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General Introduction 

In all aspects of everyday life, work or leisure, new materials are needed. Computer 

memories or hard drives, self-cleaning windows and fabrics with waterproof or anti-bacterial 

properties are some examples. This need is satisfied by materials research, which brings 

chemists, who try to find new preparative routes to materials with the desired properties, 

together with physicists, who try to describe new properties or phenomena arising from these 

new materials. 

One area of novel materials deals with those in the form of nano-scale objects which 

usually differ from their bulk analogues owing to the higher ratio between the surface atoms 

and the atoms situated inside the material. The preparation of nano-scale objects can be 

accomplished either by physical methods of preparation such as laser ablation and molecular 

beam epitaxy or by chemical synthetic methods. 

The sol-gel process is a chemical method which allows the tailoring of the properties of 

the prepared materials. In comparison with classical ceramic methods, the sol-gel process 

usually needs lower temperatures for the preparation of the desired phases and the material 

produced is far more homogenous than if prepared by, for example, milling techniques or 

other solid state reactions. High homogeneity is assured thanks to the smooth transition from 

solution, which is the starting point of sol-gel process, up to the final solid gel phase. 

Composite materials, consisting of two or more parts, each one possessing different 

properties such as mechanical rigidity, optical or magnetic properties or catalytic activity, 

may be prepared via the sol-gel process. These properties allow the materials to find use in 

various applications such as laser sources, magnetic resonance imaging (MRI) or water 

cleaning. Nanocomposites, where one part is a matrix and the other part consists of 

nanoparticles, are one such type of composite material. The matrix could be organic polymer, 

inorganic oxide or their combination called Ormocers (organically modified ceramics) or 

Ormosils (organically modified silicas). The most commonly used inorganic matrix is 

amorphous silicon dioxide. Nanoparticles could be metals, their alloys, metal oxides or metal 

chalcogenides. 

Nanocomposites comprising iron oxide nanoparticles embedded in an amorphous SiO2 

matrix was the subject of my diploma thesis [1] and of several doctoral theses elaborated at 

Groupe des Matériaux Inorganiques, IPCMS in Strasbourg [2] and [3]. The diploma work 

served as a starting point for the sol-gel methods of production of organic-inorganic hybrid 
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gels used in the preparation of Fe2O3/SiO2 nanocomposites and, together with the other 

works, served as a guideline for the work presented here. 

The aim of this thesis is to prepare and characterize ε-MxFe2-xO3 nanoparticles (M = Al 

and Ga, x = 0.00, 0.25, 0.50 and 0.75) embedded in an amorphous silica matrix in order to 

contribute to the effort to increase knowledge about the structure and magnetism of ε-Fe2O3 

and the effect of aluminium and gallium substitution on these properties. The work in this 

thesis was carried out in two laboratories alternately, the Institute of Inorganic Chemistry of 

Academy of Science of the Czech Republic, Řež near Prague, Czech Republic and Groupe 

des Matériaux Inorganiques, IPCMS in Strasbourg, France. 

The thesis consists of an introductory part, summarizing the theoretical backgrounds of 

the sol-gel process, magnetism, the structure of iron oxide polymorphs and the experimental 

techniques of Mössbauer spectroscopy and Nuclear magnetic resonance spectroscopy. Four 

parts are dedicated to experimental results and discussion. The first part is dedicated to the 

sol-gel method and the heating process, by which the nanocomposites are prepared. The 

second, third and fourth parts are dedicated to the preparation and characterisation of, 

respectively, non-substituted, aluminium substituted and gallium substituted iron oxide 

nanoparticles embedded in silica matricies, obtained by the method described in the first part. 

The nanocomposites obtained were characterised using X-ray diffraction, transmission 

electron microscopy, Mössbauer spectroscopy and the measured magnetization of the 

samples. Special attention is devoted to the determination of the iron oxide phases present in 

the samples and the site preference of substituting aluminium and gallium cations in the 

epsilon iron oxide structure. 
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1.  Theoretical Background of the Thesis 

This chapter will provide the reader with the necessary information on the chemical and 

experimental techniques used in this thesis. The crystal and magnetic structure of iron(III) 

oxide polymorphs is also summarized. 

1.1. Sol-gel process 

1.1.1. History 

The first attempts at the preparation of materials by the sol-gel method probably 

occurred in the middle of the nineteenth century, when Ebelman [4], [5] and Graham [6] 

prepared silicon dioxide by acid catalysed hydrolysis of tetraethoxysilane (TEOS). The long 

drying process needed to obtain gels without cracks meant there was no industrial interest in 

such technology. It was not until middle of the twentieth century when Roy [7], [8] prepared 

new ceramic oxide materials containing ions of silicon, aluminium, titanium or zirconium that 

interest in the process increased. Since then numerous studies have been published dealing 

with sol-gel methods. One of the biggest advantages of the sol-gel process is the possibility to 

control the final macroscopic shape of the gels produced, their porosity or their nanoscopic 

shape (beads, rods), and this results from the fact that the starting point of sol-gel process is a 

solution. 

1.1.2. Classical sol-gel process for preparation of  amorphous SiO 2 

The sol-gel method using silica precursors is an extensively studied process. It can be 

divided into four consecutive steps which occur after mixing of the reactants. The reactants 

are: precursor of amorphous SiO2, water, catalyser and solvent. The most commonly used 

SiO2 precursors are TEOS and TMOS (tetramethoxysilane), which differ only in their rate of 

hydrolysis and the solvent is usually an alkylalcohol. 

The first step is hydrolysis of the Si-OR bonds (Figure 1-1), which could be an acid or 

base catalysed process. 
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Figure 1-1 Hydrolysis of tetraalkoxysilane. 

 

The next step in the sol-gel process is the condensation of the hydroxyl groups and the 

formation of Si-O-Si bonds. In this step, the original solution is transformed into what is 

termed a sol, which is a stable dispersion of colloidal particles sized between 1 nm to 1 µm. 

As the particles grow, they become interconnected via newly formed Si-O-Si bonds and end 

when the tetrahydroxosilane is consumed. During this stage of condensation, the viscosity of 

the sol rapidly increases and in the end the solid known as gel is formed. The gel may be 

characterised as a continuous solid phase filled up by a continuous liquid phase. It is 

important to note that hydrolysis is a very fast process, especially when catalysed, whereas the 

condensation is much slower. Formation of the gel may take from several hours to several 

weeks depending on the concentration of the SiO2 precursor. 

Drying is the next step of sol-gel process. The wet gel may be super-critically dried, 

obtaining an aerogel, which has enormous surface area per gram and is therefore used as a 

support for catalysts. A second possibility is to dry the wet gel at ambient temperature and 

pressure, obtaining a so-called xerogel. The surface area of these gels, compared to aerogels, 

is far smaller due to capillary pressure which occurs in the pores of the gel during the drying 

process and which creates a vacuum and thus compressing the solid. 

The last step, the heating of xerogel to higher temperatures, is necessary only if we want 

to prepare considerably densified material or if we want to turn the amorphous SiO2 into one 

of its crystalline forms. 

1.1.3. Modifications of sol-gel process 

There are several modifications of the above-mentioned process. One of them is the 

preparation of SiO2 material with a structure induced by a template added into the reaction 

mixture. This template can be formed either in the reaction mixture, as in the preparation 

using CTAB (cetyltrimethylammonium bromide), which forms micelles that serve as the 

template under specific conditions, or the template may be ready to use in, for example, 

Pluronic P-123, which is a triblock copolymer. 
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For the preparation of nanocomposite materials, it is necessary to add the nanoparticles 

to the reaction mixture. These can be either pre-prepared by a different method or prepared 

during the heat treatment of the SiO2 matrix containing the precursor of the nanoparticles, 

which are usually metal ions embedded in the SiO2 matrix. The ions added to the reaction 

mixture are usually in the form of ionic inorganic salts. However, these salts tend to 

agglomerate [9] in weakly polar solvents such as methanol or ethanol and therefore their 

homogenous distribution in SiO2 is disturbed. The homogeneity of the distribution of the 

precursor of the nanoparticles is a necessary condition for homogenous growth of the 

nanoparticles during the heating process. To avoid agglomeration, the metal ions are added in 

the form of a complex molecule. The most commonly used complex molecule for Fe3+ is 

iron(III) acetylacetonate [10] – [13]. However, this transition to less polar precursor of 

nanoparticles did not have a pronounced effect on size distribution of the nanoparticles. 

Therefore, the next step, which could lead to better homogeneity was to establish a covalent 

bond between the nanoparticle and matrix precursors. This interconnection was made by 

Hirano et al. [14], when the complex of Fe3+ with three molecules of 3-allylacetylacetone was 

subject to radical polymerisation of the allyl function. The nanoparticles in the organic 

polymer were created by hydrolytic reaction with the aid of hydrazine or methylhydrazine. 

For the preparation of nanocomposites of general formula MxFe2-xO3/SiO2, the subject 

to this thesis, a ligand molecule had to be chosen which forms stable complexes with Fe3+, 

Al 3+ and Ga3+ and contains covalently bonded -Si(OR)3 functions attached to the ligand by a 

non-hydrolysable bond. Such a molecule is depicted in Figure 1-2. 

 

Figure 1-2 Ligand molecule capable of covalent interconnection between nanoparticle and matrix 
precursors. 
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This is a derivative of ethylenediaminetetraacetic acid, known for its thermodynamically 

stable complexes with a large range of metal ions. The synthesis of the ligand molecule is 

previously published [15]. It was originally used as a modifier of the SiO2 stationary phase in 

liquid chromatography. Fe2O3/SiO2 nanocomposites obtained using this ligand contain 

ε-Fe2O3 nanoparticles together with maghemite nanoparticles as a minor phase [1], [16]. The 

distribution of particle sizes and especially the distribution of particles over the SiO2 matrix 

was found to be homogenous. 

1.2. Magnetism 

1.2.1. Origin of magnetization 

On an atomic level, the effective magnetic moment µeff, caused by the electrons of a 

probe atom, is tied with the total angular momentum J [17] by equation (1) 

 

Beff JJJLSg µµ )1()( +=      (1) 

 

where g(JLS) is Landé g-factor (equation (2)) and eB me 2h=µ is Bohr magneton, where e is 

elementary charge, h  is reduced Planck constant and me is electron rest mass. 
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where g0 is electron g-factor, L is total orbital angular momentum and S is total spin angular 

momentum. According to the third Hund rule, SLJ −=  if the orbital shell is less than 

half-filled. When the orbital shell is more than half-filled, then J is a sum of L and S. If we 

make the approximation that g0 is equal to two, then we can rewrite (2) to equation (3) 
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It is useful to define a quantity which describes the density of magnetic moment on the 

macroscopic scale. This quantity is called magnetization and is defined as the density of 

magnetic moment per unit volume (equation (4)). 
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V
M

∂
∂= µ

       (4) 

1.2.2. Diamagnetism and paramagnetism 

Atoms which do not have a magnetic moment in zero magnetic field are called 

diamagnetic. On the other hand, atoms with a non-zero magnetic moment in zero magnetic 

field are called paramagnetic. Materials consisting solely of diamagnetic atoms (ions) are 

diamagnetic and those containing paramagnetic atoms (ions) are called paramagnetic. 

However, there are some exceptions such as metallic copper, silver or gold, which are 

diamagnetic. 

Even though the diamagnetic material has zero magnetization in zero magnetic field, 

application of a magnetic field induces a small magnetization antiparallel to the direction of 

the applied field. The quantity expressing the dependence of magnetization on applied 

magnetic field is susceptibility χ (5) 

 

H

M

∂
∂=χ        (5) 

 

where H is magnetic field intensity. Diamagnetic susceptibility is temperature independent 

and negative. 

For paramagnetic materials, the susceptibility consists of paramagnetic and diamagnetic 

susceptibility. Paramagnetic susceptibility is positive and is several orders higher than for the 

diamagnetic. While diamagnetic susceptibility is temperature independent, paramagnetic 

susceptibility of insulators, whose paramagnetic atoms have 0≠J , is temperature dependent. 

The dependence describes Curie law (equation (6)) 

 

T

C=χ         (6) 

 

where C is proportional to µeff square. 

1.2.3. Cooperative magnetism 

If there was no interaction between the paramagnetic ions, the susceptibility (and also 

magnetization) would increase to giant values, but no magnetic ordering would occur, even at 
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temperatures near 0 K. The interaction between magnetic moments, which is always present, 

is a dipole-dipole interaction, and is so weak that the magnetic ordering would occur only at 

temperatures below 1 K. However, we find ordering of magnetic moments at much higher 

temperatures. This ordering is a result of magnetic exchange interaction. In insulators, the 

dominant exchange interaction is called superexchange, where the interaction between two 

atoms bearing magnetic moments is mediated through the electrons of their common 

diamagnetic neighbour. 

Ordering of magnetic moments is disturbed by thermal motion. At a certain temperature 

the ordering vanishes due to thermal fluctuations and the material behaves as paramagnet. 

This temperature of ordering TORD depends on the strength of interactions between magnetic 

moments. A general Curie-Weiss law can be written as )(' θχ −= TC , where θ is a constant 

which depends on magnetic interactions in the material. 

Three basic types of ordering of magnetic moments are observed in 

solids - ferromagnetism, antiferromagnetism and ferrimagnetism. TORD is called Curie 

temperature in ferro- and ferrimagnetic materials and Néel temperature in antiferromagnetic 

materials. 

1.2.4. Ferromagnetism 

In ferromagnetic materials, alignment of magnetic moments is parallel. Owing to this 

arrangement of the moments, the material possesses non-zero magnetization. The temperature 

at which spontaneous magnetic ordering occurs is called the Curie temperature TC. Above this 

temperature the material behaves as paramagnet and susceptibility obeys Curie-Weiss law 

(equation (7)). 

 

CTT

C

−
= 'χ        (7) 

1.2.5. Antiferromagnetism 

The arrangement of magnetic moments in an antiferromagnetic material causes zero net 

magnetization of the material. Most common is antiparallel alignment of magnetic moments 

of the same magnitude. This antiferromagnetic arrangement can be regarded as two 

interpenetrating ferromagnetic magnetic sublattices with opposite orientations of magnetic 

moments. The temperature of magnetic ordering is called the Néel temperature TN with the 

material being paramagnetic above this temperature and following the Curie-Weiss law. 
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Under TN susceptibility decreases with decreasing temperature as the ordering is less 

disturbed by thermal motion. 

1.2.6. Ferrimagnetism 

Ferrimagnetic materials possess the same non-zero magnetization as ferromagnets 

although the arrangement of the magnetic moments differs. There are at least two magnetic 

sublattices with antiparallel alignment of magnetizations and different magnitude causing 

non-zero net magnetization and therefore differentiate them from antiferromagnetics. 

Similarly to ferromagnetics, the critical temperature at which the magnetic ordering occurs is 

called the Curie temperature. Above this temperature corrections to Curie-Weiss law have to 

be made to describe the temperature dependence of susceptibility (equation (8)). 

 

θ
γθ

χ −
−

+
=

TC

T p1
      (8) 

 

where θp, C, γ and θ are constants related to a particular material. 

It is worth noting that the orderings mentioned above of magnetic moments are very 

basic and that the real magnetic structure can be more complex. One of the common 

deviations of the ordering is, so-called, canting of magnetization of particular magnetic 

sublattice(s) from the parallel or antiparallel arrangement. 

1.3. Nanoparticles 

Particles with sizes ranging from 1 to 100 nm are called nanoparticles; the small size 

causes the particle surface to become more important than in bulk materials. Surface 

plasmons of silver or gold nanoparticles are used in surface enhanced Raman spectroscopy 

[18]. Another phenomenon is an increase in the band gap of semiconductors, which may 

cause their photoluminescence in the visible region of the electromagnetic spectrum after 

irradiation by ultraviolet radiation as found in, for example zinc or cadmium chalcogenides 

[19]. Photoluminescence can also be induced as an alternative way of relaxation to dissipation 

of absorbed energy to the lattice, which is the case for silicon nanocrystals [20]. 

For the purposes of this thesis, two important phenomena are connected with size 

reduction of particles. The first is X-ray diffraction line broadening and the second is the 

creation of magnetic monodomain particles. 
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1.3.1. Profile analysis of diffraction lines 

The experimentally observed profile of a diffraction line results from a combination of 

instrumental and physical profiles. The profile can be described by various analytical 

functions (Lorentz (Cauchy), Gauss, Voigt, Pearson, etc.). 

The determination of the instrumental profile may be done in two ways. One is a 

computation of the instrumental profile based on a presumption that total instrumental profile 

is a convolution of contributions of different components of the experimental setup [21], for 

example, the X-ray emission profile or the parameters of the receiving slit. The other way is 

to measure a standard sample. In an ideal case, the standard posseses no physical broadening 

and is from the same material as the sample. Real standards always show some physical 

broadening, and are generally from different materials. The most commonly used standards 

are lanthanum hexaboride and silicon. 

Physical line broadening has two components. One is caused by small size of 

crystallites and can be described by Lorentzian peak shape and the other is caused by defects 

of the crystal structure and can be described by Gaussian peak shape [22]. 

The quantity measuring line broadening, is the integral breadth of the hkl diffraction 

 βhkl. It is defined as the area of the diffraction peak divided by its maximum intensity. βhkl in 

units of s (s = θ
λ

sin
2

 = 1/d) is written as (9). 

 

∫=
2

1

max/)()(
x

x

hkl IdssIsβ       (9) 

 

where I(s) is intensity of diffraction, and Imax is the maximum intensity of the diffraction. The 

relation between integral breadth and full width at half maximum (FWHM) for Lorentzian 

and Gaussian peak shapes are given in equation (10) and (11) respectively. 

 

2

FWHM
L
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πβ FWHM
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Line broadening due to small crystallite size is described by the Scherrer formula 

(equation (12)).  

 

θ
λθβ
cos

)2(
hkl

hkl D
=       (12) 

 

where )2( θβhkl  is integral breadth of particular hkl diffraction in radians of 2theta scale, λ is 

wavelength of X-ray radiation, Dhkl is mean coherent diffraction domain size of particular hkl 

diffraction and θ is the Bragg angle. Analytic function used for the description of line 

broadening due to small crystallite is of Lorentz type. 

Line broadening due to deformations of crystal structure can be written as (13) 

 

θθβ tan4)2( ehkl =        (13) 

 

where e is a measure of the deformation of the crystal lattice. 

If we make an approximation that both size and defect broadening has a Lorentzian 

nature and, therefore, that the total integral breath is a simple sum of integral breadth due to 

small crystallite size and due to crystal defects, then we can derive a Williamson-Hall plot 

(equation (14)).  

 

θ
θ

λθβ tan4
cos

)2( e
Dhkl

hkl +=      (14) 

 

When the line broadening is caused by only one phenomenon, then the Williamson-Hall plot 

is valid without limitation of our approximation. For the determination of which component is 

more important in the line broadening of diffractions of a particular sample, it is better to 

rewrite (14) to (15) and to plot the integral breadth in s units against sinθ. The reciprocal 

value of intercept then corresponds to the mean coherent diffraction size and slope is 

proportional to deformations of the structure. 

 

θ
λ
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1.3.2. Multidomain particles 

In the section above dealing with magnetism, it is stated that the dipolar interaction is 

weak compared to exchange interaction. This is true. However, the magnitude of the 

exchange interaction decreases exponentially, whereas the magnitude of the dipolar 

interaction decreases only with the inverse cube of the separation of magnetic moments. This 

has a consequence in bulk materials, where magnetic domains are created due to the dipolar 

interaction. 

Domains are areas in magnetic solids, where magnetization has the same direction. 

Domains are separated by domain walls, where the magnetization changes from the direction 

of one domain to the direction of the other domain. Creation of domains is energetically 

favorable process, which could lead to so-called closure domain (Figure 1-3), which is 

energetically least demanding. 

When a magnetic field is applied to the material with domain structure, the area of 

domains with an orientation of magnetization parallel to the direction of applied field will 

increase, whereas the area of domains with an orientation of magnetization antiparallel to the 

direction of applied field will decrease. When the expansion and contraction of domains is no 

longer favorable then a flipping of the magnetization of those domains having an opposite 

direction of magnetization to that of the applied magnetic field occurs Such a process has a 

high energy barrier. 

 

 

Figure 1-3 Reduction of free energy by creation of closure domain (right) from single domain (left). 

 

This process is represented by hysteresis in a plot of magnetization as a function of 

applied field (Figure 1-4). The area of hysteresis is a measure of energy dissipation during this 

process. 
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Figure 1-4 Magnetization curve of ferro- and ferrimagnetic material. MS is saturation magnetization, MR 
is remanence and HC is coercivity. 

 

The three most important characteristics of a hysteresis loop are saturation 

magnetization MS (the magnetization, when all magnetic moments are aligned with applied 

field), remanence MR (magnetization that is left behind when external applied field is 

removed) and coercivity HC (the magnetic field necessary to demagnetise previously 

magnetised material). Classification of soft and hard magnets is based on the value of HC. If 

the value of HC is low the material is considered to be a soft magnet and vice versa. 

1.3.3. Monodomain particles 

If the particles are small enough, as in the case of nanoparticles, then they can become 

single domained due to weakening of the overall dipolar interaction. The magnetization in this 

case points in the direction of the easy magnetization axis. This direction generally coincides 

with one of the specific crystallographic directions: [100], [110] or [111]. The magnetization 

flipping between the parallel and antiparallel orientation of magnetization to the direction of 

easy magnetization axis requires energy, which is called magnetocrystalline anisotropy ∆E. It 

is proportional to particle volume. When the magnetocrystalline anisotropy becomes 

comparable to thermal motion, the magnetization fluctuations occur more often. When the 

flipping is fast enough the particle behaves as a giant paramagnet. This is called 

superparamagnetic state. The average length of time between two flips of magnetization due 

to the thermal motion, τ, is expressed by equation (16) 
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where τ0 is a constant for a particular material. 

When we decrease temperature, τ will increase and at a certain temperature, τ will reach 

the same timescale as the experimental technique we use for its observation. This is called the 

blocking temperature, or TB. Above this temperature the particles behave as magnetically 

ordered material. 

The superparamagnetic state is manifested in experimental results by various features. 

For example, material in a superparamagnetic state has no hysteresis, even though the spins 

within a particle are magnetically coupled. In Mössbauer spectroscopy (section 1.5.1), the 

superparamagnetic state of the particles results in a doublet pattern of the spectrum. Under TB 

the spectrum exhibits a sextet. In the temperature region about TB the pattern changes from a 

sextet to a singlet to a doublet with decreasing temperature. 

1.4. Crystal and magnetic structure of iron(III) ox ide phases 

Information about iron(III) oxide phases are summarized in a book by R. M. Cornell 

and U. Schwertmann [23] and in a review by R. Zbořil et al. [24]. 

Four crystalline polymorphs of iron(III) oxides are known (alpha, beta, gamma and 

epsilon). Alpha and gamma polymorphs are also known as the minerals hematite and 

maghemite respectively. All polymorphs have been prepared in the laboratory and the alpha 

and gamma phases find application in several fields. A well known use is as inorganic 

pigments [25], [26] and [27]. Both natural and synthetic alpha and gamma phases are used for 

the production of red and brown pigments. The colour depends on crystallinity. Other 

applications are as a catalysts in various industrial processes such as the manufacture of 

styrene by dehydrogenation of ethylbenzene [28], [29] and [30] or the Fischer-Tropsch 

synthesis of hydrocarbons [31], [32] and [33]. 

Another wide field of application of iron oxides arises from their magnetic properties. 

Iron oxide is used as a starting material for production of hard ferrites like BaFe12O19 or it is 

used in magnetic strips on checks, cards or tickets. Superparamagnetic maghemite 

nanoparticles are used as negative contrast agents for MRI [34] and [35]. 
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The most commonly used process for the preparation of crystalline iron(III) oxides is 

thermal treatment of iron oxidehydroxides [36] and [37], iron sulfates [38] or oxalates [39]. 

The thermal treatment could be also preceded by hydrolysis or combined with an oxidation 

process as when prepared from Fe3O4 [40], FeCl2 [41], FeCl3 [42], FeSO4 [43], FeS [44] and 

[45] or FeC2O4 [46], [47] and [48]. The products obtained contain different iron(III) oxide 

phases with different morphologies depending on the process used for their preparation. 

Another important feature of iron(III) oxide polymorphs is that the beta, gamma and 

epsilon phases are thermodynamically metastable towards the alpha phase under ambient 

conditions, so that the heat treatment may be used to produce the desired polymorph. 

A well-known transformation under heat treatment is the recrystallisation of maghemite 

to hematite, which may be accompanied by intermediate epsilon phase. A hypothesis 

suggested by Gich et al. [61] and Ohkoshi et al. [105], describing the dependence of the phase 

of iron oxide particles on particle diameter, is based on the decreasing transformation and 

surface energies of the iron oxide phases from maghemite over epsilon to maghemite. This 

should result in the stability of a particular iron oxide phase in a limited region of particle 

size. These regions of stability of iron oxide phases are shown in Figure 1-5. This hypothesis 

offers a theoretical description of the observation that in the samples, the maghemite particles 

are smaller than epsilon phase particles, which are smaller than those of hematite. The epsilon 

phase is known for its enormous room-temperature coercivity of 2 T [49], [50] and [51] and 

coupling of magnetic and dielectric properties [52]. Its physical properties, promising 

numerous potential applications, stimulated intensive investigation. However, a majority of 

the samples with the 2 T-coercivity at the room temperature contained a significant amount of 

the α-Fe2O3 phase. 

 

 

Figure 1-5 Graphic representation of dependence of Gibbs energy per unit volume on the particle size of 
hematite, epsilon phase and maghemite. 
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The epsilon polymorph was first prepared and reported by Forestier and Guiot-Guillain 

in 1934 [53]. Different methods were subsequently used for the preparation of epsilon phase 

such as the evaporation of iron in an electric discharge under oxygen flux [54]. One common 

method was the heating of basic iron sulfate [55] or potassium ferricyanide [56] and [57]. 

In 1998, Tronc et al. [58] prepared nanoparticles of ε-Fe2O3 embedded in an amorphous 

silica matrix. They also solved the structure of the epsilon phase. The system of Fe2O3 

nanoparticles in an SiO2 matrix (Fe2O3/SiO2) was used by Hutlová et al. [3], Jin et al. [49], S. 

Shunsuke et al. [59], Kelm and Mader [60], and Gich et al. [61]. Zbořil et al. prepared ε-Fe2O3 

nanoparticles without a supporting matrix [62]. 

Beta phase was obtained as thin film by chemical vapour deposition [63] and [64] or by 

thermally induced solid state reaction of NaCl and Fe2(SO4)3 [65] and [66]. 

1.4.1. Hematite, αααα-Fe2O3 

The structure of α-Fe2O3 can be regarded as hexagonal close packing of oxygen anions 

(stacking of layers is ABAB), where iron ions occupy two-thirds of the octahedral sites. It is 

isostructural with corundum. The space group is R3c and in hexagonal crystal system the 

lattice constants are a = 503.55 pm and c = 1374.71 pm at room temperature [67]. There are 

six formula units per unit cell and there is only one iron and one oxygen crystallographic site 

in the structure. The point group of iron and oxygen site is C3, with the axis parallel to c axis. 

Each iron atom neighbours thirteen other iron atoms via an oxygen atom. This is 

illustrated in Figures 1-6 and 1-7, where the central atom is denoted by a red coordination 

polyhedron and its neighbours by the grey ones. Three planes X, Y and Z are shown in the 

Figure 1-6 as a guide for the eye. The planes are parallel to the oxygen layers and run through 

the iron layers. Miller indices of the planes are 003, 002 and 00-3. There are four different 

cation-anion-cation bonds connecting the central atom to its neighbours [67] and [68]. The 

three intralayer bonds (best observable on Figure 1-7, plane Y) have a value of the Fe-O-Fe 

angle equal to 94.0° and are symmetrical due to C3 site symmetry. There are six bonds with 

angles of 131.6°, three of them connecting neighbours in X plane and another three in the Z 

plane. Bonds with three remaining atoms in the Z plane have a value equal to 119.7°. The last 

bond is to the neighbour in the X plane, with an angle of 86.4°. 

Hematite is antiferromagnetic at low temperature. The angle between magnetic 

moments and c axis is 7°. There is a parallel orientation of the magnetic moments within the 
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Fe layers and antiparallel orientation between these layers. A reorientation of the spins in the 

Fe layer (parallel to 001 plane) occurs at the Morin transition temperature of about 265 K. 

The reorientation also causes an imperfect compensation of magnetic moments because of the 

small canting angle (<0.1° [23]) between the magnetic sublattices so that hematite is weakly 

ferromagnetic above the Morin transition. The Néel temperature is 956 K. 

 

 

Figure 1-6 Part of the hexagonal unit cell of heamtite. The planes X, Y and Z corresponds to the planes 
003, 002 and 00-3 respectively. 

 

 

Figure 1-7 Planes X, Y and Z  (from left to right) corresponding to Figure 1-6, viewed from [001]. 
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1.4.2. ββββ-Fe2O3 

The space group of the beta phase is Ia 3 . The beta polymorph is isostructural with 

bixbyite. The lattice constant a = 939.30 pm [69]. The beta phase structure is shown in Figure 

1-8. There are sixteen formula units in the unit cell. Twenty four iron atoms occupy the d site 

with C2 site symmetry and eight iron atoms occupy b site with S6 site symmetry. The 

coordination number of both types of iron sites is six and both neighbour with twelve other 

iron atoms via an oxygen atom. The Fe in b site neighbours only with the Fe in the d site. 

There are six edge-sharing octahedra (cation-anion-cation angles are 94 and 102°) and six 

corner-sharing octahedra (angle is 132°). The Fe in the d site neighbours with eight Fe in d 

site (four edge-sharing octahedra, angles 95 and 107° and four corner-sharing octahedra, the 

angle is 120°) and with four Fe in the b site (two edge-sharing octahedra and two 

corner-sharing octahedra). 

The temperature of magnetic ordering is about 110 K [65]. Above this temperature the 

beta phase is paramagnetic. 

 

 

Figure 1-8 Structure of ββββ-Fe2O3. Iron cations in b site are in the centre of octahedrons, the rest are iron 
cations in d site. 
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1.4.3. Maghemite, γγγγ-Fe2O3 

The structure of maghemite can be regarded as the same as that of magnetite. Magnetite 

is an inverse spinel. Oxygen atoms form cubic closest packing (stacking of layers is 

ABCABC). Half the Fe3+ cations occupy one eighth of the tetrahedral sites. The other half of 

Fe3+, together with Fe2+, occupy half of the octahedral sites. In maghemite, due to the 

oxidation of Fe2+ to Fe3+, the ratio between cations and anions is lower causing vacancies in 

sites occupied by cations in magnetite. The vacancies are in octahedral sites and so the 

formula of maghemite, written in spinel form (A denotes tetrahedral site and B octahedral 

site), is FeA(Fe5/3□1/3)
BO4, where □ is a vacancy. The structure of maghemite is shown in 

Figure 1-9. Iron in both A and B sites neighbours with twelve iron atoms via an oxygen 

bridge. A-site iron atoms neighbour only B-site atoms via corner-sharing polyhedra (angle 

varies about 120°). B-site iron atoms neighbour with six other B-site iron atoms via 

edge-sharing octahedra (angle varies about 90°) and with six iron atoms in A-sites. The space 

group is cubic P4332 and lattice constant a = 856.61 pm [70]. If the ordering of the vacancies 

is not random, the symmetry of the structure lowers to tetragonal with c lattice constant four 

times longer. 

Maghemite is ferrimagnetic (two magnetic sublattices of A and B sites) below the Curie 

temperature. The exact determination of Curie temperature is cumbersome, because of the 

transformation to hematite at higher temperatures and also due to its dependence on the size 

of the crystallites [71]. Above this temperature maghemite is paramagnetic. 
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Figure 1-9 Structure of maghemite. Tetrahedral A site is represented by grey polyhedra, iron cations in 
octahedral B site are represented by yellow balls. 

1.4.4. εεεε-Fe2O3 

The structure of the epsilon phase can be regarded as closest packing of oxygen anions 

with layer stacking ABAC. The space group is orthorhombic Pna21 with lattice constants 

a = 509.5 pm, b = 878.9 pm and c = 943.7 pm [58]. The epsilon polymorph is isostructural 

with AlFeO3, GaFeO3, κ-Al 2O3 and ε-Ga2O3. There are four different iron sites in the epsilon 

polymorph. Three of them have octahedral coordination and the last one has tetrahedral 

coordination. The symmetry of each site is E. The epsilon phase structure is shown in Figures 

1-10 and 1-11. It consists of two types of layers (X and Y layers in Figures 1-10 and 1-11). 

There is one chain of edge-sharing octahedra (Fe1) and one chain of corner-sharing tetrahedra 

(Fe4) in layer X. In layer Y, there is one chain of edge-sharing octahedra (Fe3) with Fe2 

octahedra alternating on the sides of this chain. Iron cations in octahedral sites neighbour with 

twelve other iron cations. Iron in tetrahedral site neighbours with ten other iron cations. The 

neighbouring relationships of particular iron sites together with angles iron-oxygen-iron 
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bonds in idealized structure of ε-Fe2O3 proposed by Tronc et al. [58] are summarized in Table 

1-1. 

Considering magnetism, epsilon is reported to be a collinear ferrimagnet at room 

temperature, with a coercivity of 2 T. The spins, and therefore also the magnetizations, are 

aligned parallel and antiparallel to the [100] direction, with possible small components of 

magnetizations in other than this direction of Fe3 and Fe4 sites as determined by neutron 

diffraction [51]. Magnetic moments within a layer are parallel and the arrangement of 

moments between layers is antiparallel. The strongest exchange interaction is between Fe1 

and Fe2 and between Fe1 and Fe3 iron atoms, which are connected via oxygen with bond 

angle about 180°. Ferromagnetic order of Fe4 is frustrated probably due to antiferromagnetic 

intra-site exchange interaction. The net magnetic moment of the Fe4 site is somewhat lower 

than the net moment of the other Fe sites, which causes non-zero magnetization at room 

temperature. The Curie temperature is about 490 K. 

Between 80 – 150 K magnetic and structural transitions occur [51]. In this transition 

region, the coercivity drops to a zero value. Under 80 K the coercivity again rises to 

approximately 1 T. The basic relations between magnetic sublattices are preserved. However, 

the low temperature phase is proposed to be in a square-wave incommensurate magnetic state, 

with spins lying in xy plane [51]. A schematic representation of this magnetic structure is 

shown in Figure 1-12. 

The canting among the particular magnetic sublattices was also observed by Mössbauer 

spectroscopy in an applied magnetic field [58], [91] and [92]. In the hard magnetic state, the 

canting angles of Fe1, Fe2, Fe3 and Fe4 magnetic sublattices reported by Rehspringer et al. 

[91] and Tronc et al. [58], were found to be similar and their values were about 25, 145, 145 

and 35° respectively. In the soft magnetic state, under a temperature of 10 K, Rehspringer et 

al. [91] found these angles to be 35, 136, 99 and 81°. The angles reported by Tronc et al. [92] 

were different for Fe3 and Fe4 sublattices (33, 143, 144 and 63°). 
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Figure 1-10 Structure of εεεε-Fe2O3. Iron cations illustrated with their coordination polyhedra: Fe1 – red, 
Fe2 - yellow, Fe3 – blue and Fe4 – green. 

 

 

Figure 1-11 Layer X and Y according to Figure 1-10 of epsilon iron oxide. Iron cations illustrated with 
their coordination polyhedra: Fe1 – red, Fe2 - yellow, Fe3 – blue and Fe4 – green. 
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Table 1-1 Cation-anion-cation angles for the idealized structure of εεεε-Fe2O3 proposed by Tronc et al. [58]. 
Numbers in brackets denote number of neighbouring iron atoms of a particular iron site. 

Fe1  Fe2  Fe3  Fe4 
Fe1 Fe2 Fe3 Fe4  Fe2 Fe3 Fe4  Fe3 Fe4  Fe4 
(2) (5) (4) (1)  (0) (3) (4)  (2) (3)  (2) 

90.7 180.0 180.0 125.9  - 90.7 125.2  90.7 125.0  109.8 
90.7 131.6 131.4    90.7 125.2  90.7 124.7   

 131.6 89.6    90.7 125.0   124.8   
 131.4 89.6    90.7 124.9      
 89.3 89.3    90.4       
 89.3 89.3    90.4       

 

 

Figure 1-12 Schematic representation of square-wave magnetic structure of εεεε-Fe2O3 at temperatures 
below 80 K. 

1.4.5. Substitution of εεεε-Fe2O3 

Due to the possibility of the formation of solid solutions with isostructural κ-Al 2O3 and 

ε-Ga2O3, ε-Fe2O3 with Al and Ga substitution of iron were prepared. Classical ceramic 

methods allow the preparation of the solid solutions in a limited region around a ratio of iron 

and the substituting atom equal to one [72] – [81]. Recently, ε-MxFe2-xO3 substituted by 

aluminium (x = 0.00 to 0.40) [82], by gallium (x = 0.10 to 0.67) [83] and by indium (x = 0.00 

to 0.24) [84] have been prepared by a combination of the reverse micelle method and the 

sol-gel process [49], [59] and [85]. 

