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Chapter 1 

 

Introduction 
 

 

In the last decades, the demand for new generation technology materials 

has pushed the research activity towards the development of 

nanomaterials. The nanosized materials reveal indeed excellent and unique 

optical, electrical, catalytic, medical, biological and magnetic properties, 

which arise from the finely tuned nanostructure (e.g. size, shape or by 

combining different nano-sized materials). In fact, below 100 nm several 

physical and chemical properties of the matter are strongly altered with 

respect to the bulk counterparts and novel phenomena are observed (see 

section 2.2 Magnetism in nanoscaled materials). In the last years, the 

increased capability of shaping matter at the nanoscale to create complex 

hybrid architectures has represented a major step forwards in the 

nanoscience to develop innovative and multifunctional materials. 

Combining components at the nanoscale endowed with different physical 

properties, either strongly interacting or not, can indeed largely expand 

and enhance the material functionalities, and, in some cases, enable the 

emergence of new properties. The resulting multifunctional nanomaterials 

are then promising candidates to address many of the challenges of the 

next future in a wealth of research areas, ranging from biomedicine to 

electronics (Table 1.1). In this regard, magnetic hybrid nanostructures are 

particularly promising.  
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Table 1.1 Schematic classification of main applications for nanomaterials.  

Area of interest  Application Examples 

Biological Diagnosis ((fluorescence labelling, contrast agents 

for magnetic resonance)1,2,3 

Medical therapy (drug delivery, hyperthermia)4,5,6  

Chemical Catalysis (fuel cells, photocatalytic devices and 

production of chemicals)7,8,9 

Electronic High performance delicate electronics10 

High performance digital displays11,12   

Energetic High performance batteries (longer-lasting and 

higher energy density)13 

High-efficiency fuel cells14 

High-efficiency solar cells15    

Magnetic High density storage media16 

Magnetic separation17 

Highly sensitive biosensing18 

Permanent magnets19    

Mechanical Mechanical devices with improved wear and tear 

resistance, lightness and strength, anti-corrosion 

abilities10,20 

Optical Anti-reflection coatings21 

Specific refractive index for surfaces22 

Light based sensors23 

 

Coupling at the nanoscale materials with intrinsically different magnetic 

properties, indeed, allows the observation of novel magnetic phenomena, 

the most prominent being exchange bias and exchange spring coupling. 

The former originates from the exchange interactions between differently 

ordered magnetic phases, usually an antiferromagnet (AFM) and a ferro- 

or ferrimagnetic (F(i)M) one,24 while the second is obtained by combining 

at the nanoscale a high anisotropy hard magnetic phase with a high 

magnetization soft magnetic phase (for further information see section 2.4 

and 2.5 in Chapter 2).25  
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These phenomena have been proposed in the recent past as efficient 

strategies to enhance the performances of permanent magnets (PM).26–28 

PM are key elements in modern technology as they allow storing, 

delivering and converting energy. In particular, in generators, actuators 

and motors, they are able to transform electrical energy into mechanical 

and vice versa. The possibility of maintaining large magnetic flux both in 

the absence of an applied magnetizing field and upon modification of the 

environment (demagnetizing field, temperature, etc.) is a unique feature 

which allows permanent magnet to be used in a wide variety of 

applications (figure 1.1) 
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Figure 1.1 Image of magnetic nanoparticles (NPs) and a list of applications for 

permanent magnets. 

 

Magnets, are in fact used as constituents in low-carbon renewable energy 

application (wing turbines, wave parks generators, flywheels), future 

mobility technologies (electric vehicles) and of a broad range of high-tech 

products. Being ubiquitous components, PMs represent a worldwide 

market that is expected to amount to 33.65 billion € by 2025, which is the 

consequence of an 8.3% annual increase (CAGR) predicted for the next 

five years.29 The efficiency of a material to act as a permanent magnet 

relates to its ability of store magnetostatic energy, which is commonly  

quantified by the maximum energy product (BHmax). Figure 1.2 highlights 

the main magnetic parameters, including the energy product.  
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Figure 1.2 a) Typical magnetization (M) and b) magnetic induction (B) 

dependence on the applied field (H) for a permanent magnet. The load line 

(dashed), working point, and the maximum energy product (BHmax, given by the 

area of the shaded rectangle) all depend on the magnet shape. Modified by Ref 

(30).  

 

When a permanent magnet is placed in a magnetizing field (H) the 

magnetization/induction (M/B) increase with H until the material is fully 

magnetized (saturation point, MS). When H is gradually reduced to zero, 

the magnetization of the material decreases from MS down to a value, MR, 

known as remanence, (or residual magnetic density flux, BR). If H is then 

increased in the negative direction, MR is reduced to zero at the so-called 

coercive field, -HC. The area of the largest rectangle that can be inscribed 

under the demagnetizing branch at negative fields (the second quadrant) 

in the B(H) loop, corresponds to the maximum energy product (BHmax). 

The working point corresponds to the B,H values in the operating 

conditions of a permanent magnet and depends on the external field and 

on the B(H) curve (internal field, magnet shape, etc.).30,31 

Large BHmax values are found in magnets characterized by high saturation 

magnetization and large remanence values (which is proportional to the 

magnetic field they create in the absence of any external magnetizing 
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field). Moreover, to avoid demagnetization due to internal and external 

fields, it is important to have a large coercivity and thus large magnetic 

anisotropy and high Curie temperature, TC, are required. In nature, it is 

hard to come across a material that unites these requisites, so that often 

one of them is gained at the expense of the others. Indeed, materials 

characterized by large saturation magnetization, such as the transition 

metals (TM) Fe, Co and Ni and their alloys, normally show low magnetic 

anisotropy. The largest magnetic performance is obtained for materials 

composed of rare earths (RE) and TM, like Nd2Fe14B and SmCo5, that 

have huge magnetic anisotropy, high average magnetization and large TC. 

The energy product of RE-based permanent magnets is between 200 and 

450 kJm-3. Permanent magnets made of ferrites and alnicos, the other two 

main families of magnetic materials, barely grasp 50-100 kJm-3 (figure 

1.3)32,33.  
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Figure 1.3 Plots of BHmax values of different permanent magnets developed over 

the years32. 

From these considerations, RE-based magnets are required for high 

performance applications or micro-scalable devices of high technological 

impact due to their performance-to-size ratio. However, with China 

accounting for 77% of the world RE production in 2019, the production of 

devices containing RE elements is potentially subject to price fluctuations 

which may arise from restrictive export politics. Actually, the possibility 

of sudden price oscillations come into reality in 2011 during the so-called 

“RE-crisis” when, as reported in Figure 1.4, the cost increase of RE 

exceeded 600% in few months, after some restrictions imposed to the 

exportation in RE-based raw-materials towards Japan. 
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Figure 1.4 Rare earths vs. gold and silver price increases from 2005 to 2012: 

2011 “RE-crisis” is delineated by peaks in Nd, Dy and Ce price rise.31  

 

The criticality of RE, associated not only to their supply risk and price 

volatility, but to their harmful environmental impact as well, has brought 

forward the realization that it is of great sustainable, strategic, geographic 

and socio-economic importance to reduce their use in high-tech sectors 

which drive the permanent magnet market. The trade disputes between 

China and the United States can lead to supply disruptions, in a landscape 

where already in 2018, the mining of RE did not cover the worldwide 

demand and material had to be supplied from stockpiles. Demand and 

supply problems have been forecast from 2021 onwards. The problem will 

be worsened by the projected increased use of RE in wind power 

generators and electric cars in the next 10 years. The situation pressingly 

demands innovations that lead to a substitution of RE by non-critical 

materials in these devices, as the impact of a supply disruption on the 

associated European industries may reach billions of euros and affect 

jobs.29 
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It is important to stress that a number of key technologies rely on magnets 

with moderate energy products within the range 50-200 kJm-3. This “no 

man's land” application area includes fundamental fields such as diverse 

components for transport (mainly automotive industry) and energy (with 

new generation of friendly environmental platforms such as wind turbines 

or photovoltaics, and more classical ones such as refrigeration motors). 

Nowadays this gap is filled by low performing RE magnets, but it is 

important to consider alternative magnets RE-free. It is crucial to keep in 

mind that the ultimate success of these alternatives, in terms of 

socioeconomic impact, is of course intimately related to the cost-efficiency 

and the sustainability of the associated fabrication processes. It has been 

shown for “already effective” RE-based permanent magnets that their 

performance can be significantly improved through their microstructure 

and the composition optimization34,35. Therefore, it can be argued that the 

same approach would result in similar improvements on the magnetic 

properties of transition metal-based nanostructures. The research on 

nanostructured ferrites and transitions metal alloys thus has grown 

exponentially, with the purpose to understand the correlation between 

properties and material nanostructure and achieving enhanced 

performances for permanent magnet applications19,36,33,27,26,37,38,39,40.   

 

The aim of this work is the synthesis and study of new materials to develop 

permanent magnets which do not completely replace those including rare 

earths, but, despite of a lower BHmax value than that of NdFeB, have 

however higher performances than commercial ferrites currently available 

in the market (i.e. strontium ferrites). Even if some transition metals, like 

cobalt, are critical elements, it is important to underline that since this is 
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an exploratory work, we chose materials and synthetic methods that 

privileges the fine control on the chemical and physical properties of the 

final product, at the expenses of large scale production. The present work 

is in fact focused on the study of quasi-zero-dimensional magnetic material 

and the different possible strategies (i.e. exchange coupling between two 

materials and solvent mediated thermal annealing) for improving the 

performance of spinel ferrites. In particular, novel nanosized hybrid 

permanent magnets based on the interaction of magnetic materials with 

complementary properties to achieve outstanding magnetic performances, 

are investigated. As a first step, the hybrid nanocomposite magnets are 

designed on the basis of an effective exchange-coupling through the 

interface of hard and soft magnetic constituents (exchange spring effect) 

or AFM and F(i)M phases (exchange bias effect). The exchange coupling 

effects, despite still under investigation, have been  already proposed as a 

viable strategy for increasing the performance of permanent magnets. In 

fact, the coupling of hard magnetic phase with a soft one leads to an 

increase of the saturation magnetization (MS), of the remanence (MR) and 

to a moderate decrease of the coercive field of the hard phase (exchange 

spring effect). Instead, the coupling of AFM and F(i)M phases is followed 

by an increase of the coercive field of the final coupled system (exchange 

bias effect). The effectiveness of the exchange-coupling depends on the 

intergrain exchange interaction between neighbouring grains which causes 

the spontaneous magnetization of each individual grain to deviate from its 

particular easy axis towards the direction of the polarization of the nearest 

ones. This phenomenon can be important for permanent magnet: a 

theoretical model has predicted an increase of BHmax for materials 

consisting of two coupled hard and soft phases.41  
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In the second step, we investigated the possibility of improving the 

magnetic performances of the prepared nanomaterials by post-synthesis 

processing. To this aim we explored two different synthetic approaches 

which were applied to core|shell AFM|F(i)M hybrid NPs and standard 

ferrites, respectively. The first one relies on the mild oxidation of the 

core|shell NPs  realized by solvent mediated annealing in the presence of 

air. It is expected that the mild oxidation of the NPs would transform the 

antiferromagnetic core in ferrimagnetic ordered ferrite, allowing at the 

same time the formation of a mosaic texture of small subdomains, 

separated by antiphase boundaries. These, in turn, can be still responsible 

of the occurrence of exchange bias phenomena, leading to the increase of 

the coercive field in the new formed ferrite. The second proposed approach 

is the solvent mediated annealing treatment of standard ferrites. As it is 

well known, the reduction at the nanoscale of the classical ferrites is 

followed by the increase of the intrinsic anisotropy value42. At the same 

time, the nanosized material is also affected by a high crystallographic 

microstrain value. The solvent mediated annealing treatment is proposed 

as a good approach to reduce the internal stress generated during the 

crystallographic growth, leading to the enhancement of the coercive field 

value and thus of the magnetic performance of the material.   
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This thesis is structured in the following sections: 

Chapter 2 reports a brief summary of the theory of magnetism and the 

behaviour of magnetic material, with a particular attention to hybrid 

nanostructured systems and the related interaction effects, such as 

exchange bias and exchange spring magnet. A short discussion of the 

theoretical principles of the preparation technique of 0D materials adopted 

in this work is also provided.  

Chapter 3. In this chapter is reported the synthesis and characterization of 

cobalt/cobalt ferrite (Co(0)/CoyFe3-yO4) nano-heterostructures (NHSs) with 

high crystallinity and controlled composition. Moreover, it describes the 

study of the reaction mechanism and of the role of each parameters in the 

synthetic procedure, i.e the precursor/stabilizing agent molar ratio, the 

nature of the metal precursor and the decomposition time. This 

investigation allows us to optimize the synthetic method and obtain nano-

heterostructures with the desired magnetic properties.    

Chapter 4 Here is reported the study of iron based exchange coupled 

core|shell AFM|F(i)M NPs doped with different divalent ions (Co(II) and 

Ni(II)) synthetized by thermal decomposition of bi- or trimetallic oleate 

precursor. After the morphological and chemical investigation of the 

samples, a detailed magnetic characterization is performed with the aim to 

understand how the substitution of Fe(II) with Co(II) and Ni(II) can modify 

the magnetic properties and how the different ions distribution changes the 

exchange bias effect.  

Chapter 5 In this chapter is reported the synthesis and crystallographic 

characterization of cubic spinel ferrites doped with divalent ions (cobalt 

and nickel) obtained after mild oxidation - solvent mediated process of 
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core|shell AFM|F(i)M NPs. In particular, the internal crystal lattice 

deformation and the resulting magnetic properties of the obtained 

magnetite are investigated as a function of the doping with the Co(II) and 

Ni(II). 

Chapter 6 The chemical-physical characterization of narrowly distributed 

cobalt ferrite NPs before and after solvent mediated thermal annealing, is 

reported. In particular, the crystal lattice deformation with the 

corresponding magnetic properties are investigated as a function of the 

annealing temperature and the NPs’ environment where the heating 

processes is carried out. 

Chapter 7 The final section briefly summarizes the main conclusion 

gained from the experimental work presented above and the future 

perspectives of these materials as building blocks for the realization of RE 

free permanent magnets. 

Appendix The main experimental techniques and the operative procedure 

used during this work are reported and discussed. 
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Chapter 2 

 
Magnetism in nanoparticles 

 
 
This thesis is focused on the synthesis and investigation of the magnetic 

behaviour of novel nanostructured materials. Thus, in this Chapter the 

basic concepts of the physical behaviour of magnetic materials and, 

particularly, of magnetic nanoparticles, are briefly reviewed. 

 

2.1 Magnetic materials 

Any substance in the presence of an external applied magnetic field (H) 

gives rise to a response, known as magnetic induction (B). The relationship 

between B and H depends on the material (Equation 2.1): 

𝑩 = 𝜇0(𝑯 + 𝑴) (2.1) 

In equation 2.1 μ0 is the vacuum permeability (μ0 = 4π·10-7 Hm-1) and M 

the magnetization of the material. The magnetization depends on the 

applied field and, when H is not too large, is proportional to H, the 

proportionality constant, χ, being known as magnetic susceptibility. The 

magnetic susceptibility is a property of the material and it is commonly 

used to classify different magnetic behaviours. More in detail, the 

magnetic moment of a material and, thus, its magnetic susceptibility, 

depends on the electron configuration of the individual atoms.   

All the materials can be classified in the following categories:  
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I) Diamagnetic (χ < 0). In the presence of an applied field, all 

atoms display the diamagnetic effect, i.e., a change in the 

orbital motion of the electrons producing a field opposing to 

the external one. In fact, when the magnetic field is applied, 

extra currents are generated in the atoms by electromagnetic 

induction. In accordance with the Lenz law, the current 

generates an induced magnetic moment proportional to the 

applied field and with opposite direction. Diamagnetism is such 

a weak phenomenon that only those atoms that have no net 

magnetic moment, i.e., atoms with completely filled electronic 

shells, are classified as diamagnetic. 

II) Paramagnetic (χ > 0). Paramagnetic (PM) materials have 

unpaired electrons and, thus, present a net atomic magnetic 

moment. However, atomic magnetic moments have only weak 

exchange interaction with their neighbours and the thermal 

energy causes their random alignment. In the presence of an 

applied field, the atomic moments start to align resulting in a 

macroscopic magnetization of the material, while when the 

field is turned off the material has no net magnetic moment.  

III) Ordered magnetic materials. Ferromagnetic (FM), 

ferrimagnetic (FiM) and antiferromagnetic (AFM) materials 

have unpaired electrons such as paramagnetic one. However, 

these materials present a strong exchange interaction between 

atomic moments compared to thermal energy, thus, they are 

characterized by an ordered network of magnetic moments at 

room temperature. The magnetic moment can be aligned in 

parallel or antiparallel (Figure 2.1).  
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Figure 2.1 Schematic description of magnetic moment order in magnetic 

materials1. 

 

FM materials have all atomic magnetic moments parallel one to each other 

and are characterized by the presence of a net magnetic moment even 

without an applied field. This spontaneous magnetization is maximum at 

0 K, (M0), where all the atomic moments are perfectly aligned in parallel. 

As the temperature increases, the thermal energy introduces some disorder 

in the alignment, which makes the magnetization to decrease, until a 

critical temperature, called Curie temperature (TC), is reached, where the 

thermal energy overcomes the exchange interaction and the material 

assumes a PM behaviour.  

Below TC, FM materials are characterized by magnetic irreversibility, 

which is associated with the energy required for the magnetization 

reversal. Thus, when the magnetic moments are oriented by an external 

positive magnetic field, in order to attain a demagnetized state it is 

necessary to apply a negative magnetic field (coercive field) or to increase 

the temperature above  TC.2 FM materials can be divided in two categories 

“hard” and “soft”, on the base of the strength of the applied magnetic field 

required to align the magnetic moment. Soft magnets have high magnetic 

permeability, with low coercive field (HC) and high saturation 



 

 

 
 

21 

magnetization (MS), while hard materials have low magnetic permeability 

and moderate MS, but high HC and magnetic remanence (MR).  

 

Figure 2.2 Hysteresis curve of hard (red line) and soft (blue line) magnetic 

materials. 

 

FiM and AFM materials present an antiparallel alignment of neighbouring 

atomic magnetic moments. Such materials can be schematized through the 

combination of two antiparallel coupled magnetic sub-lattices, inside of 

which magnetic moments are parallel aligned. In AFM materials the 

magnetic sub-lattices compensate each other nullifying the total 

magnetization, while in FiM systems they have different values resulting 

in a net magnetization. Therefore, FiM materials can be imaged as FM 

ones where the net magnetization corresponds to the difference between 

the values of the two sub-lattices. Consequently, also FiM materials 

exhibits spontaneous magnetization till a characteristic ordering 
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temperature (TC) is reached, above which the material becomes PM and its 

susceptibility follows the Curie-Weiss law (Equation 2.2):  

χ =
𝐶

𝑇 − 𝜃
 (2.2) 

where  is the Weiss constant and is related to the strength of the magnetic 

moment interaction (for a FM =TC). Similarly, AFM materials are 

characterized by an ordering temperature, called Néel temperature (TN), 

above which they behave like PM phases. 

 

2.2 Magnetism in nanoscaled materials 

Matter behaves differently when its size is reduced to the nanoscale. In 

general, below 100 nm, when the material size is comparable with the 

characteristic length scale of many physical phenomena (e.g. electron 

mean free path, domain wall width, diffusion length, superconducting 

coherent length, etc.), chemical and physical properties are affected by 

finite-size effects. In particular, the domain wall thickness, which falls in 

the nanometric range, is one of the characteristic lengths affecting material 

magnetic behaviour. Moreover, the large increase in the ratio between 

surface and volume, typical of the nanostructures, produces further surface 

effects. The formation of magnetic domains in bulk materials occurs in 

order to reduce the magnetostatic energy of the system. However, when 

the size of the material becomes smaller than the domain walls thickness, 

the energy gain obtained by the formation of a multi domain structure is 

lower than the energy spent for the wall formation, leading to a single 

domain system. The main consequence of being in the single domain state 

is that changes in the material magnetization can no longer occur through 
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domain wall motion, but require the rotation of all the spins, resulting in 

an enhancement in the coercivity of the system.  

In single domain nanoparticles the Stoner and Wohlfarth model3 describes 

the energy related to the magnetization reversal in terms of the material 

anisotropy. The model assumes a coherent rotation of all the spin in a 

particle and the presence of a uniaxial anisotropy (the system is 

characterized by a single easy axis of magnetization). Thus, the energy 

density of the system can be written as: 

𝐸𝐵 = 𝐾𝑉𝑠𝑖𝑛2(𝜃) + 𝐻𝑀𝑆 cos(𝜙 − 𝜃) (2.3) 

where ϴ is the angle between M and the magnetization easy axis, and ϕ 

the angle between H and the magnetization easy axis (see Figure 2.2). In 

particular, the first term (KVsin2(ϴ)) refers to the magnetic anisotropy and 

the second one (HMScos(ϕ−ϴ)) is the Zeeman energy corresponding to the 

torque energy on the particle moment exerted by the external field.  

As illustrated in Figure 2.3, when H=0 the Zeeman term is zero and there 

exist two equilibrium states for ϴ=0 and ϴ=π. The energy barrier 

separating these two states is equal to KV. This is the magnetic anisotropy 

energy of the system,4 and corresponds to the energy for the magnetization 

reversal to occur1. 
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Figure 2.3 Stoner and Wohlfarth model: definition of the axis system (left) and 

angular dependence of the energy for a zero external field (right).1 

 

In the presence of an applied field, for a fixed temperature, the Zeeman 

term can modify the particle energy. If H < 2K/MS the system energy 

maintains two minima although they are no more equivalent in energy; 

instead, if H ≥ 2K/MS only a single minimum will be present. The H value 

above which the energy of the system presents only one minimum (H0 = 

2K/MS) is called anisotropy field. 

As already reported above, the energy barrier of a single domain particle 

with uniaxial anisotropy is KV, and it becomes increasingly smaller with 

the decreasing of the volume. Eventually, for particle of few nanometers, 

the term KV becomes sufficiently small, that, even in the absence of an 

external field, the thermal energy (kBT, where kB is the Boltzman's 

constant) is sufficient to induce magnetic fluctuations and spontaneous 

reverse of the magnetization from one easy direction to the other. In these 

conditions the system behaves like a paramagnet (see section 2.1), but with 

much higher value of magnetic moment, being the sum of 102-105 spins; 

this state is called superparamagnetic state.5,4,6 The temperature at which 
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the system reaches the superparamagnetic state depends on particles 

volume and anisotropy.  

We can introduce a relaxation time (τ) for the magnetization reversal 

process: 

𝜏 =  𝜏0 exp (
𝐾𝑉

𝑘𝐵𝑇
) (2.4) 

where τ0 is a time constant characteristic of the material and usually is of 

the order of 10-9-10-12 s for non-interacting ferro/ferrimagnetic particles. 

The magnetic behaviour of single domain particles is then strongly time 

dependent, i.e. the observed magnetic state of the system depends on the 

characteristic measuring time of the used experimental technique, τm. 

Therefore, it can be defined a temperature, called blocking temperature 

(TB), at which the relaxation time equals the measuring one (τ = τm): 

𝑇𝐵 =
𝐾𝑉

𝑘𝐵𝑙𝑛 (
𝜏𝑚

𝜏0
)
 (2.5) 

Consequently, being TB dependent on the time scale of the measurements, 

for experimental techniques with τm > τ the system reaches the 

thermodynamic equilibrium in the experimental time window and a 

superparamagnetic behaviour is observed. Conversely, when τm < τ quasi-

static properties (similar to bulk materials) are obtained, i.e. the particles 

are in the blocked regime. Thus, a nanoparticles’ assembly at a given 

temperature can be either in the superparamagnetic or blocked regimes, 

depending on the measuring technique.  

It is important to remind that the equations 2.4 and 2.5 are obtained for 

monodisperse and non-interacting single domain nanoparticles. In a 
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system with inter-particles interaction TB can be increased by the extra 

energy terms introduced by the dipolar and/or exchange interaction. 

The reduction of the particles size to the nanoscale leads to further 

modification in the material magnetic behaviour due to the increased ratio 

between surface and volume. Indeed, in few nanometres particles, the 

number of atoms on the surface is no longer negligible with respect to the 

inner atoms and surface effects become relevant. The symmetry breaking 

occurring at the surface modifies the intrinsic single-ion properties of 

surface atoms leading to enhanced anisotropy and surface spin disorder,7,4 

e.g. canted spin, frustration and spin-glass behaviour. In particular, spin 

canting arises from the crystal lattice deformation due to the different 

coordination of the surface atom which leads to a change in the exchange 

coupling magnetic constant (J) of the material. 

 

2.3 Interaction effects in nanostructures 

The magnetic field produced by blocked nanoparticles can interact with 

the magnetic moment of neighbouring nanoparticles by short-range 

exchange interaction and long-range anisotropic interaction, known as 

dipole-dipole interaction (Equation 2.6). In the limit of weak interactions, 

the dipole energy (Ed) depends on the number of nearest neighbours, the 

n1, and on ε and z which are proportional to the magnetic moment and the 

geometrical arrangement:  

𝐸𝑑 = 
𝑛1ε

2(3𝑧2 − 1)2

3𝑘𝐵𝑇
 (2.6) 
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The energy barrier KV of each particles is modified by the dipole-dipole 

interactions and in the limit of the weak interactions becomes:  

𝐸𝑎 = 𝑉(𝐾 + 𝐻𝑖𝑛𝑡𝑀) (2.7) 

where Hint represents the mean interaction field.8 Extensive experimental 

and theoretical works agree that the interaction among magnetic particles 

plays a fundamental role in the magnetic behaviour of granular 

systems9,10,11,12,13,14. Despite of this, there exist several inconsistencies 

between the theoretical models that describe different behaviour of TB as 

a function of the dipolar interactions. For example Shtrikman et al.8 

predicted the increase of the TB with strength of the dipolar interactions, 

i.e. increasing particle concentration or decreasing particle distance8,11,10, 

while, in the weak interaction limit, Dormann et al.10,11  proposed the 

opposite dependence of TB with the dipole-dipole interaction 

strength10,11,12,14.  

