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Abstrakt 

Práce studuje změny magnetických vlastností ferrimagnetických spinelů na bázi feritů 

před a po zavedení obalu na částici jádra s odlišnými magnetickými vlastnostmi. 

Nanočástice jádra byli připraveny hydrotermálním rozkladem oleátových prekurzorů. 

Zavedení obalu bylo uskutečněno hydrotermální syntézou na předpřipravené částice 

jádra. 

Fázové složení, spinelová struktura a velikost částic byla určena práškovou rtg. difrakcí 

a pomocí transmisní elektronové mikroskopie. Vznik obalu na jádře bylo stanoveno 

nepřímo pomocí Mössbauerové spektroskopie za pokojové teploty. Interakce a tvar částic 

jádra se zkoumalo pomocí metody SAXS. Magnetické vlastnosti připravených částic se 

studovaly na SQUID-ovém magnetometru. 

 

 

 

Klíčová slova: magnetické nanočástice, jádro, obal, spinelová struktura, prášková rtg. 

difrakce, Mössbauerova spektroskopie, magnetická měření, TEM 
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Abstract 

The work is focusing on the magnetic properties of ferrimagnetic spinel ferrites before 

and after the introduction of a shell on a core particle with different magnetic properties. 

The core nanoparticles were prepared by hydrothermal decomposition of oleate 

precursors. The introduction of shell was carried out by hydrothermal treatment of the 

already prepared core particles. 

The phase composition, spinel structure and the sizes of the prepared samples were 

investigated by powder X-ray diffraction and by transmission electron microscopy. 

Formation of the shell on top of the core particle was determined indirectly, using 

Mössbauer spectroscopy at room temperature. The interparticle interactions and the 

particle shape was studied by small angle X-ray scattering. The magnetic properties of the 

prepared samples were measured on a SQUID magnetometer. 

 

 

Key words: magnetic nanoparticles, core, shell, spinel structure, powder X-ray 

diffraction, Mössbauer spectroscopy, magnetic measurements, TEM 
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Chapter 1 

Introduction 
Significant attention in the last years has been given to the synthesis and properties of 

magnetic nanomaterials due to their significantly different properties in comparison to 

their bulk counterparts. Decreasing the size of materials and reaching the nanometer scale, 

new effects are introduced, such as superparamagnetism, semiconductor blue shift as a 

result of the high surface energy, reduced lattice constant and a high fraction of surface 

atoms. The physical properties of bulk materials are independent of their crystallite size. 

However, while reducing the grain size of a material, the percentage of surface atoms 

becomes significant. This causes that the physical and chemical properties of 

nanomaterials are size-dependent and slowly approaches the bulk value with increasing 

particle size. One of the most intensively studied types of magnetic nanomaterials are 

based on iron oxides, called ferrites. Oxides of iron are very common compounds, that are 

possible to find in all geospheres (1). The topic of interest in these materials is their 

ferrimagnetic structure and an easy way to change the composition. Magnetic 

nanomaterials have a lot of possible applications ranging from permanent magnets (2), 

data storage (3), power delivering devices (4), as ferrofluids (5) , high frequency systems 

(6), catalytic applications as magnetically recoverable system (7) and also have 

biomedical applications like hyperthermia (8), drug delivery (9) and MRI contrast agents 

(10).  Cobalt ferrite (CoFe2O4) is attractive because of its high magnetocrystalline 

anisotropy and high coercivity, which make it a suitable material to be used as permanent 

magnets and as magnetic recording media (11). It also has excellent mechanical 

properties such as high hardness and good chemical stability (12; 13). Manganese ferrite 

(MnFe2O4) is a material that can be used for microwave applications due to its low 

magnetocrastalline anisotropy (14). Lots of different approaches were developed for 

nanoparticle synthesis, such as hydrothermal (15), coprecipitation (16), sol-gel, 

autocombustion (17), mechanical alloying (18) etc. Bi-magnetic core-shell materials have 

been receiving more attention in recent years. In 1956 Meiklejohn and Bean (19) 

observed in Co@CoO (ferromagnetic-antiferromagnetic) system the exchange bias (EB) 

phenomenon. EB can be observed as a shift and broadening of the hysteresis loop, which 

causes an enhancement of the coercive field. This caused an increased investigation of 

ferromagnetic/antiferromagnetic and other bi-magnetic systems, such as Co@CoO (20), 

Fe@Fe3O4 (21), etc. Core-shell nanoparticles are also interesting because these materials 

can combine various physical and chemical properties arising from the properties of the 

core and the shell. Some advantages of core-shell materials were shown in recent studies 

(22; 23). 

In this work a facile and relatively low cost method is presented for the preparation of 

core-shell nanoparticles. The work is focused on the change of magnetic properties of 

core, when a different magnetic shell is introduced. The prepared materials are core-shell 

particles of CoFe2O4 and MnFe2O4. The materials were chosen due to their vastly 
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different magnetic properties. However, they have the same spinel structure, which 

should allow to epitaxially grow the uniform shell on the core (24). The core-shell 

structure was investigated indirectly by Mössbauer spectroscopy. The particle size and 

size distribution was also investigated using powder X-ray diffraction and transmission 

electron microscopy. The interactions between particles were studied using small angle 

X-ray scattering. Finally the changes in magnetic properties of the particles were studied 

by carrying out magnetisation measurement. 
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Chapter 2 

Theoretical part 

2.1 Magnetic materials 

2.1.1 Magnetisation and susceptibility 
Magnetic properties of materials are quantitatively described by a vector quantity called 

magnetisation, �⃗⃗� , with units Am−1, which is defined as the total magnetic dipole moment 

in a unit volume: 

�⃗⃗� =
1

𝑉
∑𝜇𝑖⃗⃗  ⃗ 

𝑖

,                                                                                                                               (2.1) 

where V is the volume of the material and 𝜇𝑖⃗⃗  ⃗ represents the magnetic dipole moment of 

individual atoms. 

The two fundamental macroscopic quantities of the magnetic field are the magnetic 

induction, �⃗�  [T], and the intensity of the magnetic field, �⃗⃗�  [Am−1]. In a vacuum they are 

related by the permeability of vacuum, 𝜇0 = 4π ∙ 10−7 Hm−1: 

�⃗� = 𝜇0�⃗⃗� .                            (2.2) 

If a magnetic material is placed in an external magnetic field, �⃗⃗� ,  the magnetic induction 

in the material, �⃗� , is changed, by the magnetisation, �⃗⃗� , of the material: 

�⃗� = 𝜇0(�⃗⃗� + �⃗⃗� ).                               (2.3) 

In the linear response theory, the magnetisation of the material is linearly proportional to 

the applied magnetic field. The proportionality constant is called the magnetic 

susceptibility, 𝜒m: 

�⃗⃗� = 𝜒m�⃗⃗� .                                       (2.4) 

According to the value of magnetic susceptibility we can divide the materials into 

different classes. Materials with negative magnetic susceptibility are called diamagnetic 

and materials with positive magnetic susceptibility are called paramagnetic. Systems with 

ordered magnetic dipole moments can be ferromagnetic, antiferromagnetic or 

ferromagnetic (Figure 2.1). 

                               

            

            

            

             

Ferromagnetism Antiferromagnetism Ferrimagnetism Paramagnetism 

Figure 2.1: Schematic representation of different types of magnetisms in materials. 
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2.1.2 Diamagnetism 
 Atoms in a diamagnetic material have no net magnetic dipole moment in the absence of 

an external magnetic field, �⃗⃗� . When a diamagnetic material is inserted into an external 

magnetic field each atom develops a magnetic moment in the direction opposite to the 

direction of the applied field. Therefore, the magnetisation of the material is also 

opposing the external field and the magnetic susceptibility is negative. All materials have 

diamagnetic effect, however, the diamagnetic effect is often overcome by the much 

stronger paramagnetic or ferromagnetic term. The value of magnetic susceptibility of 

diamagnetic materials is independent of the temperature (Figure 2.2). 

2.1.3 Paramagnetism 
According to the Langevin model of paramagnetism, each atom has a nonzero magnetic 

moment, which is randomly oriented due to the thermal motion. If an external magnetic 

field is applied, the field creates a slight alignment of these moments in the direction of 

the applied field and a small magnetization of the material can be observed. With 

increasing temperature the thermal motion of the atoms arises and aligning the moments 

will become harder. Thus we observe a decrease in the magnetic susceptibility with 

increasing temperature (Figure 2.2). This behaviour is called the Currie law, which is 

described by: 

𝜒m =
𝐶

𝑇
 ,                (2.5) 

where C is a material constant, called the Currie constant. 

 

Figure 2.2: Dependence of the magnetisation on applied field (left) and the dependence 

of the magnetic susceptibility on the temperature (right). 

2.1.4 Ferromagnetism 
In ferromagnetic materials, the exchange interactions dominate over dipole-dipole 

interactions, which causes parallel alignment of moments even in the absence of an 

external field. Thus, ferromagnetic materials exhibit a net magnetisation even at zero 

magnetic field. The most well known ferromagnetic materials are iron, cobalt, nickel and 

their alloys (25; 26). If a ferromagnetic material is heated, the thermal motion increases 
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and the degree of alignment of the magnetic moments decreases. Therefore, the saturation 

magnetisation and the magnetic susceptibility also drops. Eventually, the material 

becomes paramagnetic. The temperature of this transition is the Curie temperature, 𝑇C. 

Above the Currie temperature the magnetic susceptibility follows the Curie-Weiss law 

(27) (Figure 2.3): 

𝜒 =
𝐶

𝑇−𝑇C
                 (2.6) 

 

Figure 2.3: Temperature dependence of magnetisation and magnetic susceptibility for a 

ferromagnetic material. 

2.1.5 Antiferromagnetism 
Antiferromagnetic materials are very similar to ferromagnetic materials but the exchange 

interaction between the neighbouring atoms leads to the antiparallel alignment of the 

magnetic dipole moments. The net magnetic field in the material, in the absence of 

external magnetic field is zero. This magnetic structure is stable under the Néel 

temperature, 𝑇N. Above the Néel temperature the material becomes paramagnetic. 

2.1.6 Ferrimagnetism 
Ferrimagnetic materials are magnetic materials, which below a certain temperature 

exhibit spontaneous magnetisation arising from a non-parallel ordering of magnetic 

moments in a crystal (28). The antiparallel moments in a ferrimagnet form two separate 

sublattices and unlike in antiferromagnets they have different magnitudes. This change 

can arise from chemical dissimilarity of the ions in the crystal lattice, or because various 

local environment leads to different effective magnetic moments for ions with the same 

spin (28). 