The ionic radii of tetra and hexacoordinated Fe3+, Al3+, Ga3+ and In3+ are summarised in 

Table 1-2. The radii of aluminium are smaller, those of gallium are similar and the radii of 

indium are bigger than those of iron. This corresponds to the preference of coordination in 

substituted epsilon phase of the particular substituting ions, which can be followed in the 

work mentioned above. Whereas in case of aluminium and gallium the preferred sites for 

substitution are tetrahedral Fe4 together with octahedral Fe3, in case of indium it is the 

octahedral Fe1 and Fe2 sites. The other differences arising from either Al and Ga substitution 

on one side or substitution by In on the other side are the stabilization of epsilon phase in case 

of Al and Ga substitution considering the metastability towards hematite and the 
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destabilization of epsilon phase in case of indium substitution, where the critical indium 

concentration seems to be x = 0.24. Above this concentration In2Fe4O9 is formed [84]. 

The different level of substitution in Fe sites of the epsilon phase and, therefore, a 

different value of magnetization of particular sublattices leads to ferrimagntism in substituted 

epsilon below the Curie temperature. The soft to hard transition, which starts at 150 K in a 

non-substituted sample, is shifted to lower temperatures with the increasing amount of 

substitution by Al or Ga. At about x = 0.20, where the substitution in Fe4 site is reported to be 

approximately 30% for both Al [82] and Ga [83] substitution, the transition vanishes and the 

material is ferrimagnetic from low temperature up to TC. Curie temperature decreases with an 

increasing level of Al and Ga substitution. 

In contrast, the soft to hard transition temperature for indium substituted samples 

increases to 206 K for x = 0.24 with an increasing amount of indium. The amount of indium 

in Fe4 site is reported to be 9%, while in Fe1 and Fe2 site the In occupancy is reported to be 

17%. TC also decreases with increasing substitution. The above mentioned results suggest, 

that the magnetic transition between 80 and 150 K is closely related to tetrahedral Fe4 site. 

It is worth noting that AlFeO3 and especially GaFeO3 are extensively studied because of 

their piezoelectric and magnetoelectric properties [73], [75] and [86], which originate from 

the bond arrangement of the tetrahedral Fe4 site. This has one Fe-O bond in the direction of 

the polar c axis. 

 

Table 1-2 Ionic radii of Fe3+, Al3+, Ga3+ and In3+ [87]. 

 Ion r (Å) 
Fe3+

 0.49 
Al 3+ 0.39 
Ga3+ 0.47 

Tetracoordinated 
(High spin Fe3+) 

In3+
 0.62 

Fe3+ 0.645 
Al 3+ 0.535 
Ga3+ 0.62 

Hexacoordinated 
(High spin Fe3+) 

In3+ 0.8 
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1.5. Theoretical background of some of the experime ntal 
techniques 

1.5.1. Mössbauer spectroscopy 

Introduction 

 

Mössbauer spectroscopy is based on recoilless γ-ray emission and absorption of nuclei. 

It was discovered by R. L. Mössbauer in 1957 [88] who received the Nobel Prize in physics 

for his work in 1961. The γ-ray emission and absorption is caused by transitions between 

energetic levels of the nuclei. Magnetic and electric fields surrounding the nucleus influence 

the energies of these levels. Thanks to this influence, we are able to study the local 

environment of nuclei, which can give us information about chemical, structural and magnetic 

properties of the environment around the nuclei. 

The 57Fe isotope, with a natural abundance of 2.2%, is a suitable nucleus for Mössbauer 

spectroscopy. Its ground state angular momentum is I = 1/2 and I = 3/2 in the excited state. 

The energy of the γ-ray quantum is 14.4 keV. The basic parameters of Mössbauer spectra are 

isomer shift, quadrupole splitting and hyperfine field. 

 

Isomer shift 

 

The source of isomer shift in Mössbauer spectrum is a Coulombic interaction between a 

nucleus and the s-electrons of the atom, which have a non-zero charge density in the nucleus. 

Changes in isomer shift caused by a difference of s-electron charge density can be used to 

discriminate between different valence states of iron (Figure 1-13). The isomer shift is a 

relative parameter referenced to a standard. The standard used in this thesis is α-Fe. 
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Figure 1-13 Isomer shift between standard and sample. 

 

Quadrupole splitting 

 

Nuclei with angular momentum higher than 1/2 possess an electric quadrupole moment (57Fe 

in excited state), which arises from non-spherical distribution of electric charge of the 

nucleus. Quadrupole splitting reflects the interaction of this quadrupole moment with the 

non-homogenous electric field. It can be caused by electrons of 57Fe atom itself or its 

non-symmetrical coordination environment. The splitting of nuclear levels of excited state is 

then mI±1/2 and mI±3/2, where mI is z component of angular momentum I (Figure 1-14). The 

Mössbauer spectrum of a nucleus with quadrupole splitting is a doublet with peaks separated 

by ∆EQ. 

 

 

Figure 1-14 Quadrupole splitting of energetic levels of excited 57Fe. 

 

Hyperfine field 
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Hyperfine field Bhf results from the interactions of the nucleus with its own electrons 

and with the magnetic field experienced by nucleus. These interactions can be divided into 

three types [89], [90], depending on the source of this interaction (corresponding equations 

are in operator form). 

The first type of interaction is direct coupling between the nucleus and s-electrons, 

which have non-zero probability of occurrence in nucleus, and this is called the Fermi contact 

interaction (eq. (17)) 

 

( )↓−↑= ssBs βµµ
3

4 0
r

   (17) 

 

where ↑s  and ↓s  are the s-electron spin densities at the nucleus with spin up and spin down 

respectively and µβ is the Bohr magneton. Differences in spin-up and spin-down charge 

densities are present even in filled s-shells if the atom contains another partially filled orbital. 

Polarization due to this orbital attracts s-electrons with the same direction of spin and repulses 

those with an opposite orientation of the spin. This creates difference in the radial part of 

s-electron wave functions and a Fermi contact interaction field is observed. 

The orbital moment gives rise to a field with operator lB
r

 (eq. (18)). 
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where l
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 is operator of orbital moment. 

A third contribution arises from the dipolar interaction between nuclear spin and the 

spins of its own electrons (eq. (19)) 
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where s
r

 is operator of electron spin. 

The magnetic field experienced by a nucleus can have various origins. Apart from the 

classical external field applied to a sample during, for example,  in-field Mössbauer 

measurements, we mention two sources of magnetic interactions for the purpose of this thesis. 
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The first one is dipolar interaction of the nucleus with surrounding magnetic moments, which 

decreases with the inverse cube of spin separation. The second is the exchange interaction, 

which decreases exponentially in ferromagnetic insulators [17]. 

The Mössbauer spectrum of a nucleus with non-zero Bhf is a sextet (Figure 1-15) as the 

allowed transitions are those where ∆mI = 0 ±1. The intensity ratio between the outer, middle 

and inner lines of the sextet are 3:(4sin2θ)/(1+cos2θ):1, where θ is an angle between the γ-ray 

and the z component of nuclear angular momentum. It may be noted that the intensity ratio of 

outer and inner lines is always 3:1. The intensity ratio of the middle and inner lines varies 

with θ and the ratio value lies between 4:1 (θ is 90°) and 0:1 (θ is 0°). 

In summary, the Fermi contact interaction is the major contribution to Bhf. It is isotropic, 

due to the spherical the s-orbital symmetry. For the 57Fe isotope the interaction is negative, 

which accounts for the antiparallel orientation of the hyperfine field and the magnetic moment 

of this nucleus [93]. The contribution of orbital moment for trivalent iron in a weak ligand 

field is zero, due to the absence of orbital moment. The contributions of dipolar and exchange 

interactions are generally anisotropic. 

 

 

Figure 1-15 Splitting of nuclear energetic levels due to the magnetic field experienced by the nucleus. 

 

Measurement in an applied magnetic field 

 

The purpose of in-field Mössbauer measurements is to determine the spatial orientations 

of magnetic sublattices with respect to net magnetization and/or to simplify interpretation of 
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the spectra by changing the effective magnetic field, effB
r

, experienced by nuclei 

( apphfeff BBB
rrr

+= ) and thus separate overlapped sextets. appB
r

 is the applied magnetic field. 

Two experimental set-ups are used for in-field Mössbauer measurements. The first is 

with the magnetic field parallel to the γ-ray and the other is with magnetic field perpendicular 

(Figure 1-16). The effective field always lies on the surface of a cone which has its axis in 

direction of appB
r

. 

The first case is somewhat easier for the interpretation of experimental results as the 

direction of the γ-ray is also the axis of the cone and the angle θ is constant. In the latter case 

the angle θ varies in the range <90-α; 90+α>. 

With a parallel setup, the canting angle between effective field and magnetization 

(which is equal to θ) can be computed from the equation for the intensity ratio between the 

middle and inner lines. In the perpendicular set-up, the canting angle between the effective 

field and magnetization (which equals α) can be computed from equation (20), which 

expresses the dependence of the intensity ratio between the middle and inner lines with angle 

α. 
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This ratio varies between 4:1 (α = 0°) and 1.657:1 (α = 90°). 

An alternative for method for obtaining α is to measure the spectrum without an applied 

field, where we obtain hfB
r

, and to then measure the spectrum in an applied field, where we 

obtain effB
r

. From equation (21) we can then obtain angle α. 
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The angle between effB
r

 and appB
r

 is then easily converted to the angle between hfB
r

 and appB
r

, 

which equates to the angle between hfB
r

 and net magnetization. 
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Figure 1-16 Diagrams of experimental set-ups with direction of applied magnetic field (Bapp) and direction 
of γγγγ-ray parallel (left) and perpendicular (right). 

 

Line broadening due to substitution 

 

The analysis of significant non-Lorentzian broadening of Mössbauer spectrum lines is 

possible on the basis of a physical model of local disorder (LD) [71], [94] and [95] or 

mathematical analysis of line profiles [96] and [97]. 

For a qualitative theoretical description of Mössbauer spectra obtained from samples 

prepared for the purpose of this thesis, we can follow the LD model as it was proposed for 

aluminium [95] and rhodium [71] substituted hematites and aluminium substituted maghemite 

[98]. 

 

Temperatures near 0 K 

 

In iron oxides, another contribution to hyperfine field arises from partial spin 

polarization of orbitals of the oxygen anion by the iron cation. This polarization is then 

transferred to another iron cation, which also neighbours the oxygen anion. This contribution 

is called supertransferred hyperfine field BSTHF. In weak ferromagnetic Al-substituted 

hematite [95], BSTHF was found to be 0.43 T per neighbour for a nine-neighbour model and 

0.65 T for a six-neighbour model. In antiferromagnetic Rh-substitued hematite [71], BSTHF 

was found to be 0.79 T per neighbour for a nine-neighbour model and 0.78 T for a 

six-neighbour model. 
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For the nine-neighbour hematite model we can write an equation for the dependence of 

the hyperfine field on the number of Fe3+ nearest-neighbours, znn, at temperatures near 0 K, 

(eq. (22)) 

 

STHFnnhfnnhf BzBzB )9()0,0()0,( −−=   (22) 

 

where Bhf(0, 0) is the saturation hyperfine field for α-Fe2O3. Using this approximation, we can 

calculate the hyperfine field as a function of znn. Assuming that the amplitude of Bhf is given 

by binomial distribution (eq. (23)), we can estimate the profile of the hyperfine field 

distribution caused by substitution of Fe3+ by diamagnetic atoms. 
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c is the fraction diamagnetic cations. 

 

Hyperfine field for T > 0 

 

We make the general assumption [71] and [95] that 

 

zhf SAB =    (24) 

 

where A is the hyperfine coupling constant and zS  is the average component of the spin of a 

single Fe3+ ion along the direction of hyperfine field. Using (24) we can write that 

)0,(),(),( cBTcTcB hfhf σ= , where σ(c,T) is the reduced magnetization of the Fe3+ ion. 

Temperature dependence of hyperfine field is given by Brillouin function (25) 
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where 
Tk

TcJHg
x

B

),(βµ
= , J is total angular momentum, g is gyromagnetic ratio, H(c,T) is 

intensity of magnetic field experienced by magnetic moment dependent on level of 
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substitution and temperature and can be approximated by Weiss molecular field Hm (eq. (26)). 

kB is Boltzmann constant and T is temperature in Kelvins. 
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Jnn and Jnnn (taken positive for ferro and negative for antiferromagnetic interaction) being 

exchange integrals for nearest-neighbours and next nearest-neighbours and znnn number of 

Fe3+ next nearest-neighbours. Using equations (24), (25) and (26) for Bhfs of Al-maghemite 

and ommiting next nearest-neighbours’ influence [98], we derive equations (27) and (28) for 

Bhfs for tetrahedral A and octahedral B site. 
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where xA and xB represent numbers of Al ion on A and B sites and )0()( ,, ihfihfi BTB=σ  

for i = A, B . 

We generalize these equations for hyperfine fields for magnetic structure with arbitrary 

number of magnetic sublattices with collinear arrangement of magnetizations by equation 

(29). 
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Bhf,i(T) is hyperfine field of i-th magnetic sublattice, Bhf,i(0) is its saturated field (T = 0 K), B5/2 

Brillouin function for S = 5/2, xi level of substitution of i-th sublattice, zij is number of nearest 

cation neighbours of j-th sublattice, Jij is exchange integral between i-th and j-th sublattice 

and θij is angle between directions of i-th and j-th sublattice magnetizations. Subscripts i and j 

= Fe1, Fe2, Fe3 and Fe4. 
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Qualitative analysis of exchange integrals Jij of ε-Fe2O3 

 

Space group Pna21 has only one Wyckoff position a with multiplicity 4. The point 

group of this site is E [99]. As mentioned in the section above dedicated to the epsilon phase 

structure, each octahedral site is surrounded by 12 Fe cations and the tetrahedral site by 10 

(Table 1-1). Due to this low symmetry, Jij (eq. (29)) is composed of 1 to 6 different 

superexchange integrals giving 31 different integrals for the whole structure. For the 

qualitative analysis of different magnitudes of superexchange interactions among particular 

sublattices, we will follow rules for the relative magnitude and sign of these interactions as 

given in work of Tronc et al. [92]. 

Fe1Fe1 superexchange interaction (2 nearest-neighbours, both edge-sharing octahedra) 

is mediated by four Fe1-O-Fe1 bonds with angles of about 90°, which causes a weak 

ferromagnetic interaction. Similar superexchange interaction is in the other chain of 

edge-sharing octahedra, which comprises iron atoms in Fe3 site. 

Fe1Fe2 (5 nearest-neighbours) is mediated by one ~180° (strong antiferromagnetic 

interaction, corner-sharing octahedra), three ~120° (antiferromagnetic interactions, 

corner-sharing octahedra) and two ~90° bonds. The Fe1 sublattice therefore interacts with 

four Fe2 cations via (strong) antiferromagnetic superexchange interaction and with the fifth 

one via two weak ferromagnetic interactions in edge-sharing octahedra arrangement. 

Two out of four Fe1Fe3 interactions have similar corner-sharing octahedra 

arrangements with angles ~180° and 120°. The other two neighbours interact via four ~90° 

bonds in two edge-sharing octahedra. 

The interaction of Fe1 with tetrahedral Fe4 site sublattice is mediated via one 

corner-sharing polyhedra with ~120° bond. 

The interaction between Fe2 iron atoms is mediated by more than one oxygen atom. 

All Fe2Fe3 interactions have bond angles of about 90° due to the three edge-sharing 

octahedra arrangement. 

Fe2Fe4 interactions are mediated by four ~120° bonds of four corner-sharing polyhedra. 

Fe3Fe4 interactions have also ~120° bonds, but only three instead of four nearest 

neighbours. 

Fe4Fe4 corner-sharing tetrahedra interaction has also angle near 120°, which causes 

frustration in sublattice magnetization orientation.  

In a rough approximation we can sort these 31 different interactions into 5 types: 

corner-sharing octahedra with ~180° bond (OO180, two cases), corner-sharing octahedra with 
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~120° bond (OO120, four cases), edge-sharing octahedra with ~90° bond (OO90, sixteen 

cases), octahedron and tetrahedron sharing corner ~120° bond (OT120, eight cases) and 

corner-sharing tetrahedra with ~120° bond (TT120, one case). 

 

The consequences of substitution 

 

It is clear that, for example, if a diamagnetic atom substitutes iron in Fe1 sublattice, 

three different cases can occur for the probe atom in the Fe2 sublattice as it can replace 

neighbours with OO180, OO120 or OO90 superexchange integrals and therefore three 

different hyperfine field may be experienced by the Fe2 probe atom. 

To simplify things further, we can assume that no change of hyperfine field will occur 

in the case of the substitution of one of the iron atoms in edge-sharing octahedra. From this 

assumption, we can draw a conclusion: that the substitution of an iron atom of a particular 

sublattice by a diamagnetic atom will cause no change in the hyperfine field magnitude of this 

sublattice with the exception of Fe4. As mentioned above, if the substituting atom is 

aluminium or gallium, it preferentially occupies the Fe4 tetrahedral site and subsequently the 

octahedral site Fe3. In case of substitution in Fe4 sublattice, all sublattices would be 

influenced, however the least influence would be observed at Fe1 because it has only one Fe4 

neighbour. In case of Fe3 substitution, the Fe2 and Fe3 sublattices would not be influenced, 

whereas two out of four neighbours of Fe1 sublattice and all three Fe4 neighbours would be 

influenced. 

Theoretical line broadening of Fe2 sextet due to substitution in Fe4 site (all exchange 

interactions assumed to be equal) is demonstrated in Fig. 16. It is a graphical representation of 

equation (23). It shows the dependence of intensity (=probability) of five Fe2 sextets (sextet 

with 0, 1, 2, 3, and 4 substituted neighbours in Fe4 site) on variable c, which is the fraction of 

substituting cation. The difference of Bhf caused by substitution is, in case of diamagnetic 

substitution, the sum of decrease of supertransferred hyperfine field and decrease of 

magnetization of Fe4 sublattice. Figure 1-17 shows that the Fe2 sextet would have the highest 

FWHM when in the Fe4 sublattice will be substituted just a half of iron atoms, in case that all 

exchange interaction would be equal and there would be no substitution in Fe1, Fe2 or Fe3 

sublattices, because there are significant contributions to total Fe2 signal (sextet) from all five 

Fe2 sextets, which have different magnitudes of hyperfine fields. 
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Figure 1-17 Simulation of influence of substitution level on distribution of Bhf - probabilities of iron having 
from 0 to 4 diamagnetic neighbours. 

 

It is worth noting that analysis described above ignores two features. The first one is 

dipolar interaction. We can assume that, for nanoparticles, this interaction is less important 

than in the bulk material. However, calculations have to be made to evaluate the magnitude of 

this type of magnetic interaction. The second feature is structure disorder, which is essentially 

introduced in the structure due to differences in ionic radii of iron and substituting cations. If 

we compare cation-anion-cation angles in structure models of ε-Fe2O3 [51] measured at 

200 K, AlFeO3 [75] measured at 300 K and GaFeO3 [81] obtained by refinement of neutron 

diffraction data, we find, that in three sets of differences between all 31 angles, there is only 

one which exceeds five degrees and the rest lie under this value. This suggests that the 

average angles do not change dramatically with the substitution.  

1.5.2. Nuclear magnetic resonance 

Introduction 

 

Another method using transitions between nuclear energetic levels is nuclear magnetic 

resonance (NMR). Here the difference is lies in energy of photons involved in transitions, 

because, whereas in Mössbauer spectroscopy we excite the nuclei in such way that we change 

the total angular momentum, in NMR the transitions involve only the changes of the z 

component of I. The energy of photons needed for excitation in NMR lies in the megahertz 

region of  radiofrequency (RF) radiation. 
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The nucleus used for the measurement is again the 57Fe isotope. The ground state 

(I = 1/2) energetic levels are split in external magnetic field B in two levels mI = ±1/2 (Figure 

1-15) separated by an energy given in equation (30) 

 

BE hγ=∆       (30) 

 

where γ is the gyromagnetic ratio. There also exists a nuclear g-factor analogous to that for 

electrons. Their relation can be written as h/gNµγ = . µN is nuclear magneton, which is 

completely analogous to Bohr magneton with the exception that the rest mass of the electron 

is replaced by the rest mass of proton. γ for 57Fe is 1.38 MHz/T. 

The nucleus is able to absorb RF radiation with energy ωh=∆E . The condition of 

resonance (Larmor) frequency is then expressed by equation (31). 

 

Bγω =       (31) 

 

Thanks to low energy difference between the two nuclear levels, the populations of spins in 

both states (mI = ±1/2) are almost equal, resulting in a small net magnetization of a set of 

nuclei. 

A motion equation for a mean value of magnetization in an external, generally time 

dependent, magnetic field B can be written 
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F. Bloch formulated the motion equations of magnetization in liquids [100] as 
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where M0 is equilibrium magnetization, Mz is magnetization in z direction, Mi’ , i’  = x’, y’ are 

magnetizations in x’ and y’ directions of the coordinate system (x’, y’, z), which rotates with 
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the Larmor frequency about z axis. B’ = B+B1, where B1 is magnetic field of RF radiation. T1 

and T2 describe the spin-lattice and spin-spin relaxation processes and are also called 

longitudinal and transverse relaxation time. 

Bloch equations (33) and (34) are good approximations in low viscosity liquids. In 

solids, the interactions between spin and lattice and between spins cannot be considered as 

weak and therefore the Bloch equations are generally no longer valid in solids. For a 

description of nuclear magnetization in solids it is necessary to use the formalism of quantum 

statistics [101], which do not provide an easy answer, and therefore the Bloch equations are 

used for simplicity. This is, however, a very rough approximation. 

 

Pulse experiment 

 

Imagine a system of nuclei in equilibrium with B = (0, 0, B). Magnetization is parallel 

to z direction M = (0, 0, M0). Then we apply a pulse of RF radiation along the x’ axis 

B1 = (B1cosωt, 0, 0). If the pulse is long enough, the direction now points in the y’ direction. 

This is called a 90°x’ pulse and corresponds to equalization of spin populations in the two 

nuclear spin states (there is no z component of the magnetization). If the pulse were to be two 

times longer, the magnetization would point to the –z direction. This is called a 180°x’ pulse 

and corresponds to inversion of the spin state populations with the z component magnetization 

now -M0. 

After the pulse or sequence of pulses, the measurement of free induction decay takes 

place. Free induction decay (FID) is a magnetization, precessing in x’y’  plane, inducing a time 

dependent voltage in the receiving coils and is the time dependent NMR signal. This signal is 

transformed from time domain into the frequency domain by Fourier transformation. The time 

dependence of magnetization in x’y’  plane is given by equation (35) 

 

2/
',0'
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ii eMM −=      (35) 

 

where M0,i’  is magnetization in i’  axis just after the pulse. The time dependence of free 

induction decay is governed by transverse relaxation time. 

 

Spin echo 
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An external field is not necessary for NMR spectroscopy in magnetic solids, because 

the nuclei experience hyperfine field Bhf mentioned in section dedicated Mössbauer 

spectroscopy. The distribution of resonance frequency in solids is much higher than in liquid 

phase. It is due to distribution of direction and magnitude of magnetic moments caused by 

defects of crystal lattice or magnetic order (for example domain walls). This distribution 

forbids the homogenous excitation and also the measurement of free induction decay, because 

the signal vanishes within approximately 10 µs which corresponds to the dead time of 

receiver after the pulse sequence. 

In magnetic solids a pulse sequence known as spin echo is used. It will be explained 

using the Carr-Purcell modification of this sequence. The pulse sequence begins with a 90°x’ 

pulse. After time τ, the 180°x’ pulse causes alignment of the spin phases after time τ and the 

signal, in the form of the first echo of the FID, can be measured (Figure 1-18). If T2 is long 

enough, then more than one echo can be measured. The amplitudes of the subsequent echoes 

diminish exponentially according to (35). 

 

 

Figure 1-18 Scheme of Carr-Purcell spin echo experiment and vector representations showing evolution of 
spin system at instants labelled a to e in the sequence. In diagrams c and d, A and B denote individual 
spins with Larmor frequency higher and lower than the mean Larmor frequency respectively, which is 
the frequency of the rotating coordinate system x’ , y’, z. 
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2. Experimental 

This chapter summarises experimental details of methods and measurements used in 

this thesis. 

2.1. X-ray Powder Diffraction 

Two different diffractometers with Bragg-Brentano geometry were used for sample 

measurements: Siemens DACO 500 diffractometer equipped with a cobalt tube 

(Kα 0.1789 nm) and Siemens XRD 7 equipped with copper tube (Kα1 0.1541, 

K  α2 0.1544 nm). A thin layer of powdered sample was placed on top of the flat 

non-diffracting sample holder. No correction for sample height was made. Samples were 

measured in 2theta range from 10 to 80° (copper tube) or from 20 to 80° (cobalt tube) with 

step 0.05° 2theta. Data were collected at room temperature and used as obtained without 

smoothing. Evaluation of data was performed by comparison of diffraction peaks to the 

powder diffraction database. The Rietveld refinement of diffractograms was carried out only 

if the data were good enough. 

X-ray powder diffractograms using synchrotron irradiation were measured at PDIFF 

beamline of ANKA, Forschungszentrum Karlsruhe with wavelength of 0.09535 nm. The 

instrumental contribution to peak profile was evaluated by measurement of an LaB6 standard. 

A thin layer of powdered sample was placed into the rotating sample container. The incidence 

angle of narrow parallel beam was 5°. Samples were measured in 2theta range from 10 to 50° 

with step 0.02° 2theta. Data were measured at room temperature and used as obtained without 

smoothing. Rietveld refinement was done using Fullprof program [102]. A pseudo-Voight 

function was used for refinement. Atomic positions of α-Fe2O3, β-Fe2O3, γ-Fe2O3 and ε-Fe2O3 

phases were used those reported by Mashlen et al. [103], Ben-Dor et al. [69], Cvejic et al. [70] 

and Gich et al. [51] respectively. Mean coherent diffraction domain size, was estimated by 

Fullprof micro-structural analysis, using instrumental broadening of diffraction profiles 

obtained by measurement of the LaB6 standard. 

2.2. Electron microscopy 

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were 

carried out on a JEOL JSM 6700F instument. The conductivity of samples was enhanced by 

carbon coating. EDX analysis was measured on three different spots of the sample and the 

results presented are an arithmetic average of the measurements. 
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Transmission electron microscopy (TEM) was done using TOPCON 002B operating at 

200 kV and a JEOL JEM 3010 operating at 300 kV. Powdered samples were suspended in 

methanol (nanocomposites) or in water (nanoparticles leached from nanocomposite). 

Micrographs were analysed using the ImageJ program. Approximately one hundred particles 

were determined for histogram construction. Particle diameter was determined from area of 

the particle in the micrograph. The area was then treated as an area of spherical particle. The 

particle diameter distribution fit was by log-normal distribution. 

2.3. Mössbauer spectroscopy 

Mössbauer spectra measurements were carried out in the transmission mode with 57Co 

diffused into an Rh matrix as a source moving with constant acceleration. The spectrometer 

(Wissel) was calibrated by means of a standard α-Fe foil and the isomer shift was expressed 

with respect to this standard at 293 K. Mössbauer spectra were measured at room temperature 

or at 4.2 K. Measurements at 4.2 K were obtained in an applied magnetic field or without 

application of an external field. The external field was perpendicular to γ-ray. Spectra were 

fitted by program Normos. 

2.4. Magnetic measurements 

Measurement of magnetization of samples under various conditions as a function of 

applied field or temperature were done using SQUID magnetometer (applied magnetic field 

up to 7 T and temperatures between 2-400 K) or a Vibrating sample magnetometer (applied 

magnetic field up to 9 T and temperatures up to 900 K). 

2.5. Infrared and Raman spectroscopy 

Fourier transform infrared spectroscopy (FTIR) measurements were carried out using a 

Digilab Excalibur 3000. Samples were measured in the form of KBr pellets. Spectra were 

measured in range 400 to 4000 cm-1 wavenumber at a spectral resolution of 4 cm-1. 

Micro-Raman analyses of specimens were performed on a multi-channel bench 

Renishaw InVia Reflex spectrometer coupled with a Peltier-cooled CCD detector. Excitation 

was provided by the 785 nm line of a diode laser. The samples were scanned from 200 to 

1000 cm-1 wavenumber shift at spectral resolution of 2 cm-1. A 50x lens objective (Leica) that 

provides a spot size of ~2 µm was used for the measurements. 
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2.6. Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) spectra of 1H (399.952 MHz) and 13C 

(100.579 MHz) nuclei were measured at room temperature using Varian Unity INOVA 400 

spectrometer. Broadband 1H decoupling, denoted as 13C {1H}, was used for carbon spectra 

measurements. 

NMR spectra of 57Fe nuclei were measured by the spin-echo method using a 

home-made phase-coherent pulse spectrometer with an averaging technique and Fourier 

transformation. The measurements were performed in zero external magnetic field at liquid 

helium temperature (4.2 K). The signal-to-noise ratio was significantly improved using the 

Carr-Purcell pulse sequence. 

2.7. TGA and DTA analysis 

Thermogravimetric analyses (TGA) and differential thermal analyses (DTA) were done 

using a SETARAM SETSYS Evolution-16-MS device coupled to a mass spectrometer. The 

temperature range was 30 to 1400°C with a heating rate of 5°C per minute. A platinum 

crucible sample holder was used. The mass spectrometer was adjusted to detect gaseous H2O 

and CO2 leaving the heated sample. 
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3. From Sol-Gel Precursor to Nanocomposite 

This chapter is dedicated to a description of the preparation of MxFe2-xO3/SiO2 (M = Al 

and Ga, x = 0.00, 0.25, 0.50 and 0.75) nanocomposites. The preparation consists of a sol-gel 

process followed by heat treatment of obtained gels. The sol-gel process uses a common 

precursor for the SiO2 matrix and the MxFe2-xO3 nanoparticles. The precursor is a complex 

consisting of a ligand molecule capable of complexation of trivalent cations and bearing –

Si(OMe)3 hydrolysable groups. Ethylenediaminetetraacetic acid (EDTA) was used as the 

ligand molecule. The first part of this chapter is dedicated to the synthesis of the sol-gel 

precursor. The second part describes the sol-gel process itself and the third the heat treatment 

used. 

3.1. Synthesis 

The synthesis of the bis-[3-(trimethoxysilyl)propylamide] derivative of 

ethylenediaminetetraacetic acid (Figure 3-1C) begins with the synthesis of 

ethylenediaminetetraacetic acid dianhydride (EDTA-DA, Figure 3-1B) from 

ethylenediaminetetraacetic acid (EDTA, Figure 3-1A). 

 

 

Figure 3-1 A - Ethylenediaminetetraacetic acid, B - ethylenediaminetetraacetic acid dianhydride and 
C - ligand molecule. 

3.1.1. Synthesis of EDTA-DA 

EDTA-DA was prepared according to a modified procedure described in [104]. For a 

typical preparation, 20.0 g (68 mmol) of ethylenediaminetetraacetic acid was suspended in 

34 ml of pyridine (purified and dried by distillation with sodium metal). To the stirred 
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suspension at 65°C, 31 ml (313 mmol) of acetic anhydride was added. The product was 

collected by filtration after two days, washed 4x50 ml of acetic anhydride and 1x50 ml of 

diethylether, protecting the collected solid from the atmosphere and dried at room temperature 

under vacuum yielding 15.0 g (86 %) of white powder. Melting point 188 - 190°C 

(decomposition); 1H NMR (DMSO-d6) δ (ppm): 2.67 (s, 4H, N- (CH2)2-N), 3.70 (s, 8H, 

OOC-CH2-N), 13C {1H} NMR (DMSO-d6) δ (ppm): 165.8 (s, -COO), 52.3 (s, OOC-CH2-N), 

51.2 (N-(CH2)2-N). 

3.1.2. Synthesis of ligand molecule 

For a typical synthesis, 5.0 g (19.5 mmol) of EDTA-DA was suspended in 40 ml of dry 

dimethylformamide (DMF). To the stirred suspension at 70°C was added 7.0 g (39.1 mmol) 

of 3-aminopropyltrimethoxysilane dropwise over 5 minutes. After the addition of the amine 

the solid phase disappeared and the reaction mixture became homogenous. The reaction was 

completed after 30 minutes, which was confirmed by NMR: 13C {1H} NMR (DMSO-d6) δ 

(ppm): 177.1 and 173.3 (both s, C(O)X); 60.2 a 59.6 (both s, CH2-C(O)X), 53.0 (s, 

N-(CH2)2-N), 48.8 (s, OCH3), 42.7 (s, C(O)NH-CH2), 25.1 (s, CH2-CH2-CH2), 6.4 (s, 

Si-CH2). Splitting from 29Si was not observed. 

3.2. Sol-gel process 

After completion of the reaction of EDTA-DA with 3-aminopropyltrimethoxysilane, the 

reaction mixture was cooled in a water/ice bath to 0°C to prevent uncontrolled hydrolysis and 

condensation of -Si(OCH3) groups. Appropriate amount of Fe(NO3)3.9H2O, Al(NO3)3.9H2O 

or Ga(NO3)3.8H2O in 12 ml of methanol was then added dropwise over 5 minutes. Table 3-1 

summarizes the amounts of nitrates added to the reaction mixture and the composition of the 

nanocomposites obtained. The reaction mixture was stirred for 15 minutes at this temperature 

and then allowed to warm to room temperature. The viscosity of reaction mixture gradually 

increased and a solid phase was formed approximately one hour after the addition of 

nitrate(s). The wet gel was left for ageing at 50°C for two days in a sealed vessel, the reaction 

vessel then opened and the liquid phase evaporated, taking several days. The gel was then 

progressively heated to 300°C in vacuo to remove the rest of solvents and to reduce the 

amount of organics remaining in the gel and obtaining the preheated gel. X-ray diffractogram 

(Cu Kα irradiation) of a preheated gel is presented in Figure 3-2. It shows only a “hump” at 

about 25° characteristic of amorphous silica. 
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Figure 3-2 X-ray powder diffractogram of preheated gel. 

 

Table 3-1 Composition of nanocomposites and corresponding amounts of nitrates added to ligand 
molecule reaction mixture. 

Composition Nitrate n (mmol) m (g) 

Fe(NO3)3.9H2O 19.5 7.89 
Fe2O3/4SiO2 - - - 

Fe(NO3)3.9H2O 17.1 6.90 
Al0.25Fe1.75O3/4SiO2 Al(NO3)3.9H2O 2.4 0.92 

Fe(NO3)3.9H2O 14.6 5.92 
Al0.50Fe1.50O3/4SiO2 Al(NO3)3.9H2O 4.9 1.83 

Fe(NO3)3.9H2O 12.2 4.93 
Al0.75Fe1.25O3/4SiO2 Al(NO3)3.9H2O 7.3 2.75 

Fe(NO3)3.9H2O 17.1 6.90 
Ga0.25Fe1.75O3/4SiO2 Ga(NO3)3.8H2O 2.4 0.98 

Fe(NO3)3.9H2O 14.6 5.92 
Ga0.50Fe1.50O3/4SiO2 Ga(NO3)3.8H2O 4.9 1.95 

Fe(NO3)3.9H2O 12.2 4.93 
Ga0.75Fe1.25O3/4SiO2 Ga(NO3)3.8H2O 7.3 2.93 

3.3. Heat treatment 

The first part of this section discusses the TGA/DTA analysis of the preheated gel 

annealed up to 1400°C and elemental analysis of the Fe9H1000 sample. The second and third 

parts are dedicated to a description of the different heating regimes and their modifications 

used for obtaining the nanocomposites. The influence of these different regimes on the phase 

composition of the nanoparticles and the matrix is followed by XRPD and this is discussed in 

the fourth and final section. 
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3.3.1. Annealing of preheated gel 

The TGA/DTA measurement (Figure 3-3) was performed on preheated gel of 

composition Fe2O3/SiO2 between 30 and 1300°C. The amount of H2O and CO2 released from 

the sample during heating was monitored by mass spectrometry and is shown in Figure 3-4. 

The first decrease of weight of the sample (-8 %) occurs at about 100°C. It is an 

endothermic process and mass spectrometry indicates water released from the sample. This is 

due to release of adsorbed water in the preheated gel. Further weight loss culminates at about 

420°C. Mass spectrometry and the exothermic effect in DTA indicate that this weight loss is 

associated with combustion of the organic part of the preheated gel. The weight loss continues 

up to 900°C. The weight remains constant up to 1300°C. 

The second weight loss comprises 19 % of sample weight. This indicates that the 

highest weight loss of organic part of the gel occurs during the preheating in vacuum because 

the calculated weight of non-volatile organic and nitrate parts of the organic-inorganic gel is 

70 %. 

 

 

Figure 3-3 Thermogravimetry (red line), differential thermogravimetry (green line) and differential 
thermal analysis (blue line) of preheated gel of composition Fe2O3/SiO2. 
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Figure 3-4 Mass spectrometry records of CO2 (red line) and H2O (blue line) content in gaseous products 
during heating of preheated gel of composition Fe2O3/SiO2. The x axis corresponds to temperature (°C). 

 

3.3.2. Elemental composition of Fe9H1000 

EDX analysis of Fe9H1000 sample (Table 3-2) revealed that the elemental composition 

corresponds to the calculated one within the experimental error. The variation over the 

measured spots of the sample is 4% about the mean value of 32%. This suggests local 

inhomogeneities of iron distribution in the SiO2 matrix. 

 

Table 3-2 EDX micro-analysis of Fe9H1000 sample. Numbers are in mole percent. 