Dipole-dipole interactions in randomly oriented nanoparticles can also 

affect the shape of the hysteresis loop in magnetic nanoparticles, due a 

decreasing in the energy barrier of the system and thus to its 

coercivity15,16,17. Conversely, when the particles are not randomly oriented 

the coercivity can increase or decrease depending on the type of 

arrangement.18,19 

If nanoparticles are in close proximity, exchange interactions between 

surface atoms can also be operative due to the overlap of their wave 

functions, resulting in a modification of the energy barrier of the whole 

system (Equation 2.8).20 

𝐸 = 𝐾𝑉𝑠𝑖𝑛2𝜃 − 𝐽𝑒𝑓𝑓�⃗⃗� (𝑇) ∙ ⟨�⃗⃗� (𝑇)⟩    (2.8) 
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�⃗⃗� (𝑇) represents the sub-lattice magnetization vector of a particle at 

temperature T, and Jeff is an effective exchange coupling constant so that 

Jeff⟨�⃗⃗� (𝑇)⟩ describes the effective interaction mean field acting on �⃗⃗� (𝑇). 

The exchange and dipolar interactions between nanoparticles also change 

the relaxation process; indeed, equation 2.4 for the relaxation time is 

modified in:  

𝜏 =  𝜏0 exp (
𝐾𝑉

𝑘𝐵𝑇
+

𝐸𝐵𝑖

𝑘𝐵𝑇
) (2.9) 

where EBi is the interaction anisotropy expressed as: EBi = n1ε(3z2-

1)L[ε(3z2-1/kBT)] and it depends on n1, ε and z and L is the Langevin 

function, L(x) = coth(x)-1/x.  The equation 2.9 in the limit of the weak 

interactions can be thus written as: 

𝜏 =  𝜏0 exp(
𝐾𝑉

𝑘𝐵𝑇
+

𝑛1ε
2(3𝑧2 − 1)2

3𝑘𝐵
2𝑇2

) (2.10) 

For nanoparticles in close proximity (strong interaction case) the 

interactions contribute cannot be considered anymore as perturbation and 

the nanoparticles’ assembly must be considered as a collective system. For 

such a system the relaxation time is then expressed as21: 

𝜏 =  𝜏0 exp(−𝑛1)𝑒𝑥𝑝(
𝐾𝑉

𝑘𝐵𝑇
+

𝑛1ε
2(3𝑧2 − 1)2

𝑘𝐵𝑇
) (2.11) 

 

The same consideration can be done when two different materials are in 

direct contact, which if strong exchange interaction, can be considered as 

a single system. The exchange interactions between two magnetic 

materials can lead to interesting behaviour especially when materials with 
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different magnetic behaviour are coupled. In particular, the two more 

prominent exchange effects that can appear are: 

(I) Exchange-spring arising from the coupling of interface contact between 

two FM, or FiM, phases with hard and soft properties. 

(II) Exchange bias originated usually from the interface contact between 

an AFM phase and a FM, or FiM, one. However, it can occur in other type 

of bi-magnetic systems as FM-FM, FiM-FiM or spin-glass materials. 

These effects appear in hybrid nanostructure, e.g. thin films, core|shell 

nanoparticles or heterodimers, where the different magnetic phases are in 

direct contact. 

 

2.4 Exchange-spring magnets  

In the literature, studies on exchange-spring magnets are basically 

performed with the aim to enhance the permanent magnet performances, 

producing new magnets characterized by an increased area of the 

hysteresis loops. Kneller et al.22 first proposed as a new strategy to develop 

permanent magnets, the coupling through exchange interactions of a hard-

FM phase, characterized by high magnetocrystalline anisotropy (large HC), 

and a soft phase with high magnetic moment (large MS) are, producing the 

so-called exchange-spring permanent magnet. The resultant material has 

display a hysteresis loop which maintains the high HC, close to that of the 

hard phase and a large MS, close to that of the soft phase23.  

The exchange coupling results indeed in the modification of the remanence 

(R = MR/MS), coercive field and demagnetizing curve, as schematized in 

Figure 2.4. In a non-interacting ensemble of single-domain grains with 
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uniaxial magnetocrystalline anisotropy and isotropic distribution of easy 

axes, MR = 0.5MS.
3 However, if neighbouring grains of hard and soft phase 

are coupled through exchange interaction, at the interface the magnetic 

moments of the soft phase are aligned with those of the hard one, resulting 

in MR > 0.5MS. In addition, interfacial atoms of the soft phases are 

characterized by a larger coercivity, which tends to that of the hard one, 

while the hard phase shows reduced coercivity. Indeed, when the 

demagnetizing field reverses the moments in some soft grains, they tend 

to reverse the moments in the neighbouring hard ones by exchange 

coupling. As a result, the final coercive field of the system assumes an 

intermediate value between those of the two magnetic phases. Moreover, 

also the demagnetization curve will be modified, its shape depending on 

the entity of the exchange coupling between the two phases. If the whole 

soft phase is exchange-coupled with the hard one, both phases reverse their 

magnetization at the same nucleation field (HN) and the demagnetizing 

curve in the second quadrant is convex, like for a single-phase material. 

Conversely, if only a fraction of the entire soft phase is coupled, the 

magnetization reversal of the uncoupled fraction of soft phase occurs at 

significantly lower fields than the HN of the system. Hence, the 

demagnetizing curve in the second quadrant has a concave shape. Another 

characteristic of exchange-spring magnets is that in the demagnetizing 

process, the reversal of magnetic moments is reversible when the applied 

field is smaller than HN, i.e. before the hard phase starts to reverse its 

magnetization. In fact, for H < HN the moments of the soft phase can 

already have reversed their magnetization and, as the field is removed, 

they return reversibly to their original direction due to the coupling with 

the hard phase. Thus, due to the large contribution of the soft phase to the 

final M value, the reversible magnetization of the hard-soft two-phase 
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magnets is much larger than that of conventional hard magnets. Therefore, 

the magnetic behaviour recalls that of a mechanical spring, whence the 

name spring-magnet.  

 

Figure 2.4 Scheme of typical demagnetization curves M(H) in bi-magnetic 

systems. Top: exchange-spring magnet with tS ≤ tS,c (left) and tS > tS,c (right) 

Bottom: conventional single ferromagnetic phase magnet (left) and mixture of 

two independent ferromagnetic phases with largely different hardness (right).22  

 

All these modifications in the magnetic behaviour are strictly affected by 

the fraction of exchange-coupled soft phase and by its thickness (tS). In 

particular, there exists a critical thickness of the soft phase (tS,c), below 

which the system is completely exchange-coupled, corresponding roughly 

to twice the width of a domain wall in the hard phase (δH): 
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𝑡𝑆,𝑐 = 2𝛿𝐻 = 2(𝜋√
𝐴𝐻

𝐾𝐻
) (2.12) 

where AH and KH are the exchange and anisotropy constants of the hard 

phase, respectively. However, two cases are distinguished: when tS ≤ tS,c 

the system behaves as a single phase with averaged magnetic properties of 

the two phases and its nucleation field (the field at which the spins of a 

previously saturated ideal ferromagnetic particle cease to be fully 

aligned24), which controls the reversibility of the demagnetizing process, 

is given by the following equation: 

 

𝐻𝑁 =
2(𝑡𝐻𝐾𝐻 + 𝑡𝑆𝐾𝑆)

𝑡𝐻𝑀𝐻 + 𝑡𝑆𝑀𝑆

(2.13) 

where KH/S and MH/S are the anisotropy constants and the magnetization of 

the hard/soft phase, respectively. Conversely, when tS > tS,c the 

magnetization reversal of the soft phase occurs at fields well below the 

nucleation field. Indeed, the soft phase remains parallel to the hard one 

until the applied field reaches the exchange field (Hex) given by: 

 

𝐻𝑒𝑥 =
𝜋2𝐴𝑆

2𝑀𝑆𝑡𝑆
2

(2.14) 

Then, once the applied field exceeds Hex, magnetic reversal proceeds via a 

twist of the uncoupled soft phase magnetization while the coupled fraction 

remains strongly pinned at the interface as shown in Figure 2.5 The spins 

in the uncoupled soft phase exhibit continuous rotation, as in a magnetic 

domain wall, with the angle of rotation increasing with increasing the 
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distance from the interface. However, due to exchange coupling 

interaction with neighbouring spins, once the external field is removed the 

magnetization rotates back along the hard phase direction.  

The partial reversibility of the demagnetizing process occurs both in the 

totally and partially exchange-coupled systems (i.e., tS ≤ tS,c and tS > tS,c, 

respectively). However, in the latter case the phenomenon is more 

prominent and, being MS > MH, it can occur also when the net 

magnetization of the material has opposite direction to the hard phase. 

Therefore, spring-like behaviour, and thus the spring-magnet definition, is 

commonly associated to materials which present inhomogeneous 

magnetization reversal. 

 

Figure 2.5 Schematic diagram of soft magnetic phase switching in a 

unidimensional exchange-spring magnet1.   
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2.5 Exchange bias  

Exchange bias, firstly reported by Meiklejohn et al.,25 arises from 

exchange-coupling interactions between AFM and FM, or FiM, materials. 

In particular, when a coupled system is cooled through the TN of the AFM 

(with TC of the FM, or FiM, larger than TN) in the presence of an applied 

field, the exchange bias is observed26. This effect manifests as a hysteresis 

loop shift along the field axis in the opposite direction of the cooling field 

and an enhancement of the coercivity. The exchange bias has also been 

observed in other type of bi-magnetic systems, e.g. FM-FM, FiM-FiM or 

spin-glass materials, where, due to its random character, spin-glasses can 

play the role of both the AFM and FM phases.27  

The exchange-bias is a surface effect and it is appreciable only in 

nanostructured materials, as in spring-magnets. More in detail, assuming 

a nanostructured AFM-FM system with TC > TN, when a static external 

field is applied and the system is cooled down from a temperature below 

TC (TC > T > TN) to a temperature below TN (T < TN), the hysteresis loop 

shifts horizontally, i.e. moves its centre from H = 0 to HE ≠ 0. Moreover, 

the material shows an increased coercivity, i.e. a widening of the hysteresis 

loop. Both these effects, schematically shown in Figure 2.6, disappear as 

the measuring temperature approaches to the AFM Néel temperature. 
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Figure 2.6 Schematic representation of the two main effects induced by the 

AFM-FM exchange coupling, the loop shift (top) and coercivity enhancement 

(bottom).27  

 

This behaviour can be rationalized considering that exchange biased 

nanostructures exhibit a new type of induced unidirectional anisotropy 

(Kud), presenting a Kudcos(ϴ) angular dependence.  

As can be seen in Figure 2.7 the energy of a system with uniaxial 

anisotropy presents two stable positions at 0° and 180°, while the exchange 

bias induced anisotropy produces a unique minimum at 0°. The uniaxial 

contribute is the dominant one while the exchange acts as perturbative 

term of the total anisotropy and its effect is to make the two minima no 

more equivalent and the cycle loses symmetry.  
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Figure 2.7 Change from uniaxial (left) to unidirectional anisotropy (right); solid 

lines represent torque (sin(ϴ)) and dashed ones the global magnetic energy 

(sin2(ϴ)).27  

 

Even if the cause of exchange bias in nanoparticles is still not completely 

understood, usually the observed unidirectional anisotropy and the loop 

shift are explained in terms of parallel alignment of the interfacial FM and 

AFM uncompensated spins occurring during the field cooling process.26,27  

 

Figure 2.8 Schematic diagram of the spin configurations of a FM–AFM couple 

before and after the field cooling procedure.27 

 

Figure 2.8 shows a schematic spin configuration in the FM and the AFM 

layers, before and after a field cooling procedure. Above TN but below TC, 
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if a magnetic field is applied, all the spins on the FM are aligned in the 

same direction of the external field (H), and also the spins of the AFM are 

partially or totally oriented with the field, since T >TN (paramagnetic 

state). When the temperature decreases below TN the spins of the AFM 

align antiparallel to each other with the interfacial layer parallel to the FM 

and thus to H.   

This exchange coupling entails an extra energy barrier for FM spin to 

reverse leading the system to behave as show in Figure 2.9. 

 

Figure 2.9 Schematic diagram of magnetic behaviour during a hysteresis loops 

for a AFM-FM spins system with large KAFM (left) and with small KAFM (right).27  

 

After the field cooled procedure, the spins in both the FM and the AFM lie 

parallel to each other at the interface, and during the demagnetizing 

process two different situations can occur depending on the anisotropy 

constant of the two phases. If KAFM ≫ KFM, the FM starts reversing its 

magnetization and the exchange-coupling interaction with the AFM, 

whose spins remain pinned in the original direction, increases the coercive 

value at negative fields. Conversely, during the magnetization process 

from negative saturation, exchange-coupling interaction with AFM 

promotes the magnetization reversal in the direction of the cooling field 
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decreasing the coercive value at positive field. As a result, the hysteresis 

loop shifts to the left in the field axis and it is now centred in HE instead 

that on the origin. On the other hand, if KAFM ≤ KFM, the two phases reverse 

their magnetization together. Then, the energy needed to switch FM spins 

becomes larger in both branches of the hysteresis loop, since the FM must 

drag AFM spins. Therefore, the final loop shows an enhancement of both 

coercive fields. 

Assuming the FM and AFM easy axes are parallel and the magnetization 

rotates coherently, the energy per unit surface in the AFM-FM exchange 

coupled system can be expressed as: 

𝐸

𝑆
=  −𝐻𝑀𝐹𝑀𝑡𝐹𝑀 cos(𝜃 − 𝛽) + 𝐾𝐹𝑀𝑡𝐹𝑀𝑠𝑖𝑛2(𝛽) +

𝐾𝐴𝐹𝑀𝑡𝐴𝐹𝑀𝑐𝑜𝑠2(𝛼) − 𝐽𝐼𝑁𝑇 cos(𝛽 − 𝛼) (2.15)
 

where H is the applied magnetic field, MFM is the saturation magnetization 

in the FM, tFM and tAFM are the thicknesses of the FM and AFM layers, 

respectively, KFM and KAFM are the magnetic anisotropies and JINT is the 

exchange coupling constant at the interface. The angles α, β and θ are the 

angles between the spins in the AFM and the AFM easy axis, the direction 

of the spins in the FM and the FM easy axis and the direction of H and the 

FM easy axis, respectively. As can be seen from the different energy terms, 

if no coupling exists between the two phases and H is turned off, the 

overall energy of the AFM-FM system reduces to the terms due to the FM 

and the AFM magnetic anisotropies (2nd and 3rd terms). When a magnetic 

field is applied, a work has to be carried out to rotate the spins in the FM 

(1st term). Finally, the 4th term represents the AFM-FM coupling.  
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In the case the AFM has a very large anisotropy and its spins remain 

pinned along the field cooling direction and do not rotate with the field (α 

= 0), the horizontal shift obtained for the hysteresis loop is given by 

𝐻𝐸 =
𝐽𝐼𝑁𝑇

𝑀𝐹𝑀𝑡𝐹𝑀

(2.16) 

Conversely, for low values of the AFM anisotropy the rotation of both the 

FM and AFM spins is more energetically favourable, and no horizontal 

shift is induced. However, since the overall anisotropy of the system is 

changed, an increase of the coercivity is induced.25,28 

In Equation 2.16, the HE value is slightly overestimated due to the 

assumption to have homogeneous layers in the x-y plane, sharp interface, 

coherent magnetization reversal and parallel uncompensated spins of both 

phases. To overcome this issue, more complex approaches accounting for 

lateral magnetic structures of the layer, interface roughness and different 

spin configuration, have been developed.26,27,29  

Even if the Equation 2.16 describes an ideal system, it can be used for 

drawing some qualitative considerations about which strategies can be 

followed to maximize HE: since it is inversely proportional to the FM 

thickness, small tFM and strong phase coupling, favoured by epitaxial 

interface relationship, are required. Also, the dependence of HC on tFM 

follows a similar trend, increasing as tFM decreases. More complicated is 

the dependence of HE on the AFM thickness (tAFM). For thick AFM layers, 

e.g. over 20 nm, HE is independent of the thickness of the AFM layer. 

Conversely, if the AFM thickness is reduced, HE decreases abruptly and 

finally, for thin enough AFM layers (usually few nm), when KAFMtAFM < 

JINT, HE becomes zero. Therefore, it is possible to define the critical AFM 
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thickness, above which HE disappears and HC drops to the value of the 

uncoupled FM, with the following equation:27 

𝑡𝐴𝐹𝑀
𝑐𝑟𝑖𝑡. = 

𝐽𝐼𝑁𝑇

𝐾𝐴𝐹𝑀

(2.17) 

The theory of exchange bias systems assumes that TC > TN, however, it 

has been extensively proved that exchange bias also occurs in inverted 

systems where TC < TN.30,31,32,33 It was observed that the HE induced in 

these systems can persist also into the PM state of the FM (T > TC) and 

close to TN, due to the moments of the FM layer at the interface which are 

polarized by the magnetic field. Under certain conditions, these polarized 

moments couple with the AFM leading to the exchange bias properties.32,33  

 

2.6 Synthesis of magnetic nanoparticles 

The vast technological interest of magnetic nanoparticles has fuelled in the 

last decades an intense research aimed at developing magnetic system with 

controlled size, shape, composition, etc.  The many methods developed so 

far to produce magnetic nanoparticles can be grouped in two classes: those 

based on the “top-down” approach, which employs physical methods for 

the size reduction of bulk materials (i.e. milling or attrition), and those 

relying on the “bottom-up” approach (i.e. colloidal chemical synthesis, 

chemical vapor deposition, combustion), where nanostructures are grown 

starting from constituent atoms or molecules.34,35,36,37 The main advantage 

of the top-down approach is the possibility to yield a large amount of 

material, although often the synthesis of uniform-sized nanoparticles and 

their size and shape control is very difficult to be achieved. The bottom-up 
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approach allows for obtaining nanoparticles with controlled size 

distribution, despite generally only sub-gram quantities can be produced.  

The aim of this work is to synthetize hybrid complex nanostructure with 

different materials and various-shaped nanoparticles, thus, with this 

purpose a bottom-up colloidal chemical synthesis approach was used for 

nanoparticles preparation. This comprises several different techniques, 

both occurring in liquid (e.g., co-precipitation, microemulsion, thermal 

decomposition, etc.), gas (chemical vapour deposition, arc discharge, laser 

pyrolysis) or solid phases (combustion, annealing)38. Thanks to their 

versatility, control on size and size-distribution and purity of the obtained 

materials, liquid phase syntheses are the most popular strategies.39,40 In 

this work thermal decomposition in high boiling solvent technique has 

been chosen for the synthesis of the entire series of the presented materials. 

This technique was selected since it grants high control on size, size-

distribution, shape, composition and crystallinity. Moreover, since we 

need to finely tuning the chemical physical properties of the final products, 

a lot of efforts were devoted to investigating the role of each synthetic 

parameters in determining the physical characteristic of th final products. 

Therefore, in the following paragraph the principles of the thermal 

decomposition technique are briefly reported. 

 

2.7 The thermal decomposition technique 

Highly monodispersed nanoparticles with a good control on size and shape 

can be obtained by high-temperature decomposition of organometallic 

precursors as metal-acetylacetonate, metal-carbonyl, metal complex with 

fatty acids conjugate base, etc. in organic solvents. The synthesis takes 
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place in the presence of surfactants (e.g., oleic acid, oleylamine, lauric 

acid, 1,2-hexadecanediol, etc.) that act both as stabilizing agents for the 

obtained nanoparticles and as reagent for the formation of reaction 

intermediates in the synthesis process. Thermal decomposition of 

organometallic precursors where the metal is in the zero-valent oxidation 

state (e.g., metal-carbonyl) initially leads to the formation of metal 

nanoparticles that, if followed by an oxidation step, can lead to high quality 

monodispersed metal oxides.41 The decomposition of precursors with 

cationic metal centres (e.g., metal- acetylacetonate or metal-oleate) leads 

directly to metal oxides nanoparticles.40 Several synthesis parameters such 

as precursor concentration, metal-to-surfactant ratio, type of surfactant and 

solvent are decisive for controlling the composition, size and morphology 

of the obtained nanoparticles. Moreover, the reaction temperature and 

time, the heating rate as well as the aging period may also be crucial for 

the precise control of size, morphology and crystal phase.42,41 It is 

important to underline that all these synthetic parameters are mutually 

dependent, which makes the full definition of the reaction mechanism a 

hard task to eb achieved. Indeed, despite of the many studies reported in 

literature to date, the full understanding of the reaction mechanism has not 

been realized. Nevertheless, based on the nucleation and growth theory 

and on the large number of experimental data reported in the literature, 

some general consideration about the role of the main synthetic parameters 

can be provided. The synthetic process starts with the thermal 

decomposition of the metal-organic precursor which leads to the 

supersaturation condition, followed by the formation of metal nuclei 

(nucleation step) and their growth (growth step) leading to metal 

nanoparticles of different size and shape. 
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As reported in figure 2.10, a high temperature during the nucleation 

process (T1) will promote the formation of a high number of nuclei, while 

an increase in the temperature during the growth stage (T2) results in an 

enhancement of dissolution of smaller nanoparticles. Hence, the setting of 

high T1 or T2 in the heating procedure will produce smaller or larger 

nanoparticles, respectively. Thus, the final particle size is strongly affected 

by the choice of the solvent, whose boiling point determines the highest 

exploitable T2.
43 

 

 

Figure 2.10 Schematic description of the heating ramp used in the thermal 

decomposition synthesis1.  

 

A crucial role is played by the reaction time which can be varied: with long 

growth time (t2), larger nanoparticle size is obtained while the size-

distribution decreases due to the extended focusing region. On the other 

hand, a short nucleation time (t1) limits heterogeneous nucleation. Thus, in 
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order to synthetized nanoparticles with small size-distribution it is 

appropriate to set short t1 and long t2.
43  

The type of surfactant used in the synthetic process is another crucial 

parameter in the synthesis. Murray et al.45 demonstrated that the surfactant 

strongly affects both monomer reactivity and particle surface energy, 

controlling, thus, the entire crystal growth.44,45 During the synthesis, 

indeed, the surfactant is involved both in the nucleation process, forming 

an intermediate complex with the precursor, and in the growth stage, 

where it acts as stabilizing agent preventing nanoparticles agglomeration. 

Therefore, if the surfactant and precursor interaction becomes stronger, the 

intermediate reactivity will be lower and higher T1 and T2 are necessary 

for nucleation and growth processes, and vice versa. Similarly, the strength 

of the surfactants and particles surface interaction can affect the growth 

stage.45,46 Moreover, exploiting the different affinity of surfactants for 

different crystallographic faces, it is also possible to tune nanoparticle 

shape. Particularly, the effect of surfactant depends both on its polar part, 

(oxygen or nitrogen determine stronger or weaker interaction with 

precursors or particle surface), and on the hydrophobic chain, (longer 

chains increase intermediate stability and decrease surface energy of the 

particles). 
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Chapter 3 

 

Exchange coupled Co-based nano-heterostructures 
 

 

Among the various strategies investigated to date, to substitute RE 

permanent magnet inside of the modern technological devices, 

considerable interest has been directed towards exchange coupled 

hard/soft nano-heterostructures (NHSs). The M/CoxFe3-xO4 nanosystem, 

where M is Fe, Co or a Co-Fe alloy, is indeed one of the best materials to 

investigate the feasibility of this approach, as it comprises a soft metal with 

the highest saturation magnetization, MS, (CoFe2 has MS = 245 Am2kg-1),1 

and a hard ferrite (CoxFe3-xO4 has magnetic anisotropy up to 106 Jm-3  and 

magnetization of 88 Am2kg-1 for x=0.6);2–4 moreover, it offers the 

opportunity to convert one phase into the other by a simple 

oxidation/reduction process. Nevertheless, although simple in principle, 

the practical realization of high quality Co-based NHSs is a rather complex 

task. On one hand, in fact, the synthesis of stable metal cobalt or cobalt-

iron cores by microemulsion5 or thermal decomposition of Co2(CO)8
6 and 

metal acetylacetonate, is already well established.7 However, on the other, 

the following reduction/oxidation steps required to get exchange coupled 

NHSs, often lead to low crystallinity materials with not well-defined and 

partially disordered interfaces. Consequently, the resulting products are 

characterized by low saturation magnetization, small remanence and/or 

weak magnetic coupling.8–11  
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On the other hand, thermal decomposition of metal-organic precursors has 

proven to be effective for producing Fe/Fe3O4 core-shell NPs with well-

defined architectures, high quality interfaces and good magnetic 

properties.12 However, to our knowledge, the technique has been scarcely 

extended to the synthesis of Co-analogous heterostructures, Co/CoxFe3-

xO4. This is rather surprising since Co-based NHSs are extremely 

appealing for several applications, particularly when materials combining 

large hysteresis loops and high magnetization are required.2 The 

replacement of Fe(II) ions in octahedral sites with the high anisotropy Co(II) 

ones, indeed, largely increases the magnetic anisotropy of the spinel 

ferrites without compromising the MS.4 For this reason, cobalt ferrite has 

been proposed for application in electronics, biomedicine, catalysis and as 

building block for the realization of rare earth free permanent magnets.2,13–

17 

Despite of the large experimental work carried out in the last 20 years, the 

synthesis of magnetic NPs by thermal decomposition is still far from being 

fully rationalized. Indeed, a very large number of parameters concurs to 

determine the nature of the final product,18,19 making the unambiguous 

identification of their role a complex task. As a result, the synthesis by this 

technique of Co-based NHSs with pre-determined architecture and 

composition, is still challenging.  

