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Introduction  

The interest in developing magnetic nanoparticles (MNPs) and magnetic 

nanohybrids (MNHs) consisting of nanosized magnetic materials and studying their 

magnetic properties increases continuously. Magnetic nanohybrid are materials 

composed of two or more distinct magnetic phases existing in synergy and coupling. 

Under the term “magnetic”, we understand materials in which at least one of the phases 

has a long-rage magnetic order, for example, ferro- (FM), ferri- (FiM) or 

antiferromagnetic (AFM). At the nanoscale, the terms “composite” and “hybrid” are 

synonyms since the chemical bonds or interactions between two phases are unavoidable. 

This bonding leads to the achieving new properties of hybrid material which do not 

present in a simple mechanical mixture of components [1]. 

In literature, it is more common under the term MNHs to designate materials 

composed of magnetic transition metal-based oxide or metal component coupled with 

plasmonic noble metal [2,3], diamagnetic organic [4,5], functional carbon/graphene [6,7] 

or silica [8] counterpart in form of nanoheterostructures. The main distinctive feature of 

the listed combination is their multifunctionality. Recently, a lot of attention was devoted 

to the synthesis of multifunctional MNH combining structural, optical, mechanical, 

rheological, catalytical properties which do not exist in nature. That is important to meet 

the requirements of new technologies, such as magnetic recording, ferrofluids, catalysis, 

biomedicine. The new and perspective directions where MNH find application were 

forecasted1: 

a) Spintronics using organic and inorganic magnetic building blocks down to the 

molecular level; 

b) Spin "nano" processing for energy-saving magneto-logic devices and 

microprocessors based on spin-dynamics; 

c) Magnetic storage materials using three-dimensional self-assembled hierarchies; 

d) Materials for magnetic refrigeration. 

 
1 https://ec.europa.eu/futurium/en/content/magnetic-nanohybrids-nanomagnets-and-nanomagnetic-devices-energy-

conserving-applications 
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The consciousness and research of MNPs and MNHs, which include a 

ferromagnetic or ferrimagnetic (F(i)M) component, is one of the most demanded areas in 

science and technology in the last two decades. The reasons are: 

- progress in research methods and methods for the synthesis of 

nanostructured materials;  

- the emergence of new devices and areas of fundamental research where 

such materials are demanded;  

- the modern trend towards miniaturization, which is being addressed by 

creating multifunctional materials. 

In literature it is presented several classifications of nanohybrids (no specified for 

magnetic) by different factors [9,10]: 

• Level of correlation 

o Weak interacting (for example, electrostatic or magnetostatic); 

o Strong interacting (for example, covalent or exchange). 

• Morphological characteristic 

o 0-D: core/shell, dumbbell-, Janus-like, encapsulated mesoporous and 

hollow nanoparticles of different shapes; 

o 1-D: nanowires or nanotubes covered, partially covered, encapsulated or 

decorated with nanoparticles; 

o 2-D: nanostructured and nanopatterned thin films, multilayer thin films, 

nanoplates and microdisc; 

o 3-D: bulk matrix filled with 0-, 1- and 2-D nanostructures including 

hierarchical and self-assembled structures. 

More specified classification of MNH can be given as follow: 

• Class I: multimagnetic MNHs consisted of two or more F(i)M materials with 

different kinds of anisotropy (for example, magnetically soft and hard) or 

antiferromagnetic material; 

• Class II: magnetic/non-magnetic MNHs consisted of F(i)M phase covered, 

coupled with non-magnetic (dia- or paramagnetic) shell or incapsulated in the 

matrix or layered structures; 
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• Class III: topological MNH is the class of material where the second phase is 

surface which could be of the same chemical composition but different magnetic 

properties; 

• Class IV: MNH with special magnetic phenomenon arise on the interface 

between two magnetic or non-magnetic phases.  

Listed above classes of MNHs can coexist, for examples, the core/shell MNPs 

consisting of magnetically hard and soft materials covered with an organic shell is 

categorized as a 0-D MNHs of Class I/II. In case F(i)M/AFM thin film with evidenced 

exchange bias coming from the interface can be categorized into 2-D MNH of Class I/IV. 

The first class of MNHs consisted of several magnetic phases is a well-known way 

to tune the magnetic properties of the material. Indeed, the coupling of magnetically soft 

and hard phases affects the hysteretic properties of such material. This approach is widely 

studied for improvement of the energy product (BH)max of exchange-spring magnets for 

permanent magnets [11]. Magnetic phases with high anisotropy usually have relatively 

low saturation magnetization and Curie temperature. Coupling a magnetically hard phase 

with magnetically soft results in hysteresis with higher performance. Theoretically, 

(BH)max value of the exchange-spring magnet can exceed about three times commercially 

available permanent magnets and reach 120 MGOe [11].  

The second class of MNHs consisted of “magnetic” material embedded or coupled 

with “non-magnetic” is probably one of the most pronounced classes of MNH because 

of its native multifunctionality and vivid difference in physical properties of counterparts. 

Indeed, as we mentioned before in this paragraph, most of the cases of using the term 

“magnetic nanohybrid” applied to Class II. A remarkable example of the application of 

Class II MNH is biomedicine [5]. Here, coupling of magnetic phases with non-magnetic 

carried to combine magnetic properties with functions of biomolecules (drugs, gens, 

enzymes, etc.), the biocompatibility of silica, gold or polymers; or to add particular 

optical properties of semiconductor quantum dots. In biomedical applications, magnetism 

can be applied for magnetic hyperthermia treatment or magnetic resonance imaging 

(MRI) diagnostics purposes, while the second phase, for example, plasmonic one for 

additional bioconjugation with different biomolecules and optical sensing [2]. To date 
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several chemical synthetic strategies to synthesize MNHs in form of core/shell, 

dumbbell-like and nanoflower nanoparticles of different sizes and shapes [12,13]. 

The Class III of MNHs is material with the strong influence of surface spins. 

Hybrids of this class can be chemically homogenous but because of the surface spins 

forming a magnetically anomalous region can be considered a two-phase system. In 

magnetic nanostructures, the strong influence of surface manifest in reduction of 

saturation magnetization and increased anisotropy [14,15]. A vivid example of this class 

of MNHs is a hollow particle because in this case the influence of surface is doubled. 

Indeed, hollow structures have two surfaces (internal and external). Typical magnetic 

hysteresis of such particles is characterized by high saturation and closure fields [16].  

Class IV is MNHs with the strong influence of interface between two phases on 

magnetic properties of the whole system with phenomenon arises because of the 

contribution of interphases spins. In the case of two magnetic phases, a very important 

phenomenon of the exchange bias (EB) can be observed [17]. In M-H hysteretic 

measurements this phenomenon is displayed by the shift of hysteresis after induction of 

the preferential orientation of pinned spins on the interface between two phases. An 

important requirement to observe bias is the significant difference in anisotropy constant 

between two magnetic phases and more pronounced become in the case of AFM and 

F(i)M systems. The EB phenomenon was firstly discovered in a system of FM/AFM 

core/shell nanoparticles by Meiklejohn and Bean [18], who observed a horizontal shift of 

the hysteresis loop after cooling through the AFM Néel temperature, TN (in the system 

with TN  of AFM lower than the FM Curie Temperature, TC) in the presence of an applied 

magnetic field. The observation of such phenomenon has been then extended to interfaces 

between FiM and AFM as well as in FM/FiM [19,20] and AFM/AFM [21,22] systems. 

The key distinguishing feature of such systems is a family of interface spins with broken 

symmetry of exchange interaction which becomes pinned at a certain temperature and 

acts as an anchoring layer. The exchange bias in multilayered MNH of Class IV is the 

crucial phenomenon lied in the base of devices in spintronics based on magnetoresistance, 

in particular the giant magnetoresistance [23]. 
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Transition metal oxides (TMO) is very rich in its variation family of materials that 

wide-spreading in the earth's crust [24,25]. Their rich variety of crystal chemistry turns 

into a unique plethora of physical properties related main to spin and electronic structures, 

making TMO both applicable in many technological fields of industry and interesting 

objects for fundamental research. Properly functionalized MNPs and MNHs consisting 

of iron oxides are currently being studied intensively for a range of biomedical 

applications [26–30], particularly for cancer treatment via both targeted hyperthermia and 

drug delivery, as well as in diagnostics, for example, in MRI for use as contrast agents. 

An array of MNP materials exist for these applications, with ferrimagnetic iron oxides 

(magnetite Fe3O4 and maghemite γ-Fe2O3) being of particular note due to a favorable 

compromise between biocompatibility and magnetic properties (saturation 

magnetization) [31–33]. The magnetic properties of iron oxide MNPs can be enhanced 

by doping with other metal ions, controlling their size and shape. The most significant 

advances in the use of MNPs appear to be related to the design of multifunctional 

platforms allowing simultaneous implementation of several diagnostic and therapeutic 

methods in the theranostic approach [34,35]. 

The main problem in understanding magnetic properties is the interconnection 

between the structural properties of oxides in form of nanohybrids and their magnetic 

properties. This dissertation is devoted to the study of the magnetic properties of 

nanostructures representing MNPs and nanohybrid TMOs. Several synthesis strategies 

were employed to obtain MNP systems of different sizes, chemical compositions and 

architectures (size, shape and order of layers of multiphase structures), and to discover 

the influence of those factors on magnetic properties. Their magnetic properties were 

investigated and analyzed. 
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Aims and objectives 

The aim of this dissertation was to study the influence of the composition, 

morphology, and architecture of different nanostructures of magnetic transition metal 

oxides, including core/shell and hollow nanoparticles, on their magnetic properties.  

In accordance with the goal, the following tasks were set: 

1. To investigate the magnetic and structural properties of nanoparticles of cobalt 

ferrites doped with zinc and nickel produced by the sol-gel autocombustion 

method; 

2. To refine the magnetic structure of a set of cobalt ferrite doped with zinc 

nanoparticles produced by the hydrothermal method. To develop a model of 

correlation between magnetic properties (i.e., measurements by SQUID 

magnetometry) and magnetic structure (i.e., Mössbauer spectroscopy under an 

intense magnetic field); 

3. To study magnetization reversal processes and features arising from the 

structural and magnetic disorder in small nanocrystals of magnetic iron oxides 

and cobalt ferrites produced by the coprecipitation and sol-gel autocombustion 

methods; 

4. To experimentally discover the changes in the magnetic properties of 

nanoparticles of magnetically soft iron oxides and magnetically hard cobalt 

ferrite in nonmagnetic surrounding in the ultra-small size range (less than 

10 nm) with decreasing nanoparticle size and to separate the factors leading to 

such variations by a phenomenological approach; 

5. To analyze the magnetic properties of the core/shell-type nanohybrids 

consisting of magnetic materials with magnetically soft, hard, or 

antiferromagnetic properties, as well as hollow nanoparticles. In particular, to 

investigate the systems with variable core and shell material compositions 

(NiFe2O4 и NiO), different thicknesses of the magnetically soft shell. 
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Statements for defense: 

1. The reduction of cobalt in the nanoparticles of cobalt ferrites doped with zinc 

and nickel prepared by the sol-gel autocombustion method brings a reduction 

of the coercivity while the saturation magnetization has a non-monotonous 

character reaching maximum when the molar concentration of dopped elements 

was around 25%;  

2. The interplay between the layer of canted magnetic moments of atoms at 

particle surface and magnetic structure of the particle core (i.e., inversion degree 

for spinel ferrite) defines the magnetic properties of nanoparticles, the surface 

factor dominates in particles below 5 nm especially in magnetically soft 

materials; 

3. The core/shell nanoparticles with a magnetically hard core have a stronger 

anisotropy compared with an inverted soft/hard system. This is due to the 

proximity effect, which increases the anisotropy of the magnetically soft 

material during its epitaxial growth on the magnetically hard material;  

4. The magnetically soft shell with a thickness below the unit cell for nickel ferrite 

increases the coercivity on 20% at low temperatures compared to uncoated 

cobalt ferrite nanoparticles with dimensions of 8 nm, which is associated with 

an increase in the degree of canting of the magnetic moments of the atoms at 

surface; 

5. The epitaxial growth of a very thin (below 1 nm) antiferromagnetic layer of 

nickel monoxide on the cobalt ferrite core increases the coercivity of this system 

from 1.2 T to 2.0 T. The increase in anisotropy is stronger compared with those 

caused by the enhanced regime of canted magnetic moments of surface atoms 

of the same thickness soft shell on cobalt ferrite core of the same size; 

6. The core/shell system consisting of ferrimagnetic and antiferromagnetic 

manganese oxide transforming into a hollow nanoparticle of ferrimagnetic 

manganese oxide loses the properties specific for exchange bias systems but 

increases the coercivity from 0.31 T up to 0.65 T due to the increased surface 

effect. 
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Personal participation of the applicant in obtaining scientific results 
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magnetometry were performed directly by the author of the dissertation research at the 
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the applicant during his fellowship at the University of Genova (Genova, Italy, under 

the supervision of Prof. Davide Peddis and Prof. Fabio Canepa), at the Chemical 

Department of Lomonosov Moscow State University (MSU, Russia), under the 

supervision of Prof. Alexander Majouga, within the work according to the grant of the 

Russian Foundation for Basic Research (№17-32-50202/18). The investigation of the 

magnetic properties of the samples by SQUID magnetometry was partially carried out 

by the author of this dissertation during his stay at the Institute of Materials Structure 

of the Italian Research Council (Rome, Italy, under the supervision of Prof. Davide 

Peddis) and at the National Research Center Kurchatov Institute (Moscow, Russia, 

under the supervision of Prof. Alexander Inyushkin) as part of the grant of the Russian 

Foundation for Basic Research (№ 16-32-50187/16). The processing, analysis, and 

description of all the results obtained, as well as the writing of articles, were performed 

directly by the author of the dissertation.  

Reliability of the main results 

The validity of the results obtained by the candidate is confirmed by the application 

of modern technologies and methods of synthesis of materials, the use of modern high-

precision scientific equipment for the characterization of their structural, 

morphological and magnetic properties. The validity was also ensured by a set of 

complementary experimental techniques and computer modeling of some systems, the 
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reproducibility of the results and the correspondence of the obtained results to the data 

of other scientific groups available in the literature. The results presented for the 

defense have been published in indexed journals (Web of Science, Scopus) and have 

been repeatedly presented at scientific seminars and conferences.  

The practical significance of the work 

The study of magnetic properties of metal oxide nanostructures made in the form 

of magnetic nanoparticles, including nanohybrids consisting of several magnetic 

phases, is an actual topic of basic research. For example, the determination of factors 

influencing the formation of magnetic anisotropy of complex nanostructures remains 

a difficult task due to a large number of interrelated factors: surface influence, 

interaction at the interface, interparticle interactions, the difference between the 

nanoparticle magnetic crystal structure and massive materials, consisting in particular 

in the spinel inversion degree. Thus, the magnetic properties of the system will be 

determined by the choice of chemical compositions, size, size distribution, shape, 

surface and interface properties, and a set of other factors. 

Hence, the magnetic properties of nanostructures (saturation magnetization and 

anisotropy) are parameters that can be controlled to meet the requirements of various 

applications, such as biomedical applications or the use of magnetic nanoparticles as 

fillers for composite materials. The dissertation aims to experimentally investigate the 

magnetic properties and determine the mechanisms of formation of the relationship 

between the structural and magnetic properties of oxide nanoarchitectures. To achieve 

the goal, the dissertation work analyses the magnetic properties of a large number of 

different nanostructures fabricated by sol-gel autocombustion, coprecipitation and 

high-temperature decomposition methods, as composite nanostructures, 

monocrystalline nanoparticles, nanoparticles with core/shell structure, hollow 

nanoparticles, nanoparticles with different organic shells and particles embedded in 

inorganic matrices made of iron oxides with spinel structure, cobalt ferrites, doped 

cobalt ferrites, manganese and nickel oxides. Some of the studied materials were tested 

for application in biomedicine and their prospects were shown, and also some of the 
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Chapter 1: Introduction to magnetism at the nanoscale 

1.1 Magnetism and magnetic interactions 

According to the classical theory of electromagnetism, the moving electrical 

charges generate the magnetic field (H) and they are affected by this field, thus the energy 

of the magnetic field is the measure of interaction of moving charges [36,37]. The 

intrinsic movement of the electron, its angular momentum (spin) is one of the main 

sources of magnetic properties of materials. The magnetic field is a vector field that 

interacts with a magnetic moment (μ). The magnetostatic interaction energy is  

𝐸𝐸 = 𝜇𝜇0(𝝁𝝁 · 𝑯𝑯), (1) 

where μ0 is the vacuum permeability. Since each magnetic moment is the source of the 

magnetic field, two magnetic moments placed at the distance r will interact with the 

energy depending on the mutual orientation of each magnetic moment (Figure 1 a): 

𝐸𝐸𝑑𝑑 =
𝜇𝜇0

4𝜋𝜋
�
�𝝁𝝁𝒊𝒊 · 𝝁𝝁𝒋𝒋�

𝑟𝑟𝑖𝑖𝑖𝑖
3 − 3

�𝝁𝝁𝒊𝒊 · 𝒓𝒓𝒊𝒊𝒊𝒊��𝝁𝝁𝒋𝒋 · 𝒓𝒓𝒊𝒊𝒊𝒊�
𝑟𝑟𝑖𝑖𝑖𝑖

5 �. (2) 

This magnetostatic interaction energy is weak concerning two local (atomic) 

magnetic moments. For two magnetic moments with the magnitude of one Bohr 

magneton (μB) at a distance of 1 Å is ~0.05 meV (~10−23 J) which corresponds to the 

temperature energy of less than 1 K [38]. Thus, this energy is not enough to stabilize 

magnetic order at temperatures of hundreds of K (typical value of Curie temperature for 

ferromagnetic materials). 
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Figure 1. Illustration of a) magnetic dipole interactions; b) exchange interactions 

mechanisms: direct and indirect through (i) intermediate anions (for example oxygen) 

or (ii) conducting electrons; c) schematic representation of Dzyaloshinskii–Moriya 

interaction between two spins involving an atom with the large spin-orbit coupling. 

 

The long-range magnetic order of individual atomic magnetic moments (spins) is 

provided by quantum-mechanical exchange interactions [39]. These interactions arise 

due to the overlapping of antisymmetric wave functions of identical particles under the 

Pauli exclusion principle. In the case of the direct exchange, the energy of two interacting 

spins can be described by the Heisenberg Hamiltonian: 

ℋ𝑒𝑒𝑒𝑒𝑒𝑒ℎ. = − � 𝐽𝐽𝑖𝑖𝑖𝑖𝑺𝑺𝒊𝒊 ∙ 𝑺𝑺𝒋𝒋
𝑖𝑖≠𝑗𝑗

 � 𝐽𝐽 > 0       –         ferromagnetic coupling;
𝐽𝐽 < 0       –  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ferromagnetic coupling, (3) 

where S is the spin operator and Jij is the exchange integral. In the case of direct exchange 

interaction, which can occur in ferromagnetic metals (Fe, Co, and Ni), the J is in the range 

of 10–50 meV [38]. This strong interaction can provide long-range magnetic moment at 

very high temperatures (Curie temperatures for Fe, Co, and Ni are 1043, 1400, and 627 

K, respectively). 

Another type of direct exchange interaction is the antisymmetric Dzyaloshinskii–

Moriya interaction (DMI) [40]. This occurs in non-centrosymmetric lattices or at 

interfaces [41–43]. This interaction can appear between two atomic spins with a 

neighboring atom having the large spin-orbit coupling (SOC) [44]. The Hamiltonian of 

DMI, in this case, can be written as follow: 

ℋ𝐷𝐷𝐷𝐷 = −𝑫𝑫𝒊𝒊𝒊𝒊 ∙ �𝑺𝑺𝒊𝒊 × 𝑺𝑺𝒋𝒋�, (4) 

where Dij is Dzyaloshinskii–Moriya vector. This interaction favors the perpendicular spin 

alignment competing with symmetric exchange interaction (Figure 1). However, the 
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magnitude of Dij is usually much smaller that Jij and the resulting spin canting is the order 

of 1° [43]. Nevertheless, in some particular nanostructures magnetocrystalline 

anisotropy, symmetric and antisymmetric exchange interactions are of the same order 

(for example, of ~0.5 meV in ordered Fe–Pt alloys) [43]. In these situations, DMI induces 

the formation of chiral spin textures (e.g., skyrmions). In particular, DMI is responsible 

for weak ferromagnetism of some antiferromagnetic compounds (e.g., α-Fe2O3, BiFeO3, 

Cr2O3, …). In nanoparticles magnetism, the essential role of DMI is in the spin canting 

phenomenon of surface spins [45] and magnetic distortion at crystal defects [46]. 

Moreover, an inverse DMI is consisting in the charge displacement (ferroelectricity) due 

to antisymmetric spin-exchange interactions [47]. In other words, this effect is 

responsible for the interaction of magnetic order and electric polarization in 

magnetoelectric multiferroics. 

Except for the direct exchange, there are several indirect mechanisms for 

establishing the exchange interaction (Figure 1b) [39]. One of the mechanisms of indirect 

exchange is the super-exchange interaction mediated via intermediate anions (for 

example, O2− in magnetic oxides). The super-exchange at 90° is the double-exchange 

mechanism arising between atoms with the mixed valence (for example, between Fe2+ 

and Fe3+ in Fe3O4). The interplay of super- and double-exchange interactions determines 

the long-range magnetic order in the spinel ferrites. 

In conducting media, the Ruderman–Kittel–Kasuya–Yosida (RKKY) interactions 

mediated by conductive electrons through the hyperfine interaction are possible [39]. 

Although the RKKY interaction usually does not present in the most common FM spinel 

ferrites due to their insulating properties, in metallic systems, such as, FM particles 

embedded into a metallic matrix, it can play a determining role [48,49]. 