Fe9H1000 Observed Calculated 
Si 68(1) 67 
Fe 32(2) 33 

 

3.3.3. Heating regimes 

Two different heating regimes were used for annealing of the preheated gel in order to 

find which would lead to the nanocomposite with the highest amount of epsilon phase. Two 

sets of sample names are used in order to reflect the heating regime used. 
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Constant heating regime 

 

The constant heating regime starts at room temperature and reaches the final 

temperature with a constant heating rate of 1°C per minute. After reaching the final 

temperature, the annealing lasts for specific number of hours. This number is then marked in 

the sample name. After the plateau, the sample is cooled at 0.5°C per minute to 600°C. This 

heating regime was used only for nanocomposite compositions Fe2O3/SiO2, 

Al 0.50Fe1.50O3/SiO2 and Ga0.50Fe1.50O3/SiO2. The composition is marked at the beginning of 

the sample name as Fe, Al or Ga respectively. For example, sample of composition 

Fe2O3/SiO2, which was annealed at final temperature of 1050°C for nine hours has a sample 

name Fe9H1050 and a sample of composition Ga0.50Fe1.50O3/SiO2 annealed at a final 

temperature of 1000°C for two hours has sample name Ga2H1000. 

 

Step-like heating regime 

 

Step-like changes of temperature of annealing are characteristic for this heating regime. 

The heating starts at room temperature and reaches 900°C at a constant heating rate of 1°C 

per minute at which point the heating regime becomes step-like. Each step consists of 4 hours 

of annealing at a particular temperature followed heating at 1°C per minute to a temperature 

50°C higher. After the annealing, the samples were left to cool in the furnace. Two sets of 

samples were obtained by this heating regime. One set was left to cool after one hour of 

annealing at the final temperature. The other set was left to cool after four hours of annealing 

at the final temperature. 

The last letter in the sample name A and B respectively denotes to which heating regime 

the sample belongs. Finally, in the sample name, the composition is marked at the beginning 

as Fe, Alnx or Ganx, where n = 1, 2 or 3, corresponds to x = 0.25, 0.50 and 0.75 respectively, 

followed by final temperature of annealing. For example sample of composition 

Al 0.75Fe1.25O3/SiO2, annealed at 1100°C for four hours has sample name Al3x1100B. The 

heating regime is shown in Figure 3-5 together with corresponding sample names. The sample 

name in red colour marks the heating regime used for all compositions. A detailed description 

of the heating regime and the corresponding sample names can be found in Table 3-3. 
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Figure 3-5 Step-like heating regime of annealing of nanocomposites and their corresponding sample 
names. Red colour denotes the annealing, which was used for substituted samples of all compositions. 

 

Table 3-3 Detailed description of step-like annealing of the samples and their corresponding names. 
S = slope (°C/min), T = temperature (°C) and A = annealing time (h). Annealing of Mnx1100B samples 
corresponds to sample Fe1100B. 

Name S T A S T A S T A S T A S T A S T A S T A 

Fe900A 1 900 1                   
Fe950A 1 900 4 1 950 1                
Fe950B 1 900 4 1 950 4                
Fe1000A 1 900 4 1 950 4 1 1000 1             
Fe1000B 1 900 4 1 950 4 1 1000 4             
Fe1050A 1 900 4 1 950 4 1 1000 4 1 1050 1          
Fe1050B 1 900 4 1 950 4 1 1000 4 1 1050 4          
Fe1100A 1 900 4 1 950 4 1 1000 4 1 1050 4 1 1100 1       
Fe1100B 1 900 4 1 950 4 1 1000 4 1 1050 4 1 1100 4       
Fe1150B 1 900 4 1 950 4 1 1000 4 1 1050 4 1 1100 4 1 1150 4    
Fe1200B 1 900 4 1 950 4 1 1000 4 1 1050 4 1 1100 4 1 1150 4 1 1200 4 

 

3.3.4. Modifications of step-like heating regime 

Four additional heating regimes were used only for the Fe2O3/SiO2 composition, which 

can be regarded as a modified step-like heating regime. 

 

1) Modification of the duration of annealing at the final temperature 

 

This modification was carried out in order to evaluate the influence of the duration of 

annealing at the final temperature on the phase composition of nanoparticles. The final 

temperature of annealing was chosen to be 1050°C. The annealing times at this temperature 

were 1, 2, 4, 6 and 10 hours. Sample names and corresponding treatments are summarized in 

Table 3-4. 
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Table 3-4 Detailed description of annealing of the samples and their corresponding names of modification 
1) of the step-like regime. S = slope (°C/min), T = temperature (°C) and A = annealing time (h). 

Name S T A S T A S T A S T A 

Fe1050A 1 900 4 1 950 4 1 1000 4 1 1050 1 
Fe1050H2 1 900 4 1 950 4 1 1000 4 1 1050 2 
Fe1050B 1 900 4 1 950 4 1 1000 4 1 1050 4 

Fe1050H6 1 900 4 1 950 4 1 1000 4 1 1050 6 
Fe1050H10 1 900 4 1 950 4 1 1000 4 1 1050 10 

 

2) Decrease of slope of heating between 950 and 1050°C 

 

This modification was carried out in order to follow the influence of a decrease in the 

slope of heating on the phase composition of nanoparticles. Sample name and corresponding 

annealing is summarized in Table 3-5. 

 

Table 3-5 Detailed description of annealing of the sample and its corresponding name of modification 2) of 
the step-like regime. S = slope (°C/min), T = temperature (°C) and A = annealing time (h). 

Name S T A S T A S T A S T A 

Fe1050S 1 900 4 1 950 4 0.1 1000 4 0.1 1050 4 
 

3) Increase of slope of heating between room temperature and 900°C 

 

This modification was carried out in order to follow the influence of increasing the rate 

of heating on the phase composition of nanoparticles. The slope was changed from 1°C per 

minute to 20°C per minute between room temperature and 900°C. The duration of annealing 

at final temperature was 10 hours. The sample name and corresponding annealing is 

summarized in Table 3-6. 

 

Table 3-6 Detailed description of annealing of the sample and its corresponding name of modification 3) of 
the step-like regime. S = slope (°C/min), T = temperature (°C) and A = annealing time (h). 

Sample name S T A S T A S T A S T A 

Fe1050F 20 900 4 1 950 4 0.1 1000 4 0.1 1050 10 
 

4) Abandonment of step-like heating regime 

 

This modification was carried out in order to find a less time consuming heating regime 

but which would retain the high amount of epsilon phase in the samples. The modification 
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abandons the step-like annealing above 900°C. After reaching 900°C by 1°C per minute, the 

slope of heating is set to 0.5°C per minute up to the final temperature. The final temperatures 

were chosen to be between 1100 and 1150°C with steps of 10°C. Sample names and 

corresponding annealing procedures are summarized in Table 3-7. 

 

Table 3-7 Detailed description of annealing of the samples and their corresponding names of modification 
4) of the step-like regime. S = slope (°C/min), T = temperature (°C) and A = annealing time (h). 

Name S T A S T A 

Fe1100C 1 900 4 0.5 1100 4 
Fe1110C 1 900 4 0.5 1110 4 
Fe1120C 1 900 4 0.5 1120 4 
Fe1130C 1 900 4 0.5 1130 4 
Fe1140C 1 900 4 0.5 1140 4 
Fe1150C 1 900 4 0.5 1150 4 

3.3.5. XRPD of samples of composition Fe 2O3/SiO2 

X-ray powder diffractograms of samples of composition Fe2O3/SiO2 which underwent 

the above heat treatments and their modifications are gathered in this section. The results 

obtained are discussed in the light of the influence of these different heat treatments on phase 

composition of the samples. Except for samples Fe1H1000 and Fe9H1000, Cu Kα irradiation 

was used. 

 

Constant heating regime 

 

The duration of annealing (Figure 3-6) influences the size of iron oxide particles as 

followed by the narrowing of FWHM of diffractions and, thus, increasing of particle 

diameter. Longer annealing also causes transformation of maghemite into epsilon phase, 

however a complete transformation is not reached after nine hours of annealing. 

Temperature of annealing (Figure 3-7) also influences the size of particles as shown by 

narrower diffraction lines (FWHM of 013 diffraction at about 30.0° 2theta is 0.85, 0.45 and 

0.27° for samples annealed to final temperature of 1000, 1050 and 1100°C respectively). A 

significant influence was also observed on the phase composition of the samples. Whereas 

there is still some maghemite in Fe9H1000, no maghemite was detected by XRPD in sample 

Fe9H1050. A further increase in annealing temperature by 50°C caused a transformation of 

part of the epsilon phase into thermodynamically stable hematite. The diffraction pattern of 
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amorphous SiO2 matrix, in all diffractograms, was present as a broad “hump” at about 22°; no 

sign of crystallisation was observed. 

 

 

Figure 3-6 X-ray powder diffractogram of sample Fe1H1000 (left) and Fe9H1000. Bars indicate line 
positions of epsilon and maghemite. 

 

 

Figure 3-7 X-ray powder diffractogram of sample Fe9H1000 (upper row, left), sample Fe9H1050 (upper 
row, right) and sample Fe9H1100. Bars indicate line positions of epsilon, maghemite and hematite. 
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Step-like heating regime 

 

Diffractograms of the samples annealed using step-like heating regimes are presented in 

Figures 3-8 to 3-14. Each figure corresponds to particular final temperature from 900 to 

1200°C with a step of 50°C. Set A is presented on the left side, while set B is on the right side 

of the picture. 

A comparison of FWHM between samples annealed at lower temperatures and those 

annealed at higher temperatures shows that the temperature of annealing influences the size of 

particles in similar manner to that in the case of constant heating regime. 

Samples annealed between 900 and 1000°C are composed of maghemite and epsilon 

phase. Maghemite is predominant at 900°C, while at 1000°C it is present only as a minor 

phase of Fe2O3. Diffraction of maghemite at 36° in Fe950B sample is significantly narrower 

than in Fe950A sample, which indicates that transformation of maghemite to epsilon is 

gradual and that there is no narrow range of particle sizes at which the transformation occurs, 

as suggested by Gich et al. [61] and Ohkoshi et al. [105]. The critical size is probably not the 

only condition for transformation. Our results suggest that a considerable activation energy is 

needed to start the transformation process. 

Sample Fe1050A is the only example where no other the diffraction pattern than that of 

epsilon was observed. Similar results were obtained for constant heating regime, where the 

diffractogram of sample Fe9H1050 did not contain a diffraction pattern other than that for 

epsilon. The pattern for hematite starts to be initially present in sample Fe1050B, as a minor 

phase up to 1150°C where it is the only phase of iron oxide. Variation of epsilon to hematite 

ratio in samples annealed at temperature between 1050 and 1100°C is very low and hematite 

is always present as the minor phase. 

An abrupt change of phase composition occurs in sample Fe1150B, where, in addition 

to complete recrystallisation of epsilon phase to hematite, also crystallisation of amorphous 

SiO2 matrix to α-cristobalite occurred. Sample Fe1200B differs from Fe1150B only in a 

better crystallinity of silicon dioxide. These results indicate that while amorphous SiO2 

stabilizes epsilon phase, its crystalline form induces the transformation of epsilon to hematite. 
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Figure 3-8 Diffractogram of Fe900A sample. Bars indicate line positions of epsilon and maghemite. 

 

 

Figure 3-9 Diffractogram of Fe950A sample (left) and Fe950B. Bars indicate line positions of epsilon and 
maghemite. 

 

 

Figure 3-10 Diffractogram of Fe1000A sample (left) and Fe1000B. Bars indicate line positions of epsilon 
and maghemite. 
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Figure 3-11 Diffractogram of Fe1050A sample (left) and Fe1050B. Bars indicate line positions of epsilon 
and hematite. 

 

Figure 3-12 Diffractogram of Fe1100A sample (left) and Fe1100B. Bars indicate line positions of epsilon 
and hematite. 

 

 

Figure 3-13 Diffractogram of Fe1150B. Bars indicate line positions of hematite and αααα-cristobalite. 
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Figure 3-14 Diffractogram of Fe1200B. Bars indicate line positions of hematite and αααα-cristobalite. 

 

Modification 1) of step-like regime 

 

Diffractograms of samples Fe1050A, Fe1050H2, Fe1050B, Fe1050H6 and Fe1050H10 

are shown in Figure 3-15. Diffractograms of Fe1050A and Fe1050H2 sample consist only of 

epsilon pattern and the “hump” of amorphous silica. Hematite appears in sample Fe1050B 

and is also present as a minor phase of Fe2O3 in sample Fe1050H10. The diffraction pattern of 

hematite in sample Fe1050H6 is just above the noise limit. These results suggest that the 

hematite content does not show a continuous increase, but more likely a sort of steady state 

with deviations to both sides, when the annealing temperature is 1050°C and the duration of 

annealing at this temperature is between 1 and 10 hours. In other words the amount of 

hematite in samples annealed at 1050°C is low and rather constant with some variations and 

that the amount of hematite is not increasing with increasing number of hours of the 

annealing. This indicates that the transformation of epsilon phase to hematite is very sensitive 

to inhomogeneities in the samples. These inhomogeneities are probably of two kinds. One is 

different particle size and the other is inhomogeneity of the SiO2 matrix. It is uncertain 

whether SiO2 matrix inhomogeneity arrises from a pore-like or a local crystal-like 

arrangement of SiO4 tetrahedra. 
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Figure 3-15 Diffractograms of samples (left to right, down from top) Fe1050A, Fe1050H2, Fe1050B, 
Fe1050H6 and Fe1050H10. Bars indicate line positions of epsilon and hematite. 

 

Modification 2) and 3) of step-like heating regime 

 

Diffractograms of samples Fe1050S, Fe1050B and Fe1050F are presented in Figure 

3-16. While a decrease of the slope of heating during the step-like part of sample preparation 

(sample S) did not significantly alter the sample composition in comparison to unmodified 
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one (sample B), the increase of the slope of heating between room temperature and 900°C 

(sample F) altered the phase composition considerably. Hematite content in Fe1050S sample 

is lower than in Fe1050B sample and other iron oxide phases were not observed. In sample 

Fe1050F, apart from epsilon and hematite diffraction patterns, the presence of the diffraction 

pattern of maghemite is probable due to diffractions at 30 and 43° 2theta, which are relatively 

more intense than in samples where maghemite presence can be excluded. These results can 

be interpreted as follows: fast heating at temperatures between room temperature and 900°C 

influence the porosity of SiO2 matrix in such way that it leads to inhomogeneities, which 

facilitate the epsilon to hematite transition. 

 

 

Figure 3-16 Diffractograms of samples Fe1050S (upper row, left), Fe1050B (upper row right) and 
Fe1050F. Bars indicate line positions of maghemite, epsilon and hematite. 

 

Modification 4) of step-like heating regime 

 

Diffractograms of samples Fe1100C, Fe1110C, Fe1120C, Fe1130C, Fe1140C and 

Fe1150C are shown in Figure 3-17 together with diffractograms of Fe1100B and Fe1150B. 
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A comparison of Fe1100B and Fe1100C shows a comparable amount of hematite in 

both samples, indicating that abandonment of step-like heating did not significantly influence 

the iron oxide phase composition. The diffractogram of sample Fe1110C showed no 

substantial changes compared to Fe1100C. 

In contrast, a significant increase of hematite quantity in sample Fe1120C was observed 

together with a beginning of amorphous SiO2 crystallisation. As the crystallisation of 

α-cristobalite continues with increasing temperature, the amount of hematite increases 

similarly. The recrystallisation of epsilon to hematite is not yet complete at 1150°C, which 

contrasts with sample Fe1150B where the diffraction pattern of epsilon was not observed. 

From point of these results there is only a slight difference in step-like heating regime 

and its fourth modification: the amount of epsilon phase is very similar at 1100°C. The 

differences at 1150°C are probably caused by the longer total time spent at temperatures 

above 1110°C, where crystallisation of SiO2 occurs. Furthermore, it was confirmed that the 

transformation of epsilon to hematite is triggered by transformation of amorphous SiO2 to 

α-cristobalite. It is also reasonable, in light of these results, to suppose that the transformation 

of epsilon phase begins on the surface of the particles. Formation of α-cristobalite is probably 

not the only reason for recrystallisation of epsilon phase. However, it probably significantly 

lowers the activation energy of this process. 
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Figure 3-17 Diffractograms of samples (left to right, down from top) Fe1100B, Fe1100C, Fe1110C, 
Fe1120C, Fe1130C, Fe1140C, Fe1150C and Fe1150B. Bars indicate line positions of epsilon, hematite and 
αααα-cristobalite. 
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3.4. Conclusion to heat treatments 

Particle size increases with an increasing duration of annealing or/and with increasing 

temperature of annealing. The estimated values of mean particle size and its distribution will 

be presented together with TEM micrographs in following chapters. 

Phase composition depends on the homogeneity of the amorphous SiO2 matrix. The 

transformation of maghemite to epsilon phase occurs at temperatures between 900 and 

1000°C. At this temperature, the matrix is amorphous and relatively far from crystallisation to 

cristobalite, which occurs between 1120 and 1150°C. The reason for the transformation can 

be either particles size, as suggested by Gich et al. [61] and Ohkoshi et al. [105], or as a result 

of the higher temperature, at which it is easier to overcome the activation energy necessary for 

phase transformation. Our results suggest that there would be a distribution of critical 

particles size and that therefore the activation energy could play an important role. The 

transformation of epsilon to hematite above 1110°C is, without doubt, connected to the 

crystallisation of amorphous SiO2 matrix. The transformation under this temperature may be 

attributed to inhomogenieties in the SiO2 matrix such as pores neighbouring nanoparticles or 

local crystal-resembling arrangements of SiO4 tetrahedra. 

3.5. Appendices 

This section describes the preparation of 57Fe(NO3)3.9H2O from α-57Fe and the 

procedure for the leaching of the SiO2 matrix carried out in order to obtain nanoparticles 

without matrix. 

3.5.1. Preparation of 57Fe(NO3)3.9H2O 

Iron(III) nitrate 57Fe(NO3)3.9H2O was obtained by dissolution of α-57Fe (>97 % isotopic 

purity) purchased from Chemgas, France, in aqueous nitric acid: 0.50 g of α-57Fe was 

gradually added to a stirred mixture of 2.48 ml of 65 % aqueous nitric acid (Merck) and 

0.50 ml of H2O. After an hour all iron was dissolved. Overnight crystallisation at -20°C 

yielded 3.87 g (107 % of theoretical yield, indicating residual water and nitric acid) of almost 

entirely solid reaction mixture. This reaction mixture was then used in the subsequent sol-gel 

process. 
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3.5.2. Leaching of SiO 2 matrix 

A typical leaching procedure (modified procedure reported by Gich et al. [61]) may be 

described as follows: about 10 ml of solution was poured onto approximately 200 mg of 

nanocomposite. The reaction mixture was then heated at 80°C and, after 3 days, the 

nanoparticles, collected by centrifugation, were repeatedly washed with distilled water until 

the pH of water was slightly acidic. Finally, the nanoparticles were washed with ethanol and 

centrifuged. Approximately 50 mg of dry nanoparticles were obtained after one day of drying 

at 40°C. 

It is worth noting that during the centrifugation process the smallest particles remained 

in the liquid phase and therefore the amount of the smallest particles is lower than in samples 

where the matrix was not leached. Leaching was done only with nanocomposites, which were 

obtained by a constant heating regime. The sample names for leached samples differ from 

non-leached samples in that the letters NC replace the last two digits. For example, the name 

of a sample obtained by leaching of Fe9H1000 sample is Fe9H10NC. 
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4. Nanocomposites Fe 2O3/SiO2 

This chapter is dedicated to the samples of composition Fe2O3/SiO2. The chapter begins 

with description of size and shape of the iron oxide nanoparticles in the samples and its 

correlation with annealing temperature. Further, some aspects of sample preparation like 

matrix leaching or rate of heating are discussed in details. The last parts of this chapter are 

dedicated to preparation and description of an optimal sample. 

4.1. Particle size and shape 

This part contains data relevant to the particle size and shape. The micrographs were 

taken on samples Fe1H1000, Fe9H1000 and Fe1100B. Powdered samples were suspended in 

methanol or in water and a droplet of this suspension was deposited on a copper grid. 

Due to the poor quality of the micrographs, not enough particles are visible in bright 

field TEM pictures of the Fe1H1000 sample (Figure 4-1) and therefore the statistically 

significant estimation of mean particle size and its distribution cannot be made. Some 

particles are distinguishable in the thin edges of the sample grains. Spherical to oval-shaped 

particles had diameters ranging from approximately 3 to 20 nm in the direction of the largest 

axis. 

From bright field TEM micrographs of Fe9H1000 (Figure 4-1, right) distribution of 

particle diameter (Figure 4-3, left) was estimated by fitting the histogram by log-normal 

distribution. Mean diameter was estimated to be 10.5 nm and standard deviation of particle 

diameter was 8.2 nm. 

Micrographs of Fe1100B (Figure 4-2) revealed spherical to rod-shaped particles. The 

mean diameter and its standard deviation obtained by analysis of bright field images and the 

subsequent fitting of histogram of particle size (Figure 4-3, right) was found to be 24.2 nm 

and 14.6 nm respectively, which is in agreement with mean coherent diffraction domain size 

(29.6 nm) obtained from XRPD. The lower value obtained from micrographs may be caused 

by the non-spherical shape of bigger particles. Micrographs also suggest that the bigger the 

particles are, the more rod-like shape they adopt. Regarding the possibility of random 

orientation of particles in the matrix, the relative ratio of rod-like particles can be higher. 

TEM pictures confirm the results of XRPD presented in Chapter 3 that the particle 

diameter increases with increasing duration of annealing. The biggest particles obtained by 

Fe1100B heating regime are about 100 nm long and the shape of the particles changes from 
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oval-shaped to rod-like shape with increasing particle size. The distribution of particle size 

also increases with increasing annealing temperature. 

 

  

Figure 4-1 Bright field TEM micrograph of Fe1H1000 (left) and Fe9H1000 (right). 

 

  

Figure 4-2 Bright field TEM micrographs of sample Fe1100B. 

 



71 

 

Figure 4-3 Distribution of particle diameter of Fe9H1000 (left) and Fe1100B (right) sample. 

 

4.2. Influence of rate of heating 

The effect of crystallization of amorphous SiO2 matrix on stability of epsilon phase was 

discussed in Chapter 3. Another variable, which has an effect on the ε-Fe2O3 stability is rate 

of sample heating during the annealing step. This effect will be discussed with help of the 

data collected on samples Fe1050B and Fe1050F. 

4.2.1. Phase composition of samples 

Phase composition was followed by XRPD and Mössbauer spectroscopy. 

X-ray powder diffraction 

Diffraction patterns (Figure 4-4) were measured on the PDIFF beamline at ANKA with 

a wavelength of 0.09535 nm and fitted by the Rietveld method. For sample B, three phases 

were introduced into the fit – epsilon, hematite and beta and for F sample it was four 

phases - epsilon, hematite, beta and maghemite. 

The quantitative phase composition of the samples was found to be 95% of epsilon, 4% 

of beta and 1% of alpha iron oxide for the B sample. Conversely, in sample F the amount of 

epsilon was 73%, of beta 3%, of alpha 21% and of gamma phase 2%. The amount of 

maghemite may be underestimated due to a possible fraction of very small particles. The 

presence of maghemite at the temperature of 1050°C is also quite unusual.  

Lattice constants obtained by Rietveld refinement are summarized in Table 4-1 together 

with the reliability factors of the fit and weight percentage of the particular phases. The values 

of lattice constants does not change and the variations in the values remain within the error. 
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These values are in good agreement with the averages of published lattice constants by other 

research groups [49],[50], [51], [58] and [82]. 

The values of mean coherent diffraction domain size were estimated to be 19.1 and 

23.4 nm for epsilon phase of samples B and F respectively. The higher value estimated for 

sample F is higher probably due to the lower level of densification of silica matrix (see 

section electron microscopy) and the pores remaining in the matrix. The mean coherent 

diffraction domain size of maghemite was equal to 23.8 nm. 

 

 

Figure 4-4 Synchrotron X-ray powder diffraction pattern of Fe1050B and Fe1050F samples. Red dots, 
black line blue line and green bars are experimental profile, calculated profile, their difference and 
calculated positions of Bragg diffractions respectively (first row – epsilon, second row – hematite, third 
row – beta and fourth row (Fe1050F only) - maghemite). 

 

Table 4-1 Powder crystallographic data, reliability of fits and weight percentages of iron oxide phases for 
samples Fe1050B and Fe1050F. 

 Fe1050B Fe1050F 

a (pm) 510.3(1) 510.3(1) 
b (pm) 879.7(1) 879.7(1) 
c (pm) 946.9(1) 946.8(1) 

V (106 pm3) 425.1(1) 425.0(1) 
   

Rwp (%) 22.6 24.2 
χ2 1.7 1.8 
   

ε-Fe2O3 (wt. %) 95(2) 73(2) 
β-Fe2O3 (wt. %) 4(1) 3(1) 
α-Fe2O3 (wt. %) 1(1) 21(1) 
γ-Fe2O3 (wt. %) - 2(1) 
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Mössbauer spectra 

Figure 4-5 shows room temperature Mössbauer spectra of Fe1050B and Fe1050F 

samples. The spectra were fitted with four sextets corresponding to epsilon structure, one 

sextet assigned to hematite and one doublet. Table 4-2 summarizes fitted parameters. Fixed 

parameters are denoted by asterisk. 

The Mössbauer spectrum of Fe1050B contains, in addition to four sextets of epsilon 

phase, a subspectrum with a spectral area of 1%, which is assigned to hematite. The spectrum 

further contains a doublet. Due to the narrow lines of this doublet, the subspectrum is 

assigned to the beta phase, which was identified by XRPD. Its spectral area is 5%. However, 

the complete exclusion of the maghemite cannot be made. For the exclusion of the maghemite 

it would be necessary to measure the spectrum at about 110 K, where the ordering of the beta 

phase occurs and/or measure a dependence of susceptibility of the sample above 700 K, 

where maghemite enters the paramagnetic state. 

The phase composition of Fe1050F is different as already showed the XRPD. The 

amount of hematite is 20%, assuming the recoilless fractions to be equal. Here, the lines of 

doublet are broader than the lines of the doublet in the spectrum of Fe1050B. This 

corresponds to particles of maghemite in SPM state, the presence of which, was observed by 

XRPD. Additionally, the beta phase was also found in the sample by XRPD. Therefore, the 

doublet is composed of two doublets. One corresponds to the beta and the other to the gamma 

phase of iron oxide. The hyperfine parameters of epsilon subspectra are similar to the B 

sample. 

 

 

Figure 4-5 Room temperature Mössbauer spectrum of Fe1050B (left) and Fe1050F (right). 0 – data and 
fit, I - epsilon, II - epsilon, III - epsilon, IV - epsilon, V – beta (Fe1050B) or maghemite and beta 
(Fe1050F), VI - hematite. 
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Table 4-2 Parameters of subspectra of Fe1050B and Fe1050F measured at room temperature. ΓΓΓΓ - FWHM, 
IS – isomer shift, QS – quadrupole splitting/shift, Bhf – hyperfine field, A – spectral area. * parameter was 
not fitted. a spectral areas of subspectra I and II were constrained to have the same value. 

Fe1050B Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.30(2) 0.38(1) -0.22(2) 45.4(2) 19(1)a 
II 0.30(2) 0.37(1) -0.29(2) 44.5(2) 19(1)a 
III 0.45* 0.38(1) -0.02(1) 39.4(1) 30(1) 
IV 0.50* 0.21(1) -0.17(1) 26.2(1) 26(1) 
V 0.25* 0.38(1) 0.76(3) - 5(1) 
VI 0.23* 0.38* -0.22* 51.0(3) 1(1) 
      

Fe1050F Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.32(2) 0.38(1) -0.22(2) 45.5(2) 16(1)a 
II 0.32(2) 0.38(1) -0.29(2) 44.7(2) 16(1)a 
III 0.40* 0.38(1) -0.02(1) 39.4(1) 20(1) 
IV 0.45* 0.21(1) -0.17(1) 26.3(1) 19(1) 
V 0.40* 0.39(1) 0.75(2) - 8(1) 
VI 0.36(2) 0.38(1) -0.19(2) 51.6(1) 20(1) 
 

Discussion 

The phase composition of samples Fe1050B and Fe1050F differ significantly. The 

amount of parasitic iron oxide phases in B sample is about 6%, while for F sample it is about 

28%. Moreover, sample F contains several weight percents of maghemite. This is for the first 

time, when all four iron(III) oxide phases are reported to be present in one sample. Another 

significant deviation from the published results is the size of maghemite particles in the 

Fe2O3/SiO2 system. The mean coherent domain size was estimated to 23.8 nm, while the 

reported size of the maghemite particles prepared in similar way does not exceed several 

nanometers [61]. Also stability of such a big maghemite particles at temperature of 1050°C is 

very unusual [23, 52]. It is also necessary to note that it is not possible to exclude the presence 

of magnetite in the sample due to similarity of the lattice constants a of maghemite and 

magnetite. However, the significantly broadened lines of the doublet in the Mössbauer 

spectrum of F sample supports the presence of maghemite particles in SPM state. These 

results may suggest that the transformation from maghemite to epsilon phase or hematite is a 

question of kinetics rather than thermodynamics. We may also speculate, that the 

transformation may be triggered by changes in the particle itself or that the transformation 

may be assisted by the matrix (for example a strain or stress induced by the matrix, since we 

may presume that mechanical properties of the fast sintered SiO2 containing a lot of pores 
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(see next part dedicated to TEM) differ from the slowly annealed one, may induce the phase 

transformation). This variety of phases in sample F also points to the presence of significant 

inhomogeneity in the sample, which is caused by the fast heating during the period of 

annealing when residual carbon in the preheated gel is combusted and the pores of the silica 

matrix are formed and subsequently sintered. 

The high amount of hematite in sample F is another difference from the B sample. 

According to generally accepted hypothesis that only well dispersed nanoparticles of 

maghemite in SiO2 leads to transformation of these to epsilon phase, it is reasonable to 

presume, that particles of maghemite with diameter about 20 nm transform to hematite 

directly and thus contribute to the higher hematite content. 

4.2.2. Electron microscopy 

Micrographs of samples Fe1050B (Figure 4-6) and Fe1050F (Figure 4-7 and 4-8) reveal 

the considerable influence of different heat treatment on the size and size distribution of 

particles and quality of the silica matrix. The histogram of particle size for sample Fe1050B is 

shown in Figure 4-9. Mean diameter and its standard deviation obtained by analysis of bright 

field images were estimated to be 20.4 nm and 16.5 nm respectively, which is in agreement 

with the mean coherent diffraction domain size (19.1 nm) estimated from XRPD. 

Micrographs of sample Fe1050F (Figure 4-6 and 4-7) showed very broad distribution of 

particle diameter ranging from few nanometers up to approximately 200 nm in the longer axis 

of the rod-shaped particles. There was also a unique, approximately 2 µm, particle of ε-Fe2O3. 

Mean diameter and its standard deviation obtained by analysis of bright field images were 

found to be 14.9 nm and 15.2 nm respectively. Mean coherent diffraction domain size of 

epsilon phase obtained from XRPD was 23.4 nm. The lower value estimated from TEM 

pictures can be caused by presence of other phases such as maghemite, which is supposed to 

have smaller particles than the epsilon phase. Another contribution to the difference can be 

the non-spherical shape of the particles (see electron microscopy experimental section). A 

further feature not observed in the micrographs of Fe1050B sample, is the presence of pores 

(lighter spherical areas in the upper left corner of Figure 4-7) in the SiO2 matrix of Fe1050F. 

The presence of the pores is the result of the faster heating of the F sample. Another 

interesting feature in the pictures of sample F is coating of the big particles in Figures 4-7 and 

4-8 by SiO2 matrix. The big particle in Figure 4-7 is hematite. Its phase was identified by 

selective area electron diffraction (SAED). The surface of this particle is in direct contact with 

air and is not covered by SiO2. This may also be a result of pulverization of the sample. 
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However let us presume that this was not the case. The phase of the particle in Figure 4-8 was 

determined to be epsilon. We can see that there is a thin layer of SiO2 covering the surface of 

the particle. Also the shape of the particle is typical for epsilon phase. 

At this point it is reasonable to summarize some findings of Ding at el. [110] dealing 

with the transformations between iron oxide phases of the nanowires prepared in their work. 

Ding et al. prepared nanowires of magnetite by pulsed laser deposition. These nanowires grew 

along three different directions: [111], <211> and <110>. In case of wires grown along the 

[111] and <211> directions, no transformation to other phases was observed. Wires grown 

along <110> direction shown transformation to epsilon phase and subsequently to hematite 

without exception in each case. If we consider the difference between the wires grown along 

<110> direction and the other two cases, we may conclude that only in the case of wires 

grown in <110> direction is it possible for the crystal faces of the nanowire to be parallel to 

the stacking of the oxygen layers. If this consideration is correct, then together with the results 

obtained by electron microscopy of samples Fe1050B and Fe1050F, the results obtained from 

samples prepared by modification 1) of the step-like heating regime, in the light of the 

conclusions given in Chapter 3 dealing with different heating regimes, and finally, in the light 

of work of Sakurai et al. [59], who reported on the preparation of approximately 1.5 µm long 

nanowires of epsilon iron oxide, it may be concluded that at least the transformation of the 

epsilon phase to hematite is possible only if there is a crystal plane of epsilon crystal 

perpendicular to [001] direction. In other words, that the transformation is only possible if a 

crystal plane parallel oxygen layers not covered by amorphous SiO2 matrix is present. It is an 

issue whether the contact of two particles of epsilon iron oxide, one of which has a (001) 

contact plane would also induce the transformation to hematite. In other words, it is a 

question whether crystalline epsilon iron oxide has the same quenching effect on the 

transformation as does amorphous SiO2. In conclusion, the porous matrix will produce more 

hematite than a completely densified amorphous SiO2 matrix. The reverse micelle method has 

an advantage compared to techniques using the “bulk” SiO2 matrix because the eventual pores 

or bubbles can more easily diffuse to the surface of the silica. Our method is somewhere 

between these two techniques. The hydrophobic liquid phase used in the reverse micelle 

technique plays the rôle of the organic part of our hybrid gel. 

 



77 

  

Figure 4-6 Bright field TEM micrographs of  sample Fe1050B. 
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Figure 4-7 Bright field TEM micrograph of sample Fe1050F (left) and selected area electron diffraction 
(SAED) of encircled area (right), which corresponds to [201] of hematite (1 – 1.72 Å, 231 and 2 – 3.78 Å, 

021 ). 
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Figure 4-8 Bright field TEM micrographs of approximately 2 µµµµm εεεε-Fe2O3 particle in  sample Fe1050F 
(upper row) and its SAED (lower picture) on [231] (1 – 2.82 Å, 301 and 2 – 2.27 Å, 112 ). 
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Figure 4-9 Distribution of particle diameter in samples Fe1050B (left) and Fe1050F. 

4.2.3. Conclusion 

Phase composition of iron oxide particles and also the quality of the silica matrix 

strongly depends on the rate of heating during annealing process. The fast heated sample 

contained almost five times higher amount of parasitic iron oxide phases. The sample 

prepared by rapid annealing also contained maghemite particles, even though the final 

annealing temperature was 1050°C. Therefore the kinetic aspect of maghemite to epsilon 

transformation is probably important. The pores in the silica matrix are argued to facilitate the 

epsilon to hematite transformation. 

4.3. Matrix leaching 

This chapter is dedicated to the effects of matrix leaching on phase composition and 

particle size of sample Fe9H1000. 

4.3.1. XRPD 

X-ray powder diffractograms were measured using cobalt Kα irradiation. The matrix of 

Fe9H1000 sample was leached by the procedure described in section 3.5.2 affording sample 

Fe9H10NC. 

The phase composition of Fe9H1000 (Figure 4-10, left) sample is the same as for 

sample Fe1H1000. Epsilon and gamma phases are present in the sample. The prolongation of 

annealing time causes a significant decrease of maghemite content, although, after nine hours 

of annealing at 1000°C, the transformation of maghemite to epsilon is still not complete. The 

crystallinity is also improved, resulting in narrower profile of diffraction lines. The “hump” 
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with a maximum about 25° corresponding to amorphous SiO2 remains unaltered by the 

annealing prolongation. 

The removal of SiO2 shows up in the diffractogram of Fe9H10NC by the disappearance 

of the SiO2 diffraction pattern (Figure 4-10, right). The comparison between Fe9H1000 and 

Fe9H10NC diffractograms, shown in Figure 4-11, reveal some minor differences in areas 

corresponding to maghemite diffractions at 42 and 75° 2theta. This corresponds to removal of 

smaller particles during the leaching process. 

 

 

Figure 4-10 Diffractograms of Fe9H1000 (left) and Fe10H10NC. Bars indicate line positions of epsilon and 
maghemite. 

 

 

Figure 4-11 Comparison of Fe9H1000 (black line) and Fe9H10NC diffractograms. Bars indicate line 
positions of epsilon and maghemite. 

4.3.2. Mössbauer spectroscopy 

Figure 4-12 shows a room temperature Mössbauer spectrum of samples Fe9H1000 and 

Fe9H10NC. Spectra were fitted with four sextets corresponding to epsilon structure and one 



81 

doublet assigned to the particles in superparamagnetic state. Table 4-3 summarizes parameters 

fitted in spectrum of Fe9H1000 and Fe9H10NC. Fixed parameters are denoted by an asterisk. 

In the Mössbauer spectrum of Fe9H1000, there are four subspectra corresponding to 

epsilon phase. The spectral area of the doublet corresponding to particles in 

superparamagnetic (SPM) state is 8%. The phase composition of the particles cannot be 

unambiguously determined due to similarity of the hyperfine parameters of different phases of 

iron(III) oxide when they are in the form of particles in a superparamagnetic state or they are 

above ordering temperature. Regarding the presence of maghemite observed by XRPD, the 

doublet was assigned to particles of maghemite in SPM state. 