In this chapter, as published by Muzzi et al.20, is reported an experimental 

investigation on the use of one pot thermal decomposition of mixed iron-

cobalt oleate in a high boiling organic solvent, (docosane) to prepare 

Co/spinel ferrite NHSs with high crystallinity and controlled composition. 

In particular, the influence of ligands, metal precursors and reaction time 

was carefully investigated. The study allowed us to propose a reaction 



 

 

 
 

51 

mechanism where sodium oleate plays a crucial role for the formation of 

a metal Cobalt phase. In this way, we were able to identify the key 

parameters controlling the reaction pathway, paving the way towards the 

rational design of Co-based NHSs with controlled magnetic properties. 

 

3.1 Synthesis and characterization of Co/CoFe2O4 nano-

heterostructures (NHS-1) 

Metal/ferrite NHSs were prepared by thermal decomposition of 2 : 1 

mixed iron - cobalt oleate (1-FeCo(OL)) in the high boiling solvent 

docosane (Teb = 368.7 °C) in the presence of sodium oleate (NaOL) and 

oleic acid (OA). Details of the synthesis are given in the Appendix Figure 

3.1, left panel, shows a STEM image of sample NHS-1 and the 

corresponding size distribution. The sample consists of polydisperse NPs 

coated with ca. 4 % w/w of oleate surfactant, as evaluated by CHN 

analysis, with an irregular shape and an average diameter, estimated from 

the largest dimension measured on each NP, of ca. 90 ± 12 nm.  
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Figure 3.1 a) A representative TEM image of NHS-1 NPs and the corresponding 

size distribution; b) experimental XRD pattern (red line) and reference patterns 

of:  CoFe2O4, (JCPDS PDF #22-1086);  hcp Co(0) (JCPDS PDF #89-

7373);  fcc Co(0), (JCPDS PDF #15-0806), and  Co-Fe alloy, (JCPDS 

PDF #65-4131).  
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The XRD pattern (Figure 3.1, right panel) indicates that different 

crystallographic phases occur in the nanopowder. Indeed, the peaks 

characteristic of the partially inverse spinel structure of cobalt doped 

ferrite (black reference), hexagonal and face-centered-cubic metal cobalt 

(red and blue references) can be recognized. The peak at 2θ = 45.1 degrees 

can be indexed as arising from the diffraction plane (110) of the cobalt-

iron alloy (green reference). The Rietveld analysis of the experimental 

pattern, detailed in Table 3.1, showed for the 𝑭𝒅�̅�𝒎 structure of CoyFe3-

yO4 NPs an average crystal size of 41(1) nm, with a lattice parameter a = 

0.8397(1) nm. The metal cobalt crystallized in the cubic (space group 

𝑭𝒎�̅�𝒎) and hexagonal (space group P63/mmc) structures, with average 

crystallite size of 17(1) nm and 5(1) nm, respectively, while the Co1-xFex 

alloy grains (cubic structure, 𝑰𝒎�̅�𝒎) have average size of 12(1) nm and a 

= 0.2847(1) nm, which is consistent with a Co:Fe ratio of ca. 1:1. The 

weight percentages of the three crystallographic structures are 77(2) % for 

the ferrite, 13(2) % for the metal Co (mostly fcc with traces of hcp) and 

10(2) % for the alloy.  

Further information about the chemical composition of the magnetic 

phases was obtained by XPS measurements. Since the technique is surface 

sensitive, the NHS-1 powder was pressed on top of a pre-consolidated KBr 

pellet and then subjected to a series of ion beam etching and spectrum 

acquisition cycles (removal of ca. 5 nm thickness per cycle) until a 

constant spectrum profile was obtained. Each sputtering process was 

carried out for 30 minutes; in Figure 3.2 is reported the evolution of XPS 

spectra after each cycle, until a constant spectrum was reached. 
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Figure 3.2 XPS spectra of the iron (730 - 703 eV) and cobalt (805 – 776 eV) 

regions as a function of the sputtering time. The inset shows the Co 2p3/2 peak 

and displays the reduction of the full width at half maximum (FWHM) of the 

peaks with repeating the sputtering cycles, and the increase of the component of 

metal cobalt, with the corresponding reduction of the intensity of the shoulder at 

higher binding energy, related to the oxidized species. 

 

Once this condition is reached, the collected signal becomes representative 

of the whole sample, independently of the element distance from the NP 

surface. Figure 3.3 reports the XPS spectra in the Co and Fe threshold 

energy regions. The deconvolution of the Co 2p3/2 peak (Figure 3.3, left 

panel) revealed the presence of three components, which can be attributed 

to Co(0) metal (red peak at 778.2 eV)21 and to Co(II) in octahedral (Oh) and 

tetrahedral (Td) sites of the non-stoichiometric CoyFe3-yO4 (blue and green 

peaks at 780 and 782.4 eV, respectively)22 and, at higher binding energy, 
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a satellite peak (light blue one at 784.7 eV). The Fe 2p3/2 peak (Figure 3.3, 

right panel) was successfully deconvoluted by five components: the lowest 

binding energy component at 706.7 eV (purple peak) was attributed to 

Fe(0),21 while the three components at 708.9 eV (green), 710.7 eV (blue) 

and 712.7 eV (red) were ascribed to octahedral Fe(II) / Fe(III) and tetrahedral 

Fe(III), respectively.21 The satellite peaks related to Fe(II) and Fe(III) were 

resolved as a single peak at 715.3 eV (light blue).23,24 
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Figure 3.3 XPS spectra of NHS-1 in the region of cobalt (a) and iron (b). 

Spectrum was recorded after four etching cycles. 
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Table 3.1 Lattice parameters (a, c), average crystallite size (D) and phase 

percentage obtained from Rietveld refinement of XRD pattern and from the 

deconvolution of Co and Fe XPS peaks of NHS-1. 

 

 

The quantitative analysis of these signals, summarized in Table 3.1, 

indicated the formation of 19(5) % of metal phase (11 % of Co(0) and 8 % 

of Fe(0)) and 81(5) % of a spinel ferrite doped with a very low content of 

cobalt, according with the results obtained by Rietveld analysis of the 

XRD pattern.  

With the aim of understanding the structure of the synthetized sample, the 

element distribution was examined through STEM-EELS technique. The 

STEM image of a single NP (Figure. 3.4, left panel) showed the presence 

of well-defined areas with higher brightness, probably corresponding to 

Co(0) and Co-Fe alloy, and regions with lower brightness, corresponding 

to the metal oxide. The STEM-EELS mapping confirmed this hypothesis, 

depicting an overlapped distribution of oxygen and iron (Figure 3.4, right 

panel) in the darker areas, while cobalt was inhomogeneously distributed, 

with a much higher percentage in the bright areas of the STEM image. 

From EELS measurements, it was harder to discriminate the presence of 
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metallic Fe(0) due to the high amount of Fe from both the spinel ferrite 

phase and the oxide shell. 

 

Figure 3.4 a) STEM image of NPs; b) EELS mapping of NHS-1 and distributions 

inside one NP of oxygen (O-K edge, red), iron (Fe-L2,3 edge, green) and cobalt 

(Co-L2,3 edge, blue). 

 

STEM images and EELS data therefore indicated that the NPs can be 

described as heterodimers comprising iron and cobalt in the metal state 
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and a Co-poor spinel ferrite. Moreover, they suggested the metal is 

covered by a very thin metal oxide layer (ca. 3 nm), whose presence 

justifies the long-time stability of the NPs. This was confirmed by an in-

depth STEM-EELS analysis of the metal Co surface (Figure 3.5). 

 

Figure 3.5 a) STEM image of a metal NP of NHS-1 and b) magnification of the 

shell region (5 nm thickness) from the red square in a). c) EELS color mapping 

of the selected region in b panel (green rectangle, ca. 3 x 6 nm); this area was 

chosen as representative of the shell at the metal surface, where the blue and green 

spots refer to cobalt and iron, respectively. d) Normalized EELS spectra related 

to the regions in the EELS color map. The peaks at 708 eV and 779 eV correspond 

to the L2,3 edge of iron and of cobalt, respectively. In the outer surface (region 1 

in c), it is possible to distinguish both iron and cobalt edges (intensity 60(6) % 

and 40(4) %, respectively). Moving towards the inner side (regions 2-6), the iron 

signal decreases till it disappears (region 6). 
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The sub-nm resolved EELS mapping performed on 5 nm thick layer of the 

NHS-1 NP surface highlighted the chemical composition of the shell. In 

the most external part of the shell (region 1), ca. 1 nm of thickness, the 

percentage of iron and cobalt was 60(6) % and 40(4) %, respectively. 

Moving deeper inside the NP, the amount of iron decreased progressively 

until it was no more detected close to the metal core (region 6). Thus, we 

can conclude that the oxide surrounding the metal is a quasi-stoichiometric 

cobalt ferrite. The other phase has a composition close to that of magnetite, 

with a very low amount (y < of 0.04) of cobalt.  

The spectrum image 3.5c (x, y, E) were fitted at each (x, y) pixel using a 

model based technique25 and Maximum Likelihood goodness of fit,26 

which is demonstrated to give the best precision and accuracy for Poisson 

noise, and permits to estimate the precision (as the variance of the 

parameters estimates) from the Cramér–Rao lower bound (CRLB), by 

knowing the noise level.27 Here it is used a simple model consisting of a 

power-law background, and three Hartree-Slater atomic models (σ1, σ2, σ3) 

for the O-K, Fe-L2,3, and Co-L2,3 ionization edges, respectively. To 

account for the detailed fine structures of the edges, we used three 

equalization functions (f1, f2, f3) of equally distributed points (10 points for 

O-K edge, and 15 points for Fe-L2,3 and Co-L2,3, respectively): 

f(x,y,E)=A(x,y)E-r(x,y) + c1(x,y)f1(E)σ1(α,β,E) + c2(x,y)f2(E)σ2(α,β,E) + 

c3(x,y)f3(E)σ3(α,β,E)                                                                            (3.1) 

Due to the small thickness of the particles it is neglected the effects of 

multiple scattering through the sample.  

In order to better understand the crystalline structure of the NHS, HRTEM 

images were acquired and their local Fast Fourier Transformation (FFT) 
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were analyzed. In Figure 3.6 I the image of a NP of NHS-1 it is shown as 

representative of the whole powder sample. Two parts with spherical and 

cubic morphology can be distinguished. The corresponding 

magnifications (a and b, respectively), together with the one related to the 

outer shell of the spherical part (c), are shown in Figure 3.6 II. The FFT 

analysis, performed on a and b, revealed the presence of the fcc-structure 

of metal cobalt (Figure 3.6 III-a’) and of the cubic spinel structure of 

CoyFe3-yO4 (Figure 3.6 III-b’). The FFT performed on the selected region 

of the outer metal shell (c’ in Figure 3.6 II-c) showed the coexistence of 

spots related to both the fcc cobalt and the spinel ferrite (Figure 3.6 III-c’), 

confirming the presence of an interface between the two phases. 

Altogether this information indicated NHS-1 comprises two components, 

a faceted spinel ferrite and a metal core, the latter being surrounded by a 

highly crystalline, thin ferrite layer.  
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Figure 3.6 (I) HRTEM image of a NHS-1 NP, where 3 regions (a, b and c) are 

selected: a and b correspond to metal and ferrite cores, respectively, while the 

region c to the shell around the metal core; (II) Enlargement of the selected 

regions; (III) FFT analysis of the three regions showing the presence of different 

crystallographic structures: the labelled spots are related to crystallographic 

planes that can be indexed as: a’) fcc  metal phase (𝐹𝑚3̅𝑚), in zone axis [011]Co-

fcc, b’) cubic spinel structure (𝐹𝑑3̅𝑚), [011]spinel and c’) metal (white) and cubic 

spinel oxide (green) phases, [01-1]spinel and [-112]Co-fcc; the presence of both 

phases confirms a sharp interface. 
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The magnetic properties of NHS-1 were first investigated by the 

measurement of the hysteresis loops at 5 K and 300 K (Figure 3.7, left 

panel). In both loops a single step magnetization reversal process was 

observed, as generally expected for strongly exchange coupled magnetic 

phases. The MS values at 300 K and 5 K, extrapolated from the high field 

data, were 114 Am2kg-1 and 116 Am2kg-1, respectively. The remanence, 

MR, increased from 43 Am2kg-1 up to 66 Am2kg-1 and the coercive field 

from 0.04 T to 0.16 T when decreasing temperature from 300 K to 5 K.  

 

Figure 3.7 Left) Hysteresis loops of NHS-1 measured at 300 K (black) and 5 K 

(red); the magnification of the low field region is shown in the inset; Right) 

temperature dependence of the magnetization recorded after ZFC and FC 

procedures, applying a constant field of 5 mT. 

 

The temperature dependence of the magnetization (Figure 3.7, right panel) 

measured after ZFC and FC procedures displayed magnetic irreversibility 

up to the largest investigated temperature (340 K). Interestingly, no traces 

of any magnetic ordering transition appear in the ZFC and FC 

magnetization curves, confirming the absence of antiferromagnetic 

species such as iron or cobalt monoxides. A kink is however observed at 
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ca. 120 K, which can be attributed to the Verwey transition.28 This 

observation confirmed the oxide phase is mainly magnetite with a very 

low percentage of Co(II) in the lattice. Indeed, as reported by Abellan et 

al.28, the Verwey transition in CoyFe3-yO4 disappears when y is larger than 

0.04.29 In our NHSs, the presence of metal phases strongly increases MS 

(30 % more at the room temperature) and the coercive field (90 % more) 

with respect to those of magnetite NPs (for example, 42 nm magnetite NPs 

exhibit MS  = 89 Am2kg-1 and μ0Hc = 0.021 T, at room temperature).30 It 

is interesting to note that when the hysteresis loop was measured at low 

temperature (5 K) after a 5 T FC procedure, no evidence of exchange bias 

occurred. Such observation allows us to exclude the presence of any 

surface spin coupling effect arising from ferro-(ferri-)/antiferro- magnetic 

interfaces or magnetically disordered shells in our NPs.   

 

Despite of the relatively large remanence value, the NPs in NHS-1 is still 

too soft to be used as building blocks for PM. In fact, the BHmax, evaluated 

after rescaling the magnetization for the volume estimated from the phase 

densities obtained from XPS and using the demagnetization factor (N// = 

0.1)31 to take into account the internal field of the pellet, was 8 kJm-3. 

Although the proposed synthesis method proved to be an efficient route to 

obtain a metal/ferrite exchange coupled nanostructure, designing a system 

with enhanced BHmax, exploitable for practical applications, requires the 

increase of the magnetic anisotropy of the spinel ferrite component. This, 

can be accomplished by increasing the amount of Co(II) ions in the Oh sites 

of the spinel lattice.  
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3.2 Synthesis and characterization of NHS-2 and NHS-3 

In order to increase the amount of cobalt in the spinel lattice, the synthesis 

above reported was repeated starting from two Co-richer mixed metal 

oleate complexes, 2-FeCo(OL) and 3-FeCo(OL), with a Fe:Co ratio of 1:1 

and 1:2, respectively. The two precursors were prepared following the 

same synthetic strategy reported in the Appendix for 1-FeCo(OL). 

In Figure 3.8 the TEM images and size distributions of the two obtained 

samples, NHS-2 (left) and NHS-3 (right), are shown. For both samples, it 

is possible to distinguish heterodimeric NPs with mean size of about 40 ± 

6 nm and 70 ± 10 nm for NHS-2 and NHS-3, respectively, and narrower 

size distribution compared to NHS-1 (± 12 nm). 
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Figure 3.8 TEM images of NHS-2 (a) and NHS-3 (b) with the corresponding 

size distributions. 

 

TEM images suggested that increasing the amount of cobalt in the 

bimetallic precursor leads to an evolution of the NPs’ shape to a more 

elongated heterodimeric architecture. XRD patterns of both samples are 

shown in Figure 3.9, and, similarly to that of NHS-1, they exhibit 

diffraction peaks corresponding to the inverse spinel structure of cobalt 

ferrite, and to metal cobalt and cobalt-iron alloy.  
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Figure 3.9 XRD patterns of NHS-2 (black line) and NHS-3 (red line) M/CoyFe3-

yO4 NPs compared with NHS-1 (blue line).  CoFe2O4, (JCPDS PDF #22-

1086);  hcp Co(0) (JCPDS PDF #89-7373);  fcc Co(0), (JCPDS PDF #15-

0806), and  Co-Fe alloy, (JCPDS PDF #65-4131). 

 

The data obtained from the Rietveld refinement of the experimental XRD 

patterns are reported in Table 3.2. It is observed that increasing the 

concentration of Co in the mixed metal precursor leads to a decrease of the 

amount of spinel ferrite with respect to the metal phases.  
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Table 3.2 Lattice parameters (a, c), average crystallite size (D) and phase 

percentage obtained from Rietveld refinement of XRD patterns and from the 

deconvolution of Co and Fe XPS peaks. 

 

 

The weight percentages (% w/w) of the oxide and metal species were also 

estimated by fitting the XPS data (Figure 3.10), obtained for both samples, 

following the procedure described for NHS-1. The results (Table 3.2) 

indicate the formation of 61 % and 56 % of Co-doped ferrite of average 

composition Co0.3Fe0.7Fe2.0O4 and Co0.4Fe0.6Fe2.0O4, for NHS-2 and NHS-

3, respectively. The remarkable agreement between XRD and XPS data 

underlines the validity of the approach used to extract quantitative 

information of the overall composition of the NPs from a surface sensitive 

technique as XPS.  
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Figure 3.10 XPS spectra of NHS-2 (a, b) and NHS-3 (c, d) in the region of cobalt 

(left) and iron (right). Spectra were recorded after four sputtering cycles. 

 

Therefore, increasing the amount of cobalt in the bimetallic precursor 

FeCo(OL), leads to a larger amount of metal species and to a Co-richer 

spinel ferrite. This, in turns, it is expected to modify the magnetic 

properties of the resulting NHSs, such as the disappearance of the Verwey 

transition in the ZFCFC measurements due to the larger amount of Co in 

the spinel lattice (Figure 3.11).  
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Figure 3.11 Temperature dependence of the magnetization recorded after ZFC 

and FC processes for NHS-1, NHS-2 and NHS-3.  

 

In Table 3.3, the magnetic parameters extracted from the hysteresis loops 

recorded at low and room temperature (Figure 3.12) are reported. The data 

obtained at room temperature showed an increase with respect to NHS-1 

both in MS (9 % for NHS-2 and 14 % for NHS-3) and in MR (23 % and 39 

%, respectively). Considering the bulk magnetization values of the Co-Fe 

alloy (MS=245 Am2kg-1),1 fcc and hcp Co, (160 Am2kg-1),32 magnetite (92 

Am2kg-1)33 and Cobalt ferrite (80 Am2kg-1)3, and the weight percentage 

obtained from XRD measurements, MS = 114, 136, and 122 Am2kg-1, are 

estimated for NHS-1, NHS-2 and NHS-3, respectively. These values are 

in good agreement with the experimental ones (Table 3.3). The difference 

observed for NHS-2 and NHS-3 (ca. 7 %) can be ascribed to variation in 

the alloy composition.  
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Figure 3.12 Hysteresis loops recorded at room temperature (a) and at 5 K (b) for 

NHS-1, NHS-2 and NHS-3 samples. 

 

The increase of coercivity of NHS-2 and NHS-3 with respect to that of 

NHS-1 is related to the magnetic anisotropy enhancement due to the larger 

amount of Co(II) in the CoyFe3-yO4 lattice and of hcp Co(0). The effective 

magnetic anisotropy of the hybrid NPs, indeed, is proportional to the HCMS 

product and increases along the series, for NHS-3 doubling the value of 

NHS-1, which is the one with the lowest Co(II) amount. The hysteresis 

loops display a single step magnetization reversal process, in the same way 

as NHS-1. This result is unexpected when theoretical predictions for 

spring magnets are considerded34. The latter suggest that in a bilayer 2D 

system, when the size of the soft component exceeds 2-3 times the 

exchange length of the hard phase, the magnetic phases are decoupled.35,36 

However, the extension of this theory to NHSs has not validated yet. 

Quesada et al.17 investigated the magnetic properties of CoFe2O4 - CoFe 

composites of NPs with core@shell morphology, where the size of both 

phases is above the exchange length and below the single domain size. The 

authors demonstrated that even a weak coupling between the soft and hard 

phases can give rise to single step loops with reduced coercivity with 

respect to that of the hard phase. Similarly, in the present systems, the size 
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of all the components are below their respective single domain critical 

values (110 nm for hcp Co, 120 nm for cobalt ferrite, 70 nm for fcc Co, 

and ca. 50 nm for Co-Fe alloy),33,37 and above the exchange coupling 

length (3 - 5 nm). Therefore, we can hypothesize that the exchange 

coupling between metal phases in the core is strong, while the coupling 

between the core and its oxide shell is weak, giving rise anyway to a 

collective reversal process. 

 

Table 3.3 Saturation magnetization, MS, remanence, MR (reduced remanence R% 

in brackets) and coercivity, μ0HC, at 5 and 300 K for NHS-1, NHS-2 and NHS-3. 

Maximum energy product, BHmax, evaluated at room temperature. The magnetic 

values are normalized to the weight of the inorganic component.  

 

 

Changing the cobalt concentration in FeCo(OL) precursors, we were thus 

able to tune the percentage of the metal phase and the hardness of the 

ferrite. Accordingly, BHmax increased from 8 (NHS-1) up to 19 (NHS-3) 

kJm-3, demonstrating the effectiveness of the proposed approach in 

increasing the energy product. It is worth to note that this BHmax value is 

almost twice larger than those previously found for other CoFe2O4/CoFe2 

nanosystems17,38 and among the highest reported for non-oriented rare-
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earth free nanostructures.2,39 Moreover, it is comparable to the energy 

product of some strontium ferrite-based commercial magnet.  

It is also important to stress that thanks to the passivation of the metal 

phase with the highly crystalline spinel oxide, which allows metal 

preservations, these heterodimeric systems are highly stable in air 

atmosphere over long time. After one year of exposure to air no variation 

of the structural and magnetic properties was indeed observed (Figures 

3.13 and Table 3.4).  

Most of the works reports that, unless properly coated, Co or CoFe NPs 

tend to slowly oxidize when exposed to the air. For example, Dobbrow et 

al.39 reported a reduction of ca. 50 % of the room temperature MS value 

when a toluene solution of oleic acid-coated Co NPs was exposed to the 

air for 164.5 hours. The stability increased after coating the NPs with 

Polycaprolactone, with a MS reduction to ca. 60 %, 195 hours later. Pileni 

et al.5 reported that TOPO-coated Co NPs were stable for at least one week 

when exposed to the air. As another example, Chaubey et al.7 observed 

that bimetallic FeCo NPs (10 and 20 nm), synthesized via reductive 

decomposition of iron and cobalt acetylacetonate in the presence of 1,2-

hexadecanediol, oleylamine and oleic acid, under a gas mixture of 93% Ar 

+ 7% H2 at 300 °C, showed a slow, capping dependent, oxidation after 

exposure to air. In particular, exposing the NPs to air for 48 h, they 

reported a 25 % decrease in MS for the 20 nm NPs (from 207 Am2kg-1 

down to 155 Am2kg-1) and a 21 % decrease for the 10 nm NPs (from 129 

Am2kg-1 down to 102 Am2kg-1), due to the formation of an oxide 

shell.5,7,17,40 
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Figure 3.13 Left) Experimental XRD patterns of NHS-3 as prepared (black line) 

and after exposure to air for one year (red line) with reference patterns of:  

CoFe2O4, (JCPDS PDF #22-1086);  hcp Co(0) (JCPDS PDF #89-7373);  

fcc Co(0), (JCPDS PDF #15-0806), and  Co-Fe alloy, (JCPDS PDF #65-

4131). Rietveld refinement of the two patterns did not show any relevant variation 

in the lattice parameters, average crystallite size and phase percentage (Table 

3.4). Right) Hysteresis loops recorded at 5 K of NHS-3 as prepared (black line) 

and after exposure to air for one year (red line). 

 

Table 3.4: Saturation magnetization, remanence and coercive field obtained from 

hysteresis loops recorded at 5 K on the as prepared NHS-3 and after exposure to 

air for one year. XRD phase percentage (w/w) obtained from Rietveld refinement 

of XRD patterns of NHS-3 as prepared and after one year.  
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3.3 The key role of NaOL in the synthetic procedure 

The chemical and structural characterizations unambiguously 

demonstrated the one step synthesis presented here produces NHSs 

comprising exchange coupled metal and spinel ferrite phases, resulting in 

a high remanence nanosystem. The system was obtained starting from a 

mixed iron cobalt precursor decomposed at high temperature in docosane, 

in the presence of oleic acid and sodium oleate. This points out an 

important difference with respect to standard synthetic approaches based 

on thermal decomposition of mixed iron cobalt oleate. From the literature, 

when an iron-cobalt oleate synthesized following a different procedure is 

decomposed in octadecene (Bp = 315 °C) in the presence of oleic acid, 

cobalt ferrite NPs were obtained. Cobalt ferrite was also obtained when 

oleyl amine and 1-2 hexadecanediol were used together with oleic acid. 