1.1.2 Magnetic anisotropy 

The general expression for Hamiltonian eq.(3) has the isotropic character. In bulk 

materials, the magnetocrystalline anisotropy (Kmc) term is usually considered to be 

dominant. The Kmc originates from the spin-lattice coupling. In the total energy of the 
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system, this interaction can be considered as an additional term in the Heisenberg 

Hamiltonian: 

ℋ = − � 𝐽𝐽𝑖𝑖𝑖𝑖�𝑺𝑺𝒊𝒊 ∙ 𝑺𝑺𝒋𝒋�
𝑖𝑖≠𝑗𝑗

−
𝜆𝜆
2

� 𝑆𝑆𝑖𝑖
𝑧𝑧𝑆𝑆𝑗𝑗

𝑧𝑧,
𝑖𝑖≠𝑗𝑗

 (5) 

where 𝜆𝜆 is the parameter of spin-lattice coupling. Thus, in FM materials, exchange and 

anisotropy terms balance at the scale of exchange-correlation length [50]: 

𝐿𝐿0 = 𝜑𝜑0�𝐴𝐴 |𝐾𝐾𝑙𝑙|⁄  , (6) 

where |Kl| is the absolute value of the local anisotropy constant, A is the exchange stiffness 

and 𝜑𝜑0 is the coefficient of proportionality (𝜑𝜑0 = 1 in the Herzer’s model). L0 is a critical 

size below which local magnetic moments are aligned parallel due to exchange 

interaction. The exchange length Lex results from the normalization of the natural 

exchange length L0 by substituting the local magnetocrystalline anisotropy |𝐾𝐾𝑙𝑙| with the 

average anisotropy constant < 𝐾𝐾 >. In materials with a structural correlation higher than 

exchange correlation length d > Lex, spins have a non-collinear structure. In particular, 

the thickness of the Bloch domain wall can be defined as 𝛿𝛿 = 𝜋𝜋�𝐴𝐴 |𝐾𝐾𝑙𝑙|⁄ . The typical 

scale of L0 for ferromagnetic materials is tens or hundreds of nanometers, thus many 

nanoparticle systems belong to regime d < Lex [50]. In terms of the random anisotropy 

model (RAM) [50], the average anisotropy constant of exchange-coupled volume is 

< 𝐾𝐾 >= |𝐾𝐾𝑙𝑙| ∙ (𝑑𝑑 𝐿𝐿0⁄ )6 . (7) 

Considering that in Stoner–Wohlfarth (SW) model µ0HC ~ K/MS (μ0HC is coercive 

field and MS is the saturations magnetization) and other material` properties are constants 

which do not dependent on the particle size, one can show from eq.(7), that µ0HC ~ d6 in 

the regime d < L0 H is characterized by coherent behavior of all spins of the correlated 

volume. 
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Figure 2. Theoretical grain size dependence of the effective anisotropy <K> for 

bcc Fe80Si20 (grains volume fraction 0.73). Reproduced from [51]. 

 

The cubic and uniaxial crystal symmetry are more common for magnetic materials 

and it gives rise to the corresponding magnetic anisotropy symmetry. Examples of 

materials with cubic magnetocrystalline anisotropy are pure metals (e.g., body-centered 

cubic (bcc) Fe) and spinel ferrites (γ-Fe2O3, Fe3O4, CoFe2O4, etc.), while materials with 

the hexagonal crystal structure such as hexagonal close-packed (hcp) Co, SrFe12O19 and 

BaFe12O19 hexaferrites have strongly pronounced uniaxial anisotropy.  

 
Figure 3. Schematic representation of anisotropy axes (e) in a) cubic and b) 

uniaxial anisotropy symmetry cases. 

 

Considering the symmetry principle, Akulov showed the energy density of the 

magnetocrystalline anisotropy can be expressed phenomenologically [52,53]. For 

crystals with cubic energy anisotropy, it can be written in terms of the cosines of the 

directions of magnetization α1, α2 and α3 according to three edges of the cube [100], [010] 

and [001] respectively. The crystal planes {100}, {010} and {001} are symmetry planes 
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where the reflection in the plane leads to the change in the sign of the cosines. Thus, the 

anisotropy energy must be invariant concerning the replacement αi → −αi. Consequently, 

the first term, satisfying the requirements of symmetry, in the energy expansion Ea will 

be the term proportional to the sum (α1
2+α2

2+α3
2). But α1

2+α2
2+α3

2=1, and the sum of 

the terms of the series containing αi
2 will give the constant. The sum of the following 

non-zero terms of the 4th and 6th orders gives the main contribution to this expansion, and, 

after appropriate mathematical transformations, it can be demonstrated that 

𝐸𝐸𝑎𝑎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝐾𝐾1𝑉𝑉(𝛼𝛼1

2𝛼𝛼2
2 + 𝛼𝛼2

2𝛼𝛼3
2 + 𝛼𝛼3

2𝛼𝛼1
2) + 𝐾𝐾2𝑉𝑉𝛼𝛼1

2𝛼𝛼2
2𝛼𝛼3

2, (8) 
where α1 = sin θ cos φ, α2 = sin θ sin φ, α3 = cos θ and θ is the polar and φ is the azimuthal 

angle. 

 
Figure 4. Schematic showing cartesian coordinate axes and corresponding angles 

to the definition of magnetic anisotropy for magnetization vector (M) in the system with 

uniaxial anisotropy. 

 

In the case of uniaxial anisotropy, considering only terms of first and second 

orders, magnetic anisotropy energy can be expressed: 

𝐸𝐸𝑎𝑎
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐾𝐾1𝑉𝑉𝑉𝑉𝑉𝑉𝑛𝑛2(𝜃𝜃) + 𝐾𝐾2𝑉𝑉𝑉𝑉𝑉𝑉𝑛𝑛4(𝜃𝜃), (9) 

where Kx are the anisotropy constants, V is the volume of the particle and 𝜃𝜃 is the angle 

between the magnetic moment vector and the easy axis of particle anisotropy. In many 

cases, K1 term dominates over the higher-order coefficients [54].  

Here one can note that it is more common to observe the uniaxial anisotropy in 

many nanoparticle systems with the cubic magnetocrystalline anisotropy (most common 

𝜃𝜃 
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case): the reason is the appearance of additional sources of magnetic anisotropy at the 

nanoscale. This is more pronounced in magnetically soft materials with a low value of 

magnetocrystalline anisotropy.  

One of the most common and probably significant terms of magnetic anisotropy is 

the surface anisotropy arising from the symmetry breaking resulting in a reduction in 

coordination of surface spins. The linear trend according to eq.(18) in the dependence of 

the effective magnetic anisotropy constant versus the particle size was observed for 

metallic Fe particles [55]. In small ferrite nanoparticles, the change in surface-to-volume 

ratio is usually accompanied by a change in the properties of the particle core material 

(e.g., inversion degree), strongly affecting magnetocrystalline magnetic anisotropy 

making the linear rule eq.(18) more complicated [15]. 

The non-spherical shape of particles results in an additional increase in anisotropy 

due to additional magnetostatic energy. According to eq.(2), magnetostatic energy is 

strongly dependent on distance. One can consider the magnetic poles of single-domain 

(SD) particles as interacting magnetic moments producing demagnetizing field. Since in 

a spherical particle all orientations of magnetization are equivalent. However, in non-

spherical particles, this phenomenon known as shape anisotropy can play a significant 

role, especially in elongated particles with, for example, ellipsoidal or rod-like shapes. 

For an ellipsoidal particle with major axis c and minor axes a = b, the magnetostatic 

energy can be written as [56]: 

𝐸𝐸𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =
1
2

𝜇𝜇0𝑀𝑀𝑆𝑆
2𝑉𝑉(𝑁𝑁𝑎𝑎 − 𝑁𝑁𝑐𝑐) sin2 𝜃𝜃, (10) 

where Na and Nc are demagnetizing factors for minor and major axes respectively, and θ 

is the angle between magnetization vector and c axis. 

We should note that shape anisotropy in real systems is a more complicated 

phenomenon because of the geometric distortions of small particles and they only very 

approximately can be considered to be spherical or ellipsoidal. While the more realistic 

situation is an ensemble of particles with partially faceted and unfaceted surfaces which 

occurs due to chaotic processes of particle growth [57,58]. One can consider particle 
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shape as an octahedron with additional filled or partially filed facets giving rise to 

increased uniaxial anisotropy. 

1.1.3 Single-domain regime 

In 1930 Frenkel and Dorfman predicted that small magnetic particles would 

transition from multi- (MD) to single-domain (SD) state [59]. This is because the 

magnetostatic energy becomes comparable with the energy required for the formation of 

a domain wall. In the case of an FM particle with diameter d, the total energy of the Bloch 

domain wall through the center of the particle is estimated as 

𝐸𝐸𝑤𝑤 =
π𝛾𝛾𝑑𝑑2

4
, (11) 

where γ is the energy of the domain wall per unit area [60].  

 
Figure 5. Schematic representation of the change in the magnetic structure of the 

material in the transition from MD to SD state. 

 

While the magnetostatic energy can be estimated as 

𝐸𝐸𝑚𝑚 = −
𝜇𝜇0

2
𝑁𝑁𝑑𝑑𝑀𝑀𝑆𝑆

2𝑉𝑉, (12) 

where MS is the saturation magnetization of the spherical particle with the volume 

V = πd3/6, μ0 is the vacuum permeability and Nd is demagnetizing factor equal to 1/3 for 

the sphere. For multi-domain crystals with the slab-like domains and characteristics 

dimensions D and L (D < L) (Figure 5), the magnetostatic energy per unit area of the top 

surface was found to be 0.85μ0MS
2D [60]. 
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The total energy of the particle, E, is equal to the sum of the wall and magnetostatic 

energies (eq. (11) and (12), respectively). Thus, the critical diameter, dc, at which the 

spherical particle contains only one domain can be defined as a diameter where this 

energy becomes zero: 

𝑑𝑑𝑐𝑐 =
18γ

𝜇𝜇0𝑀𝑀𝑆𝑆
2. (13) 

Thus, a particle less than dc can be regarded as a saturated magnet or a magnetic 

dipole formed by a superposition of individual spins of the atoms that form this particle. 

The total magnetic moment of an SD MNP is called superspin because it is formed 

by a superposition of many coherent spins. The typical value of the magnetic moment of 

one particle is 103–105 μB (μB is the Bohr magneton) [39]. The magnetic reversal 

mechanism of MNPs in the SD state is described by the Stoner–Wohlfarth (SW) 

model [61]. MNPs in this regime are characterized by a high value of remanent 

magnetization (MR) and coercive field, because a uniformly magnetized particle is in the 

saturation state, and the magnetic moment can change orientation only by coherent 

rotation of all spins, which is energetically more expensive than magnetization reversal 

by non-coherent magnetization (e.g., domain walls motion or curling mode). 

 
Figure 6. a) Schematic representation of a SW particle in the absence of a 

magnetic field and in a magnetic field; b) the angular dependence of the free energy on 

the volume of the SW particle in an external magnetic field. 

 

Then one can express the magnetic anisotropy energy as 𝐸𝐸𝑎𝑎 = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑛𝑛2(θ) and, in 

the presence of the external magnetic field two equivalent superspin positions are 

separated by an energy barrier (free energy) [62]: 
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Δ𝐸𝐸𝑎𝑎 = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑛𝑛2(θ) − 𝜇𝜇0𝑀𝑀𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(α − θ), (14) 

where α is the angle between the axis of easy magnetization and the magnetic field (H). 

Free energy dependence according to eq.(14) is presented in Figure 6 b). In the absence 

of a magnetic field, the SW particle has two ground states with a minimum energy 

corresponding to the direction of the superspin collinear with the easy anisotropy axis. 

The direction of magnetization along the hard axis has a maximal energy. Thus, the 

parameter of the magnetic anisotropy describes the directional dependence of the energy 

of magnetic moment which depends on material properties, which will be described in 

detail in the further chapter. 
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Figure 7. Normalized energy of SW MNP under applied magnetic field a) parallel 

and b) perpendicular to the easy axis of particle magnetic anisotropy axis. 

 

The magnetization of a system of SW particles at low temperatures exhibits a 

hysteresis behavior in an external field. This hysteresis has a specific nature, and it was 

described within the framework of the SW model for uniaxial noninteracting particles. 

For an ensemble of SD particles with a random arrangement of easy axes, the magnetic 

hysteresis represents the superposition of all possible hysteresis for a single particle in 

different orientations considering field direction that can be obtained based on eq.(14) as 

graphically presented in Figure 6. 

The energy of SW particle in the external field can be obtained from eq.(14): 

Δ𝐸𝐸𝑎𝑎 = 𝐾𝐾𝐾𝐾 �1 ±
𝐻𝐻

𝐻𝐻𝐾𝐾
�, (15) 
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where μ0HK is the anisotropy field given by 

𝜇𝜇0𝐻𝐻𝐾𝐾  =
2𝐾𝐾
𝑀𝑀𝑠𝑠

. (16) 

The eq.(16) is fundamental in the study of the magnetic properties of SW particles 

since it connects the main parameters of magnetic hysteresis (saturation magnetization, 

anisotropy constant, and anisotropy field which is proportional to the coercivity). 

The extreme cases are the square hysteresis for the magnetization reversal of a 

particle along its easy axis, which occurs by the flip-flop reversal of all spins of the system 

when the value of the external field is equal to the anisotropy field. It was also shown for 

the case of an ensemble of SW particles that HC = 0.479HK and MR/MS = 0.5. Later, Néel 

generalized SW model to the case of particles with cubic anisotropy, then MR/MS ~ 0.8 

and HC = ξHK. Effective anisotropy in cubic systems is lower than in uniaxial [57]. 

Important to note that magnetic interparticle interactions also affect remanence and 

coefficient ξ. 

 
Figure 8. Calculated field dependence of magnetization for SW MNP in the 

magnetic field applied at different angles to the easy axis of particle magnetic 

anisotropy. 

 

α = 0º

10º 45º
80º

90º

1-

5.0-

5.0

1

-1 -0.5 0.5 1

M/M S

h



27 

Table 1. Reduced remanence (MR/MS), reduced coercivity (ξ = HC/HK) and initial 

susceptibility (χi = (dm/dh)h→0) for the ensemble of randomly oriented noninteracting 

SD MNPs. 

Anisotropy symmetry MR/MS ξ = HC/HK χi 

Uniaxial 0.5 0.479 0.667 

Cubic K1 > 0 0.831 0.320 < ξ < 0.335 0.667 
K1 < 0 0.866 0.180 < ξ < 0.200 1 

Adapted from ref.[63] and references therein. 

 

Kodama et al. suggested an approximation for NiFe2O4 MNPs, where the 

anisotropy field was estimated by the closure field of hysteresis µ0HK ≈ µ0Hirr [64]. The 

close field µ0Hirr can be defined as a field at which the difference between the reduced 

magnetization of upper and lower branches of hysteresis reaches a certain value usually 

1 or 3% depending on the quality of data. 

Assuming that µ0HC is mainly due to the switching of particle core while µ0Hirr is 

mainly attributed to the reversal of highly anisotropic surface spins, two values of 

anisotropy constant can be obtained from eq.(16): 

𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
µ0𝐻𝐻𝐶𝐶𝑀𝑀𝑠𝑠

2 × 0.48
;

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =
µ0𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑀𝑀𝑠𝑠

2
.
 (17) 

The difference between values of anisotropy constants in eq.(17) indicates an 

additional contribution, that at first approximation can be referred to as the surface [65]. 

One can also assume that the main contribution of the anisotropy of the core is the bulk 

magnetocrystalline anisotropy than Kcore ≈ Kbulk [66]. With these considerations, the KS 

for spherical MNPs can be expressed as follows [55]: 

𝐾𝐾𝑆𝑆 =
𝑑𝑑�𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐾𝐾𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�

6
. (18) 

The approximation Kcore ≈ Kbulk is valid only in limited cases. Indeed, the Kcore can 

be affected in nanoparticular systems due to other factors such as for example 

interparticle interactions, crystal defects, spin canting and cation distribution [15]. 
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1.1.4 Interface effects 

Intergranular exchange coupling in two-phase magnetic systems consisting of 

materials with magnetically soft and hard properties leads to significant variation in the 

magnetic properties of the entire system [67]. Depending on the magnetic properties of 

each phase, quality of interphase and structural properties of composite, hard-soft 

exchange-coupled nanocomposites can be classified as weak and rigidly coupled 

(Figure 9). For an ideal nanocomposite of extremely soft and hard phases, switching from 

(i) weak to (ii) rigid coupling happens when the critical scale of the soft phase (𝑙𝑙𝑆𝑆) 

becomes lower then roughly twice of the thickness of domain wall in the hard phase 

𝑙𝑙𝑆𝑆 < 2𝛿𝛿𝐻𝐻 (proportional to exchange correlation length L0 in eq.(6)) [11]. In this regime 

also known as “exchange spring magnet”, spins of magnetic phase align collinearly with 

the spins of the hard phase, thus the entire anisotropy of these systems is higher than that 

of a system of non-interacting grains. Since many magnetically hard materials possess 

relatively low MS, exchange spring magnets advance in reaching high energy product 

(BH)max, a parameter important for permanent magnets [11,67]. Considering fractions 

𝑓𝑓𝐻𝐻and 𝑓𝑓𝑆𝑆 of soft and hard phases respectively (mass, volume or thickness of layer can 

be chosen depending on normalization of K and MS), nucleation field can be written as 

follow [67]: 

µ0𝐻𝐻𝑁𝑁  ≈
2(𝑓𝑓𝑆𝑆𝐾𝐾𝑆𝑆 + 𝑓𝑓𝐻𝐻𝐾𝐾𝐻𝐻)
(𝑓𝑓𝑆𝑆𝑀𝑀𝑆𝑆

𝑆𝑆 + 𝑓𝑓𝐻𝐻𝑀𝑀𝑆𝑆
𝐻𝐻)

. (19) 

For systems with the thicker soft phase 𝑙𝑙𝑆𝑆 > 2𝛿𝛿𝐻𝐻, the reversal of the soft phase 

occurs much before the reversal of the hard one. The nucleation field of the soft phase in 

the weakly coupled systems given by 

µ0𝐻𝐻𝑁𝑁
𝑆𝑆  ≈

𝜋𝜋2𝐴𝐴𝑆𝑆

𝑀𝑀𝑆𝑆(𝑙𝑙𝑆𝑆)2, (20) 

where 𝑙𝑙𝑆𝑆 is the thickness of the soft phase [11]. 
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Figure 9. Scheme of the magnetic behavior of hard-soft nanocomposites with  

i) weak interphase coupling and ii) rigid exchange coupling, and an extremal case of the 

exchange-coupled composite of soft or hard FM with AFM. 

 

In nanoparticle magnetism, particular attention is devoted to the bi-magnetic 

core/shell systems [68]. Bi-magnetic exchange-coupled systems possess some unique 

properties. Among these, there is an “exchange bias” phenomenon concluded in the 

horizontal bias of the M-H hysteresis cycle [17]. Firstly this phenomenon was observed 

in Co(FM)/CoO(AFM) nanoparticles after field cooling (FC) of the system from 

temperature T1 above Néel (TN) down to a low temperature T2, where TC > TN [18] 

(Figure 9). Phenomenologically it was explained due to the orientation of interface AFM 

spins above TN collinearly with the spins of the FM phase via exchange interaction. These 

pinned AFM spins possess a high anisotropy due to exchange coupling with the AMF 

phase when it is ordered and they act as anchors promoting a certain orientation of the 

magnetization of the FM phase. The exchange bias field (μ0HE) is given by 

𝐻𝐻𝐸𝐸 =
|𝐻𝐻𝐶𝐶1 + 𝐻𝐻𝐶𝐶2|

2
, (21) 

where HC1 and HC2 are coercivity field for left and right branches of the hysteresis cycle. 

Notwithstanding this phenomenon was mainly considered to be a fingerprint of the 

AFM/FM systems, generally speaking, it can be observed in bi-magnetic soft-hard 

systems under specific conditions, for example in field range below switching field of 

hard phase after its magnetization. The exchange bias phenomena were discovered in 
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many systems, including core/shell nanoparticles, layered thin films, etc. Exchange bias 

and related phenomena are fundamentally important for magnetoresistive devices [17]. 

Moreover, the exchange coupling of FM material with highly anisotropic AFM can 

increase its anisotropy to stabilize the small domain against thermal fluctuation in 

magnetic recording media [69]. 

 
Figure 10. Schematic illustration of exchange bias phenomenon occurring after 

field cooling (FC) of the sample consisting of AFM and FM phases. 

1.1.5 Non-collinear magnetism in nanoparticles 

Non-collinear behavior of magnetization in MNPs occurs due to different reasons. 

E.I. Kondorsky (1952) drew attention to the fact that SD states are possible, in which the 

spins of the system are in incoherent states (pseudo-single-domain state), forming 

magnetic vortices or similar structures. Particles with sizes in which, for any values and 

directions, the magnetization remains homogeneous throughout the sample volume are 

true single-domain [62]. 
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Figure 11. Evolution of the micromagnetic structure of cubical shape magnetic 

particle with the increase of the size. Micromagnetic simulation made via Spirit 

software. Colors correspond to the orientation of the magnetic moment.  

 

In SD MNPs also possible non-collinear magnetization phenomena: 

1. The frustration of surface spin due to lack of structural symmetry; 

2. DMI-induced canting due to intraparticle interactions; 

3. Defect-induced canting associated with DMI. 

The listed-above mechanisms lead, in particular, to the spin canting – deviation of 

magnetization vector event at the high field from the direction of the field [70]. This 

canting leads to the reduction of the net particle magnetic moment and within a single 

particle, the angle of canting can be expressed as follows 

𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≡ tan−1 �
𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝
�. (22) 

Interesting to note, that while in a single particle, the perpendicular component of 

magnetization was explained by the appearance of DMI interaction, in an assembly of 

interacting MNPs the correlation of perpendicular components of magnetization was 

observed and explained due to magnetic dipolar interparticle interactions [71]. 

single-domain

multi-domainpseudo
single-domain

d
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Figure 12. a) Illustration of non-collinear spin structures which can arise in SD 

MNP via surface structural disorder (1), intraparticle interactions (2), and 

microstructural defects (3); b) Schematical representation of geometrical frustration of 

3-spin structure. 

 

At temperatures, lower than the glassy temperature (Tg), the magnetic structure of 

surface spins can be explained in an example of geometrical frustration in an AFM-

coupled equilateral triangle of Ising spins. This configuration is possible on the surface 

due to the lack of symmetry and broken exchange interaction bonds of surface spins. The 

two-spin system of spin 1 “up” and spin 2 “down” is in minimum energy satisfying 

exchange interaction with exchange integral J12. However, the third spin introduced into 

this system can not simultaneously satisfy the AFM interactions with both spins 1 and 2. 