2.1.7 Magnetic anisotropy 
Magnetic anisotropy refers to the dependence of magnetization on the direction of the 

external magnetic field. We recognize three types of magnetic anisotropies in materials: 

magnetocrystalline anisotropy, magnetoelastic anisotropy and shape anisotropy (29). The 

strength of magnetic anisotropy is expressed by the magnetic anisotropy constant. The 
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simplest model for the energies of a magnetic particle is the Stoner-Wohlfart model (30), 

which is described by: 

𝑈 = 𝐾𝑢sin
2(𝜑) − 𝜇0𝐻𝑀s cos(𝜑 − 𝜃),              (2.6) 

where U is the energy density of a system with uniaxial anisotropy, Ku [J.m
-3] is the 

uniaxial anisotropy constant, Ms is the saturation magnetisation, φ is the angle between 

the magnetisation and the applied field, �⃗⃗� , and  is the angle between the applied field 

and the easy axis of magnetisation (Figure 2.4). 

            

            

            

            

            

            

                                                          

Figure 2.4: Description of the Stoner-Wohlfart model of the magnetic anisotropy (31). 

2.1.7.1 Magnetocrystalline anisotropy 

Magnetocrystalline anisotropy is derived from the crystalline structure of the material 

(32). It is an intrinsic property of a ferrimagnet, which is independent on its grain size and 

shape (33). For example in magnetite, depending on the crystallographic orientation of 

the sample in the magnetic field, the magnetization reaches saturation in different fields 

(Figure 2.5) (33). It expresses the energy necessary to deflect the magnetic moment in a 

single crystal from the easy to the hard direction. Magnetocrystalline anisotropy can be 

neglected in polycrystalline materials (34). 

 

Figure 2.5: Magnetisation curves of magnetite along different crystallographic directions 

(33). 

�⃗⃗�  

�⃗⃗�  

φ 

 

 
easy axis 
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2.1.7.2 Magnetoelastic anisotropy 

Magnetoellastic anisotropy is caused by the strain dependence of the anisotropy constants 

(33). Depending on the material, the anisotropy easy axis will lie either parallel to the 

stress, or perpendicular to the stress (32). 

2.1.7.3 Shape anisotropy (35) 

The shape anisotropy is caused by the geometry of the sample. The presence of free 

magnetic poles on the surface of a ferromagnetic material cause the presence of a 

demagnetizing field inside the ferromagnetic body. The energy associated with this 

demagnetising field is called the magnetostatic energy.  

2.2 Nanomagnetism 

2.2.1 Supereparamagnetism 
Superparamagnetism (SPM) is a type of magnetism occurring in small single-domain 

ferromagnetic or ferrimagnetic nanoparticles. The total magnetic moment of a particle is 

considered as one large magnetic moment (superspin) from all atoms in a particle. 

Nanoparticles with uniaxial anisotropy may flip the direction of their magnetisation in 

time due to thermal energy. The average time for such a flip is called the relaxation time, 

𝜏, which is given by: 

𝜏 = 𝜏0𝑒
Δ𝐸

𝑘B𝑇,                  (2.7) 

where 𝜏0 is the time characteristic for the material, Δ𝐸 is the energy barrier for the 

magnetization flip, 𝑘B = 1.38 ∙ 10−23 JK−1 is the Boltzmann constant and T is the 

temperature. 

Whether we will observe nanoparticles in a superparamagnetic state or not depends not 

only on the temperature and the energy barrier, but also it depends on the measurement 

time of the experiment, 𝜏m.  

If the average time between flips is larger than the measurement time, the particles will be 

observed in a well-defined state, which is called the blocked state (Figure 2.6). 

If the average time between the flips is significantly smaller than the measurement time, 

no net magnetization of the sample is observed as long as there is no external magnetic 

field. This state is referred to as the superparamagnetic state (Figure 2.6).  

The blocking temperature, 𝑇B, is defined as a temperature at which the relaxation time 

equals the instrument time window, 𝜏m (36). The blocking temperature is not defined for 

a given material, because it depends on the time window of the used experimental 

technique.  
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Figure 2.6: Illustration of the blocked state (left) and the superparamagnetic state (right) 

(37). 

2.2.2 Zero field cooled (ZFC) and field cooled (FC) 

magnetization curves 
Both magnetization curves show the dependence of the magnetization of the sample on 

temperature. ZFC and FC curves are measured during heating in a weak magnetic field. 

In the case of ZFC, the sample is first cooled down from a high temperature (𝑇 > 𝑇B) in 

absence of an external magnetic field. In the case of FC the sample is cooled in non-zero 

external field. 

At low temperatures the net magnetisation measured in the ZFC case is small, because the 

timescale of the experiment is too short for the sample to reach thermal equilibrium value 

of magnetisation. With increasing the temperature, the magnetisation of the sample 

grows. At high temperatures the susceptibility is again small because the value for 

magnetisation in thermal equilibrium is small. The ZFC curve reaches a maximum, which 

corresponds to 𝑇B for sample with a monodisperse size of the nanoparticles. In a 

monodisperse system the magnetisation would drop to zero at 𝑇B. 

The FC magnetisation curve is similar to the ZFC curve in temperatures above 𝑇B but it is 

different in temperatures bellow 𝑇B. During cooling in magnetic field, the sample has 

enough time to reach equilibrium magnetisation. When 𝑇 < 𝑇B, the FC magnetisation 

curve can give us information about the interaction between particles. We can observe a 

decrease in susceptibility approximately proportional to 1
𝑇⁄  if the interactions are 

negligible or we can observe saturation at low temperatures if the interparticle 

interactions are large.  

2.2.3 Magnetic hysteresis 
When ferromagnetic materials are placed in an external magnetic field, the magnetic 

moment of the domains align in the direction of the applied field. This causes the increase 

of the volume of the domains in the direction of the external field. The magnetisation of 

the sample increases until it reaches the maximum value, called saturation magnetisation 

(𝑀s), when all the domains are aligned in the direction of the magnetic field. 

When the magnetic field is removed, not all domains will move back to their original 

random sate. The overall state of the sample is different from the original state. This 

or or 
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phenomenon is called magnetic hysteresis. When the external field drops to zero, the total 

magnetisation of the sample is not zero, because some of the domains remain aligned in 

the direction of the applied field. The value of the magnetisation at zero external field is 

called remanent magnetisation (𝑀r). To demagnetize the sample again, a magnetic field 

must be applied in the opposite direction to the field that caused the magnetisation. This 

field is called the coercive field (𝜇0𝐻c), Figure 2.7a. 

The behaviour of ferromagnetic materials described above holds for bulk materials and 

for nanomaterial in blocked state. When the nanomaterials are in superparamagnetic state, 

their coercivity is zero, no magnetic hysteresis is observed and the magnetic moment flips 

randomly in the particle, Figure 2.7b. 

 

Figure 2.7: Theoretical hysteresis loop of particles in blocked state, a), and in 

superparamagnetic state, b).  

 

2.3 Magnetic nanomaterials 

2.3.1 Spinel structure 

One of the largest groups of magnetic nanoparticles are those with spinel structure. The 

most common are particles based on ferrites or chromites. The general formula for spinel 

structure is AIIB2
IIIO4. The structure is named after the mineral spinel, MgAl2O4. There are 

two possible structures with this stoichiometry called the normal and the inverse spinel 

structure (Figure 2.8). All materials with spinel structure crystallize in a cubic 

crystallographic system with space group Fd3̅m. Each unit cell contains 8 formula units, 

thus we have 32 oxygen anions in the unit cell. These oxygen anions form a face-centered 

cubic (fcc) lattice. The cations occupy the cavities between the oxygen anions. There are 

two types of sites in the spinel structure: tetrahedral and octahedral. In the spinel structure 

we have 64 tetrahedral and 32 octahedral sites but only 8 tetrahedral and 16 octahedral 

sites are occupied. 

a) b) 

𝝁𝟎𝑯𝐂 
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Figure 2.8: Spinel structure (38). 

In normal spinel structure the 8 tetrahedral sites are occupied by bivalent ions A
II
 and the 

16 octahedral sites are occupied by trivalent ions B
III

. Typical materials with normal 

spinel structure are chromites (AIICr2
IIIO4) because Cr

3+
 has a high crystal field 

stabilization energy (CFSE) in the octahedral positions. 

In inverse spinel structure, the 8 tetrahedral sites are occupied by trivalent ions B
III

 and 

the remaining 8 trivalent ions occupy the octahedral sites. The bivalent ions then occupy 

the remaining 8 octahedral sites. Cobalt ferrite and nickel ferrite (AIIFe2
IIIO4, A=Co

2+
, 

Ni
2+

) are both inverse spinel. The electron configuration of Fe
3+

 is [Ar]3d5 and so CFSE 

is zero both in tetrahedral and in octahedral sites. Co
2+

 and Ni
2+

 therefore will prefer the 

octahedral sites where they have higher CFSE than in tetrahedral sites. 

Manganese ferrite MnFe2O4 is a mixed spinel because both Mn
2+

 and Fe
3+

 are d
5
 ions and 

have no CFSE and also no site preference. The distribution of ions between the two sites 

is determined by the energies of contributions, ionic radii, electron configuration and 

electrostatic potential energy of the lattice. (39) 

2.3.1.1 Magnetic properties of spinel ferrites 

The magnetic ordering in spinel ferrites (AFe2O4) was explained by Néel (40). The 

magnetic structure was also determined by neutron diffraction (41) and the cation 

distribution is determined from saturation magnetization data. 

The origin of magnetism in ferrites is caused by three major contributions: unpaired d- 

electrons, super-exchange interactions between neighbouring metal ions and 

nonequivalence in the number of A and B sites. 

The super-exchange interaction energy in spinel AB2O4 with paramagnetic ions A
2+

 and 

B
3+

 depends on the distances from these ions to the oxygen, which intermediates the 

interaction and the angle M-O-M (M = A or B) (42). The interaction energy decreases 

A
II 

B
III 

O
-II 
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very rapidly with distance. The three important interactions for the magnetic structure in 

spinels are A-O-B (AB) with angle 125º, B-O-B (BB) with angle 90º and A-O-A (AA).  

AB interaction is a magnetic interaction of cations at tetrahedral and octahedral sites. It is 

the strongest interaction due to relatively small distance. The interaction is negative and 

orients the moments at all A sites antiparallel to those at all B sites. BB interaction is 

much weaker than AB interaction and AA interaction is the weakest due to large 

distances. If the magnetic moments of ions in A and B sites are different, the whole unit 

cell will have a net magnetic moment and will be equal to the difference between the total 

magnetic moment of B sites and the total magnetic moment of A sites. The magnetic 

structure, therefore, will be ferrimagnetic and can be written as A⃗⃗ [B⃗⃗⃖B⃗⃗⃖]O4. 