On the other hand, the decomposition of the mixed oleate in docosane with 

oleic acid usually leads to the formation of a mixed monoxide. 41–45 Here, 

we succeeded in the reduction of part of the metal precursor to the metal 

state, and we did not observe the presence of the antiferromagnetic 

monoxide. We attributed these to the high amount of NaOL used in the 

synthesis. It is indeed well documented that the NaOL plays a key role in 

the thermal decomposition reaction. For example, it has been reported that 

the presence of NaOL can induce preferential crystal growth along 

predetermined directions and allow the morphology control of iron oxide 

NPs.46–48 The latter was justified by the influence of the cation on the 

interaction between the carboxylic group and the various crystallographic 

faces of the oxide, resulting in the control of the surface energy of the NPs. 

In our case, we believe the high amount of NaOL used (the 

NaOL:FeCo(OL) ratio is 1:1) can determine, at the synthetic conditions 

adopted (temperature and reactants molar ratio), an increase of the 
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reducing strength of the reaction medium, allowing the reduction of 

transition metal cations Fe(III) and Co(II) down to the metal state.  

 

The fundamental role of NaOL as reducing agent was highlighted by 

performing four syntheses (Table 3.5) using a variable ratio between OA 

and NaOL, while keeping the precursor to surfactants ratio constant (ca. 

0.6) (see Appendix section 3.4).  

 

Table 3.5: Amount of precursor and surfactants used for the four syntheses. 

 

 

XRD patterns of the obtained samples are reported in Figure 3.14 and 

clearly show how the formation of the metal phase critically depends on 

the NaOL concentration. Indeed, as expected from the literature data, the 

synthesis with 1-FeCo(OL) and oleic acid alone, led to the formation of 

mixed iron-cobalt monoxide (red line). Interestingly, pure monoxide phase 

was also observed when the synthesis was carried out without any kind of 

surfactant, i.e. using 1-FeCo(OL) alone (Figure 3.14, black line). 

Increasing the NaOL to OA molar ratio to 1:9, it was possible to observe 
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the growth of the spinel ferrite phase (blue line) and, for larger values (1:1, 

green line), the full disappearance of the rock salt oxide with the formation 

of metal phases. The synthesis carried out with only the precursor and 

NaOL (purple line) led to the crystallization of the ferrite and metal phases. 

These results showed how the presence of NaOL is fundamental for 

obtaining the metal phase, providing, at the same time, a simple and 

effective method to control spinel ferrite to metal ratio. 

 

 

Figure 3.14 XRD patterns of samples obtained using a different NaOL:OA ratio 

in the synthetic process: 100 % OA (red line), 90 % OA and 10 % NaOL (blue 

line), 50 % OA and 50 % NaOL (green line) and 100 % NaOL (purple line). The 

black bottom pattern corresponds to the powder obtained by using 1-FeCo(OL) 

only. Reference bars are related to:  CoFe2O4, (JCPDS PDF #22-1086);  

CoO (JCPDS PDF #71-1178);  hcp Co(0) (JCPDS PDF #89-7373);  fcc 

Co(0), (JCPDS PDF #15-0806), and  Co-Fe alloy, (JCPDS PDF #65-4131). 
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It is worth of note that also the use of a mixed metal oleate precursor has 

an influence on the composition of the final product. Indeed, repeating the 

synthesis using only one monometallic precursor (Fe(OL) or Co(OL)) in 

the presence of OA and NaOL (molar ratio 1:1), the XRD pattern of the 

obtained NPs displayed the presence of a pure wüstite phase (FeO) when 

starting from Fe(OL); conversely, when pure Co(OL) was used, a mixed 

system comprising CoO and metal cobalt Co(0) was obtained (Figure 3.15). 

Therefore, we can conclude that both the presence of cobalt in the 

precursor and of NaOL in the synthetic medium are essential for obtaining 

the metal species.  

 

Figure 3.15 XRD patterns of nanopowders obtained by thermal decomposition 

of FeOL (a) and CoOL (b), using an oleic acid and sodium oleate 1:1 mixture. 

Reference bars:  FeO (JCPDS PDF #74-1884);   CoO (JCPDS PDF #71-

1178);  hcp Co(0) (JCPDS PDF #89-7373) and  fcc Co(0), (JCPDS PDF 

#15-0806). 
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3.4 Investigation of the reaction mechanism 

To better understand the formation mechanism of the metal/ferrite NHSs, 

we investigated the evolution of the crystallographic phases with the 

reaction time. To this aim, four different synthesis were carried out 

following the procedure described in the Appendix section, changing only 

the dwelling time at reflux. The XRD patterns (Figure 3.16) showed the 

formation, after 10 minutes at 370 °C, of three species: a ferrite (denoted 

as * in the figure) with lattice parameter a = 0.840 nm, cobalt-iron 

monoxide ($, Co1-xFexO) with a very low content of iron (a = 0.427(1) nm) 

and fcc Co(0) (#). The Co1-xFexO disappeared after 25 minutes of reaction, 

the only phase observed being metal fcc cobalt and a spinel ferrite. On 

increasing the time at 370 °C up to 45 minutes a decrease of the lattice 

parameter value of ferrite (a = 0.837 nm) suggested the increase of cobalt 

content in the spinel lattice, while the crystal structure of Co(0) evolved 

from cubic to hexagonal (hcp, +) and a small amount of cobalt-iron alloy 

formed (o). When the reaction time was further increased up to 300 

minutes, only reduced species appeared, according to the XRD pattern, the 

predominant one being the Co-Fe alloy, with a minor amount of hcp Co.   
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Figure 3.16 XRD pattern of nanopowders prepared by increasing the reaction 

time:  10’ (black), 25’ (blue), 45’ (red) and 300’ (green). Reference bars are 

related to:  CoFe2O4, (JCPDS PDF #22-1086);  CoO (JCPDS PDF #71-

1178);  hcp Co(0) (JCPDS PDF #89-7373);  fcc Co(0), (JCPDS PDF #15-

0806), and  Co-Fe alloy, (JCPDS PDF #65-4131). The black asterisks (*) 

indicate the peaks attributed to the cubic spinel structure, the magenta dollars ($) 

those of the monoxide phase, the blue pounds (#) of fcc Co, the red crosses (+) 

of hcp Co and the orange circles (o) of the cobalt-iron alloy. 

 

The obtained results can be explained by considering the extreme 

conditions of the reaction media in terms of temperature and redox 

strength, which allow the total transformation of the monoxide species in 

metals and spinel ferrite during the first 25 minutes. We can in fact 

hypothesize a mechanism of reaction as that reported in Scheme 1.  
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Scheme 1 Evolution of the composition of the final NHSs as a function of the 

dwelling time: the decomposition of the mixed Co-Fe precursor and the resulting 

reducing conditions lead to the simultaneous presence of metal atoms at different 

oxidation states, whose relative amount depends on the reaction time. Colored 

arrows indicate the phases found at different reaction time (green, red, blue, and 

yellow correspond to 10, 25, 45 and 300 minutes, respectively). 

 

The first two reactions that occur in the media are the release of Co(II) and 

Fe(III) by the oleate (black arrows). The decomposition of oleic acid and 

sodium oleate, in large amount and under inert atmosphere, leads to a high 

concentration of reducing species as hydrogen (H2) and carbon monoxide 

(CO), which allow the partial reduction of Fe(III) to Fe(II) and the 

combination of cobalt and iron divalent cations to form a mixed rock-salt 

monoxide (Co1-xFexO) and, with other Fe(III) ions still available in solution, 

the ferrites (Fe3O4 or CoyFe3-yO4) (red arrows). The further step is the 

reduction of Co(II) down to the metal state. This process can be activated 

by the mixed mono-oxide. It is indeed well known and largely reported in 

the literature,49–51 that cobalt monoxide plays a role as activator for the 

oxidation of CO to carbon dioxide (CO2). Accordingly to this scheme, 

after 10 minutes of reaction Co-rich Co1-xFexO, Co(II)
yFe(II)

1-yFe(III)
2O4 and 
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fcc Co(0) NPs are found in the reaction medium  TEM image of the sample 

(Figure 3.17 a) seems to confirm these results: two interacting phases can 

be identified and assigned to a platelet ferrite (green box) and to an almost 

cubic aggregate (red square), constituted by small monoxide NPs (ca 5-10 

nm), which could also contain traces of the metal phase. The predominant 

phase is the monoxide, as confirmed by magnetic measurement, which 

shows a MS of 25 Am2kg-1 at room temperature (Figure 3.17 a’), much 

lower than that expected for the metal (ca. 150 – 220 Am2kg-1) or the 

ferrites (80 – 90 Am2kg-1). After 25 minutes the reduction of the cobalt in 

the monoxide is complete and fcc Co(0) starts to transform in hcp, which is 

the most thermodynamically stable Co phase at the reaction temperature 

(green arrows). Magnetic measurement (Figure 3.17 b’), which shows an 

increase of MS up to 133 Am2kg-1, confirms these results. The TEM image 

of this latter sample (Figure 3.17 b) depicts the presence of ferrite (green 

square) and metal particles (yellow circle), only, already assembled in the 

final geometry.  

The reduction process of Fe(II) to Fe(0) is slower than the one involving the 

cobalt, and the formation of the cobalt-iron alloy was observed only after 

45 minutes (blue arrows). This is probably due to the lower reduction 

potential of Fe(II) under the experimental conditions adopted, which makes 

its reduction possible only when the initial Co(II) concentration has 

significantly reduced. The reduction process goes further on, till, after 300 

minutes most of the metal precursors has transformed in the cobalt-iron 

alloy, with minor amount of hcp Co (orange arrows). 
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Figure 3.17 Left: TEM images of the samples obtained after 10 (a) and 25 

minutes (b) of reaction time. Red, green, and yellow boxes identify monoxide, 

ferrite, and metal phases, respectively. Right: Hysteresis loops recorded at 300 K 

for powders of the sample obtained after 10 (a’) and 25 minutes (b’).  

 

Our experimental results unambiguously demonstrate that the presence of 

NaOL is essential to make the proposed reaction scheme effective. In the 

literature, it is reported that the partial substitution of OA with NaOL is an 

effective route to reduce the amount of H2O and CO2 in the reaction 

medium, released during the condensation via heterocyclic cleavage of OA 

(ketonic decarboxylation).52,53 In our synthesis, OA and NaOL are present 

in the same molar ratio; thus, we cannot exclude that the ketonic 

decarboxylation reaction partially occurred and then water was released. 
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The water in the mixture can interact with the Na(I) cation of NaOL and 

increase the amount of OL- available in the reaction medium. Moreover, 

the carboxylate group of this oleate has a stronger affinity for the surface 

of the metal monoxide48 than OA. In the thermal decomposition synthesis, 

metal ions from smaller NPs are usually re-dissolved to reprecipitate 

forming bigger particles.54–56 In our case, the large amount of OL- 

available can modify the dissolution/precipitation process of the metal ions 

from the initial Co-Fe monoxide NPs, stabilizing the re-dissolved metal 

ions as organo-metallic complexes. These complexes in solution are 

Co(OL)2 and Fe(OL)2, which partially undergo the decarboxylation 

reaction leading to the formation of H2, CO2, radical alkenes and “free” 

metal ions.53 The latter are more prone to reduction by the reducing species 

occurring in the reaction medium than metal ions enclosed in the oxide. 

The proposed mechanism supports the presence of NaOL as stabilizing 

and reducing agent, as essential for obtaining metal/ferrite NHSs by this 

one-pot thermal decomposition synthesis. Finally, we would like to note 

that the heterodimeric morphology of the final product supports the 

proposed mechanism. 
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3.5 Conclusions 

Summarizing, we reported here a one-pot thermal decomposition synthesis 

for obtaining metal/ferrite NHSs with very high saturation magnetization 

and large remanence and coercivity. The thorough investigation of the 

mechanism of the proposed synthesis approach as a function of the amount 

of stabilizing agents, of the nature of the metal precursors and of the 

decomposition time, allowed us to identify the key role played by NaOL 

at different steps of the reaction, down to the formation of the metal/ferrite 

NHSs. NaOL, indeed, does not enter the reaction pathway as stabilizing 

agent only, but it is fundamental for the reduction of the mixed metal 

precursor down to the metal state, too. Moreover, the increase of cobalt 

content in the Co-Fe oleate precursor, caused the evolution of the NPs 

shape, leading to a more elongated heterodimeric architecture, and to a 

modification of the relative amount of metal and spinel ferrite phases. 

Overall, these results suggest that the control of the relative amount of 

metal oleates (FeCoOL and NaOL) is a simple and efficient tool for tuning 

the hardness of the final NHSs. As an example, here we showed how, 

playing with these parameters, it is possible to more than double the BHmax 

at room temperature, from 8 (NHS-1) up to 19 (NHS-3) kJm-3. This value, 

which is comparable to that of some commercial Strontium ferrite based 

magnets, can be further and consistently improved by increasing the 

amount of Co(II) ions in the spinel lattice. Finally, it is worth to stress that 

unlike most of the metal/spinel ferrite NHSs prepared so far, the presence 

of a very thin, high crystalline, quasi-stoichiometric cobalt ferrite shell 

surrounding the metal, makes the NHSs highly stable in air atmosphere for 

very long time, which is crucial for further technological applications. No 
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modification of the magnetic properties of our NHSs was in fact observed 

over more than one year. 
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Chapter 4 

 

Tuning the Néel temperature of core|shell 

wüstite|magnetite nanoparticles by doping with divalent 

metal ions  
 

 

The modification of the physical properties of traditional spinel ferrites by 

coupling at the nanoscale with different magnetic materials is a promising 

strategy which has been extensively investigated in the last decade. 

Furthermore, in the last few years, a particular interest for exchange bias 

core|shell (CS) nanomaterials, such as NiZnFe2O4|CdS1 and Fe3-δO4|CoO2, 

has arisen thanks to their possible use in drug-delivery, diagnostic-

imaging, spintronics and in nano-catalytic applications.1,2,3 In CS 

nanocrystal comprising an antiferromagnetic (AFM) and a 

ferro(i)magnetic (F(i)M) ordered phases, the exchange interaction 

(exchange bias) leads to a horizontal hysteresis loop shift and a coercive 

field (HC) increase when the binary system is cooled in a magnetic field 

through the Néel temperature of the AFM component.4  

As the exchange bias field (HE) is influenced by the quality of the interface 

shared by the two phases, an epitaxial relationship between the two lattices 

is highly recommended. Within this respect, the high similarity in the 

oxygen ions packing of spinel (S) and rock-salt (RS) lattices make them 

useful building blocks to fabricate a high-quality epitaxial structure 

(Figure 4.1).  
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Figure 4.1 Schematic representation of the rock-salt (a) and spinel (b) 

crystallographic structure composed on fcc O2- framework where metal 

ions occupy octahedral (MOh) and tetrahedral cavities (MTd). 

 

These two crystal structures are found in several transition metal oxides 

and several examples of coupled nanosystems where they are the two main 

components have been reported in the literature, the inverted FeO|Fe3O4 

(AFM|FiM) core|shell nanoparticles (NPs) being the most investigated.6,7,8 

The rock-salt structure in wüstite (Fe1-xO) is characterized by octahedral 

(Oh) sites, occupied by only Fe(II). Upon oxidation wüstite transforms into 

magnetite (Fe3O4) which has the cubic spinel structure. In spinel ferrite, 

both Fe(II) and Fe(III) are present and they coordinate the oxygen with Oh 

and tetrahedral (Td) geometry, originating two sublattices. Thus, a part for 

the oxidation state of the ions occurring in each site, the two structures 

share the crystallographic directions generated by the Oh geometry, while 

the ion in the Td sites in the spinel originate new crystal plane which are 

not present in the wüstite phase.9,10  

For the synthesis of FeO|Fe3O4 core|shell NPs several methodologies have 

been investigated, and thermal decomposition has been established as one 
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of the most reproducible approaches to obtain highly crystalline NPs with 

a precise control on the size, shape and chemical composition.11  

As instance, monoxide CS NPs with divalent cations other than iron (i.e 

Mn(II),Co(II) and Ni(II)) were synthetized to change the physical properties 

of the traditional FeO nanocrystals14,15,16. One of the first attempts for 

tuning the magnetic properties of classical wüstite was the partial 

substitution of Fe(II) with Co(II) to enhance the intrinsic magnetic 

anisotropy of the nanoparticles. Indeed, Lottini et al.18 synthetized 

Co0.3Fe0.7O|Co0.6Fe2.4O4 NPs and showed how the Co-doping of iron 

monoxide NPs is a good strategy for increasing the bias field, HE, (at 5 K 

HE  increased from 0.12 T for 16 nm FeO|Fe3O4 
17 up to 0.86 T for 9 nm 

Co0.3Fe0.7O|Co0.6Fe2.4O4  core|shell NPs18) and the Néel temperature (TN) 

up to 227 K ((TN = 198 K for FeO)19. A further step to increase TN of 

CoxFe1-xO|CoyFe3-yO4 CS NPs, which has not been explored so far, can be 

the addition of Ni(II) in the lattice, to obtain a NizCoxFe1-x-zO|NiwCoyFe3-w-

yO4 CS NPs. Indeed, bulk nickel monoxide (NiO) has an ordering 

antiferromagnetic transition temperature at 525 K, so it is expected that the 

partial substitution of the cobalt or iron with the Ni(II) can lead to a TN value 

well above 227 K, the one obtained by Lottini et al.18 for a cobalt-doped 

wüstite. It is important to underline that the structural variation due to the 

introduction of Ni(II) in the monoxide lattice can also change the magnetic 

anisotropy of the whole system, and consequently, the spin interaction at 

the interface between the monoxide core and the spinel shell, leading to a 

modification of the hysteresis loops’ shape with an increase of the 

remanence value.20 Therefore, the effect of the introduction of Ni(II) ions 

in the rock salt and spinel ferrite lattices of CS exchange coupled NPs must 

be carefully evaluated.  
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In this chapter we report the synthesis by thermal decomposition of mixed 

metal oleate precursors (Ni : Co : Fe (OL) 0.4 : 0.6 : 2 molar ratio) of 

NizCoxFe1-x-zO|NiwCoyFe3-yO4 (NiFeO) nanoparticles, and their complete 

structural, morphological and magnetic characterization. In order to better 

enlighten the effect of Ni(II) on the magnetic behaviour of the exchange 

coupled CS nanosystem, a careful comparison with Fe1-xO|Fe3-yO4, (FeO) 

and CoxFe1-xO|CoyFe3-yO4 (CoFeO) nanoparticles of similar size and 

prepared by the same techniques was accomplished.   

 

4.1 Morphological, structural and chemical composition 

analysis 

Core-shell metal monoxide|ferrite NPs with variable composition were 

obtained employing a modified procedure from Lottini et al.18. The 

synthesis relies on the formation of an antiferromagnetic rock-salt NP by 

thermal decomposition of freshly prepared metal oleate precursors in the 

high boiling solvent docosane (Teb = 368.7 °C), in the presence of oleic 

acid, followed by a controlled oxidation step during the cool-down of the 

reaction mixture. Figure 4.2 shows the TEM images of the obtained 

samples, consisting of NPs with spherical morphology, mean diameter of 

ca. 20 nm, and with a narrow size distribution (± 3 nm) for the whole 

series. FeO, CoFeO and NiCoFeO NPs are coated by oleate molecules, 

which was estimated ca. 8 % w/w by CHN analysis for all the samples.  
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Figure 4.2 TEM images of FeO (a), CoFeO (b) and NiCoFeO (c) NPs with the 

corresponding size distributions (average size 20 nm for FeO and CoFeO and 19 

nm for NiCoFeO). 
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Powder X-Ray Diffraction measurements, (XRD), reported in Figure 4.3, 

confirmed, for the three samples, the formation of a rock-salt 

crystallographic phase, corresponding to the space group 𝑭𝒎�̅�𝒎 (JCPDS 

PDF #73-2144). Moreover, the peak at 2θ = 36°, corresponding to the 

(311) main peak of the cubic spinel structure (space group 𝑭𝒅�̅�𝒎, JCPDS 

PDF #19-0629 ), suggests the presence of a very thin shell of ferrite. This 

feature is better appreciated in the FeO sample, probably due to the 

formation of a thicker shell. The shell arises from the controlled oxidation 

and passivation of the monoxide particles, during the cleaning procedure, 

which was also exploited for the magnetic separation of the nanoparticles 

from the reaction media 
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Figure 4.3 Experimental XRD patterns of the three samples: FeO (black line), 

CoFeO (blue line), NiCoFeO (red line) and the reference patterns:  Fe1-xO 

(JCPDS PDF #73-2144) and  Fe3O4 (JCPDS PDF #19-0629). 
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To investigate the morphology and the crystalline structure of the NPs, 

HRTEM images were acquired and their local Fast Fourier Transform 

(FFT) was analyzed. In Figure 4.4 I, the image of a NP of FeO is shown. 

Two regions (red squares labelled as a and b) related to the core and the 

shell, respectively, can be distinguished. Their magnifications are shown 

in Figure 4.4 II. The FFT analysis, performed on a and b, reveals the 

presence of a rock-salt structure (Figure 4.4 III-a’) and of a cubic spinel 

structure (Figure 4.4 III-b’), in the core and the shell, respectively. The 

core|shell structure was also confirmed by Geometrical Phase Analysis 

(GPA) performed on the same NP: the rock-salt plane (022)RS was limited 

to the core region of the NP (Figure 4.4 IV-α), while the (400)S plane, 

related to the spinel structure, was found in the shell only (Figure 4.4 IV-

β). The same features were observed also for CoFeO (Figure 4.5) and 

NiCoFeO (Figure 4.6), indicating that all the samples comprise two 

components, a core constituted by a rock-salt metal monoxide and a spinel 

ferrite shell. Further analysis of HRTEM images, performed on an average 

of five NPs for CoFeO and NiCoFeO, showed the shell was ca. 2 nm thick 

for both samples, with a core|shell ratio of 0.8 (w/w), while for FeO the 

shell had a thickness of ca. 4 nm with 0.4 (w/w) core|shell ratio.  
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Figure 4.4 (I) HRTEM image of a FeO NP where 2 regions (red squares a and 

b) are selected: a and b correspond to Fe0.95O rock-salt core and Fe3O4 spinel 

ferrite shell, respectively. (II) Enlargement of the selected regions. (III) FFT 

analysis of the two regions showing the presence of different crystallographic 

structures; the labelled spots are related to crystallographic planes that can be 

indexed as: a’) rock-salt phase (𝑭𝒎�̅�𝒎), in zone axis [11-1]RS, and b’) cubic 

spinel structure (𝑭𝒅�̅�𝒎), [0-11]S. (IV) Geometrical Phase Analysis of the same 

NP: the yellow and red colours indicate the presence and the localization within 

the NP of a given crystallographic directions, which in this case are the (022)RS 

and (400)S related to the rock-salt (α) and the spinel (β), respectively.  
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Figure 4.5 (I) HRTEM image of a CoFeO NP where 2 regions (red squares a 

and b) are selected: a and b correspond to Co0.3Fe0.7O rock-salt core and 

Co0.8Fe2.2O spinel ferrite shell, respectively. (II) Enlargement of the selected 

regions. (III) FFT analysis of the two regions showing the presence of different 

crystallographic structures; the labelled spots are related to crystallographic 

planes that can be indexed as: a’) rock-salt phase (𝑭𝒎�̅�𝒎), in zone axis [001]RS, 

and b’) cubic spinel structure (𝑭𝒅�̅�𝒎), [001]S. (IV) Geometrical Phase Analysis 

of the same NP: the yellow and red colours indicate the presence and the 

localization within the NP of the (200)RS, (α), and (2-20)S, (β), crystallographic 

directions, which are related to the rock-salt and the spinel, respectively.  
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Figure 4.6 (I) HRTEM image of a NiCoFeO NP. The red squares a, b and c 

denote regions at the Ni0.17Co0.21Fe0.62O rock-salt core, Ni0.4Co0.3Fe2.3O4 spinel 

ferrite shell and core|shell interface, respectively. (II) Images of the selected 

regions a, b, and c at higher magnification: in c, the red square d indicates the 

area where the FFT analysis was performed; the yellow line marks the core – 

shell interface. (III) FFT analysis of the three regions showing the presence of 

different crystallographic structures; the labelled spots are related to 

crystallographic planes that can be indexed as: a’) rock-salt phase (𝑭𝒎�̅�𝒎), in 

zone axis [01-1]RS, b’) cubic spinel structure (𝑭𝒅�̅�𝒎), [01-1]S and d’) rock-salt 

(green) and cubic spinel oxide (yellow) phases, [01-1]RS and [01-1]S; the presence 

of both phases confirms a sharp interface. (IV) Geometrical Phase Analysis of 
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the same NP: the yellow and red colours indicate the presence and the localization 

within the NP of the (-1-1-1)RS ,(α), and (133)S, (β), crystallographic directions 

related to the rock-salt and the spinel, respectively.  

  

To investigate the chemical composition and quantify the stochiometric 

amount of each element in the three samples, sub-nm STEM-EELS 

measurements were performed on a single NP. Figure 4.7 shows the colour 

maps distribution of oxygen (red), iron (green), cobalt (blue) and nickel 

(magenta) for FeO, CoFeO and NiCoFeO. Qualitatively, these data 

demonstrated the metal ions were homogeneously distributed in the whole 

NP, in all the samples.  

 

Figure 4.7 STEM-EELS mapping and distributions of oxygen (O-K edge, red), 

iron (Fe-L2,3 edge, green), cobalt (Co-L2,3 edge, blue) and nickel (Ni-L2,3 edge, 

magenta) inside one NP of FeO (black rectangle), CoFeO (blue rectangle), and 

NiCoFeO (red rectangle). The colour intensity is proportional to the relative 

concentration of the corresponding ion. 
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A quantitative analysis of the relative amount of the different ions was 

performed by extracting EELS spectra from the STEM-EELS map. Figure 

4.10 reports the EELS spectra of the core and the shell of one NP of 

NiCoFeO, in the regions related to iron, cobalt and nickel. The peaks at 

708 eV, 779 eV and 855 eV correspond to the L2,3 edge of iron, cobalt and 

nickel, respectively. The peaks’ intensity of Co(II) and Ni(II) increases with 

respect to the Fe-L2 signal moving from the shell to the core region, 

underlining a variation in the stoichiometry ratio. From these data a 

Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 was estimated for NiCoFeO. 