The spin 3 has two energetically equivalent states separated by activation energy (ΔEa). 

Thus, this system is frustrated and this frustration leads to a variety of cooperative spin 

states such as spin-glass or spin-ice. Spins in glassy states possess unique magnetic 

properties reveling in slow dynamics and high anisotropy.  

In nanomagnetic systems, a magnetically disordered surface can be considered as 

an individual phase because the magnetic properties of surface material are different 

concerning the core. The thin surface layer (ts) of iron oxide-based MNPs above Tg can 

be considered “magnetically dead” since it does not contribute to the net magnetic 

moment of the particle system [14,72,73]. Considering spherical or cubic particles having 
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magnetically ordered core with diameter dc and uniform magnetically frustrated shell 

with the constant thickness, MS can be written as follows [74]: 

𝑀𝑀𝑆𝑆 = 𝑀𝑀𝑆𝑆
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �1 −

(𝑑𝑑 − 2𝑡𝑡𝑆𝑆)3

𝑑𝑑3 � ≈ 𝑀𝑀𝑆𝑆
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �1 −

6𝑡𝑡𝑆𝑆

𝑑𝑑
�. (23) 

Significant reduction in magnetization takes place in very small particles where the 

volume of the disordered surface became comparable with the volume of a magnetic core 

with diameter. We should note that the “magnetically dead layer” is the model which not 

consider possible canting which occurs also in the particle core and possible crystal 

defects in the particle core [75,76]. 

 
Figure 13. Phenomenological “magnetic dead layer” model. 

 

The temperature dependence of saturation magnetization for cobalt ferrite MNPs 

is shown in Figure 14 a) [14]. The saturation magnetization decreases with decreasing 

average particle size. The decrease of magnetization with increasing temperature can be 

described by the general power law 

𝑀𝑀𝑆𝑆(𝑇𝑇) = 𝑀𝑀𝑆𝑆
0(1 − 𝐵𝐵𝑇𝑇𝛼𝛼), (24) 

where α is Bloch exponent and B is Bloch constant. Both parameters depend on the 

particle size. For example, in bulk FM the Bloch exponent α is 3/2 which leads to the 

known Bloch low M(T)~T3/2 for the temperature dependence of magnetization in the low-

temperature range. For some oxides, for instance, for cobalt ferrite α = 2 [77], however 

in many MNP systems, this value varies in a wide range. In ref. [14] α increased from 0.5 

to 2.5 when particle size increased from ~4 to 11 nm. Also, the Bloch constant B decreases 

as the particle size increases. This divergence in the nanoparticle system concerning the 

bulk analogs was attributed to the different spin-wave structures of the nanoparticle core.  

d c

t s

d = d c + 2t s

d - 1

M S
M S

 bulk
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In the smallest nanoparticles at low temperatures, a sharp increase in magnetization 

can be observed (region <25 K in Figure 14 a)). At these temperatures, the frustrating 

surface spins become frozen and act in a spin-glass-like regime [14,78]. This is also 

accompanied by a sharp increase in magnetic anisotropy (Figure 14 b).  

  
a) b) 

Figure 14. a) Temperature dependence of saturation magnetization and 

b) magnetic anisotropy constant of cobalt ferrite nanoparticles. Reprinted from [14]. 

 

Thus, at low temperatures magnetically disordered layer transits from a 

“magnetically dead” (paramagnetic) state to a magnetically frustrated, spin-glass-like 

state characterized by the strong spin canting level and high anisotropy. The temperature 

dependence of the magnetic “dead layer” in cobalt ferrite MNPs from ref. [14] is shown 

in Figure 15 a). Interesting to note, that the level of disorder is also a function of the 

external magnetic field. Here we should highlight, that the difference in the meaning of 

structural disorder with the magnetic disorder, which, however, are correlating. While the 

size of the structurally disordered layer can be found from the difference of particle and 

crystalline sizes found from TEM and XRD analysis, the magnetic size is defined as the 

volume of material where spins are collinear and reverse via the coherent mode (for ferri- 

or ferromagnetic material in SD state). Recently, employing magnetic small-angle 

neutron scattering it was discovered, that an external magnetic field increases the 

magnetic volume of MNPs (Figure 15 b)). Thus, the magnetic moment of MNPs is 

increasing under the applied magnetic field due to the ordering action of this field. 

Magnetic alignment of structurally disordered surface spins in 14 nm cobalt ferrite MNPs, 
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the magnetic field of about 1 T results in the increased magnetic volume, making it 20% 

larger than the structurally coherent core [79]. 

a)  b)  
Figure 15. a) Temperature dependence of dead layer thickness (reprinted 

from [14]) and b) field dependence of disordered surface (ddis) of cobalt ferrite MNPs 

(reprinted from [79]). rmag is the radius corresponding to the magnetic, rXRD – crystallite 

and rnuc – total particle size. 

It was observed that exchange-coupled FM/spin-glass systems can reveal a 

significant exchange bias field [80]. Interestingly, the glass-like frozen surface spins may 

act as a magnetically hard phase increasing anisotropy and leading to the intrinsic 

exchange bias effect in chemically single-phase systems [81,82]. In magnetically hard 

materials, DMI possibly stabilized spin canting is suppressed by singe-ion SOC and it is 

more significant in magnetically soft materials. For example, it was demonstrated that 

the spin canting angle in CoFe2O4 MNPs was 17° while it was 40° in softer Fe3O4 MNPs 

forming a core/shell-like structure [83]. 

The spin canting occurs not only in the surface spins but in the particle core as well. 

Moreover, canting of surface spins may induce the canting of the spins of particle core. 

The intraparticle effects can induce spin canting via the DMI, as was shown on ~7.4 nm 

core/shell Fe3O4/MnxFe3−xO4 MNPs with a 0.5 nm Mn-ferrite shell [71]. It was 

demonstrated that strong DMI can lead to frustration of the shell spins causing the canting 

of the net particle moment. The higher affinity of softer material to be canted can be used 

to modulate the magnetic structure of the core/shell nanoparticles. In this way, a thin layer 

of magnetically soft material deposited on the magnetically hard core can increase the 

magnetic anisotropy of the whole system [84]. This enhanced spin-canting phenomenon 
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can be observed in the core/shell MNPs with the typical thickens of the soft shell 

thickness less than the size of the unit cell [84]. 

1.1.6 Superparamagnetism 

Superparamagnetism (SPM) is a type of magnetic behavior that occurs in an 

ensemble of SD MNPs of small size. At relatively high temperatures, when the thermal 

energy is large concerning the magnetic anisotropy energy (kBT > KV), the magnetization 

vector of a single particle can flip freely between two easy directions and therefore, its 

time average in the absence of an external magnetic field is zero. In such conditions, the 

assembly of MNPs behaves like a paramagnetic system with zero coercivity and 

remanence.  

If MNPs can move, for example, if they are dispersed in fluid, Néel and Brownian 

relaxations of magnetic moment occur [85–87]. The Brownian relaxation describes the 

rotation of the MNPs in a fluid as a function of an AC magnetic field. The time required 

by the MNPs to change from the free rotation with the field to the blocked state is called 

Brownian relaxation time τB and is given by: 

𝜏𝜏𝐵𝐵 =  
3𝜂𝜂𝑉𝑉ℎ𝑦𝑦𝑦𝑦

𝑘𝑘𝐵𝐵𝑇𝑇
, (25) 

where kB is the Boltzmann constant, T is the temperature, η is the viscosity of the carrier 

liquid, and Vhyd is the hydrodynamic volume of the particle. Néel relaxation, on the other 

hand, describes the rotation of the magnetization vector of the MNP toward the external 

AC magnetic field independent of surrounding molecules. The relaxation time is called 

Néel relaxation time τN, given by: 

𝜏𝜏𝑁𝑁 =  𝜏𝜏0 exp �
𝛥𝛥𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇
� , (26) 

where 𝛥𝛥𝐸𝐸𝑎𝑎 is the activation energy, which is equal to the anisotropy energy KV of SD 

MNP and 𝜏𝜏0 is the relaxation time for a single relaxing unit. If both relaxation 

mechanisms are possible, the effective relaxation time is  



37 

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 =
𝜏𝜏𝐵𝐵𝜏𝜏𝑁𝑁

𝜏𝜏𝐵𝐵 + 𝜏𝜏𝑁𝑁
. 

(27) 

From the above equations, one can note that Brownian relaxation time varies with 

the hydrodynamic volume of the MNPs and with the fluid viscosity coefficient, e.g. in a 

gel, the particles are not able to easily rotate. On the contrary, Néel's relaxation time 

depends on the real volume of the nanoparticle (V) and the magnetic anisotropy energy 

constant (K).  

The Néel–Arrhenius model considering thermally activated switching between 

different states is valid only for non-interacting magnetic particles [87]. To consider the 

effect of weak interparticle magnetic interactions, this expression can be written in the 

shape of Vogel–Fulcher (VF) model: 

𝜏𝜏𝑉𝑉𝑉𝑉 =  𝜏𝜏0 exp �
𝛥𝛥𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵[𝑇𝑇`𝐵𝐵 − 𝑇𝑇0]
�, (28) 

where T0 is a measure of interparticle interactions and 𝑇𝑇`𝐵𝐵  is peak temperature equal to 

the blocking temperature of non-interacting particles. 

Figure 16 a) shows the temperature dependence of the real part of magnetic 

susceptibility measured at different frequencies on 4.5 nm cobalt ferrite MNPs [14]. The 

peak value of 𝑇𝑇`𝑚𝑚𝑚𝑚𝑚𝑚 is often concidered to be the first approximation of the blocking 

temperatyure 𝑇𝑇`𝐵𝐵. Thus, the shift of 𝑇𝑇`𝑚𝑚𝑚𝑚𝑚𝑚 at different frequencies illustrate measuring-

time dependence of the blocking temperature. Linear dependence 𝑇𝑇`𝑚𝑚𝑚𝑚𝑚𝑚 × ln(𝜏𝜏 𝜏𝜏0⁄ ) 

versus ln(𝜏𝜏 𝜏𝜏0⁄ ) is according to the VF model. Linear fit to the eq.(28) allows determine 

magnetic anisotropy constant and T0. 
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Figure 16. a) Temperature dependence of the real component of magnetic 

susceptibility and b) measuring time dependence of peak position of the real art of 

magnetic susceptibility fit with the Vogel–Fulcher equation. Reprinted from [14]. 

 

Given a specific particle size and for a particular experimental measuring time (τm), 

the temperature at which this transition occurs is defined as the blocking temperature (TB) 

and corresponds to the condition τB(N) = τm. Thus, τ < τm means that the relaxation during 

the experiment happens so quickly that only a time average of the magnetization is 

observed: the value of the coercivity and the remanent magnetization will tend to zero. 

Conversely, if τ > τm, the relaxation during the experiment is very slow and only static 

properties are observed, therefore, a completed hysteresis loop typical for any F(i)M 

material can be observed with non-zero values of µ0HC and MR. When the relaxation time 

and the measuring time become comparable and Néel relaxations dominate, the systems 

became “blocked” and the specific temperature for this state is called blocking 

temperature TB. Using eq.(26), the TB can be defined as: 

 𝑇𝑇𝐵𝐵 =
𝐾𝐾𝐾𝐾

𝑘𝑘𝐵𝐵 𝐿𝐿𝐿𝐿�𝜏𝜏𝑚𝑚 𝜏𝜏� �
.   

(29) 

According to this definition, at TB in the system, the half of particles (50%) are in 

the blocked regime and another half (50%) are in the SPM regime [54,88,89]. It should 

be noted that the time required to make a measurement is dependent on the equipment 

used: so, TB for the same system of MNPs could be different depending on the technique 

used. Moreover, the definition of “superparamagnetic particles” according to eq.(29) has 
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sense only with the defined time and temperature of the measurement, by default those 

conditions are room temperature (300 K) and characteristic time of DC-magnetometry 

(102–103 s).  

Above TB, an assembly of MNPs acts as paramagnet with zero values of remanence 

and coercivity [62]; the M-H behavior can be described by the Langevin function, i.e. the 

behavior of a system of classical paramagnetic moments, with the difference being that 

instead of individual magnetic moments of atoms, in case of a SPM system, we deal with 

giant magnetic moments (the magnetic moment of a single particle is also called a 

superspin). The general shape of the Langevin function for magnetization is [54,76,90]: 

𝑀𝑀 = 𝑀𝑀𝑆𝑆
` �𝑐𝑐𝑐𝑐𝑐𝑐ℎℒ −

1
ℒ

�, (30) 

where ℒ is the Langevin parameter (the ratio of magnetic to thermal energy) equal to 

μ0μH/kBT. For spherical particles, the magnetic moment of a single particle is 

MS`× πdm
3/6, where MS` is saturation magnetization of bulk material (per unit volume) 

and dm is the “magnetic diameter” of the particle.  

The reduced magnetization M/MS is a universal curve plotted in Langevin 

coordinates H/T [54]. That means, that the M(H/T) curves, measured at different 

temperatures for an assembly non-interacting MNPs, will merge. Figure 17 shows the 

typical Langevin magnetization curve for an assembly of non-interacting MNPs which 

satisfy the classical scaling law of SPM [91]. The inset of this figure shows the case when 

the scaling law is not performed for the assembly of the same particles if they are not 

isolated and interact by the dipolar mechanism.  
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Figure 17. Field dependence of magnetization for ~5 nm iron oxide MNPs coated 

with SiO2 plotted in Langevin coordinates. Symbols indicate experimental data at 150 

K (square), 200 K (circles), 250 K (triangles), and 300 K (diamonds). The black line is 

the fit with the Langevin formula considering log-normal size distribution. Inset: the 

same MNPs without SiO2 coating. Reproduced from [91]. 

 

Magnetization of small particles at finite fields will progressively reduce with the 

reduction of particle size due to thermal fluctuations. Figure 18 shows the magnetization 

normalized to saturation at fields in the range from 0.1 to 4 T. Bellow 10 nm even at the 

relatively high field this reduction becomes significant. Thus, the shape of non-interacting 

MNPs reflect is sensitive to the particle size. In particular, we will show below that the 

initial susceptibility 𝜒𝜒𝑖𝑖 = 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ (𝐻𝐻 → 0) is proportional to the particle magnetic 

volume. However, to define the parameters of particle magnetic size from magnetic 

measurements in real systems, one shall consider the particle size distribution.  
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Figure 18. Magnetization at different fields normalized to saturation as a function 

of the diameter of spherical particles at 300 K.  

 

A widespread method to define the magnetic size of SPM particles is performing 

a fitting of experimental M-H curves recorded above TB using eq.(30). This procedure 

can by extended within the Langevin–Chantrell method in order to determine a 

distribution of magnetic moments, which is usually considered to be log-normal [90]. In 

the Langevin–Chantrell model the mean magnetic size (dm) and its standard deviation 

(σmag) are free parameters. An alternative for this approach is a method of numerical 

inversion which is also a powerful method to resolve the distribution of magnetic 

moments but there is no need to restrict moment distribution to log-normal [92–94]. 

Figure 19 a) shows the SPM magnetization curve fitted with both approaches. 

Figure 19 b) shows the calculated magnetic size obtained from the numerical inversion 

method compared with the physical particle size from TEM measurements. The magnetic 

size is usually slightly smaller due to the presence of a non-magnetic layer of disordered 

surface spins.  
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Figure 19. a) Field dependence of magnetization 6.4 nm iron oxide MNPs fitted 

with Langevin function considering lognormal size distribution (Log) and size 

distribution obtained by numerical inversion method (Inv). ΔM is the difference 

between fitted and experimental data; b) bi-modal size distribution of physical particle 

radius (Rp) obtained from TEM and the radius of the magnetic particle core (RM) after 

the elaboration of alternating gradient magnetometry (AGM) measurements. 

Reprinted from [94]. 

Reduced magnetic susceptibility is the first derivative of reduced magnetization 

versus the field, χ = d(M/MS)/dH: 

𝜒𝜒 = 𝜒𝜒𝑖𝑖  3/ℒ  (coth ℒ − 1/ℒ). (31) 

Thus, in low field approximation while magnetization approximately depends 

linear on the field, the susceptibility is equal to an initial susceptibility: 

𝜒𝜒𝑖𝑖 =
μ0𝑀𝑀𝑆𝑆 

2 𝑉𝑉
3𝑘𝑘𝐵𝐵𝑇𝑇

, (32) 

where V = 4/3πr3 is the volume of spherical nanoparticle with dimeter d = 2r. This 

equation is the Curie law written for SPM particles [54]. In low magnetic fields, the 

magnetization of MNPs in the SPM state is a linear function 𝑀𝑀(𝐻𝐻) = 𝜒𝜒𝑖𝑖𝜇𝜇0𝐻𝐻. The regime, 

where magnetization can be approximated by linear functions describes the dynamic 

magnetic behavior in the frame of the Linear Response Theory (LRT) [95]. 

In the framework of DC magnetometry, several methods can be used to determine 

blocking temperature from the temperature dependence of magnetization [96]. Usually, 

those approaches are based on the measurement of the magnetic moment in a small 

a)                                      b)
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magnetic field (to be able to apply LRT) with different thermal and magnetic 

history [54,97]:  

• Magnetization of zero-field cooled (MZFC) sample recording during the 

heating of sample previously cooled in the absence of the magnetic field; 

• Magnetization of field cooled (MFC) sample recording during the heating of 

sample previously cooled in the absence of the magnetic field. 

Curie low for magnetization of SPM particles at temperatures above TB is a 

superposition of ZFC and FC magnetizations. Bellow the TB, the “frozen Curie low” from 

the SW model is [54,98–101]: 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) =  

⎩
⎪
⎨

⎪
⎧

 

μ0𝑀𝑀𝑠𝑠
2𝑉𝑉𝑉𝑉

3𝑘𝑘𝐵𝐵𝑇𝑇
;       𝑇𝑇 > 𝑇𝑇𝐵𝐵

μ0𝑀𝑀𝑠𝑠
2𝐻𝐻

3𝐾𝐾
;          𝑇𝑇 < 𝑇𝑇𝐵𝐵

 (33) 

𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇) =  

⎩
⎪
⎨

⎪
⎧

 

μ0𝑀𝑀𝑠𝑠
2𝑉𝑉𝑉𝑉

3𝑘𝑘𝐵𝐵𝑇𝑇
;     𝑇𝑇 > 𝑇𝑇𝐵𝐵

μ0𝑀𝑀𝑠𝑠
2𝑉𝑉𝑉𝑉

3𝑘𝑘𝐵𝐵𝑇𝑇𝐵𝐵
.       𝑇𝑇 < 𝑇𝑇𝐵𝐵

 (34) 

Considering, that at temperatures below blocking, the ZFC magnetization is small 

concerning FC (𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍  (𝑇𝑇) ≈ 0) and introducing δ function, which is δ(<0) = 0 and 

δ(>0) = 1, one can collapse eqs.(35) and (36) in 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) =
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝑉𝑉𝑉𝑉
3𝑘𝑘𝐵𝐵𝑇𝑇

𝛿𝛿�𝑇𝑇 − 𝑇𝑇𝐵𝐵(𝑉𝑉)�; (35) 

𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇) = 𝜇𝜇0𝑀𝑀𝑠𝑠
2𝑉𝑉𝑉𝑉

3𝑘𝑘𝐵𝐵𝑇𝑇
𝛿𝛿�𝑇𝑇 − 𝑇𝑇𝐵𝐵(𝑉𝑉)� + 𝜇𝜇0𝑀𝑀𝑠𝑠

2𝑉𝑉𝑉𝑉
3𝑘𝑘𝐵𝐵𝑇𝑇𝐵𝐵(𝑉𝑉) 𝛿𝛿(𝑇𝑇𝐵𝐵(𝑉𝑉) − 𝑇𝑇). (36) 

Introducing volume distribution function 𝑓𝑓(𝑉𝑉): 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) =
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
𝑉𝑉
𝑇𝑇

𝛿𝛿�𝑇𝑇 − 𝑇𝑇𝐵𝐵(𝑉𝑉)�𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0
; (37) 

𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇) =
μ0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
V
T

δ�T − TB(𝑉𝑉)�𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0

+
μ0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
V

TB(V) δ(TB(𝑉𝑉) − T)𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0
, 

(38) 

one obtains 
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𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) =
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
𝑉𝑉
𝑇𝑇

𝛿𝛿�𝑇𝑇 − 𝑇𝑇𝐵𝐵(𝑉𝑉)�𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0
; (39) 

𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇) =
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
𝑉𝑉
𝑇𝑇

𝛿𝛿�𝑇𝑇 − 𝑇𝑇𝐵𝐵(𝑉𝑉)�𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0

+
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
𝑉𝑉

𝑇𝑇𝐵𝐵(𝑉𝑉) 𝛿𝛿(𝑇𝑇𝐵𝐵(𝑉𝑉) − 𝑇𝑇)𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0
. 