In the presented thesis the main focus is given on the nanoparticles with the cobalt ferrite 

(CoFe2O4) and manganese ferrite (MnFe2O4) structure. CoFe2O4 is a hard ferrimagnetic 

material with inverse spinel structure. It has a high value of cubic magnetic anisotropy 

and high coercivity (43). On the other hand, MnFe2O4 is a soft ferrimagnetic material 

with mixed spinel structure and has a very low coercivity. 

2.3.2 Hydrothermal synthesis of nanoparticles 
Hydrothermal or solvothermal method is a solution based approach to synthetize 

nanomaterials (44). It includes hydrolysis, precipitation and crystal growth under a high 

pressure and temperature in liquid water conditions. The precursors might be insoluble in 

water under normal temperature and pressure (45). The formation mechanism of metal 

oxide particles from metal nitrate solution under hydrothermal conditions was explained 

as follows. Firstly, hydrated metal ions are hydrolysed to metal hydroxides and then, the 

metal hydroxide is dehydrated and precipitates as metal oxide (46). 

A big advantage of hydrothermal synthesis is the possibility to synthetize mixed metal 

oxide particles with high crystallinity of the prepared samples (46; 47). Another 

advantage is the possibility to control particle sizes through temperature, reaction time 

and solubility of the metal oxide (45). Various metal oxide particles were prepared by 

hydrothermal synthesis, such as TiO2 (48), ZrO2 (49), YVO4 (50), Al2O3 (51), (Co, Ni, 

Cu) (Fe, Cr)2O4 (52; 53; 54; 55), Fe2O3 (56) etc. Hydrothermal synthesis is environment 

friendly and is easy to conduct, because it does not require water- and oxygen-free 

procedures. The disadvantage of hydrothermal synthesis is that we are unable to follow 

the reaction mechanism, as it is performed in closed leak tide compartment. Mostly, the 

synthesis is carried out in stainless steel autoclaves. In this work, the preparation of the 

core material was done according to the procedure published in Repko et al. (57). 

2.3.3 Core-shell nanoparticles 
Core-shell nanoparticles can exhibit different physical and chemical properties over their 

single-component counterparts. The core and the shell can combine different 

functionalities in one particle, such as catalytical, optical, magnetic and biomedical. The 

shell can alter the charge, functionality, reactivity and morphology of the surface (58). In 
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case of bi-phasic magnetic nanoparticles both the core and the shell can have magnetic 

ordering (ferromagnetic, antiferromagnetic or ferrimagnetic). System exchange 

interactions occur between the core and the shell (59) known as exchange bias or spring 

phenomenon. Such behaviour makes these materials highly interesting due to their 

potential technological application, such as in permanent magnets (5), magnetic recording 

and storage media (3), ferrofluids (60) etc. A lot of these applications require magnetic 

materials with high saturation magnetization, 𝑀S
⃗⃗⃗⃗  ⃗ and high coercivity, 𝐻𝐶

⃗⃗⃗⃗  ⃗. Hard magnetic 

materials posses high 𝐻𝐶
⃗⃗⃗⃗  ⃗ but low 𝑀S

⃗⃗⃗⃗  ⃗. Soft magnetic materials, on the other hand posses 

high 𝑀S
⃗⃗⃗⃗  ⃗ but almost no 𝐻𝐶

⃗⃗⃗⃗  ⃗. Composite materials, consisting of hard and soft magnetic 

materials can improve magnetisation and coercivity, sometimes refered as spring magnets 

(61). 

The core-shell nanoparticle consists of two parts, namely the core and the shell. However, 

both of them can be divided into sub-regions (Figure 2.9). The core is the most internal 

part and consists of two sub-regions, which are the core kernel and the core interface (62). 

Unit cells of the core neighbouring only with unit cells of the core form the core kernel. 

The core cells whose at least one neighbour is from the shell forms the core interface. The 

shell is the outer part and consists of three sub-regions, the shell interface, the shell kernel 

and the shell surface (62). The shell interface contains those unit cells which have at least 

one neighbour from the core. The shell kernel contains the unit cells which have all six 

neighbours from the shell. The shell surface then represents the unit cells which have one 

neighbour missing.  

 

Figure 2.9: Schematic representation of a core-shell nanoparticle (left) and the sub-

regions (right) (62). 
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Chapter 3 

Characterisation methods 

3.1 Powder X-ray diffraction 
Powder X-ray diffraction (PXRD) is an experimental technique developed by Peter 

Debye and Paul Scherrer and independently by Albert Hull. X-ray diffraction uses a 

monochromatic X-ray radiation that is aimed on a crystalline sample. The X-ray is 

scattered by the sample and in some directions the scattered waves create through 

constructive interference a diffraction maxima. The positions of these diffraction maxima 

are given by Bragg´s equation: 

2𝑑hkl sin 𝜃hkl = 𝜆,                 (3.1) 

where 𝑑hkl is the interplanar spacing between a set of hkl planes, 2𝜃hkl is the diffraction 

angle and 𝜆 is the wavelength of the used X-ray (Figure 3.1). 

 

Figure 3.1: A scheme presenting the derivation of Bragg´s equation. 

During an elastic scattering the energy, and hence the wavelength of the X-ray photons is 

unchanged. To express the change in the direction of propagation of the X-ray beams we 

define the scattering vector, 𝑞 , as a difference between the scattered, �⃗� , and the incident, 

𝑘0
⃗⃗⃗⃗ , wavevectors. The magnitude of the scattering vector is then: 

𝑞 =
4𝜋 sin𝜃

𝜆
.                 (3.2) 

Each diffraction maximum is described by its position, intensity value and width, which 

carries information about the structure and its imperfections. Broadening of the 

diffraction peak is caused by instrumental resolution and by sample-related contribution. 

In the simplest approximation total full width at half maximum, 𝛽, of a certain peak is 

taken as a sum of the two contributions mentioned above. The sample-related broadening 

contains information about the imperfections in the sample, such as the crystallite size, 
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defects, stacking faults and microstrain. The traditional measure of the crystallite size is 

by the Scherrer equation (equation 3.3), which shows that the crystallite size, 𝐷, is 

inversely proportional to the peak width, 𝛽: 

𝐷 =
𝐾𝜆

𝛽 cos𝜃
 ,                 (3.3) 

where K is the Scherrer constant, usually taken to be 0.94. 

3.2 Mössbauer spectroscopy 
Mössbauer spectroscopy is an important analytical tool of solid-state research. It can give 

information about the chemical, structural, magnetic and time-dependent properties of 

materials. At the heart of Mössbauer spectroscopy lies the discovery of recoilless 

emission and resonant absorption of γ-ray photons by atomic nuclei (63). This 

phenomenon is called the Mössbauer effect, after its discoverer Rudolf L. Mössbauer. 

3.2.1 The Mössbauer effect 
Visible light and ultraviolet radiation can induce electronic transitions in atoms and 

molecules. The energy of the absorbed photon must be equal to the energy difference 

between the electronic states involved in the process. Atomic nuclei can also undergo 

various energy level transitions. The energy levels of the atomic nuclei are also quantized 

and characteristic for the specific nucleus and are influenced by the surrounding 

environment, which can change or split the energy levels. The energy of the emitted γ-

photon, 𝐸γ, is equal to 𝐸γ = 𝐸e − 𝐸g, where 𝐸e and 𝐸g are the energies of the nucleus in 

excited and in ground state, respectively (63). 

Due to the momentum conservation, the free nucleus gains momentum of the γ-photon, 

but in the opposite direction. The nucleus recoils during emission with recoil energy 𝐸R . 

The energy of the emitted γ-photon is then 𝐸γ = 𝐸e − 𝐸g − 𝐸R. A big disadvantage of this 

recoil is too large energy loss of the γ-photon and hence, the emission and the absorption 

spectrum do not overlap. Therefore, nuclear γ-resonance is impossible (63). Thermal 

motion causes a spread of the absorption and emission lines, due to Doppler effect (Figure 

3.2). 
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Figure 3.2: Resonant overlap in free atoms.  

Mössbauer discovered that when atoms are in a solid matrix, the effective mass of the 

nucleus is much greater than the mass of a free nucleus and the energy, ER, is therefore 

very small. If the energy of the γ-ray is small enough, the recoil of the nucleus is too low 

to be transmitted. This leads that the whole system recoils, which is known as zero-

phonon process. The fraction of the γ-emissions or absorptions occurring without recoil is 

known as the Lamb-Mössbauer factor, f, (63) which is given by: 

𝑓 = 𝑒
−

〈𝑥2〉𝐸γ

(ℏ𝑐)2  ,               (3.4) 

where 〈𝑥2〉 is the expectation value of the squared vibrational amplitude in the direction 

of γ-propagation (63). 

The fraction of recoil-free events is strongly dependent on the γ-ray energy. The 

Mössbauer effect is only detected in isotopes with low lying excited states. The resolution 

is dependent on the lifetime of the excited state. The most used Mössbauer isotope is 
57

Fe                     

(𝐸γ = 14,4 keV with 𝑓ambient = 0.91 for metallic iron), which has both very low energy 

γ-ray and long-lived excited state. The emitting 
57

Fe results from electron capture in a 
57

Co radioactive source (Figure 3.3). 
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Figure 3.3: Decay scheme of 
57

Co (64). 

In a Mössbauer transmission experiment the source is periodically moved with controlled 

velocities +v toward and –v away from the sample. The source movement is done to 

enhance resonant overlap of absorption and emission lines, where the frequency of the 

emitted γ-photon is changed because of the Doppler effect. 

3.2.2 Hyperfine interactions 
Hyperfine interactions describe interactions between the nucleus and the surrounding 

electric and magnetic fields (65). In Mössbauer spectroscopy we distinguish three 

different types of hyperfine parameters: the isomer shift, 𝛿, the quadrupole splitting, Δ𝐸Q, 

and the hyperfine field, 𝐵hf. Each provide chemical and physical information about the 

sample. 

3.2.2.1 Isomer shift 

The isomer shift, 𝛿, raises from the electric monopole interaction between a nucleus and 

its environment. It is the product of the nuclear charge distribution, 𝑍𝑒𝑅2, and the 

electronic charge density, −𝑒|𝜓(0)|
2
at the nucleus (63). This interaction alternates the 

nuclear energy levels. The shift in the energies is different for the excited and for the 

ground state, because the mean square radius of the nucleus and hence the nuclear charge 

distribution differs. This difference in energy is recorded as a shift in the Mössbauer 

spectrum which, is no longer centred around point zero on the velocity axis (Figure 3.4) 
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Figure 3.4: Isomer shift in a Mössbauer spectrum. 