Fe0.95O|Fe3O4 and Co0.3Fe0.7O|Co0.8Fe2.2O4 compositions were similarly 

estimated for FeO and CoFeO, respectively (Figure 4.8 and 4.9). These 

results confirmed that the stoichiometries of the different metal oleates, 

imposed during the syntheses, were preserved in the core region of the 

NPs. Conversely, the dopants (Co and Ni ions) to iron ratio in the shell is 

lower than the nominal value, decreasing from 0.5 to 0.36 for CoFeO and 

from 0.61 to 0.30 for NiCoFeO. A similar decrease was observed by 

Lottini et al.18 during the synthesis of core|shell Co0.3Fe0.7O|Co0.6Fe2.4O4 

NPs. It was associated to the release of cobalt ions in the washing solvent 

occurring during the oxidation step and it was recognized as a crucial step 

towards the formation of the spinel shell18  
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Figure 4.8 STEM image of a FeO NP and EELS spectra of the core and shell 

regions. Peaks corresponding to oxygen (O-K edge) and iron (Fe-L2,3) are shown 

in the EEL spectra. 
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Figure 4.9 STEM image of a CoFeO NP and EELS spectra of the core and shell 

regions. Peaks corresponding to oxygen (O-K edge), iron (Fe-L2,3) and cobalt 

(Co-L2,3) are shown in the EEL spectra. 
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Figure 4.10 STEM image of a NiCoFeO NP and EELS spectra of the core and 

shell regions. Peaks corresponding to oxygen (O-K edge), iron (Fe-L2,3), cobalt 

(Co-L2,3 edge) and nickel (Ni-L2,3 edge) are shown in the EEL spectra. 
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Figure 4.11 Electron Diffraction patterns for a) FeO, b) CoFeO, and c) 

NiCoFeO. Reference patterns of   FeO (JCPDS PDF #73-2144) and  

Fe3O4 (JCPDS PDF #19-0629) are also shown. RS and S define peaks indexed 

to the rock-salt and the spinel structure, respectively.  

a 

b 
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The ED patterns of the three samples (Figure 4.11) show the peaks related 

to the planes characteristic of the rock-salt structure (𝑭𝒎�̅�𝒎); moreover, 

the reflexes (220)S and (511)S, distinctive of the spinel structure (𝑭𝒅�̅�𝒎) 

could be also recognized in all the patterns. The intensity ratio of the 

monoxide reflexes ((111)RS, (200)RS and (220)RS) does not properly match 

those of metal monoxide due to the contribution of the spinel structures 

planes that are partially overlapped with the rock-salt ones.  

For a quantitative evaluation of the crystal size and lattice parameter a, the 

full ED patterns were fitted by using a nonlinear least-square fit of Voigt 

peaks, after background subtraction by a spline curve fit21 (Table 4.1). For 

FeO, the crystal size of the 𝑭𝒎�̅�𝒎 phase was 10 nm, while the 

surrounding ferrite (𝑭𝒅�̅�𝒎) was 3 nm thick. For the doped samples, the 

rock-salt phase size was 18 nm for CoFeO and 16 nm for NiCoFeO, while 

the surrounding spinel phase was 2 and 3 nm, respectively. The sizes 

obtained by the full XRD patterns fit (Table 4.1), performed using the 

Pawley method22, refining the lattice parameter and the crystal size of both 

monoxide and spinel phases, were comparable with ED fitting results, 

within error associated to the experiments and to the fitting procedure.  

Table 4.1 Lattice parameter (a) of the RS phase (core) and average crystal size 

of the core and shell obtained by ED and XRD measurements for FeO, CoFeO 

and NiCoFeO (In round bracket the errors of the fitting process are reported). 

Average size of the core and the shell evaluated by HRTEM. 

 

 

Samples 

ED XRD  HRTEM 

Lattice 

parameter 

(a) nm 

Core 

size 

(nm) 

Shell 

Size 

(nm) 

Lattice 

parameter 

(a) nm 

Core 

size 

(nm) 

Shell 

Size 

(nm) 

Core 

Size 

(nm) 

Shell 

Size 

(nm) 

FeO 0.4282(1) 10(2) 3(1) 0.4248(2) 12(2) 2(2) 10±3 4±1 

CoFeO 0.4288(1) 18(2) 2(1) 0.4274(2) 14(2) 2(1) 16±3 2±1 

NiCoFeO 0.4270(1) 16(2) 3(1) 0.4269(2) 16(2) 3(1) 14±3 2±1 
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The substitution of Fe(II) ions with Co(II) and/or Ni(II) in the octahedral 

cavities defined by the cubic close packed oxide ions in the rock salt 

structure, is expected to decrease the unit cell parameter a from 0.4303 nm 

for FeO23 to 0.4291 for Co0.3Fe0.7O and 0.4270 nm for Ni0.17Co0.21Fe0.62O 

(these values were calculated using the Vegard’s law24 and the bulk CoO 

and NiO lattice parameters, i.e. 0.4262 and 0.4170 nm, respectively)25,26. 

The experimental lattice parameters for CoFeO and NiCoFeO nicely 

match the expected ones, while for FeO a smaller unit cell was observed.  

 

 

Figure 4.12 HRTEM images of samples a) FeO, b) CoFeO and c) NiCoFeO 

with the corresponding images of strain mapping (a’, b’ and c’) calculated for the 

plane (200)RS. The NP is localized in the green circle; the strain increases passing 

from red-green region to the yellow-blue one.  

 

The strain related to the replacement of Fe(II) in the octahedral sites of the 

monoxide structure with smaller divalent cations, can affect the magnetic 

coupling between the cations in the core lattice. Therefore, it was 

evaluated from strain mapping, for the plane (200)RS. This measurement 
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allowed us to estimate how much this crystallographic plane was tilted by 

the reference position along the x and y axes. In Figure 4.12 the strain maps 

calculated for the three samples are reported. The red-green regions are 

related to the zero-strain value, while the yellow or blue-black areas 

correspond to the regions where the planes are tilted (up to 0.3°). The strain 

mapping confirmed that the doping with Co(II) and Ni(II) of the iron 

monoxide nanocrystal determined an increase of the lattice strain with 

respect to the FeO NP.   

All the data reported so far confirmed the three samples have a core|shell 

architecture comprising an antiferromagnetic rock salt core surrounded by 

a ferrite shell with different stoichiometry. FeO has a thicker ferrite than 

the other two samples. This result is ascribed to the oxidation process, 

which more easily propagated from the surface to the inner part of the NP 

when only iron is present. Indeed, in this latter case electronic exchange 

between Fe(II) and Fe(III) can occur, which conversely is much less likely 

when Co(II) or Ni(II) ions are involved. Thus, a smaller shell was obtained 

when CoFeO and NiCoFeO were exposed to the ambient conditions, 

while FeO NPs have a lower stability and are more prone to 

oxidation10,27,28. This thicker shell determined an increased pressure on the 

smaller FeO core which underwent to a contraction of the lattice unit cell. 

On the other hand, the insertion of Co(II) and Ni(II) in the lattice, strongly 

increased the strain of the monoxide lattice, and the presence of this high 

strain also led to a broadening of ED and XRD peaks. It is also important 

to stress that the cobalt and nickel doping of classical core|shell 

wustite|magnetite was able to increase the stability of the NPs to the 

oxidation process in ambient conditions, avoiding the totally structural 

conversion during the time of exposition. 
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4.2 Magnetic properties of exchanged coupled CS nanoparticles 

The substitution of Fe(II) in Fe1-xO or Fe3O4 with other divalent cations 

(Mn(II), Co(II) or Ni(II)) is a well know strategy to tune the magnetic 

properties of iron oxides.18,29,30 For example, Fantechi et al.31 reported how 

the Co(II) doping of maghemite is able to enhance the saturation 

magnetization and the magnetic anisotropy. In this work, we exploited this 

approach for increasing the anisotropy and ordering temperature of 

exchanged biased CS nanoparticles by doping with Co(II) and Ni(II) ions, 

respectively. The temperature dependence of the magnetization of FeO, 

CoFeO and NiCoFeO (Figure 4.13a) was measured after Zero Field 

Cooling (ZFC) and Field Cooling (FC) procedures, applying a constant 

probe field of 5 mT. For FeO (black dots) two magnetic transitions were 

observed at 120 and 180 K. The first one can be attributed to the Verwey 

transition,32 due to presence of the magnetite shell, while the second one 

corresponds to the Néel transition of the AFM core (198 K for bulk 

system)19. In the CoFeO curves, the sharp increase of the magnetization 

corresponding to TN was observed at ca. 220-230 K; this value is 

intermediate between the TN of bulk FeO (198 K) and CoO (291 K) and 

matches very well with that estimated considering the 0.3:0.7 

stoichiometric ratio between the two monoxides (226 K), confirming the 

formation of a mixed metal monoxide. Indeed, as reported in the literature, 

there exists a linear dependence of the Néel temperature with the cobalt 

amount in CoxFe1-xO, being FeO and CoO isostructural antiferromagnetic 

oxides.33,34 In this case, the Verwey transition was not observed, due to the 

presence of cobalt in the ferrite lattice35,36. For NiCoFeO, a monotonous 

increase of the magnetization with temperature was observed, but no 

antiferromagnetic ordering transition was recognized up to the highest 

temperature investigated (360 K).  
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Figure 4.13 Temperature dependence of the magnetization recorded after ZFC 

and FC procedures, applying a static field of 5 mT (a) and 5 T (b). Black, blue, 

and red dots denote magnetization of FeO, CoFeO and NiCoFeO, respectively. 

c) Temperature dependence of the magnetization of NiCoFeO recorded after 

ZFC procedure, applying different constant field (from 0.005 T to 5 T). The green 

and magenta lines are the reference Néel temperature for CoFeO (226 K) and 

NiCoFeO (273 K), calculated considering the experimental stoichiometries and 

the bulk FeO (198 K), CoO (291 K) and NiO (525 K) TN. 

 

In Figure 4.13b are reported the ZFC and FC magnetizations recorded by 

applying a 5 T magnetic field. In all the curves a shoulder at ca. 50-60 K 

was observed, which was attributed to spin-glass-like freezing arising from 

the partially disordered ferrite shell around the monoxide. Indeed, a similar 

effect has been previously reported for Fe3O4 and γ-Fe2O3 nanocrystals 

due to the freezing of disordered surface spins.37,38,39,40 While for FeO and 

CoFeO the transitions observed in the low field ZFC-FC curves were still 

found at the same temperature, for NiCoFeO, a transition appeared at 260 

K. This value is close to that estimated by linear combination of the bulk 

TN of FeO, CoO and NiO weighted for the experimental stoichiometry 
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(273 K). The difficulty to recognize such a transition in the low field (5 

mT) ZFC/FC curves (figure 4.13a) is probably due to the influence of the 

blocking process, the characteristic temperature of which (TB) depends on 

the applied probe field. To verify such hypothesis, the ZFC magnetizations 

were recorded at increasing probe field in the range 0.005 - 5 T (Figure 

4.13c). The curves clearly display the presence of a magnetic transition at 

260 K, corresponding to the antiferromagnetic ordering of the RS core, 

superimposed to a broad maximum related to the blocking of the 

nanoparticles’ magnetic moment. The latter peak appeared at ca. 305 K, 

when µ0H is 10 mT, and then it shifted to low temperature with increasing 

the probe field, down to 30 K at 5 T, as indeed expected for a thermally 

activated demagnetization process.  

In the hysteresis loops of the 3 samples recorded at 300 K and 5 K (Figures 

4.14a and 4.14b) a single step magnetization reversal process was 

observed, which indicated a strong exchange coupling between the 

monoxide and the ferrite phases. The main magnetic parameters extracted 

from the loops are reported in Table 4.2. The substitution of Fe(II) with 

Co(II) and Ni(II) and, most importantly, the thinner ferrimagnetic shell 

observed for CoFeO and NiCoFeO nanocrystals caused a marked 

decrease of M5T of the doped samples, both at low and room temperature. 

A different behaviour was observed for the room temperature coercive 

field and the relative remanence, which were negligible for FeO and 

increased with the amount of Co(II) doping. Surprisingly, at 5 K, the 

coercive field of CoFeO is lower than that of FeO and NiCoFeO. This is 

due to the higher relative contribution of the AFM component, evidenced 

by the linear behaviour of the curve for a wide range of fields. The 

dominant role of AFM component in the core-shell CoFeO NPs can be 

ascribed to the large magnetic disorder in the shell, due to the large amount 
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of Co(II) that prevented the formation of well-defined spinel structure after 

the controlled mild oxidation step. Such disorder makes the relative 

contribution of the FiM component less important in CoFeO than in the 

other two samples. To analyse more in details the magnetic features of the 

FiM phase for the three samples, the AFM contribution, extrapolated by a 

linear fit of the 5 K loops at high magnetic field (M = χAFM H), was 

subtracted. The obtained curves are thus representative of the FiM shell 

and are reported in Figure 4.15. The highest value of the coercivity of the 

shell, µ0Hc
FiM, was observed for CoFeO, in agreement with the higher 

amount of Co(II) in the shell lattice, which increases the total magnetic 

anisotropy of the NPs. After the removal of the linear contribution, the 

squareness of the loop is also increased, the reduced remanence 

magnetization being 0.57 (Table 4.3). While the CoFeO loop maintains a 

strong AFM-like character, the NiCoFeO becomes much more 

ferrimagnetic-like, with a greater squareness and remanence value, 

suggesting that the Ni(II) induces a recovery of magnetic order in the shell 

respect to CoFeO. Concerning the magnetization at 5 T (M5T
FiM) reported 

in Table 4.3, the highest M5T
FiM value is obtained for FeO and this result 

can be ascribed to the more ordered and thicker ferrite shell on the wüstite 

core, confirming the HRTEM data analysis reported above.  
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Figure. 4.14 Hysteresis loops of FeO (black dots), CoFeO (blue dots), and 

NiCoFeO (red dots), measured at: 300 K (a), 5 K (b) and 5 K after a 5 T FC 

procedure (c). The insets show the low field regions of the loops. 

 

Table 4.2 Magnetization at 5 T, M5T; remanence, MR (reduced remanence, R%, 

in brackets); coercive field, μ0HC; exchange bias parameters, µ0HC
FC = (µ0HC

+-

µ0HC
-)/2), µ0HE = (µ0HC

++µ0HC
-)/2; vertical shift, (Mvs = (𝑀5𝑇

+ − 𝑀5𝑇
− )/2)at 5 

K, 300 K and 5 K after a FC procedure. The magnetic values are normalized to 

the weight of the inorganic component. 
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Figure 4.15 Magnetization loops of the FiM shell component for the 3 samples 

obtained after the removal of the AFM component.    

 

Table 4.3 Magnetization at 5 T, M5T; remanence, MR (reduced remanence R% in 

brackets) and coercive field, μ0HC at 5 K for FiM phase in FeO, CoFeO and 

NiCoFeO. The magnetic values are normalized to the weight of the total 

inorganic component. 

 

With the aim to quantify the exchange bias effect in these core-shell NPs 

with variable chemical composition, the hysteresis loops at 5 K were re-

Sample 

5 K 

M5T
FiM 

(Am2kg-1) 

MR (R%) 

(Am2kg-1) 

µ0HC
FiM

 

(T) 

χAFM 

(Am2kg-1) 

FeO 30 8 (27) 0.38 2.33*10-4 

CoFeO 3 1.7 (57) 0.90 1.54*10-4 

NiCoFeO 10 6 (60) 0.51 1.10*10-4 
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measured after a FC process from 360 K, applying a 5 T magnetic field 

(Figure 4.14c). The loops of CoFeO and NiCoFeO are shifted to the left 

(exchange bias effect) and upwards and are not fully reversible, since at 5 

T the magnetization does not recover the initial value after a whole field 

cycle. The absence of magnetic saturation (minor loop) induced by the 

strong AFM component in the doped samples, can lead to a vertical shift 

due to the residual magnetization after the FC procedure.41 As reported in 

the literature,42 the spin pinning at the interface, responsible of the 

exchange bias effect, can also induce a vertical shift. In our case, the 

exchange bias field for CoFeO is more than three times higher than that 

of FeO and NiCoFeO. Nevertheless, a further investigation demonstrated 

that this value is largely affected by the minor loop effect. In fact, when 

four FC loops were recorded at 5 K applying increasing maximum field of 

3 T, 5 T, 7 T and 12 T, a progressive vertical symmetrization of the loop 

was observed (figure 4.16 a) even if the irreversibility persisted up to 12 

T. Both µ0HC
FC and µ0HE (figure 4.16 b) tend to stabilize with increasing 

fields, as expected when magnetic saturation is approaching. While 

µ0HC
FC follows the increase of the FC field, corresponding to the 

maximum field of the cycle, µ0HE decreases down to 0.76 T when minor 

loop contribution is minimized. On the other hand, considering that the 

relative weight of the AFM-like contribution in NiCoFeO is lower, we can 

reasonably hypothesize that minor loop effect is less relevant.  

The results reported so far highlight that the co-doping with two different 

divalent cations (Co(II) and Ni(II)) is a good strategies for modulating the 

magnetic properties of iron oxide CS NPs. Indeed, while the cobalt doping 

leads to an enhancement of anisotropy and bias effect, the nickel ions allow 

to recover the magnetic order in the shell, exhibiting improved remanence 

and squareness with respect to CoFeO and much larger coercivity and bias 
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than FeO. Moreover, the introduction of Ni allows for increasing the Néel 

temperature up to 260 K. A further increase of the AFM transition 

temperature can be achieved changing the metal molar ratio, so decreasing 

the stoichiometric amount of Fe(III) and increasing the Co(II) and Ni(II) 

content in the metal precursor above the ratio Fe : (Co, Ni) 2 : 1. 
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Figure 4.16 Top: hysteresis loops of sample CoFeO recorded after a FC 

procedure applying a constant field of 3 (black line), 5 (orange line), 7 (green 

line) and 12 T (magenta line). Bottom: coercive field (µ0HC
FC) and exchange bias 

field (µ0HE) as a function of the applied field after the FC process.  
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4.3 Conclusions 

In the present chapter, AFM|FiM CS NPs of Fe0.95O|Fe3O4, 

Co0.3Fe0.7O|Co0.8Fe2.2O4 and Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 with a 

mean diameter of 20 nm, are presented. The samples were obtained by 

thermal decomposition of metal oleate precursors in high boiling solvent. 

The CS architecture was obtained by partial controlled oxidation of the 

core monoxide surface. The thicker ferrite shell observed for the wüstite 

compared to the doped monoxide samples, highlighted the higher stability 

towards the oxidation process in ambient condition, attained when divalent 

cation doping of the iron oxide lattice with Co(II) and Ni(II) ions is 

performed. The Co(II) and Ni(II) doping effect on the magnetic properties 

was deeply investigated: the introduction of cobalt and nickel in the iron 

monoxide lattice induced an increase of the magnetic anisotropy with an 

enhanced exchange bias value. Moreover, the addition of Ni(II) in the 

lattice led to the formation of a more ordered ferrite shell which increased 

the magnetization at 5 T and the remanence compared to CoFeO. These 

results point out that the co-doping with the two divalent ions is a good 

compromise between the increase of anisotropy and bias obtained by Co-

doping and the loose of remanence associated to the Fe(II) replacement. 

NiCoFeO indeed exhibits much larger coercivity and bias than FeO and 

improved remanence and squareness with respect to CoFeO. Moreover, 

the introduction of Ni allows for increasing the Néel temperature up to 260 

K. This value is still lower than room temperature. However, a further 

enhancement could be obtained by decreasing the amount of the iron and 

increasing the cobalt and nickel content. A preliminary indication of the 

validity of this approach has been achieved by synthesizing a nickel, cobalt 

doped iron monoxide with the stoichiometry 
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Ni0.18Co0.22Fe0.60O|Ni0.5Co0.7Fe1.8O4. The magnetization vs temperature 

curves, recorded applying a 5 mT constant field after ZFC and FC 

procedures, confirmed the shift of the TN at ca. 280 K.  
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Chapter 5 

 

Synthesis of FiM single phase NPs by mild oxidation 

process of AFM|FiM core|shell 
 

 

The mild oxidation of core|shell NPs comprising a wüstite (FexO) core and 

a magnetite (Fe3O4) shell to an iron oxide single phase has aroused 

interest1–3 thanks to the anomalous magnetic properties of the obtained 

products, such as reduced saturation magnetization and increased coercive 

field compared to the bulk.3–6 This behaviour, still poorly understood, can 

be ascribed to spin canting and/or crystallographic defects that can induce 

an exchange bias effect in the final oxidized nanocrystals. The similarity 

in the packing of the oxygen ions makes the rock-salt (FexO) and spinel 

(Fe3O4) structures useful building blocks to produce high quality epitaxial 

superlattice.7 Indeed, the wüstite structure is defined by a ccp array of 

anions stacked along the [111] direction with octahedral, (Oh) sites 

occupied by Fe(II). This structure evolves to a cubic spinel structure after 

the oxidation procedure without affecting the ccp ions. In this latter, both 

Fe(II) and Fe(III) are present and are coordinated by oxygen in Oh and 

tetrahedral (Td) geometry, originating two sublattices. Thus, apart for the 

oxidation state of the ions present in each site, the two structures share the 

crystallographic directions generated by the Oh geometry, while the metal 

ions in Td sites in the spinel originate new crystal planes, which are not 

present in the wüstite phase.7, 8 Wetterskog et al.8 investigated the 

structural and magnetic properties evolution of a biphasic core|shell 

FexO|Fe3O4 nanoparticles (NPs) to a single phase Fe3-δO4, during a 
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controlled oxidation procedure. The authors observed that, at the end of 

the oxidation process, the lattice strain at the core|shell interface was 

released as the FexO core oxidizes, but some defects in the crystal structure 

(such as antiphase boundaries)9 were  retained in the resulting single phase 

Fe3O4. The presence of these defects in the fully oxidized Fe3O4-like 

derivates of wüstite generates anomalous magnetic behaviour, such as the 

presence of an exchange bias field (HE), which is not recognized in the 

magnetite obtained by other synthetic procedures.7,8 Later, Lόpez-Ortega 

et al.9 synthetized 10 nm CoxFe1-xO|CoyFe3-yO4 core|shell NPs and studied 

their transformation in single phase CoFe2O4 by solvent mediated 

annealing method, to evaluate the influence of the Co(II) doping during the 

oxidation process and on the materials’ intrinsic anisotropy.9 In this study, 

the authors suggested that the high reduction potential (E0
Fe(III)/Fe(II) = 0.77 

V and E0
Co(III)/Co(II) = 1.82 V) of Co(II) in the iron oxide structure plays a 

crucial role in the formation of the spinel phase. Indeed, by XMCD 

measurements they demonstrated that the annealing process permits the 

oxidation of the Fe(II) to Fe(III) and a cation rearrangement from Oh to Td 

sites, whereas Co(II) ions remain unaltered in their divalent form in the Oh 

cavities.9 The presence of both the spinel subdomains and of antiphase 

boundaries defects increases the magnetization value of the obtained 

cobalt ferrite NPs and their magnetic anisotropy, doubling the energy 

product.9 These results suggest that mild oxidation of core|shell exchange 

coupled NPs can be a feasible route to improve the magnetic properties of 

the material.  

Based on these premises, we decide to extend the solvent mediated mild 

oxidation treatment to Co,Ni co-doped core|shell NPs with the aim of 

investigating the role of the nature of the divalent ions on the structure and 

room temperature magnetic behaviour of the oxidized product. In this 
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chapter, we report the study of the crystallographic structure 

transformation from the core|shell architecture of the 20 nm Fe0.95O|Fe3O4, 

Co0.3Fe0.7O|Co0.8Fe2.2O4 and Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 NPs, 

described in the previous chapter,10 to the single phase Fe3-xO4, CoyFe3-yO4 

and NizCoyFe3-y-zO4 nanocrystals, respectively, and the effect that such 

transformation has on the magnetic properties of the final products. We 

demonstrate that the different site occupancy and formation of the 

antiphase boundaries in the fully oxidized nickel-cobalt and cobalt doped 

ferrites increased the coercive field value and consequently the energy that 

can be stored in the materials. 

 

5.1 Morphological, structural and chemical composition 

analysis 

Fe3O4 (FeO-oxy), CoFe2O4
 (CoFeO-oxy) and Ni0.4Co0.6Fe2O4 

(NiCoFeO-oxy) were obtained after a mild oxidation process at 310 °C in 

octadecene under vigorous stirring and air flux for 15 minutes (see 

Appendix for details) of core|shell FeO|Fe3O4, Co0.3Fe0.7O|Co0.8Fe2.2O4 

and Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 NPs, respectively, already 

described in Chapter 4.  

TEM images of the obtained samples show monodisperse spherical 

nanoparticles of 20 + 3 nm for FeO-oxy (Figure 5.1a) and of 22 + 4 nm 

for CoFeO-oxy (Figure 5.1b) and NiCoFeO-oxy (Figure 5.1c). For the 

whole series the NPs were capped with oleate surfactant, ca. 25 % w/w as 

estimated by CHN analysis.  
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Figure 5.1. TEM images of FeO-oxy (a), CoFeO-oxy (b) and NiCoFeO-oxy (c) 

nanoparticles with the corresponding size distributions. 