(40) 

The difference between the two functions is 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝐹𝐹𝐹𝐹(𝑇𝑇) = 𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) − 𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇)

= −
𝜇𝜇0𝑀𝑀𝑠𝑠

2𝐻𝐻
3𝑘𝑘𝐵𝐵

�
𝑉𝑉

𝑇𝑇𝐵𝐵(𝑉𝑉) 𝛿𝛿(𝑇𝑇𝐵𝐵(𝑉𝑉) − 𝑇𝑇)𝑓𝑓(𝑉𝑉)𝑑𝑑𝑑𝑑
∞

0
. (41) 

Defining a critical volume for the SPM regime as 𝑉𝑉𝑐𝑐 = 𝑘𝑘𝐵𝐵𝑇𝑇𝐵𝐵 𝐾𝐾⁄ ln(𝜏𝜏𝑚𝑚 𝜏𝜏0⁄ ) 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝐹𝐹𝐹𝐹(𝑇𝑇) = −
μ0𝑀𝑀𝑠𝑠

2𝐻𝐻

3𝐾𝐾 ln �𝜏𝜏𝑚𝑚
𝜏𝜏0

�
� 𝑓𝑓(𝑇𝑇𝐵𝐵)𝑑𝑑(𝑇𝑇𝐵𝐵)

∞

𝑇𝑇𝐵𝐵

, (42) 

the first derivative is 

𝑑𝑑𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝐹𝐹𝐹𝐹(𝑇𝑇)
𝑑𝑑𝑑𝑑

= −
μ0𝑀𝑀𝑠𝑠

2𝐻𝐻

3𝐾𝐾 ln �𝜏𝜏𝑚𝑚
𝜏𝜏0

�
𝑓𝑓(𝑇𝑇𝐵𝐵). (43) 

According to this definition, at TB in the system, half of the particles (50%) are in 

the blocked regime and another half (50%) are in the SPM regime [54,88,89]. The 

approach to estimate TB from ZFC and FC measurements was proposed by 

Micha et al. [96,102] based on an analysis of the distribution of TB performed by 

differentiation of the difference between two curves:  

𝑓𝑓(𝑇𝑇𝐵𝐵) ~
𝑑𝑑𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝐹𝐹𝐹𝐹(𝑇𝑇)

𝑑𝑑𝑑𝑑
.  (44) 

The average value of TB can be defined from the integration of this function of 

searching for 𝑑𝑑2𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍−𝐹𝐹𝐹𝐹(𝑇𝑇) 𝑑𝑑𝑇𝑇2 = 0⁄  from the left of the ZFC peak position [100]. It 

should be noted that TB obtained from ZFC–FC protocol is a function of the applied field 

and it is strongly affected by interparticle interactions [54,103]. A random anisotropy 

model (RAM) could be applied to obtain an intrinsic value of TB which is not affected by 

interparticle interactions [104,105]. 
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An alternative approach is the measuring of thermoremanent magnetization 

MTRM(T) recorded during the heating in zero magnetic fields of a sample previously 

cooled in a magnetic field. For a non-interacting MNPs ensemble  [106] 

𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇) = 𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇) – 𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇) + 𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼(𝑇𝑇), (45) 

where MIRM(T) is the isothermal magnetization recorded during the cooling of the sample 

without any applied magnetic field. For demagnetized samples MIRM(T) is negligible. 

Thus, the distribution of magnetic energy barrier ΔEa is proportional to the first derivative 

of the thermoremanent magnetization term f(ΔEa) ~ MTRM(T)/dT.  
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Figure 20. a) Measured MZFC, MFC, MTRM, MIRM and calculated −MZFC−FC; b) MTRM 

and its first derivative of iron oxide MNPs. The measuring field is 1 mT. 

 

The first approximation of TB often used in literature is taken as the maximum of 

the ZFC magnetization curve (Tmax), which usually has a peak-like shape. Tmax is 

proportional to the value of TB by a factor β = 1.5−2: Tmax = βTB [107,108]. The constant 

β is because of log-normal particle size distribution. The irreversibility temperature (Tirr) 

is attributed to the splitting of ZFC and FC magnetizations: MFC(Tirr) – MZFC(Tirr) → 0. 

The Tirr has an important physical meaning since above Tirr all particles in the assembly 

are in the SPM regime.  
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1.1.7 Magnetically interacting nanogranular systems 

Magnetic particles in ensembles generate magnetic field mutually changing local 

fields (µ0Hloc) of neighboring particles making them different from external (µ0Hext): 

µ0𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙 = µ0𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑁𝑁𝑝𝑝𝑀𝑀, (46) 

where Np is a demagnetizing factor of particle assembly. For an assembly of randomly 

packed spherical particles one can write demagnetizing factor as follow [109,110]: 

𝑁𝑁𝑝𝑝 =
1
3

+ 𝑓𝑓 �𝑁𝑁𝑠𝑠 −
1
3

�, (47) 

where f is the pacing factor NS is a sample shape factor depending on its orientation 

regarding the magnetic field. In the simplest case of measurement of an in-plane 

component of magnetization of the sample if a form of the thin film NS is 0 [110]. For 

powder samples in a typical capsule for laboratory static magnetometry NS ≈ 0.28, 

considering also packing factor of nanopowders to be f ≈ 0.3, one can estimate Np ≈ 0.32 

which is close to the demagnetizing factor of isotropic bulk (for the sphere or cube 

perpendicular to the plane N = 0.33) [111]. 

Besides demagnetizing effect, magnetostatic interactions among particles can vary 

the single-particle energy barriers in their assembly thus changing the energetical 

landscape of the entire system or even leading to a collective behavior [112]. Depending 

on particle anisotropy axes arrangement, packing factor and intrinsic particles` properties, 

dipolar interactions can be positive or negative [113]. Dominating negative types of 

dipolar interactions is probably more common for randomly distributed magnetic 

particles. This type of interaction leads to the linear decrease of coercivity: 

µ0𝐻𝐻𝐶𝐶 = µ0𝐻𝐻𝐶𝐶
0(1 − 𝑓𝑓), (48) 

where µ0𝐻𝐻𝐶𝐶
0 is the coercivity of isolated particles.  

In an ensemble of randomly distributed SD MNPs, assuming a point-dipole model 

(i.e., particles’ distance calculated from center-to-center), and defining the magnetic 

moment of a particle as m = MS × V, the energy due to dipole-dipole interactions can be 

approximated as: 
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𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 ≈
𝜇𝜇0

4𝜋𝜋
�

𝑚𝑚2

𝑙𝑙3 � , (49) 

where l is the average interparticle distance from center-to-center. 

Strong dipolar interactions can lead to the collective behavior of particles` 

superspins in superferromagnetic regime or superspin-glass (SSG) behavior 

characterized by magnetic memory and ageing effects [110,112,114]. Both SSG and 

atomistic spin-glasses are characterized by the frustration of unit magnetic moment in 

frozen metastable regime below glassy temperature (Tg) [115]. The units of SSG are 

particles superspins instead of individual spins for atoms in classical spin-glasses. 

Glassing of SSG systems is reveling in ZFC–FC experiments similarly with the 

blocking of SPM particles by the appearance of the peak in ZFC magnetization; the 

difference of this process is the peak also in the FC curve (Figure 21) [116], which is not 

observed in weakly interacting SD MNPs. Another manifestation of collective dynamics 

of interacting systems is slow dynamics which can be observed in memory experiments. 

In a typical memory experiment, the reference ZFC magnetization is compared with the 

one performed after the “stop&wait” protocol where the cooling in zero fields performing 

with the delay at a temperature below Tg. The SSG system during this delay slowly 

relaxes to the energy minimum corresponding to metastable configuration formed by 

already blocked particles. The SSG system remembers this configuration and further ZFC 

magnetization paths in this region with the fall because the lowest energetical state with 

corresponding lower magnetization was remembered by the system. Thus, the difference 

between reference MZFC and MZFC recorded after stop&wait protocol exhibits a 

characteristic dip at the temperature at which the delay was performed (green line in the 

inset of Figure 21). 
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Figure 21. Temperature dependence of magnetizations performed following 

standard ZFC and FC protocols on a system of a strongly interacting system of 

MnFe2O4 MNPs. The inset shows the reference magnetization recorded after ZFC 

protocol, ZFC magnetization after stop&wait protocol, and their difference. Data 

adapted from [116]. 

 

Besides dipolar interactions, the exchange interactions between particles are also 

possible if particles are in direct contact. In the cases when exchange interactions between 

particles are dominating, the magnetization will tend to act coherently at the scale of the 

exchange interaction length (Lex) higher than the particles size. The correlation length of 

interparticle (intergranular) interactions can be defined similarly with eq.(6) with A 

representing the intergranular exchange constant [54]. In terms of RAM this leads to the 

reduction of anisotropy by the root square of the number of correlating units (n = (Lex/d)3) 

due to a statistical fluctuation of easy axes [50]: 

< 𝐾𝐾 >= |𝐾𝐾1| ∙ 𝑛𝑛−1
2 =  |𝐾𝐾1| ∙ �

𝑑𝑑
𝐿𝐿𝑒𝑒𝑒𝑒

�
3
2

. (50) 
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Conclusions 

From this overview, we note that magnetic properties at nanoscale change due to 

thermal fluctuation, changes of magnetic structure occurring at surface caused the broken 

exchange bonds and changes of magnetization reversal processes because of the 

unfavourability of a multi-domain state. As a result, the general picture of the change in 

the coercive force with decreasing material size can be described as follows:: 

1) Coercivity increases due to passing from incoherent magnetization mechanism 

to coherent and appearance of new sources of anisotropy; 

2) Coercivity decreases because the magnetic anisotropy energy became lower 

than the thermal energy and thermal fluctuation became probable. 

 
Figure 22. Phenomenological dependence of coercivity versus particle size. 

 

Besides, the surface layer leads to a reduction of saturation magnetization, the 

appearance of such phenomena as exchange bias and manifestations of magnetically 

frustrated systems. Magnetic interactions occurring between particles also may 

drastically affect the anisotropy and may manifest in slow magnetic dynamics (magnetic 

memory effect). More changes occur due to changes in the structural properties of the 

material, which in their turn affect the magnetic properties. The next section is aimed to 

overview the changes in materials properties at the nanoscale affecting magnetic 

properties.  
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1.2 Magnetic materials: focus on oxides 

This section is devoted to the magnetic transition metal oxides, first of all, to the 

magnetic and structural properties of spinel ferrites. Features in the properties are 

discussed in correlation with the synthesis method of these materials and nanohybrids 

composed of several layers of magnetic oxides with different magnetic properties. 

1.2.1 Spinel ferrite structure 

The atom of the transition group is one in which d sub-shell is partially occupied 

by electrons or which can give rise to cations with unfilled inner electron shells while 

outer shells are occupied by electrons [25]. In the frame of interest of this chapter, first, 

the transaction ions of the iron group with incomplete inner dn shells because of their 

significant magnetic properties. Transaction metals are reactive and produce chemical 

bonds with oxygen through electrons of outer shells forming complex transition metal 

oxide (TMO). In TMO the cations are usually located in lattice sites of the substructure 

of closely-packed oxygen atoms referred as coordinations. The close-packing forms a 

face-centered cubic (fcc) (e.g., spinel ferrites or perovskites) or hexagonal close-packed 

(hcp) (e.g., hexaferrites) symmetry. In the cubic structure of close-packed oxygen lattice, 

metal cations can occupy the following positions [24]:  

(i) octahedral with six oxygen neighbors; 

(ii) tetrahedral with four oxygen neighbors.  

 
Figure 23. Schematic representation of spinel structure. 
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Spinel oxides (Me2+Me3+
2O4) containing 3d metals represent one of the most 

important classes of TMOs due to their rich crystal chemistry allowing for a fine-tuning 

of the magnetic properties. The spinel ferrite structure can be described as a cubic close-

packed arrangement of O2− anions, with Me2+ and Me3+ ions occupying tetrahedral and 

octahedral coordinated sites, termed as A- and B-sites, respectively. When the (A)-sites 

are occupied by M2+ cations and the [B]-sites by Me3+ cations, the structure is referred to 

as normal spinel, (Me2+)[Me3+]. However, if the A sites are completely occupied by Me3+ 

and the B-sites are occupied by Me2+ and Me3+, then the structure is referred to as an 

inverse spinel, (Me3+)[Me3+Me2+]. In general, the cationic distribution in octahedral and 

tetrahedral sites is quantified by the “inversion degree” (γ), which is defined as the 

fraction of divalent ions in octahedral sites [117]: 

�𝑀𝑀𝑒𝑒𝛾𝛾
3+𝑀𝑀𝑒𝑒1−𝛾𝛾

2+ �𝑇𝑇𝑇𝑇�𝑀𝑀𝑒𝑒2−𝛾𝛾
3+ 𝑀𝑀𝑒𝑒𝛾𝛾

2+�𝑂𝑂ℎ𝑂𝑂4
2−. (51) 

Properties of common spinels are listed in Table 2. Cobalt ferrite (CoFe2O4) is one 

of the most important representers of magnetic TMOs due to hard (semihard) magnetic 

properties. Moreover, it has one of the largest room temperature magnetostriction among 

the magnetic ferrites (λ100 = −650·106, λ111 = 120·106, λs,polycrystalline = −110·106) [118], 

which allows a fine tuning of the physical properties by lattice strain. Cobalt ferrite is an 

inverted spinel with γ ≈ 0.8–1. However, in the shape of nanoparticles, the inversion 

degree depends on the dimension and method of sample preparation. Other important 

representatives of the FiM inverted spinel family are nickel ferrite (NiFe2O4), magnetite 

(Fe3O4) and maghemite (γ-Fe2O3). Among normal spinels is the zinc ferrite (ZnFe2O4) 

and among mostly normal is manganese ferrite (MnFe2O4, γ ≈ 0.2). Special attention is 

given to mixed ferrites reviled improved magnetic properties, such as the high value of 

magnetization saturation which will be discussed in the further paragraphs. All ferrites 

listed in Table 2 show FiM properties, except zinc and magnesium ferrites that are AFM 

or weak FiM depending on the inversion degree [119]. Magnetite and manganese ferrites 

show the highest values of saturation magnetization at 0 K owing to a combination of the 

highest magnetic moments of bivalent metal ions and inversion degree. 
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Table 2. Common spinel ferrites and their main properties: density, inversion 

degree (γ), magnetic Curie (Néel) temperature (TC(N)), saturation magnetization (MS) and 

magnetic anisotropy constant (K). AFM: antiferromagnetic, PM: paramagnetic. 

Compound Density, 
kg/m3 

γ TC(N),  
K 

MS, Am2/kg K, ×104 
J/m3 0 K 300 K 

Fe3O4 5240 1 858 97 91 1.2 
γ-Fe2O3 4900 1 948 81 73 0.46 
MnFe2O4 5000 0.2 573 112 80 0.3 
CoFe2O4 5290 0.8–1 793 90 80 20 
NiFe2O4 5380 1 858 56 50 0.62 
ZnFe2O4 5200 0 9 AFM PM — 
MgFe2O4 5280 0.9 713 27 23 1.1* 

Data are adapted from refs.[25,101,120]; * K value for MgFe2O4 is for a 110-nm 

thin film [121]. 

 

While magnetite contains both Fe2+ and Fe3+ ions, the maghemite is composed of 

Fe3+ with some vacancies of cations in spinel structure [122–124]. The maghemite is an 

oxidative product of magnetite because of the instability of Fe2+ under oxygen, which 

disturbs obtaining of the pure magnetite phase at the nanoscale by wet chemical methods 

in aqueous media [125]. Because of the similarity of the crystal structure and changing 

properties at the nanoscale, distinguishing these phases is still challenging using 

conversion technics such as laboratory X-Ray diffractometer (because of the bordering 

of diffraction peaks) or DC magnetometry (because of non-equilibrium cation 

distribution and uncompensated spins at surface affected saturation magnetization). 

Nerveless, both magnetic iron oxides are in the frame of interest for applications: 

magnetite because of the higher value of magnetization saturation and half-metallic 

properties for spintronics [126,127] and maghemite because of the absence of 

catalytically active Fe2+ inducing the formation of reactive oxygen spices in the biological 

medium for biomedical applications [124,128]. Magnetite is characterized by a 

metal/insulator transition occurring at the Verwey temperature (TV = 120−125 K for bulk 

magnetite) [129]. Above TV, the magnetite is a half-metal.  
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a)  b)  

Figure 24. a) Variation of lattice constant as a function of iron oxide particle size 

(reprinted from [130]) and b) magnetite/maghemite weight fractions beyond the particle 

size distribution (reprinted from [122]). 

1.2.2 Magnetic properties of spinel ferrites 

Super exchange interactions between atomic magnetic moments in A (A–O–A) 

and B (B–O–B) interstices lead to a ferromagnetic ordering between the ions located in 

the two sites giving rise to two magnetic sublattices [119]. On the other hand, interactions 

between magnetic ions in the A and B sites (A–O–B) induce antiferromagnetic order, and 

they are tenfold higher than the intra-lattice. Thus, spins will be oriented parallel inside 

each site but magnetization of two sublattices will be oriented antiparallel. Then, 

according to the Néel model of ferrimagnetism, the magnetic moment per formula unit 

(μS) arises from the superposition of moments of two sublattices [131]: 

μS = μSA − μSB, (52) 

where μSA and μSB are magnetic moments of A and B sites respectively. Since in the case 

of the inverted spinel, the Fe3+ ions are homogenously distributed among A and B sites, 

their contribution (5 μB) in the net magnetization is mutually compensated and the net 

magnetic moment is governed by the magnetic moment of the divalent cations Fe2+ (4 μB) 

occupied octahedral positions.  
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Figure 25. Scheme of the 3d spin configurations of common ferrites with the 

spinel structure.  

 

The magnetic moment per formula unit can be converted to the ferrite saturation 

magnetization [132]: 

MS = NA·μB/Mw μ, (53) 
where Mw is the molecular weight, NA is the Avogadro constant (6.022×1023 mol−1) and 

μB is the Bohr magneton (9.274×10−24 J/T). 

Assuming the inversion degree strictly inverted (γ = 1) for nickel, cobalt and iron 

ferrites, one can estimate values of the saturation magnetization expressed in the Bohr 

magnetons per formula unit (μB/f.u.) of 2, 3 and 4, which are proportional to the number 

of unpaired electrons on 3d orbital. In a similar way, saturation magnetization can be 

defined of the normal spinels or spinels with intermediate values of the inversion degree. 

While at 0 K the ground state for ideal ferrite is perfectly ordered inverted γ = 1 or normal 

γ = 0 spinels, in real material the inversion degree can vary from 1 to 0 due to a mixing 

of elemental species [133].  

The behavior of saturation magnetization of many known oxides cannot be fully 

explained through the Néel model because weakening in interlattice interaction led to the 

spin canting into one of the sublattices [119,132,134]. According to the three-sublattice 

model suggested by Yafet and Kittel, the net magnetic moment can be expressed as 

𝜇𝜇𝑆𝑆  =  𝜇𝜇𝑆𝑆𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑌𝑌𝑌𝑌) − 𝜇𝜇𝑆𝑆𝑆𝑆, (54) 

where αYK is the Yafet–Kittel angle. 
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Figure 26. Scheme of spin orientation in non-collinear Yafet–Kittel model.  

Besides saturation magnetization, the inversion degree affects anisotropy. The Co2+ 

ions in the octahedral sites have larger anisotropy (+850 × 10−24 J/ion) than Co2+ ions in 

a tetrahedral site (−79 × 10−24 J/ion) [135]. R. M. Freire et al. performed micromagnetic 

simulations supported by density functional theory (DFT) calculation of a system of 

cobalt ferrite MNPs with different values of inversion degrees [136]. The most stable 

atomic configurations of cobalt ferrite were defined by employing DFT at different levels 

of inversion. Defined in this way material parameters were used to reconstruct hysteresis 

cycles in micromagnetic simulations and compared with experimental results. The higher 

inversion leads to the higher coercivity of cobalt ferrite MNPs. 

 
Figure 27. a) Normalized field-depended magnetization curves of ~7-nm 

solvothermaly synthesized cobalt ferrite MNPs measured at 5 K (blue line) and result of 

micromagnetic simulations obtained for different inversion degrees. The structural 

configuration and electronic properties of the spinel structure for micromagnetic 

simulations were taken from first-principles calculations based on density functional 

theory (DFT); b) difference of simulated and experimental of coercivity plotted versus 

inversion degree (X). Reprinted from [136]. 
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Elias Ferreiro-Vila with colleagues [137] investigated thin films of cobalt ferrite 

prepared via a chemical solution and pulsed laser deposition methods. By variation of the 

deposition temperature and epitaxial stress, Co2+ cations migrate from octahedral to 

tetrahedral sites in strained layers. This leads to a drastic drop of anisotropy as confirmed 

by the appearance of two-phase-like M-H hysteresis loops or, in other words, in the 

appearance of a second peak (in the region H→0) in the susceptibility (𝜒𝜒 = 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ). 

Figure 28 shows the appearance of the magnetically soft cobalt ferrite phase with normal 

spinel structure characterized by the height of the peak close to zero field in 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄  plots 

in cobalt ferrite thin films deposited at different temperatures.  

 
Figure 28. The first derivative of magnetization versus magnetic field of cobalt 

ferrite thin films deposited at different temperatures. Reprinted from [137]. 

 

While magnetic properties of spinel ferrites are well-known from the bulk 

materials, at the nanoscale these properties may vary significantly. This is related to the 

value of inversion degree which depends on crystal size and the method of 

synthesis [120]. Inversion degree in its turn drastically affects all magnetic properties of 

the material: saturation magnetization and magnetic anisotropy [136]. Even though in the 

bulk form, CoFe2O4 and NiFe2O4 are inverted spinel, nanoparticles with the chemical 

formula Ni1–xCoxFe2O4 (0 ≤ x ≤ 1) may show significant variation in inversion 

degree [120,138]. For example, Giuseppe Muscas et al. found the inversion degrees of 
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0.74, 0.78 and 0.44 for CoFe2O4, Ni0.5Co0.5Fe2O4 and NiFe2O4 nanoparticles prepared 

with the polyol method [138]. In properties of several spinel ferrite nanoparticle systems 

from literature are collected. One can see in this table that the magnetic properties of 

nanoparticles are significantly different as compared with bulk reported in Table 2, as 

well as with those for nanoparticles of approximately the same size and composition. 

Then, for nanostructured materials, the inversion degree differs drastically compared with 

the bulk and it can dramatically change with particle size (Figure 29). 

 

 
Figure 29. Dependence of inversion degree of common representatives of spinel 

ferrites CoFe2O4, NiFe2O4 and ZnFe2O4. Reprinted from [120]. 
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Table 3. Case properties spinel ferrite MNPs. 

Composition d, 
nm MS, Am2/kg μ0HC, T TB, K Ref. 

  (5 K) (300 K) (5 K)   
CoFe2O4 7.5 109 92 1.2 — 

[139] Zn0.30Co0.70Fe2.00O4 7.1 142 94 0.46 — 
Zn0.46Co0.54Fe2.02O4 7.3 157 84 0.37 — 
Zn0.53Co0.47Fe2.02O4 8.0 140 70 0.44 — 
CoFe2O4 (HTD*) 4.6 70 — 1.29 120 

[140] CoFe2O4 (DM1) 4.8 54 — 1.17 154 
CoFe2O4 (DM2) 4.8 51 — 1.45 157 
  (15 K) (300 K) (15 K)   
Mn0.11Fe2.89O4 6.4 78.2 68.7 0.006 ~30 

[141] Mn0.49Fe2.54O4 6.4 78.3 66.3 0.006 ~30 
Co0.12Fe2.88O4 5.9 81.3 74.7 ~0.4 ~120 
Co0.55Fe2.45O4 6.4 85.4 80.5 ~2.0 ~220 
  (5 K) (290 K) (5 K)   
Fe3O4 12 79 69 0.028 — 

[142] MnFe2O4 12 81 74 0.0396 — 
CoFe2O4 12 54 50 1.7 — 
   (300 K)    
Fe3O4 (NaOH) 8.6 — 58.0 — 92 

[143] Fe3O4 (MIPA) 6.3 — 64.8 — 56 
Fe3O4 (DIPA) 4.9 — 60.4 — 34 

* some features of synthesis are reported in the parenthesis. More details are in the text.  