Hyperfine parameters of Mössbauer spectrum of the Fe9H10NC sample are in full 

agreement with those obtained from fitting of the Fe9H1000 sample spectrum except for 

hyperfine fields of the epsilon subspectra. The values are about 0.3 T lower than 

corresponding hyperfine fields in Fe9H10NC sample. These results may be interpreted that 

the smallest epsilon particles were removed from the sample. Another difference is in the 

amount of particles in the SPM state. Its lower value in the spectrum of the Fe9H10NC 

sample corresponds to decreased of amount of maghemite particles in the sample caused by 

the washing procedure after matrix leaching. 

 

 

Figure 4-12 Room temperature Mössbauer spectrum of Fe9H1000 (left) and Fe9H10NC. 0 - data and fit, 
I - epsilon, II - epsilon, III - epsilon, IV - epsilon, V – maghemite. 

 



82 

Table 4-3 Parameters of room temperature Mössbauer spectra of Fe9H1000 and Fe9H10NC. ΓΓΓΓ - FWHM, 
IS – isomer shift, QS – quadrupole splitting/shift, Bhf – hyperfine field, A – spectral area. * parameter was 
not fitted. a spectral areas of subspectra I and II were constrained to have the same value. 

Fe9H1000 ΓΓΓΓ (mm/s)     IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.37(2) 0.38(1) -0.22(2) 45.1(3) 20(2)a 

II 0.37(2) 0.38(1) -0.28(2) 43.9(3) 20(2)a 

III 0.50* 0.37(1) -0.03(2) 38.9(2) 28* 

IV 0.50* 0.20(1) -0.20(3) 25.8(2) 25(2) 

V 0.40* 0.38(1) 0.75* - 8(1) 

      

Fe9H10NC ΓΓΓΓ (mm/s)     IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.37(3) 0.38(1) -0.22(3) 45.4(2) 21(2)a 

II 0.37(3) 0.38(1) -0.27(3) 44.2(2) 21(2)a 

III 0.50* 0.37(1) -0.01(1) 39.5(2) 28* 

IV 0.50* 0.20(1) -0.19(2) 26.3(2) 25(2) 

V 0.40* 0.37(1) 0.75* - 6(1) 

 

4.3.3. Magnetic measurements 

The temperature dependence of magnetization was followed by measurement of 

zero-field cool (ZFC) and field cool (FC) dependence of magnetization on temperature in an 

applied field of 10 mT. Figure 4-13 shows ZFC dependence of magnetization of the 

Fe9H1000 and Fe9H10NC samples. Magnetization in ZFC dependence of Fe9H1000 sample 

at 2 K is about zero, which corresponds to low spontaneous magnetization of the virgin 

sample. The steep increase of magnetization up to 50 K is followed by a relatively constant 

region. At 70 K the magnetization again increases rapidly with the temperature. This steep 

increase continues to 110 K, at which point the increase diminishes. At 150 K the 

magnetization starts to decrease. The decrease is constant with the temperature up to 

approximately 300 K, where the decrease of magnetization starts to accelerate. 

Application of magnetic field during cooling of the sample causes the material to 

become magnetized at 2 K. Magnetization decreases with temperature up to 80 K, where it 

starts to increase. At approximately 100 K, the temperature dependencies of ZFC and FC 

magnetizations start to be reversible and the course of the magnetizations is similar. 

Three anomalies were found in the temperature range between 2 and 350 K. The first 

one is associated with particles in a superparamegnetic state, whose presence in the sample 

was confirmed by Mössbauer spectroscopy. For superparamagnetic particles, ZFC and FC is 

irreversible and the bifurcation temperature is, in case of monodisperse particles, the blocking 

temperature. Typical manifestation of superparamagnetism can be followed on ZFC and FC 

curves in temperature range between 2 and 60 K. FC magnetization decreases, while, for 
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ZFC, magnetization is characteristic a peak under the temperature of bifurcation. The 

presence of second and third anomalies at 110 K and 150 K respectively, complicates 

determination of bifurcation of ZFC and FC curves and therefore the TB in the Fe9H1000 

sample is due to particles in a superparamagnetic state. It was found by TEM, that there is the 

distribution of size of the particles in the Fe9H1000 sample, so the distribution of TB is also 

expected. From the ZFC and FC curves, it was estimated, that the TB of the majority of 

particles in a superparamagnetic state lies between 50 and 60 K. This is a typical blocking 

temperature of maghemite nanoparticles [108]. The decrease of magnetization at temperatures 

above 150 K is associated with an increase of thermal motion energy which influences 

fluctuations of the spins about their equilibrium orientation. 

The ZFC and FC dependencies of magnetization for Fe9H10NC (Figure 4-13, right) are 

qualitatively the same as those of sample Fe9H1000. The only difference in in region below 

approximately 100 K where the SPM character of maghemite particles dominates. The 

bifurcation is substantially smaller in case of the Fe9H10NC sample and thus supports the 

findings of XRPD and Mössbauer spectroscopy that the amount of maghemite is lower in the 

matrix leached sample. 

 

 

Figure 4-13 Zero-field cooled and field cooled dependence of magnetization of sample Fe9H1000 (left) and 
Fe9H10NC measured at applied field of 10 mT. 

 

4.3.4. Conclusion 

The main effect of removal of the silica matrix is in reduction of the amount of the smallest 

particles in the sample. This is caused by the fact that the ultrasmall particles remain dispersed 
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in the solvent even after a prolonged centrifugation. This technique may be used for 

improvement of the distribution of the particle size and/or phase composition of the samples. 

4.4. Anisotropy of hyperfine field in εεεε-Fe2O3 

The anisotropy of hyperfine field in epsilon phase was observed in nuclear magnetic 

resonance spectrum of 57Fe1000B sample at 4.2 K. The 57Fe enriched sample was prepared 

according to the procedure described in Chapter 3. 

4.4.1. XRD 

The X-ray powder diffractogram (Figure 4-14) was measured using copper Kα 

irradiation. The diffraction profiles are significantly broadened indicating the small size of the 

iron oxide particles. Patterns of the epsilon phase and maghemite are present in the 

diffractogram but the hematite pattern was not observed. The “hump” at about 22° 2theta is 

the result of the presence of amorphous silica in the sample. 

 

 

Figure 4-14 Diffractograms of 57Fe1000B sample. Bars indicate line positions of epsilon and maghemite. 

4.4.2. Electron microscopy 

Micrographs of sample 57Fe1000B (Figure 4-15) reveal spherical to oval-shaped 

particles. The mean particle diameter and its standard deviation obtained by analysis of bright 

field images were estimated to be 9.1 nm (mean) with a 5.5 nm standard deviation. This 

relatively small size of particles corresponds to the broadened profiles of diffractions. A 

histogram of particle sizes is shown in Figure 4-16. 
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Figure 4-15 TEM images of 57Fe1000B. Bright field image (A) and HRTEM images of εεεε-Fe2O3 particles (B 
and C). 

 

 
Figure 4-16 Distribution of particle diameter for sample 57Fe1000B. 

4.4.3. Nuclear magnetic resonance 

Using equation (37), we may more precisely define the nature of the coupling constant 

between spin and the hyperfine field previously shown in equation (24) in Chapter one, which 

describes the relationship of the hyperfine field Bhf of nucleus with the spin of its own 

electrons. 

 

SABhf ⋅=
t

   (37) 

 

where A
t

 is the symmetrical second order tensor and S is the spin of an ion. If we separate the 

isotropic part (Fermi contact interaction) I from the tensor we get equation (38) 
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SAIBhf ⋅+= )(
t

   (38) 

 

where A
t

 is the symmetrical second order tensor with zero trace. 

For collinear magnetic structures, the angular dependence of resonance frequencies 

corresponding to a particular set of crystallographically equivalent configurations can be 

written as (equation (39)) 

 

nGAGnInf ccc
t

1)()( −+=   (39) 

 

where n = (nx, ny, nz) is the magnetization direction. Symbol c is an index of individual 

configurations and Gc is the vector representation of the symmetry operation of the unit cell 

point group, which creates configuration c from the reference configuration. The point group 

of Pna21 is mm2, so we can write 
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Site symmetry of general site in Pna21 is 1 which results in no additional conditions for 

components of A
t

, so we can write the resonance frequencies of a particular set of 

crystallographically equivalent configurations with the orientation of magnetization in a 

general direction as 
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thus affording four different resonance frequencies for one crystallographically equivalent 

configuration. If we choose the direction of magnetization to be [100] we obtain only one 

resonance frequency with an intensity four times higher than the intensity of fc frequency. 
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For magnetization in the [110] direction we get two frequencies with an intensity twice the 

intensity of the fc frequency 
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Figure 4-17 shows the NMR spectrum of sample 57Fe1000B measured at 4.2 K. The 

spectrum consists of two subspectra obtained at different powers of radiofrequency (RF) 

radiation. The subspectrum obtained at higher RF radiation power corresponds to epsilon 

phase and the other was attributed to maghemite [114]. The peak at 73.5 MHz is probably a 

result of the imperfect separation of the signals of epsilon and maghemite. 

The resonance frequencies of maghemite are 70.8 and 73.2 MHz, which corresponds to 

Bhf of 51.3 and 53.0 T for, presumably, the A- and B-site respectively. This is consistent with 

the values (52.0 and 52.8 T for A- and B-site respectively) published by Lee et al. [114]. 

Measurements in an applied magnetic field have to be carried out in order to arrive at an 

unequivocal assignment of peaks to the A- and B-sites. The content of maghemite is difficult 

to determine due to the different RF radiation power used for the measurement of epsilon or 

maghemite but a rough estimation is about 20%. 

The ratio between Fe4 (62 – 64 MHz) and Fe1+Fe2+Fe3 (68 – 73 MHz) spectral areas 

is 1:3. The area corresponding to octahedral sites was fitted with 12 peaks of the same 

intensity. Some of the peaks have the same resonance frequency. The area corresponding to 

the tetrahedral site was fitted with four peaks of which two have the same resonance 

frequency. Fitted peaks parameters are summarized in Table 4-4. The values of Bhf obtained 

are consistent with those from Mössbauer spectroscopy [91] and [92]. 

Due to the splitting of the resonance frequencies of 57Fe cations of epsilon iron oxide at 

4.2 K, there is an anisotropy of hyperfine field in all Fe sites Fe1, Fe2, Fe3 and Fe4. This is 

the result of local symmetry around the Fe sites. If the local symmetry would be cubic, as in 

tetrahedral sites of magnetite above Verwey transition, we would not observe the resonance 

splitting. 
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It is possible to interpret the results in two ways. The first, if we assume that the 

arrangement of magnetizations of sublattices in the low temperature magnetic structure of 

epsilon phase is collinear, is that the direction of magnetization does not lie in [100] direction. 

The other interpretation works with non-collinear structure. In this case, the splitting of 

resonance frequencies is given by orientations of particular hyperfine fields to the crystal 

lattice. For a determination of the direction of magnetization it would be necessary to obtain 

NMR spectra with samples orientated like monocrystals or epitaxial layers of crystals. 

These results may add some information to the results reported by Gich et al. [51] on 

the low temperature magnetic structure of the epsilon phase. They reported on 

antiferromagnetic coupling of Fe1 and Fe2 sublattices. The magnetizations of these 

sublattices were constrained to be equal in their model and their directions to be collinear with 

the [100] direction. The Fe3 and Fe4 sublattice magnetizations were suggested to lie in the 

(001) plane and probably modulated by a square-wave function. The conclusion, that the spin 

arrangement is square-wave modulated, was based on an analysis line widths of Mössbauer 

spectra of epsilon phase measured at low temperature. Because of the only slightly greater 

line width of the subspectra at 10 K compared to 200 K, the suggestions of Gich et al. may be 

interpreted as, that, if they are present, the components of magnetic moments of Fe3 and Fe4 

sublattices in [010] direction are not significant. However, thanks to higher resolution of 

NMR spectroscopy, we were able to see the splitting of resonance frequencies and therefore 

the splitting of hyperfine field values. For more information about the magnetic structure of 

low temperature magnetic structure of epsilon phase it is necessary to do the NMR 

measurements in an applied field and at higher temperatures to improve the separation of 

peaks corresponding to octahedral iron atoms in order to obtain better resolved splitting of 

signals of octahedrally coordinated Fe3+. Also, preparation of sample containing orientated 

crystal(s) is necessary to determine the direction of magnetization. 

 



89 

 

Figure 4-17 NMR spectrum of sample 57Fe1000B measured at 4.2 K. 

 

Table 4-4 Parameters of fitted peaks of epsilon subspectrum of 57Fe NMR spectrum of sample 57Fe1000B. 

  Octahedral sites    Tetrahedral sites 
 Intensity f (MHz) Bhf (T)   Intensity f (MHz) Bhf (T) 

O1 2 69.64 50.46  T1 1 62.69 45.43 
O2 1 70.06 50.77  T2 1 62.99 45.65 
O3 3 70.30 50.94  T3 2 63.18 45.78 
O4 1 70.63 51.18      
O5 2 71.05 51.48      
O6 1 71.40 51.74      
O7 2 71.85 52.07      

 

4.4.4. Conclusion 

The phase composition was not optimal but it was possible to separate the signals from 

epsilon and maghemite particles by different RF radiation power. The anisotropy of hyperfine 

field in all four iron sites was observed in the NMR spectrum of epsilon phase. Thanks to 

higher higher resolution of NMR spectroscopy it was discovered, that the spectra of NMR and 

Mössbauer spectroscopy consist of sixteen instead of four subspectra. 

4.5. Optimal sample 

As it was shown in Chapter 3, that the phase composition of the samples strongly correlates 

with annealing procedure. However, the X-ray powder diffraction is not very sensitive 

method for determination of phase composition of the samples and in case of presence of 

small amount of parasitic phase it may not be possible to observe it in the diffractograms. It 

was also shown in section In this section 1.2 that not only the final temperature of the 

annealing is important, but also the rate of heating may play the crucial rôle. 
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In this section the optimal conditions for preparation of as pure as possible epsilon phase will 

be discussed. Also the physical properties of the epsilon phase and also the properties of the 

whole sample will be presented with respect to the crystallinity of the epsilon phase. 

4.5.1. Phase composition 

Room temperature Mössbauer spectroscopy is the best technique for determination of 

phase composition of the samples except for a case where there are both maghemite in 

superparamagnetic state and beta phase in the sample. For illustration of the effect of heat 

treatment on composition will be presented spectra of samples Fe9H1000, Fe9H1050 and 

Fe9H1100. 

Figure 4-18 shows the Mössbauer spectra of samples Fe9H1050 and Fe9H1100. The 

spectrum of Fe9H1000 is presented in Figure 4-12. The spectra were fitted with four sextets 

corresponding to epsilon structure, one sextet assigned to hematite and one doublet. Table 4-6 

summarizes the fitted parameters of epsilon phase. Fixed parameters are denoted by an 

asterisk. Spectra were measured at room temperature. The recoilless fractions are assumed to 

be equal for all phases. However, Tronc et al. showed [92] that recoilless fraction of hematite 

is slightly higher than that of epsilon phase. 

Phase composition (Table 4-7) changes with increasing temperature as already observed 

by XRPD. The parasitic phase in the sample Fe9H1000 is maghemite with 8%. In the 

remaining two samples it is hematite and β-Fe2O3. Amount of these two phases is 

significantly increased in Fe9H1100 sample, especially for hematite. From the point of view 

of phase composition is the optimal temperature 1050°C for constant heating regime. 

 

 

Figure 4-18 Room temperature Mössbauer spectra of Fe9H1050 (left) and Fe9H1100 (right) sample. 
0 - data and fit, I - epsilon, II - epsilon, III - epsilon, IV - epsilon, V - ββββ-Fe2O3 and VI - hematite. 
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Table 4-5 Parameters of room temperature Mössbauer spectra of Fe9H1000, Fe9H1050 and Fe9H1100. 
ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift, Bhf – hyperfine field, A – spectral area. * parameter 
was not fitted. a spectral areas of subspectrum I and II were constrained to have the same value. 

Fe9H1000 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.37(2) 0.38(1) -0.22(2) 45.1(3) 22(2)a 

II 0.37(2) 0.38(1) -0.28(2) 43.9(3) 22(2)a 

III 0.50* 0.37(1) -0.03(2) 38.9(2) 30* 

IV 0.50* 0.20(1) -0.20(3) 25.8(2) 27(2) 

      

Fe9H1050 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.27(2) 0.38(1) -0.22(2) 45.4(2) 22(1)a 

II 0.27(2) 0.38(1) -0.28(2) 44.5(2) 22(1)a 

III 0.41(3) 0.38(1) -0.02(2) 39.2(1) 29(1) 

IV 0.47(4) 0.21(1) -0.16(3) 25.9(1) 27(1) 

      

Fe9H1100 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.25(2) 0.38(1) -0.22(2) 45.6(2) 22(1)a 

II 0.27(2) 0.38(1) -0.29(2) 44.7(2) 22(1)a 

III 0.35(2) 0.38(1) -0.01(2) 39.4(1) 30(1) 

IV 0.37(3) 0.20(1) -0.16(3) 26.1(1) 25(1) 

 

Table 4-6 Phase composition of samples Fe9H1000, Fe9H1050 and Fe9H1100 deduced from room 
temperature Mössbauer spectra. 

 ε-Fe2O3 α-Fe2O3 β-Fe2O3 γ-Fe2O3 

Fe9H1000 92(3) - - 8(3) 
Fe9H1050 93(2) 3(1) 4(2) - 
Fe9H1100 64(2) 27(1) 9(2) - 

 

4.5.2. Crystallinity of epsilon phase 

The phase purity is an important property of a sample, because with pure or nearly pure 

sample we are able to observe properties of the desired phase without any interference from 

other phases. However, this criterion is connected only with quantitative aspect of the 

problem. The other, qualitative, is the crystallinity of the phase. For nanocrystals it is not easy 

to observe the defects of crystal structure directly by diffraction methods. In this section will 

be presented and discussed results from X-ray powder diffraction, Mössbauer spectroscopy, 

magnetic measurements and Raman spectroscopy, which may tell us something about the 

crystallinity. 
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Latice constants 

Table 4-7 summarizes lattice constants of epsilon phase in different samples. As the 

X-ray source used was Cu Kα in the sample set with constant temperature and in the set with 

annealing duration of nine hours. The last set of samples was measured using synchrotron 

source with wavelength of 0.09535 nm. Even though the diffractograms were measured in 

different conditions, the agreement between obtained lattice constants is very good. 

The differences of the lattice constants are within the estimated error in the set with 

constant final temperature. The average values are a = 510.2 pm, b = 880.1 pm and 

c = 947.3 pm. In the two remaining series the lattice constants also remain almost constant 

with increasing temperature with some differences are just above the estimated error. 

However no correlation between temperature or heating regime and lattice constants was 

observed. These results suggest, that the number of structural defects remains comparable for 

all samples. 

 

Table 4-7 Lattice constants of εεεε-Fe2O3 of samples annealed for different time at 1050°C, for four hours at 
different temperatures and for nine hours at different temperatures. 

 a (pm) b (pm) c (pm) V x106 (pm3) 

Fe1050A 510.2(2) 880.4(3) 947.4(3) 425.6(2) 
Fe1050H2 510.0(1) 880.3(3) 947.4(2) 425.4(2) 
Fe1050B 510.3(1) 879.7(1) 946.9(1) 425.1(1) 

Fe1050H6 510.1(1) 880.0(3) 947.3(2) 425.3(2) 
Fe1050H10 510.3(1) 880.0(2) 947.4(2) 425.5(2) 

     
Fe1000B 509.9(1) 879.6(3) 947.1(2) 424.7(1) 
Fe1050B 510.3(1) 879.7(1) 946.9(1) 425.1(1) 
Fe1100B 510.33(1) 879.37(2) 946.42(2) 424.72(1) 

     
Fe9H1000 510.7(4) 881.1(8) 948.1(6) 426.7(6) 
Fe9H1050 510.3(1) 880.4(2) 947.7(2) 425.7(2) 
Fe9H1100 510.8(1) 880.0(2) 948.0(1) 426.1(1) 

 

Mössbauer spectroscopy 

The hyperfine fields of the four subspectra slightly increase with increasing temperature. The 

biggest increase is for subspectrum II and reaches difference of 0.8 T between Fe9H1000 and 

Fe9H1100 samples. In case of subspectra I, III and IV the increase is comparable with 

experimental error. These differences point to better crystallinity, however it is a question 

whether the increase of the hyperfine fields is due to a decrease of structural defects or if it is 

due to bigger particles, because as it was shown, the bigger particles have more rod-like 
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shape, so we cannot exclude some contributions due to difference between Lorentz and 

demagnetization fields. 

The linewidths of the subspectra significantly decrease with increasing temperature. The 

interpretation of this feature is not unequivocal due to existence of anisotropy of the hyperfine 

fields, which was observed at 4.2 K. There are probably contributions from the effects of 

particle size distribution and/or from the decrease of the anisotropy of the hyperfine fields (the 

Fe-O bonds in the coordination polyhedra undergo some changes) or/and a change of the 

direction of the hyperfine fields. The decrease of the linewidths of subspectra I and II are 

significant between samples annealed at 1000°C and 1050°C, another increase of the 

annealing temperature does not lead to a change. On the other hand the linewidths of 

subspectra III and IV decrease also in sample Fe9H1100. This may be interpreted that some 

minor structural or magnetic changes are completed for cationic site connected with 

subspectra I and II at 1050°C, while for subspectra III and IV the changes are still significant 

even at 1100°C. Tronc et al. reported for the linewidth of subspectra I, II, III and IV 0.24, 

0.24, 0.37 and 0.42 mm/s respectively so the main changes are probably completed at 

1100°C. 

Another interesting feature of Mössbauer spectra of all presented samples is relative 

spectral areas of the particular subspectra. For subspectra I and II, whose spectral areas 

strongly correlate, it is 22%, for subspectrum III equals 30% and for subspectrum IV it is 

26%. With respect to the probable distribution of hyperfine field, the profile of the subspectra 

may not be strictly Lorentzian and therefore the spectral areas of subspectra III and IV may be 

slightly overestimated due to the character of this type of lineshape. 

A comparison to data published by Tronc et al. in [58] and [92] for RT spectra shows, that the 

values of quadrupole shift of the subspectra I, II and III in our samples are about 0.1 mm/s 

lower. On the other hand our values are in good agreement with those published by Gich et al. 

obtained at 200 K [51], where the annealing temperature was 1100°C like in our case, 

whereas Tronc et al. annealed the sample at 1400°C, which may indicate small changes of the 

epsilon structure occurring above 1100°C. 

 

Magnetic measurements 

Magnetization as a dependence of temperature was measured at an applied field of 

10 mT between 2 and 350 K. Figure 4-19 shows FC dependence of magnetization of 

Fe9H1050 and Fe9H1100. FC dependence of sample Fe9H1000 is presented in Figure 4-13 in 

section dedicated to the matrix leaching together with the interpretation of the dependence. 
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Magnetization of Fe9H1050 is about 1 Am2/kg at 2 K. The magnetization then very 

gradually decreases up to approximately 80 K. A steep increase of magnetization between 80 

and 115 K is followed by a more gradual one lasting up to 150 K after which the 

magnetization decreases linearly up to approximately 300 K. A further decrease of 

magnetization accelerates up to 350 K. This magnetization dependence on temperature is very 

similar to that found for the Fe9H10NC sample. The difference here lies in region below 

80 K, where the decrease of magnetization of Fe9H1000 sample is higher. This is caused by 

the presence of SPM particles of maghemite in Fe9H1000. 

Temperature dependence of magnetization of Fe9H1100 is similar to that of Fe9H1050. 

At 2 K, the magnetization of Fe9H1100 is higher than magnetization of Fe9H1050. This can 

be caused by higher coercivity of Fe9H1100 at 100 K (see later), which prevents 

demagnetization of the sample. With increasing temperature, the magnetization 

increases - this is typical for antiferromagnetic materials and is probably the result of the 

presence of hematite, which makes about 30% of iron oxide in the sample. Also beta phase is 

reported to have antiferromagnetic features [24] under the ordering temperature, which is of 

about 110 K. A steep increase of magnetization up to 118 K is followed by a more gradual 

one up to 154 K. Above this temperature, the magnetization behaviour is identical with the 

Fe9H1050 sample. The two anomalies at about ~115 and ~150 K are a consequence of the 

change in magnetic structure of epsilon iron oxide. 

The qualitative behaviour of magnetization, which was attributed to epsilon phase, is 

similar for the samples annealed at different temperatures. However, there is evidence of a 

shift of the temperatures at which the changes in magnetic structure occur. The temperature of 

the first anomaly changed from 110 K for the sample annealed at 1000°C to 118 K for the 

sample annealed at 1100°C. The shift of the second anomaly is from 150 K to 154 K. These 

differences may be the connected with the increase of hyperfine fields and decrease of 

subspectra linewidths of epsilon phase within this set of samples estimated from Mössbauer 

spectroscopy. 

Hysteresis loops were measured between 2 or 10 and 300 K up to an applied field of 7 T 

and are shown in Figure 4-20. The applied magnetic field was not sufficient to reach 

saturation magnetization. Magnetization of Fe9H1050 is 19 Am2/kg at 300 K and increases to 

22 Am2/kg at 100 K. With a further decrease of temperature to 10 K, the magnetization at 7 T 

remains constant (Table 4-8). These values are similar to those obtained for the Fe9H1000 

sample. Except for a small drop in magnetization about the region with no applied external 

field in the hysteresis loop measured at 300 K, the loops are not “necked” as in the case of 



95 

Fe9H1000. This is a result of the transformation of maghemite to epsilon phase. The small 

drop of magnetization about the region with no applied external field at 300 K is probably a 

result of the presence of the beta phase, because at 10 K, far under the ordering temperature of 

the beta phase, there is no “necking” of the hysteresis loop. The magnetization of Fe9H1100 

at 7 T is lower for all temperatures. This is caused by transformation of part of the epsilon 

phase to hematite. 

Coercivity of Fe9H1050 sample at 300 K is 1.9 T, drops at 100 K to zero and increases 

to 0.7 T at 10 K. The decrease of remanence and coercivity at 100 K is associated with change 

of magnetic structure of epsilon phase and was observed also for the sample annealed at 

1000°C, but its coercivity reaches only 0.4 T at 200 K, which is due to the presence of soft 

magnetic maghemite. Coercivity of sample Fe9H1100 at 300 K is 2.1 T and this value 

increases to 2.3 T at 200 K. The coercivity drops to 0.2 T at 100 K and not to zero as in the 

case of samples Fe9H1000 and Fe9H1050. At 10 K the coercivity increases to 0.7 T. This is 

probably caused by better crystallinity of epsilon phase. 

 

 

Figure 4-19 Field cooled dependence of magnetization of sample Fe9H1050 (left) and field cooled 
dependence of magnetization of sample Fe9H1100, measured at applied field of 10 mT. 
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Figure 4-20 Hysteresis loops of Fe9H1000 (upper left), Fe9H1050 (upper right) and Fe9H1100 (lower left) 
measured at temperatures 2 or 10, 100, 200 and 300 K. 

 

Table 4-8 Coercivities and magnetizations at 7 T of Fe9H1000, Fe9H1050 and Fe9H1100 measured at 
different temperatures. 

  Fe9H1000 Fe9H1050 Fe9H1100 

T (K) Hc (T) M (Am2/kg) Hc (T) M (Am2/kg) Hc (T) M (Am2/kg) 
300 0.3(1) 19(1) 1.9(1) 19(1) 2.1(1) 14(1) 
200 0.4(1) 21(1) - - 2.3(1) 16(1) 
100 0.0(1) 23(1) 0.0(1) 22(1) 0.2(1) 16(1) 
10 - - 0.7(1) 22(1) 0.7(1) 15(1) 
2 0.2(1) 23(1) - - - - 

 

Raman scattering 

 
The Raman spectra of samples Fe9H1000 and Fe1100B are shown in Figure 4-21. The 

laser power was set to avoid transformation of epsilon phase to hematite. The space group of 

epsilon (Pna21) has only one Wyckoff position a with point group 1 and multiplicity 4. Ten 

atoms in a unit cell leads to considerable number of vibrational modes, some of them are 

Raman active. The wavelength of laser was a crucial variable for the acquisition of spectra. 
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No signal was detected with an excitation wavelength of 1064 nm and only a weak signal 

with a wavelength of 514 nm. The spectra consist of more bands than hematite or maghemite. 

The intensity of the bands was much lower than the intensities of hematite bands, which made 

the acquisition of epsilon spectra difficult. The spectrum of hematite (Figure 4-21, light blue 

line) is presented as a reference. It was obtained from sample Fe1100B using higher laser 

excitation power, which induced transformation of epsilon phase to hematite. 

Table 4-9 summarises the observed Raman bands of Fe9H1000 and Fe1100B. Bands of 

amorphous SiO2 are not present in the spectra. Raman shifts of maghemite bands are ~350, 

~500 and ~700 cm-1 [112]. Bands with these wavenumbers are present in the spectrum of 

sample Fe1100B, where the presence of maghemite was not detected. Therefore, the 

discrimination between maghemite and epsilon is problematic. Because the Raman spectra of 

the beta and epsilon phases were not published to our knowledge, the possible contribution of 

the beta phase to the spectrum of Fe1100B cannot be estimated. However, by comparing the 

spectrum of Fe1100B to that of Fe9H1000, we can assume that the beta phase contribution to 

the Fe1100B spectrum is negligible. The only certain contribution to the epsilon spectrum of 

Fe1100B sample is the contribution from hematite, the presence of which is readily 

identifiable thanks to its sharp and intense Raman bands. 

The association of vibrational bands with structural motives in non-molecular solids is 

problematic. We can assume that bands for hematite are associated with vibrations of FeO6 

octahedra [113]. If we make the same assumption for maghemite and magnetite [113], then 

we can suppose that the bands about 350 and 550 cm-1 may involve, to some extent, 

vibrations of FeO4 tetrahedra and the band at about 500 cm-1 may mainly involve vibrations 

of octahedra. 

Both spectra are very similar, but differences may be found in intensities and especially 

widths of bands at 188, 259, 271, 326, 333, 339 and 429 cm-1. This width decrease supports 

higher order of epsilon phase or decrease of energetic splitting between originally degenerated 

bands, which are due to the low symmetry of the coordination polyhedra splitted. 
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Figure 4-21 Raman spectrum of Fe9H1000 (dark blue line), Fe1100B (red line) and hematite (light blue 
line). 
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Table 4-9 Observed Raman bands of εεεε-Fe2O3 in 
samples Fe9H1000 and Fe1100B. 
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4.5.3. Conclusion 

Optimal phase composition was achieved by annealing the preheated gel at 1050°C. The 

sample Fe9H1050 contained except for ε-Fe2O3 phase 5% of β-Fe2O3 and 1% of hematite. 

The lattice constants did not show any dependence on the annealing temperature between 

1000°C and 1100°C or on the duration of the annealing suggesting similar level of structure 

defects in the epsilon phase in this temperature range. The results from Mössbauer 

spectroscopy, magnetic measurements and Raman scattering suggest that minor structural 

changes occur up to 1100°C. The most remarkable effects are increase of coercivity and 

decrease of linewidths subspectra III and IV in Mössbauer spectra between samples 

Fe9H1050 and Fe9H1100. 

4.6. Sample Fe1100B 

The detailed description of crystallographic and magnetic structure is given with help of 

data obtained on sample Fe1100B, which was annealed at 1100°C, but contains considerably 

lower amount of the parasitic phases than sample Fe9H1100. 

4.6.1. XRPD 

The diffraction pattern (Figure 4-22) was measured on the PDIFF beamline at ANKA 

with a wavelength of 0.09535 nm and fitted by the Rietveld method. Three phases were 

introduced into the fit – epsilon, hematite and beta. Sixty parameters were refined including 

29 fractional coordinates of 10 atoms of the epsilon phase. The background was user provided 

and the diffraction pattern of amorphous SiO2 was included in the background. 

After reaching convergence and after checking the refined parameters, one of two 

atomic distances between Fe4 and O6 showed to be extremely short (1.64 Å). This value 

corresponds to the distance reported by Kelm and Mader [60] (1.644 Å). However, it should 

be noted, that due to their method of preparation (thermal treatment of iron containing 

aluminosilicate) and to the reported lattice constants and the unit cell volume and the reported 

elemental analysis of the oxide particles, the substitution of some iron cations by aluminium 

cations probably occurred, even though the reported introduction of Al substituents did not 

improve the fit. We therefore applied soft constraints on the Fe4-O distances in the 

tetrahedron and the Fe4-O6 bond length increased to 1.74 Å. The final reliability factors did 

not significantly change by applying of these soft constraints: Rwp = 21.7% (21.7%), χ2 = 1.98 

(1.97), RB(ε) = 4.90% (4.86%), RF(ε) = 5.93% (5.89%), RB(α) = 4.97% (5.05%), 
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RF(α) = 4.40% (4.41%), RB(β) = 7.76% (7.72%) and RF(β) = 10.9% (10.9%). Values in 

brackets correspond to the fit without constraints. Further soft constraints on Fe-O distances 

in octahedral sites led to an increase of reliability factors. The crystallographic and Rietveld 

data will be presented only for fits with soft constraints on Fe4-O distances. A model of the 

structure is shown in Figure 4-23. Table 4-10 summarizes obtained crystallographic data 

together with reliability factors of the fit. 

There are six crystallographically different oxygen ions in the structure of epsilon iron 

oxide, denoted O1-O6. They can be divided into two groups according to the number of 

nearest neighbour cations. Type I - oxygen ions with three neighbouring cations are O3, O5 

and O6 and type II - oxygen ions with four or five neighbouring cations are O1 (five), O2 and 

O4. The atomic fractional coordinates of ions of the epsilon phase are summarized in Table 

4-11. The average distance between two oxygen layers corresponds to one fourth of the c 

lattice constant and its value is 237 pm. However, in the structure, the distances in the [001] 

direction between the oxygen pairs O3-O2 and O6-O5, which do not have a cation between 

them (251 and 252 pm respectively) and the O4-O6 pair, which has Fe4 between the oxygen 

atoms (244 pm), is higher than the average value. The distance between the remaining three 

oxygen pairs O1-O4, O2-O3 and O5-O1, which have an octahedrally coordinated iron cation 

between them, is lower than the average value (229, 222 and 221 pm respectively). This 

makes the oxygen layer consisting of O3, O4 and O5 wavy, whereas the layer comprising O1, 

O2 and O6 is quite flat. The layers lie at a fraction of c z = 0.18, z = 0.43, z = 0.68 and 

z = 0.93 (Figure 4-24). If we look at the Debye-Waller factors of oxygen atoms, we can see 

that oxygen atoms of type II have values higher than these of type I atoms. The high values in 

comparison to other atoms suggests, that some part of Biso is also caused by static disorder. 

The highest value is for O1, which has five nearest neighbours and connects chains of Fe1 and 

Fe3 octahedra. It is also the anion mediating the ~180° superexchange interactions between 

Fe1 and Fe2 and between Fe1 and Fe3. The relatively higher value of Biso has also O6 (type 

I), which is a backbone of Fe4 chain of tetrahedra. This oxygen mediates the Fe4 intra 

sublattice superexchange interaction and, as was mentioned in the Introduction, the 

Fe4-O6-Fe4 angle is not suitable for ferromagnetic interaction. 

The layer consisting of Fe2 and Fe3 cations lies approximately in the middle between 

two oxygen layers. The layer consisting of Fe1 and Fe4 cations is quite distorted and the 

cations lie closer to the oxygen atoms of type I. The bonding angles and Fe-O distances in 

coordination polyhedra of four Fe sites are summarized in Tables 4-12 and 4-13 respectively. 
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The average Fe-O distance in Fe1 octahedron is 2.08 Å and its average deviation is 

0.12 Å. The average ~90° angle is 89° with a standard deviation of 9° and the average ~180° 

angle is 162° with a standard deviation of 8°. 

The average Fe-O distance in the Fe2 octahedron is 2.05 Å with an average standard 

deviation of 0.15 Å. The average ~90° angle is 89° and its standard deviation is 7° and the 

average ~180°, angle is 165° with a standard deviation of 2°. 

The average Fe-O distance in the Fe3 octahedron is 2.05 Å with an average standard 

deviation of 0.06 Å. The average ~90° angle is 90° and its standard deviation 5°. Average 

~180° is 172° with standard deviation 2°. 

The average Fe-O distance in the Fe4 tetrahedron is 1.84 Å and its average deviation is 

0.06 Å. The average ~109° angle is 109° and its standard deviation is 7°. 

These values show that the oxygen octahedra around Fe1 and Fe2 iron atoms are 

distorted and the octahedron around Fe3 is more regular. The tetrahedron around the Fe4 iron 

atom is also distorted. It may also be noted that the average Fe-O distance in the coordination 

sphere of Fe1 atom is slightly higher (2.08 Å) than expected from the sum of the ionic radii 

(2.05 Å) and that the average Fe-O distance in the coordination sphere of Fe4 atom is slightly 

lower (1.84 Å) than expected from the sum of the ionic radii (1.89 Å). This could suggest a 

higher covalent character of the bonds in Fe4O4 tetrahedron, especially for the shorter Fe4-O6 

bond (1.74 Å). As reported by Tseng et al. [111], the covalent character of some Fe-O bonds 

of Fe1 and Fe4 ions accompanied by partial charge transfer from oxygen to iron atom is 

probably responsible for the high coercivity of epsilon phase due to the non-zero orbital 

moment accompanied by spin-orbit coupling. As mentioned in section dedicated to the 

discussion of Debye-Waller factors where it is stated that the values of Biso of O1, O2, O4 and 

O6 anions suggest a static disorder of these atoms, it is possible that, with decreasing 

temperature, this disorder could be diminished and that some structural changes may possibly 

occur at lower temperatures. The possible accompanying changes in Fe-O bond ionic 

character could be responsible for the decrease of coercivity at about 100 K. However, 

measured low temperature structural data are not available for our samples at this point. 