 

To study the structural evolution induced by the oxidation process, STEM-

EELS sub-nanometre chemical composition and HRTEM analysis were 

performed. In Figure 5.2 (top) STEM-EELS chemical composition 

mapping for a single NP of FeO-oxy, CoFeO-oxy and NiCoFeO-oxy are 

shown with the corresponding element distribution. In these lattices, the 
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distribution of cobalt and nickel was still homogeneous after the oxidation 

process. The chemical composition analysis performed of the normalized 

EELS spectra (Figure 5.2, bottom) indicates the stoichiometric 

composition Fe2.6O4 for FeO-oxy, CoFe2O4 for CoFeO-oxy and 

Ni0.4Co0.6Fe2O4 for NiCoFeO-oxy, confirming the preservation of the 

metal molar ratios of the oleate precursors used for the synthesis of the 

core|shell NPs (Appendix). The stoichiometric composition preservation 

after oxidation, points out a first difference with literature data, where, 

when cobalt doped iron monoxides were oxidized, a depletion of cobalt 

ions was observed.9 In this study, thanks to the synthetic parameters 

chosen, the oxidation step of the cobalt doped iron monoxides is not 

followed by the depletion of the Co(II), highlighting the adopted oxidation 

conditions are more appropriate for the transformation into the spinel 

phase.  
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Figure 5.2 Top: STEM-EELS mapping of a single NP of FeO-oxy, CoFeO-oxy 

and NiCoFeO-oxy and distributions of oxygen (O-K edge, red), iron (Fe-L2,3 

edge, green), cobalt (Co-L2,3 edge, blue) and nickel (Ni-L2,3 edge, magenta). 

Bottom: EELS spectra of FeO-oxy (black line), CoFeO-oxy (blue line) and 

NiCoFeO-oxy (red line). 
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The crystal structure evolution was investigated acquiring HRTEM 

images of the NPs before and after oxidation and analysing their local Fast 

Fourier Transformation (FFT). In Figure 5.3 (top), the HRTEM image of 

one NP of FeO is shown. A core|shell morphology, i.e., a core (yellow 

circle) surrounded by a ca. 4 nm shell (green circle), can be clearly 

distinguished. The FFT analysis, performed on the two red squares a (core) 

and b (shell), revealed the presence of the rock-salt (𝐹𝑚3̅𝑚) of 

stoichiometry Fe0.95O, as evaluated by EELS, (Figure 5.3a’) and reflexes 

corresponding to a cubic spinel structure (𝐹𝑑3̅𝑚) with Fe3O4 

stoichiometry (Figure 5.3b’), respectively. After the oxidation step at 310 

°C, only one region can be distinguished by the HRTEM analysis (Figure 

5.3, bottom). Indeed, FFT analysis on the red square c (Figure 5.3c’) 

revealed the presence of reflexes related only to the cubic spinel structure 

in the whole NP. The same crystallographic investigation was performed 

on the cobalt and nickel doped iron oxides (Figures 5.4 and 5.5). Also for 

these samples, the mild oxidation of core|shell Co0.3Fe0.7O|Co0.8Fe2.2O4 

and Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 led to a single cubic spinel phase 

in CoFeO-oxy and NiCoFeO-oxy. The annealing-oxidation treatment, 

therefore, induces the complete transformation of the metal monoxide into 

the spinel phase, destroying the core|shell architecture.  
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Figure 5.3 Top: HRTEM image of FeO displaying the core|shell structure; the 

two red squares a and b, are chosen in the core (yellow circle, a) and in the shell 

(green circle, b); on the right, FFT analysis of the selected regions: the labelled 

spots are related to crystallographic planes indexed as (a’) rock-salt phase 

(𝑭𝒎�̅�𝒎), in zone axis [11-1]RS and (b’) cubic spinel structure (𝑭𝒅�̅�𝒎), [0-11]S. 

Bottom: HRTEM image of FeO-oxy; the core|shell structure disappeared; on the 

right, FFT analysis of region c revealed the presence of the cubic spinel structure 

(𝑭𝒅�̅�𝒎), in zone axis [110]S. 
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Figure 5.4 Top: HRTEM image of CoFeO evidencing the core|shell structure; 

the two red squares a and b are chosen in the core (yellow circle, a) and in the 

shell (green circle, b); on the right, FFT analysis of the selected regions: the 

labelled spots are related to crystallographic planes indexed as (a’) rock-salt 

phase (𝑭𝒎�̅�𝒎), in zone axis [001]RS and (b’) cubic spinel structure (𝑭𝒅�̅�𝒎), 

[001]S. Bottom: HRTEM image of CoFeO-oxy; the core|shell structure 

disappeared; on the right, FFT analysis of region c revealed the presence of the 

cubic spinel structure (𝑭𝒅�̅�𝒎), in zone axis [100]S. 
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Figure 5.5 Top: HRTEM image of core|shell NiCoFeO; the two red squares a 

and b are chosen in the core (yellow circle, a) and in the shell (green circle b); on 

the right, FFT analysis of the selected regions: the labelled spots are related to 

crystallographic planes indexed as (a’) rock-salt phase (𝑭𝒎�̅�𝒎), in zone axis 

[01-1]RS and (b’) cubic spinel structure (𝑭𝒅�̅�𝒎), [01-1]S. Bottom: HRTEM 

image of NiCoFeO-oxy; the core|shell structure disappeared; on the right, FFT 

analysis of the region c revealed the presence of the cubic spinel structure 

(𝑭𝒅�̅�𝒎), in zone axis [100]S. 

 

To investigate the presence of crystal defects in the spinel phase formed 

after oxidation, the Bragg filter was applied to the HRTEM images. The 



 

 

 
 

139 

(02-2)S Bragg filtering images (Figure 5.6.), obtained by the FFT of the 

FeO-oxy, CoFeO-oxy and NiCoFeO-oxy HRTEM images, show a 

continuous distribution of the spinel phase for the FeO-oxy sample, while 

images of the nickel/cobalt doped ferrites depict a defective structure with 

a considerable number of antiphase boundaries. A similar result was 

observed by Lόpez-Ortega et al.9, which reported, that during the 

oxidation of cobalt iron monoxide core|shell to oxidized NPs, the 

formation of a large number of dislocations and crystalline boundaries 

occurred, leading to a mosaic texturing of the spinel structure. This non-

homogeneous crystal structure evolution was attributed to the presence of 

the Co(II) in the lattice.  
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Figure 5.6 HRTEM images from [100]S oriented particles for FeO-oxy (a), 

CoFeO-oxy (b) and NiCoFeO-oxy (c), and their respective Bragg filtered maps 

for the (02-2)S diffraction spots. The large blue squares are enlargements of 

selected areas (red squares) to highlight dislocation defects in (02-2)S map. 
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In Figure 5.7, the XRD pattern comparisons between samples before and 

after mild oxidation are shown, and clearly depict the structural evolution 

of the NPs. For the pre-oxidized samples, the presence of the monoxide 

structure (black pattern), corresponding to the 𝐹𝑚3̅𝑚 space group, was 

observed. The reflex at 36.5 2θ degrees, related to the cubic spinel 

structure 𝐹𝑑3̅𝑚, can be distinguished only for FeO, due to the larger 

thickness of the ferrite shell surrounding the monoxide core, which, by 

contrast, it is too thin to give an appreciable signal for cobalt and nickel 

doped analogues. After the oxidation procedure, all the recognized 

reflexes in the XRD pattern of FeO-oxy can be indexed as a pure spinel 

ferrite (red pattern), and the peak profile as well as the intensity ratios are 

coherent with the reference pattern. Conversely, the oxidative treatment 

carried out on the cobalt and the nickel-cobalt doped samples led to the 

formation of peculiar systems. Despite the position of all the peaks 

matches with those of the reference pattern of a ferrite, the peak profile 

and the relative intensities present some differences with respect to the 

reference ones. The three peaks at 2θ = 37.0, 43.0 and 62.5, indexed as the 

(222)S, (400)S and (440)S reflexes of the doped spinel ferrite, respectively, 

are sharp, as indeed expected for ca. 20 nm diameter NPs. Conversely, the 

other four peaks, corresponding to (220)S, (311)S, (422)S and (511)S 

reflexes, are much broader. This feature can be explained considering that 

both the two crystallographic structures have cubic symmetry and that the 

sharper peaks of 𝑭𝒅�̅�𝒎 (ferrite) group correspond to families of planes 

that are strongly correlated to the 𝑭𝒎�̅�𝒎 (rock salt) group. In particular, 

the progressive growth of the oxidized phase occurs by the displacement 

of the rock-salt/spinel interface along (111)RS//(222)S, (200)RS//(400)S and 

(220)RS//(440)S planes maintaining an assemblage similar to the monoxide 

one and with a non-defective structure along the NP.11 Indeed, the (111)RS, 
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(200)RS and (220)RS reflexes of the monoxide structure are the same 

families of planes corresponding to the (222)S, (400)S and (440)S reflexes 

of the ferrite. Along these directions, the transformation from rock salt to 

spinel requires only a small rearrangement of the oxygen lattice, which can 

be easily achieved even at low annealing temperature, such as the one 

adopted in this work. Conversely, the rearrangement along the 

crystallographic directions not shared by the two cubic phases requires 

higher energy. The microstrain values was separately evaluated for the 

sharp peaks and the broadened ones by a Rietvield refinement of the XRD 

patterns of each sample. The microstrain values calculated for the 

broadened peaks were found three order of magnitude higher than that 

evaluated for the sharp peaks. The Fe(II) and Fe(III) octahedral positions, 

corresponding to the (400)S and the (440)S planes in the ferrite, are the 

same in the rock salt and thus do not change during the oxidation 

process..8,12 Instead, the formation of the long range ordered tetrahedral 

Fe(III) sublattice, missing in the monoxide, generates the (220)S planes in 

the ferrite, which have not a counterpart in the monoxide. In the present 

study, this peculiar behaviour was observed only for the cobalt and nickel 

doped-iron oxide nanocrystals. Therefore, it can be hypothesized that Co(II) 

and Ni(II) play a crucial role in the lattice defect formation during the 

structural evolution process, with a consequent increasing of the crystal 

lattice strain.  
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Figure 5.7 X-Ray diffraction patterns of the three samples of NPs before (black 

patterns) and after (red patterns) solvent mediated oxidation treatment at 310 °C; 

orange and green bars correspond to the reference pattern for Fe3O4 (JCPDS PDF 

#19-0629) and FeO (JCPDS PDF #73-2144), respectively.  

 

These defects increase the energy needed for the transformation from the 

monoxide structure to a highly ordered ferrite one. In fact, when the 

CoFeO-oxy was exposed to a heating treatment at higher temperature (650 

°C for 30 minutes in a hot air oven), the high ordered cubic spinel structure 

was achieved (Figure 5.8). 
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Figure 5.8 X-Ray diffraction patterns of CoFeO-oxy before (red pattern) and 

after (blue pattern) heating treatment at higher temperature (650 °C for 30 

minutes in an oven); orange and green bars correspond to the reference pattern 

for Fe3O4 (JCPDS PDF #19-0629) and FeO (JCPDS PDF #73-2144), 

respectively. 

 

In conclusion, XRD patterns indicate that the crystallographic 

rearrangement from rock-salt to spinel phase led to higher lattice strain 

along the newly formed plane families that are not shared by the two 

structures. To confirm this hypothesis, strain maps along the directions of 

interest were obtained by GPA measurements.  
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Figure 5.9 Images of strain maps calculated for the planes (031)S and 

(440)S/(220)RS of FeO-oxy, CoFeO-oxy and NiCoFeO-oxy. The colour bars 

refer to the tilting degree (-35 % to + 35 %) of the considered plane from the 

reference zero position, arbitrarily located in the NP. Corresponding lattice 

deformation profiles were evaluated along the diagonal of each NP (from the top-

left corner of the image to the bottom-right one, inside the white circle) and the 

deformation percentage values relate to the reference zero position.  

 

The strain maps calculated for the crystallographic planes (031)S (spinel 

ferrite plane) and (440)S/(220)RS (shared plane between monoxide and 
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ferrite structures) allowed us to estimate how much these two planes are 

tilted by a reference position (Figure 5.9). The red-green regions are 

related to the zero-strain value, while the yellow or blue-black areas 

correspond to the regions where the planes are strongly tilted (up to ± 35 

%). The strain mapping confirmed that the structural rearrangement along 

one of the new directions not shared by the two structures, (031)S, was 

affected by a much higher lattice strain than that observed for the planes 

common to the two structures, (440)S/(220)RS. As previously mentioned, 

Wetterskog et al.8 suggested that the oxidation of Fe1-xO to Fe3O4 

nanocrystal leads to the diffusion of the Fe(III) in both tetrahedral and 

octahedral sites, and that the formation of a long-range-ordered tetrahedral 

Fe(III) sublattice give rise to new crystallographic directions which were 

characterized by a higher lattice strain. In our samples, the oxidized Fe3O4 

nanoparticles did not clearly depict this defected behaviour, while 

Co2FeO4 and Ni0.4Co0.6Fe2O4 NPs had a higher strain along the new planes 

of the spinel with respect to the directions shared by the rock-salt and the 

cubic spinel structures. From the crystallographic characterization 

performed by XRD, Bragg filtered images and lattice deformation profile, 

it can be concluded that in the doped ferrite samples the topotaxial 

oxidative growth of the spinel phase led to the formation of small spinel 

subdomain (mosaic texture) in a well-defined rock-salt structure. For the 

case of the iron oxide sample the rock-salt to single spinel phase 

transformation occurs more easily and with a negligible crystallographic 

strain, due to the electronic exchange between Fe(II) and Fe(III) which, 

conversely it is less likely to occur when the divalent ion is replaced by 

cobalt or nickel. Thus, in the iron oxides the Fe(II) oxidation is followed by 

the low energy demanding formation of the new Td sub-lattice, leading to 

a crystal structure not affected by high strain along the new directions. In 
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the doped iron oxides, instead, due to the less energetically favoured 

electronic exchange mechanism of the cobalt and nickel cations, the new 

crystallographic directions are affected by high strain, as reported above, 

(Figure 5.8) and only heating the powders at 650 °C in a hot air oven allow 

one to obtain a single spinel phase with low lattice strain deformation. The 

pronounced texturing of these two nanostructures is expected to manifest 

in peculiar magnetic behaviours.  

 

5.2 Magnetic characterization 

The magnetic properties of the three oxidized samples were characterized 

by recording the magnetization curves at high (300 K) and low (5 K) 

temperature. In the hysteresis loops recorded at 5 K for the 3 oxidized 

samples (Figure 7a and 7b), a single step magnetization reversal process 

was observed for the FeO-oxy and CoFeO-oxy during the field cycling, 

suggesting the presence of a single magnetic phase. The saturation 

magnetization value and the shape of the FeO-oxy hysteresis loop 

confirms the complete evolution of the monoxide phase into the spinel one, 

as observed by XRD and HRTEM measurements. Conversely, for 

CoFeO-oxy, even if the contribution of only one phase can still be 

recognized, the low magnetization values and the strong linear 

contribution at high fields suggest the persistence of an antiferromagnetic-

like or disordered component. For NiCoFeO-oxy a kink is observed close 

to the remanence (H=0). This feature is commonly attributed to the 

presence of a secondary, fast relaxing phase. However, such hypothesis 

can be excluded based on the extended structural characterization 

described so far. On the other hand, it could be argued that the structural 

defects occurring in the sample may locally modify the magnetic coupling 
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creating regions with a softer behaviour at the interfaces between ordered 

ferrite sub-domains. This assumption is corroborated by the work of 

Lappas et al.7 where the same feature was observed in the hysteresis loop 

of magnetite NPs obtained by a synthetic oxidation method, which induced 

a structural disorder in the Td sites. A deeper investigation is however 

required in order to verify this possibility and to assess the coupling degree 

between regions with different hardness.  

Magnetic properties, reported in Table 5.1, show, indeed, that the 

magnetization at 5 T (M5T) drastically decreases passing from FeO-oxy to 

CoFeO-oxy and NiCoFeO-oxy (from 80 Am2kg-1 to 22 and 27 Am2kg-1 

at 300 K and from 86 Am2kg-1 to 17 and 25 Am2kg-1 at 5 K). Due to the 

Co(II) presence, the coercive field (HC) of CoFeO-oxy and NiCoFeO-oxy 

is two orders of magnitude larger than that of FeO-oxy at 5 K, and it is 

still sizable at room temperature (30 and 40 mT, respectively), where it is 

null for FeO-oxy. Contrary to what observed for FeO-oxy, the magnetic 

parameters and the shape of the hysteresis loops of CoFeO-oxy and 

NiCoFeO-oxy are very different from those commonly reported in the 

literature for the corresponding doped ferrites obtained by one step 

synthesis. The unexpected antiferromagnetic-like features appearing in the 

hysteresis loops of the doped samples are consistent with the spin disorder, 

due to the cobalt and nickel doping of iron monoxides, as already 

hypothesized above.  
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Figure. 5.10 Hysteresis loops recorded at 300 K (a) and 5 K (b) of all the samples; 

c) Hysteresis loops at 5 K after FC from 380 K with a 5 T magnetic field applied. 

Black: FeO-oxy, blue: CoFeO-oxy and red: NiCoFeO-oxy; d) Hysteresis loops 

at 5 K: ZFC (black) and after FC (red dots) with a 5 T magnetic field applied for 

sample FeO-oxy. The insets show the low field regions of the loops.  

 

To investigate the effect of the presence of the defects inside the crystalline 

structure suggested by the crystallographic analysis (XRD, HRTEM, 

Bragg filter and strain maps) and to highlight a residual fingerprint of the 

pristine interface between monoxide and spinel phases on the magnetic 

properties, we checked if any exchange-bias (EB) phenomena could be 

induced in the samples. To this purpose, the hysteresis loops were recorded 

after the samples were heated up to 380 K and then cooled down to low 

temperature (5K) with a 5 T field applied (5K_FC 5T). After the FC 

procedure the coercive field increases from 0.8 to 2.3 T and from 0.8 to 

1.9 T, for CoFeO-oxy and NiCoFeO-oxy, respectively, while negligible 

variation is observed for FeO-oxy (Figure 5.10d). The EB effect in the 

doped samples can be attributed to the presence of antiphase boundaries 

formation during the spinel growth.8 Indeed, at the antiphase boundaries 
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the Co(II) and Ni(II) in the doped ferrite have a different local structural 

ordering with respect to the bulk materials.9 This cations disorder can 

induce changes in the electronic and magnetic interactions across the 

interface boundaries and lead to canted spin structure and exchange 

coupled regions also in the annealed NPs.13 This effect can explain the 

reduced magnetization value at 5 T and the exchange bias effect in the 

doped samples.9 To confirm this hypothesis, hysteresis loops were 

recorded at 5 K after ZFC and 5 T FC procedures, for the doped sample 

treated in oven for 30 minutes (CoFeO-oxy_2), which is characterized by 

a well-formed spinel structure (Figure 5.8). As shown in Figure 5.11, no 

exchange bias effect was recognized, confirming the close relation 

between crystallographic defects and magnetic properties. Once again, 

these results underline the peculiarity of the spinel phases formed in the 

oxidation process of CoFeO-oxy and NiCoFeO-oxy, compared to FeO-

oxy, suggesting the crucial role of the divalent ions in the evolution from 

the monoxide.  
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Figure. 5.11 Hysteresis loops recorded at 5 K ZFC (black squares) and after FC 

with a 5 T magnetic field applied (red squares) of the sample annealed in oven 

(CoFeO-oxy_2). 

 

Table 5.1 Magnetization at 5 T, M5T, remanence, MR (reduced remanence R% in 

brackets) and coercive field, μ0HC, at 5 K, 300 K and at 5 K after FC process for 

FeO-oxy, CoFeO-oxy and NiCoFeO-oxy; EB parameters, and µ0HE = 

(µ0HC
++µ0HC

-)/2, are also reported. The magnetic values are normalized to the 

weight of the inorganic component 

 

 

It should be noted that, together with the horizontal shift of the loop (EB 

effect), the hysteresis loops also present vertical shift due to minor loop 

effects arising from magnetic irreversibility larger than the highest applied 
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magnetic field (5 T). With the aim to reduce the minor loop contribution, 

which can affect the correct estimate of HE value, hysteresis loops at 9 T 

were recorded after ZFC (Figure 5.12a) and FC (Figure 5.12b) procedures 

for CoFeO-oxy and NiCoFeO-oxy. A partial symmetrization of the loops 

is observed for both samples and consequently, a reduction of HE to 0.48 

and 0.5 T, for CoFeO-oxy and NiCoFeO-oxy, respectively.  

To evaluate how much the EB effect increased the magnetic performances 

of CoFeO-oxy and NiCoFeO-oxy, the BHmax values for both samples are 

extrapolated from the second quadrant of the 9 T ZFC and FC hysteresis 

loops at 5 K, where the minor loop effect is almost negligible. The obtained 

values show that the EB effect in the two doped samples, increased the 

BHmax of the 68 % and 74 % for CoFeO-oxy and NiCoFeO-oxy, 

respectively. These results point out that the addition of nickel in the spinel 

lattice has a beneficial effect since increases the EB and, in a more 

pronounced way, the energy product. The presented results demonstrates 

that the solvent mediated oxidation of core|shell metal monoxide|ferrite is 

a good strategy for obtaining NPs with enhanced EB and M5T with respect 

to standard core|shell AFM|F(i)M systems 
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Figure 5.12 Hysteresis loops recorded at 5 K ZFC (a) and after FC procedure (b) 

applying a constant 9 T magnetic field for CoFeO-oxy and NiCoFeO-oxy. 

  

a 

b 



 

 

 
 

157 

5.3 Conclusions 

In this chapter, we presented the solvent-mediated oxidation of FeO, 

CoFeO and NiCoFeO NPs described in the previous chapter. This 

oxidation method allows heat treatments of NPs with a relatively high 

temperature (T = 310 °C) avoiding interparticle aggregation effects and 

decomposition of the organic coating. In addition, the synthetic parameters 

used during the oxidation step, prevented the depletion of the cobalt ions 

and the doped oxidized samples preserved the desired stoichiometric 

composition. Moreover, this study highlighted that the criticality of the 

crystal transformation from rock-salt to cubic spinel depends on the 

amount of Co(II) and Ni(II) in the lattice. Indeed, the doped ferrite samples 

are characterized by a mosaic texture with small spinel subdomain in a 

well-defined rock-salt structure. The presence of spinel subdomain and 

antiphase boundaries led to exchange bias effect in doped samples, and, 

consequently, the materials display increased saturation magnetization and 

larger hysteresis loops’ area. The characteristic magnetic behaviour of the 

obtained CoyFe3-yO4 and NizCoyFe3-y-zO4 samples, highlighted how this 

approach is an appealing strategy for obtaining nano-systems with 

enhanced EB and M5T values with respect to the standard AFM|F(i)M NPs. 

Moreover, unlike conventional AFM|FM systems, where the low ordering 

temperature of the AFM component limits the exploitation of exchange 

bias to temperature lower than 300 K, in this case the effect can be 

effective also at room temperature.  
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Chapter 6 

 
Solvent mediated thermal annealing: a tool to enhance 

the coercivity of cobalt ferrite nanoparticles 
 

 
The reduction of the size down to the nanoscale is a well-known approach 

for improving the magnetic anisotropy of many traditional material, such 

as spinel ferrites. As discussed in Chapter 2, when a material enters the 

single domain size, it is expected it reaches its maximum coercivity (HC) 

as a results of the best compromise between magnetization reversal 

mechanism and thermally driven demagnetization.1 At the nanoscale, the 

intrinsic anisotropy of the material can also be improved by the size-

dependent surface anisotropy, morphology-controlled shape anisotropy 

and the strain-induced magnetostriction contributions, which increase the 

magnetic performance of the material.2  

Cobalt ferrite is particularly suited to investigate these effects as it has 

large cubic magneto-crystalline anisotropy, responsible for its large HC, 

large magnetostriction, high stability, and can be easily prepared in the 

form of NPs with controlled size and shape. Accordingly, several studies 

have been reported in the past in the literature aimed at finding suitable 

strategies to increase the area of the hysteresis loops associated to 

assemblies of CoFe2O4 NPs. However, most of these works were focused 

on the modification of the surface of the NPs by reconstruction of the spin 

disordered shell which often characterizes magnetic NPs, the increase of 

the surface anisotropy contribution, or direct exchange with different 

magnetic materials (some examples of this latter approach have been 
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discussed in the previous chapters). Little attention has been instead paid 

to the core spin structure. Recently, Lopez-Ortega et al.2 studied how the 

magnetic properties of a nonstoichiometric cobalt ferrite (Co0.6-0.7Fe2.4-

2.3O4), obtained by a thermal decomposition procedure, could be modified 

changing the NPs size, shape and the surface or inducing stresses in the 

crystal lattice. Among the many result, the authors observed that 

increasing the NPs’ size from 5 to 20-30 nm the lattice microstrain 

decreased by an order of magnitude, leading to an increase of the coercive 

field and magnetic remanence value of the NPs. Although counterintuitive, 

these results suggest that the reduction of the NPs’ microstrain and the 

formation of a high ordered nanocrystal can be an effective strategy for 

improving the performances of a magnetic material. In order to investigate 

the reliability of such an approach we applied a solvent mediated annealing 

treatment at variable temperature between 150 and 320 °C to CoyFe3-yO4 

NPs. The structure and magnetic properties of the NPs were deeply 

characterized before and after the annealing treatment and revealed that up 

to 210°C it causes the reduction of the crystal lattice microstrain, 

improving the magnetic properties of the material. Moreover, the new 

method is compared with a classical annealing procedure performed in 

dried powder in oven, where the deterioration of the initial magnetic 

properties is recognized.  
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6.1 Synthesis and characterization of CoyFe3-yO4 before and 

after solvent mediated thermal annealing 

Octahedral ferrite NPs of composition Co0.4Fe2.6O4 as determine by 

EDXRF (Table 6.2), with average edge size, l, of 32(8) nm and narrow 

particle size distribution (σ <20%), were synthesized by thermal 

decomposition of metal-organic precursors in the high-boiling point 

solvent benzyl ether (bp = 298 °C, sample CFO). Afterwards, the as 

prepared NPs were dispersed in high boiling solvents (benzyl ether or 

octadecene) with the help of Oleylamine (OAm) and Oleic acid (OA) as 

surfactants, and annealed under inert atmosphere at different temperatures, 

150, 210, 270 and 320 °C. Details of the synthesis and characterization 

techniques are given in Appendix. In the following the samples will be 

denoted as CFO# where # corresponds to the annealing temperature. In 

addition, a fraction of the as-prepared sample was annealed in an oven at 

210 ºC under inert atmosphere, to compare the effect of the heating media 

in the thermal treatment (CFO210 oven).  