 

The inversion degree is strongly related to the method of synthesis, size and surface 

properties of nanomaterial. In this way assuming, for instance, for cobalt ferrite the 

inversion degree of 0 (normal spinel), the value of net magnetization of 7 μB/f.u. 

([2×5 μB]B-site – [3 μB]A-site) is expected, which is higher than the expected value of 4 μB/f.u. 

for normal spinel. Thus, for nanosystems that are not in a thermodynamical equilibrium 

state, a higher value of saturation magnetization can be observed. Considering γ = 0 for 

cobalt ferrite, the inversion degree can be estimated from the value of saturation 

magnetization expressed in μB/f.u. [144]: 

γ = (7 – 𝜇𝜇𝑆𝑆)/4 (55) 
where 𝜇𝜇𝑆𝑆 is expressed in Bohr magnetons and only the spin contribution is considered. 

Thus, inversion degree is one of determining factors of saturation magnetization. 
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Accordingly, by the variation of chemical composition and synthesis procedure, one can 

tune the saturation magnetization of those materials. For example, nanoparticles of Fe3O4 

and MnFe2O4 doped by non-magnetic Zn2+ (0 μB) cation can exhibit enhanced saturation 

magnetization compared with undoped ferrites [145,146]. This enchantment can be 

achieved in artificially engineered nanoparticles through metastable states of spinel 

structure when a small amount of Zn2+ preferentially occupies tetrahedral sites pushing 

part of the Fe3+ cations to move into octahedral positions. A similar effect was observed 

in cobalt and nickel ferrites doped by zinc [139,147–149].  

The high MS values have been observed in Zn-doped spinel ferrites (i.e., 

ZnxFe1−xFe2O4 [145,150–152], ZnxCo1−xFe2O4 [132,139,147,153], ZnxNi1−xFe2O4 [154], 

ZnxMn1−xFe2O4 [145,153] MNPs where MS increase while x (i.e., Zinc content) is less 

than ~0.5. For example, the research team of Jinwoo Cheon observed an extremely high 

MS value of 161 and 175 Am2/kg for Zn0.4Fe2.6O4 and Zn0.4Mn0.6Fe2O4 respectively [145]. 

For Zn2+
xFe2+

(1−x)Fe3+
2O4 ferrites an increase in magnetic moment from 4.0 μB/f.u. to 

8.3 μB/f.u. according to (4 + 6x) μB/f.u. rule was confirmed through DFT 

calculations [152]. This rule was valid for Zn concentration 0 <x < 0.75 where 

magnetization reached maximal value and start to decrease. That was explained by the 

replacement of Fe3+ with magnetic moment 5 μB/f.u. in A-sites by non-magnetic Zn2+ 

cations. The Co2+ in the structure of spinel ferrite makes material magnetically harder 

keeping the relatively high value of saturation magnetization [155–157]. Valentina 

Mameli and colleagues found that the MS at 5 K reaches a value of 157 Am2/kg for 

Zn0.46Co0.54Fe2.02O4 synthesized by the high-temperature decomposition method [139]. 

Gabriele Barrera et al. synthesized a set of ZnxCo1–xFe2O4 MNPs with x in the range of 

0.08–0.56 using a sol-gel autocombustion route (SGAC) [132]. In their work, authors 

observed that starting from inverse spinel at x = 0.08 future increase of zinc content to 

x ≈ 0.4 leads to the formation of mixed ferrite where Zn2+ forces Co2+ migrate to A-site 

and Fe3+ to B-site. It was highlighted that non-equilibrium cation distribution is strongly 

related to the method of synthesis and, together with spin canting, leads to a non-

monotonous change of saturation magnetization.  
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The increase in the concentration of non-magnetic zinc leads to a weakening of the 

super-exchange interaction between A and B sites, as result, the magnetization decreases 

due to a spin canting phenomenon. For example, for Zn0.4Co0.6Fe2O4 with a saturation 

magnetization of 5.8 μB the value αYK = 29.3° was observed [147]. However, even with 

the significant influence of the spin canting value of saturation magnetization is higher 

undoped ferrite at low temperatures. A drawback of this approach is the significant 

reduction of Curie temperature and thus reduction of magnetization at room temperature.  

The CoFe2O4 MNPs with the approximately same size of about 5 nm were prepared 

by different chemical methods and their magnetic properties were studied in ref. [140]. 

The sample CoFe2O4-HTD was synthesized by using high-temperature decomposition 

(HTD) method, in this case, MNPs were self-organization, which prevented their 

aggregation. The second method of synthesis, direct micelles (DM), was used to produce 

two samples: an unstructured organized system of particles CoFe2O4-DM1 and 

aggregated iso-oriented spherical arrangements of particles CoFe2O4-DM2. According to 

the ratio of remanent magnetization and saturation magnetization (MR/MS ≈ 0.68), MNPs 

synthesized by the HTD method possess the dominant cubic magnetocrystalline 

anisotropy, while MNPs prepared by the DM showed a lower value of this ratio 

(MR/MS ≈ 0.39 and 0.48), which indicates the dominant uniaxial anisotropy. Differences 

in remanent magnetization and coercivity in samples prepared by the DM method in 

different arrangements were attributed to the difference in the interparticle interactions. 

The highest values of coercivity and remanent magnetization of iso-oriented particles 

were observed. The increase in the remanent magnetization is related to the effect of the 

interaction between MNPs in the aggregates. Moreover, the MNPs prepared by the HTD 

method have a large value of saturation magnetization (Table 3). 
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1.2.3 Role of the synthesis conditions 

In the previous paragraph, we already observed that MNPs prepared by different 

methods have very different magnetic properties. In this paragraph, we will deeply 

consider the effects of synthesis methods and the physical reasons behind their effect on 

structural properties and magnetic phenomena.  

MnFe2O4, CoFe2O4, NiFe2O4, and ZnFe2O4 MNPs produced by solvothermal (T) 

and microwave-assisted (M) synthesis were compared in ref. [158]. Among studied 

materials, NiFe2O4 and ZnFe2O4 showed significantly different inversion degrees 

compared with the bulk (Table 4). This was especially noted in the case of Zn ferrite, 

between MNPs of the same composition and size prepared by the different methods. The 

magnetic moment individually for octahedral and tetrahedral sites was defined by neutron 

powder diffraction and Rietveld refinement. The magnetizations estimated from this 

measurement agreed with the macroscopic magnetic properties of samples measured with 

the SQUID magnetometer. The authors concluded that microwave-assisted methods 

allowed producing MNPs with similar structure and magnetic properties with a much 

shorter annealing time and lower temperature compared to those produced by the 

solvothermal method.  

 

Table 4. Common spinel ferrite nanoparticles produced via solvothermal (T) and 

microwave-assisted (M) methods. 

Composition Rout dXRD, nm γ μSA, μB/f.u. μSB, μB/f.u. 

MnFe2O4 T 6.0 0.66 4.0 3.4 
M 7.2 068 4.8 1.7 

CoFe2O4 T 5.7 0.64 4.4 3.0 
M 5.2 0.62 4.3 2.9 

NiFe2O4 T 11.5 0.37 4.3 3.5 

ZnFe2O4 T 5.6 0.36 1.0 2.1 
M 4.7 0.59 2.6 2.6 

 

 



62 

Gabriel Lavorato and colleagues studied CoFe2O4 MNPs produced by thermal 

decomposition (TD), solvothermal (SV), co-precipitation (CP), and autocombustion 

(AC) methods. Produced particles were in 7–10 nm size range. This study vividly shows 

the strong influence of synthesis conditions on the internal structure of particles and as 

consequence on the magnetic properties. XRD patterns of all samples (Figure 30 a) show 

pure spinel ferrite structure without any impurities. The lattice parameter (aCFO) was close 

to the bulk value for samples produced with TD method, slightly higher for SV and lower 

for CP and AC methods (Figure 30 b). The dXRD differs quite significantly for samples 

produced by different methods.  

The level of crystallinity can be defined through the proximity of crystallite size 

dXRD calculated from XRD data and particle size dTEM defined by TEM image analysis 

(Figure 30 c). The difference between these parameters is due to the presence of a 

disordered amorphous shell. The higher dXRD/dTEM ratio was detected in samples prepared 

by TD and SV methods, and the lower in CP and AC methods. This agrees with the lower 

lattice parameters of CP and AC also ascribed to the crystalline disorder. Owing to the 

high crystal, higher values of saturation magnetization and coercivity were found in 

samples prepared via TD and SV methods. Also, MR/MS ratio was higher for samples 

prepared by TD method reaching a value of 0.77 which suggests dominating 

magnetocrystalline anisotropy with cubic symmetry while for particles prepared by CP 

method this value was 0.47 due to the local lattice strain and appearance of other sources 

of anisotropy (e.g., shape or strain) leading to the uniaxial anisotropy. It was concluded, 

in particular, that the surfactant in TD method promotes the formation of faceted 

nanocrystals characterized by the lower levels of local structural defects compared with 

MNPs produced in solvent-controlled SV synthesis with predominantly spherical 

particles.  
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Figure 30. a) X-Ray diffractograms of CoFe2O4 MNPs synthesized via thermal 

decomposition (TD), solvothermal (SV), co-precipitation (CP), and autocombustion 

(AC); b) Cell parameter (aCFO) and size of crystallite (dXRD) were calculated from XRD 

data and c) schematical representation of particle size and crystallite size. 

Reprinted from [159]. 

 

Hence, even chemically homogeneous oxide MNPs can be considered native 

core/shell structures, where materials of core and shell are characterized by different 

structural and magnetic properties. The shell material is usually characterized by a higher 

structural disorder or amorphous state, the difference in spin canting and inversion degree 

compared with particle core [160]. Interesting, the high-field Mössbauer spectrum 

NiFe2O4 MNPs of about 8.6 nm prepared by mechanochemical synthesis indicates the 

presence of two magnetic phases each characterized by a superposition of two subspectra 

corresponding to A and B lattices. Two magnetic phases were attributed to the core and 

shell which formation was also confirmed by High-Resolution Transmission Electron 

Microscopy (HRTEM) image analysis. Magnetic phase with detected inversion degree 

of 1 and almost absent spin canting was considered to be the core material. While 

magnetic phase with a high level of spin canting and non-equilibrium cation distribution 
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of 0.671 which is close to the random distribution of 2/3. Also interesting, is that the 

reduced saturation magnetization was because of spin canting that dominates over non-

equilibrium inversion degree of the shell (reduced inversion degree in NiFe2O4 leads to 

the increase in MS). 

 
a) 

 
b) 

Figure 31. a) HRTEM image of mechanosynthesized NiFe2O4 MNP: highly 

crystalline core (c) surrounded by an 1-nm shell (s). Inversion degree (λ) and average 

canting angle (Ψ) of Fe ions obtained from high-field Mössbauer spectra are indicated 

for each region. b) M-H hysteresis loops for bulk and nanosized NiFe2O4 measured at 3 

K after cooling in field 5 T. Reproduced from [160]. 

 

As we already noticed, the synthesis procedure affects, in particular, the surface 

properties of MNPs and, ultimately, their magnetic properties. The different surfactants 

used in synthesis affect the ionic distributions of the particle surface and prevent particle 

growth. Clara Pereira et al. changed the NaOH alkaline agent with the alkanolamines 

isopropanolamine (MIPA) and diisopropanolamine (DIPA) to synthesize spinel ferrite 

MNPs by the aqueous coprecipitation method [143]. The alkanolamines additionally 

acted as complexing agents that reduced the particle size and improved the spin 

rearrangement at the surface (Figure 32). The MNPs produced with the use of novel 

alkaline agents were smaller in size compared with the classical approach and have a 

thinner dead layer and, as result, the smaller particles showed higher saturation 

magnetization (Table 3). 
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Figure 32. Schematic representation the surface spin structure of the MNPs 

prepared by coprecipitation in different types of bases: a) NaOH and b) MIPA and 

DIPA. Reprinted from [143]. 

1.2.4 Multiphase structures 

MNPs composed of several magnetic phases with different properties, such as, for 

example, magnetically hard (h-) and soft (s-) F(i)M or AFM materials, are of considerable 

interest for both basic research and applications. Several magnetic phases hybridized in 

a single core/shell system are a unique platform to adjust and achieve enhanced magnetic 

properties, for example, enhanced magnetic anisotropy. We already discussed physical 

reasons and phenomena arising at the interface of two phases interacting via exchange 

coupling on page 28, here we will consider these effects applying to the real objects. Bi-

magnetic exchange-coupled systems consisting of FM/AFM or h-FM/s-FM materials 

provide enhanced magnetic properties compared to their individual counterparts (i.e., 

single-phase systems) [68,161–164]. Hard/soft exchange-coupled MNPs have attracted 

significant attention owing to the great advantage of such structures for several 

applications (e.g., magnetic hyperthermia and permanent magnets). The manipulation of 

a bi-magnetic core/shell nanoarchitecture is a powerful tool for obtaining new 

functionalities in a single nanoscale object [153,161,163,165–169]. This high interest in 

multifunctional nanoscopic core/shell or multi-shell systems has triggered substantial 

synthetic advances that combine surface chemistry and nanoparticle synthesis [170–172]. 
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1.2.4.1 Magnetic hard/soft and soft/hard systems 

Depending on the size/thickness of h-FM and s-FM phases, the bi-magnetic system 

can act in a rigidly coupled regime if the s-FM phase is thinner than the double domain 

wall thickness of the h-FM [68]. This regime is characterized by a squared hysteresis loop 

of the soft phase being strongly exchange-coupled with the hard phase and the 

magnetization reversal process of the two phases occurring at the same field. In the case 

of the thicker s-FM phase, its reversal occurs at significantly lower fields than the 

switching of the h-FM. However, concerning nanoparticles, a wider phenomenology may 

be observed due to the large dispersion of magnetic properties arising from size 

distributions or divergences in the structural properties (i.e., stoichiometry and unit-cell 

parameters) of nanomaterials compared to bulk materials [173]. Special attention has 

been paid to the formation of the ultrathin shell of a few atomic layer thicknesses, 

exhibiting an enhanced spin canting (ESC) effect [84] which brings out a larger magnetic 

surface anisotropy, allowing exchange coupled systems to increase, for example, 

magnetic energy product (BH)max or specific loss power.  

 

 

Figure 33. Schematic representation of the field-dependent magnetization loop of 

exchange-coupled hard/soft composites for different magnetic regimes. a) Rigid-

coupling regime: the two phases reverse simultaneously at a critical field HC.;  

b) Exchange-spring regime: the soft phase reverses first at HC1 in a reversible way 

(indicated by the red arrow) and supports the switching of the hard phase occurring at 

HC2. c) Decoupled regime: the two phases reverse separately at HC1 and HC2. 
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An illustrative example of these studies is represented by the work of G. Lavorato 

and co-authors [174], which clearly proved that the magnetic behavior of Fe3O4/CoFe2O4 

spinel ferrite bilayers grown on MgAl2O4 (001) substrates can be finely modulated by 

changing the thickness of the softer Fe3O4 phase (Figure 34). A rigid-coupling regime 

can be indeed achieved for Fe3O4 thicknesses lower than the exchange length of the hard 

layer (8 nm), while two separated reversals are observed for larger Fe3O4 thicknesses 

indicating a partial decoupling of the two layers. 

 

 

Figure 34. Low temperature (10 K) (a) field-dependent magnetization loops and 

(b) corresponding first-derivative curves of Fe3O4 (t nm)/CoFe2O4 (25 nm) bilayers as a 

function of the soft layer thickness. Hsw and HN were associated with the irreversible 

switching field of the h-phase (CoFe2O4) and the nucleation field of the s-phase (Fe3O4), 

respectively. Reprinted from Ref. [174]. 

 

An example of hard/soft core/shell MNPs is reported in Figure 35, showing the 

microstructural features and the magnetic behavior of CoFe2O4/MnFe2O4 core/shell 

MNPs with a narrow size distribution. The smooth shape of the hysteresis loop of the 

core/shell MNPs indicates that the two phases are rigid-coupled giving rise to a material 
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whose properties are averaged between the two phases [161]. The peculiar properties of 

these systems result in a great increment of the specific loss power (up to one order of 

magnitude) with respect to single-phase iron oxides MNPs, with implications for 

applications based on the magnetic hyperthermia [161].  

 

 

Figure 35. a) TEM and b) HRTEM images, c) electron energy loss spectroscopy 

elemental map (Co – green, Fe – red and Mn – blue) of 15 nm CoFe2O4/MnFe2O4; d) 

M-H curve of single-phase 15 nm MnFe2O4, 9 nm CoFe2O4 MNPs and exchange-

coupled core/shell 15 nm CoFe2O4/MnFe2O4 MNPs. Reprinted from Ref. [161]. 

 

A complex study of tuning of magnetic properties of MNPs was carried out in the 

article of Seung-Hyun Noh et al. [175]. The effect of size, shape and core/shell structure 

of MNPs Zn0.4Fe2.6O4 on magnetic properties were studied. The MNPs of an equal 

volume of sphere-shape show a lower saturation magnetization than cubic-shape 

particles. This phenomenon was studied by simulation by using OOMPH software and 

explained by the great volume of canted spins in the sphere-shaped particle. Also was 
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studied method of tuning of the magnetic properties of the cubic-shape nanoparticles 

Zn0.4Fe2.6O4 (core = 50 nm) by coating hard magnetic material CoFe2O4 (shell = 5 nm).  

Interesting that for similar systems the opposed results may be obtained, for 

example, Liébana-Viñas et al. [155] observed stepped hysteresis attributed to spring 

magnets for core/shell Fe3O4/CoFe2O4 MNPs with the core of 9 nm and the size of 

core/shell system of 12 nm. At the same time, Lee et al. [161] observed a smoothed loop 

suggesting EC regime for the particles of a similar configuration. That can be attributed 

to hardly distinguished, at first glance, the difference in the structural properties: 

bordering of size distribution, diffusion of ions, quality of hard-soft interface, etc. Thus, 

to understand the magnetic structure, a detailed analysis of both structural and magnetic 

properties must be carried out, which will allow one to characterize the magnetic 

interparticle interactions and the distribution of magnetic anisotropies. 

 

 

Figure 36. M-H hysteresis cycles for single-phase Fe3O4, MnFe2O4, CoFe2O4, and 

Fe3O4/CoFe2O4 core/shell MNPs at 5 K. Reprinted from [155]. 

 

Tuning of the core/shell chemical composition and the morphostructural features 

of the object (i.e. size of the core, thickness of the shell) add the necessary degrees of 

freedom for the precise tuning of magnetic properties for specific applications. The fine 

tuning of coercivity and blocking temperature have been achieved by modulation of shell 
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thickness and order of soft and hard materials [153,164,175–178]. Despite the fact that a 

general trend of the simple linear dependence of the coercivity from the volume ratio of 

materials holds for the hard/soft system (eq.(19)), it was observed that it breaks when 

there is a transfer into inverted soft/hard [177]. As was reported by Song and Zhang [177], 

this linear trend is oversimplified and does not take into account magnetization reversal 

processes which are expected to be different when the order of shell and core materials 

changes. Moreover, it was demonstrated the significant effect of the surface spins on 

magnetic anisotropy in single magnetic phase nanoparticles [15]. For core/shell systems, 

a phenomenological model considering both surface and interface effects was developed 

by Trohidou et al. which estimated Keff for two-phase exchange-coupled nanoparticle 

systems [179]:  

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒  = 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑉𝑉
𝐾𝐾 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝑉𝑉
𝐾𝐾 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑎𝑎𝑎𝑎
𝑉𝑉

𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  + 𝑎𝑎′𝑆𝑆′

𝑉𝑉
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, (56) 

where KHard and KSoft are the anisotropies of hard and soft phases, VHard and VSoft are the 

volumes of the hard and soft phases, 𝑎𝑎𝑎𝑎 and 𝑎𝑎′𝑆𝑆′
 are the thickness and surface area of the 

interface and surface layers with anisotropy constants 𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 respectively. It 

was found in this study that 𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 were one order of magnitude higher than 

the bulk counterparts [179].  

Varying the composition, the thickness of the shell and the sequence of layers 

allows adding further degrees of freedom to tune the magnetic properties and design 

multifunctional magnetic materials. Figure 37 shows linear dependence of coercivity 

versus the volume fraction of hard phase for hard/soft nanoparticles. However, this linear 

trend is oversimplified and does not take into account magnetization reversal processes 

which are expected to be different when the order of shell and core materials change.[177] 

For this reason, deviations are observed in inverted soft/hard systems (Figure 37) [177]. 

In this view, more efforts should be done to investigate comparatively normal (hard/soft) 

and inverted (soft/hard) core-shell systems [180]. 
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Figure 37. Dependence of coercivity on the volume fraction of the hard phase in 

CoFe2O4/MnFe2O4 and MnFe2O4/CoFe2O4 nanoparticles.  

Blue symbols are from ref. [177], red from ref. [178].  

1.2.4.2 AFM/F(i)M systems 

AFM/FM systems may cause an increase in magnetic anisotropy, which is 

exploited in different applications such as recording media, spintronics and permanent 

magnets [17,163,181,182]. Aside from the exchange bias (EB) phenomenon, resulting in 

unidirectional exchange anisotropy, an increase of the effective anisotropy energy of the 

FM phase has also been observed in AFM/FM systems [18,182]. On the other hand, bi-

magnetic systems consisting of two FM or FiM interfaced phases, such as h-FM/s-FM 

core/shell MNPs, with tunable saturation magnetization, and magnetic anisotropy is 

beneficial to achieve, for example, contrast-enhanced magnetic resonance imaging or a 

high thermomagnetic effect [28,161,162,164,183,184]. Indeed, the magnetic properties 

of core/shell systems depend on the intrinsic parameters of h-FM and s-FM phases, as 

well as on the coupling strength and nanoparticle architecture which are controlled by the 

synthesis procedure (size of layers, quality of interface, shape, etc.) [164].  