The relatively small amount room available in the tetrahedral cavity could be the 

driving force for the migration of iron cation to the larger octahedral cavity and the 

subsequent transformation to hematite. There are two possible octahedral cavities in the X 

layer to which the Fe4 iron atom can migrate. For the creation of the hematite structure there 

is a suitable octahedral cavity, which shares just one edge with the Fe1 octahedron (Figure 

4-25). The Fe4 iron cation migration would mean that the newly formed Fe4 octahedrons 
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would share one face with octahedra in the Fe3 chain. This could induce a change in the Y 

layer in the Fe3 chain and, if half of the iron cations move to the octahedral cavity between 

Fe2+Fe3 chains, as suggested in the middle picture of Figure 4-25, then the transformed 

layers would have an arrangement of octahedra corresponding to hematite. 

Fe-O-Fe coupling angles are summarized in Table 4-14. Angles between iron atoms in 

edge-sharing octahedra are between 83 and 105°. The two ~180° angles have values equal to 

166° (Fe1-Fe2) and 164° (Fe1-Fe3) and the ~120° angles are between 125 and 136°. Angles 

between iron atoms in octahedral sites and tetrahedral site are between 113 and 126°. The 

angle between Fe4 iron ions was estimated to be 115°. 

The coherent diffraction domain size was found to be 29.6 nm for epsilon phase and 

34.7 nm for alpha phase. Comparison with the coherent diffraction domain size of epsilon 

phase for sample Fe1050B shows that the longer heat treatment at higher temperature caused 

an increase of this size by about 10 nm. The coherent domain size of hematite is slightly 

higher than that of the epsilon phase. Following the hypothesis regarding the formation of 

hematite from epsilon discussed in previous parts, it is then possible that the hematite 

particles are bigger due to the larger free space around them affording the opportunity for 

easier growth. 
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Figure 4-22 Synchrotron X-ray powder diffraction pattern of Fe1100B. Red dots, black line blue line and 
green bars are experimental profile, calculated profile, their difference and calculated positions of Bragg 
diffractions respectively (first row – epsilon, second row – hematite and third row - beta). 

 

 

Figure 4-23 Structure of epsilon phase of Fe1100B sample. Left - connectivity between iron and oxygen 
ions and right – representation of the structure by polyhedra. Colours of Fe sites: Fe1 red, Fe2 yellow, Fe 
light blue and Fe4 green. 
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Figure 4-24 Oxygen anion layers projected along c. Hexagons are drawn for each layer for better 
orientation. ABAC stacking: A – red, z = 0.93, B – yellow, z = 0.68, A – light blue, z = 0.43, C – green, 
z = 0.18. 

Table 4-10 Powder crystallographic and Rietveld data for Fe1100B. 

  Fe1100B  

Space group Pna21 R3c Ia 3  
Crystal system Orthorhombic Rhombohedral Cubic 

Lattice constants    

a (pm) 510.33(1) 504.35(1) 940.93(2) 
b (pm) 879.37(2)   
c (pm) 946.42(2) 1375.58(5)  

Volume (106 pm) 424.72(1) 303.03(1) 833.06(3) 

Rwp (%) 21.7 21.7 21.7 

RB (%) 4.90 4.97 7.76 

RF (%) 5.93 4.40 10.9 

χ2 1.98 1.98 1.98 
 

Table 4-11 Positional and displacement parameters of Fe1100B measured at room temperature. 

Site x y z Biso(Å
2) 

Fe1 0.189(3) 0.1495(19) 0.5787(8) 3.0(2) 
Fe2 0.6832(14) 0.0306(6) 0.8022(14) 2.59(13) 
Fe3 0.8080(11) 0.1572(6) 0.2972(14) 2.51(12) 
Fe4 0.187(2) 0.1532(16) 0.0000 1.86(17) 
O1 0.961(6) 0.320(4) 0.432(3) 5.1(10) 
O2 0.515(6) 0.494(3) 0.420(4) 3.9(14) 
O3 0.641(6) 1.002(3) 0.185(2) 1.3(8) 
O4 0.153(6) 0.168(3) 0.1902(15) 3.1(7) 
O5 0.811(5) 0.156(3) 0.6657(18) 0.8(5) 
O6 0.502(5) 0.175(3) 0.932(3) 2.5(8) 
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Table 4-12 Bonding angles in the coordination polyhedra for the four Fe sites of epsilon phase. 

Fe1  Fe2  Fe3  Fe4 
O1-Fe1-O1 81.2(20)  O1-Fe2-O2 79(2)  O1-Fe3-O1 83(2)  O2-Fe4-O4 113(2) 
O1-Fe1-O2 76.0(19)  O1-Fe2-O3 85.3(18)  O1-Fe3-O2 85(2)  O2-Fe4-O6 116(2) 
O1-Fe1-O3 174(3)  O1-Fe2-O4 75.2(15)  O1-Fe3-O3 175(3)  O2-Fe4-O6 100(2) 
O1-Fe1-O5 76.1(16)  O1-Fe2-O5 165(2)  O1-Fe3-O4 87.0(19)  O4-Fe4-O6 117(2) 
O1-Fe1-O5 81.5(17)  O1-Fe2-O6 92(2)  O1-Fe3-O4 86.0(18)  O4-Fe4-O6 103.4(19) 
O1-Fe1-O2 83(2)  O2-Fe2-O3 162(3)  O1-Fe3-O2 98(2)  O6-Fe4-O6 104(2) 
O1-Fe1-O3 98(2)  O2-Fe2-O4 81.0(19)  O1-Fe3-O3 91.6(19)    
O1-Fe1-O5 156(2)  O2-Fe2-O5 103(2)  O1-Fe3-O4 170(2)    
O1-Fe1-O5 87.4(19)  O2-Fe2-O6 97(2)  O1-Fe3-O4 84.6(17)    
O2-Fe1-O3 99(2)  O3-Fe2-O4 86.2(19)  O2-Fe3-O3 95(2)    
O2-Fe1-O5 84.9(19)  O3-Fe2-O5 89(2)  O2-Fe3-O4 82.4(19)    
O2-Fe1-O5 157(2)  O3-Fe2-O6 92.8(19)  O2-Fe3-O4 170(3)    
O3-Fe1-O5 103(2)  O4-Fe2-O5 90.2(18)  O3-Fe3-O4 98(2)    
O3-Fe1-O5 104(2)  O4-Fe2-O6 167(2)  O3-Fe3-O4 95.2(19)    
O5-Fe1-O5 95.8(19)  O5-Fe2-O6 102.6(20)  O4-Fe3-O4 93(2)    

 

Table 4-13 Distances in the coordination polyhedra for the four Fe sites of epsilon phase. 

Fe1  Fe2  Fe3  Fe4 

Fe1-O1 2.35(3)  Fe2-O1 2.34(3)  Fe3-O1 2.07(3)  Fe4-O2 1.90(3) 
Fe1-O1 1.98(3)  Fe2-O2 1.93(3)  Fe3-O1 2.19(3)  Fe4-O4 1.813(15) 
Fe1-O2 2.15(4)  Fe2-O3 2.01(3)  Fe3-O2 2.06(3)  Fe4-O6 1.74(3) 
Fe1-O3 1.88(3)  Fe2-O4 2.21(3)  Fe3-O3 1.93(3)  Fe4-O6 1.89(3) 
Fe1-O5 2.10(3)  Fe2-O5 1.82(2)  Fe3-O4 2.03(3)    
Fe1-O5 2.00(3)  Fe2-O6 1.99(3)  Fe3-O4 2.00(3)    

 

Table 4-14 Cation-anion-cation angles in εεεε-Fe2O3. Numbers in brackets denote number of 
nearest-neighbors belonging to a particural sublattice. All intrasublattice cation-anion-cation interactions 
have multiplicity 2. All angles are in degrees, standard deviation of all angles is less than 2°. 

Fe1  Fe2  Fe3  Fe4 
Fe1 Fe2 Fe3 Fe4  Fe2 Fe3 Fe4  Fe3 Fe4  Fe4 
(2) (5) (4) (1)  (0) (3) (4)  (2) (3)  (2) 
99 166 164 115  - 102 126  97 125  115 
91 134 126    101 123  91 121   
 126 105    99 119   115   
 125 103    96 113      
 100 96    93       
 92 90    83       
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Figure 4-25 Suggested migration (indicated by black arrows) of Fe4 (left picture) and Fe3 (middle picture) 
iron cations to octahedral cavities. The picture on the right represents one layer of the hematite structure. 

4.6.2. Electron microscopy 

Micrographs of Fe1100B (Figure 4-26) revealed spherical to rod-shaped particles. The 

mean diameter, its standard deviation obtained by analysis of bright field images, and the 

subsequent fitting of histogram of particle size (Figure 4-27) by log-normal distribution, was 

found to be 24.2 nm and 14.6 nm respectively, which are in agreement with mean coherent 

diffraction domain size (29.6 nm). The lower value obtained from micrographs may be caused 

by the non-spherical shape of bigger particles. Regarding the possibility of random orientation 

of particles in the matrix, the relative ratio of rod-like particles can be higher. 

 

  

Figure 4-26 Bright field TEM micrographs of sample Fe1100B. 
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Figure 4-27 Distribution of particle diameter of sample Fe1100B. 

4.6.3. Mössbauer spectroscopy 

Figure 4-28 shows the room temperature Mössbauer spectrum of Fe1100B. The 

spectrum was fitted with four sextets corresponding to epsilon structure, one sextet assigned 

to hematite and one doublet. Table 4-15 summarizes fitted parameters. Fixed parameters are 

denoted by an asterisk. 

The hyperfine parameters of the doublet together with small width of its lines led us to 

assign it to beta phase, which was also observed by XRPD. The line widths of the epsilon 

phase subspectra together with hyperfine parameters are equal to those of Fe1050B. The 

spectral area did also not change. The spectral area of the hematite and beta subspectra are 

also unaltered. The only difference between the Mössbauer spectra of Fe1050B and Fe1100B 

is a slightly higher quadrupole splitting of the doublet in the Fe1100B spectrum. In contrast to 

samples prepared by a constant heating regime, the increase of the hyperfine field of iron 

atoms in octahedral sites was not observed and decrease of linewidths with respect to 

Fe1050B was not observed either. This suggests that minor structural changes involving 

cationic sites connected with subspectra III and IV did not occurred as in the sample 

Fe9H1100. 

The assignement of the subspectra to the cationic sites was for the first time done by 

Tronc et al. in 1998 [58]. The assignement of subspectra was based on the analysis of 

superexchange interactions based on the values of the Fe-O-Fe angles. The possible frustrated 

intra- and intersublattice interactions of Fe4 site lead them to suppose a disorder in this site, 

which affects more Fe3 site due to lower reinforcement of antiferromagnetic interaction with 

Fe1 site than the Fe2 site. Therefore they assigned subspectra I, II, III and IV to sites Fe2, 
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Fe1, Fe3 and Fe4 respectively in their publication in 1998 [58] and to sites Fe1, Fe2, Fe3 and 

Fe4 respectively in the work published in 2005 [92]. 

When we take as a starting point for the assignment that the hyperfine field is 

proportional to magnetic moment of the iron atom, then with respect to the oxidation state 

+III of iron atoms we should expect non-zero dipolar and orbital contributions to the 

hyperfine fields of subspectra III and IV. This is in accord with observed distorted tetrahedral 

Fe4 site with one extremely short Fe4-O6 bond. We can unambiguously assign to the 

subspectrum IV due to its isomer shift. It is interesting to note, that Tronc et al. reported on 

hyperfine field of Fe4 site in high temperature phase extrapolated to the absolute zero to be 

35 T and the hyperfine field of B-site in magmetite with the lowest hyperfine field near the 

absolute zero is about 36 T. It is expected, that this B-site is occupied by iron cations with 

oxidation state different than +III. So we may suppose that the orbital and dipolar 

contributions to the hyperfine field of Fe4 site are substantial. These contributions are directly 

responsible of the magnitudes of the symmetrical second order tensor A
t

 in equation (38). 

Higher values would induce higher differences between the four subspectra of Fe4 site, which 

is in accord with significantly increased linewidths of subspectra IV. The hyperfine field of 

subspectrum III is also significantly lower and we may therefore also expect some dipolar and 

orbital contributions to the hyperfine field and again we may assign the broader linewidths to 

the anisotropy of hyperfine fields. The quadrupole shift is close to zero. Trooster and 

Dynamus reported on the angle between hyperfine field and symmetry axis of the electric 

field gradient of Fe2 site to be ~55° in GaFeO3 [115], which would lead to quadrupole shift of 

the subspectrum connected with this site to be about zero. If this angle holds for 

non-substituted epsilon, then we may assign the subspectrum III to Fe2 site. Lower hyperfine 

field of Fe2 site is also in accord with the fact that it has the most distorted coordination 

octahedron. Fe2 cation is also the only one, except for Fe4 one, which has a bond with O6 

oxygen, whose electron shell may be strongly polarized by the very short Fe4-O6 bond and 

therefore it may also polarize the electron shell of the Fe2 cation. With respect to higher 

quadrupole shift of subspectrum II, lower hyperfine field and higher distortion of the 

coordination polyhedron the assignement to Fe1 site is more plausible. That leaves 

subspectrum I to be assigned to Fe3 site. 
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Figure 4-28 Room temperature Mössbauer spectrum of Fe1100B. 0 - data and fit, I - epsilon, II - epsilon, 
III - epsilon, IV - epsilon, V – ββββ-Fe2O3 and VI - hematite. 

 

Table 4-15 Parameters of room temperature Mössbauer spectrum of Fe1100B. ΓΓΓΓ - FWHM, IS – isomer 
shift, QS – quadrupole shift, Bhf – hyperfine field, A – spectral area. * parameter was not fitted. a spectral 
areas of subspectrum I and II were constrained to have the same value. 

 Γ (Γ (Γ (Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 
I 0.28(2) 0.38(1) -0.22(2) 45.3(2) 20(1)a 
II 0.28(2) 0.38(1) -0.29(2) 44.4(2) 20(1)a 
III 0.40* 0.37(1) -0.01(2) 39.1(1) 29(1) 
IV 0.45* 0.21(1) -0.15(2) 25.9(1) 26(1) 
V 0.30* 0.38(1) 0.82(2) - 5(1) 
VI 0.23(2) 0.37(1) -0.22* 51.1(1) 1(1) 

4.6.4. Magnetic measurements 

Figure 4-29 shows the FC dependence of magnetization of the Fe1100B sample. 

Magnetization was measured between 2 and 350 K at an applied field of 10 mT. The 

temperature dependence of magnetization is very similar to the magnetization dependence of 

sample Fe9H1100. The high magnetization at 2 K of 5.5 Am2/kg is a result of incomplete 

demagnetization during transformation of magnetic structure between 80 and 150 K. The 

magnetization increases with increasing temperature. In the case of sample Fe9H1100, this 

was attributed to the presence of a significant amount of hematite in the sample whereas this 

is not the case for Fe1100B, where the amount of hematite, estimated by Mössbauer 

spectroscopy, is about 1%. This antiferromagnetic behaviour of magnetization up to 80 K is 

attributed to beta phase, which is present at about the level of 5%. The two anomalies 

associated with magnetic structure transformation were found at temperatures 106 K and 

146 K. In comparison to Fe9H1100, the temperatures are lower by 10 and 8 K respectively.  
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Hysteresis loops were measured between 10 and 300 K up to an applied field of 7 T and 

are shown in Figure 4-30 and the hysteresis loops parameters are summarized in Table 4-17. 

The applied magnetic field was not sufficient to reach saturation magnetization. 

Magnetization at 300 K and 7 T is 17 Am2/kg and increases through 18 Am2/kg at 200 K to 

19 Am2/kg at 100 K. The magnetization remains constant up to 10 K and is approximately 

2 Am2/kg lower at all temperatures than in sample Fe1050B. This difference may be 

attributed to inhomogeneity in particle distribution in the SiO2 matrix. Remanence showed 

only weak dependence on temperature except at 200 K, where it is 9 Am2/kg; at all other 

temperatures it is equal to 8 Am2/kg. Hysteresis loops measured at 300 and 200 K show a 

steeper decrease of magnetization in region about zero applied field. This is probably a result 

of beta phase presence, which is paramagnetic at these temperatures. Hysteresis loops 

measured at 100 and 10 K do not show this behaviour. Coercivity at 300 K is 2.0 T and is 

even higher at 200 K. Its value is 2.3 T and corresponds to the value of coercivity of sample 

Fe9H1100. Coercivity at 100 and 10 K is also the same: 0.2 and 0.7 T respectively. The 

non-zero coercivity at 100 K caused high magnetization in the low temperature region of FC 

dependence of magnetization because the thermal motion was not strong enough to 

demagnetize the sample. 

 

 

Figure 4-29 Field cooled dependence of magnetization of sample Fe1100B measured at an applied field of 
10 mT. 
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Table 4-16 Coercivities and magnetizations at 7 T of Fe1100B measured at different temperatures. 

 Fe1100B 
T (K) Hc (T) M (Am2/kg) 
300 2.0(1) 17(1) 
200 2.3(1) 18(1) 
100 0.2(1) 19(1) 
10 0.7(1) 19(1) 

 

 

Figure 4-30 Hysteresis loops of Fe1100B measured at temperatures 10, 100, 200 and 300 K. 

4.7. Conclusion to Fe 2O3/SiO2 nanocomposites 

The determination of phase composition of the samples was significantly improved by 

Rietveld refinement of the diffraction data and by measuring the data using synchrotron 

radiation. Thanks to these improvements in diffractogram evaluation, beta iron(III) oxide 

phase was identified in our samples. The mean size of iron oxide particles increased with 

increasing temperature of annealing and the shape of epsilon iron oxide particles changed 

from small spherical particles in the samples annealed at 1000°C to big, rod-like particles in 

samples annealed at 1100°C. 

There were some differences in samples prepared by constant and step-like heating 

regimes. Whereas the phase composition of samples Fe9H1050 and Fe1050B was similar (a 

few percent of hematite and beta phase impurities), the phase composition of Fe9H1100 and 

Fe1100B significantly differed. Sample Fe9H1100 contained about 10% of beta phase and 

about 20% of hematite, while the phase composition of sample Fe1100B did not differ from 

the sample annealed at 1050°C. 

The transformations of iron oxide phases were studied by variations of heating regimes. 

Generally, we can say that the more rapid the heating of the sample was, the more 

inhomogeneous the samples were. The results showed that maghemite can be present in 
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samples annealed at 1050°C provided the heating is fast enough. This suggests that the 

transformation of maghemite more likely relies on kinetics than on thermodynamics. The 

transformation of epsilon phase to hematite can be probably induced by two mechanisms. The 

first could be the availability of the crystallisation center, ie., the surface of the particle with 

orientation parallel to (001) and which is not covered by amorphous SiO2. The other is, 

without doubt, the crystallisation of SiO2 as discussed in Chapter 3. 

Removal of the silica matrix is accompanied by significant decrease of the smallest 

particles in the sample and therefore it can be used for improvement of particle size 

distribution when the sample contains very small particles. 

The mechanism of formation of beta phase remains unresolved. The presence of beta 

phase was unambiguously determined in samples annealed at temperatures of 1050 and 

1100°C. However, due to the fact that this phase is paramagnetic at room temperature and 

that, at temperatures near 0 K, its subspectra are completely overlapped with other iron oxide 

phase subspectra, the content of the beta phase in the samples could not be followed by 

Mössbauer spectroscopy if maghemite was present in the sample. Taking into account the 

limits of XRPD, we could not exclude the presence of beta phase in samples annealed at 

temperatures lower than 1050°C. Therefore, none of the three following scenarios, all of 

which end at about 1150°C by transformation of beta phase to hematite, can be excluded 

beyond doubt: 1) The beta phase is formed at the beginning of the annealing process along 

with maghemite; 2) The beta phase crystallises from maghemite along with the epsilon phase; 

3) The beta phase crystallises from epsilon phase. The third scenario, however, does well 

describe the iron oxide phase evolution from the Fe9H1050 sample to Fe9H1100. 

Anisotropy of hyperfine field at 4.2 K was observed by NMR spectroscopy, which 

implies that the spectra of NMR and Mössbauer spectroscopy consist of sixteen instead of 

four subspectra. The splitting of the hyperfine fields was observed in the NMR spectrum due 

to higher resolution of this technique. The splitting of the resonance frequencies cannot be 

unambiguously interpreted at this point but the results suggest that, provided the 

magnetization of sublattices is collinear, then the direction of magnetization is not collinear 

with the [100] direction. If the arrangement of sublattice magnetizations is non-collinear, then 

the results suggest that the all Fe sites are not collinear with the [100] direction. 

The optimal annealing temperature for preparation of samples containing less than 10% 

of parasitic iron oxide phases lies between 1050°C and 1100°C, whereas the results from 

Mössbauer spectroscopy and magnetic measurements suggest that some minor structural 

and/or magnetic changes occur up to 1100°C. 
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The model of the epsilon oxide structure was obtained by Rietveld refinement of 

diffraction data. The large isotropic temperature factors of oxygen anions with a coordination 

number higher than 3 and the oxygen anion forming the backbone of tetrahedra chain suggest 

a static structure disorder of these atoms. This may influence the superexchange interactions 

between iron cations and thus it may influence the magnetic structure of the epsilon phase. 

This possible static disorder can be also interpreted in the opposite way, that magnetic 

structure has an effect on the static disorder of the epsilon structure due to possible 

magnetoelectric coupling in the epsilon phase as reported previously [52]. The tetrahedral 

cavity of our model of epsilon structure, which is occupied by Fe4 iron atoms, is smaller than 

expected from the sum of the ionic radii of high spin Fe3+ and O2-. This could suggest a higher 

covalence for the Fe-O bonds in the tetrahedron, which is probably accompanied by partial 

transfer of electron density from the oxygen anion to the iron cation. This would lead to a 

non-zero orbital and dipolar moment and a large magnetic anisotropy of the Fe4 iron cation. 

An alternative assignment of Mössbauer subspectra is given based on the correlation of 

magnetic moment with hyperfine field and its anisotropy. 

The small amount of space in the tetrahedral cavity occupied by Fe4 is argued to be the 

driving force of the transformation of epsilon phase to hematite. 
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5. Nanocomposites Al xFe2-xO3/SiO2 

This chapter is dedicated to the samples with composition AlxFe2-xO3/SiO2, where 

x = 0.25, 0.50 and 0.75. As in the chapter dedicated to non-substituted nanocomposites, a 

constant heating regime and a step-like heating regime was used for the sample preparation. 

The constant heating regime was only used for the preparation of samples with composition 

Al 0.50Fe1.50O3/SiO2. The samples differ by the duration of annealing. A step-like heating 

regime was used for preparation of samples of all compositions. The final temperature of 

annealing was 1100°C for all samples and the duration of annealing at this temperature was 4 

hours. In other words, the step-like heating regime for the preparation of samples 

Al xFe2-xO3/SiO2 (x = 0.25, 0.50 and 0.75) was the same as for sample Fe1100B. The sample 

composition is expressed in the sample name as follows: Al1x1100B has composition 

Al 0.25Fe1.75O3/SiO2, Al2x1100B has composition Al0.50Fe1.50O3/SiO2, and sample Al3x1100B 

has composition Al0.75Fe1.25O3/SiO2. 

5.1. Elemental analysis 

For determination of the elemental composition was used EDX micro-analysis. The data 

of Al10H1000 sample are summarized in Table 5-1 together with data of the matrix-leached 

samples Al10H10NC, Al1x1100NC, Al2x1100NC and Al3x1100NC. The composition is in 

agreement with the calculated composition of the samples. The variation of aluminium and 

iron content among the measured spots of the samples was two percent points and four 

percent points about the mean value respectively. The variation of Al/(Al+Fe) ratio was lower 

than 0.04 about the mean value. These results suggest that some inhomogeneities exist in the 

distribution of aluminium and iron in the silica matrix. 

The analysis of leached samples revealed the presence of silicon and sodium in addition 

to the expected iron and aluminium (Table 5-2). The elements of silicon and sodium are 

probably present in the form of partially hydrolysed sodium silicate although the presence of 

sodium bicarbonate cannot be excluded. 

The average Al/(Al+Fe) ratio decreased from 0.23 in the Al10H1000 sample to 0.18 in 

Al10H10NC after the leaching process. This could be caused by presence of some aluminium 

in the SiO2 matrix. The removal of aluminium from substituted hematite by an aqueous 

solution of sodium hydroxide has been reported by de Grave et al. [95]. If we presume, that 

the average particles size is 9 nm (see TEM part of Al10H1000 and Al10H10NC) as in the 
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case of Fe9H1000, and that the depth from the surface of the particles, which can be affected 

by NaOH, is 0.2 nm (this estimation is based on average Al-O distances in the AlO6 

octahedron although the level of crystallinity at the surface is presumably lower than in the 

core of the particle and therefore the estimation of the depth might be underestimated), then 

aluminium can be leached from approximately 10% of the volume of the particle. If our 

assumptions are correct, then about 10% of the aluminium is removed by NaOH from the 

Al10H1000 sample due to being present in the SiO2 matrix. It may be noted that if our 

estimation of aluminium content in the matrix is correct, then the Al:Si ratio in the matrix 

would not be higher than 1:150. 

In case of Alnx1100NC samples the average particle size increases to approximately 

30 nm and therefore the volume of the particle, from which may be the aluminium leached 

decreases to 3%. Thus the size of this effect does not exceed the accuracy limit. The observed 

compositions of Alnx1100NC samples correspond well with the calculated ones and 

therefore, the amount of the aluminium in the SiO2 matrix decreases with increasing 

temperature of annealing. 

Another observation supporting the possible presence of some aluminium in the SiO2 

matrix is the increase of the crystallization temperature of the SiO2 matrix. In a sample 

containing only iron cations, the temperature at which the amorphous matrix started to 

crystallize is 1120°C (see section “Modification 4) of step-like heating” regime in Chapter 3). 

This temperature increases to 1150°C when the aluminium content in the sample is x = 0.75. 

In conclusion from the discussion above, in the sample Al10H1000 approximately 10% 

of aluminium added to the reaction mixture remained in the SiO2 matrix and therefore the real 

composition of substituted iron oxide nanoparticles could be about Al0.45Fe1.55O3. In the 

samples annealed at 1100 C the composition corresponds to the calculated one within 

accuracy limits. However, the slight increase of the crystallization temperature of the 

amorphous SiO2 matrix suggests that there is small amount of aluminium in the matrix at this 

temperature. 

 

Table 5-1 EDX micro-analysis of sample Al10H1000. Numbers are in mole percent. 

Al10H1000 Observed Calculated Obs. without Si Calc. without Si 

Al 8(1) 8 23(2) 25.0 
Si 66(1) 67   
Fe 27(1) 25 77(1) 75.0 
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Table 5-2 EDX micro-analysis of matrix-leached samples Al10H10NC, Al1x1100NC, Al2x1100NC and 
Al3x1100NC. Numbers are in mole percent. 

Al10H10NC Obs. Obs. without 
Na and Si 

Calc.  Al1x1100NC Obs. Obs. without 
Na and Si 

Calc. 

Al 16(1) 18(1) 25.0  Al 11(1) 12(1) 12.5 

Si 4(1)    Si 5(1)   
Fe 75(2) 82(2) 75.0  Fe 82(2) 88(2) 87.5 

Na 5(1)    Na 2(1)   
         

Al2x1100NC Obs. Obs. without 
Na and Si 

Calc.  Al3x1100NC Obs. Obs. without 
Na and Si 

Calc. 

Al 23(1) 26(1) 25.0  Al 35(1) 38(1) 37.5 

Si 8(1)    Si 3(1)   
Fe 66(2) 74(2) 75.0  Fe 58(2) 62(2) 62.5 

Na 4(1)    Na 4(1)   
 

5.2. Particle size and shape 

The particle size and shape was followed by transmission electron microscopy. The 

obtained particle diameters are compared to the values derived from the integral breadths of 

the diffraction lines in the XRPD diffractograms. The shape of the particles was determined 

with help of fast Fourrier transform of the TEM pictures. 

5.2.1. Particle size 

Powdered samples were suspended in methanol or in water. In methanol suspension, 

particles of Al10H10NC sample tended to form large agglomerates while in water suspension, 

the particles formed just clusters of several particles. The evolution of the size is shown on 

samples Al10H1000, Al30H1000 and Al1x1100B. 

The quality of TEM pictures of Al10H1000 sample (Figure 5-1) is not sufficiently high 

and a determination of mean particle diameter was not made. Small particles are particularly 

difficult to see. 

In TEM micrographs of Al30H1000 sample are spherical to rod-shaped particles 

(Figure 5-2). The mean particle diameter and its standard deviation obtained by an analysis of 

bright field images were estimated to be 18.3 nm (mean) and 4.6 nm (standard deviation). Its 

value is consistent with the mean coherent diffraction domain size (15.4 nm) obtained from 

XRPD, but slightly higher, which is probably caused by the lower visibility of the smaller 

particles. This suggests that the diffraction profile width is determined by particle size and 

that the possible variations of aluminium distribution in the sample, and within a particle, 
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have no significant effect on profile broadening. The histogram of particle sizes is shown in 

Figure 5-5. 

Figure 5-3 shows bright field TEM micrographs of Al1x1100B sample. They reveal 

spherical to rod-shaped particles. Mean particle diameter and its standard deviation estimated 

from histogram of particle sizes (Figure 5-5) have values 27.1 nm and 11.5 nm respectively. 

The values are consistent with the mean coherent diffraction domain size (28.3 nm). If we 

compare these values to values estimated from micrographs of the Fe1100B sample, we find 

that the estimated mean particle size was 24.2 nm and its standard deviation 14.6 nm, which 

suggests that the particles in both samples have similar size and its distribution. 

The size of the particles increases with increasing duration and temperature of the heat 

treatment. Also the range of the particle diameters increases. The important conclusion is that 

the average diameter deduced from the integral breadths of the diffraction lines well 

corresponds with the average diameter observed by TEM. This supports no significant 

deviation of the elemental composition from the average value of majority of the particles in 

both Al30H1000 and Al1x1100B samples. 

 

5.2.2. Particle shape 

An orientation of a particle in the matrix determines how we interpret its shape, which 

affects clear interpretation of the particle shape. If the orientation of particles would be 

determined by the flat sample holder (if we would observe free particles without an SiO2 

matrix), then the number of rod-shaped particles could be higher. Also we cannot exclude 

bimodal shape of the particles. The ones with globular shape, without any developed crystal 

faces and the others with rod-like shape. It would not be surprising, because there are reports 

on solely rod-like [82] or globular [50, 52] particles of epsilon phase. The reason for this 

difference is unclear so far. 

The Figures 5-2 and 5-4 show different particles with different orientations determined 

by fast Fourier transformation of micrographs and their subsequent analysis of samples 

Al30H1000 and Al1x1100B respectively. From the pictures we may conclude that the most 

developed 0kl crystal faces of the rod-like particles are 001, 011 and 110 . Thanks to this the 

particles observed along the [100] direction have shape of irregular hexagon. 
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Figure 5-1 TEM micrograph of Al10H1000. 

 

 

Figure 5-2 TEM images of Al30H1000. Bright field micrograph (1), HR TEM micrographs of epsilon 
particles 2a and 3a and their Fourier transform images 2b (1 - 6.59 Å, 011; 2 – 6.47 Å, 110 , [100]) and 3b 
(1 – 6.66 Å, 011; 2 - 6.51 Å, 110 , [100]). 
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Figure 5-3 Bright field TEM images of Al1x1100B. 
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Figure 5-4 High resolution TEM images of Al1x1100B (upper row) and their Fourier transform (lower 
row). Directions of observation from left to right: [100] (1 – 6.43 Å, 0-11 and 2 – 6.35 Å, 0-1-1), [010] (1 –
 9.65 Å, 00-1 and 2 – 2.60 Å, -200), [001] (1 – 8.73 Å, 0-10 and 2 – 2.42 Å, 200) and [111] (1 – 6.36 Å, 0-11; 
2 – 2.36 Å, 2-1-1 and 3 – 4.32 Å, -110). 
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Figure 5-5 Distribution of particle diameter of Al30H1000 (left) and Al1x1100B (right) sample. 

5.3. Matrix leaching 

The effect of matrix leaching on sample Al10H1000 is discussed. The leached sample 

Al10H10NC was prepared according to the procedure described in Chapter 3. 

5.3.1. XRPD 

X-ray powder diffractograms (Figure 5-6) were measured using cobalt Kα irradiation. 

The diffractogram of sample Al10H1000 shows the diffraction patterns of amorphous SiO2 

and epsilon iron oxide. The presence maghemite is not very clear. However, regarding the 

region between 40° and 45° 2theta and the similar intensities of peaks at 73° and 76° 2theta, 

the presence of maghemite is very probable. The positions of diffractions are also shifted 

towards higher angles, which corresponds to the shorter distances in the particular family of 

lattice planes. This shift may be interpreted as being due to the aluminium cations entering the 

structure of epsilon iron oxide and substituting for the iron cations. Due to the smaller ionic 

radius of aluminium, the interatomic distances become shorter (Table 5-3) and this results in 

generally shorter distances in this family of lattice planes. The shift of diffractions of 

maghemite can be observed only for diffractions at ~35° and ~75° 2theta. The remaining 

diffractions strongly overlap with diffractions of the epsilon phase and so the determination as 

to whether they are shifted or not is not possible. However, it is reasonable to presume that 

the overlapped diffractions of maghemite are also shifted. It is a question whether there is an 

equal ratio between aluminium and iron cations in both iron oxide phases. If we presume that 

the Al/Fe ratio is different in the epsilon and gamma phases, then we may ask whether this 

difference is responsible for the inhomogeneous transformation of maghemite to epsilon. 

Regarding the results obtained for non-substituted samples in Chapter 3, the reason for the 
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simultaneous existence of the maghemite and epsilon phases can be explained by parameters 

not directly connected to the Al content of the iron oxide particles such as critical particle size 

or relatively slow recrystallization of maghemite. Moreover, the narrow line widths of epsilon 

phase diffractions of the samples heated at higher temperatures do not support that some 

particles of epsilon phase contain non-substituted epsilon iron oxide particles. Also the shift 

of vibrational bands of maghemite in FTIR spectrum (Figure 5-8, Table 5-4) to higher 

wavenumbers supports the aluminium substitution of maghemite. We do not exclude some 

fluctuations about a mean Al/Fe ratio in the sample. However, the possible fluctuations are 

probably small as the coherent diffraction domain size corresponds well to the size of the 

particles determined by TEM. In other words, the integral breadth of diffraction lines is 

influenced by the size of the particles and not by fluctuations in the Al/Fe ratio resulting in 

variability of interplanar distances. 

Due to the removal of the SiO2 matrix, the diffractogram of Al10H10NC (Figure 5-6, 

right) sample does not contain the amorphous SiO2 matrix “hump” at circa 25° 2theta and the 

diffraction pattern of the epsilon phase does not seem to be significantly altered by the 

leaching process (Figure 5-3). The presence of magnetite in the Al10H10NC diffractogram 

becomes evident owing to better signal-to-noise ratio. The comparison of Al10H1000 and 

Al10H10NC diffractograms showed in Figure 5-7 did not reveal any substantial differences 

between them. 

 

 

Figure 5-6 Diffractograms of Al10H1000 (left) and Al10H10NC. Bars indicate line positions of epsilon and 
maghemite. 
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Figure 5-7 Comparison of Al10H1000 (black solid line) and Al10H10NC (grey solid line) diffractograms. 
Bars indicate line positions of epsilon and maghemite. 

 

Table 5-3 Ionic radii of Fe3+ and Al3+. 

 Ion r (Å) r Al/rFe 
Al 3+ 0.39 Tetracoordinated 

(High spin Fe3+) Fe3+
 0.49 

0.80 

Al 3+ 0.535 Hexacoordinated 
(High spin Fe3+) Fe3+ 0.645 

0.83 

 

5.3.2. Infrared spectroscopy 

Figure 5-8 compares the FTIR spectra of the Al10H1000 and Al10H10NC samples. 

Bands at 646w cm-1 (Al10H1000) and 642w cm-1 (Al10H10NC) were ascribed to maghemite. 

Band at 617w and 725m (Al10H1000) and 613w and 725m cm-1 (Al10H10NC) could be 

assigned to Al-epsilon. The spectrum of Al10H10NC also contains bands at 467w, 501m and 

542m cm-1. The second and the last one could be identified with bands of hematite. However, 

taking into account the FTIR spectra of non-substituted epsilon and the low content of 

hematite in the samples, the bands were assigned to the Al-epsilon phase. The band at 467m 

cm-1 was ascribed to maghemite. Bands in Al10H1000 at 465s, 806m and ~1100vs cm-1 were 

identified with Si-O-Si bending, Si-O stretching and anti-symmetric stretching of Si-O in 

SiO4 respectively [109]. The band at 465 cm-1 is sensitive to Al substitution. Its intensity 

decreases with increased Al content and the centre shifts towards lower wavenumber. 