Figure 6.1 depicts representative bright field, low magnification, 

Transmission Electron Microscopy (TEM) images of the as prepared and 

annealed NPs, with the corresponding particle size histograms. CFO 

comprises octahedral shaped particles, as expected for cobalt ferrite grains 

larger than 20 nm.3 The annealing process does not modify the particle 

size or the size distribution of the system, which maintains a narrow 

deviation, lower than 20 % (see Table 6.1). Moreover, the thermal 

treatment does not have any effect on the shape of the NPs when the 

heating temperature is increased up to 270 °C, independently of the heating 

process used (oven or solvent mediated annealing). Conversely, at higher 

temperatures (320 °C) the thermal process has a smoothing effect on 
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particles edges changing the NPs shape in truncated octahedrons or cubes. 

Such modification can be easily explained by the higher reactivity of the 

NP corners, which are the first part of the crystals affected by Ostwald 

ripening, induced by the high temperatures used in the annealing process.4  

 

Figure 6.1 Selected TEM images and corresponding particle size histograms for 

as prepared and annealed NPs.  
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Table 6.1 Summary of the annealing temperature and structural data obtained 

from TEM and XRD analyses. TEM particle size was assessed by considering 

the edge length of cubes or octahedrons (l). a, refers to the cell parameter for the 

cubic spinel structure. Lattice parameter, microstrain and crystal size are obtained 

by Rietveld refinement of the experimental patterns. Note that the crystal size 

refers to diagonal, the TEM size to the edge; the error for microstrain has been 

assessed to the 10% of the calculated value.   

Samples 

Annealing 

temperature 

(°C) 

TEM XRD 

l 

(nm) 
a (nm) Microstrain 

Crystal size 

(nm) 

CFO - 32(8) 0.8398(5) 7.0(7)·10-4 45(2) 

CFO150 150(sol.) 28(6) 0.8404(6) 1.3(1)·10-5 41(2) 

CFO210 210(sol.) 33(7) 0.8406(3) 4.9(5)·10-7 41(2) 

CFO270 270(sol.) 30(7) 0.8404(1) 4.7(5)·10-6 40(2) 

CFO320 320(sol.) 31(7) 0.8401(7) 2.3(2)·10-4 40(2) 

CFO210 

oven 
210(pow.) 26(6) 0.8403(2) 1.0(2)·10-3 40(2) 

 

The diffraction patterns indicate the formation of a single crystallographic 

phase (Figure 6.2), indexed as the cubic structure of spinel oxides (space 

group 𝑭𝒅�̅�𝒎, JCPDS PDF #221086). The calculated crystal size is 

consistent with that obtained from TEM images, indicating the growth of 

highly ordered single-crystal structures (Table 6.1). The cell parameter, a, 

for all the series of sample is in the range expected for non-stoichiometric 

cobalt ferrite, i.e., Co0.4Fe2.6O4;
3,5 however, as the annealing temperature 

is increased a non-monotonic dependence is observed with a maximum for 

the sample annealed at 210 ºC (CFO210) An opposite trend is displayed 

by the microstrain, estimated from the Rietveld analysis of the 

experimental pattern, although in this case the percentage change is much 

more pronounced (Figure 6.2 and Table 6.1) spanning three orders of 

magnitude between CFO, 7.0(7)·10-4, and CFO210, 4.9(5)·10-7. Both 
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trends can be explained by the reduction of internal stresses created during 

the growth of the NPs, considering that a microstrain value below 1·10-5 

indicates its quasi-complete disappearance. 

The annealing treatment, indeed, permits the reduction of the intrinsic 

plastic deformations created during the growth of the nanocrystallites. 

These deformations are responsible for local distortion of lattice planes 

that gives rise to a non-uniform variation in the interplanar distances (i.e., 

microstrain).6 As the annealing temperature is increased, a progressively 

larger partial release of internal stress occurs, reducing the associated 

strain. However, when the temperature reaches 270 ºC, the increased 

reactivity of the system in the annealing medium can slightly affect the 

cationic homogeneity along the NPs, modifying the cell parameter, with a 

consequent increase of the strain in the nanostructure.   

On the other hand, the sample annealed at 210 ºC in the oven 

(CFO210oven) has cell parameter and crystal size consistent with the 

values obtained for the solvent mediated annealed samples, but the 

calculated microstrain is larger. The different heating treatment 

environment has thus a different effect on the capability of the NPs of 

releasing the stress.   
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Figure 6.2 (a) XRD patterns for the as-prepared and annealed cobalt ferrite NPs 

(red bars refers to the position of the diffraction peaks for the cobalt ferrite crystal 

structure). (b) Cell parameter (top) and microstrain (bottom) dependence on the 

annealing temperature (empty dots refer to the CFO210 oven sample). Error bars 

are not visible since they are smaller than symbols.  

 

High resolution-TEM (HR-TEM) investigations performed on CFO and 

CFO210 (see Figure 6.3a, 6.3b), confirmed the two samples share the 

same morphology (octahedral shape) and have a highly ordered crystal 

structure along the entire NP. The detailed analysis of the Fast Fourier 

Transform (FFT) images revealed that the characteristic spots for the 

cobalt ferrite structure, observed in the as-prepared sample, CFO, are 

preserved after the annealing process.  
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Figure 6.3 HRTEM images of a CFO (a) and a CFO210 (b) NP; FFT analysis, 

of the selected area identified by red squares in (a) and (c), showing the presence 

of the same crystallographic structures in CFO (c) and CFO210 (d). The labelled 

spots are related to crystallographic planes that can be indexed as cubic spinel 

structure (𝑭𝒅�̅�𝒎), in zone axis [110]spinel. Strain maps of the crystallographic 

planes (002)spinel and (1-1-1)spinel, respectively, obtained by GPA analysis of the 

NPs before (e, f) and after thermal annealing (g, h). The red-green regions are 

related to the zero-strain value, while the yellow or blue-black areas correspond 

to the regions where the planes are tilted (up to 0.3°). 
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Geometrical Phase Analysis (GPA) performed on CFO and CFO210 

samples, highlights that, after the thermal treatment the displacement and 

the rotation of the crystallographic planes in the 3D lattice, are reduced. 

Furthermore, the strain maps were calculated for two crystal directions 

(002)spinel (Figure 6.3e, 6.3g) and (1-1-1)spinel (Figure 6.3f, 6.3h) to estimate 

how much these two planes are tilted by the reference position along the x 

and y axes. The strain mapping showed that in CFO210 the lattice strain 

decreased significantly along the (1-1-1)spinel, less than ca. 2 %, 

(percentage lattice deformation profiles are reported in Figure 6.4), while 

no significant changes were distinguished for (002)spinel crystallographic 

plane before and after thermal treatment.  

 

Figure 6.4 Strain maps of CFO (a) and CFO210 (b) calculated for the 

crystallographic direction (1-1-1)spinel. Lattice deformation percentage profiles of 

CFO (c) and CFO210 (d) measured along the diagonal of the NP, (black line) 

which allowed to estimate the displacement of the (1-1-1)spinel plane from the 

reference plane. 
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Finally, EDXRF measures (Table 6.2) confirmed that the stoichiometry of 

the pristine sample (Co0.4Fe2.6O4) is preserved for all the samples, and thus 

no metal ion leaking occurs during the heating.  

 

Table 6.2. Iron and cobalt (w/w) relative percentage obtained by EDXRF for 

CFO before and after thermal annealing at different temperature. 

Sample Fe % (w/w) Co % (w/w) 

CFO 87.1(5) 12.9(5) 

CFO150 87.2(5) 12.8(5) 

CFO210 85.8(5) 14.2(5) 

CFO320 85.6(5) 14.4(5) 

 

To investigate the evolution of the magnetic structure with the annealing 

temperature, 57Fe Mössbauer spectra under intense magnetic field (8 T). 

This technique is indeed a powerful tool to investigate magnetic structure 

of spinel ferrite as it allows for a more reliable distinction between 

tetrahedral (in the following labeled as A) and octahedral (B) site 

components than the zero field spectra. The applied field is usually added 

to the A-site hyperfine field and subtracted from the B-site hyperfine field 

allowing less overlap between the two components. Furthermore, such 

spectra can also give information about non-collinearity of the spin 

structure. 57Fe Mössbauer spectra were recorded at 8 T and 12 K for 

selected samples CFO, CFO210 and CFO320 (Figure 6.5). Spectra were 

recorded by Prof. D. Peddis and Dr. N. Yacooub at IMMM, Université du 

Mans, Le Mans, France. As shown in Figure 6.5, the in-field spectra of the 

different samples are split into two main sub-spectra corresponding to the 
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iron ions located at tetrahedral and octahedral sites, respectively. The 

refined values of the mean hyperfine parameters in each site are listed in 

Table 6.3.  

Table 6.3 Mean isomer shift (), mean quadrupole shift (2), mean hyperfine 

field (Bhyf), mean canting angle, (ϑ) and relative amount of Fe in Td and Oh 

cavities (A and B, respectively) evaluated from fitting in-field Mössbauer  

spectra, for samples CFO, CFO210 and CFO320. Uncertainties on the last digit 

are given in parentheses. 

Samples Site 
<> 

mm s-1) 

<2> 

(mm s-1) 

<Bhyf> 

(T) 

< (°)> 

 10° 
𝐹𝑒𝐴,𝐵 𝐹𝑒𝑡𝑜𝑡𝑎𝑙⁄  

CFO 
Fe3+

A 0.36(1) -0.00(1) 52.0(2) 15 0.34(1) 

Fe3+/2+
B 0.60(1) -0.11(1) 51.2(2) 24 0.66(1) 

CFO210 
Fe3+

A 0.35(1) -0.00(1) 52.0(2) 14 0.34(1) 

Fe3+/2+
B 0.60(1) -0.15(1) 51.6(2) 23 0.66(1) 

CFO320 
Fe3+

A 0.35(1) -0.00(1) 51.8(2) 15 0.34(1) 

Fe3+/2+
B 0.60(1) -0.12(1) 51.2(2) 25 0.66(1) 

 

The outer sub-spectrum (red line in figure) has a symmetrical and narrow 

lines corresponding to Fe3+ in A (tetrahedral) sites according to the 

hyperfine parameters (table 6.3), whereas the inner sub-spectrum 

(octahedral sites, blue line in figure 6.5) has an asymmetric and complex 

shape.  
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Figure 6.5. Mössbauer spectra measured at 12 K under 8 T magnetic field for 

samples CFO, CFO210 and CFO320. Grey dots and solid lines are experimental 

and simulated data. Black, red and blue, lines are the simulated total spectrum 

and sub-spectrum corresponding to A and B sites, respectively.  

 

This complexity comes from the presence of Fe2+, which is characterized 

by a weak hyperfine field and large isomer shift compared with those of 

Fe3+. The description of this in-field sub-spectrum requires a model with 

several components of sextet splitting composed of Lorentzian lines, 

which takes into account a correlation between isomer shift, effective field, 
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quadripolar shift and angle canting in each component (fittings’ details are 

reported in Appendix). The mean refined values of the hyperfine 

parameters (i.e. isomer shift and hyperfine field, reported in tables 6.4, 6.5 

and 6.6) correspond to those of Fe3+ in A sites of Co ferrite structure.7 On 

the other hand, the <Bhyf> of the iron species located in octahedral sites ( 

51.2 T) are slightly lower than those of stoichiometric Co ferrite, and the 

mean value of the isomer shift of iron located in octahedral site (0.5 

mm/s-1) is higher than that of Fe3+ in Co ferrite NPs.7,8 Therefore, the 

values of hyperfine parameters show the presence of a iron ions 

intermediate between Fe3+ and Fe2+.9 Relative population of Fe in A and 

B sites is equal within the experimental error for all the samples, indicating 

that thermal treatment does not affect cation distribution.10,11 The non-zero 

intensity of lines 2 and 5 clearly indicates the presence of a non-collinear 

spin structure, showing mean canting angle that, within the experimental 

error, is equal for all the samples.8,12,13  
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Table 6.4 Values of hyperfine field (Hhf), isomer shift () and quadrupolar 

splitting (2) for sample CFO at 12 K applying 8 T magnetic field 

CFO 

12K 8T  2 Heff Hhyp   

Fe3+A 0.36 0.00 59.7 52.0 15 34 

Fe3+B 0.50 0.00 47.2 54.6 23 31 

Fe2+<x<3+B 0.57 -0.12 45.0 52.5 23 20 

Fe2+<x<3+B 0.61 -0.4 41.0 48.5 23 9 

Fe2+B 1.18 -0.3 40.0 33.5 32 6 

<FeB> 0.60      

<FeA&B> 0.51      

 

Table 6.5 Values of hyperfine field (Hhf), isomer shift () and quadrupolar 

splitting (2) for sample CFO210 at 12 K applying 8 T magnetic field 

CFO 210 

12K 8T  2 Heff Hhyp   

Fe3+A 0.35 0.00 59.7 52.0 14 34 

Fe3+B 0.50 0.00 47.4 54.8 23 31 

Fe2+<x<3+B 0.57 -0.17 45.1 52.6 23 21 

Fe2+<x<3+B 0.67 -0.52 41.1 48.6 23 9 

Fe2+B 1.17 -0.31 40.0 32.5 19 6 

<FeB> 0.596      

<FeA&B> 0.512      

 

 

Table 6.6 Values of hyperfine field (Hhf), isomer shift () and quadrupolar 

splitting (2) for sample CFO320 at 12 K applying 8 T magnetic field 

CFO320 

12K 8T  2 Heff Hhyp   

Fe3+A 0.35 0.00 59.5 51.8 15 34 

Fe3+B 0.49 0.00 47.5 54.8 25 28 

Fe2+<x<3+B 0.58 -0.14 45.4 52.7 25 22 

Fe2+<x<3+B 0.63 -0.41 41.5 48.8 25 10 

Fe2+B 1.18 -0.17 40.0 33.0 26 6 

<FeB> 0.60      

<FeA&B> 0.52      
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The magnetic properties of the samples were investigated by measuring 

the hysteresis cycle at low and room temperature. Magnetic measurements 

were performed by Alberto López-Ortega and Elisabetta Lottini at LaMM, 

Univeristy of Florence, Florence, Italy. Low temperature measurements 

(Figure 6.6) performed after a field cooling procedure shows that the 

pristine material has coercive field (HC) of roughly 1.54 T, saturation 

magnetization value of 80 Am2kg-1 and reduced remanence value (R = 

MR/M6T) of 0.83 (Table 6.7).  

 

Figure 6.6 (a) Hysteresis loops for the as prepared and annealed cobalt ferrite 

NPs and (b) coercive field (HC) dependence measured at 5 K and 300 K as a 

function of the annealing temperature (empty dots refers to CFO210 oven). 
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Table 6.7 Magnetic properties of cobalt ferrite NPs measured at 5K and 300 K: 

HC coercive field, R reduced remanence, MS saturation magnetization, Keff 

magnetic anisotropy estimated at 0 K and (BH)max room temperature energy 

product. 

Samples 

5 K 300K 
Keff, 0K 

(Merg/cm3) 

(BH)max, 300 K 

(kJm-3) 
HC 

(T) 
R 

MS 

(Am2kg-1) 

HC 

(T) 
R 

MS 

(Am2kg-1) 

CFO 1.54 0.83 80 0.12 0.34 78 10.0 7.2 

CFO150 1.83 0.82 79 0.17 0.48 78 12.0 8.8 

CFO210 2.12 0.84 81 0.19 0.49 79 13.9 12.7 

CFO270 2.09 0.84 83 0.16 0.48 80 13.5 12.0 

CFO320 1.96 0.82 79 0.16 0.46 77 12.8 10.4 

CFO210 

oven 
1.32 0.83 82 0.11 0.34 79 9.1 5.6 

 

These values are in agreement with those expected for an assembly of 

randomly oriented, non-stoichiometric cobalt ferrite NPs of roughly 30 

nm.2,5,14 Moreover, the comparison of the loops of the various samples 

demonstrates that the annealing procedure does not affect neither the 

saturation magnetization of the system nor the reduced remanence. This 

result confirms that thermal treatment does not force internal chemical 

reactions or large modifications of the crystal structure of the system, as 

indeed already indicated by XRD and Mössbauer experiments. 

Conversely, the coercive field is largely modified by the annealing 

procedure and exhibits a non-monotonic behavior with a maximum for 

CFO210 corresponding to 2.12 and 0.19 T for 5 K and 300 K, respectively, 

(Figure 6.6 b), which is ca. 60% larger than CFO. Interestingly, the HC 

trend well reproduces that observed for cell parameter and microstrain. 

Therefore, by taking into account that neither chemical nor structural 

modifications occurred during the annealing, it can be argued that it is the 

reduction of the internal strain in the NPs that leads to a net increase of the 

coercivity of the sample. This behavior is contrary to that previously 
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reported for sub-micron cobalt ferrite particles prepared by ball-milling 

process, 15–18 where, the strong energy generated during the milling causes 

the proliferation of structural defects generating stress induced anisotropy 

and pinning centers for domain wall motion.18 However, in the present 

case, thanks to the high crystallinity of the NPs the presence of this kind 

of stress anisotropy can be neglected. Moreover, the nanometric dimension 

of the NPs allows for excluding the presence of domain-wall driven 

switching, so that pinning centers cannot determine the magnetization 

dynamics of the system.2,19  

Any attempt to rationalize this unexpected behavior requires taking into 

account the magneto-elastic energy, which add a contribution to the total 

magnetic energy that, in a single domain particle, determines the reversal 

dynamics and the coercive field (inverse magnetostrictive effect). In the 

framework of the Stoner-Wohlfarth model, a strain  induces in random 

oriented particles an additional uniaxial magnetic anisotropy, 

characterized by the magneto-elastic anisotropy constant, Kelas = 3/2s 

where s is the magnetoelastic constant. Since bulk Co ferrite has a cubic 

anisotropy and it is an anisotropic magneto-elastic material s should be 

written as s= 1/5 (2 100+3 111), where 100 and 111 are the magneto-

elastic constant along the <100> and <111> directions. We can first 

consider the effect of the stress release associated to the variation of the 

lattice parameter,  = (aCFO-aCFO210)/aCFO210 where aCFO and aCFO210 denote 

the cubic edge of the unit cell of CFO and CFO210, respectively, and the 

latter is assumed to have no residual strain. The equivalent strain  is given 

by  = E·  where E is the Young’s modulus. Considering the values for 

E and s reported in the literature for cobalt ferrite (E = 1.4·1011 Nm-2, 100 

= -425·10-6 and 111 = +163.7·10-6)20,21 and the experimental lattice 
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parameter variation, we obtain Kelas = 1.4 104 Jm-3. This value is largely 

overestimated since it refers to a unidirectional strain, while the lattice 

variation is isotropic. Nevertheless, independently from its magnitude, 

Kelas is positive and thus it will provide an additional contribution along 

the same directions of the magneto-crystalline anisotropy (we remind that 

cobalt ferrite as a positive magneto-crystalline anisotropy, which makes 

the easy axes to lie along the <100> directions). Therefore, if this were the 

dominant term, the coercivity of CFO would be larger than CFO210, 

which is not our case. 

On the other hand, the structural characterization evidenced that an 

important microstrain (710-4) occurred along the 111 planes of CFO 

NPs, which was then completely released after annealing at 210 °C. This 

microstrain is responsible of compressions and expansions of the 

interplanar distance with respect to the average value, as indeed indicated 

by GPA maps and lattice deformation profiles. This positive and negative 

local strain will differently affect the energy profile for the reversal of the 

magnetization, creating regions where the barrier is higher and others 

where it is lower than the unstrained sample. As an example, if fluctuations 

 = ± 7 10-4 along the <111> directions are considered, an additional 

contribution to the magnetic energy barrier of +̅2.2103 Jm-3 is obtained, 

which is large enough to modify the reversal process of the magnetization 

(the bulk magneto-crystalline anisotropy is in fact 5104 Jm-3). Moreover, 

lattice deformation profiles suggest that local lattice parameter fluctuations 

in the 111 planes are much higher than the average value obtained by 

XRD analysis used for this simple estimate. Therefore, strong magnetic 

anisotropy fluctuations will be likely to occur in CFO, which can favor 

incoherent magnetization reversal mechanisms. These latter are 
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characterized by a lower energy barrier than the pure coherent rotation 

process, which is presumably operative in CFO210, reducing the 

coercivity of the material. We can thus conclude that in the case of our 

single-domain cobalt ferrite NPs the improvement of the magnetic 

properties is driven by the reduction of the internal strains and of the non-

uniform variations in the interplanar distances inside the NPs. 

To further investigate the magnetic properties of the series of samples, the 

maximum energy product ((BH)max) at RT is calculated as a function of the 

annealing temperature (Figure 6.7 b).22 BHmax is 7.2 kJm-3 for CFO and 

then it increases with the thermal treatment temperature following the 

same non-monotonic trend observed for the coercive field, with a 

maximum increase of more than 70 % for CFO210 (12.7 kJm-3). This 

result further confirms that a controlled annealing procedure in a solved 

mediated medium allows for improving the capability of the NPs of storing 

energy.  
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Figure 6.7 (a) Hysteresis loops for the as-prepared and annealed cobalt ferrite 

NPs measured at 300 K. (b) (BH)max as a function of the annealing temperature 

(empty dots refer to CFO210 oven). 
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It should be stressed that, the described modification of NPs’ magnetic 

anisotropy is not simply related to a temperature effect, but also depends 

on the NP environment where the heating processes is carried out. As 

reported in Table 6.3 and Figure 6.6 b, indeed, when dried CFO cobalt 

ferrite NPs are annealed in an oven at 210 °C (CFO210 oven), they exhibit 

a reduced coercivity, not only with respect to NPs annealed at the same 

temperature in solvent (CFO210), but also to the starting sample. This 

effect can be attributed to the different NPs’ surface – surfactant 

interaction, which characterizes the two processes. Indeed, in a solid-liquid 

system, such as that of the solvent mediated annealing, the surfactant 

adsorption is a dynamic equilibrium where the molecules are perpetually 

arriving at, and leaving, the surface.23 Thus, during the solvent mediated 

annealing, the NPs' surface is partially free to reduce the lattice strain with 

a decreasing of the planes’ deformation percentage (Figure 6.4). 

Conversely, in the case of the oven annealed powder, the organic capping 

layer forms a very stable thin layer around the NPs, which can hamper the 

complete release of the accumulated stress.6 

 

Finally, it is worth to be stressed that the observed behavior is not 

occasional. To confirm the reproducibility of the methodology herein 

presented, another set of cobalt ferrite NPs (CFO_2_#), with average edge 

size, l, of 43(5) nm, was in fact subjected to controlled solvent annealing 

treatment at variable temperature (Figure 6.8). Even for CFO_2_# a net 

increase of the coercive field was observed for the NPs annealed in 

solution with a maximum at 210 °C. This result confirms that the solvent 

mediated annealing is an effective and reliable pathway to control the 
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magnetic properties of NPs, through the release of internal structural stress 

of the particles. 

 

Figure 6.8 Coercive field (HC) dependence measured at 300 K as a function of 

the annealing temperature for sample CFO_2_#. 
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6.2 Conclusions 

The thermal decomposition approach has been proposed in the literature 

as an efficient route to prepare cobalt ferrite NPs with high energy product. 

Nevertheless, although at a first sight the synthesis technique provides 

magnetic nanostructures exhibiting high structural and spin arrangement 

orders, we here demonstrated that post-synthesis mild treatment at 

controlled temperature, can be effective to significantly improve the 

energy product of the material. We indeed found that a solvent mediated 

annealing treatment in mild conditions (ca. 200-300 °C) permits the 

reduction of the internal stresses generated during the nanocrystal growth, 

without affecting neither the morphology, nor the chemical composition, 

or the structure of the NPs.  

A deep structural investigation pointed out that the as prepared cobalt 

ferrite NPs display anisotropic lattice strain, the family planes passing 

through the tetrahedra sites, i.e. {111}, being characterized by the highest 

lattice deformations. These local deformations produce fluctuations of the 

energy barrier for the magnetization reversal, favoring the onset of 

incoherent processes. The solvent mediated annealing treatment allows the 

release of the local internal strain and fosters the restoring of a pure 

coherent reversal process. Since the latter is associated to a higher energy 

barrier, the coercive field increases, being up to 50 % higher than the 

pristine sample.  

The effect was found to be maximum at 210 °C. The treatment at higher 

temperature, in fact, modifies the cationic homogeneity in the NPs, 

decreasing the cell parameter, with a consequent enhancement of the 

strain. Furthermore, it has been shown that the medium where the 

annealing process occurs is essential to control the final properties of the 
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NPs: in the classical annealing procedure performed on a dried powder, 

the stability of the organic layer surrounding the NPs does not allow the 

release of the lattice stress accumulated in the NPs, actually leading to the 

reduction of the initial coercivity; on the contrary, the solvent mediated 

treatment resulted in a long-range ordered crystal structure.  