This shift is commonly accompanied by an increase in the coercivity of the F(i)M 

phase [17]. The high tuneability of the magnetic properties of complex TMO, which can 
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manifest both FiM and AFM behaviors to changes in compositions, made them common 

building blocks for the realization of EB heterostructures.  

Walid Baaziz et al., synthetized 11 nm-sized Fe3O4 MNPs using the TD of metal 

complexes method which were shelled with the 2 nm thick CoO layer in a seed-mediated 

growth process [185]. The AFM shell drastically increased coercivity up to ~1.5 T of s-

FiM single-phase core (Figure 38). Moreover, core/shell system showed a large exchange 

bias of ~0.4 T at 5 K after cooling under the magnetic field of 7 T confirming the high 

quality of the core–shell interface. This confirms that the seed-mediated growth process 

is a promising method to produce MNPs with enhanced magnetocrystalline anisotropy 

for advanced applications. 

 
Figure 38. a) M-H hysteresis of 14 nm sized Fe3O4/CoO core/shell and 11 nm 

sized Fe3O4 single-phase MNPs; b) coercivity (HC) and exchange bias field after 

cooling under 7 T (HE) as functions of temperature of Fe3O4/CoO core/shell MNPs. 

Reprinted from [185]. 

 

Fabrication of nanocomposites containing TM monoxides as the AFM phase is 

particularly interesting owing to their relatively high magnetic anisotropy resulting in a 

large increase in coercivity and EB field [69]. Skumryev et al. observed a large EB field 

and a drastic increase of the blocking temperature from 10 to 290 K of 4 nm FM Co 

particles when they are embedded in an AFM CoO matrix [69]. It is worth mentioning 

that the EB effect does not always manifest with a shift of the hysteresis loop after field 

cooling; this generally happens in the case of very thin AFM layers or if the two phases 
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have a similar magnetic anisotropy constant [186]. For example, the EB effect was not 

observed in CoO/CoFe2O4 MNPs in the size range 5–11 nm and with a core diameter 

ranging between 2.6–6.0 nm. Nevertheless, it was observed an increase in the coercivity 

from 2.2 T to 3.1 T at 5 K when the particle size is reduced.  

The further enhancement of magnetic properties and be achieved by the design of 

multishell architectures. The scanning transmission electron microscopy (STEM) high-

angle annular dark-field (HAADF) micrograph and electron energy loss spectroscopy 

(EELS) elemental maps showed Fe3O4/CoO/Fe3O4 core/shell/shell (CSS) MNPs prepared 

by a three-step seed-mediated growth based on the TD method. The Co is not 

homogeneously distributed because of the preferentially of CoO to grow on specific 

facets of the spinel structure. The thin shell of AFM CoO increases the coercivity of 10 

nm core (C) Fe3O4 MNPs from 0.034 T up to 1.6 T at 300 K. The strong exchange 

coupling at the interface in Fe3O4/CoO core/shell (CS) MNPs was also manifested in the 

exchange bias field of 0.5 T observed after field cooling experiment. The second Fe3O4 

shell reduces the coercivity until 1.5 T in Fe3O4/CoO/Fe3O4 CSS MNPs but increases 

saturation magnetization by more than at 50%. The resulted value of saturation 

magnetization was even higher than this value for bulk Fe3O4 which was explained by 

the transformation of the AFM CoO phase into FiM Co-doped ferrite. 

 

  
Figure 39. a) Dark field STEM-HAADF and b) STEM-EELS micrographs of 

Fe3O4/CoO/Fe3O4 core/shell/shell (CSS) MNPs. c) M-H hysteresis after field cooling 

under 7 T at 10 K for Fe3O4 (C), Fe3O4/CoO (CS) and CSS MNPs. 

Reprinted from [187]. 

 

c) 
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The EB effect can be also observed at the interface between a F(i)M magnetic layer 

and a spin-glass system [80]. In very small MNPs with a high fraction of frustrated 

surface spins, at temperatures lower than the glassy temperature (Tg), this sort of spin 

became frozen and acts as a spin-glass. Such spin-glass-like frozen surface spins may act 

as a magnetically hard phase increasing anisotropy and leading to the intrinsic EB effect 

in chemically single-phase systems [81,82]. 

A very important but basically not explored issue is the interplay between intra- 

and interparticle interactions in core/shell MNPs and their influence on macroscopic 

magnetic properties. Ming Da Yang et al. [183], demonstrated that modulating 

interparticle interactions in core/shell systems allows for stabilisation of suspension 

properties, thus increasing the heat performance in hyperthermia as well as R2 relaxivity 

for contrast enhancement in MRI. Samuel D. Oberdick et al. employed theoretical 

calculations to describe the experimental data revealing that the DMI effect on the 

magnetic frustration of the shell spins, resulting in the canting of the net magnetic 

moment of bi-magnetic Fe3O4/MnxFe1−xO4 (x > 0.8) particles [71]. Moreover, 

interparticle interactions lead to the correlation of spin canting angle between 

neighbouring particles. Thus, the macroscopic magnetic properties of this system are 

determined by the strong interplay of mutually dependent intra- and interparticle 

interactions. Theoretical description of interacting bi-magnetic core/shell nanoparticles 

is a complex task due to the need to consider both long- and short-range interactions, to 

complete this task a mesoscopic model has been developed by M. Margaris et al. [188]. 

Conclusions: 

1) Magnetic properties of oxide MNPs can be tuned by chemical composition 

affect the magnetocrystalline anisotropy; 

2) The structure of particle core (inversion degree of spinel) and surface properties 

depend on the method of synthesis and also strongly affect magnetic properties; 

3) Precise control of magnetic properties of particles can be achieved by the 

creation of complex nanohybrids but presented in literature data sometimes 

contradictive and more experimental data are needed. 
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Chapter 2. Materials and methods 

2.1 Synthesis methods  

Sol-gel autocombusion (SGAC) 

In this method, the 1-molar aqueous solutions of metal salts in distilled water (DW) 

were prepared with different molar ratios. In all syntheses, the hydrous metal nitrates 

Fe(NO3)3·9H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O and Zn(NO3)2·6H2O were used. The 

molar ratio was set to maintain the desired stoichiometry of resulted ferrite. Afterwards, 

the preliminary prepared 1-molar citric acid (CA, C6H8O7) solution of the same volume 

was added to mixtures of metal salts under magnetic stirring. The pH level was adjusted 

to the value of 7 by dropwise adding 30% ammonia solution. The obtained sol was dried 

at the hotplate for about 60 min at 150 °C to form a gel. Then the temperature was 

increased up to 300 °C to induce the self-combustion reaction. Obtained powders were 

collected and ground with an agate mortar. Figure 40 shows the principal scheme of 

CoFe2O4 MNPs synthesis with SGAC method. The SGAC method was used to produce 

MNPs in [148,149]. 

 

Figure 40. Schematic representation of CoFe2O4 MNPs preparation technique. 
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Co-precipitation (CP) 

The modified Massart method of CP ([189]) was used. The modifications were 

concluded in the synthesis of MNPs in presence of ligands citric acid or glycine for in 

situ surface coating and particle growth control. The CP method was used to produce iron 

oxide MNPs in [190]. 

To synthesize CA covered iron oxide MNPs, 5 mM of Fe(SO4)·7H2O were 

dissolved with stirring in 50 ml of DW in a round bottom flask at room temperature. After 

that, 10 mM of FeCl3·6H2O were added to the flask with vigorous stirring, followed by 

the addition of CA concentration of 0.05 M. The solution was heated up to 80 °C and 

subsequently 20 ml of 3 M solution of NaOH, preheated up to 80 °C, was poured into the 

above solution and kept under the vigorous stirring for 2 h. The reaction can be written: 
FeCl3 · 6H2O

+
Fe(SO4) · 7H2O 

 
H2O+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,   80°C
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�

NaOH
 𝐹𝐹𝑒𝑒3−𝛿𝛿𝑂𝑂4 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) (57) 

The black precipitate obtained after the synthesis was washed several times with 

deionized water and ethanol. After drying at room temperature in the fume hood, the final 

powder was collected for further analysis. Following the same procedure, samples with 

0.05, 0.1, 0.2 and 0.3 M of CA were synthesized and the concentration of CA was used 

as a sample name. 

To produce samples in the presence of glycine (NH₂–CH₂–COOH), 0.1 mol 

FeSO4·7H2O and 0.2 mol FeCl3·6H2O were dissolved in 50 ml DW and added into a 

100 mL flask, which was immersed in a room temperature (~25 °C) water bath. Then the 

glycine was added to set the concentration of 0.06 mol/L in the reaction solution 

throughout the reaction. 3 mol of NaOH was dissolved in 20 mL DW. The reaction 

solution was mechanically stirred at 800 rpm while heating up to 80 °C. After reaching a 

temperature of 80 °C, NaOH was added dropwise to the mixture, stirring was continued 

for 2 h. This procedure was repeated with different glycine concentrations of 0.10, 0.15, 

0.30 and 0.60 mol/L. 

At the end of this reaction time, the solutions were decanted, allowing the particles 

to be washed with ethanol and centrifuged at 2900 rpm for 10 minutes. This procedure 

was repeated twice, then the particles were separated and dried overnight at 70 °C. 
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High-temperature decomposition (HTD) 

For the synthesis of all core/shell and multishell structures, a seed-mediated growth 

and high-temperature decomposition of metal acetylacetonate salts approaches were 

applied. All the syntheses were conducted under oxygen-free conditions in a Schlenk line.  

The core was synthesized using a modified procedure reported elsewhere [191]. 

For example, to obtain the CoFe2O4, Fe(C5H7O2)3 (2 mmol, 0.706 g), Co(C5H7O2)2 (1 

mmol, 0.267 g), 1,2-hexadecanediol (10 mmol, 2.58 g), oleic acid (OA, 6 mmol, 1.69 g) 

and oleylamine (OLA, 6 mmol, 1.60 g), were dissolved in benzyl ether (20 mL) and 

magnetically stirred under a flow of nitrogen. The mixture was heated (5 °C/min) up to 

200 °C for 100 min and then heated (5 °C/min) to reflux (~300 °C) for 60 min. The black-

colored mixture was left to cool to room temperature (RT ~25 °C) and washed with 

toluene and isopropanol. Next, the precipitate was washed with ethanol and collected by 

centrifugation (4000 rpm, 10 min).  

A seed-mediated growth at high temperature was used to achieve core/shell 

nanoparticles. For example, to produce CoFe2O4/NiFe2O4 MNPs, CoFe2O4 seeds were 

sonicated in 5 ml benzyl ether in the presence of OA (600 μl). Subsequently, the 

suspension was added to the flask containing Ni(C5H7O2)2 (0.33 mmol, 0.0848 g), 

Fe(C5H7O2)3 (0.67 mmol, 0.237 g) and OA (600 μl) were dissolved benzyl ether (15 ml). 

After 1 h under vacuum at RT, the solution was heated to reflux at 290 °C (5 °C/min) 

under argon atmosphere and kept at this temperature for 30 min. The reaction can be 

simplified as: 
Fe(acac)3

+
Co(acac)2

  
AO,OLA
�⎯⎯⎯⎯�
300℃

____________________
1st step

    
 CoFe2O4(seeds) +

Fe(acac)3
 +

Ni(acac)2

  
     AO    
�⎯⎯⎯�
290℃

____________________________________________
2nd step

     

  
CoFe2O4/NiFe2O4

  ________________________
result

 (58) 

The HTD method was used to produce core/shell MNPs in [180,192]. 
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2.2 Morphostructural characterization  

X-Ray Diffraction (XRD) structural analysis 

The crystalline properties of nanoparticles were carried out using an X-Ray 

diffractometer (XRD) with Bragg-Brentano 2θ geometry. X-Rays have wavelengths 

comparable to the distance between different crystallographic planes. The phenomenon 

of diffraction is described by the Bragg equation, where this effect is defined as the 

reflection of X-Rays on the lattice planes. Interference occurs if the path of the radiation 

differs from an integer multiple of the wavelength: 

2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛𝑛𝑛, (59) 

where dhkl is the distance between the grating planes determined by the Miller indices 

(hkl) characterizing the planes under consideration, θ is the angle of incidence, and λ is 

the wavelength of the incident radiation (for Cu Kα radiation λ = 1.54056 Å, for Co Kα 

source λ = 1.78919 Å). The lattice parameter of cubic structure (a) can be calculated by 

the equation 

𝑎𝑎 =  𝑑𝑑ℎ𝑘𝑘𝑘𝑘�ℎ2 + 𝑘𝑘2 + 𝑙𝑙2. (60) 

The mean size of crystallites, dXRD, was calculated by using Scherrer’s 

equation [117,193,194]: 

𝑑𝑑𝑋𝑋𝑋𝑋𝑋𝑋  =  𝜓𝜓 𝜆𝜆 / β 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃,  (61) 

where ψ is a crystallite-shape factor (0.94 for spherical particles), β is the full width at 

half-maximum (FWHM) of peaks of the corresponding reflections at 2θ geometry.  

Electron Microscopy  

Transmission Electron Microscopy (TEM) is a technique based on the interaction 

of a high energy electron beam passing through a very thin sample. TEM images provide 

information about the internal structure of particles while scanning electron microscopy 

(SEM) scans a focused electron beam over a surface and provide information primarily 

about the external structure. Both electron microscopy methods are the most commonly 

used method for measuring particle sizes [195].  
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Statistic distributions of particle size were obtained elaborating STEM images with 

ImageJ software on more than 200 particles. A log-normal function was utilized to fit the 

particle size distribution [194]: 

𝑓𝑓(𝑑𝑑) =
1

√2𝜋𝜋 𝑑𝑑 𝑙𝑙𝑙𝑙 𝜎𝜎
𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑙𝑙𝑙𝑙2 � 𝑑𝑑
𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇

�

𝑙𝑙𝑙𝑙2 𝜎𝜎
 � , (62) 

where dTEM is the median value of particle diameter and the standard deviation (SD) of 

the size distribution is 𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇 ∙ 𝑒𝑒𝜎𝜎2/2 ∙ �𝑒𝑒𝜎𝜎2 − 1.  

The additional data about internal structure can be obtained by high-resolution 

TEM-electron energy loss spectra (HRTEM-EELS) or energy-filtered TEM (EFTEM) 

maps. For example, compositional information regarding the structure of core/shell 

systems has been used. 

2.3 Magnetic properties  

Magnetometer instrumentations 

The principle of operation of the vibrating-sample magnetometer (VSM) is based 

on the use of Faraday's law of electromagnetic induction [53]. If the sample under study, 

having magnetic moment μ makes harmonic oscillations with frequency ω and amplitude 

A, it is a magnetic dipole producing electromagnetic signals. The electromotive force (E) 

in the pickup coils depends on the magnitude of the magnetic moment of the sample and 

the direction of the sample velocity, as well as on the number (N) and location of pickup 

coils having the geometric factor G(r): 

𝐸𝐸 =
1
2

𝜇𝜇𝜇𝜇(𝑟𝑟)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝜔𝜔𝜔𝜔). (63) 

The VSM consists of four main blocks (Figure 41): electromagnet powered by 

direct current (DC) from the power supply, vibration unit, block of adjustments and 

measuring signals (electronics).  
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Figure 41. Schematic representation of a VSM. 

 

The better sensitivity compared to VSM based on Faraday's induction can be 

provided by the superconducting quantum interferometer device (SQUID). SQUID as a 

magnetometer is formed by two superconductors separated by thin insulating layers that 

form two parallel Josephson junctions connected by conductive elements to an external 

circuit. The principle behind the transition of flux quantum into the current is the effect 

of electron tunneling through the insulating material. This leads to an ordered motion of 

electrons having a definite wave function described by Cooper pairs.  

Analysis of the field dependences of magnetization 

Field dependence of magnetization M(H) typical for MNPs sample below the Curie 

and blocking temperatures shows classical M-H hysteresis cycle characterized by 

remanence (MR) and coercivity (HC) (Figure 42 a). The magnetization path starts from 

the initial magnetization collecting the magnetization values passing from zero field to 

the maximal field affordable by the magnetometer (in the case of MNPs, the high 

magnetic field are needed to saturate the sample). Then the descending branch of 

magnetization (Mdes) is recorded up to the maximal negative field and, finally, the 

ascending (Masc) branch is collected when the field increases up to the maximal positive 

field. 
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From measured M-H cycles, MR and HC values were determined as averaged values 

from Mdes(H) and Masc (H) branches: 

𝐻𝐻𝐶𝐶 =
𝐻𝐻𝐶𝐶+ − 𝐻𝐻𝐶𝐶−

2
, (64) 

𝑀𝑀𝑅𝑅 =
𝑀𝑀𝑅𝑅+ − 𝑀𝑀𝑅𝑅−

2
. (65) 

The irreversibility field was defined as a field at which the difference between 

Mdes(H) and Masc (H) branches is 3%: 

𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑(𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖) − 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎(𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖)
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑(0) − 𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎(0) × 100% =  3%. (66) 

If the sample of MNPs is below Curie temperature but above the blocking 

temperature (SPM regime), the M-H dependence is unhysteretic function described by 

the Langevin function (Figure 42 b). Analysis of such dependencies can be obtained by 

fitting the experimental data using the Langevin function, which considers the particle 

size distribution function. 

 

Figure 42. Schematic representation of typical M-H curve for a) blocked F(i)M 

and b) superparamagnetic systems; c) extrapolation of descending branch of high-field 

region of M-H curve. 
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As we already noted, to saturate the sample of MNPs the high saturation magnetic 

field (HS) are needed. In some cases, those fields are above the maximal field (HMAX) 

affordable by the laboratory magnetometer. In this case, the saturation magnetization 

(MS) has been estimated by approximating the high-field region of the measured M-H 

curve by the Law of Approach to Saturation (LAS) [77,101,148,196]: 

lim
𝐻𝐻→∞

(𝑀𝑀(𝐻𝐻)) = 𝑀𝑀𝑆𝑆; (67) 

𝑀𝑀(𝐻𝐻) = 𝑀𝑀𝑆𝑆 · �1 −
𝑎𝑎
𝐻𝐻

−
𝑏𝑏

𝐻𝐻2�, (68) 

where a and b are fitting parameters. The a/H term arises from the local stress caused by 

the crystalline defects according to Brown’s theory [197]. In Akulov’s theory, the b/H2 

term connects deviation of magnetization from saturation and magnetic crystallographic 

anisotropy of the material, which is a system of randomly oriented crystallites [52]: 

𝑏𝑏 = 𝜅𝜅 �
𝐾𝐾

𝜇𝜇0𝑀𝑀𝑆𝑆
�

2

, (69) 

where 𝜅𝜅 is the dimensionless constant characterizing the dispersion of local easy axes 

magnetization (in the case of uniaxial anisotropy 𝜅𝜅=1/15, in the case of cubic anisotropy 

𝜅𝜅=2/105 [198]). Iskhakov and Komogortsev extended the LAS for nanocrystalline and 

amorphous materials based on scaling in ferromagnets with random magnetic 

anisotropy [199]. 

In the case of two-phase systems, when one phase is dia- or paramagnetic the 

unsaturated magnetic susceptibility (𝜒𝜒𝑆𝑆𝑆𝑆𝑆𝑆) can be expected and it can be considered in 

the LAS as following [101]: 

𝑀𝑀(𝐻𝐻) = 𝑀𝑀𝑆𝑆 · �1 −
𝑎𝑎
𝐻𝐻

−
𝑏𝑏

𝐻𝐻2� + 𝐻𝐻 · 𝜒𝜒𝑆𝑆𝑆𝑆𝑆𝑆 . (70) 

The unsaturated magnetic susceptibility in or in a single-phase system of very small 

particles is closely related to the acting as a second magnetic phase, the noncollinear spin 

structure due to competing interactions between sublattices and symmetry breaking on 

the particle surface [82,200]. 
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In order to estimate the nature and the intensity of the interparticle interactions, the 

remanence plot method based on SW model of hysteresis ([61,180,192,201]) was applied. 

In this method, the isothermal remanent magnetization (IRM) and direct current 

demagnetization (DCD) measurements were performed (Figure 43). The IRM 

magnetization curve was obtained starting from an initial state (the freshly prepared 

sample which was not subjected to magnetic field). The remanence mIRM(Happ) was 

collected applying a gradually increasing positive magnetic field up to 𝜇𝜇0Hmax, which was 

then removed. The mDCD(Happ) curve was measured by saturating the sample in the 

negative field −𝜇𝜇0Hmax and then measuring the remanence mDCD(Happ) after applying 

reverse fields up to 𝜇𝜇0Hmax. 

 
Figure 43. The procedure for measuring the residual IRM (blue) and DCD (red) 

magnetizations: (1) – initial state, (2) – magnetization at Happ and (3) – residual. 

 

For an assembly of SD magnetic particles with uniaxial anisotropy is described by 

the Wohlfarth model [202]: 

𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷(𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎) =  1 −  2 · 𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼(𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎) . (71) 

The Henkel plot is mDCD plotted versus the argument 1−2mIRM. The deviation from 

the linear relationship indicates the interparticle interactions. The downward concavity 

of the curve implies negative interparticle interactions stabilizing the demagnetized state. 

The upward concavity implies positive interparticle interactions promoting the 
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magnetized state [203]. The Kelly plot can be implied to quantitatively analyze the 

interaction intensity [204]: 

𝛿𝛿𝛿𝛿(𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎)  =  𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷 −  (1 −  2 · 𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼) . (72) 

where the δm�Happ� can be considered as a quantitative parameter of interparticle 

interactions (in non-interacting case, δm = 0) [205]. 

The analysis of interparticle interactions can be performed by the calculation of the 

interaction field µ0HINT defined as half the difference in the position of the maximum 

(μ0HCr) of the derivatives 𝑑𝑑𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷(𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎)/𝑑𝑑𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎  and 𝑑𝑑𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼(𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎)/𝑑𝑑𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 : 

𝐻𝐻𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐻𝐻𝐶𝐶𝐶𝐶

𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐻𝐻𝐶𝐶𝐶𝐶
𝐼𝐼𝐼𝐼𝐼𝐼

2
 . (73) 

The differentiated remanence curves represent the irreversible component of the 

susceptibility. This quantity can be considered as a measure of the energy barrier 

distribution, which, in a nanoparticle system, is associated with the switching field 

distribution (SFD) [206,207]. For a system of SW particles, SFD can be considered 

proportional to the distribution of particle’s individual magnetic moment switching in an 

external magnetic field close to the anisotropy field. The 𝐻𝐻𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐻𝐻𝐶𝐶𝐶𝐶

𝐼𝐼𝐼𝐼𝐼𝐼can be 

considered as remanence coercivity values. 