The origin of the electron density at the nucleus is originating from the penetration ability 

of s-electron (63). The shift cannot be measured directly, therefore it is quoted relative to 

the absorber. For 
57

Fe Mössbauer spectra it will be quoted relative to α-Fe standard. The 

isomer shift is also influenced by the oxidation state of the iron in the sample. Fe
2+

 has the 

electron configuration [Ar]4s
0
3d

6
 and it has less s-electrons at the nuclei than Fe

3+
 with 

electron configuration [Ar]4s
0
3d

5
, due to greater screening of the d-electrons. Thus, Fe

2+
 

ions have larger isomer shift than Fe
3+

 ions and therefore various oxidation states of iron 

can be easily distinguished in the minerals. 

 

3.2.2.2 Quadrupole splitting 

An electric quadrupole interaction is caused by the interaction between the nuclear 

quadrupole moment (nuclei with nuclear spin I>1/2) and the non-cubic component of the 

surrounding electric field. The 
57

Fe nucleus has spin 1/2 in the ground state and spin 3/2 

in the excited state. The energy level of the excited state is then split and we observe two 

nuclear transitions from the ground state (Figure 3.5). The energy difference between the 

two peaks is called the quadrupole splitting, Δ𝐸Q. 

 

Figure 3.5: Quadrupole splitting for a I= 
3

2
 to I= 

1

2
 transition in a Mössbauer spectrum. 
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2.2.2.3 Hyperfine field 

A nucleus with I > 0 possess a nuclear magnetic moment that can interact with an external 

magnetic field. The nuclear energy levels are split due to the nuclear Zeeman effect. The 

nuclear Zeeman effect divides the nuclear state with spin quantum number I into 2I+1 

equally spaced and nondegenerate substates. For 
57

Fe the excited state I=3/2 is split into 

four magnetic substates and the ground state I=1/2 is split into two magnetic substates. 

Therefore, we should observe eight nuclear transitions, but we only observe six, because 

the selection rules for nuclear transition are: Δ𝐼 = 1 and Δ𝑚I = 0,±1. Schematic 

illustration of the six allowed transitions for 
57

Fe are shown in Figure 3.6. 

 

Figure 3.6: Magnetic splitting of the nuclear energy levels in a Mössbauer spectrum. 

 

3.3 Electron microscopy 
Electron microscopes are scientific instruments that use a beam of highly energetic 

electrons to examine objects on a very fine scale (66). Information about the topography, 

morphology, composition and crystal structure can be obtained. The main difference 

between electron and light microscopes is that electrons are scattered very strongly by 

gases. This means that the whole instrument must be under vacuum. In electron 

microscopes the source of the electrons is the electron gun. The electrons are accelerated 

in a positive potential towards the sample and focused using magnetic lenses into a thin 

beam. The electron beam then interacts with the sample and the beam is detected. 

3.3.1 Transmission electron microscopy (67) 

Transmission electron microscopy (TEM) is a technique, where the electron beam 

interacts and passes through a specimen (66). The geometry of TEM is shown in figure 

3.7. 
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Figure 3.7: Schematic diagram of TEM. (68) 

TEM can be divided into three parts: focusing, imaging and magnifying systems. In the 

focusing system the electrons from the electron gun are confined by the two condenser 

lens, which also control the brightness of the beam. The beam passes the condenser 

aperture and reaches the sample. The electron beam interacts with the sample and the 

transmitted beams go through the objective lens. The select area aperture is used to 

choose of the elastically scattered electrons that will form the image on the screen of the 

microscope. Finally the electron beam reaches the magnifying system consisting of the 

two intermediate lenses and the projector lens. The formed image is then received on a 

fluorescent screen or on CCD camera and electronically transmitted to a monitor. 

Electrons are produced by the electron gun through thermoionic emission. Usually the 

electron gun consists of a fine tungsten filament, LaB6 crystal or ZrO/W Schottky emitter 

(69). The material is heated by an electric current and electrons can leave the surface of 

the source. The emitted electrons have low energy and need to be accelerated by a high 

voltage of the Wehnelt cylinder before they are focused into a beam. 

The focusing of the electrons into a beam is carried out by electromagnetic lenses. They 

have similar functions as optical lenses in optical microscopy. An electromagnetic lens is 

a coil with a large amount of windings that produces radially symmetric magnetic field. 

The optical properties of the lens, such as the focal width, can be changed by the strength 

of the current passing through the windings. The first set of lenses in an electron 

microscope are the condenser lenses. They carry out the focusing of the electron beam, 

change the intensity of the beam and guide it on the sample. The primary image is then 

formed by the objective lens, which is the lens closest to the sample. The second lens 

system performs the final magnification before the beam hits the fluorescent screen. 
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The electron beam interacts with the sample. This negative charge of the electrons causes 

interactions with the positive charge of the nucleus and the negative charge of the electron 

clouds. This causes the electron beam to be scattered either elastically or inelastically. 

Some electrons pass through the sample without changing their direction or energy. These 

unscattered electrons can give information about the thickness of the sample. 

3.4 Small-angle X-rays scattering 
Small-angle X-rays scattering (SAXS) is an experimental technique used to probe 

materials at nm length scales, from which information about average particle sizes, 

morphology, aggregation and interparticle interactions can be obtained.. SAXS can be 

used for a variety of particle systems and can provide structural and physical informations 

(70; 71; 72; 73). The sample in SAXS is exposed to a monochromatic X-ray beam, which 

is scattered elastically by the sample between 1 and 5º to provide a spatially averaged 

intensity distribution (70; 74; 75). Information such as surface to volume ratio, pore size 

and solution structure factor can be obtained using SAXS (70).  The important parameters 

that can be obtained from the scattering curve is the radius of gyration, volume of 

correlation and the surface-to-volume ratio in the Guinier, Fourier and Porod regions 

respectively. 

The scattering intensity, 𝐼(𝑞), is expressed as a function of the scattering vector q (eq. 3.2). 

The parameters which affect the scattering intensity are the particle size, contrast (its 

electron density), sample to detector distance, instrumental resolution and the beam 

collimation. The scattering amplitude or form factor, of an isolated molecule with N 

atoms, each with a scattering factor 𝑓j, is given: 

𝐹(�⃗� ) = ∑𝑓j (�⃗� )𝑒
𝑖�⃗� ∙𝑟j⃗⃗⃗  

𝑁

𝑗=1

.                                                                                                                  (3.5) 

The scattering amplitude is the Fourier transform of the electron density, 𝐹(�⃗� ) = ℱ[𝜌(𝑟 )]. 

The scattering intensity from a particle in a solution is then calculated as a spherical 

averaged product of the scattering amplitude 𝐹(�⃗� ) and its complex conjugate 𝐹(�⃗� )
∗ . 

𝐼(𝑞) = 〈𝐹(�⃗� ) ∙ 𝐹(�⃗� )
∗ 〉 = 〈ℱ[𝜌(𝑟 )] ∙ ℱ[𝜌(−𝑟 )]〉 = 〈ℱ[𝜌(𝑟 ) ∗ 𝜌(−𝑟 )]〉 = 〈ℱ[𝛾(𝑟 )]〉,                  (3.6) 

𝐼(𝑞) = 〈𝑉 ∫𝛾(𝑟 ) 𝑒
𝑖�⃗� ∙𝑟  𝑑𝑟  〉,                                                                                                         (3.7) 

where 𝛾(𝑟 ) is the autocorrelation of the electron density of the particle and is defined as a 

convolution of the electron density at 𝑟  and at −𝑟 . 

𝛾(𝑟 ) = 𝜌(𝑟 ) ∗ 𝜌(−𝑟 ) = 𝑉 ∫𝜌(𝑟 +�⃗⃗� ) ∙ 𝜌(𝑟 ) 𝑑𝑟 .                                                                            (3.8) 
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In an isotropic system the correlation function is independent on the direction of the 

vector 𝑟 . Consequently, the scattering intensity is also isotropic. The function 𝑒𝑖�⃗� ∙𝑟   is 

then spherically averaged and gives 〈𝑒𝑖�⃗� ∙𝑟 〉 =
sin𝑞𝑟

𝑞𝑟
. The scattering intensity is then: 

𝐼(𝑞) = 𝑉 ∫ 4𝜋𝑟2 𝛾(𝑟)

sin 𝑞𝑟

𝑞𝑟
 𝑑𝑟

∞

0

.                                                                                               (3.9) 

We also define the function 𝛾0(r) as 𝛾0(r) =
𝛾(𝑟)

𝛾(0)
. 

If the particles are in a solution the scattering intensity from the solvent must be 

subtracted to obtain the signal from the particles. The contrast, that makes the particles 

visible for X-rays is the difference in electron density of the particle, 𝜌1(r), versus the 

solvent, 𝜌2(r). If we have a system composed of two well-defined homogeneous phases 

where one phase is a set N identical (monodisperse) and randomly oriented nano-objects, 

the correlation function can be expressed as (76; 77): 

𝛾(𝑟) = 𝑁(𝜌1 − 𝜌2)
2
𝑉1

𝑉
𝛾0(r).                                                                                                   (3.10) 

The scattering intensity is given: 

𝐼(𝑞) = 𝑁(𝜌1 − 𝜌2)
2𝑉1 ∫ 4𝜋𝑟2 𝛾0(r)

sin 𝑞𝑟

𝑞𝑟
 𝑑𝑟

𝐷max

0

,                                                              (3.11) 

where 𝐷max is the maximum diameter of the scattering object and 𝑉1 is the volume of the 

nano-object. The radius of gyration, 𝑅g, is defined as: 

𝑅g =
1

𝑉1
∫ 4𝜋𝑟4 𝛾0(r) 𝑑𝑟

𝐷max

0

.                                                                                                    (3.12) 
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3.4.1 Spherical nanoparticles 
The form factor of a solid homogeneous spherical particles, with radius R can be 

calculated. The electron density of a solid homogeneous spherical particle can be written 

as: 

𝜌(𝑟) = {
𝜌0

0
   𝑟 ∈ 〈0, 𝑅〉

𝑟 > 𝑅
,                                                                                                             (3.13) 

where 𝜌0 is the electron density of the particle. The spherically averaged form factor after 

integration is: 

𝐹(𝑞) =
4𝜋

3
𝑅3𝜌0

3[sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)]

(𝑞𝑅)3
 ,                                                                       (3.14) 

where the last fraction is called the spherical Bessel function. The scattering intensity is  

𝐼(𝑞) = |𝐹(𝑞)|
2
 and so: 

𝐼(𝑞) = 𝜌0
2𝑉2 {

3[sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)]

(𝑞𝑅)3
}

2

.                                                                        (3.15) 

Figure 3.8 shows the dependence of the logarithm of scattering intensity on the scattering 

vector. The radius of gyration can be calculated as 𝑅𝑔
2 =

∫ 𝑟4𝜌(𝑟)𝑑𝑟
∞
0

∫ 𝑟2𝜌(𝑟)𝑑𝑟
∞
0

, (78), and so the 

radius of gyration for a homogeneous sphere with radius R is 𝑅𝑔 = √
3

5
𝑅.  