However, considerable changes in the profile of the band are easily observable on samples 

containing more than approximately 10 wt% of Al2O3 in the silica/alumina mixture. In SiO2 

glass the wavenumber of this band is 465 cm-1 [109]. In sample Fe9H1000 the wavenumber 

of this band was 471 cm-1. Regarding the low suggested concentration of Al in SiO2 matrix 
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and that centre shift and that the low resolution of 4 cm-1 used for the measurement is near the 

limit of error, it is not surprising that the FTIR failed to prove the Al presence in the SiO2 

matrix. On the other hand, the centre shifts of maghemite and epsilon bands prove that the 

aluminium substitutes iron in both iron oxide phases. Bands assignment is summarized in 

Table 5-10. 

 

 

Figure 5-8 Left - FTIR spectra of Fe9H1000 (black line) and Fe9H10NC. Right – FTIR spectra of 
AlH1000 (black line) and Al10H10NC (red line). Bands corresponding to vibrations of the SiO2 matrix are 
indicated by arrows. 

 

Table 5-4 FTIR bands of Fe9H1000, Fe9H10NC, Al10H1000 and Al10H10NC (vs – very strong, s – strong, 
m – medium, w – weak). 

Fe9H1000 Fe9H10NC Al10H1000 Al10H10NC Phase 

471s  465s  SiO2 
 442s  467w mahemite 
 488w  501m epsilon 

529sh 527m  542m epsilon 
573w 573w 617w 613w maghemite 
598w 601w 646w 642w epsilon 
629w 628w 725m 725m epsilon 
689m 687m 806m  SiO2 
808m  ~1100vs  SiO2 

~1100vs     
 

5.3.3. Mössbauer spectroscopy 

The Mössbauer spectra of Al10H1000 and Al10H10NC samples were measured at room 

temperature. Figure 5-9 shows the room temperature Mössbauer spectra of samples 

Al10H1000 and Al10H10NC. The profiles of the subspectra are significantly broadened 

causing strong overlap of the subspectra. The simplified theoretical description of the 

broadening is given in the Chapter 1. 
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Clearly distinguishable in the Mössbauer spectrum of Al10H1000 are a low intensity 

sextet with high hyperfine field assigned to hematite, a doublet assigned to maghemite due to 

presence of its diffraction pattern in XRPD and a broad sextet with an asymmetric profile of 

the lines which was assigned to the Al-epsilon phase. There are only two discernible sextets 

of the Al-epsilon phase. It was necessary to decide how the spectra should be fitted as, due to 

the strong overlap of its components, more than one fit of the experimental data with similar 

reliability factors can be found. The interpretation, based on distribution of hyperfine field 

described in the first chapter, was not ultimately used for the interpretation of the spectra as it 

would lead to a considerable number of statistically significant subspectra which could also fit 

the data. However, since we do not know exactly the decrease of Bhf caused by a diamagnetic 

neighbour, a physical interpretation would be problematical. A simpler model was therefore 

used for fitting of all room temperature Mössbauer spectra of substituted epsilon iron oxide. It 

consists of four subspectra, each representing one iron site. The substantial question 

connected with this fitting model concerns the shape of the lines of the particular sextet. If we 

have a spectrum of an ideal sample, then the profile is described by a Lorentzian function and 

the profile of its lines is symmetrical. In our case, it is an issue as to how the substitution 

affected this ideal profile. Considering the function describing the profiles, we used the 

Gaussian distribution of Lorentzian line profile. In other words, the profile of the lines used is 

symmetrical. This is of course an idealisation, but, if we presume that the substitution goes 

exclusively to one iron site, then the line profiles would indeed be symmetrical, in case of 

identical decrease of supertransferred hyperfine field for all neighbours (Figure 1-17). 

The parameters of the fit of the Al10H1000 sample are summarized in Table 5-5. The 

spectral area of the sextet corresponding to hematite is only 1%. Due to this low intensity, the 

hyperfine parameters had to be fixed to physically reasonable values. The only parameter not 

fixed is the hyperfine field. The doublet was assigned to maghemite particles in the SPM state 

as the presence of maghemite was revealed by XRPD. The spectral area of the doublet is 14% 

and the isomer shift is slightly lower (0.34 mm/s) than the isomer shift found for maghemite 

in sample Fe9H1000 (0.38 mm/s). The decrease of isomer shift of maghemite with increasing 

Al content was reported by da Costa et al. [98]. The magnitude of the decrease was dependent 

on preparative method. The decrease of isomer shift with increased Al substitution of 

hematite was not observed [94]. 

Four sextets were introduced to the fit of Al-epsilon part of the Mössbauer spectrum of 

Al10H1000. The width of the Lorentzian profile was fixed to a value 0.23 mm/s, which was 

obtained as instrumental broadening determined from the measurement of standard α-Fe. The 
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Gaussian distribution of hyperfine field is denoted as dBhf. The isomer shift of subspectra I 

and II is similar to the isomer shifts of subspectra I and II of the non-substituted epsilon iron 

oxide. The quadrupole shift of subspectrum I is lower than the QS of subspectrum II, as in the 

case of non-substituted epsilon. The hyperfine field decreased in both subspectra, whereas the 

decrease of Bhf is lower for subspectrum I (~2.5 T) than for II (~4 T). Isomer shift of 

subspectrum III decreased from value 0.37 mm/s in non-substituted epsilon to 0.33 mm/s. The 

quadrupole shift increased from zero to -0.10 mm/s and the hyperfine field decreased by 

approximately 3.5 T. Subspectrum IV shows a similar trend of the hyperfine parameters of 

previous subspectra corresponding to Al-epsilon: an increase of quadrupole shift and a 

decrease of hyperfine field - in this case by approximately 2 T. Another trend is the increasing 

distribution of hyperfine field from subspectrum I to IV. This may be partially attributed to a 

possible non-symmetrical profile of the lines. The different decrease of hyperfine field of 

particular magnetic sublattices can be interpreted as being that the Al substitution is not 

random and there is a site preference. This preference was reported by Bouree et al. [75] and 

was determined by neutron diffraction using bulk material as a sample. The occupancies 

obtained for aluminium in a sample of AlFeO3 were 22% in the Fe1 site, 26% in the Fe2 site, 

66% in the Fe3 site and 90% in the Fe4 site.  

The hyperfine parameters for subspectra of Al10H10NC are similar to those of the 

Al10H1000 sample The only major difference is in the spectral area of the doublet, which is 

for the leached sample only 2%. Mössbauer spectra of samples Al15H1000 and Al30H1000 

also contain a doublet with spectral area of a few percents (see later). However, the 

introduction of maghemite into the Rietveld fit of the difractograms of these samples did not 

improve it, even though the quality of the data of the Al30H1000 sample was good enough. 

We can also assume, that the particles of maghemite are so small, that the profile of 

diffractions is very broad and due to its small content in the sample, the diffraction pattern of 

the maghemite is not observed in the diffractogram. The other possible explanation of the 

presence of doublet in the Mössbauer spectrum could be that the doublet is a result of weak 

magnetic order in Al-epsilon. At room temperature, one or more magnetic sublattices might 

be not far away from the temperature at which they become paramagnetic. Although the Curie 

temperature of the ε-Al 0.5Fe1.5O3 was determined to be over 400 K, the possible Al 

distribution over sample and/or over Fe sites might cause the distribution of the TC. Therefore 

one or more subspectra of the minority of particles might be in transition from sextet to a 

doublet. With regard to the overlap of the subspectra, this hypothesis cannot be justified by 

the analysis of the Mössbauer spectrum. On the other hand in the spectrum of sample 
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Al2x1100B, which was annealed at 1100°C, the doublet was not observed. Therefore the data 

supports that even 30 hours of annealing at 1000°C is not sufficient for transformation of all 

maghemite to epsilon phase. 

 

 

Figure 5-9 Room temperature Mössbauer spectrum of Al10H1000 (left) and Al10H10NC (right). 0 - data 
and fit, I - Al-epsilon, II - Al-epsilon, III - Al- epsilon, IV - Al-epsilon, V – Al-maghemite, VI - hematite. 

 

Table 5-5 Parameters of room temperature Mössbauer spectra of Al10H1000 and Al10H10NC. * 
parameter was not fitted. Γ Γ Γ Γ - FWHM, IS – isomer shift, QS – quadrupole shift/splitting, dB hf – distribution 
of hyperfine field, Bhf – hyperfine field and A – spectral area. 

Al10H1000 ΓΓΓΓ (mm/s)     IS (mm/s) QS (mm/s) Bhf (T) dBhf (T) A (%) 

I 0.23* 0.37(2) -0.26(3) 42.7(2) 1.0(5) 12(2) 

II 0.23* 0.36(2) -0.30(3) 40.2(2) 3(2) 17(2) 

III 0.23* 0.33(2) -0.10(3) 35.8(2) 7(3) 35(2) 

IV 0.23* 0.20* -0.3(1) 24(1) 18(10) 21(2) 

V 0.6(1) 0.34(2) 0.83(5) - - 14(2) 

VI 0.23* 0.38* -0.22* 51.7(1) - 1(1) 

       

Al10H10NC ΓΓΓΓ (mm/s)     IS (mm/s) QS (mm/s) Bhf (T)  A (%) 

I 0.23* 0.36(2) -0.25(3) 42.9(2) 1.1(4) 15(2) 

II 0.23* 0.38(2) -0.34(3) 40.5(2) 3(2) 24(2) 

III 0.23* 0.33(2) -0.10(3) 35.9(2) 7(3) 44(2) 

IV 0.23* 0.20* -0.46(5) 25(1) 14(9) 14(2) 

V 0.6(1) 0.36(2) 0.63(5) - - 2(2) 

VI 0.23* 0.38* -0.22* 51.5(1) - 2(1) 
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5.3.4. Conclusion 

As in the case of non-substituted epsilon samples, due to the matrix leaching procedure 

the amount of maghemite in the leached sample was significantly reduced, but not removed 

completely as observed in room temperature Mössbauer spectra. 

5.4. Optimal sample 

This section follows the phase composition and crystallinity of aluminium substituted 

samples prepared under different conditions. The samples examined were Al10H1000, 

Al15H1000, Al30H1000 and Al2x1100B 

5.4.1. Phase composition 

The phase composition of the samples was followed by Mössbauer spectroscopy. Data 

were collected at room temperature. 

Except for sample Al2x1100B (Figure 5-16) the doublet was observed in all other 

sample suggesting the presence of maghemite (Al10H1000 Figure 5-9, Table 5-6, Al15H1000 

and Al30H1000 Figure 5-10, Table 5-7) as it was discussed in previous section. The amount 

of maghemite decreases from 14% in sample Al10H1000 to 4% and 5% in samples 

Al15H1000 and Al30H1000 respectively to zero in sample Al2x1100B. Samples Al10H1000 

and Al15H1000 also contain 1% of hematite (Table 5-8). 

 

 

Figure 5-10 Room temperature Mössbauer spectra of samples Al15H1000 (left) and Al30H1000 (right). 
0 - data and fit, I - Al-epsilon, II - Al-epsilon, III - Al-epsilon, IV - Al-epsilon, V – maghemite and 
VI - hematite. 
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Table 5-6 Parameters of room temperature Mössbauer spectrum of Al15H1000. 

 Γ (Γ (Γ (Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) dBhf (T) A (%) 
I 0.23* 0.36(2) -0.27(3) 42.5(2) 1.0(3) 13(2) 
II 0.23* 0.38(2) -0.32(3) 40.1(2) 3(1) 21(2) 
III 0.23* 0.33(2) -0.13(3) 35.7(2) 7(3) 41(2) 
IV 0.23* 0.20* -0.37(4) 26(1) 18(12) 19(2) 
V 0.6(1) 0.31(2) 0.83(5) - - 4(2) 
VI 0.23* 0.38(1) -0.22* 51.7(1) - 1(1) 

 

Table 5-7 Parameters of room temperature Mössbauer spectrum of Al30H1000. 

 Γ (Γ (Γ (Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) dBhf (T) A (%) 
I 0.23* 0.37(1) -0.28(3) 42.9(2) 1.3(0.4) 15(2) 
II 0.23* 0.38(1) -0.35(3) 40.3(2) 3(2) 20(2) 
III 0.23* 0.34(2) -0.11(3) 36.0(2) 8(4) 43(2) 
IV 0.23* 0.20* -0.38(3) 25(1) 18(11) 17(2) 
V 0.6(1) 0.32(3) 0.81(5) - - 5(2) 

 

Table 5-8 Phase composition of samples Al10H1000, Al15H1000, Al30H1000 and Al2x1100B deduced 
from room temperature Mössbauer spectra. 

 ε-Fe2O3 (%) α-Fe2O3 (%) γ-Fe2O3 (%) 

Al10H1000 85(5) 1(1) 14(5) 
Al15H1000 95(3) 1(1) 4(3) 
Al30H1000 95(3) - 5(3) 
Al2x1100B 100(1) - - 

 

5.4.2. Crystallinity 

The lattice constants of Al-epsilon phase were obtained using laboratory (Co 

Kα - Al10H10NC and Al15H10NC and Cu Kα - Al2x1100B) or synchrotron (Al30H1000) 

X-ray source. Additional supplementary information was obtained from magnetic 

measurements. 

The values of the lattice constants of the samples (Table 5-10) do not show any trend. It 

is similar as in the case of non-substituted phase. The average values are a = 506.4 pm, 

b = 871.1 pm and c = 938.6 pm and are about 4 pm, 9 pm and 9 pm respectively lower than 

the average values of the lattice constants of non-substituted epsilon phase. 

The coercivities of samples Al10H1000 and Al15H1000 at temperatures 300, 200, 100 

and 10 K (Figure 5-11) are the same within the experimental error and lower than the 

coercivities of sample Al2x1100B (Figure 5-24). All values are summarized in Table 5-9. Due 

to the fact that the samples annealed at 1000°C contain Al-maghemite the hysteresis loops are 

slightly necked. The coercivities of sample Al2x1100B do not show any necking in the 

measured temperature range. The magnetizations at 7 T show some variation between the 
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samples. This may be interpreted that the distribution of aluminium in the cationic sites are 

not identical in all samples. Arima et al. observed a similar phenomenon for gallium 

substituted epsilon prepared by different methods [80]. 

 

 

Figure 5-11 Hysteresis loops of Al10H1000 (left) and Al15H1000 samples measured at 10 K, 100 K, 200 K 
and 300 K. 

 

Table 5-9 Coercivities (Hc) and magnetizations (M) at 7 T of samples Al10H1000, Al15H1000 and 
Al2x1100B. 

 Al10H1000  Al15H1000  Al2x1100B 

T (K) Hc (T) M (Am2/kg)  Hc (T) M (Am2/kg)  Hc (T) M (Am2/kg) 

300 1.0(1) 21(1)  0.8(1) 18(1)  1.2(1) 22(1) 

200 1.4(1) 26(1)  1.2(1) 22(1)  1.6(1) 29(1) 

100 1.5(1) 30(1)  1.4(1) 26(1)  1.7(1) 33(1) 

10 1.3(1) 33(1)  1.4(1) 28(1)  - - 

2 - -  - -  1.8(1) 36(1) 

 

Table 5-10 Lattice constants of samples Al10H10NC, Al15H10NC, Al30H1000 and Al2x1100B. 

 a (pm) b (pm) c (pm) V x106 (pm3) 

Al10H10NC 506.0(1) 871.0(1) 938.6(1) 413.6(1) 
Al15H10NC 506.1(1) 870.8(1) 938.5(1) 413.6(1) 
Al30H1000 507.0(1) 872.2(1) 939.6(1) 415.5(1) 
Al2x1100B 506.6(1) 870.2(1) 937.8(1) 413.5(1) 

 

5.5. Level of substitution in hematite 

This sections deals with the level of aluminium substitution in hematite, which was 

observed as the minority phase in samples Al10H1000, Al15H1000 and Al1x1100B. 
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The value of hyperfine field of hematite in room temperature Mössbauer spectra of 

samples Al10H1000, Al15H1000 corresponds to non-substituted hematite. If the Al 

substitution of hematite would be similar to the aluminium content in the sample estimated 

from EDX microanalysis, then the hyperfine field value should be about 46 T [94]. Al 

substituted hematite, which is heated to temperatures between 900 and 1000°C shows the 

ejection of aluminium cations from its structure in the form of corundum. The Al/(Al+Fe) 

ratio limit was found to be between 0.10 and 0.15 and it depends on the preparation method of 

the samples [23]. We presume that the analogous expelling of Al also took place in our 

samples. The Bhf value of hematite containing 10 molar percent of aluminium is about 51 T 

[94]. With regard to the fact that our preparative method is completely different, particularly 

that our particles are embedded in an SiO2 matrix and that determination of Bhf of hematite is 

not precise due to low intensity of the subspectrum, we may conclude that the level of 

aluminium substitution of hematite is significantly lower than 0.25, which would be expected 

from the composition of starting materials. 

The Rietveld method was used to fit the diffraction pattern of samples Al15H1000 and 

Al1x1100B (Figures 5-12 and 5-13). Two phases were introduced into fit – epsilon and 

hematite. Results of the Rietveld refinements are summarized in Table 5-11. The lattice 

constants a and c of hematite are lower than those reported for non-substituted hematite [67] 

by 0.2% and 0.5% respectively. The decrease of lattice constant values is small, suggesting 

low aluminium content. This is in agreement with Mössbauer measurements. Using the linear 

dependence of lattice constant c of hematite on aluminium substitution reported by Cornell 

and Schwertmann [23], the aluminium content in hematite is about 10% in both samples. This 

supports the interpretation of lower Al content in hematite as a result of the aluminium 

solubility limit in the hematite. This ejection of aluminium also explains increase of 

crystallization temperature of amorphous silica matrix. The fact that the level of hematite 

substitution is the same in samples with different amount of aluminium also supports the 

existence of the solubility limit. 
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Figure 5-12 Diffraction pattern of Al15H10NC sample. 

 

 

Figure 5-13 Synchrotron X-ray powder diffraction pattern of Al1x1100B. Red dots, black line blue line 
and green bars are experimental profile, calculated profile, their difference and calculated positions of 
Bragg diffractions respectively (upper – epsilon, lower – hematite). 
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Table 5-11 Lattice constants and unit cell volume of hematite in samples Al15H1000 and Al1x1100B. 

 a (pm) c (pm) Volume (x 106 pm) 

Al15H1000 502.7(1) 1368.8(3) 299.6(1) 

Al1x1100B 502.7(1) 1369.3(1) 299.6(1) 
 

Table 5-12 Parameters of subspectra hematite subspectra in Al10H1000, Al15H1000 and Al1x1100B 
samples measured at room temperature. ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift and Bhf –
 hyperfine field. Asterisk denotes fixed parameters. 

 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) 

Al10H1000 0.23* 0.38* -0.22* 51.7(1) 
Al15H1000 0.23* 0.38(1) -0.22* 51.7(1) 
Al1x1100B 0.23* 0.38(1) -0.22* 51.1(1) 

 

5.5.1. Conclusion 

The limited decrease of hyperfine field of hematite as well as the diminution of its 

lattice constants is explained by the ejection of aluminium excess into silica matrix. This 

expelled aluminium is probably responsible for the increase of the crystallization temperature 

of the amorphous SiO2 matrix. The solubility limit of aluminium in hematite annealed at 

1000°C and 1100°C is about 10% and is not dependent on the temperature of annealing and 

the level of substitution of epsilon phase, from which it is transformed. 

 

5.6. Influence of substitution level on εεεε-Fe2O3 

This part is dedicated to the effects of different level of substitution on samples 

Al1x1100B, Al2x1100B and Al3x1100B prepared under optimal conditions. 

5.6.1. XRPD 

X-ray powder diffractograms (Figure 5-14) were measured using copper Kα irradiation. 

Diffractograms were analyzed using the Rietveld method. Only the epsilon phase was 

introduced into the fit. Lattice constants of epsilon phase obtained by Rietveld analysis and 

the reliability factors of the structure models are summarized in Table 5-13. The starting 

atomic positions used were those proposed by Gich et al. [51], although other sets of atomic 

positions were also tested ([60] and [75]). 

A decrease of lattice constants values with increasing content of aluminium in the 

sample is evident and Figure 5-15 illustrates this decrease. Obtained values are higher than 
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those proposed by Vegard’s law, probably due to complexity of the crystallographic structure 

and the magnetic properties of epsilon phase. Experimental data showed a linear dependence 

of the lattice constant values on composition, ranging from ε-Fe2O3 to ε-Al 0.75Fe1.25O3 

(Ra
2 = 0.992, Rb

2 = 0.995 and Rc
2 = 0.997), with slopes -18±1, -39±2 and -38±2 pm per 

Al/(Fe+Al) for the a, b and c constants respectively. It is worth noting that the lattice 

constants reported by Namai et al. [82] are systematically higher for samples with x similar to 

our samples. For example, with a regard to the lattice constants of our sample, the real 

composition of our sample with nominal composition Al 0.25Fe1.75O3, using data reported by 

Namai et al. as “calibration”, would be approximately Al 0.35Fe1.65O3, which is impossible with 

regard to the composition of starting materials. With regard to the constant values of the 

lattice constants at different temperatures for our samples this disagreement can be interpreted 

as a combination of two factors: different Al occupancies of Fe site and different conditions 

for the preparation of samples. 

The occupancies (Table 5-13) correlate with their isotropic temperature factors and 

therefore their values are not reliable. Calculated formulas from the occupancies for Al1x, 

Al2x and Al3x samples are Al0.3Fe1.7O3 (Al0.25Fe1.75O3), Al0.8Fe1.2O3 (Al0.50Fe1.50O3) and 

Al 0.7Fe1.3O3 (Al0.75Fe1.25O3) respectively. The formulas in brackets are calculated from the 

composition of the starting materials. The error of determination of substituted epsilon phase 

formula (the x in AlxFe2-xO3) from the Rietveld fit is about 0.1. However with a regard to the 

above-mentioned correlations, the error is higher. One of the series of tests, which focused on 

the determination of the correct Al occupancies, was based on constraining the chemical 

composition of Al-epsilon to the value corresponding to the composition of the starting 

materials. The convergence was reached only in the case of the least substituted sample 

Al1x1100B. In the other two cases, the fit became unstable and resulted in non-physical 

values of some parameters. Imposing more constraints did not improve the stability. To 

illustrate the extent of the non-reliability of Al occupancies in Fe sites, the crystallographic 

and Rietveld parameters of structure models with unconstrained and constrained chemical 

composition of Al-epsilon phase of sample Al1x1100B will be presented in the next 

paragraph. 

The obtained lattice constants a, b and c were identical for both models: 508.7, 874.8 

and 942.2 pm respectively. The obtained Al occupancies in Fe1, Fe2, Fe3 and Fe4 sites were 

17(4), 4(3), 15(2) and 32(2)% respectively for the unconstrained model, leading to 

x = 0.34(11). The Al occupancies for the constrained model were 14(3), 2(2), 6(1) and 29(1)% 

respectively, resulting in x = 0.25(7). Reliability factors of the unconstrained and constrained 
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structure models were RB = 5.2%, RF = 8.1%, Rwp = 16.0%, χ2 = 0.33 and RB = 5.1%, 

RF = 8.1%, Rwp = 16.0%, χ2 = 0.33 respectively. From the comparison of crystallographic and 

Rietveld parameters of the two structure models mentioned above, it may be concluded that 

the error of determination of parameter x, which is related to Al content in the epsilon 

structure, is about 0.1 for sample Al1x1100B. The problem is more complicated in the other 

two samples Al2x1100B and Al3x1100B. This problem probably has an origin in the 

structure disorder caused by the different ionic diameters of Fe3+ and Al3+ and the low atomic 

form factor of the aluminium cation, which is similar to the form factor of the oxygen anion. 

If we imagine that the low electron density of O2- is scattered around an equilibrium position 

due to the static disorder caused by aluminium cations, then it can be expected that there will 

be considerable uncertainties in the determination of atomic positions of the oxygen anions. 

Similar considerations can be applied to the uncertainties in the determination of aluminium 

cation positions. Therefore the estimated error of the Al occupancies will increase with the 

static disorder of the epsilon structure. 
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Figure 5-14 Powder diffraction pattern of Al1x1100B (upper left), Al2x1100B (upper right) and 
Al3x1100B (lower left). Red bars represent diffraction positions of εεεε-Fe2O3. 
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Table 5-13 Lattice constants, reliability parameters of Rietveld fit, isotropic thermal parameters and 
aluminium occupancies in Fe sites of Al1x1100B (constrained model), Al2x1100B and Al3x1100B samples. 

 Al1x1100B Al2x1100B Al3x1100B 

a (pm) 508.7(1) 506.6(1) 503.9(1) 
b (pm) 874.8(1) 870.2(1) 865.8(1) 
c (pm) 942.2(1) 937.8(1) 933.4(1) 

V (106 pm3) 419.3(1) 413.5(1) 407.2(1) 
    

Rwp (%) 16.0 13.8 17.7 
RB (%) 5.1 8.4 9.0 
RF (%) 8.1 11.4 13.1 

χ2 0.33 0.23 0.31 
    

Biso Fe1 0.8(3) 0.6(2) 3.0(5) 
Biso Fe2 1.1(2) -0.6(2) -0.1(2) 
Biso Fe3 0.3(2) 1.0(2) 1.3(3) 
Biso Fe4 0.4(2) 0.9(2) 2.4(5) 

    

Al occ. Fe1 0.14(3) 0.29(3) 0.16(4) 
Al occ. Fe2 0.02(2) 0.32(2) 0.25(3) 
Al occ. Fe3 0.06(1) 0.43(2) 0.39(3) 
Al occ. Fe4 0.29(1) 0.51(2) 0.61(3) 

 

 

Figure 5-15 Dependence of lattice constants a, b and c of AlxFe2-xO3 on x. Solid lines indicate Vegard’s law. 

5.6.2. Mössbauer spectroscopy 

Room temperature spectra 

Figure 5-16 shows Mössbauer spectra of Alnx1100B samples. The spectra were fitted 

with four sextets corresponding to Al-epsilon phase (in case of Al3x1100B three sextets and 

one doublet). One sextet corresponding to hematite was introduced into the fit of the 

Mössbauer spectrum of sample Al1x1100B. Table 5-14 summarizes the fitted parameters of 

the subspectra corresponding to Al-epsilon (I-IV) and shows also the parameters of the fit of 

Mössbauer spectrum of sample Fe1100B. The parameter ∆Bhf corresponds to the difference of 
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hyperfine fields between the epsilon and the Al substituted epsilon phases corresponding to 

the same magnetic sublattice. 

The general appearance of the spectra changes with increasing amount of aluminium in 

the samples. The line width increases with increasing x resulting in a greater overlap of the 

subspectra. While in the spectrum of Al1x1100B sample, two sextets corresponding to 

octahedral iron sites are clearly visible, in the spectrum of Al2x1100B there is only one sextet 

with an asymmetric profile of its lines. In the spectrum of Al3x1100B, the overlap of the 

subspectra is complete. A doublet was added into the fit of this spectrum to simulate its shape. 

Considering the hyperfine parameters, a decrease of hyperfine fields of the subspectra was 

observed, which is in agreement with theoretical prediction made in Chapter 1. The 

dependence of room temperature hyperfine fields of subspectra I, II and III on x is shown in 

Figure 5-17. The shape of the dependence corresponds to the weakening of the magnetic 

interactions in the system due to lower magnetic moment density. 

The isomer shift of subspectrum I remains constant with the x, while subspectrum II and 

especially subspectrum III shows a decrease of IS with increasing x. A similar dependence of 

isomer shift was described for aluminium substituted maghemite by da Costa et al. [98]. 

Quadrupole shift of subspectra I, II and III increases with increasing x, however, the relative 

values are conserved, so subspectrum III has the lowest and subspectrum II has the highest 

quadrupole shift with the exception of spectrum of Al3x1100B. Regarding the overlap of the 

subspectra, this spectrum can be fitted by more than one set of hyperfine parameters. 

However, the implementation of hard restraints into the fit only slightly increased the 

reliability factors. The presented fit is the best fit of the experimental data. 
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Figure 5-16 Room temperature Mössbauer spectra of Al1x1100B (upper left), Al2x1100B (upper right) 
and Al3x1100B (lower picture). 0 – data and fit, I-IV – Al-epsilon. Subspectrum of hematite (spectral area 
2 %) in Al1x1100B is not shown. 

 

 

Figure 5-17 Dependence of room temperature hyperfine fields of subspectra I, II and III of Al-epsilon on 
composition. 
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Table 5-14 Parameters of subspectra I, II, III and IV fit of Alnx1100B samples measured at room 
temperature. ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift/splitting, dB hf – distribution of 
hyperfine field, Bhf – hyperfine field, ∆∆∆∆Bhf – difference of hyperfine field between epsilon and Al 
substituted epsilon phase, A – spectral area. Subspectrum of hematite in Al1x1100B is not shown in the 
table (for fit, fixed values IS = 0.38 mm/s, QS = -0.22 mm/s, Bhf = 51.1 T and spectral area 2 % were used). 
Asterisk denotes fixed parameters. 

I Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.28(2) 0.38(1) -0.22(2) - 45.3(2) - 20(1) 
Al1x1100B 0.23* 0.37(1) -0.24(2) 0.8(4) 44.2(2) 1.0 20(2) 
Al2x1100B 0.23* 0.37(1) -0.28(2) 1.3(5) 41.8(3) 3.4 15(2) 
Al3x1100B 0.23* 0.37(1) -0.31(3) 4(2) 36.2(3) 9.0 22(2) 

        

II Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.28(2) 0.38(1) -0.29(2) - 44.4(2) - 20(1) 
Al1x1100B 0.23* 0.39(1) -0.36(2) 2(2) 42.4(2) 2.0 21(2) 
Al2x1100B 0.23* 0.38(1) -0.34(2) 3(2) 39.2(3) 5.2 26(2) 
Al3x1100B 0.23* 0.35(1) -0.20(4) 8(3) 31.2(3) 13.1 30(2) 

        

III Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.40* 0.37(1) -0.01(2) - 39.1(1) - 29(1) 
Al1x1100B 0.23* 0.35(1) -0.06(2) 7(4) 37.6(2) 1.5 46(2) 
Al2x1100B 0.23* 0.33(1) -0.10(2) 8(4) 35.2(3) 3.9 39(2) 
Al3x1100B 0.23* 0.33(1) -0.21(4) 16(12) 23(1) 15.8 37(2) 

        

IV Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.45* 0.21(1) -0.15(2) - 25.9(1) - 26(1) 
Al1x1100B 0.23* 0.20(1) -0.26(2) 11(8) 23(2) 2.7 12(2) 
Al2x1100B 0.23* 0.20* -0.43(3) 16(11) 25.0* 0.9 20(2) 
Al3x1100B 0.6(1) 0.35(1) 0.71(5) - - - 10(2) 
 

Zero-field (ZF) and in-field (IF) spectra measured at 4.2 K 

The applied magnetic field was perpendicular to the γ-ray direction and its magnitude 

was 6 T. Due to the saturation effect in both ZF and IF spectra, relative areas A1/3 and A2/3 

were fitted, obtaining values about 2.5 and 1.8 (ZF) respectively. ZF spectra show a 

characteristic presence of one sextet with asymmetric line profile. The asymmetry is more 

pronounced in the spectrum of sample Al1x1100B and decreases in the ZF spectrum of 

sample Al2x1100B. The asymmetry of the sextet in Al3x1100B spectrum is similar to the 

asymmetry of the sextet in Al2x1100B. 

Sample Al1x1100B 

The spectrum of sample Al1x1100B (Figure 5-20) consists of two groups of sextets. 

One group contains subspectra with effective fields between 53 and 58 T (H group) and the 

other group has effective fields in the range from 44 to 47 T (L group). The spectral area of 
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the H group is 32%. If we consider the magnetic structure model of non-substituted epsilon 

phase published by Tronc et al. [58] and [92], we arrive to the lowest possible spectral area of 

43% in case that all the substituting aluminium cations enter the Fe1 or Fe4 sites. Therefore a 

part of the spectral area of the L group belongs to iron atoms in Fe1 or Fe4 sites. The lowest 

possible spectral area is equal to 11% of the total area to reach the theoretical 43%. 

Subspectra of Fe1 site 

However it is not apparent from the data, we may expect that the subspectrum 

corresponding to the Fe1 site is also split into two sextets as in case of the Ga1x1100 sample 

(see Chapter 6). The origin of this splitting lies in the superexchange interaction between Fe1 

and Fe4 sublattices. There exists just a single interaction and therefore we have only two 

possible nearest neighbours in the Fe4 site - an iron atom or an aluminium atom. In the best 

model the spectral area ratio between the two Fe1 subspectra was 70 to 30 (the subspectrum 

with higher effective is marked as Fe1a and the one with lower hyperfine field Fe1b). 

Although the estimated error is rather high (8%), this number give us a rough idea about the 

occupancy of aluminium in the Fe4 site. The difference of the effective fields between Fe1a 

and Fe1b is 1.6 T (Table 5-19), which is in good agreement with the value 1.7 T obtained 

from the spectrum of Ga1x1100B sample. The supertransferred hyperfine field (HSTHF) was 

reported to be 0.78 T per nearest Fe neighbour for hematite [68] and in spinels, the HSTHF is 

for octahedral iron 1.2 T per neighbour in tetrahedral site [116]. These values are comparable 

with observed 1.6 T decrease of hyperfine field for the Fe1-O2-Fe4 interaction. 

The A2/3 ratios are for the Fe1a and Fe1b subspectra equal to 2.8. The obtained ratios 

are underestimated due to the saturation effect. This value would lead to the hyperfine field of 

the Fe1a subspectrum equal to 52.9 T, which is not possible, because the highest hyperfine 

field value corresponding to 18% of the spectral are in the zero-field spectrum is 52.0 T 

(Table 5-18). If we make an approximation that the level of saturation is the same for A1/3 and 

A2/3, which is thanks to the closeness of 2.5 and 2.8 a good presumption, we find the A2/3 

value equal to 3.4. This leads to the hyperfine field of 52.1 T and the canting angle between 

the hyperfine field and the applied field equals 27°. The canting angle determined from the 

difference between the effective and hyperfine field is 24° (Table 5-17). 

Subspectra of Fe4 site 

There are two subspectra, which belong to the iron atoms in the Fe4 site, one in the H 

group with effective field of 53.3 T (Fe4a) and the other in the L group with effective field 
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between 44.5 and 46 T (Fe4b). The Fe4b subspectrum is not overlapped with the other 

subspectra in the zero-field spectrum (Figure 5-20, right) and is considerably broadened with 

average hyperfine field of 44 T (Table 5-18). It is a decrease of 1.8 T in comparison to the 

non-substituted epsilon [92]. The spectral area of this subspectrum is about 12%, which is in 

agreement with the predicted at least 11% based on the ratio between the H and L group. The 

difference between the hyperfine field of Fe4a and the hyperfine field of the Fe4 subspectrum 

in the non-substituted epsilon cannot be obtained directly due to the overlap of the subspectra 

in the zero-field spectrum. However, the range in which the hyperfine field of Fe4a lies is 

from 47.3 to 51.2 T. Thus, we have an increase of the hyperfine field between 1.5 T and 

5.4 T. The canting angles based on the differences between effective and hyperfine fields lie 

for Fe4b between 74° and 89° and for Fe4a is the angle lower than 73° (Table 5-17). 

An increase of the hyperfine field is less usual than a decrease. However, the Fe4 

hyperfine field is unusually low in non-substituted epsilon. The hyperfine field of 

tetrahedrally coordinated iron in magnetite is 51 T at 4.2 K [117, 118] and in 10 nm 

maghemite particles is 52 T at 7 K [119]. The lower hyperfine field in epsilon is probably 

caused by larger orbital and dipolar contributions and the substitution in neighbouring Fe4 

site these contributions probably lowers and therefore the hyperfine field increases. The 

increase of the regularity of the tetrahedron around Fe4 site observed from the results from 

neutron diffraction of non-substitued epsilon [51] and AlFeO3 [75] is in accord with the more 

symmetrical distribution of the charge around the Fe4 nucleus and therefore the increase of 

the hyperfine field. Figure 5-18 and Table 5-15 illustrate the situation in the coordination 

tetrahedron of the Fe4 site and superexchange interactions between the Fe4 atoms and 

between the Fe2 and Fe4 atoms. These interactions are mediated by O6 atom. 

A model where the substitution of an arbitrary Fe4 nearest neighbour increases the 

hyperfine field is not in accord with relatively broad Fe4b sextet in the ZF spectrum. On the 

other hand, a model where the substitution of one Fe4 nearest neighbour has different 

consequences than the substitution of the other one (substitution of one nearest Fe4 neigbour 

increases its hyperfine field while substitution of the other one leads to decrease of the field in 

accord with disappearance of the supertransferred hyperfine field) is in accord with the broad 

Fe4b sextet. This model is also in accord with the structural model of Gich et al. [51] and our 

model presented in Chapter 4, where the lengths of the two Fe2-O6 bonds are significantly 

different and therefore the interactions are different too (Table 5-15). 

Table 5-16 contains evolution of the Fe4a and Fe4b intensity relative to the intensity of 

Fe4 subspectrum in non-substituted epsilon with respect to the level of substitution in the Fe4 
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site. The intensity of Fe4a subspectrum remains nearly constant between 30 and 70% 

aluminium occupancy, while the Fe4b sextet decreases continuously towards zero. 

 

 

Figure 5-18 Superexchange interactions mediated by O6 oxygen atom. J24a and J24b are exchange integrals 
for the Fe2-Fe4 interactions and J44 is exchange integral for the Fe4-Fe4 interaction. The atom 
arrangement represents the structure model described in the section 4.5.1. 

 

Table 5-15 Bond distances and distortion of tetrahedron in εεεε-Fe2O3 and AlFeO3. 
a Polyhedron distortion is 

defined as 
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, where n is number of bonds in the polyhedron, di is bond distance if i-th 

bond and d  is average bond distance. 