Analysis of the temperature dependences of magnetization 

The zero-field and field cooled magnetization (ZFC-FC) measurements are 

common way to characterize magnetic properties of MNPs, in particular, they provide 

information about the distribution of blocking temperature [15,96]. In section “1.1.6 

Superparamagnetism”, the theoretical background behind these measurement procedures 

is given. In the experiment, to record MZFC(T), the samples were cooled down to a low 

temperature (4.2−5 K) in the absence of a magnetic field (Figure 44). Afterwards, the 

measuring magnetic field (10−25 mT) was applied, and the magnetization was recorded 

during heating from low temperature to 300 K. To record MFC(T), the samples were 

cooled in the magnetic field (10−25 mT) and then the magnetization was recorded during 

the heating in the same measuring field. The position of the maximum of the ZFC 

magnetization curve (Tmax) was estimated by the fitting of MZFC(T) with the Gaussian 
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function in the region near the maximum. The irreversibility temperature (Tirr) was 

estimated as the temperature where  
𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖)  − 𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖) 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍(𝑇𝑇 → 0)  − 𝑀𝑀𝐹𝐹𝐹𝐹(𝑇𝑇 → 0)
× 100% =  3%. (74) 

To define, the blocking TB, the first derivative of the difference MZFC(T)−MFC(T) 

versus the temperature was calculated. And average TB was defined as the temperature at 

which the integral value (area under the d(MZFC(T)−MFC(T))/dT)) after appropriate 

normalization is 50%. Alternatively, in some cases, instead of calculating the difference, 

the TRM magnetization was measured which is MTRM(T)~MFC(T)–MZFC(T).  

The memory effect was probed by the stop&wait ZFC protocol following 

refs. [208,209]. A set of ZFC M-T curves has been recorded after the prelaminar cooling 

of the sample with different waiting times order of several hrs. at a temperature of about 

half of the position of the peak of the reference ZFC curve.  

 

Figure 44. a) The procedure for measuring the ZFC (blue) and FC (red) 

magnetizations; b) the difference between ZFC and FC curves and its derivative. 

 

Analysis of the time dependences of magnetization 

Considering the Néel relaxation mechanism, the dependence of magnetization on 

logarithmic time is given by the following expression 

𝑀𝑀(𝑡𝑡) = 𝑀𝑀0 ±  𝑆𝑆 𝑙𝑙𝑙𝑙 �
𝑡𝑡

𝜏𝜏𝑁𝑁
� , (75) 

where S is the magnetic viscosity and t0 is the reference time. According to Néel 

theory [192,210], the fluctuation field (µ0Hf) can be used to describe the effect of 

temperature on the demagnetization process: 

T

M

T max

M ZFC

M FC

T irr
T

M
-M Z FC - FC

dM ZFC - FC
   dT

T Bа) b)
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µ0𝐻𝐻𝑓𝑓  =
𝑆𝑆

𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
, (76) 

where χirr is irreversibility susceptibility defined as a peak value of the first derivative of 

the DCD remanence (dMDCD/dHapp). This field describes the effect of the thermal 

fluctuations on magnetization reversal processes leading to an equilibrium 

thermodynamic state. Based on this concept, the magnetic activation volume (Vact) was 

defined as a volume of magnetic material simultaneously involved in the process of 

overcoming the energy barrier. For SD particles with uniaxial anisotropy, Vact is: 

𝑉𝑉𝑎𝑎𝑐𝑐𝑐𝑐
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

𝑘𝑘𝐵𝐵𝑇𝑇𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

𝑀𝑀𝑆𝑆𝑆𝑆
, (77) 

In the case of the dominating cubic anisotropy, the MNPs have more easy axes 

and thus the energy barrier separating the minimums of the potential energy of 

magnetization states is lower. Thus, it was shown in the first approximation that [203]: 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  =  4 × 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 . (78) 

In the experiment, the S coefficient was found through relaxation 

measurements [78,203] in which the sample was cooled down to 5 K, afterwards 

saturated in the magnetic field of −5 T. Then the positive magnetic field (µ0Happ) was 

applied and magnetization M* as a function of time was recorded during 2 hrs. In this 

way, a set of M(t) curves was recorded at different µ0Happ around the coercivity of the 

MDCD(H) [15,211]. The procedure of measuring a single relaxation curve is given in 

Figure 45. 

 
Figure 45. The procedure for relaxation measurements. 
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H app
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Chapter 3. Effect of chemical composition on the magnetic 
structure of spinel ferrite MNPs 

One of the main sources of magnetic anisotropy in magnetic materials is the 

magnetocrystalline anisotropy occurring due to spin-lattice interaction. It is in strong 

dependence on the chemical and structural composition of magnetic material. Among 

magnetic TMO with spinel structure, the cobalt ferrite has the higher value of magnetic 

anisotropy constant at the nanoscale, which is about 1−2 orders of magnitude higher than 

in other spinel ferrites. This chapter is devoted to the study of the magnetic properties of 

spinel ferrite MNPs prepared by sol-gel autocombustion (SGAC) and hydrothermal 

coprecipitation (CP) methods. The cobalt ferrites doped with zinc and nickel are under 

investigation. The effect of the chemical composition of these materials on the magnetic, 

structural and magnetostructural properties of obtained MNPs is discovered. 

On basis of the results reported in section 3.1.1 a paper was published in the Journal 

of Magnetism and Magnetic Materials [148], of section 3.1.2 in Materials [149]. 

3.1 Cobalt ferrites MNPs doped by zinc and nickel prepared by SGAC 

3.1.1 Structural and magnetic properties of NixCo1–xFe2O4 MNPs  

The XRD patterns of NixCo1–xFe2O4 nanoparticles with x = 0, 0.25, 0.5, 0.75 and 1 

prepared via a SGAC method indicate the high crystallinity of nanoparticles without 

amorphous content (Figure 46). The main diffraction reflections were indexed to the 

inverted cubic spinel lattice for cobalt and nickel ferrites. The positions of the main peaks 

are almost equivalent for both ferrites (Table 2) since the Co and Ni ions preferentially 

occupy the same positions in spinel, a small deviation of about 0.5º is due to the difference 

in the sizes of Co2+ (0.74 Å) and Ni2+ (0.72 Å) ions [212].  

The average size of crystallites dXRD was calculated for (440) peak with Scherrer's 

formula (eq.(61)). Calculated dXRD values of all samples of mixed ferrites are slightly 

higher than for pure cobalt and nickel ferrites. The increase of parties size with the 

increase of nickel content and the decrease of particle size for a pure nickel ferrite was 

observed earlier for Co-Ni ferrites prepared via a hydrothermal route [212]. The XRD 
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patterns for samples with a content of nickel less than 0.75 suggest the presence of only 

a single phase of cubic spinel. With the increase of nickel content, the satellite peaks 

referred to the hexagonal hematite and to the cubic metallic nickel were observed [213]. 
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Figure 46. a) XRD spectra of NixCo1–xFe2O4 MNPs (Cu Kα radiation); b) zoomed 

region of (440) reflection showing the shift of peak position [148]. 

 

Table 5. Chemical composition and microstructural properties of NixCo1–xFe2O4 

with x = 0, 0.25, 0.5, 0.75 and 1. Crystallite size (dXRD) were calculated with Scherrer's 

equation on (440) peak. Uncertainties in last number are given in brackets.  

x 
 

Composition Peak position 2θ, 
degree 

FWHM, 
degree 

dXRD, 
nm 

0 CoFe2O4 63.2±0.1 0.58±0.01 17±2 
0.25 Ni0.25Co0.75Fe2O4 63.0±0.1 0.33±0.01 29±3 
0.50 Ni0.50Co0.50Fe2O4 62.9±0.1 0.39±0.01 25±3 
0.75 Ni0.75Co0.25Fe2O4 62.8±0.1 0.43±0.01 23±3 
1 NiFe2O4 62.7±0.1 0.49±0.01 20±2 
 

According to TEM and SEM images, the particles have a complex irregular shape 

with distinct cubic facets (Figure 47). The sharp shape confirms the fact that the particles 
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have a high crystallinity caused by a high temperature during the particle growth process. 

The particles are strongly aggregated in particular because of the strong dipole-dipole 

interactions between particles. 

 

  

  

  

Figure 47. a-f) TEM microphotography images of Co-Ni ferrite MNPs; e) SEM 

image of Ni0.75Co0.25Fe2O4 powder [148].  

 

The room temperature (295 K) hysteresis loops confirm a blocked ferrimagnetic 

behavior for all Co/Ni ferrite MNPs (Figure 48). The monotonic shape of hysteresis loops 

a) CoFe2O4 b) Ni0.25Co0.75Fe2O4 

c) Ni0.5Co0.5Fe2O4 d) Ni0.75Co0.25Fe2O4 

f) NiFe2O4 e) NiFe2O4 



90 

without any kinks proves the lack of separate Co- and Ni-rich phases confirming the 

structural properties by XRD [139]. The monotonical decrease of coercivity with the 

increase of nickel content from 132±1 mT to 20.5±0.3 mT for CoFe2O4 and NiFe2O4 

samples respectively was observed (Table 6). The decrease in anisotropy is due to the 

strong single-ion anisotropy of Co2+ ions. Indeed, the CoFe2O4 is the (semi-)hard 

magnetic material with a bulk magnetic anisotropy constant of ~30·104 J/m3 while 

NiFe2O4 is soft with magnetic anisotropy constant of ~0.7·104 J/m3.  
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Figure 48. M-H loops of Co/Ni ferrite MNPs (~295 K) [148]. 

 

Table 6. Magnetic properties of NixCo1–xFe2O4 MNPs (295 K). 

x 
 

µ𝟎𝟎HC,  
mT 

µ𝟎𝟎𝑯𝑯𝑪𝑪𝑪𝑪
𝑫𝑫𝑫𝑫𝑫𝑫,  

mT 
MS,  
A·m2/kg 

MR/MS Keff, ×104 
J/m3 

0 132±1 175±5 65.8±0.6 0.44±0.04 14±1 
0.25 131±2 149±5 69.1±0.3 0.49±0.02 13±1 
0.50 113±2 132±5 59.5±0.3 0.49±0.02 15±1 
0.75 80.6±0.6 91±4 46.9±0.4 0.54±0.05 17±1 
1 20.5±0.3 21±1 40.3±0.5 0.43±0.05 5.8±0.7 

 

Room temperature saturation magnetization of samples was estimated using LAS 

method explained in the experimental section (Table 6). The sample with the smallest 

nickel content Ni0.25Co0.75Fe2O4 (x = 0.25) shows a sufficiently high value of MS 
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concerning the sample of pure cobalt ferrite x = 1. This phenomenon was observed earlier 

in mixed ferrites [214]. Deviation from linear behavior of MS versus Co2+/Ni2+ content 

attributed to non-equilibrium cation distribution.  

The MR/MS ratio of around 0.5 implies that the particles have to dominate uniaxial 

anisotropy according to the SW model [61]. The SD state of particles is followed by the 

grain sizes calculated from XRD, and observed on SEM and TEM images, which are 

lower than the critical size. Interesting, the observed MR/MS values suggest the uniaxial 

symmetry of effective magnetic anisotropy despise the cubic magnetocrystalline 

anisotropy of bulk cobalt ferrite which predict this value of about ~0.8 [215]. This can be 

explained by the effects of magnetic interparticle interactions or demagnetization induced 

caused by particles` shapes [156,193]. 

For MNPs with uniaxial anisotropy, the values of the effective anisotropy constant 

can be estimated from the anisotropy field µ0HK (eq.(16)). Calculated values of Keff are 

reported in Table 6. The anisotropy constant for samples with Co content in the range of 

0.25–1.0 is similarly showing the low dependence on the chemical composition; only 

pure NiFe2O4 powder shows a significantly lower value. Thus, the magnetocrystalline 

contribution on effective anisotropy can be considered important but not determining and 

other factors such as interparticle interactions, shape and internal magnetic structure 

affect the effective anisotropy.  

The SFD (calculated from DCD) correlates with the distribution of particle 

coercivity reflecting only irreversible magnetization processes (Figure 49). The set of 

dmDCD/dHapp curves clearly renders the adjustable by the chemical composition the 

anisotropy for mixed Ni/Co ferrites. The peak positions of SFD, µ0𝐻𝐻𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷, is in good 

proximity with the coercivity µ0𝐻𝐻𝐶𝐶 for pure NiFe2O4 sample, however with the decrease 

of nickel content the difference increases.  
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Figure 49. Switching field distribution of Co/Ni ferrite MNPs (~295 K) [148]. 

 

3.1.2 Structural and magnetic properties of ZnxCo1–xFe2O4 MNPs  

Samples of ZnxCo1–xFe2O4 with x = 0, 0.15, 0.25, 0,35, 0.5, 0.75 and 1 were 

prepared by the same SGAC method as the set of Ni/Co ferrite MNPs. The structure was 

confirmed by XRD (Figure 50) showing for all the samples the cubic spinel structure. No 

other phases have been detected in contrast to Ni/Co ferrites where metallic nickel and 

hematite (α-Fe2O3) satellites were formed in the samples with high Ni content. The dXRD 

value decreases with the increase of Zn content (Table 7).  

 

Table 7. Structural and magnetic properties (~300 K) of ZnxCo1–xFe2O4 MNPs. 

Sample composition dXRD,  
nm 

MS,  
Am2/kg 

MR/MS,  
a.u. 

μ0HC,  
mT 

Keff, 
×104 J/m3 

CoFe2O4 18±2 69±2 0.42±0.02 140±4 14±2 
Zn0.15Co0.85Fe2O4 15±2 71±2 0.35±0.01 76±3 12±2 
Zn0.25Co0.75Fe2O4 16±2 74±2 0.34±0.01 54±2 9.5±0.04 
Zn0.35Co0.65Fe2O4 14±1 65±2 0.27±0.01 37±2 7.5±0.3 
Zn0.50Co0.50Fe2O4 15±2 52±2 0.22±0.01 21±1 3.3±0.1 
Zn0.75Co0.25Fe2O4 15±1 32±1 0.09±0.01 5.5±0.2 0.72±0.04 
ZnFe2O4 14±1 10±1 0.08±0.01 4.8±0.2 0.064(4) 
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Figure 50. a) XRD patterns of ZnxCo1–xFe2O4 MNPs (Co Kα radiation), b) 

zoomed region of (440) reflection showing the shift of peak position [149]. 

 

All ZnxCo1–xFe2O4 samples exhibited ferrimagnetic nature at 300 K (Figure 51) 

with the values of MS, MR/MS and μ0HC reported in Table 1. The MS value increases with 

the increase of Zn-content up to x = 0.25, then it decreases. This behavior agrees with the 

literature data and may be explained by the cation distribution [132,139,147,153]. The 

maximal value of MS of 74±2 Am2/kg was for x = 0.25, which is higher than reported for 

samples prepared with a similar SGAC method, probably because we used the higher 

reaction temperature promoting better crystallinity of particles. For Ni0.25Co0.75Fe2O4 

MNPs prepared by the same method, earlier we observed a maximal MS value of 69 

Am2/kg. The μ0HC and MR/MS decrease with the increase in the zinc content.  
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Figure 51. M-H hysteresis cycles recorded at 300 K of ZnxCo1–xFe2O4 MNPs. The 

arrow indicates the trend of MS [149]. 

 

The MS values were converted to the magnetic moment per formula unit in Bohr 

magnetons (eq.(53)) to better understand processes associated with the cation distribution 

and spin canting. Figure 52 shows the values of MS in μB units evaluated from M-H 

hysteresis loops (300 K).  
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Figure 52. Dependence of net magnetic moment per formula unit (300 K) for 

ZnxCo1–xFe2O4 MNPs compared with literature data from refs. [139,216,217]; 
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For 0 < x < 0.25 in ZnxCo1–xFe2O4, the increase in MS is due to the partial migration 

of Fe3+ cations to B-sites. For the samples with low Zn content, Zn2+ cations push Fe3+ 

cations from A to B site (Figure 53). Hence, the uncompensated magnetic moment of 

Co2+ (3μB) became replaced by 2 uncompensated Fe3+ (5μB) moments in the octahedral 

position [144,145,218] The net magnetization may be expressed as (3 + 7x)×μB, if 

exchange interactions between two different sites, described by exchange integral JAB, are 

stronger than intra-lattice interactions JAA and JBB. The intralattice A-B interaction 

weakens with the increasing zinc content. In the extremal case x = 1, JAB and JAA are equal 

to 0 since the tetrahedral positions are filled with non-magnetic Zn2+ ions and B-B 

interaction leads to the establishment of AFM order of spins in the octahedrally 

coordinated lattice. On basis of this simple model, a general rule of zinc dependence of 

magnetization can be ascribed as m = (μI + δμ`x)×μB, where δ is delta equal to 1 if JAB >> 

JAA + JBB and equal to −1 if JAB << JAA + JBB, μI is the initial magnetic moment of undoped 

ferrite and μ` is a concentration-depended magnetic moment resulting from the 

recombination of cations between lattices and disruption of ideal FiM order.  

 

 

Figure 53. Schematic representation of the magnetic structure of ZnxCo1–xFe2O4 

synthetized via SGAC rout. 

 

The linear fitting of region 0 < x < 0.25 gives (2.8 + 0.9x)×μB. The value of 

magnetization per formula unit in the case of pure CoFe2O4, is close to the theoretical 

value of 3μB for the inverted spinel (only spin contribution to the magnetic moment it is 

considered). In our case, the coefficient before x is much lower than the estimated one. 

This indicates that the Zn2+ occupy only partially Td sites while some amount of Zn2+ 

cations occupies Oh sites. This value is also affected due to the AFM order between 
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magnetic cations in B sites since the B–B superexchange interactions become dominating 

because of the breaking of the A–B interactions. Spin canting arises when in B-sites, the 

concertation of non-magnetic ions becomes too high and can be explained in the frame 

of the Yafet−Kittel model eq.(54) [132]. Gómez-Polo et al. found the divergence in the 

inversion degree between the calculated and measured by neutron diffraction [134]. In 

our case, the trend becomes more pronounced in the region of 0.25 < x < 1 due to the 

change in the slope of the linear function (4 − 3.6x)×μB. This non-monotonical trend of 

magnetization suggests that the filling of the spinel positions is non-monotonical.  

The observed trend well agrees with literature data (Figure 52). Valentina Mameli 

et al. observed the maximal MS value for 7-nm MNPs prepared by HTD method for the 

zinc content x = 0.46 at 5 K; however at 300 K, the maxim of MS shifts to the lower x 

values [139]. Ben Tahar et al. observed the maximum of MS at x = 0.4 in ~5-nm MNPs 

prepared via the polyol method [217]. Andersen et al. observed the maximal MS at x = 0.2 

in ~14-nm MNPs prepared with the hydrothermal method [216]. The difference in the 

absolute value of MS and the position of its maxima is due to the fact, that MNPs were 

prepared with different methods thus having different sizes, cation distribution, etc.  

3.1.3 Comparison of Zn/Co and Ni/Co nanoparticle systems synthetized by 

SGAC method  

Structural properties  

The size of crystallites depends on chemical composition. In the case of Co/Ni 

ferrite MNPs obtained with the SGAC method, a higher size of crystallites was observed 

in mixed Ni/Co ferrites (Figure 54 a). While in Zn/Co ferrites, it gradually decreases with 

the increase of Zn.  
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Figure 54. a) Size of crystallites and b) lattice constant of MexCo1–xFe2O4 (Me = 

Zn or Ni) MNPs synthetized via SGAC route, the dashed lines represent Vegard`s law 

for bulk materials (data from refs. [148] and [149]). 

 

According to Vegard's law, the lattice parameter should increase linearly in NixCo1–

xFe2O4 with the increase of x (Figure 54 b). The lattice constant for CoFe2O4 is 0.838 nm 

and for NiFe2O4 is 0.834 nm [101]. However, it is only correct considering the same 

inversion degree for both Co and Ni ferrites. The fact, that the lattice constant has a 

nonlinear behavior can be explained by the variation of inversion degree, namely the 

overall decrease of the lattice constant with the replacement of bigger Co2+ (0.82 Å) ions 

by smaller Ni2+ (0.72 Å) ones in octahedral sites are suppressed by migration Co2+ and 

Ni2+ into smaller tetrahedral sites replacing Fe3+ (0.67 Å) and thus inducing overall 

expansion of the unit cell. For the CoFe2O4 sample, the initial value of inversion degree 

was probably higher than the bulk value about 0.8, thus for this sample, the lattice 

parameter is lower than the bulk value. With further increase of x, lattice constant 

increases that can be explained for example by a rapid decrease of the inversion degree 

till x = 0.5, after this value the lattice parameter is only slowly increasing.  

The position of main reflexes is continuously increasing with the increase of zinc 

content despite the similar ionic radii of Zn2+ (0.82 Å [41]) and Co2+ (0.82 Å [41]) ions: 

this can be ascribed to the migration of the smaller Fe3+ (0.67 Å [41]) ions to octahedral 

sites since zinc ions prefer to occupy the tetrahedral position [20]. The fact that bigger 

Zn2+ occupies the smaller tetrahedral sites is confirmed by the expansion of the lattice 
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parameter a. This behavior agrees with Vegard's law prediction that the lattice parameter 

of the chemically homogenous mixture will be approximately the weighted mean of two 

constituents [42]. Some difference in the value of lattice constant for pure CoFe2O4 is 

probably due to the difference in used XRD equipment, for Ni/Co set the Cu Kα radiation 

λ = 1.54056 Å was used, while for Zn/Co it was Co Kα source λ = 1.78919 Å. 

Magnetic properties  

For both sets of samples, magnetic properties are gradually depending on chemical 

composition. The coercivity decreases continuously with the increase in Zn content 

(Figure 55 a). The difference with the Ni/Co MNPs is the coercivity decreases much 

faster with the downward trend, while for Ni/Co ferrite MNPs, the upward trend was 

observed.  