 

Figure 3.8: Calculated scattering intensities for spheres with radius 10 nm (red) and 

radius 20 nm (blue). 
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Chapter 4 

Experimental part 

4.1 Chemicals 

hexane                                                                  Lach-ner 

oleic acid                                                              Penta, 97% 

ethanol, absolute                                                  Lach-ner, 99.8% 

1-pentanol           Lach-ner, 99.81% 

1-octanol                  Sigma-Aldrich, 99% 

toluene            Lach-ner, 99.96% 

sodium hydroxide          Lachema 

iron (III) nitrate nonahydrate         Sigma-Aldrich, 98% 

cobalt (II) nitrate hexahydrate         Penta, 99% 

manganese (II) nitrate tetrahydrate        Sigma-Aldrich, 97% 

4.2 Synthesis of the precursor 

The precursor for the nanoparticle synthesis is a mixture of the corresponding metal 

oleates in 1-pentanol. The reaction between oleic acid and the metal salts solution is slow, 

therefore a solution of sodium oleate is prepared beforehand and metal ion solution is 

mixed with the sodium oleate solution. The reactions are shown below: 

NaOH (aq) + C17H33COOH (l)  C17H33COONa (aq) + H2O (l), 

M
2+

 (aq) + 2 C17H33COONa (aq)  M(C17H33COO)2 + 2 Na
+
 (aq),  M

2+
= Co

2+
, Mn

2+
 

Fe
3+

 (aq) + 3 C17H33COONa (aq)  Fe(C17H33COO)3 + 3 Na
+
 (aq). 

For the reaction, 64 mmol of NaOH was dissolved in 10 mL of water in a 250 mL round 

bottom flask. To this solution 10 mL of ethanol and 64 mmol of oleic acid was added. 

The mixture was stirred with a magnetic stirrer to obtain a clear solution of sodium oleate. 

A solution of metal ions was prepared in beaker dissolving 16 mmol (6.494 mg) of 

Fe(NO3)3·9H2O and 8 mmol of M
2+

 nitrate, where M
2+

 represents Co
2+

 (2.328 g of 

Co(NO3)2·6H2O) or Mn
2+

 (2.008 g of Mn(NO3)2·4H2O) in 10 mL of water. This solution 

of metal salts was added to the solution of sodium oleate and a black precipitate of metal 

oleates was formed. To separate the metal oleates 20 mL of hexane was added. The 

mixture was mixed slowly with a magnetic stirrer to obtain solution with 2 phases. The 
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reaction was heated to boiling under an Allihn (bubble) condenser and refluxed for 60 

minutes. After cooling, the water phase was removed using a Pasteur pipette. Then, 20 

mL of water, 5 mL of ethanol and 5 mL of hexane were added to the flask. The mixture 

was heated under a condenser and was kept to boil for 30 min. After cooling down, the 

water phase was again discarded. This washing procedure was done twice. Finally, 15 mL 

of 1-pentanol was added to the flask, and the mixture was heated for 30 minutes to 

completely remove the hexane. The final solution of metal oleates in 1-pentanol was 

stored in a 40 mL glass vial with Teflon cup in a refrigerator.  

4.3 Preparation of nanoparticles 

4.3.1 Core particles 
The synthesis was carried out in a stainless steel autoclave (Berghof). 6 mmol of the 

oleate precursor in 1-pentanol was transferred into a 50mL teflon liner. Additional 10 mL 

of 1-pentanol, 10 mL of 1-octanol and 5 mL of water were added to the teflon liner. The 

liner was sealed in the autoclave and it was placed into the pre-heated oven at 180 ºC or 

220 ºC for 10 hours. After cooling down, the liquid phase was discarded and the 

sedimented particles were dispersed in 15 mL of hexane. The dispersion was precipitated 

by 10 mL of ethanol and separated by a magnet. Afterwards, separated nanoparticles were 

re-dispersed in hexane. These steps were repeated twice to remove all free oleic acid from 

the nanoparticles. The isolated nanoparticles were then dispersed in 5 mL of hexane and 

centrifugated at 3500 rpm for 5 minutes to remove all unstable or aggregated particles. 

4.3.2 Core-shell particles 
For the synthesis of core-shell particles, 50 mg of the core particles were placed into the 

teflon liner and were dispersed in 10 mL of toluene, with the help of sonication. For the 

shell synthesis, metal oleate precursor (1.5 mmol) in 1-pentanol was added to the toluene 

core nanoparticle dispersion together with 10 mL of 1-pentanol and 5 mL of water. The 

liner was enclosed in the autoclave and it was placed into the pre-heated oven at 220 ºC 

for 10 hours. The isolation procedure of the product was the same as for the core 

particles. 

4.3.3 Mechanical mixture 

In order to be able to determine whether core-shell particles or just a mixture of two 

different types of particles were formed, a mechanical mixture of CoFe2O4 and MnFe2O4 

with weight ratio 1:1 was prepared. 

All prepared samples and conditions for the reactions are summarized in Table 4.1. 
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Sample Composition 
𝒎𝐜𝐨𝐫𝐞  
[𝐦𝐠] 

𝒏𝐨𝐥𝐞𝐚𝐭𝐞  
[𝐦𝐦𝐨𝐥] 

Solvents [mL] 
Temperature 

[°C] 

Co1 CoFe2O4 - 3 20 P + 10 W 180 

Co2 CoFe2O4 - 6 10 P + 10 O + 5 W 180 

Mn1 MnFe2O4 - 6 10 P + 10 O + 5 W 220 

Mn2 MnFe2O4 - 6 10 P + 10 T + 5 W 220 

Co@Mn1 
CoFe2O4@ 

MnFe2O4 

50 

Co1 
1.5 10 P + 10 T + 5 W 220 

Co@Mn2 
CoFe2O4@ 

MnFe2O4 

25 

Co2 
1.5 10 P + 10 T + 5 W 220 

Mn@Co1 
MnFe2O4@ 

CoFe2O4 

50 

Mn1 
1.5 10 P + 10 T + 5 W 220 

Mn@Co2 
MnFe2O4@ 

CoFe2O4 

25 

Mn2 
1.5 10 P + 10 T + 5 W 220 

Table 4.1: List of prepared samples. Where mcore is used mass of the core nanoparticles, 

noleate is molar mass. Solvent shortcuts P, O, T and W correspond to the pentanol, octanol, 

toluene and water, respectively. The total reaction time was kept 10 hours all. 

 

4.4 Instrumental techniques 

4.4.1 Powder X-ray diffraction 
Powder X-ray diffraction (XRD) was carried out using PANalytical X´Pert PRO using 

CuKα radiation with wavelength 1.5418 Å, with secondary monochromator and PIXcel 

position sensitive detector at Faculty of Science, Charles University, Prague. A spinner 

stage was used for the measurement with revolution time 2 seconds. The data were 

recorded from 10º to 110º 2θ with step size 0.026º, the covered Q-range is from 0.36 Å
-1

 

to 3.12 Å
-1

.  

Qualitative analysis and indexing was done using X´Pert HighScore´s Search-Match 

function and the PDF cards of the samples. Rietveld analysis of the diffraction patterns 

was carried out using FullProf (41; 79) and MAUD (80; 81) software with Pseudo-Voigt 

peak shape function. 
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Figure 4.1: PANalytical X´Pert PRO X-ray diffractometer with Bragg-Brentano 

geometry. 

4.4.2 Mössbauer spectroscopy 
57

Fe Mössbauer spectroscopy was carried out on Wissel spectrometer using transmission 

arrangement and scintillating detector ND-220-M (NaI:Tl
+
) at Faculty of Science, Charles 

University, Prague. As a standard α-Fe foil was used. 

 

Figure 4.2: Wissel Mössbauer spectrometer. 

4.4.3 Transmission electron microscopy 
Transmission Electron Microscopy (TEM) was performed at a ZEISS LEO 902 operating 

at the University of Cologne, Cologne, Germany. TEM is equipped with LaB6 cathode 

operating at 120 kV. TEM measurements were done in bright field (BF) mode. Toluene 
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dispersion of NPs was deposited onto a coated copper grid. The instrument is shown on 

Figure 4.3. 

 

Figure 4.3: ZEISS LEO 902 transmission electron microscope. 

 

4.4.4 Small angle X-ray scattering 
Small-angle X-ray scattering (SAXS) measurements were performed at the Gallium 

Anode Low-Angle X-ray Instrument (GALAXI) - with a X-ray wavelength of λ = 1.3414 

Å at JCNS, Forschungszentrum Jülich, Germany. Toulene dispersions of NPs were sealed 

in quartz capillaries and measured at two detector distances of 853 and 3548 mm to cover 

whole         q-range. The data were collected on a Pilatus 1M detector, radially averaged 

and normalized to absolute units using FEP 1400 (d = 0.35 mm) as reference material, 

empty capillary measurement and solvent background subtraction were performed. The 

instrument can be seen on Figure 4.4. 

The refinement of the measured data was performed using SasView program (82). The 

refinement was done twice using a model for simple spherical particles and a model for 

interacting spherical particles, hard sticky spheres model. 

Due to technical problems with the instrument during our beam time, only 2 samples 

(Co2 and Mn1 cores) were measured. 
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Figure 4.4: GALAXI-SAXS instrument. 

4.4.5 Magnetic measurements 
Macroscopic magnetization measurements were done on a Quantum Design Physical 

Property Measurement System (PPMS Evercool II) equipped with a superconducting 

magnet and a vibrating sample magnetometer (VSM) option at University of Cologne, 

Cologne, Germany. The zero-field-cooled (ZFC) and field-cooled (FC) magnetization 

measurements were done in the temperature range in 5 to 350 K with a heating rate of 2 

K/min in an applied magnetic field of μ0H = 10 mT. Isothermal, field dependent 

magnetization measurements were carried out at 5, 10, 50,100, 200, 300 and 350 K. The 

instrument is shown on Figure 4.5. 

 

Figure 4.5: PPMS Evercool II magnetometer. 
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Chapter 5 

Results and discussion 
Two samples of CoFe2O4 were prepared, each at 180 °C using 6 mmol of metal oleate 

mixture, where the organic phase consisted of 1-pentanol and 1-octanol for sample Co1 

and only 1-pentanol for sample Co2. To prepare MnFe2O4 (Mn1) 6 mmol of metal oleate 

mixture was used with organic phase composed of 1-pentanol and 1-octanol. The 

synthesis of MnFe2O4 NPs had to be carried out at 220 °C, because at 180 °C or even at 

200 °C the spinel phase coexists with a hydroxyl iron phase (58).  

 

Figure 5.1: Tyndall effect demonstrated by a laser beam scattering on a dispersion of 

CoFe2O4 (Co2) nanoparticles in hexane (left) and pure hexane (right) with no scattering. 