Bond Bouree et al. [75] 
30 K 

Gich et al. [51] 
10 K 

Fe4-O2 (Å) 1.778(8) 1.831(18) 
Fe4-O4 (Å) 1.800(7) 1.902(11) 
Fe4-O6 (Å) 1.771(9) 1.86(2) 
Fe4-O6 (Å) 1.786(8) 1.96(3) 
Average (Å) 1.784 1.888 

Distortiona (x10-4) 0.4 7.0 
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Table 5-16 Relative intensities of Fe4a and Fe4b subspectra as a function of Al occupancy in the Fe4 site 
(columns AFe4a/Fe4 and AFe4b/Fe4). AFe4a/1x, AFe4a/2x and AFe4a/3x correspond to spectral areas of Fe1a 
subspectrum as a function of substitution level in Fe4 site and level of substitution of the whole sample. 
AFe4b/1x, AFe4b/2x and AFe4b/3x correspond to spectral areas of Fe1b subspectrum as a function of substitution 
level in Fe4 site and level of substitution of the whole sample. All values are in percents. 

Al occ. Fe4 (%) AFe4a/Fe4 AFe4b/Fe4  AFe4a/1x AFe4a/2x AFe4a/3x  AFe4b/1x AFe4b/2x AFe4b/3x 

10 9 81  3 3 4  23 27 32 
20 16 64  5 5 6  18 21 26 
30 21 49  6 7 8  14 16 20 
40 24 36  7 8 10  10 12 14 
50 25 25  7 8 10  7 8 10 
60 24 16  7 8 10  5 5 6 
70 21 9  6 7 8  3 3 4 
80 16 4  5 5 6  1 1 2 
90 9 1  3 3 4  0 0 0 

 

Subspectrum of the Fe2 and Fe3 sites 

Subspectra of these two sublattices are mutually overlapped and it is not possible to 

resolve the L group into three sextets corresponding to Fe2, Fe3 and Fe4b subspectra. The 

average effective field is 45.5 T. The value of the A2/3 ratio of the Fe2+Fe3 subspectrum lies 

most probably between 2.5 and 3.0. After application of the same modification as in the case 

of Fe1a subspectrum we obtain the range from 3.0 to 3.6. This corresponds to the canting 

angles 143 to 159° and the hyperfine field from 50.6 to 51.2 T. The hyperfine field obtained 

from the zero-field spectrum is 50.6 T, which is in a good agreement with the value based on 

the modified A2/3 ratio. 

Occupancies 

The aluminium occupancies are summarized in Table 5-20 together with the Al 

occupancies obtained from XRPD. Substitution in the Fe1 site is 9%. The situation is 

complicated in the other three sites because of the complete correlation between the 

occupancy of combined Fe2+Fe3 site and the occupancy of the Fe4 site. This does not allow 

us to determine the occupancies directly. The magnetization of the Al1x1100B sample is 

33 Am2/kg, which is about one-quarter lower value than that of Ga1x1100B sample. This may 

be interpreted that there is some substitution in the Fe2 and Fe3 sites. As it was already 

mentioned, the ratio between the spectral areas Fe1a and Fe1b is about 70:30, which would 

result in average aluminium occupancy in the Fe2+Fe3 sites of six percent. This leads to the 

spectral area of the Fe4b sextet equal to 14%, which is in a good agreement with the value 

determined from the ZF spectrum. 
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Magnetic structure 

The magnetic structure is showed in Figure 5-19. The hyperfine fields of the sublattices 

associated with the Fe2 and Fe3 sites are oriented antiparallel to the Fe1 sublattice. The 

overall canting angle of the three octahedral iron sites is 24° and is similar to the 

non-substituted epsilon at 9 K under 6 T [58]. 

The situation about the magnetic moment at Fe4 site is more complicated. The canting 

angle of the hyperfine field of the iron atom with hyperfine field 44 T is between 74° and 89°. 

The orientation of the other one with hyperfine field higher than 47 T is not possible to 

determine precisely. However, the canting angle is not higher than 73°. 

 

 

Figure 5-19 Orientation of hyperfine fields in εεεε-Al 0.25Fe1.75O3 at 4.2 K and under 6 T. 

 

Table 5-17 Canting angles of hyperfine fields in εεεε-Al 0.25Fe1.75O3 at 4.2 K and under 6 T. 

 Fe1 Fe2 Fe3 Fe4a Fe4b 

Al1x1100B 24(6) 151(7) 0 - 73(8) 74(8) – 89(8) 
 

 

Figure 5-20 Mössbauer spectra of Al1x1100B. In-field (left, 6 T) and zero-field (right) measured at 4.2 K. 
0 – data and fit, I-IV – Al-epsilon. Subspectrum of hematite (spectral area 2 %) is not shown. 
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Table 5-18 Parameters of Mössbauer spectrum of Al1x1100B measured at 4.2 K. IS – isomer shift. QS –
 quadrupole shift, Bhf – hyperfine field and A – spectral area. *parameter was not fitted. 

 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.30* 0.50* -0.16(4) 52.0(1) 18* 
II 0.5(1) 0.48* -0.18(4) 50.6(3) 69(3) 
III 0.9(2) 0.38* -0.22(4) 44(1) 12(3) 

 

Table 5-19 Parameters of Mössbauer spectrum of Al1x1100B measured at 4.2 K in applied field of 6 T. 
ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift, Beff – effective field, A2/3 – ratio between 2nd and 3rd 
line and A – spectral area. 

 Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.30(2) 0.50(1) -0.07(2) 57.5(2) 2.8(2) 18(2) 
II 0.30(2) 0.50(1) -0.10(3) 55.9(2) 2.8(2) 8(2) 
III 0.5(1) 0.38(1) -0.03(3) 53.3(1) 2(1) 7(2) 
IV 0.59(4) 0.48(1) -0.01(3) 45.5(3) 2.7(3) 68(2) 

 

Table 5-20 Comparison of aluminium occupancies in the Fe1, Fe2, Fe3 and Fe4 sites obtained from 
Mössbauer spectroscopy and X-ray powder diffraction. 

  Fe1 Fe2 Fe3 Fe4 

MS 9(7) 6(7) 30(9) 
Al1x1100B 

XRPD 14(3) 2(2) 6(1) 29(1) 
 

Samples Al2x1100B and Al3x1100B 

The increased substitution broadened the subspectra. This causes that the sextets are 

more blurred and overlapped so the correlation among the subspectra complicates their 

interpretation and interpretation of the whole spectra. The asymmetric profile of sextets in ZF 

spectra of sample Al2x1100B and Al3x1100B was fitted by distribution of hyperfine field. 

The average values of the isomer shift, quadrupole shift and hyperfine field are summarized in 

Table 5-21. The hyperfine field decreases with increasing amount of aluminium. It was not 

possible to separate the Fe4b subspectrum due to overlap with the rest of the spectrum. 

The in-field spectra were fitted with three sextets I, II and III corresponding to Fe1, 

Fe2+Fe3+Fe4b and Fe4a respectively. The canting angles of the hyperfine fields at octahedral 

sites remain the same as in Al1x1100B sample with respect to the same A2/3 values and slight 

decrease of the effective and hyperfine fields in IF and ZF spectra. The results support that the 

canting angles of the octahedral sites does not change with increasing substitution. The 

situation is also complicated in case of Fe4a subspectrum. There is a strong overlap with the 

Fe1 sextet and therefore their hyperfine parameters and spectral areas correlate. Thus, it is not 
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possible to determine the reason of slight increase of the effective field of the Fe4a 

subspectrum. Apart from the reason due to correlation with the Fe1 sextet, an alternative 

explanation may be that the canting angle of the hyperfine field decreases or that the increased 

substitution leads to further small increase of the hyperfine field. It is important to note that 

beside the confirmed hyperfine field increase due to substitution of one of the two Fe4 nearest 

neighbours the increase may be caused also by substitution in the octahedral sites. 

The occupancies cannot be determined from the spectra due to the fact that we do not 

have any information about the intensity of the Fe4b sextet and that there is a correlation 

between the Fe1 and Fe4a subspectra. 

 

 

Figure 5-21 Zero-field Mössbauer spectra of Al2x1100B (left) and Al3x1100B (right) measured at 4.2 K. 

 

 

Figure 5-22 Mössbauer spectra of Al2x1100B (left) and Al3x1100B (right) measured at 4.2 K under 6 T. 
0 – data and fit, I-III subspectra of Al-epsilon. 
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Table 5-21 Parameters of Mössbauer spectrum of Al2x1100B and Al3x1100B measured at 4.2 K. IS –
 isomer shift, QS – quadrupole shift, Bhf avrg – average hyperfine field and Bhf median – median of 
hyperfine field. 

 IS (mm/s) QS (mm/s) Bhf avrg (T) Bhf median (T) 

Al2x1100B 0.48(1) -0.19(2) 50.0(1) 50.4 
Al3x1100B 0.48(1) -0.20(2) 49.5(1) 49.9 

 

Table 5-22 Parameters of Mössbauer spectrum of Al2x1100B and Al3x1100B measured at 4.2 K in applied 
field of 6 T. ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift, Beff – effective field, A2/3 – ratio between 
2nd and 3rd line, A – spectral area. * parameter was not fitted. 

 

 

5.6.3. Magnetic measurements 

The field-cooled dependencies of magnetization of samples Al1x1100B, Al2x1100B 

and Al3x1100B are shown in Figure 5-23. The Curie temperature TC was determined to be 

445 K for Al1x1100B, 435 K for Al2x1100B and 380 K for Al3x1100B. In contrast to the 

non-substituted epsilon phase, there was no magnetic transition observed between 80 and 

150 K. The decrease of TC from sample to sample is 35, 10 and 55 K. With regard to the 

results of XRPD and Mössbauer spectroscopy, where the results suggest that Al occupancy in 

the Fe1 site is similar for samples Al1x and Al2x and that this occupancy increases for sample 

Al3x, the increase of aluminium occupancy in the Fe1 site could play a key role in the 

lowering of TC. If we recall that the Fe1 site probably has the strongest superexchange 

interaction with the Fe2 and Fe3 sites, this conclusion is not surprising. If we compare the Al 

occupancy of Fe1 site in the sample prepared by Namai et al. [82], which would have the 

composition Al0.25Fe1.75O3 the value of Al occupancy would be probably lower than in our 

sample Al1x1100B. For the reason that the TC is higher than for our sample (probably about 

475 K compared to 445 K for our sample), the hypothesis may be correct. Also indium 

substituted epsilon samples are in accord with this hypothesis [84]. On the other hand, the Al 

occupancy in tetrahedral Fe4 seems to have only a small effect on TC. 

Al2x1100B Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.38(4) 0.49(1) -0.07(2) 56.8(3) 3.0(3) 26(3) 
II 0.6(1) 0.48(1) -0.09(2) 45.1(2) 2.8(3) 64(2) 
III 0.6* 0.38* -0.05(3) 54.1(5) 2* 10(3) 
       

Al3x1100B Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.40(3) 0.48(1) -0.08(3) 56.2(3) 2.8(3) 23(3) 
II 0.7(1) 0.48(1) -0.13(2) 44.9(2) 2.8(3) 64(2) 
III 0.6* 0.38* -0.05(3) 53.7(4) 2* 12(3) 
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It is also interesting to follow the decrease of TC in samples with composition 

Al 0.5Fe1.5O3 against increasing duration and temperature of annealing. The TC of samples 

Al10H1000, Al30H1000 and Al2x1100B is 445, 440 and 435 K respectively. This decrease 

can be interpreted as arising from the incorporation of aluminium embedded in the matrix into 

the iron oxide nanoparticles, or from the redistribution of aluminium cations among the Fe 

sites of the epsilon structure. 

Hysteresis loops of the Alnx1100B samples were measured at temperatures between 2 

and 300 K (Figure 5-24) up to the applied magnetic field of 7 T. The applied field of 7 T was 

not sufficient to reach saturation magnetization of the samples. The values of coercivity, 

magnetization at 7 T, and remanence are summarized in Table 5-23. Values of magnetization 

at 7 T for all samples increase from 300 K to 2 K. The same trend applies to the remanence 

values of all samples. However, the increase in remanence between 100 K and 2 or 10 K is 

lower than the increase between 300, 200 and 100 K. The values of magnetization at 7 T and 

the remanence of samples Al1x1100B and Al2x1100B are very similar, while the values for 

sample Al3x1100B are lower. The dependence of coercivity on temperature for all samples is 

shown in Figure 5-25. The coecivities of all samples at 300, 200 and 100 K are increasing 

with temperature and decreasing with amount of aluminium in the samples. The values of 

coercivity of Al1x1100B at 200 and 100 K (1.9 T) are close to the coercivity of 

non-substituted epsilon phase at 200 K (2.2 T). At 100 K, the coercivity of non-substituted 

epsilon phase drops to ~0.2 T, while for Al-epsilon phase the coercivity at 100 K actually 

increases and is not lower than 1.6 T for all compositions of samples. 

An interesting behaviour occurs at temperatures near 0 K, where the coercivities of 

Al2x1100B and Al3x1100B samples increase, while coercivity of Al1x1100B sample 

decreases from 1.9 T at 100 K to 1.7 T at 10 K. This decrease might be a residual of 

magnetic/structural change observed in non-substituted epsilon phase between 80 and 150 K. 

The remaining two samples did not show any sign of the magnetic transition observed for 

non-substituted sample. As it was mentioned in Chapter 1, Sakurai et al. reported on an 

increase of the transition temperature between high and low temperature magnetic phases of 

indium substituted epsilon [84], which is in an opposite direction compared to aluminium 

substituted samples. An obvious difference between indium and aluminium substituted 

epsilon is opposite preference of the substituting cations for the cationic sites. While 

aluminium prefers mainly tetrahedral Fe4 site, indium prefers octahedral Fe1 and Fe2 sites 

[84]. The results support that while the substitution in Fe1 or/and Fe2 facilitates the transition, 

substitution in Fe4 site lowers the transition temperature, which can be observed in works of 
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Namai et al. [82] and Ohkoshi et al. [83]. Clearly anti-ferromagnetic behaviour of indium 

doped samples at 100 K under magnetic field lower than ~2 T together with comparable 

occupancies of indium in Fe1+Fe4 and Fe2+Fe3 sites and nearly zero magnetization under 

transition temperature supports that all four sublattice magnetizations are equal and thus there 

are no significant dipolar and orbital fields around the iron cations. The non-zero 

magnetization for samples substituted by gallium and aluminium under the transition 

temperature has to be perceived as a result of different magnitudes of sublattice moments (due 

to the difference between occupancies in Fe1+Fe4 and Fe2+Fe3 sites) or due to a canted 

magnetic structure and not due to the orbital and dipolar fields. As it was demonstrated on 

increase of the Fe4a hyperfine field, one particular substitution increases the regularity of the 

oxygen tetrahedron around Fe4 and decreases the orbital and dipolar fields. Therefore, we 

should look at the field cooled dependencies of magnetization of Al and Ga substituted 

epsilon as at a sum of two components: one structural fragment of the nanocrystal, which is a 

(canted) ferrimagnet without any transition between soft and hard magnetic state, because the 

reason for the transition was removed by the substitution, which is responsible for the 

non-zero net magnetization and the other fragment, where the one of the two Fe4-O6 bonds 

was not affected by the substitution and behaves similar to the non-substituted epsilon. These 

two fragments are mutually interconnected by superexchange interactions and so they can act 

on each other. However, in indium doped epsilon, the (-Fe4-O6-)x chains are much less 

interrupted by the substitution than in the case of Al or Ga substitution, so we may presume 

stronger interconnection throughout this chain. The coercivity decreases as the substitution 

lifts the dipolar and orbital fields in more fragments so there are less iron cations with 

unusually low hyperfine field, thus there are lower interconnections between the crystal 

structure and magnetization. The high coercivity is not probably connected just with the Fe4 

site, because it does not completely vanish when the iron occupancy in the Fe4 is about 10%, 

which implies extremely low fraction of unaffected Fe4-O6 bonds, which is probably even 

lowered by substitution in other cationic sites. And this leads us back to the beginning of this 

paragraph, where the data reported on indium substituted epsilon were discussed and where it 

was stated that the substitution in the Fe1 and Fe2 sites probably facilitates the decrease of the 

dipolar and orbital fields. And these fields are probably around Fe2 and Fe4 sites, at least at 

room temperature, as discussed in Chapter 4 and interconnected with location of O6. 

However, we cannot exclude influence of the rest of the epsilon structure. Thus, it may be 

concluded that substitution in Fe2 or Fe4 significantly decreases coercivity of epsilon phase 

and shifts its transition temperature between soft and hard magnetic state. 
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For non-substituted epsilon, the ZFC and FC dependences suggest, that the transition 

between the magnetic phases is not a single-step process. On the other hand the FC curves of 

indium doped samples, especially the one with the highest indium content supports a 

single-step process [84]. This may be interpreted that the transition in non-substituted epsilon 

has not an origin in changes of Fe4-O6 bonds, but begins elsewhere or that Fe4-O6 

rearrangements in indium doped samples precede the other structural changes. 

 

 

Figure 5-23 Field cooled dependence of magnetization of samples Al1x1100B (upper row, left), Al2x1100B 
(upper row, right) and Al3x1100B (lower row). 
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Figure 5-24 Hysteresis loops of samples Al1x1100B (upper row, left), Al2x1100B (upper row, right) and 
Al3x1100B (lower row) measured at different temperatures. 

 

 

Figure 5-25 Dependence of coercivity of Alnx1100B samples on temperature. Lines are only guides for eye. 
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Table 5-23 Coercivity, magnetization at 7 T and remanence of Alnx1100B samples at different 
temperatures. 

 Al1x1100B  Al2x1000B  Al3x1100B 

T 
(K) 

Hc 
(T) 

M 
(Am2/kg) 

MR 
(Am2/kg)  Hc 

(T) 
M 

(Am2/kg) 
MR 

(Am2/kg) 
 

Hc 
(T) 

M 
(Am2/kg) 

MR 
(Am2/kg) 

300 1.6 24 12  1.2 22 11  0.8 15 7 

200 1.9 28 14  1.6 29 14  - - - 

100 1.9 32 16  1.7 33 17  1.6 26 13 

10 1.7 33 16  - - -  - - - 

2 - - -  1.8 36 18  1.8 30 14 

 

5.6.4. Raman scattering 

The Raman spectra of samples Alnx1100B and a comparison to Fe1100B sample is 

shown in Figure 5-26. The laser power was set to avoid transformation of epsilon phase to 

hematite. Surprisingly, the sample, which was the most unstable and which transformed to 

hematite most easily, was Al3x1100B sample. 

The considerable number of Raman active vibrational bands of non-substituted epsilon 

phase was reduced by aluminium substitution. This is surprising since one would expect the 

opposite trend. The explanation for this band reduction can be found in the relative low 

intensity of the majority of the vibrational bands of epsilon iron oxide. The substitution causes 

a distribution of wavenumber of particular bands and thus the amplitude of low intensity 

broadened peaks can be similar to the noise. Another explanation is based on the observed 

decrease of irregular shape of the oxygen atom tetrahedron around the Fe4 site. This may 

cause that the energy splitting between the vibrational bands decreases. 

Raman showed an increase in the wavenumber of the bands due to aluminium 

substitution. Table 5-24 summarizes the Raman active vibrational bands of samples 

Al1x1100B, Al2x1100B and Al3x1100B. For comparison purposes, bands of non-substituted 

epsilon iron oxide are also added. The increase of wavenumber of the bands with increasing 

aluminium content is more pronounced for bands with wavenumber higher than 400 cm-1. 
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 200    400     600     800    1000  

Wavenumbers (cm-1) 
 

Figure 5-26 Raman spectrum of Fe1100B (blue line), Al1x1100B (red line), Al2x1100B (violet line) and 
Al3x1100B (mangeta line). 
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Table 5-24 Observed Raman bands of samples Fe1100B, Al1x1100B, Al2x1100B and Al3x1100B. 

Fe1100B Al1x1100B Al2x1100B Al3x1100B 
157w 166w 165m 168m 

172m 




181

178
m 181m 185m 

180sh - - - 
187w 200w - 201w 
197w 207w - - 
204w - - - 
216w - - - 

234m 238s 243m 




242

229
m 

249w - - - 
259w - - - 
271w - - - 
281sh - - - 





305

295
m 









305

300

295

m 306s 




309

297
w 

314w - - - 
320w - - - 





333

326
m 337w - 338w 

339w - - - 
346w - - - 









356

349

348

s 357s 








372

366

357

s 357s 





372

366
s 





381

371
w 395w 





372

366
w 

407w 427s 427s 




431

423
w 

419w - - - 
422m - - - 
429w - - - 
438w 450s 461s 462s 
442w - - - 
450w - - - 
465w - - - 
486w - - - 
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Continuation of Table 5-24. 

Fe1100B Al1x1100B Al2x1100B Al3x1100B 
492w - - - 
495m 499m 514b - 
501sh - - - 
518w - - - 
523w - - - 





540

534
w - - - 

546w - - - 
553w - - - 
561w - - - 
570m 581m 589b 609b 
575w - - - 









635

629

624

w - - - 

683m 689b 704b 703b 





729

717
m 753b 777b 786b 

765w - - - 

5.7. Conclusion to Al substitution 

Heat treatment influenced three properties of the prepared samples: the first was the size 

of the Al-epsilon particles, which increased with increasing temperature and duration of 

annealing; the second influence was on phase composition of the samples and the last 

influence was on magnetic properties such as Curie temperature, coercivity and 

magnetization. The variations of values of these parameters of samples with composition 

Al 0.5Fe1.5O3/SiO2 were interpreted as the result of variations in the aluminium occupancies in 

the four Fe sites. This interpretation is supported by the good agreement of coherent 

diffraction domain size with mean particle size. A qualitative change of heat treatment from 

the AldH1000 sample set to the Alnx1100B set allowed us to increase the final temperature of 

annealing without transformation of a significant part of the epsilon phase into hematite (for 

Al2x and Al3x sample even without detectable trace of hematite) 

Heat treatment influenced the physical properties of the samples to some extent, but the 

crucial variable, with a much stronger influence on the properties of the samples was the 

composition, strictly speaking, the extent of aluminium substitution. 
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Influence of aluminium content x on the crystal structure of the Al-epsilon phase 

resulted in a decrease of lattice constants with increasing x. It was found that these 

dependencies are linear within the studied range of x for the Alnx1100B sample set and that 

the decrease of lattice constants with increasing x was smaller than the decrease predicted by 

Vegard’s law. This was interpreted as the result of magnetic properties of the epsilon phase. 

On the other hand, the dependence of the lattice constants and hyperfine field of 

hematite on aluminium content in the sample suggested that a fraction of the iron cations is 

substituted by aluminium cations although there is a solubility limit of aluminium in hematite. 

The solubility limit of aluminium in hematite in our samples was estimated, using values of c 

lattice constant, to be about 10%. 

Vibrational bands in FTIR and Raman spectra of epsilon and gamma iron oxide phase 

were shifted to higher wavenumber, indicating aluminium substitution of both phases. The 

assignment of bands to epsilon phases is not definitive, because both the FTIR and Raman 

spectra of Al-epsilon phase are not, to our knowledge, published. 

Aluminium occupancies of Fe sites obtained from XRPD data were not reliable. The 

root of this issue probably lies in the small form factor of oxygen anions and static structural 

disorder in the substituted epsilon structure, which is a result of the different ionic radii of 

iron and aluminium cations. The stability of the fitting procedure and the reliability of the 

resultant structural model decreased with increasing amount of aluminium in the epsilon 

phase. In other words, the reliability of aluminium occupancies is higher for sample 

Al1x1100B and decreases towards Al3x1100B sample. 

Considering the issue of Al occupancies adduced from Mössbauer spectroscopy data, 

the determination of their values was complicated by strong overlap and significant line 

broadening and the occupancies were determined only for the least substituted sample. The 

substitution caused mainly a distribution of hyperfine field of the subspectra. The worst 

situation was in spectra measured at room temperature where the distribution of hyperfine 

field had to be simulated by Gaussian distribution. Profiles of spectra measured at 4.2 K were 

much narrower and a combined analysis of zero-field and in-field spectra allowed an 

approximate estimation of aluminium occupancies. A combination of results from XRPD and 

Mössbauer spectroscopy for sample Al1x1100B yielded ranges of aluminium substitution in 

which the Al occupancies of Fe1, Fe2+Fe3 and Fe4 sites most probably lie. These intervals 

are 5-20%, <10% and 25-35% for Fe1, Fe2+Fe3 and Fe4 site respectively. 
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These results can be understood in terms that the aluminium preference for one of three 

octahedral sites depends upon the amount of aluminium in the epsilon phase. The preferred 

octahedral site of aluminium in sample Al1x1100B is Fe1, while in AlFeO3 [75] it is Fe3 site. 

The most interesting result of Mössbauer spectroscopy is a confirmation of difference 

between the two Fe4-O6 bonds suggested by our structural model described in Chapter 4. The 

substitution in one of the Fe4 neighbour causes increase of hyperfine field, which suggest 

decrease of the orbital and dipolar fields around Fe4 ion. This splits Fe4 subspectrum into two 

components with hyperfine field difference between two and five Tesla and is argued to be 

the reason for decrease of coercivity from 2.2 T to 1.9 T at 100 K. 

Canting angles of hyperfine fields at 4.2 K under 6 T of sample Al1x1100B were found 

to be 24°, 156°, 0 – 73° and 74 - 89° for Fe1, Fe2, Fe3, Fe4a and Fe4b sublattices 

respectively. 

Critical temperatures for magnetic ordering were estimated from the temperature 

dependences of magnetization and their values are 445, 435 and 380 K for samples 

Al1x1100B, Al2x1100B and Al3x1100B respectively. Based on the estimated Al occupancies 

of Fe sites, the Al occupancy of the Fe1 site could probably be the key variable, which 

determines the value of Curie temperature. Coercivity decreased with increasing aluminium 

content and, with one exception, the coercivity increased with decreasing temperature. The 

exception was the decrease of coercivity of sample Al1x1100B from 1.9 T at 100 K to 1.7 T 

at 10 K. This decrease was interpreted as a residue of the magnetic structure transformation, 

which occurs for non-substituted samples between 80 and 150 K. The magnetic transition, a 

characteristic feature of epsilon iron oxide, was completely removed by aluminium 

substitution of this phase in samples Al2x1100B and Al3x1100B. Therefore, the coercivities 

at temperatures of 100 K and near absolute zero of samples Alnx1100B were not lower than 

1.6 and 1.7 T respectively. The reason for the disappearance of magnetic transition is argued 

to be the disappearance of structure motive around the O6 anion non-affected by the 

substitution. 

A magnetic field of 7 T was not sufficient to reach saturation magnetization of all the 

samples regardless of the sample composition. Magnetization at this field was approximately 

equal for samples Al1x1100B and Al2x1100B at all temperatures. Magnetization of sample 

Al3x1100B was lower and this was interpreted as a result of the better mutual compensation 

of magnetic moments of the four magnetic sublattices. The magnetizations at 300 K and 

magnetic field of 7 T of Al1x1100B and Al2x1100B samples were higher than for the 

Fe1100B sample and the magnetization under these conditions for sample Al3x1100B was 
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lower. At temperatures near absolute zero, magnetizations at 7 T of all Al substituted samples 

were higher than the magnetization of Fe1100B sample. 

Considering the magnetic properties, the aluminium substitution of epsilon iron oxide 

phase changed its magnetic properties in such way that the magnetization and coercivity at 

temperatures below 150 K was increased and therefore it improved its properties with respect 

to its use for magnetic recording. 
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6. Nanocomposites Ga xFe2-xO3/SiO2 

This chapter is dedicated to the samples with composition GaxFe2-xO3/SiO2, where 

x = 0.25, 0.50 and 0.75. The structure of this chapter is similar to Chapter five, dedicated to 

aluminium substituted epsilon iron oxide phase. A constant heating regime was used only for 

the preparation of samples with composition Ga0.50Fe1.50O3/SiO2. The final temperature of 

annealing for these samples was 1000°C and the samples differ by the annealing time. A 

step-like heating regime was used for the preparation of samples of all compositions. The 

final temperature of annealing was 1100°C and the duration of annealing at this temperature 

was 4 hours. 

6.1. Elemental analysis 

EDX micro-analysis was used for evaluation of the elemental composition of the 

Ga15H1000 and Ga15H10NC samples. The results are in a good agreement with the nominal 

composition of sample Ga15H1000 (Table 6-1). The variation of molar percent of Si between 

different measured spots of the sample was lower than 8 percentage points about the average 

value. The variation of Fe and Ga was lower than 5 and 2 percentage points respectively. The 

ratio Ga/(Ga+Fe) was between 0.23 and 0.28. These results suggest minor fluctuations in 

composition in different parts of the sample. 

For sample Ga15H10NC (Table 6-2), the Ga content was about 10% lower than in 

Ga15H1000, which is probably caused by the removal of structural gallium and/or the 

possible presence of gallium in the SiO2 matrix as in the case of aluminium substituted 

samples. However, the decrease of aluminium in the sample caused by the leaching process 

was approximately two times higher than the decrease of gallium. It is not possible, from 

EDX analysis, to estimate the ratio between the gallium leached from the matrix and gallium 

leached from the nanoparticles. These are two possible reasons for the decrease in Ga content. 

If we make the same assumption as for the Al10H10NC sample, that the shell of particles 

from which gallium can be removed by sodium hydroxide comprises about 10% of the total 

nanoparticle material, we may then conclude that the ratio of gallium in the matrix to gallium 

in the nanoparticles is probably very low. The ratio Ga/(Ga+Fe) was between 0.20 and 0.24 

for sample Ga15H10NC. 

The mount of sodium and silicon in Ga15H10NC is very low and is probably caused by 

the presence of residual partially hydrolysed sodium silicate. 



161 

 

Table 6-1 EDX micro-analysis of Ga15H1000 sample. Numbers are in molar percent. 

Ga15H1000 Observed Calculated Obs. without Si Calc. without Si 

Ga 9(1) 8 24(1) 25 
Si 65(1) 66   
Fe 26(2) 25 76(2) 75 

 

Table 6-2 EDX micro-analysis of Ga15H10NC sample. Numbers are in percent. 

Ga15H10NC Observed Obs without Na and Si Calc. without Si 

Ga 21(2) 22(2) 25 
Si 3(1)   
Fe 76(1) 78(1) 75 
Na 1(1)   
 

6.2. Particle size and shape 

Figure 6-1 shows the TEM micrograph of sample Ga15H1000. Generally, the smaller 

particles of diameters from about 3 to 10 nm are spherical and the bigger particles, with a 

diameter of about 20 nm in the longer axis direction, have rod-like shape. Insufficient 

particles were visible in the bright field TEM pictures and, therefore, a histogram of particle 

sizes was not made. The average value of particle size is probably about 10 nm. 

Micrographs of sample Ga2x1100B revealed spherical to rod-shaped particles (Figure 

6-2). Mean particle diameter and its standard deviation, obtained by analysis of bright field 

images and subsequent fitting of the histogram (Figure 6-4) by log-normal distribution were 

estimated to be 25.4 nm (mean) and 12.9 nm (standard deviation). This value is lower by 

10 nm than the value obtained for mean coherent diffraction domain size (35.4 nm). The 

disagreement is probably caused by the non-spherical shape of bigger particles. A comparison 

with mean particle diameter in Fe1100B (24.2 nm) and Al1x1100B (27.1 nm) shows that the 

particle size is similar for all three different samples. 

Figure 6-3 shows different particles of Ga2x1100B with different orientations 

determined by fast Fourier transform of micrographs and their subsequent analysis. As 

mentioned in Chapter 5, the perceived shape of the particle is influenced by its rotation with 

regard to direction of observation. The resulting ratio of rod-shaped particles could the 

therefore higher. 
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Figure 6-1 TEM micrographs of Ga15H1000 (left) and Ga15H10NC. 

 

  

Figure 6-2 Bright field TEM images of Ga2x1100B. 
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 [010]  [001] [011] 

Figure 6-3 HR TEM images of Ga2x1100B (upper row) and their Fourier transform (lower row). 
Directions of observation from left to right: [010] (1 – 6.45 Å, 00-2 and 2 – 2.46 Å, -200), [001] (1 – 8.67 Å, 
0-10 and 2 – 5.09 Å, 100) and [011] (1 – 5.03 Å, -100 and 2 – 6.15 Å, 0-11). 

 

 

Figure 6-4 Distribution of particle diameter of Ga2x1100B. 
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6.3. Phase composition 

The phase composition of samples prepared by the constant heating regime was 

followed only qualitatively by XRPD. Powder diffractograms of samples Ga2H1000 and 

Ga15H10NC are presented in Figure 6-5. The irradiation used was cobalt Kα. Diffractogram 

of sample Ga2H1000 contains the diffraction patterns of amorphous silica, epsilon iron oxide 

and maghemite. The profile of the diffractions is significantly broadened, suggesting small 

size of iron oxide particles. The diffractions of epsilon phase are probably slightly shifted to 

higher angles, suggesting the substitution of iron by gallium cations, because the ionic radius 

of Ga3+ is smaller than the Fe3+ ionic radius (Table 6-3). 

Amorphous SiO2 matrix was leached with an aqueous solution of NaOH obtaining 

sample Ga15H10NC. The Rietveld method was used to fit the diffraction data. Epsilon and 

hematite, but not maghemite, were identified. However, the presence of small particles of 

maghemite in the sample cannot be excluded. 

The phase composition of samples prepared using a constant heating regime changed 

from a mixture of epsilon and maghemite for samples annealed for a period of two hours at 

1000°C to a mixture of epsilon phase and only a small amount of hematite for sample 

annealed for 15 hours at 1000°C, which corresponds with the observations for non-substituted 

and aluminium substituted samples. 

 

 

Figure 6-5 X-ray diffractograms of Ga2H1000 (left) and Ga15H10NC (right). 
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Table 6-3 Ionic radii of Fe3+ and Ga3+. 

 Ion r (Å) r Ga/rFe 
Ga3+ 0.47 Tetracoordinated 

(High spin Fe3+) Fe3+
 0.49 

0.96 

Ga3+ 0.62 Hexacoordinated 
(High spin Fe3+) Fe3+ 0.645 

0.96 

 

6.4. Influence of substitution level on εεεε-Fe2O3 

This part, as similar part in Chapter 5, is dedicated to the effects of different level of 

substitution on epsilon phase, which will be demonstrated on samples Ga1x1100B, 

Ga2x1100B and Ga3x1100B. 

6.4.1. XRPD 

X-ray powder diffractograms (Figure 6-6) were measured using copper Kα irradiation. 

The patterns of Ga-epsilon phase and amorphous silica, but not hematite or maghemite, were 

observed in all diffractograms. The peaks of the Ga-epsilon phase are slightly shifted towards 

higher angles, indicative of gallium substitution. The values of lattice constants of 

orthorhombic phase obtained by Rietveld analysis are given in Table 6-4. Figure 6-7 shows 

the dependence of lattice constants on composition. The values are higher than those 

predicted by Vegard’s law. As in the case of aluminium substituted epsilon phase, this smaller 

decrease of lattice constants with increasing amount of gallium in the samples was attributed 

to the magnetic properties of the Ga-epsilon phase. Experimental data showed a linear 

dependence of b and c on composition within Fe2O3 to Ga0.75Fe1.25O3 (Rb
2 = 0.981 and 

Rc
2 = 0.999), with slopes -9±1 and -15±1 pm per Ga/(Fe+Ga) for the b and c constants 

respectively. The decrease of lattice constant a is not linear (values for samples Fe1100B and 

Ga1x1100B are equal) and is very small, approximately -2 pm per Ga/(Fe+Ga). 

The gallium occupancies of Fe1, Fe2, Fe3 and Fe4 sites (Table 6-4) correlated mainly 

with the scale factor and the positional parameters of the iron and gallium cations. Also the 

difference between the atomic form factors of iron and gallium are very low, therefore the 

fitting was rather insensitive to changes of the gallium occupancy values. Fitting of the data 

with no constraints gave calculated formulae of Ga-epsilon phase using these occupancies for 

the Ga1x, Ga2x and Ga3x samples as: Ga0.2Fe1.8O3 (Ga0.25Fe1.75O3), Ga0.8Fe1.2O3 

(Ga0.50Fe1.50O3) and Ga1.1Fe0.9O3 (Ga0.75Fe1.25O3) respectively. Formulae in brackets are 

calculated from the composition of the starting materials. The small difference in the ionic 



166 

radii of gallium and iron mean that substitution probably did not bring about any considerable 

static disorder of the epsilon structure and, therefore, the fitting process was more stable than 

in the case of aluminium substituted samples. Constraining the chemical composition led to 

an improvement of reliability factors of the structure models for all three sample 

compositions. Some Fe4-O distances were also constrained in the structure model of 

Ga-epsilon phase for samples Ga2x1100B and Ga3x1100B. These constraints, when the 

Fe4-O distances were constraint to form nearly regular tetrahedron, also led to an 

improvement of reliability factors. The crystallographic data including gallium occupancies in 

Fe sites and the Rietveld data of the best fits with physically reasonable interatomic distances 

and angles are summarized in Table 6-4. 

The error of occupancies was estimated to be about 5%. Ga occupancies of the epsilon 

phase in sample Ga1x1100B are probably about 5% in all octahedral sites. That leaves about 

35% for the tetrahedral site. The Ga occupancies of epsilon phase in sample Ga2x1100B are 

probably about 10% in octahedral sites and about 70% in the tetrahedral site. It should be 

noted that the two structure models with octahedral Ga occupancies fixed to 5 and 10% and 

tetrahedral occupancy equal to 85 and 70% had very similar reliability factors to a structure 

model where the Ga occupancies were not fixed. This similarity of reliability factors is caused 

by correlations of Ga occupancies with other parameters of the model such as isotropic 

temperature factors and atomic positional parameters and also by the closeness of the atomic 

form factors of Fe and Ga. 