Summarizing, the strategy here proposed substantially improves the 

performances of Cobalt ferrite NPs. On the other hand, this work reminds 

us that magnetic NPs should be always considered as metastable 

structures, which, being thermodynamically less favored than the 

corresponding micro- and macro-sized materials, naturally evolve during 

each post-synthesis treatment. Therefore, care must be taken whenever the 

magnetic behavior of complex multi-components nanoheterostructures, 

obtained by multi-step procedures, are interpreted in terms of the 

interaction among the component, without properly considering the 

possible transformation of each individual part. 
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Chapter 7 

 

Conclusions and perspective 
 

 

This work was focused on the development of synthesis strategies for 

enhancing the energy product of spinel ferrite nanoparticles. The final goal 

was that of finding the best conditions to realize novel materials with 

improved magnetic properties, which could be used as building blocks for 

the realization of rare earth free - permanent magnet with higher energy 

products than commercial ferrites (i.e. strontium ferrite). To this aim, we 

focused on quasi-zero-dimensional magnetic materials and as possible 

strategies to enhance their performances we explored the coupling at the 

nanoscale with magnetic components endowed with complementary 

properties, and the modification of the intrinsic core properties by solvent 

mediated post-synthetic treatment. For the synthesis of the entire series of 

the presented materials the thermal decomposition in high boiling solvent 

technique was chosen, since it grants for high control on size, size-

distribution, shape, composition and crystallinity. Nevertheless, the fine 

tuning of the chemical- physical properties of the final products, relies on 

the control on the large number of parameters whose role is still far from 

being fully rationalized. Therefore, a lot of efforts were devoted to 

investigating the effect of each synthetic parameters on the physical 

characteristic of the final product.   

In the first part of this work, hybrid nanocomposite magnets were 

designed, where the effective exchange-coupling through the interface 

between hard and soft magnetic constituents or between AFM and a F(i)M 
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phases is exploited to increase the energy product of the material. 

Therefore, at first metal/ferrite nano-heterostructures, NHSs, with very 

high saturation magnetization and large remanence and coercivity were 

synthesized by a one-pot thermal decomposition method. The in-depth 

investigation of the reaction mechanism of the proposed method as a 

function of the synthetic parameters (stabilizing agent, nature of the metal 

precursor, and the decomposition time), allowed us to identify the key role 

played by NaOL at different reactions steps. The NaOL does not act as 

stabilizing agent in the reaction pathway, but it is fundamental for the 

reduction of the mixed metal precursor down to the metal state. In addition, 

the increase of the cobalt in the Co-Fe oleate precursor, led to the evolution 

of the NPs shape, obtaining more elongated heterodimeric architecture, 

and to an increase of the relative amount of the metal to spinel phases. The 

study demonstrated that by controlling the relative amount of metal oleates 

(FeCoOL and NaOL) it is possible to tune the hardness of the final NHSs. 

Indeed, playing with these parameters, we showed that it is possible to 

increase the BHmax at room temperature from 8 up to 19 kJm-3. Moreover, 

it is worth to stress that in these NHSs, the presence of a very thin, high 

crystalline, quasi-stoichiometric cobalt ferrite shell surrounding the metal, 

makes these systems highly stable in air atmosphere for very long time 

(more than one year), which is crucial for further technological 

applications. 

In the following step, thermal decomposition of mixed metal oleate 

precursors was employed to prepare exchange coupled CS NPs comprising 

AFM rock salt core and a FiM spinel ferrite shell. In particular, with the 

aim of developing a system able to display exchange bias at room 

temperature, we explored the effect of Fe(II) replacement by Ni(II) and Co(II) 

ions on the magnetic behaviour of the coupled NHSs. To better enlighten 
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the role of Ni(II) introduction, the magnetic behaviour of this exchange 

coupled CS nanosystem, was compared with that of Fe1-xO|Fe3-yO4 and 

CoxFe1-xO|CoyFe3-yO4 nanoparticles of similar size (ca. 20 nm). All the 

AFM|FiM CS NPs, of composition Fe0.95O|Fe3O4, 

Co0.3Fe0.7O|Co0.8Fe2.2O4 and Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4 were 

synthetized by the thermal decomposition of metal oleate precursors in 

high boiling solvent which initially led to the formation of a monoxide 

core. During the washing step, the core monoxide surface was subjected 

to a controlled partial oxidation leading to the CS architecture. The Co(II) 

and Ni(II) doping of the iron oxide lattice increased its surface stability 

towards oxidation in ambient condition, leading to the formation of a 

thinner ferrite shell than that observed for the iron oxide sample. The Co(II) 

and Ni(II) doping effect on the magnetic properties was deeply investigated: 

the introduction of cobalt and nickel in the iron monoxide lattice induced 

an increase of the magnetic anisotropy and the addition of Ni(II) led to the 

formation of a more ordered ferrite shell, which increased the 

magnetization at 5 T and the remanence compared to cobalt iron oxides 

system. The co-doping with the two divalent ions thus appears as a good 

compromise between the increase of anisotropy and bias obtained by Co-

doping and the loose of remanence associated to the Fe(II) replacement. 

Moreover, the introduction of Ni allows for increasing the Néel 

temperature up to 260 K. Even if this value is still lower than room 

temperature, a further increase of TN can be obtained decreasing the 

stoichiometry amount of the iron and increasing the cobalt and nickel 

content. The feasibility of such approach has been preliminary 

demonstrated by the synthesis of CS NPs of stoichiometry 

Ni0.18Co0.22Fe0.60O|Ni0.5Co0.7Fe1.8O4 which exhibited TN at ca. 280 K. 
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The second part of the thesis was devoted to the improvement of the 

magnetic performances of the prepared core|shell AFM|F(i)M hybrid NPs 

and of standard cobalt ferrites NPs, by solvent mediated post-synthesis 

treatments. In the first case a mild oxidation of the FeO, CoFeO and 

NiCoFeO core|shell NPs was realized by solvent mediated annealing in 

the presence of air. The aim of this work was obtaining nano-systems 

which presented a higher saturation magnetization value than the rock-

salt/spinel ferrite composite while retaining exchange bias behavior. 

Moreover, unlike conventional AFM|FM systems, where the low ordering 

temperature of the AFM component limits the exploitation of exchange 

bias to temperature lower than 300 K, in this case the effect can be 

effective also at room temperature.  

We found that the oxidation method here adopted allows heat treatments 

of NPs with a relatively high temperature (T = 310 °C) avoiding 

interparticle aggregation effects, decomposition of the organic coating and 

divalent cations depletion, preserving the desired stoichiometric 

composition. In addition, this study highlighted that the criticality of the 

crystal transformation from rock-salt to cubic spinel depends on the 

amount of Co(II) and Ni(II) in the lattice. Indeed, the doped ferrite samples 

are characterized by the formation of a large number of dislocations and 

crystalline antiphase boundaries, leading to a mosaic texturing of the 

spinel structure. The presence of structural defects formed during the 

spinel growth process led to exchange bias effect in doped samples, and, 

consequently, the materials display increased saturation magnetization and 

larger hysteresis loops’ area. The results reported in this work, highlighted 

how this approach is an appealing strategy for obtaining nano-systems 

with enhanced EB and M5T values with respect to the standard AFM|F(i)M 

NPs.  
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The second proposed approach was the solvent mediated annealing 

treatment of standard ferrites NPs. Cobalt ferrite NPs synthetized by 

thermal decomposition method can be affected by high microstrain, 

generated during the nanocrystal growth. This work showed how a solvent 

mediated annealing treatment allowed the reduction of the internal plastic 

deformations, leading to an increase of the coercive field of the 50 % in 

comparison with the as-prepared samples. Moreover, the medium where 

the annealing process occurred has proven to be a very important platform 

to control the final properties. Indeed, respect to the standard annealing 

procedure performed in dried powder, which led to a reduction of magnetic 

properties, the solvent mediated method allows the release of the 

accumulated lattice stress of the NPs, leading a long-range order crystal 

structure. This work, on the other hand, highlighted that magnetic NPs 

should be always considered as metastable structures, which, naturally 

evolve during each post-synthesis treatment. Therefore, care must be taken 

whenever the magnetic behaviour of complex multi-components 

nanoheterostructures, obtained by multi-step procedures, are interpreted in 

terms of the interaction among the component without properly 

considering the possible transformation of each individual part.  

Summarizing the main achievements of this work, we can conclude that 

the synthesis of exchange spring NHSs is an excellent strategy to increase 

the BHmax of standard ferrites. Indeed, through the optimization of the 

proposed synthesis, we were able to modulate the percentage of metallic 

cobalt. The obtained NHSs have magnetic properties comparable to that 

of some commercial Strontium ferrite based magnets. Moreover, the 

energy product of these nano-composites can be further and consistently 

improved by increasing the amount of Co(II) ions in the spinel lattice. 

Clearly, the critical aspect of this technique is that it can not be scaled to 
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industrial production. Thus, additional efforts to find alternative ways for 

allowing the production of these materials on large scale should be paid 

on the next future.  

Exchange bias has also proven to be an excellent approach to increase the 

coercivity of a material, especially when AFM|FiM NPs were doped with 

Ni(II), which allows to enhance the TN up to 260 K. This value I still lower 

than room temperature, but further increased could be obtained in the 

future by decreasing the stoichiometry amount of the Fe(III) and increasing 

the Co(II) and Ni(II) content in the metal oleate precursor, obtaining NPs 

with TN close to or higher than room temperature. On the other hand, this 

limitation may be overcome through a solvent mediated oxidation of core-

shell AFM/FiM NPS which allows for obtaining mosaic textured ferrite 

NPs in which, the absence of the AFM component allows the exploitation 

of exchange bias also at room temperature. Finally, it is important to note 

that nanoscaled systems can be characterized by structural defects that 

determine their magnetic properties, so the various treatments (i.e. solvent 

mediated treatment) following the synthesis, can modify their chemical 

and physical properties. In conclusion, the presented results provide 

indications on the validity of the proposed approaches. A further 

investigation is required to obtain materials characterized by exchange 

effect at room temperatures through a synthesis that can be carried out on 

a large scale 
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Appendix 

 

 
A.1 Instrumentation 

Transmission electron microscopy (TEM, CM12 Philips equipped with a 

LaB6 filament operating at 100 kV) was employed to determine 

morphology and size distribution of the NPs. The mean diameter and the 

NPs size distribution for each sample were obtained by statistical analysis 

over more than 100 NPs, using the Image Pro-Plus software. Powder X-

Ray diffraction (XRD) data were recorded using a Bruker New D8 

ADVANCE ECO diffractometer equipped with a Cu Kα (1.5406 Å) 

radiation source and operating in θ-θ Bragg-Brentano geometry at 40 kV 

and 40 mA. The measurements were carried out in the range 25-70°, with 

step size of 0.03° and collection time of 1 s. Elemental analysis was 

performed in triplicate by a PerkinElmer Optima 2000 Perkin Elmer 

Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-

OES) Dual Vision. The amount of organic ligand on the surface of NHSs 

was determined by CHN analysis with an Elemental Analyzer CHN-S 

Flash E1112 Thermofinnigan. X-ray Photoelectron Spectroscopy (XPS) 

investigation was carried out by a non-monochromatic X-ray source 

(V.S.W. Scientific Instrument Limited model TA10, Mg Kα radiation, 

1253.6 eV), operating at 12 kV and 12 mA, equipped with a hemispherical 

analyser (V.S.W. Scientific Instrument Limited, model HA100). Powders 

were deposited on a KBr disk and pressed to obtain a single pellet. XPS 

spectra were analyzed with CasaXPS software: the inelastic background 

was subtracted by means of the Shirley method29 and the deconvolution of 

the XPS spectra was carried out using the product of Gaussian and 
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Lorentzian line shapes for each component in the spectra. Calibration was 

done using the O1s peak at 530.0 eV. Scanning transmission electron 

microscopy (STEM) images were acquired on a probe-corrected Titan 

(Thermo Fischer Scientific), with a working voltage of 300 kV. The 

microscope was equipped with a high annular dark field (HAADF) 

detector for imaging (Fischione) and an energy filter Gatan Tridiem 866 

ERS (Gatan, Inc.) for Electron Energy Loss Spectroscopy (EELS) 

mapping. The EELS elemental maps were obtained by fitting the (x, y, E) 

spectrum images by model based technique,30 to extract the intensity of 

the O-K edge (at ~532 eV), the Fe-L2,3 edge (at ~710 eV) and Co-L2,3 edge 

(at ~780 eV). The spectrum images were acquired with probe convergence 

semi-angle α = 24.8 mrad and spectrometer collection angle semi-angle β 

= 51.3 mrad. In order to obtain the crystalline structure of the different 

phases present in the system, an image-corrected Titan3 (Thermo Fischer 

Scientific) ultra-high resolution electron transmission microscope 

(UHRTEM) was operated at 300 kV. 57Fe Mössbauer spectra were 

recorded using a 57Co/Rh γ-ray source mounted on an electromagnetic 

transducer with a triangular velocity form, at 10 K in an 8 T field oriented 

in parallel to the γ -beam. For the analysis of Mössbauer spectra the 

program ‘Mosfit’ was used. The hyperfine structure was modelled by a 

least-squares fitting procedure involving Zeeman sextets composed of 

Lorentzian lines. To describe the broadening of lines, several magnetic 

subcomponents were considered where isomer shift, quadrupolar shift, 

linewidth and effective field values were left free during the refinement 

and the intensities of intermediate lines (2, 5) as well; the ratio of 

intensities of external/internal lines being found systematically equal to 3. 

The isomer shift (IS) values were referred to α-Fe at 300 K. The samples 

consisted of a thin layer of about 40 mg of the powdered compound. 
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Magnetic properties were investigated using a Quantum Design MPMS 

SQUID magnetometer on randomly oriented pressed powder pellets. The 

field was always applied parallel to the pellet plane. The Zero Field 

Cooled/Field Cooled (ZFC/FC) procedure was performed applying a 5 mT 

probe field. Hysteresis loop at 12 T was recorded using a VSM Oxford 

Instrument MAGLAB2000 magnetometer. The field was always applied 

perpendicular to the normal of the pellets. The values of the coercive field, 

µ0HC
FC, and of the exchange bias, µ0HE, were evaluated as (µ0HC

+-µ0HC
-

)/2 and (µ0HC
++µ0HC

-)/2, respectively, (where µ0HC
+ and µ0HC

- denote the 

positive and negative values of the coercive field). 

 

A.3.1 Starting materials and chemicals 

Iron(III) chloride hexahydrate (FeCl3·6H2O, 98% from Sigma-Aldrich), 

Cobalt(II) chloride hexahydrate (CoCl2·6H2O, 98% from Honeywell), 

sodium oleate (NaOL, >97%, TCI Chemicals), oleic acid (OA, 90%, 

Aldrich), docosane (97%, Aldrich), ethanol (99.8%, Fluka), hexane (99%, 

Honeywell) and 2-propanol (98%, Honeywell) were used without any 

further purification. 

A.3.2 Synthesis of Iron-Cobalt Oleate (x-FeCo(OL)) precursor 

Bimetal oleate precursor, x-FeCo(OL), with Fe:Co molar ratio of 2:1 (1-

FeCo(OL)), 1:1 (2-FeCo(OL)) and 1:2 (3-FeCo(OL)) were synthesized 

by dissolving the desired stoichiometric amount of FeCl3·6H2O and 

CoCl2·6H2O in 20 mL of hexane, 10 mL of ethanol and 10 mL of 

distilled water. At room temperature, stoichiometric amount of NaOL 

was added and the mixture was heated at 75 °C, under vigorous stirring, 

for 5 hours. The brown colored organic phase was separated from the 
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aqueous phase and a brown-dark waxy product was obtained after 

solvent evaporation.  

A.3.3 Synthesis of Co/CoyFe3-yO4 NPs: NHS-1, NHS-2 and 

NHS-3 

The Co/CoyFe3-yO4 NP were synthesized by thermal decomposition of 

the bimetallic precursor. 1.5 g (ca. 2 mmol of metal ions) of x-FeCo(OL), 

0.57 g (2 mmol) of OA and 0.57 g (1.8 mmol) of NaOL were dissolved 

in 10 mL of docosane at 80 °C. The mixture was heated from 80 to 370 

°C, at 2.9 °C min-1, under vigorous stirring and nitrogen flux. The 

suspension was kept at 370 °C for 40 minutes and then let cooling to 

room temperature. The resulting black powder was separated by 

application of an external magnet, washed with 2-propanol, hexane and 

ethanol and finally dried under nitrogen flux. 

A.3.4 The fundamental role of NaOL as reducing agent. 

Four syntheses using a variable weight ratio of OA to NaOL, while 

keeping the precursor to surfactants ratio constant (ca. 0.6), were 

performed. The syntheses were carried out dissolving the precursor and 

the surfactants in 10 mL of docosane at 80 °C. The mixture was heated 

from 80 to 370 °C, at 2.9 °C min-1, under vigorous stirring and nitrogen 

flux. The suspension was kept at 370 °C for 40 minutes and let cooling to 

room temperature. The resulting black powder was separated by 

application of an external magnet, washed with 2-propanol, hexane and 

ethanol and finally dried under nitrogen flux.   
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A.4.1 Starting materials and chemicals  

Iron(III) chloride hexahydrate (FeCl3·6H2O, 98% from Sigma-Aldrich), 

Cobalt(II) chloride hexahydrate (CoCl2·6H2O, 98% from Honeywell), 

Nickel(II) chloride (NiCl2·6H2O, 98% from Sigma-Aldrich), oleic acid 

(OA, 90%, Aldrich), docosane (97%, Aldrich), ethanol (99.8%, Fluka), 

hexane (99%, Honeywell) and 2-propanol (98%, Honeywell) were used 

without any further purification. 

A.4.2 Oleate Precursors synthesis 

Iron oleate (Fe(OL)) precursor was synthesized by dissolving FeCl3·6H2O 

in 20 mL of hexane, 10 mL of ethanol and 10 mL of distilled water. At 

room temperature, stoichiometric amount of NaOL was added and the 

mixture was heated at 75 °C, under vigorous stirring, for 5 hours. The 

brown colored organic phase was separated from the aqueous phase and a 

brown-dark waxy product was obtained after solvent evaporation. The 

same procedure was adopted for the synthesis of Cobalt - Iron oleate 

(CoFe(OL)), starting from the corresponding metal chloride with molar 

ratio of 0.33:0.67 and Nickel – Cobalt – Iron oleate (NiCoFe(OL)), molar 

ratio of 0.13:0.20:0.67. The stoichiometry of the final products was 

confirmed by Inductively Coupled Plasma analysis.  

A.4.3 Synthesis of Fe1-xO|Fe3O4 (FeO) core|shell NPs 

The Fe1-xO NPs were synthesized by thermal decomposition of the metal 

precursor. 0.9 g (1 mmol) of Fe(OL) and 0.33 g (1.1 mmol) of OA were 

dissolved in 7 mL of docosane at 80 °C. The mixture was heated from 80 

to 330 °C, at 2.5 °C min-1, under vigorous stirring and nitrogen flux. The 

suspension was kept at 330 °C for 30 minutes and then let cool down to 
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room temperature. The resulting black powder was separated by applying 

of an external magnet, washed with 2-propanol and ethanol, and finally 

dried under nitrogen flux. The Fe1-xO|Fe3O4 CS architecture was obtained 

by partial controlled oxidation of the Fe1-xO surface during the washing 

step.  

A.4.4 Synthesis of CoxFe1-xO|CoyFe3-yO4 (CoFeO) and 

NizCoxFe1-x-zO|NiwCoyFe3-w-yO4 (NiCoFeO) core|shell NPs 

The doped monoxide NPs were synthesized by thermal decomposition of 

the corresponding metal precursors. In a typical synthesis, 1.5 g (2 mmol) 

of CoFe(OL) and 0.57 g (2 mmol) of OA for CoFeO or 1.5 g (2 mmol) of 

NiCoFe(OL) and 2.5 g (9 mmol) of OA for NiCoFeO, were dissolved in 

10 mL of docosane at 80 °C. The mixture was heated from 80 to 330 °C, 

at 2.5 °C min-1, under vigorous stirring and nitrogen flux. The suspension 

was kept at 330 °C for 40 minutes and then let cool down to room 

temperature. The resulting black powder was washed following the same 

procedure already explained above for the synthesis of Fe1-xO|Fe3O4 (FeO) 

core|shell NPs. For both samples the CS architecture was obtained by 

partial controlled oxidation of the NPs surface during the washing step.   

 

A.5.1 Synthesis of Fe3O4, CoFe2O4
 and Ni0.4Co0.6Fe2O4 NPs 

Fe3O4 NPs (FeO-oxy) were obtained after a mild oxidation of core|shell 

FeO|Fe3O4
 NPs. 12 mg of FeO|Fe3O4 powder (see A.4.3) and few drops of 

oleic acid were added to 20 mL of 1-ottadecene. The mixture was heated 

up to 310 °C under vigorous stirring and air flux. The suspension was kept 

at 310 °C for 15 minutes under air flux and then let cooling down to room 
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temperature. The resulting black powder was separated by the application 

of an external magnet, washed with toluene and ethanol and finally dried 

under air flux. The same synthetic procedure was used for CoFe2O4
 

(CoFeO-oxy) and Ni0.4Co0.6Fe2O4 (NiCoFeO-oxy) which were obtained 

by mild oxidation of CoFeO (Co0.3Fe0.7O|Co0.8Fe2.2O4) and NiCoFeO (see 

Chapter A.4.4) (Ni0.17Co0.21Fe0.62O|Ni0.4Co0.3Fe2.3O4), respectively. 

 

A.6 Starting materials for Co0.4Fe2.6O4 NPs  

The synthesis was carried out using standard airless procedures and 

commercially available reagents. Benzyl ether (99%), oleic acid (OA, 

90%), oleylamine (OAm, >70%), Iron(III) acetylacetonate (Fe(acac)3, 

99%),  Cobalt(II) chloride anhydrous (CoCl2, ≥ 99%). All starting 

materials were purchased from Sigma-Aldrich and used without further 

purification. CoCl2 anhydrous was stored inside a glove box.  

A.6.1 Synthesis of Co0.4Fe2.6O4 NPs 

Cobalt ferrite NPs (CFO) were synthesized by dissolving 2 mmol of 

Fe(acac)3, 1 mmol of CoCl2, 6 mmol of OA and 6 mmol of OAm in 25 mL 

of benzyl ether in a 50 mL three-neck round bottomed flask. Initially, the 

mixture was degassed bubbling N2 at 100°C for 60 min and then it was 

heated up to 270 °C for 60 min with heating rate of 3 °C/min. During the 

heating and digestion process the mixture was exposed to a N2 flow. 

Finally, the flask was removed from the heating mantle and allowed 

cooling down under inert atmosphere. The NPs were washed by several 

cycles of coagulation with ethanol, centrifugation at 5000 rpm, disposal of 

supernatant solution and re-dispersion in hexane.   
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A.6.2 Solvent mediate thermal annealing of Co0.4Fe2.6O4 NPs 

Afterwards, CFO NPs were subjected to further heating process at 

different temperatures following a procedure commonly used for the 

growth of ferrites shell. 0.025 g of as prepared NPs were re-dispersed in a 

solution containing 0.6 mmol of OA, 0.6 mmol of OAm and 40 mL of 

benzyl ether or ottadecene in a 100 mL three-neck round bottomed flask. 

The mixture was degassed bubbling N2 at 100°C for 60 min and then it 

was heated up to the desired temperature (150, 210, 270 or 320 °C) for 60 

min with heating rate of 3 °C/min. During the heating process the mixture 

was exposed to a N2 flow. Finally, the flask was removed from the heating 

mantle and allowed cooling down under inert atmosphere. The NPs were 

washed by several cycles of coagulation with ethanol, centrifugation at 

5000 rpm, disposal of supernatant solution and re-dispersion in hexane. In 

addition, 0.025 g of CFO in powder was heated at 3 °C/min up to 210 °C 

under N2 atmosphere in an oven. The sample was kept at this temperature 

for 60 min and then cooled down to room temperature.  

A.6.3 Mössbauer spectra: fitting details 

57Fe Mössbauer spectrometry under intense magnetic field is a powerful 

tool to investigate magnetic structure of spinel ferrite. In fact the 

application of an intense applied field, which is usually added to the A-site 

hyperfine field and subtracted from the B-site hyperfine field, reduces the 

overlap between the A- and B- site components, allowing for a more 

reliable distinction of each one. Furthermore, such spectra can provide 

precious information about non-collinearity of the spin structure. In the 

presence of an external magnetic field parallel to the gamma ray direction, 

the relative areas of the six lines give information about the degree of 

alignment of the magnetization with the applied field. The modelling of 
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the in-field Mössbauer spectrum allows one also a direct estimation of both 

the effective field (Beff) and the angle (θ) of the two types of sites, and then 

their respective hyperfine field Bhyp can be calculated according to the 

relation: 

𝐵ℎ𝑦𝑝
2 = 𝐵𝑒𝑓𝑓

2 + 𝐵𝑎𝑝𝑝
2 − 2𝐵𝑒𝑓𝑓𝐵𝑎𝑝𝑝𝑐𝑜𝑠𝜃 (6.1) 

where Beff is the vectorial sum of the Bhyp and the applied field, Bapp, and θ 

is the angle between the magnetic field at the nucleus and the gamma ray 

direction. For a thin absorber the relative area of the six lines is given by 

3:p:1:1:p:3, where: 

p =
4𝑠𝑖𝑛2𝜃

1 + 𝑐𝑜𝑠2𝜃
 (6.2) 

The nonzero intensity of lines 2 and 5 (i.e.  0) in the spectra indicates 

the presence of a non-collinear magnetic structure, with some spins that 

are not aligned parallel or antiparallel to the external magnetic field. 
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