Two core-shell samples were prepared using 50 mg of core material and 1.5 mmol of 

metal oleate mixture. The other two were prepared using less amount of core 

nanoparticles (25 mg) and 1.5 mmol of metal oleate mixture. The organic phase for the 

synthesis consisted of 1-pentanol and toluene. Toluene was used to decrease the polarity 

of the organic phase compared to 1-octanol, so that the core particles would not separate 

immediately from the reaction mixture and the shell can grow on the nanoparticle surface. 

5.1 Powder X-ray diffraction 
The phase analysis done by powder X-ray diffraction reveals typical reflections of spinel 

structure (space group of Fd3̅m, no. 227) in all samples. No other phases were observed 

in the samples. 

The lattice parameters were obtained by performing Rietveld analysis (Table 5.1). The 

lattice parameter of CoFe2O4 is smaller than lattice parameter of MnFe2O4. This is 

explained by the difference in ionic radii of Co
2+

 and Mn
2+

, where Mn
2+

 is larger than 

Co
2+

. The lattice parameter of core-shell samples also changes. By introducing a 

MnFe2O4 shell on top of CoFe2O4 core, the lattice parameter of the particles increases. 



 

38 
 

This is again caused by the presence of a larger Mn
2+

 ion in the sample. The opposite is 

true, if the material of the core and shell is reversed. The presence of the smaller Co
2+

 

decreases the lattice parameter of the MnFe2O4 core. 

The mean size of the particles can be determined from the peak´s full width at half 

maximum, 𝛽, by using the Scherrer equation (citation to the equation in previous 

chapter). It can be seen that the FWHM of the peaks decreases by increasing crystallite 

size (Fig. 5.2). The increasing particle sizes for the core-shell samples in comparison to 

the core crystallites can be used as an indirect proof for the formation of the shell. 

Since both the core and the shell materials have the same spinel structure with the same 

symmetry, which leads to the strong overlap of the reflections in X-ray diffractograms, it 

is difficult to distinguish between core and core-shell structures by using XRD. 

 

Table 5.1: Obtained lattice parameters, a, particle sizes, d, the weighted R-factor, Rw, and 

the goodness of fit, S. 

Sample Core a [Å]  d  [nm] 𝑹𝐰 [%] S 

Co1 - 8.422(4) 5.1(9) 4.96 1.14 

Co2 - 8.408(3) 8.3(1) 7.35 1.16 

Mn1 - 8.431(4) 9.3(3) 8.83 1.18 

Mn2 - 8.489(1) 11.7(1) 6.12 1.22 

Co@Mn1 Co1 8.427(9) 6.6(2) 8.41 2.40 

Co@Mn2 Co2 8.435(1) 11.4(1) 7.43 1.19 

Mn@Co1 Mn1 8.474(5) 14.3(4) 2.72 1.16 

Mn@Co2 Mn2 8.4206(3) 21.6(1) 2.41 1.39 
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Figure 5.2: Powder X-ray diffraction patterns of the core (bottom) and the core-shell 

sample prepared from that core (top) of: a) Co1 and Co@Mn1, b) Co2 and Co@Mn2, c) 

Mn1 and Mn@Co1, d) Mn2 and Mn@Co2 and e) physical mixture of CoFe2O4 and 

MnFe2O4 cores. The solid black line is the result of the Rietveld analysis. 
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5.2 Transmission electron microscopy 
The size and the morphology of the nanoparticles were analyzed by TEM in bright field 

mode. The obtained TEM micrographs are shown in Figure 5.3. In each sample isolated 

nanoparticles having spherical morphology can be observed without aggregation. 

Statistical set of 150 nanoparticles was measured using ImageJ (83) program to obtain the 

mean size and size distribution (Figure 5.4). The results were fitted using lognormal 

distribution function. The size of the particles obtained from TEM is larger than the size 

obtained from XRD. This is caused because TEM sees the whole particle whereas XRD 

can only observe the coherent crystalline domain size. This shows a presence of thin non-

crystalline shell of NPs, which is attributed to the lack of the symmetry at the surface 

leading to the surface disorder effects (84; 85). 

Sample 𝒅𝐓𝐄𝐌 [𝐧𝐦] 𝝈𝐓𝐄𝐌 

Co2 8.70(5) 0.14(1) 

Mn1 9.9(2) 0.16(2) 

Co@Mn2 11.1(1) 0.12(1) 

Mn@Co1 11.5(2) 0.14(2) 

Table 5.2: The obtained sizes and size distribution of the nanoparticles. 

  

  

Figure 5.3: TEM micrographs of the prepared samples. 

Co2 

Co@Mn2 

Mn1 

Mn@Co1 
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Figure 5.4: Lognormal size distributions of the prepared samples, obtained from TEM 

micrographs. 𝑑TEM is the mean size and 𝜎 is the polydispersity. 

5.3 Small angle X-ray scattering 
SAXS measurement were performed to obtain information on the particle size, 

morphology and interparticle interactions on the global scale (in the whole volume of the 

sample). In the SAXS data, presented in Figure. 5.5, oscillations are observed. These 

oscillations can provide information about the size and polydispersity of the sample. From 

the position of the first minimum the particle size can be calculated, using the equation 

𝑑 =
2𝜋

𝑞
, where q is the position of the first minimum. The observed oscillations are not 

very sharp. This is caused by the higher polydispersity of the sample. Since oscillations 

are still observable the, the polydispersity of the sample should be in the range between 

10 to 20%. Above 20% polydispersity, no oscillations would be observed due to the 

strong smearing effect. 

𝒅𝐓𝐄𝐌 = 𝟖. 𝟕𝟎 𝐧𝐦 

𝝈 = 𝟎. 𝟏𝟒 

Co2 

𝒅𝐓𝐄𝐌 = 𝟗. 𝟗 𝐧𝐦 

𝝈 = 𝟎. 𝟏𝟔 

Mn1 

𝒅𝐓𝐄𝐌 = 𝟏𝟏. 𝟏 𝐧𝐦 

𝝈 = 𝟎. 𝟏𝟐 

Co@Mn2 

𝒅𝐓𝐄𝐌 = 𝟏𝟏. 𝟓 𝐧𝐦 

𝝈 = 𝟎. 𝟏𝟒 

Mn@Co1 
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The part of the curve in the range of small q-values gives insight about the interactions 

between the particles. If there were no interparticle interactions, the scattering curve for 

small q-values would be constant. This is called the Guinier plateau. If interactions 

between particles are present, the scattering intensity is growing with decreasing q. This 

behavior is observed in all measured samples. The small q-region contains no peak. This 

indicates that no 3D aggregation takes place in the sample. The refinement of the obtained 

data was done in two ways. First no interparticle interactions were taken into account. 

This refinement showed how the scattering data would look without interactions. The 

second refinement was done assuming positive interactions, using the sticky-hard sphere 

form factor (86). 

The sizes of the particles obtained from the second model are presented in Table 5.3 

together with the sizes obtained from TEM. It can be seen that the SAXS sizes are in 

good agreement with the TEM sizes. Small mismatch between obtained sizes from TEM 

and SAXS may be explained by different amount of particles counted in TEM and SAXS. 

Sample 𝒅𝐓𝐄𝐌 [𝐧𝐦] 𝝈𝐓𝐄𝐌 𝒅𝐒𝐀𝐗𝐒 [𝐧𝐦] 𝝈𝐒𝐀𝐗𝐒 

Co2 8.70(5) 0.141(6) 8.81(2) 0.189(5) 

Mn1 9.9(2) 0.16(2) 10.18(8) 0.168(2) 

Table 5.3: Calculated sizes and size distributions by TEM and SAXS. 

 

Figure 5.5: Measured SAXS curves of the two cores. 

𝑞 [Å−1] 

𝐼 
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5.4 Mössbauer spectroscopy 
The Mössbauer spectrum of CoFe2O4 presented in the Fig. 5.6a contains a sextet, which 

means that the cobalt ferrite NPs are in the blocked state. The values of isomer shift, 

quadrupole splitting, and hyperfine field are summarized in Table 5.4. The spectra of all 

prepared samples of cores and core-shell samples are presented in Figure. 5.6 and Figure 

5.7, respectively. The Mössbauer spectrum of MnFe2O4 NPs, Figure 5.6b, consists of one 

singlet, which is caused by the superparamagnetic state of NPs. The spectrum of the 

mechanical mixture of two ferrite (Figure. 5.6c) is a simple sum of two spectra from the 

two components, because the values of the hyperfine parameters for the sextet are very 

similar to the pure CoFe2O4 sextet. The same is true for the obtained singlet of the 

mechanical mixture and MnFe2O4 singlet, which is in superparamagnetic state. 

Sample 𝒅𝐗𝐑𝐃 [nm] Signal 𝜹 [mm/s] ∆𝑬𝐐 [mm/s] 𝑩𝐡𝐟 [T] 

Co1 
5.1 singlet 0.33 - - 

Co2 
7.1 sextet 0.31 -0.02 47.9 

Mn1 9.3 singlet 0.38 - - 

Mn2 11.7 sextet 0.40 -0.01 39.9 

Co@Mn1 6.6 

sextet 1 0.39 -0.02 43.4 

sextet 2 0.28 -0.01 46.9 

singlet 0.31 - - 

Co@Mn2 11.4 
sextet 1 0.32 0.00 46.9 

sextet 2 0.33 -0.04 42.5 

Mn@Co1 11.5 
sextet 1 0.38 -0.02 43.7 

sextet 2 0.29 -0.01 47.4 

Mn@Co2 21.6 
sextet 1 0.30 -0.02 48.4 

sextet 2 0.35 -0.08 44.2 

CoFe2O4 + MnFe2O4 - 
sextet 0.39 -0.04 47.3 

singlet 0.39 - - 

Table 5.4: Obtained Mössbauer parameters for the measured samples. Where dXRD is 

coherent domain size of NPs from powder XRD, 𝛿 is isomer shift, ∆𝐸Q is quadrupole 

splitting and 𝐵hf is hyperfine field. 
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Figure 5.6: Mössbauer spectra of a) CoFe2O4 (Co2), b) MnFe2O4 (Mn1) and c) mixture of 

CoFe2O4 and MnFe2O4 with weight ratio 1:1. 

The Mössbauer spectra of the core-shell particles are very different from the spectra of 

pure cores and their mechanical mixture. Cobalt ferrite coated with manganese ferrite 

(Figure 5.7a and Figure 5.7b) shows two sextets. The appearance of the other sextet may 

be explained by the presence of the other magnetic phase. The sextet with the lower 

hyperfine field (43.4 T) belongs to the MnFe2O4 shell, because MnFe2O4 has smaller 

magnetocrystalline anisotropy. The hyperfine field of the CoFe2O4 core (46.9 T) is 

smaller than that of pure CoFe2O4 (47.9 T). This may be caused by the MnFe2O4 shell on 

the CoFe2O4, which has smaller magnetocrystalline anisotropy. Some particles are in 

superparamagnetic state, which can be seen as a singlet in the spectrum (Figure. 5.6a). 