The Ga occupancies of the octahedral sites differ for sample Ga3x1100B. The Ga 

occupancy of the Fe1 site probably remains about 10% and occupancies of Fe2 and Fe3 sites 

increase to approximately 30%. The occupancy of the Fe4 site is probably about 90%. 

These results suggest that gallium preference for the tetrahedral site is probably higher 

than preference for tetrahedral site of aluminium. 

Isotropic temperature factors of Fe sites (Table 6-4) show a steady increase, which is 

probably caused by the gradual increase of static disorder of epsilon structure with the 

increasing amount of gallium in its structure. 
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Figure 6-6 Powder diffraction pattern of Ga1x1100B (upper left), Ga2x1100B (upper right) and 
Ga3x1100B (lower left). Red bars represent diffraction positions of εεεε-Fe2O3. 
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Table 6-4 Lattice constants, reliability parameters of Reitveld fit, isotropic thermal parameters and 
gallium occupancies in Fe sites of Ga1x1100B, Ga2x1100B and Ga3x1100B samples. 

 Ga1x1100B Ga2x1100B Ga3x1100B 

a (pm) 510.6(1) 510.1(1) 509.7(1) 
b (pm) 879.9(1) 878.9(1) 877.3(1) 
c (pm) 946.1(1) 944.2(1) 942.2(1) 

V (106 pm3) 425.0(1) 423.3(1) 421.3(1) 
    

Rwp (%) 11.8 15.5 20.9 
RB (%) 6.1 7.3 7.5 
RF (%) 6.5 8.8 9.0 

χ2 0.22 0.55 0.11 
    

Biso Fe1 0.0(1) 0.7(2) 1.6(3) 
Biso Fe2 0.0(1) 0.3(1) 0.3(1) 
Biso Fe3 0.0(1) 0.5(1) 1.0(2) 
Biso Fe4 0.0(1) 0.6(2) 1.2(2) 

    
Ga occ. Fe1 0.04(5) 0.13(5) 0.11(5) 
Ga occ. Fe2 0.07(5) 0.09(5) 0.26(5) 
Ga occ. Fe3 0.05(5) 0.04(5) 0.29(5) 
Ga occ. Fe4 0.35(5) 0.74(5) 0.86(5) 

 

 

Figure 6-7 Dependence of lattice constants a, b and c of GaxFe2-xO3 on x. Solid lines indicate Vegard’s law. 

6.4.2. Mössbauer spectroscopy 

Room temperature spectra 

Figure 6-8 shows the room temperature Mössbauer spectra of the Ganx1100B samples. 

The spectra were fitted by the same method as used in aluminium containing samples. The 

Ga1x1100B spectrum was fitted with four sextets corresponding to Ga-epsilon phase and the 

Ga2x1100B spectrum with three sextets corresponding to Ga-epsilon phase and one sextet 

ascribed to hematite. The Ga3x1100B spectrum was fitted with one sextet and two doublets. 
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The general appearance of the Ga1x1100B spectrum can be described by two partially 

overlapping sextets. With regard to the intensity, the sextet with higher spectral area 

corresponds to two Fe sites and the other sextet corresponds to one Fe site. A similar 

description can be used for the spectrum of Ga2x1100B. On the other hand, the spectrum of 

Ga3x1100B shows a significant shift from a spectrum with the character of magnetically 

ordered material to a spectrum of material in a paramagnetic state. This is because the 

Ga-epsilon phase in Ga3x1100B has a TC of only 310 K (see later). 

Table 6-5 summarizes the fitted parameters with the exception of the hematite 

subspectrum. Fixed parameters are denoted by an asterisk. Hyperfine parameters and spectral 

areas of subspectra I to IV of sample Ga1x1100B are similar to those obtained for spectrum of 

Al1x1100B. However, the decrease of hyperfine fields of substituted epsilon in comparison 

with non-substituted epsilon phase (parameter ∆Bhf in the Table 6-5) is approximately 0.5 T 

higher for the sample substituted by gallium. The isomer shift of subspectrum III shows a 

slight decrease in comparison to the non-substituted epsilon. The remaining isomer shift 

values were not affected by the substitution. The same trends were found in the spectrum of 

sample Al1x1100B. 

In the spectrum of sample Ga2x1100B, the subspectrum of magnetically ordered Fe4 

magnetic sublattice was not observed. One sextet was added to the fit in order to describe the 

spectrum completely. This subspectrum can be interpreted as being the result of distribution 

of Curie temperature of Ga-epsilon due to the different distribution of gallium over Fe sites in 

different parts of the particle. There are several differences in hyperfine parameter values 

between the samples Ga2x1100B and Al2x1100B. The isomer shift of subspectrum II 

decreased from 0.37 in the spectrum of Ga1x1100B to 0.34 mm/s in the Ga2x1100B sample. 

On the other hand, the isomer shift of subspectrum II in Al2x1100B remains the same as in 

the Al1x1100B spectrum. The isomer shift of subspectrum III of Ga2x1100B sample remains 

0.34 mm/s as in the spectrum of sample Ga1x1100B. The decrease of hyperfine fields, in 

comparison with non-substituted epsilon phase, is higher for all subspectra in spectrum of 

Ga2x1100B sample than in spectrum of the Al2x1100B sample. The ∆Bhfs of subspectra I to 

III are, for sample Ga2x1100B, 7, 10 and 12 T and, for Al2x1100B, 3, 5 and 4 T respectively. 

The distributions of hyperfine fields of subspectra I, II and III are similar for the Ga2x1100B 

and Al2x1100B samples. The differences in room temperature Mössbauer spectra of 

Ga2x1100B and Al2x1100B indicate that the gallium substitution of epsilon phase influences 

the magnetic interactions more than aluminium substitution does. 



170 

The Mössbauer spectrum of sample Ga3x1100B can be characterized as an intermediate 

between the spectra of magnetically ordered material and material in a paramagnetic state. 

The isomer shifts of the three subspectra are about 0.38 mm/s. This value is higher than the 

value of 0.34 mm/s reported by Trooster and Dymanus for GaFeO3 [115]. The quadrupole 

splitting of two doublets found in the spectrum of Ga3x1100B are 0.50 and 1.14 mm/s and are 

in good agreement with the 0.49 and 1.05 mm/s values reported in the same work. 

The decrease of Bhfs for subspectra I, II and III of all samples is showed in Figure 6-9. 

The shapes of Bhf dependences on composition resemble those for aluminium substituted 

epsilon phase although the decrease is steeper in the case of gallium substituted samples. 

 

 

Figure 6-8 Room temperature Mössbauer spectra of Ga1x1100B (upper left), Ga2x1100B (upper right) 
and Ga3x1100B (lower picture). 0 – data and fit, I-IV – Ga-epsilon. Subspectrum of hematite (spectral 
area 2 %) in Ga2x1100B is not shown. 
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Table 6-5 Parameters of subspectra I, II, III and IV fit of Ganx1100B samples measured at room 
temperature. ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift/splitting, dB hf – distribution of 
hyperfine field, Bhf – hyperfine field, ∆∆∆∆Bhf – difference of hyperfine field between epsilon and Ga 
substituted epsilon phase, A – spectral area. Subspectrum of hematite in Ga2x1100B is not shown in the 
table (fixed values ΓΓΓΓ = 0.23 mm/s, IS = 0.37 mm/s, QS = -0.22 mm/s, dBhf = 0.3 T, Bhf = 50.6 T and spectral 
area 2 % were used for fit). Asterisk denotes fixed parameters. 

I Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.28(2) 0.38(1) -0.22(2) - 45.3(2) - 20(1) 
Ga1x1100B 0.23* 0.37(1) -0.23(2) 0.9(4) 43.8(2) 1.4 24(2) 
Ga2x1100B 0.23* 0.37(1) -0.28(2) 3(1) 38.4(2) 6.8 34(2) 
Ga3x1100B 0.23* 0.38(1) -0.10(3) 17(8) 13.6(5) - 80(2) 

        

II Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.28(2) 0.38(1) -0.29(2) - 44.4(2) - 20(1) 
Ga1x1100B 0.23* 0.37(1) -0.33(2) 2(1) 42.0(2) 2.3 20(2) 
Ga2x1100B 0.23* 0.34(1) -0.23(2) 6(2) 34.3(2) 10.0 39(2) 
Ga3x1100B 0.40* 0.37(1) 0.50(3) - - - 12(2) 

        

III Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.40* 0.37(1) -0.01(2) - 39.1(1) - 29(1) 
Ga1x1100B 0.23* 0.34(1) -0.06(2) 7(3) 37.0(2) 2.0 48(2) 
Ga2x1100B 0.23* 0.34(1) -0.11(2) 4(2) 26.8(2) 12.3 18(2) 
Ga3x1100B 0.40* 0.38(1) 1.14(4) - - - 8(2) 

        

IV Γ (mm/s) IS (mm/s) QS (mm/s) dBhf (T) Bhf (T) ∆Bhf (T) A (%) 

Fe1100B 0.45* 0.21(1) -0.15(2) - 25.9(1) - 26(1) 
Ga1x1100B 0.23* 0.20* -0.25(2) 12(6) 23(1) 2.9 9(2) 
Ga2x1100B 0.23* 0.33(1) 0.00(2) 28(14) 0.0* - 9(2) 
 

 

Figure 6-9 Dependence of hyperfine fields of subspectra I, II and III on Ga-epsilon on composition. 

 

Zero-field (ZF) and in-field (IF) spectra measured at 4.2 K 

The applied magnetic field of 6 T was perpendicular to the γ-rays direction. Due to the 

saturation effect in both ZF and IF spectra the fit for the relative areas of A1/3 and A2/3 gave 
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values of about 2.5 and 1.8 (ZF) respectively. ZF spectra show a characteristic presence of 

one sextet with asymmetric line profile, but less pronounced as in the aluminium substituted 

samples. The asymmetry of spectrum of sample Ga1x1100B is clearly visible. In case of the 

samples Ga2x1100B and especially Ga3x1100B the asymmetry virtually vanishes. The 

subspectra in in-field spectra are divided into two groups – H and L according to the values of 

the hyperfine field they have. 

 

Sample Ga1x1100B 

As in case of aluminium substituted sample, the spectrum of sample Ga1x1100B 

(Figure 6-11, Tables 6-7 and 6-8) consists of H and L groups. The ranges of the effective 

fields are similar as for Al1x1100B sample. The spectral area of the H group is 34%, which 

suggests that the spectral area of the Fe4b subspectrum is not lower than 9%. 

Subspectra of Fe1 site 

The subspectrum corresponding to Fe1 site is split into two sextets and was fitted by 

two subspectra Fe1a and Fe1b. The best fit was obtained for Fe1a:Fe1b ratio equal to 55:45. 

The uncertainty is about 12% and is higher than for Al1x1100B sample. The difference 

between the effective fields was found to be 1.7 T. 

The A2/3 ratios are 3.2 and are affected by the saturation, because the A1/3 equals 2.5. 

After the correction of this value, which is described in Chapter 5, the value of 3.8 is obtained. 

This would lead to canting angle of 13° and hyperfine field of the Fe1a subspectrum equal to 

52.4 T. The value of hyperfine field obtained from ZF spectrum is 51.9 T. This value is very 

close to that of Al1x1100B (52.0 T). Because the difference between the values of A1/3 and 

A2/3 is higher, we should expect that the linear dependence of the real values of these ratios 

with the observed ones is no more valid. Moreover, the difference between effective and 

hyperfine field is 6.4 T, which exceeds the theoretical 6 T value. Therefore, the canting angle 

is probably 0°. Lower canting angle explains higher values of the hyperfine field with respect 

to Al1x1100B sample. 

Subspectra of Fe4 site 

The effective field of Fe4a subspectrum is 53.6 T and that of Fe4b lies between 44.5 

and 46 T. The spectral area of Fe4b subspectrum in ZF spectrum is 5%, which is significantly 

lower than in Al1x1100B. This supports higher Ga occupancy in Fe4 site as already suggested 
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by Fe1a:Fe1b ratio. The subspectrum is broad, supporting the model with non-equivalent 

Fe4-O6 interactions. Its hyperfine field is 45 T. This is 1 T higher value than in Al1x1100B. 

Together with narrower profile, this value suggests that the substitution in octahedral sites is 

lower than in Al1x1100B sample. The canting angles based on the differences between 

effective and hyperfine fields lie for Fe4b between 84° and 99° and for Fe4a is the angle 

lower than 71° (Table 6-6). 

 

Subspectrum of the Fe2 and Fe3 sites 

Subspectra of these two sublatices are mutually overlapped and it is not possible to 

resolve the L group into three sextets corresponding to Fe2, Fe3 and Fe4b subspectra. The 

average effective field is 45.5 T and it is the same as in Al1x1100B sample. The value of the 

A2/3 ratio of the Fe2+Fe3 subspectrum lies most probably between 2.7 and 3.3. After 

correction of this value as in the case of Fe1a subspectrum we obtain the range from 3.2 to 

4.0. The canting angle is probably between 148 to 180° and the hyperfine field lies between 

50.8 to 51.5 T. The hyperfine field obtained from the zero-field spectrum is 50.9 T, which is 

in a good agreement with the value based on the modified A2/3 ratio. 

Occupancies 

The gallium occupancies are summarized in Table 6-9 together with the Ga occupancies 

obtained from XRPD. Occupancy obtained in the Fe1 site is 6%. With respect to only 5% area 

of the Fe4b subspectrum on ZF spectrum, the occupancies in the Fe2 and Fe3 sites are about 

zero. This leaves 44% Ga occupancy in the Fe4 site, which is in agreement with Fe1 

subspectrum splitting. This distribution of gallium in mainly Fe4 site, together with possible 

low substitution in Fe1 site and probably zero substitution in Fe2 and Fe3 sites explains 

relatively high magnetization of Ga1x1100B. 

Magnetic structure 

The overall canting angle of the octahedral sites is close to 0° and 180°. However, near 

these extremes the uncertainty of determination of the angles is the highest in the whole 

interval. The values are summarized in Table 6-6. The situation about the Fe4 site is similar to 

the Al1x1100B. The canting angle of the subspectrum with lower hyperfine field is between 

84° and 99° and for the one with higher field the angle is lower than 71°. The lower canting of 

the hyperfine fields is probably due to the lower magnetic moment of Fe4b site, which is 
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without doubt non-collinear with the moments in the octahedral sites, because the coercivity 

is comparable with Fe1100B and Al1x1100B samples. 

 

 

Figure 6-10 Orientation of hyperfine fields in εεεε-Ga0.25Fe1.75O3 at 4.2 K and under 6 T. 

 

Table 6-6 Canting angles of hyperfine fields in εεεε-Ga0.25Fe1.75O3 at 4.2 K and under 6 T. 

 Fe1 Fe2 Fe3 Fe4a Fe4b 

Ga1x1100B 0(10) 180(10) 0 - 71(8) 84(8) – 99(8) 
 

 

Figure 6-11 Mössbauer spectra of Ga1x1100B. In-field (left, 6 T) and zero-field (right) measured at 4.2 K. 
0 – data and fit, I-IV – Ga-epsilon. 

 

Table 6-7 Parameters of Mössbauer spectrum of Ga1x1100B measured at 4.2 K. IS – isomer shift. QS –
 quadrupole shift, Bhf – hyperfine field and A – spectral area. * parameter was not fitted. 

 Γ (mm/s) IS (mm/s) QS (mm/s) Bhf (T) A (%) 

I 0.34* 0.50(1) -0.10(4) 51.9(2) 14* 
II 0.5(1) 0.50(1) -0.21(4) 50.9(3) 81(3) 
III 0.7(1) 0.38* -0.30(4) 45(1) 5(3) 
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Table 6-8 Parameters of Mössbauer spectrum of Ga1x1100B measured at 4.2 K in applied field of 6 T. 
ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift, Beff – effective field, A2/3 – ratio between 2nd and 3rd 
line and A – spectral area. 

 Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.34(2) 0.50(1) -0.03(2) 58.3(2) 3.2(2) 15(2) 
II 0.34(2) 0.50(1) -0.10(3) 56.6(2) 3.2(2) 12(2) 
III 0.5(1) 0.38(1) 0.03(3) 53.6(1) 2(1) 7(2) 
IV 0.58(4) 0.49(1) -0.01(3) 45.5(3) 3.0(3) 66(2) 

 

Table 6-9 Comparison of gallium occupancies in the Fe1, Fe2, Fe3 and Fe4 sites obtained from Mössbauer 
spectroscopy and X-ray powder diffraction. 

  Fe1 Fe2 Fe3 Fe4 

MS 6(7) 0(7) 44(9) 
Ga1x1100B 

XRPD 5(5) 5(5) 5(5) 35(5) 
 

Samples Ga2x1100B and Ga3x1100B 

The spectra are strongly overlapped and blurred. Therefore, the fine structure, which 

was visible in the spectra of Ga1x1100B is not possible to observe. The ZF spectrum of 

Ga3x1100B sample (Figure 6-12, Table 6-10) shows almost symmetrical sextet. Together 

with IF spectrum (Figure 6-13, Table 6-11), where the introduction of Fe4a sextet did not 

improve the fit, the results suggest that the tetrahedral site may be highly substituted. 

However, relative closeness of the hyperfine field of Fe1 subspectrum in the IF spectrum 

prevents an undoubted exclusion of significant intensity of the Fe4a subspectrum. 

The A2/3 ratios remain constant within accuracy limits for all sample compositions. 

Thus, the data suggest that the magnetic structure does not change with increasing level of 

substitution. The determination of occupancies is not possible due to the fact that it is not 

possible to determine the intensities of all subspectra with sufficient accuracy. The only 

conclusion in this respect can be made for gallium occupancy in the tetrahedral site of 

Ga3x1100B sample, where the data do not exclude the possibility that the iron atoms were 

completely substituted by gallium. 
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Figure 6-12 Zero-field Mössbauer spectra of Ga2x1100B (left) and Ga3x1100B (right) measured at 4.2 K. 

 

 

Figure 6-13 Mössbauer spectra of Ga2x1100B (left) and Ga3x1100B (right) measured at 4.2 K under 6 T. 
0 – data and fit, I-III subspectra of Ga-epsilon. 

 

Table 6-10 Parameters of Mössbauer spectrum of Ga2x1100B and Ga3x1100B measured at 4.2 K. IS –
 isomer shift, QS – quadrupole shift, Bhf avrg – average hyperfine field and Bhf median – median of 
hyperfine field. 

 IS (mm/s) QS (mm/s) Bhf avrg (T) Bhf median (T) 

Ga2x1100B 0.48(1) -0.19(2) 50.6(1) 51.0 
Ga3x1100B 0.48(1) -0.22(2) 49.7(1) 50.0 

 



177 

Table 6-11 Parameters of Mössbauer spectrum of Ga2x1100B and Ga3x1100B measured at 4.2 K in 
applied field of 6 T. ΓΓΓΓ - FWHM, IS – isomer shift, QS – quadrupole shift, Beff – effective field, A2/3 – ratio 
between 2nd and 3rd line, A – spectral area. * parameter was not fitted. 

 

 

6.4.3. Magnetic measurements 

Zero-field cooled (ZFC) dependences of magnetization of Ganx1100B samples were 

measured at temperatures between 2 K and 600 K in an applied field of 10 mT (Figure 6-14). 

The Curie temperature TC was determined to be 473 K for Ga1x1100B, 395 K for Ga2x1100B 

and 312 K for Ga3x1100B sample. The Curie temperature decreases with increasing amount 

of gallium in the epsilon phase, as expected because the dilution of magnetic moments makes 

their mutual interactions weaker. It is worth noting that the width of the anomaly in the ZFC 

curve increases with an increasing amount of gallium in the sample. This can be interpreted 

that the distribution of Curie temperature increases. This is not surprising as the gallium 

substitution in the Fe sites in one unit cell can be realized in several ways while satisfying the 

nominal sample composition. The decrease of TC from non-substituted epsilon phase to 

sample Ga1x1100B is very small, only about 10 K. On the other hand the TC of sample 

Al1x1100B decreased by approximately 35 K. The different decrease of Curie temperature is 

probably caused by the different preferences of aluminium and gallium for occupation of the 

Fe sites. Significant gallium occupancy is only in the Fe4 site while in the Al1x1100B 

sample, the aluminium cations seem to be distributed more randomly over the four Fe sites. 

Probably, therefore, the substitution in the octahedral Fe sites has a much higher influence on 

the value of TC than the iron occupancy in the Fe4 site. With respect to the uncertainties of Al 

or Ga occupancies determined, the influence of particular octahedral sites on the Curie 

temperature is not possible to estimate. 

In contrast to the non-substituted epsilon phase, there was no magnetic transition 

observed between 80 and 150 K. A similar transition disappearance was also observed for 

aluminium substituted samples. The disappearance was complete also for Ga1x1100B sample 

Ga2x1100B Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.35(4) 0.49(1) -0.07(2) 57.3(3) 3.3(3) 24(3) 
II 0.58(5) 0.48(1) -0.06(3) 45.4(2) 3.0(3) 64(2) 
III 0.6* 0.38* -0.12(3) 54.5(5) 2* 12(3) 
       

Ga3x1100B Γ (mm/s) IS (mm/s) QS (mm/s) Beff (T) A2/3 A (%) 

I 0.52(3) 0.48(1) -0.06(3) 55.8(2) 3.0(3) 36(3) 
II 0.55(3) 0.47(1) -0.05(2) 45.7(2) 3.1(3) 64(2) 
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in contrast to Al1x1100B. Thus, the variable determining the disappearance of the transition 

is level of substitution in Fe4 site and the limiting value lies probably between 30 and 45%. 

The hysteresis loops of Ganx1100B samples were recorded at temperatures between 2 

and 300 K (Figure 6-15) up to an applied field of 7 T. Coercivities of all samples increase 

with decreasing temperature and decreasing Ga content and their values are summarized 

Table 6-12. The values are also plotted in Figure 6-16. The highest coercivity (1.5 T) occurs 

in sample Ga1x1100B at temperatures of 200, 100 and 2 K. Sample Ga3x1100B has 

approximately zero coercivity at 300 K, which corresponds to the closeness of the 

temperature of measurement to the Curie temperature. The coercivities of gallium substituted 

samples are about 0.5 T lower than the coercivities of aluminium substituted samples at all 

temperatures within the same level of substitution. A more precise determination of Al and Ga 

occupancies and atomic positions is a necessary condition for a better understanding of this 

phenomenon. However, it may be concluded that for least substituted samples, where the 

occupancies are roughly known, the coercivity is connected with level of substitution in the 

tetrahedral Fe4 site. This is in agreement with proposed high dipolar and orbital fields around 

this site mentioned in chapters 4 and 5. 

Values of remanences and magnetizations at 7 T of all Ganx1100B samples are 

summarized in Table 6-12. Values of both quantities increase with decreasing temperature for 

all sample compositions, which is typical behaviour for ferrimagnetic materials. 

Magnetizations at 200, 100 and 2 K (temperatures which are far under TC) increase with 

increasing gallium content in the samples. A very high magnetization of Ga3x1100B sample 

suggests high preference of gallium for Fe4 in contrast to more random distribution of 

aluminium in the epsilon structure. This is in agreement with Mössbauer data. 
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Figure 6-14 Zero-field cooled and field cooled dependence of magnetization of Ganx1100B samples in an 
applied field of 10 mT. 
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Figure 6-15 Hysteresis loops of Ganx1100B at 2, 100, 200 and 300 K. 

 

 

Figure 6-16 Dependence of coercivity of Ganx1100B samples on temperature. Lines are given as guides for 
eye. 
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Table 6-12 Coercivity and magnetization at 7 T of Ganx1100B samples at different temperatures. 

 Ga1x1100B  Ga2x1100B  Ga3x1100B 
T 

(K) 
Hc 
(T) 

M 
(Am2/kg) 

MR 
(Am2/kg)  Hc 

(T) 
M 

(Am2/kg) 
MR 

(Am2/kg) 
 

Hc 
(T) 

M 
(Am2/kg) 

MR 
(Am2/kg) 

300 1.3 29 14  0.7 27 12  0.0 24 1 

200 1.5 36 18  1.1 37 18  0.7 48 21 

100 1.5 42 21  1.2 46 23  1.1 66 32 

2 1.5 44 22  1.3 50 25  1.2 76 38 

 

6.4.4. Raman scattering 

The Raman spectra of samples Ganx1100B and spectrum of Fe1100B sample are shown 

in Figure 6-17. The laser power was set to avoid the transformation of epsilon phase to 

hematite. The intensities of Raman bands are approximately equally weak as in the 

non-substituted and aluminium substituted epsilon phase. Table 6-13 summarises the 

observed Raman bands of the samples with different gallium content and compares them to 

the bands of non-substituted epsilon phase. Bands on the same line may be assigned to the 

same vibration mode throughout differently substituted samples. However, this interpretation 

is not unambiguous due to the high number of bands. Vibrational patterns of hematite and 

maghemite were not observed. 

The general trend with increasing substitution is an increase of wavenumber of the 

bands with wavenumbers higher than 430 cm-1. Bands with wavenumbers lower than 

430 cm-1 did not show any dependence on the composition of the samples. Another trend is 

the decrease of the number of bands from Fe1100B to Ga1x1100B samples. The number 

remains constant with increasing substitution. The same trend was observed for aluminium 

substituted samples and the explanation is the same too: a decrease of the number of bands is 

probably caused by a distribution of wavenumber due to substitution and therefore the band 

profile is broader for substituted samples or the proposed lower distortion of Fe4O4 

tetrahedron decreases the energy splitting between vibration bands, which would be in a 

completely symmetrical tetrahedron degenerated. 
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 200    400     600     800    

Wavenumbers (cm-1) 
 

Figure 6-17 Raman spectra of Fe1100B (red line), Ga1x1100B (blue line), Ga2x1100B (green line) and 
Ga3x1100B (violet line). 
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Table 6-13 Observed Raman bands of Fe1100B, Ga1x1100B, Ga2x1100B and Ga3x1100B samples. 

Fe1100B Ga1x1100B Ga2x1100B Ga3x1100B 
172m 172m 173m 173m 
180sh - - - 
187w - - - 
197w 198w 199w 200w 
204w - - - 
216w - - - 
234m 234m 236m 235m 
249w 253w 256w 257w 
259w 262w 271w 271w 
271w 271w 282sh 281w 
281sh - - - 

295m 295m 297m 296m 

305sh 303sh 305w 306m 
314w - - - 
320w 320w 322w 320w 





333

326
m 336w 338sh 





338

334
w 

339w - - - 
346w - - - 









356

349

348

s 352s 355s 355m 





372

366
s 374m 380m 389m 

407w - - - 
419w - - - 
422m 423s 423s 421m 
429w - 432w 430w 
438w 445s 452s 461m 
442w - - - 
450w - - - 
465w - - - 
486w - - - 
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Continuation of Table 6-13. 

Fe1100B Ga1x1100B Ga2x1100B Ga3x1100B 
492w - - - 
495m 496m 498b 515b 
501sh - - - 
518w - - - 
523w - - - 





540

534
w - - - 

546w - - - 
553w - - - 
561w - - - 
570m 579m 585b 598b 
575w - - - 









635

629

624

w 621b 629b 639b 

683m 687m 689b 700b 





729

717
m 727m 735b 747b 

765w - - - 

6.5. Conclusion to Ga substitution 

Heat treatment influenced the size of Ga-epsilon particles, which increased with the 

increased duration and temperature of heat treatment. The other influence of heat treatment 

was on the phase composition of the samples. As in case of aluminium substituted samples, 

the increase in annealing time at the final temperature step led to a change of phase 

composition from epsilon + maghemite to epsilon and, in some cases, to epsilon + hematite. A 

qualitative change of heat treatment from the GadH1000 sample set to the Ganx1100B set 

allowed us to increase the final temperature of annealing without transformation of a 

significant part of the epsilon phase into hematite (for Ga1x and Ga3x sample even without 

detectable trace of hematite). 

The major differences between samples were caused by their different level of 

substitution. From the point of view of crystal structure, the lattice constants decreased with 

increasing gallium amount in the samples. A linear dependence on composition was found for 

lattice constants b and c. The values of lattice constants were systematically higher than those 

proposed by Vegard’s law. This was attributed to the magnetic properties of the Ga-epsilon 

phase. 
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Gallium occupancies in sample Ga1x1100B were determined by combination of the 

analyses of XRPD and Mössbauer data. The Ga occupancies of Fe1, Fe2+Fe3 and Fe4 were 

estimated to be about ~5, <5 and 40-50%. For Ga3x1100B sample the Mössbauer and 

magnetic data suggest high occupancy of gallium in Fe4 site. 

Significant line broadening and sextet overlap of Mössbauer spectra complicated their 

interpretation, especially for the spectra measured at room temperature. Broadening of 

subspectra in room temperature spectra increased with increasing Ga content. 

An analysis of ZF and IF Mössbauer spectra of sample Ga1x1100B led to the 

confirmation of the model, where substitution significantly increases hyperfine field of 

particular iron atoms in Fe4 site. 

Canting angles of hyperfine fields of Fe1, Fe2 and Fe3 sublattices in sample 

Ga1x1100B were found to be close to zero and one hundred and eighty degrees respectively. 

Canting angles of the Fe4a and Fe4b hyperfine fields were found to be lower than ~70° and 

equal to 90° respectively. Variations of canting angles with x were not greater than the 

estimated experimental error. 

Curie temperatures were determined from the temperature dependences of 

magnetization and their values were 473, 380 and 310 K for samples Ga1x1100B, 

Ga2x1100B and Ga3x1100B respectively. Coercivity decreased with increasing temperature 

and gallium content. For the same temperature and compositions, the magnetization at 7 T 

was found to be decreasing with increasing Ga content (29, 27 and 24 Am2/kg) and For 

temperature of 2 K and the same compositions, magnetization at 7 T was found to be 

increasing with increasing Ga content (44, 50 and 76 Am2/kg). The first trend is probably 

caused by the stronger thermal motion influence caused by the weaker magnetic interactions 

with increasing gallium content. 

The high magnetization of Ga3x1100B is unparalled by the results of Ohkoshi et al. 

[83]. The magnetization of their sample of composition x = 0.67 is 43 Am2/kg, while the peak 

value of 53 Am2/kg is reported for sample with x = 0.47. This high difference is probably 

caused by different methods of sample preparation. While Ohkoshi et al. used a 

co-precipitation of iron and gallium ions for creation of nanoparticles, which were then 

crystallized into epsilon phase through maghemite, our method uses slow formation of 

maghemite nanoparticles, which decreases influence of kinetics and therefore it is possible, 

that if gallium prefers a particular site also in maghemite, then our method is more suitable for 

reaching the thermodynamic equilibrium. When we recall the structure of maghemite 

described in Chapter 1, then we realize that the tetrahedral sites are together with octahedral 
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sites in one cationic layer and the neighbouring cationic layers contain only octaheral B-sites. 

Therefore, the arrangement of the cationic layers is in this point of view the same as in the 

epsilon structure. So it seems reasonable, that if the gallium cations would prefer the A-site of 

maghemite, that it would affect the gallium distribution over the cationic sites in epsilon 

phase. Moreover, with respect to higher ratio between tetrahedral and octahedral sites in 

maghemite than in epsilon, some of the cations, which were in tetraheral site in maghemite 

have to migrate into a octahedral cavity in epsilon. If we admit, that the oxygen layers are 

conserved throughout the maghemite to epsilon transformation, which suggest results 

reported by Ding et al. [110], then an unusual preference of substituting cantions for Fe1 site 

in least substituted samples may be explained. However, these conclusions are in 

disagreement with literature. According to Cornell and Schwertmann [23] the gallium 

preference for a particular maghemite site was not observed. On the other hand this preference 

was observed for aluminium and tetrahedral site up to x = 0.3 [23]. However our results 

suggest, that for our samples it is other way round. 

Gallium substitution caused disappearance of the transition from “hard” to “soft” 

magnetic state, which occurs for non-substituted epsilon phase between 80 and 150 K. This is 

in agreement with the described mechanism of transformation proposed in Chapter 4 and 5 

involving coordination polyhedron of Fe4 site. 

6.6. Comparison of Al and Ga substitution 

The size of particles influenced by heat treatment was found to have the same 

dependence for both substituting cations and also the dependence of phase composition on 

heat treatment of the samples was similar. 

Lattice constants of Al-epsilon phase were systematically lower than lattice constants of 

Ga-epsilon phase for the samples with same level of substitution. This is in agreement with 

the lower aluminium cation ionic radius. 

Crucial parameters influencing the magnetic properties of the substituted epsilon phase 

were the iron occupancies of the four Fe sites in the epsilon structure. For samples with 

composition M0.25Fe1.75O3 (M = Al or Ga), it was found that aluminium prefers the Fe4 site 

and to some extent also the Fe1 site, while gallium nearly exclusively prefers the Fe4 site. It 

was not possible to obtain the occupancies for samples with higher amounts of substituting 

cations with reasonable accuracy. However, the magnetization of gallium substituted samples 

is systematically higher than that of aluminium substituted, suggesting more random 

distribution of aluminium in the epsilon structure. 
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The disappearance of the “soft” to “hard” magnetic state transition observed for 

non-substituted epsilon between 80 and 150 K for is probably connected with level of 

substitution in the Fe4 site. The limiting point for observation at least some effects of the 

transition in substituted samples lies between 30 and 45% substitution in the tetrahedral site. 

Decrease of coercivity was more pronounced for Ga-epsilon samples, which is argued 

to be the result of that the coercivity is mainly correlated with an oxygen arrangement around 

the Fe4 site. 

For a better understanding of the influence of substitution in particular Fe sites it is 

necessary to determine the atomic positions of both cations and anions and the occupancies at 

cation sites more precisely. For this reason, we proposed a neutron diffraction measurement of 

our samples at the Institute Laue-Langevin in Grenoble and our proposal was accepted. 
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General conclusion 

This thesis was dedicated to the study of nanocomposite materials consisting of 

nanoparticles of non-substituted and aluminium or gallium substituted iron(III) oxide 

embedded in a silica matrix prepared by the sol-gel method. This work has several aspects: 

the preparation of epsilon iron oxide phase in as pure state as possible, the substitution of iron 

cations in the epsilon phase by diamagnetic aluminium and gallium cations and the 

characterization of these nanocomposites and their properties by various experimental 

techniques. 

The first part of this work was focused on the sol-gel process used for the preparation of 

the gels and which were then heated using various heating regimes to different temperatures 

up to 1200°C. The search for an optimal heat treatment was mainly carried out using 

non-substituted samples. It was found that the optimal heating regime was a step-like heating 

regime which allowed us to prepare very pure epsilon phase at a temperature of 1100°C. The 

high temperature of preparation of nanocomposites resulted in a mean size of particles of 

about 30 nm. The conditions which were proposed as the necessary conditions for the phase 

transformation of nanoparticles from epsilon to hematite were either that the surface of the 

nanoparticle is not covered by amorphous silica matrix or crystallization of amorphous silica 

matrix. 

Three parts of the thesis deal with the characterization of the physical properties of 

samples of composition Fe2O3/SiO2, AlxFe2-xO3/SiO2 and GaxFe2-xO3/SiO2 respectively, 

where x = 0.25, 0.50 and 0.75. The experimental techniques used for the determination of the 

structural and magnetic properties of the samples as a function of temperature or applied 

magnetic field included, were especially X-ray diffraction, Mössbauer spectroscopy, NMR 

spectroscopy and measurements of magnetization of samples. 

From the structural point of view, the higher stability of substituted epsilon iron oxide 

phase was explained by the lower tendency of cations to migrate from tetrahedral to 

octahedral cavities and this is probably caused by the better fulfillment of the steric demands 

of the cation in the tetrahedral Fe4 site in the substituted epsilon phase. 

Very important observation was made thanks to the NMR spectroscopy. All four 

sublattices showed the anisotropy of hyperfine field at 4.2 K. The alternative assignment of 

sextets in Mössbauer spectrum of non-substituted epsilon phase at room temperature was 

proposed, based on the correlation between magnetic moment and hyperfine field and also on 
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the linewidths of the sextets, which are argued to be higher for subspectra with higher 

anisotropy of hyperfine field. 

An unparalled insight into the interactions and magnetic properties of the epsilon phase 

was allowed by samples Al1x1100B and Ga1x1100B. Thanks to the resolved zero-field and 

in-field Mössbauer spectra of these samples, the model of the epsilon structure where the two 

Fe4-O6 bonds are strongly different was confirmed. Moreover, this thesis gives a manual how 

to interpret the Mössbauer spectra of substituted epsilon phase. Further, the mechanism of the 

“soft” to “hard” transition was proposed based on the synthesis of data presented in this thesis 

and reported by other groups in literature. 

Other important findings were the values of the occupancies of substituting cations in 

the Fe1, Fe2, Fe3 and Fe4 sites. Some differences were found in the occupancies of 

aluminium and gallium cations of these sites. These differences were used, to some extent, to 

explain the different magnetic properties of aluminium and gallium substituted epsilon 

phases. The significant differences in magnetic properties of gallium substituted samples 

prepared by our method and by the method reported in literature are explained on the basis of 

different way of creation of maghemite nanoparticles. 

As the ε-Fe2O3 is proposed to have a wide field of applications due to its high coercivity 

and tunable magnetic properties it is important to understand to the mechanism of magnetic 

phase transition and to the effects caused by substitution and this thesis contributes to this 

effort. 
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