
—~ 460 - :
‘_) .
o '
~
=
=N 4404
420 :
i
400 . = " — =
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X

Figure 4.2. Magnetic hyperfine fields values of MgxSryMn,Co1.3x Fe,O4 (x =0, 0.1,
0.2, 0.3, 0.33) annealed at 500 °C compared to as-prepared sample.

26



4.3 Analysis of Mossbauer spectra for BaFe,O,sample as a function of

measuring temperatures

Mdossbauer measurements for BaFe,O4 sample were performed at different temperatures
of 77, 80, 90, 160, 200, 250 and 300 K. The obtained Md&ssbauer spectra are shown in
figure 4.3. Two sextets were used to fit the sample at measuring temperatures of 77, 80
and 90 K whilst, two doublets were used to fit the sample at measuring temperatures of
200, 250 and 300 K. Two sextets and doublet were used to obtain better fitting for the
sample measured at 160 K. This expected to be due to presence of both the ferromagnetic
and paramagnetic phases in the sample. Mdossbauer spectra changed from sextet to
doublet above 160 K. The sextet with the higher hyperfine field is attributed to Fe** ions
without Ba®* in their neighbourhood lattice. The second sextet with lower hyperfine field
is due to Fe*" ijons with Ba*? neighbours. The two doublets that were used to fit the
sample at measuring temperatures of 200, 250 and 300 K are associated with Obsession
of Ba®" ions which indicates to paramagnetic state (Raevski et al., 2018). The obtained
results are presented in table 4.2. The magnetic hyperfine field values decrease as
measuring temperature increases (see figure 4.4). The variation of magnetic hyperfine
fields is due to the effect of measuring temperature on magnetic order of the material.
Similar behaviour were noticed by (Long and Grandjean, 2013). The results conclude that
the ferromagnetic order of BaFe,O, sample changed to paramagnetic state. This effect
may explained by Curie temperature (Murad and Cashion, 2011). Curie temperature is the
critical temperature when the magnetization of material reveals from ferromagnetic to
paramagnetic transition (Mohan et al., 1998). The orbital overlapping of Fe** on B site is
smaller compared to A site, thus, the bond separation is expected to be larger at B site.
Therefore, the values of the isomer shift of BaFe,O4 sample are expected to be larger at B
site compared to A site. Furthermore, the obtained isomer shift values are in the range
0.20 to 0.45 mm/s. This are associated with Fe** ions as reported in reference (Kurian,
2011). Line width values appear to be influenced by increasing the measuring

temperatures reflecting the change of magnetic order of the sample. The maximum line
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width broadening is found for the sample at measuring temperature of 200 K. f-fraction

shows the distribution of Fe** in tetrahedral and octahedral sites (Sawatzky et al., 1969).

Relative intensity (%)

Velocity (mm/s)

Figure 4.3. M0dssbauer spectra as a function of measuring temperature for BaFe,0,
sample.
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Table 4.2. Isomer shifts (0), hyperfine magnetic fields (H), line widths (I') and
Fe*fraction population (f) on A- and B- sites for BaFe,O, as a function of

measuring temperature.

T(K) o (mm/s) H (kOe) I’ (mm/s) f (%)
oA OB Ha Hg I'n [Is fa fs
+0.07 x0.03 36 1.1 +0.07 +0.06 +3 +3

77 0.45 0.45 440 486 0.50 0.74 62.8 37.1

80 0.34 0.41 467 468 0.69 0.40 53.2 46.7

90 0.41 0.44 323 463 2.40 0.57 268 73.1

160 0.30 0.26 047 099 2.80 0.10 73.6 0.74

200 0.40 0.44 - - 0.77 2.80 457 54.2

250 0.41 0.38 - - 0.43 2.20 260 739

300 033 033 - - 1.10 0.43 381 614
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Figure 4.4. Magnetic hyperfine fields as a function of measuring temperature.
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4.3 Conclusions

Massbauer spectroscopy have been studied and applied for more than 50 years and are
considered as well-known technique that used to study magnetic properties of materials.
Particularly, °’Fe Mdssbauer spectroscopy considered to be one of the most important
techniques in investigating magnetic properties of ferrite materials. Investigation of
magnetic properties of the annealed nanoparticles ferrites at 500 °C show that the
hyperfine magnetic fields of the annealed samples were larger compared to the as
prepared samples. This can be attributed to the increase in particle sizes. Isomer shift
increased while line width decreased. Thermal annealing shows significant affects on the
magnetic properties of the studied samples. Investigation of magnetic properties of
BaFe,O, sample at different temperatures of 77, 80, 90, 160, 200, 250 and 300 K were
successfully achieved. The results show that magnetic hyperfine fields decreased as
measuring temperatures increase. The values of isomer shift in the range of 0.45-0.2
mm/s. Line width and f-fraction were also affected by measuring temperatures. The effect
of annealing and measuring temperature on Mg,SrMn,Co;.3Fe;04 and BaFe,0y,
respectively were successfully investigated using °’Fe Méssbauer spectroscopy. The
results show that temperature treatment has significant influence in magnetic properties

of the studied samples.

4.4 Recommendations
- Study quadruple splitting for the investigated samples. This will give information about

charge distribution, defects and charge symmetry around the nucleus of a sample.

- Increasing the particle sizes due to annealing temperature for the investigated samples

can be precisely monitored using X-rays diffraction technique.

4.5 Future Work

The followings can be suggested as a future work:

- Study the effect of different annealing temperatures on magnetic properties of
Mg,SryMn,Co;.3Fe20,4 nanoparticles.
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- Study the effect of annealing temperature on magnetic properties of BaFe,O4 sample.

- Study the effect of higher measuring temperature (beyond 300 K) on magnetic
properties of BaFe,0,.
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