The second sample of CoFe2O4 coated with MnFe2O4 (Co@Mn2, Fig 5.7b) does have 

very similar values for the hyperfine parameters of the two sextets, but the singlet is 

absent in the spectrum. This is caused by the bigger particle sizes, so that all the particles 

are in blocked sate. 

c) 

a) b) 
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Manganese ferrite coated with cobalt ferrite (Mn@Co1 and Mn@Co2) also shows two 

sextets. Similarly to the other core-shell sample the sextet with lower hyperfine field 

belongs to MnFe2O4 with smaller magnetocrystalline anisotropy. On the other hand, the 

hyperfine field of CoFe2O4 shell is comparable to the hyperfine field of pure CoFe2O4 and 

of the mixture. All the particles in this sample are in blocked state, this causes the absence 

of any singlet from the spectrum (Figure 5.7c and Figure 5.7d). MnFe2O4 as a core has 

higher value of hyperfine field than MnFe2O4 as a shell. This may be caused by the 

CoFe2O4 shell with high magnetocrystalline anisotropy, that forces the magnetic moments 

of the core to align, whereas the field from the CoFe2O4 core is not felt by the moments 

on the top of the MnFe2O4 shell. 

The values of the isomer shift are all in the range of values typical for Fe
3+

. 

 

Figure 5.7: Mössbauer spectra of the core-shell samples: a) Co@Mn1, b)Co@Mn2, c) 

Mn@Co1, d) Mn@Co2. 

 

a) b) 

d) c) 

sextet 1 
sextet 2 
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5.5 Magnetic measurements 

The isothermal magnetisation measurements of the sample Co2 (Figure 5.8a) show that 

CoFe2O4 has a high value of coercive field (1.47 T at 5 K). This is caused because 

CoFe2O4 is a hard ferrimagnetic material with large magnetocrystalline anisotropy. The 

coercive field decreases with the increasing temperature and around 300 K the coercivity 

is zero. This means, that the nanoparticles transfer from blocked state to 

superparamagnetic state. The temperature at which the coercivity drops to zero is the 

blocking temperature, TB. The saturation magnetisation, MS, just like the coercivity, 

decreases with the increasing temperature. The explanation is that by raising the 

temperature, the thermal motion increases and tends to disorder (randomize) the system 

and the magnetic moments as well. When the temperature reaches the Curie point, TC, no 

saturation can be observed. The material had undergone a magnetic transition from 

ferrimagnetic to paramagnetic state. This trend is observed in all measured samples 

(Figure 5.11). 

Co1 sample was not measured due to time limitations. However, the sample of CoFe2O4 

with the same particle size had already been prepared and measured for the diploma thesis 

by Anton Repko (87). For Co2, the measured values of MS are 69 Am
2
kg

-1 
and 62  

Am
2
kg

-1
 at 5 K and at 300 K, respectively (see Appendix). The value of  saturation 

magnetisation of Co2 is larger than that of Co1 (see Appendix, measured by A. Repko), 

due to larger crystallite size. The saturation magnetisation for bulk CoFe2O4 is 90    

Am
2
kg

-1
 and 80 Am

2
kg

-1
 at 0 K and at 293 K (88). The difference between the values of 

MS of bulk and nanosized CoFe2O4 is caused by the surface spins that do not align 

themselves, even at high fields (6 T), in the direction of the applied field. This is 

supported also by smaller crystallite size than the whole particle size, as shown in 

previous chapters (5.1-5.3) from SAXS/TEM and XRD analysis. This creates a canted or 

dissordered spin layer at the top of the nanoparticles. 

In case of the samples Co2 and Co@Mn1, a distortion of the hysteresis loop can be 

observed in the low field range, Figure 5.8a and Figure 5.10a, respectively. This is caused 

by interparticle interactions, which is supported by SAXS and FC measurements. Since 

Co@Mn sample has the smallest particles the jumps can also originate from the 

superparamagnetic state of some small particles, which can also be seen in the Mössbauer 

spectrum (Figure 5.7a). 

The isothermal magnetisation (M(H)) curves measured for the samples Mn1 and Mn2, 

(Figure 5.8b and c) show absence of any coercivity and zero remanence at all 

temperatures from 5 K to 350 K. This is an expected behavior since MnFe2O4 is a soft 

ferrimagnetic material (89). The saturation magnetization values (82.2 Am
2
kg

-1
 and 53 

Am
2
kg

-1
 at 10 K and 300 K, respectively, for sample Mn1) are in both cases lower than 

the value for bulk material. The saturation magnetisation of bulk MnFe2O4 is 110    

Am
2
kg

-1
 and 80 Am

2
kg

-1
, for 10 K and 300 K, respectively (90). This is caused by spin 
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disorder at the particle surface, which is supported by smaller crystalline size than total 

particle size. 

 

 

Figure 5.8: Hysteresis curves of the core samples: a), b), c) (Co2, Mn1 and Mn2, 

respectively) and of the mechanical mixture of Co2 and Mn1 in weight ration 1:1, d). 

Comparing the values of saturation magnetisations of CoFe2O4 and MnFe2O4 it can be 

seen that MnFe2O4 has larger values of Ms. This is due to the number of d-electrons of 

Mn
2+

 and Co
2+

 ions. Mn
2+

 is a d
5
 ion and by occupying either tetrahedral or octahedral 

sites (MnFe2O4 is a mixed spinel) the number of unpaired electrons is 5. On the other 

hand, Co
2+

 is a d
7
 ion which occupies and prefers the octahedral sites. This gives it only 3 

unpaired electrons, and thus the total magnetic moment of the material will be smaller 

resulting in the smaller saturation magnetization.  

The values of the superspin per particle were obtained, Figure 5.9, by fitting the hysteresis 

curves of the two samples of MnFe2O4 using Langevin function. Table 5.5 shows the 

obtained values of the superspin. The multi-domain system at small particle sizes is 

energetically unstable and the particles can be considered to be single-domain (91). The 
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obtained values of the superspin lie in the expected range of 10
3
-10

5
 Bohr magnetons (𝜇B) 

(92). The superspin is dependent on the volume of the particle (92). The particle volume 

the samples Mn1 and Mn2, using the sizes obtained by XRD (Table 5.1) and assuming 

spherical particles (see chapter 5.2 and 5.3), is 421 nm
3
 and 838 nm

3
, respectively. 

 

T [K] 5 10 50 100 200 300 

𝝁 [𝝁𝑩] 
Mn1 231(1) 476(2) 2618(9) 5400(17) - 12696(15) 

Mn2 246(1) 497(3) 2665(15) 5404(30) 10630(30) 13845(45) 

Table 5.5: The obtained values of superspin per particle of the two samples of MnFe2O4 

at different temperatures. 

 

Figure 5.9: The temperature dependence of superspin per particle of the two samples of 

MnFe2O4. 

The hysteresis loops of the core-shell samples, Figure 5.10, are different from the loops of 

the core samples. The presence of the shell, with different magnetic properties, changes 

the parameters of the hysteresis loop. First the hard CoFe2O4 coated with soft MnFe2O4 

will be discussed. 

Both samples, Co@Mn1 and Co@Mn2, show nonzero coercivity at low temperatures, 

Figure 5.10a and b, respectively. However, the values of the coercive field are in both 

cases lower than those of the corresponding cores, Co1 and Co2, respectively, even 

though the particles are bigger (Table 5.1). The reduction of the coercivity can be 

explained by the presence of the soft ferrimagnetic MnFe2O4, with zero coercivity, as a 

shell. The saturation magnetisations, on the other hand, show exactly the opposite trend. 

The values of saturation magnetisation of the core-shell samples are larger than the core 

saturation magnetisations. This may be caused again by the presence of the soft 

𝜇
/𝜇

B
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ferrimagnetic MnFe2O4, with high saturation, and also by the fact, that the core-shell 

samples are bigger than the cores. 

An even bigger difference can be observed by comparing the hysteresis loops of MnFe2O4 

cores with their core-shell samples, Mn@Co1 and Mn@Co2, at low temperatures, Figure 

5.10c and d, respectively. At 5 K the coercive field of the pure cores is zero, whereas the 

coercive field of the core-shell sample is 0.24 T and 0.77 T for Mn@Co1 and Mn@Co2, 

respectively (see Appendix). This broadening of the hysteresis loop is caused by the 

presence of CoFe2O4 as a shell. The hard ferrimagnetic shell forces the moments of the 

soft core to also be aligned even at zero external field. However, the coercive field at 350 

K is negligible, since the the temperatutre is above the blocking temperature, TB (Table 

5.6). This sample also has the highest value for coercivity. There is not a significant 

change in the values of MS  by introducing the shell. 

  

 

Figure 5.10: Hysteresis curves of the core-shell samples: a) Co@Mn1, b) Co@Mn2, c) 

Mn@Co1 and d) Mn@Co2. 
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The obtained values of saturation magnetisation and coercive field were used to 

determine the Currie temperature and the blocking temperature. The Curie temperature 

was determined by fitting the temperature dependence of MS using modified Bloch´s law 

(93): 

𝑀s(𝑇) = 𝑀0 [1 − (
𝑇

𝑇C
)
𝛼B

],                                                                                                         (5.1) 

where 𝑀0 is the saturation magnetization at 0 K, 𝑇C is the Currie temperature and 𝛼B is 

Bloch´s exponent, which for bulk materials is equal to 3 2⁄  and for nanoparticles it is 

close to 2 and approaches 3
2⁄  with increasing size of the particles. The refined 

parameters for each sample are shown in Table 5.6. 

The blocking temperature was determined by fitting the temperature dependence of µ0HC 

using Kneller´s law (94): 

𝜇0𝐻c(𝑇) = 𝜇0𝐻0 [1 − (
𝑇

𝑇B
)
𝛼K

],                                                                                                 (5.2) 

where 𝜇0𝐻0 is the coercive field at 0 K, 𝑇B is the blocking temperature and 𝛼K is 

Kneller´s exponent, which is close to 1 2⁄ . The obtained parameters from the refinement 

are shown in Table 5.6. By observing the results obtained from modified Bloch´s law, 

Figure 5.11 (left), it can be seen that the two MnFe2O4 samples, Mn1 and Mn2, have the 

highest values for saturation magnetisation. Mn2 has the highest value because it is a soft 

ferromagnetic material and also the particle sizes are bigger than in the case of Mn1. The 

Currie temperature of MnFe2O4 is affected little by the particle size as can be seen from 

Fig. 5.11 (left). The Currie temperature of the mechanical mixture is almost identical with 

the Currie temperature of Mn1, which is expected, considering that the mixture was 

prepared from this sample of MnFe2O4. 

Table 5.6: The values of blocking and Currie temperatures obtained by different 

methods. 

Sample 
ZFC/FC Kneller´s law Modified Bloch´s law 

𝑇B [K] 𝑇C [K] 𝜇0𝐻0 [T] 𝑇B [K] 𝛼K 𝑀0 [Am2kg−1] 𝑇C [K] 𝛼B 

Co1 
Measured by A. 

Repko (87) 
191  - - - - - - - 

Co2 335(1) 760(70) 1.65(7) 300(23) 0.50(5) 71.0(7) 510(50) 2.12(4) 

Mn1 110(17) 530 - - - 82.1(8) 580(10) 1.93(5) 

Mn2 145(24) 630 - - - 86.3(4) 600(11) 1.86(3) 

Co@Mn1 230(2) 560 0.77(7) 220(33) 0.46(9) 70.9(3) 640(11) 1.90(5) 

Co@Mn2 353(1) 860 1.34(9) 300(27) 0.52(6) 74.5(2) 660(17) 2.02(8) 

Mn@Co2 - - 0.83(4) 320(17) 0.54(3) 85.7(5) 930(51) 1.77(6) 
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Figure 5.11: Temperature dependence of the saturation magnetisation (left) and of the 

coercive field (right). 

The blocking temperature can be determined also from the ZFC measurement as the 

position of the maximum on the curve (Table 5.6). And the Curie temperature can be 

obtained by interpolating the FC curve where it reaches zero. 

For CoFe2O4, the blocking temperature is very high. This is caused by the high 

magnetocrystalline anisotropy, which tends to align the magnetic moments of the particle 

in the direction of the easy axis, while the thermal movement tends to disorganize the 

system. The hysteresis curve measured above the blocking temperature shows zero 

coercivity (Figure 5.8a), what is expected for superparamagnetic state. 

The two samples of MnFe2O4, Mn1 and Mn2, have much smaller blocking temperatures 

than CoFe2O4. This can be explained by the much smaller magnetocrystalline anisotropy 

of MnFe2O4. The ZFC curves also present a broad maximum, Figure 5.12b and c. This 

indicates the higher polydispersity of the sample. The FC curve supports the results from 

SAXS, that the particles are interacting. This is evident from the temperature 

independence of the magnetisation bellow the blocking temperature (95). These 

interactions are largely long-range dipolar inetractions, caused by the high moment of the 

particles. The temperature where the ZFC and the FC curves coincide represents the 

blocking of the biggest particle (96). 

𝜇
0
𝐻

C
[𝑇
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Figure 5.12: ZFC and FC curves measured for the core samples: a), b), c) (Co2, Mn1 and 

Mn2, respectively) and of the physical mixture of Co2 and Mn1 in weight ration 1:1, d). 

The samples were measured in the field of 10 mT. 

The difference in the ZFC/FC measurements, between core and core-shell samples, is not 

as big as in the case of hysteresis loops. The main difference is that the blocking 

temperature of the core-shell samples is bigger than that of the corresponding cores, 

Figure 5.13. This is due to the bigger particle size of the core-shell samples.  

Co@Mn1 sample has the lowest blocking temperature of all the measured samples,      

230 K, Figure 5.13a. This is due to the smallest size. However, it can be predicted, that 

Co1 should have an even lower blocking temperature. This is confirmed by the 

measurements done by Anton Repko (87), where he observed the blocking temperature of 

the sample with the same particle size to be 191K (87). The blocking temperature 
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increases with the increasing particle size. Therefore, Mn@Co2 with the largest particle 

size has also the highest blocking temperature, 930 K.  

The dependence of TB on particle size can also be seen by comparing the two core-shell 

samples, Co@Mn1 and Co@Mn2, Figure 5.13a and b, respectively. Both samples are 

CoFe2O4 coated with MnFe2O4, but Co@Mn1 has smaller crystalline size than Co@Mn2. 

This is also reflected in the values of blocking temperature, where blocking temperature is 

larger for Co@Mn2 than Co@Mn1. The same is true for the two samples of Mn@Co1 

and Mn@Co2, Figure 5.13c and d, respectively, where Mn@Co2 has so big particles, that 

its blocking temperature cannot even be measured on the instrument with simple VSM 

option, Figure 5.13d. 

 

 

Figure 5.13: ZFC and FC curves measured for the core-shell samples: a) Co@Mn1, b) 

Co@Mn2, c) Mn@Co1 and d) Mn@Co2. The samples were measured in the field of     

10 mT. 
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Chapter 6 

Conclusion 
Magnetic ferrite nanoparticles with spinel structure and sizes ranging from 5.1 to 21.6 nm 

were synthesised by hydrothermal method from metal oleate precursors. With the same 

process the shell layer was successfully synthetized on the core particles. PXRD was 

carried out to prove the phase composition and to determine the particle size. All prepared 

samples contained pure spinel phase. Transmission electron microscopy was carried out 

to determine the particle size and size distribution of the nanoparticles. The sizes obtained 

from TEM are in good agreement with the XRD sizes. The size distribution of the 

particles is relatively narrow and the polydispersity is below 0.2 for all samples. The 

shape and interparticle interactions in the core samples were investigated by SAXS. The 

spherical model describes best the shape of the core particles with attractive interparticle 

interaction, which is caused by the large magnetic moment per particle. This result is 

supported by the ZFC/FC measurements as well as by the Langevin fit of the isothermal 

magnetisation curves of MnFe2O4, from which the values for the integrated particle 

moment were obtained. The values of the particle size and size distribution obtained from 

SAXS are in good agreement with TEM results. 

The magnetic properties at microscale were studied by Mössbauer spectroscopy. The 

CoFe2O4 core nanoparticles are in blocked state with high hyperfine field. The MnFe2O4 

core nanoparticles are, on the other hand, in superparamagnetic state. The introduction of 

the shell on the core changes the magnetic properties of the samples. In core-shell systems 

another sextet appears in the spectrum, due to the presence of another magnetic phase. 

From the values of the hyperfine field the two sextets can be assigned to CoFe2O4, with 

higher hyperfine field, and to MnFe2O4, with lower values of hyperfine field. Co@Mn1 

sample also presents a singlet in the spectrum, which happens because the relaxation 

times of the particles are close to the time scale of Mössbauer spectroscopy for small 

particles. The hyperfine parameters also depend on whether the material is in the sample 

as the core or as the shell. CoFe2O4 as a shell material has the hyperfine field comparable 

to the pure CoFe2O4 and the hyperfine field of the core MnFe2O4 is larger than that of the 

shell MnFe2O4, caused by the magnetic ordering of the core due to the hard ferrimagnetic 

shell. The hyperfine field of the core CoFe2O4 is reduced. The values of the isomer shift 

for all samples are in the range of typical values for Fe
3+

. 

Macroscopic magnetic properties were studied using a VSM magnetometer. MnFe2O4, as 

a soft ferrimagnetic material, has high values of saturation magnetisation but has 

negligible coercivity even at low temperatures. Sample Mn2 has the highest saturation 

magnetisation from all the samples at 5 K. The magnetic moment per particle is in the 

expected range of   10
3
-10

5
 Bohr magnetons. CoFe2O4, as a hard ferrimagnetic material, 

has smaller saturation magnetisation, but has a very high coercivity at low temperatures. 

The values of saturation magnetisation as well as the coercive field increases with the 

increasing particle size. The introduction of the hard ferrimagnetic CoFe2O4 on the soft 

ferrimagnetic MnFe2O4 core causes the broadening of the hysteresis curve, and so the 

coercive field increases, however, it causes a slight decrease in the saturation 

magnetisation. A soft ferrimagnetic MnFe2O4 shell on a hard ferrimagnetic CoFe2O4 
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causes an increase in the saturation magnetisation and decreases the coercive field. The 

hysteresis curves also confirm the existence of interparticle interactions in the sample as 

jumps in the curves. The blocking temperatures obtained from the ZFC and the Currie 

temperatures obtained from the FC curves are in good agreement with the values 

calculated by using Kneller´s and modified Bloch´s law. The blocking temperature is 

highly dependent on the particle size and increases with the increasing size. The values of 

the Bloch exponents are in good agreement with the theory and are close to 2 which is 

expected for small particles. The values of the Kneller exponent are for all samples close 

to ½ as predicted by the theory. 

Core-shell nanoparticles were successfully prepared by hydrothermal method with 

required properties, which open the way for further research and possible applications of 

these materials. SAXS, neutron diffraction measurements of the core-shell samples are 

planned to be carried out. 
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Appendix 
 

Obtained parameters of saturation magnetization Ms and coercive field 𝜇0𝐻C for each 

sample. 

 

 

Sample 𝒅𝐗𝐑𝐃 [𝐧𝐦]  𝑻 [𝐊] 𝑴𝐒 [𝐀𝐦𝟐𝐤𝐠−𝟏] 𝝁𝟎𝑯𝐂 [𝐓] 

Co2 8.70(5) 

5 69(4) 1.47(8) 

10 70(4) 1.37(8) 

50 70(4) 1.03(8) 

100 70(4) 1.66(7) 

200 69(5) 0.08(3) 

300 62(6) 
negligible 

350 29(6) 

Mn1 9.9(2) 

5 82.2(8) 

negligible 

10 82.0(8) 

50 80.7(8) 

100 77.4(8) 

300 59(1) 

350 53(1) 

Mn2 11.7(1) 

5 86.9(4) 

negligible 

10 86.8(3) 

50 85.5(2) 

100 82.7(3) 

200 74.1(1) 

300 63.2(1) 
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Co@Mn1 6.64(9) 

5 70.7(3) 0.74(7) 

10 70.8(3) 0.64(7) 

50 70.3(3) 0.33(6) 

100 68.4(4) 0.12(4) 

200 62.2(6) 0.010(8) 

300 55.0(7) negligible 

Co@Mn2 11.4(1) 

5 74.3(2) 1.22(1) 

10 74.3(2) 1.22(1) 

50 74.2(2) 0.89(2) 

100 73.0(3) 0.48(9) 

200 67.9(7) 0.08(7) 

300 59(1) 0.01(7) 

350 54(1) negligible 

Mn@Co1 11.5(2) 
5 84.2 0.24 

350 63.5 negligible 

Mn@Co2 21.6(1) 

5 85.0(2) 0.77(2) 

10 85.2(2) 0.72(2) 

50 85.1(4) 0.55(2) 

100 84.7(9) 0.38(2) 

200 81.5(2) 0.14(1) 

300 73.2(4) 0.06(2) 

Co1  

Measured by 

A. Repko 

(87) 

5.8 10 67.7 1.16 

 