To better understand the role of magnetic anisotropy the constant of effective 

magnetic anisotropy (Keff) was calculated by eq.(17). The maximal Keff of 14×104 J/m3 for 

pure CoFe2O4 fast dropdown with the increase in Zn content. The obtained MR/MS and 

Keff values are lower than for cubic anisotropy. The magnetocrystalline anisotropy of 

CoFe2O4 has the cubic symmetry, in the case of MNPs, the effective magnetic anisotropy 

frequently turns on the uniaxial one due to the arising of additional sources of magnetic 

anisotropy, such as shape, surface, and magnetic interparticle interactions [196]. The 

divergence in the behavior of coercivity and closure field was noted: the Hirr/HC increases 

in two times for Zn/Co ferrites compared with the pure CoFe2O4. These facts confirm the 

important role of magnetocrystalline anisotropy for Zn/Co ferrites and arising a stronger 

surface anisotropy with the increase of Zn content. The role of chemical composition in 

the Zn/Co systems can be considered stronger than in the Ni/Co systems. Moreover, it is 

known to form literature that the Zn2+ cations significantly decrease the TN of CoFe2O4. 

For Zn-dopped cobalt ferrite MNPs was shown that the TN decreased from 713 to 453 K 

when the x increases from 0 to 0.5 [219]. Thus, Zn-substituted CoFe2O4 MNPs is the 

potentially interesting system with gradually tunable magnetization, anisotropy and TN, 

which is appliable in, for example, the self-controlled hyperthermia [153,220]. 
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Figure 55. a) Coercivity and b) magnetization per formula unit of MexCo1–xFe2O4 

MNPs (Me = Zn or Ni) synthetized via SGAC rout (295–300 K)  

(data from refs. [148] and [149]). 

 

Besides anisotropy, saturation magnetization varies significantly for both systems. 

The introduction of Zn or Ni first slightly increases the magnetization reaching a 

maximum at x ≈ 0.25, then it starts to decrease (Figure 55 b). These observations render 

sharp changes in the electronic structure of magnetic ions in NixCo1–xFe2O4 nanoparticles 

caused by features of spinel structure formation during the nanoparticle synthesis. 
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3.2 ZnxCo1–xFe2O4 MNPs synthetized via hydrothermal method 

The set of ZnxCo1–xFe2O4 MNPs synthesized following the hydrothermal CP 

method was provided by Dr Sonja Jovanović (Vinca Institute of Nuclear Sciences, 

University of Belgrade). The method of sample preparation is described in 

refs. [196,221]. Briefly, sodium hydroxide (10 mmol) was dissolved in 2ml of distilled 

water, then 10 ml of 1-pentanol and 3.8 ml of oleic acid were added to the solution with 

vigorous stirring. The second solution of 18 ml of distilled water with 2 mmol of iron 

nitrate and 1 mmol of cobalt nitrate and zinc nitrate was poured into the first solution and 

stirred for 1 h at room temperature, after which the autoclave was closed and placed at 

180 °C for 8 h. After the synthesis, the samples were washed five times with n-hexane 

and ethanol and dried in air. Properly adjusting the amount of precursors, cobalt ferrite 

CoFe2O4 (CFO_Zn_0) and three samples of cobalt-zinc ferrites with different 

stoichiometry Co0.9Zn0.1Fe2O4 (CFO_Zn_0.1), Co0.7Zn0.3Fe2O4 (CFO_Zn_0.3) and 

Co0.5Zn0.5Fe2O4 (CFO_Zn_0.5) have been prepared. For some experiments the sample 

with smaller Zn concentration Co0.95Zn0.05Fe2O4. The stoichiometry of the final products 

has been confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) analysis (Table 8).  

 

Table 8. Chemical composition, crystallite size dXRD, lattice constant a, particle 

size dTEM of ZnxCo1–xFe2O4 MNPs synthetized via hydrothermal method. 

Sample Composition (ICP-AES) dXRD, nm a, Å dTEM, nm 
CFO_Zn_0 Co1.04Fe1.96O4 3.6 8.400(2) 5.2±0.7 
CFO_Zn_0.1 Zn0.13Co0.92Fe1.95O4 3.1 8.401(0) 5.1±0.8 
CFO_Zn_0.3 Zn0.34Co0.71Fe1.95O4 3.0 8.407(0) 5.2±0.8 
CFO_Zn_0.5 Zn0.55Co0.52Fe1.93O4 3.2 8.418(0) 5.4±0.9 

 

The XRD patterns of the zinc-substituted cobalt ferrite MNPs (CFO_Zn_x; x=0; 

0.1; 0.3 and 0.5) are presented in Figure 56. It can be noticed that all diffraction maxima, 

both of pure as well as zinc substituted cobalt ferrite, correspond to the cubic spinel 

structure. The average crystallite size and lattice parameters have been assessed from 
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XRD patterns by using the Rietveld refinement method (Table 8). The results show that 

the increase of the zinc content in the spinel structure does not influence the average 

crystallite size. However, the zinc substitution leads to an increase in the lattice 

parameters. In their study, Mameli et al. [139] investigated the influence of zinc 

substitution on the structural properties of cobalt ferrite nanoparticles prepared by the 

HTD method. Their results also showed that average crystallite size remained unchanged 

both for pure CFO nanoparticles and for substituted ones; however, the lattice parameter 

increased with the increase of zinc content within the spinel structure.  
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Figure 56. XRD patterns of ZnxCo1–xFe2O4 MNPs synthetized via hydrothermal 

method. 

 

TEM image analysis of shows the sphere-like particles whose size follows the log-

normal distribution with an average diameter of around 5 nm  for all samples (Figure 57). 

It can be observed that the average particle size is slightly larger than the average 

crystallite size (Table 8). It can be noticed that the nanoparticles are well-dispersed and 

that the Zn-substitution has no influence on particles morphology. This can be ascribed 

to oleic acid i.e. its beneficial effects of steric stabilization acting against attractive 

magnetic attractive and Van der Waals interactions [222]. At the same time, the oleic acid 

inhibits the growth of nanoparticles by serving as a barrier to mass transfer which hinders 

the Oswald ripening process [223].  
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Figure 57. Particle size distribution of CFO_Zn_x (x=0; 0.1; 0.3 and 0.5) MNPs. 

 

Magnetic properties 

M-H hysteresis cycles for samples CFO_Zn_x (x=0; 0.1; 0.3 and 0.5) measured at 

5 K and 300 K are shown in Figure 58. The saturation magnetization MS of unsubstituted 

cobalt ferrite is 95±3 Am2/kg at 5 K and it is close to the value usually reported for bulk 

CFO (80–90 Am2/kg [101]). The MS value slowly increases when Zn2+ enters the structure 

and reaches a value of 103±4 Am2/kg for the sample with the highest zinc concentration 

among studied (Table 9). The coercivity μ0HC gradually decreased with the increase in 

Zn content from 1.13 to 0.6 T. A similar trend shows the irreversible field μ0Hirr defined 

as a field value at which both branches of hysteresis merge (difference reaches 3%). At 

the same time, the remanence MR/MS ≈ 0.5 was almost constant for all samples. 
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Figure 58. a) M-H hysteresis cycles recorded at 5 K, inset shows zoomed low-

field region of M-H curves at 300 K; b) rate of temperature reduction of magnetization 

(R) for samples CFO_Zn_x (x=0; 0.1; 0.3 and 0.5). 
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At 300 K measured M-H cycles demonstrated an unhysteretic behavior expected 

for SPM nanoparticles (Figure 59). Besides transformation to the SPM regime and 

vanishing of remanence, the reduction of the saturation magnetization at 300 K was 

observed. This reduction can be quantitated as [147] 

𝑅𝑅 =  (1 – 𝑀𝑀𝑆𝑆
300𝐾𝐾/𝑀𝑀𝑆𝑆

5𝐾𝐾). (79) 

The R factor increases (Figure 58) with the increase of the Zn content due to the 

effect of the diamagnetic Zn2+ ions disturbing a FiM order. 

 

Table 9. The saturation magnetization (MS), irreversibility (μ0Hirr), coercivity 

(μ0HC) and reduced remanent magnetization (MR/MS) measured at 5 K for samples 

CFO_Zn_x (x=0; 0.1; 0.3 and 0.5). 

Sample MS, Am2/kg μ0HC, T μ0Hirr, T MR/MS 
CFO_Zn_0 95 ± 3 1.13 ± 0.01 3.5 ± 0.1 0.52 ± 0.01 
CFO_Zn_0.1 93 ± 3 1.11 ± 0.01 3.6 ± 0.1 0.53 ± 0.01 
CFO_Zn_0.3 99 ± 3 0.81 ± 0.01 2.6 ± 0.1 0.52 ± 0.01 
CFO_Zn_0.5 103 ± 4 0.60 ± 0.01 1.9 ± 0.1 0.52 ± 0.01 

 

According to ZFC-FC measurements (Figure 59), MZFC(T) and MFC(T) curves 

merge at temperatures below room temperature, confirming transition from blocked to 

the SPM regime [54]. The temperature where MZFC(T) and MFC(T) curves merge is called 

irreversibility temperature, Tirr, indicating the temperature at which the magnetic 

moments of the biggest particles in the assembly are in the blocked state [224]. The 

maximum of MZFC(T), Tmax, for noninteracting particles is directly proportional to the 

average blocking temperature (TB). Blocking temperature TB was defined as a temperature 

at which the integral value of ∆Ea(T) ~ dMFC-ZFC(T)/dT reaches 50%. The characteristic 

temperatures are listed in Table 10. Those values are decreasing with the increase of zinc 

concentration, which is attributed to the decrease in magnetocrystalline anisotropy therm. 
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Figure 59. ZFC and FC magnetization curves recorded at 2.5 mT for samples 

CFO_Zn_x (x=0; 0.1; 0.3 and 0.5). 

 

Table 10. The peak (Tmax), irreversibility (Tirr) and blocking (TB) temperature 

estimated from ZFC-FC curves at a measuring field of 2.5 mT for samples CFO_Zn_x 

(x=0; 0.1; 0.3 and 0.5). 

Sample Tmax, 
K 

Tirr, 
K 

TB, 
K 

CFO_Zn_0 184±4 234±8 132±5 
CFO_Zn_0.1 168±4 232±8 111±4 
CFO_Zn_0.3 148±4 246±8 97±4 
CFO_Zn_0.5 120±4 209±6 78±4 
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Mӧssbauer spectroscopy measurements have been performed in Institut des 

Molécules et Matériaux du Mans, Université du Maine & CNRS by Dr Nader Yaacoub 

(Figure 60). The 57Fe Mössbauer spectra were measured in the transmission mode with 
57Co diffused into a Rh matrix as the source moving with constant acceleration. The 

spectrometer (Wissel) was calibrated utilizing a standard α–Fe foil. The isomer shift was 

expressed concerning this standard. The samples were measured at 11 K under 8 T 

magnetic field in the perpendicular arrangement of the magnetic field vector for the γ-

beam. The fitting of the spectra was performed with the help of the NORMOS program 

using Lorentzian profiles. 

All spectra were fitted with two sextets, due to different isomer shifts related to 

Fe3+ ions in different anionic surroundings, namely to the Fe3+ located in the tetrahedral 

(FeO4) and octahedral (FeO6) positions of the cubic spinel structure [224,225]. The results 

of this fit are in Table 11. The fact that the effective field associated with tetrahedrally 

located Fe3+ ions is higher than the hyperfine field (Heff>Hhyp) and, in opposite for 

octahedral sites (Heff<Hhyp) confirms that ions in both sites are oriented 

antiparallelly [224]. Thus, exchange interactions between octahedral and tetrahedral 

lattice (JAB) are stronger than intralattice interactions (JAA and JBB). While the shifts and 

hyperfine fields of the A and B sites remained almost the same when Zn content was 

increased, the Fe3+ occupancy of spinel sites showed a remarkable trend of increase of 

Fe3+ subpopulation in octahedral site from 1.22 to 1.35 atom per formula unit (f.u.) (that 

accompanied with an iron decrease in tetrahedral site).  
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Figure 60. Mössbauer spectra of the for of samples CFO_Zn_x (x=0; 0.1; 0.3 and 

0.5) at 11 K under magnetic field of 8 T. 

 

Table 11. Results of Mössbauer spectra fit: position of iron cations in spinel (Pos.), values 

of isomer shift (δ), effective magnetic field (μ0Heff), hyperfine field (μ0Hhyp), spin canting 

angle in each spinel`s position (θ), its mean value (θmean) and the last column is the 

distribution of Fe3+ cations. 

Sample Pos. δ, 
mm/s 

μ0Heff,
T 

μ0Hhyp, 
T θ, ° θmean,° Fe3+ 

distr., % 

CFO_Zn_0 
A 0.35 59.3 51.8 18 

22.88 
39 

B 0.48 46.5 53.8 26 61 

CFO_Zn_0.1 
A 0.35 58.6 51.4 24 

25.24 
38 

B 0.48 45.9 53.2 26 62 

CFO_Zn_0.3 
A 0.37 59.0 51.7 22 

24.6 
35 

B 0.47 45.5 52.8 26 65 

CFO_Zn_0.5 
A 0.37 59.0 51.2 12 

20.78 
32.5 

B 0.47 45.1 52.5 25 67.5 
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The results of morpho-structural investigations show that all samples are sphere-

like nanoparticles with the same particle size distribution and amount of organic phase. 

Therefore, any difference in magnetic properties can be attributed to the effect of 

chemical composition on the magnetic structure (i.e., cationic distribution and spin 

canting) of Zn substituted CoFe2O4 nanoparticles. 

The blocking temperature as well as characteristic temperatures proportional to 

blocking temperature (Tirr and Tmax [54,89,224]) decrease following the trend of increase 

in Zn content. Since the TB for static magnetic measurements is equal to KeffV/25kB, then, 

for the case of equisized particles, it is expected to be proportional to the magnetic 

anisotropy constant. The linear dependence Keff versus Zn-content x (Figure 61) suggests 

that Zn ions reduce the effective anisotropy of nanoparticle systems. 
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Figure 61. Magnetic anisotropy constants calculated after M-H and M-T 

measurements for samples CFO_Zn_x (x=0; 0.1; 0.3 and 0.5). 

 

Interesting that the reduced remanence (MR/MS) was observed almost constant 

beyond the chemical composition of the sample, and it was nearly a value of 0.5 

(Figure 62). The MR/MS value of 0.5 is very close to the theoretically predicted value for 

a system of non-interacting particles with uniaxial anisotropy although bulk cobalt ferrite 
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has strongly pronounced cubic magnetocrystalline anisotropy and thus expected MR/MS 

value is around 0.8 [203,226].  
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Figure 62. Coercivity (left axis) and HC/Hirr, MR/MS and HC/HDCD rations (right 

axis) measured at 5K for samples CFO_Zn_x (x=0; 0.1; 0.3 and 0.5). 

 

It is worth noting the difference between our results with literature data, wherein 

in most of the cases, a reduction of MR/MS was observed when Zn content in cobalt ferrite 

nanoparticles is increasing [139,227]. Possible reasons for the reduction in MR/MS are 

thermal fluctuations of the smallest particles in distribution, magnetic interparticle 

interactions, and the appearance of surface sources of anisotropy. In most of the cases in 

the literature, the MR/MS reduction was attributed to the switching from domination cubic 

magnetocrystalline anisotropy to mixed cubic/uniaxial or uniaxial surface anisotropy. 

The residual thermal fluctuation in the presented case can be eliminated from 

consideration because TB is relatively far from 5K and HC/𝐻𝐻𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷 ratio (Figure 62) shows 

almost constant value over chemical composition (μ0𝐻𝐻𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷 is sensitive only to irreversible 

switching of magnetisation of blocked particles and thus the HC/𝐻𝐻𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷 ratio for particles 

with the same size distribution is expected to fast decrease with the decrease of 

anisotropy). Magnetic interparticle interactions for some of the presented samples were 

investigated with Henkel plot and random anisotropy model (RAM) methods [196]. The 
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dip of 𝛿𝛿𝛿𝛿 was about −0.1 and the correlation length of 8–9 nm (slightly more than the 

size of a single 5-nm particle with a 2-nm oleic acid shell) indicates the presence of 

moderate dipolar interaction effects which apparently can not invoke so strong deviation 

of the remanent state. Thus, effective anisotropy is strongly affected by the surface. 

This trend was also confirmed by the calculation of the anisotropy constant with 

equation (16), where anisotropy field μ0HK was approximated with irreversibility field 

μ0Hirr (Figure 61) [64,65,203]. At first glance, the fact of reduction in μ0Keff is quite 

expected Zn-doped cobalt ferrites due to reducing magnetocrystalline term KV, however, 

in the studied case, the effective anisotropy of the cobalt ferrite sample (x = 0) was much 

higher than KV of bulk CoFe2O4 in about 3 times and it has uniaxial but not cubic 

symmetry (MR/MS ≈ 0.5). Increased effective anisotropy of nanoparticle systems was 

frequently observed, and it was referred to as the surface effects 

(Keff = KV + 6KS/d) [15,54,228]. Thus, the Zn-doping affects not only the 

magnetocrystalline term of the effective anisotropy (KV) but, despite the equal surface 

area of particles, also the surface term giving rise to a simultaneous change of both 

anisotropy`s terms. This trend is also confirmed in comparison of Keff calculated with two 

approaches of estimation of anisotropy field: HK = Hirr and HK = HC/0.48 (for SD non-

interacting magnetic nanoparticles with uniaxial anisotropy) (Figure 61) [65]. Since 

μ0Hirr is affected by the influence of highly anisotropy surface spins, μ0HK value is usually 

observed to be higher than the μ0HC/0.48 one mainly attributed to the volumetric term of 

magnetic anisotropy. As result, the Keff values calculated with those two approaches were 

different by absolute value but in both cases, the linear trend is confirmed. 

Considering the cobalt ferrite to be an invert spinel (i = 1) and zinc ferrite is a 

normal spinel (i = 0), MS value will linearly increase according to the Néel model with an 

increase in Zn content till the interlattice exchange interactions are dominating [101]. In 

the Néel model, the net magnetic moment of spinel can be expressed as a simple 

superposition of individual magnetization of sublattices (μ=μA-site–μB-site). In the case of 

Zn doping of CoFe2O4, considering the magnetic moment of Fe3+ is 5 μB, Co2+ is 3 μB and 

Zn2+ is 0 μB (where μB is the Bohr magneton), it is expected that the Zn2+ ions preferring 

A sites will push Fe3+ ions from A to B sites increasing the net magnetic moment per 
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formula unit according to the following rule: μ=(3+7x)×μB, where x is the zinc 

content [101].  

This rule good describes some experimental data [227], however, it does not take 

into account such facts as the partially non-equilibrium ion distribution among sublattices 

and spin canting. It is known, for example, that even in bulk material for cobalt ferrite 

inversion degree is usually lower than the ideal value of 1, which leads to the increased 

value of magnetization Figure 63 [101]. Thus, if one will consider the spin canting and 

intermediate inversion degree values, the magnetic moment can be expressed as  

𝜇𝜇(𝑥𝑥) = cos(α`) × 3𝑗𝑗(1 − 𝑥𝑥) + cos(α``) × 5(2 − 𝑖𝑖) −  

�cos(α`) × 3�1 − 𝑥𝑥 − 𝑗𝑗(1 − 𝑥𝑥)� +  cos(α``) × 5𝑖𝑖�, (80) 

where i(x) is the inversion degree of Fe3+ and j(x) of Co2+ ions, α`(x) and α``(x) are spin 

canting angles for cobalt and iron ions, respectively. All the mentioned parameters are 

functions of Zn-content x. If all parameters are defined, resolving eq.3 makes it possible 

to determinate both inversion degrees thus fully reconstructing the magnetic structure of 

spinel. 
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Figure 63. Net magnetic moment in Bohr magnetons at 5 K for ZnxCo1–xFe2O4 

MNPs compared with literate data and theoretical estimations. 

 

To define the magnetic structure of our system, we applied the described classical 

rule and combined it with information obtained from 57Fe Mӧssbauer spectroscopy. 
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Namely, the nominal magnetic moment of Fe3+ can be replaced with effective moment 

cos(α``)×5μB and the distribution of Fe3+ in two sites was taken as two linear functions of 

x parameter. Spin canting for Co2+ was neglected due to a strong single-ion anisotropy of 

cobalt ions related to the manifestation of a strong orbital magnetic moment. Considering 

the abovementioned approximation and information obtained from Mӧssbauer 

spectroscopy, in eq.(3) only j(x) is still incognito that can be defined through the fitting. 

To fulfil this fitting, it is necessary to guess a general shape of the j(x) function, which 

was taken to be linear (j(x)=ax+b, where a and b are fitting parameters) in the first 

approximation, analogous to the i(x) determined experimentally. Note that the linear 

approximation is not applied to every system because the cation distribution is strongly 

dependent on the synthesis method. Among the literature data we have revised, a good 

result of fitting at low Zn-content region was achieved with nanoparticles also 

synthesized with the hydrothermal method [227]. Implementation of this fitting allowed 

us to define j(x) and thus define the entire magnetic structure of samples (add to known 

distribution Fe3+ from Mӧssbauer distribution of Co2+ and Zn2+). A Python 3.5 script was 

used to analyse magnetic data via the Anaconda environment for scientific 

computing [229]. 

Literature data on the behaviour of spin canting for cobalt ferrite doped with zinc 

is very contradictive and probably it is in the strong correlation with the method of 

synthesis and morphostructural properties of particles rather than their chemical 

composition. For example, in 7–8 nm nanoparticles prepared with HTD method almost 

no spin canting was observed [139]. For 20–35 nm particles prepared with the SGAC 

method, spin canting angle showed a strong and non-monotonous dependence on 

chemical composition [132]. The spin canting dependence on Zn content in 8–15 nm 

particles prepared with hydrothermal method demonstrated a monotonous increase from 

0 to 82° when x increased from 0 to 1 [230]. In the studied system, the spin-canting 

demonstrated non-regular behavior (Figure 64): spin-canting angle of Fe3+ in the 

tetrahedral site was almost constant (~26°), although spin-canting angle Fe3+ in 

octahedral site first increase from ~18° at x = 0 to then decrease to ~12° passing 

maximum of 24° at x of about 0.1. 
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The stronger spin canting in B sites than it is in A sites has been observed earlier 

and attributed to the preferential spin canting of Fe3+ spins at the surface [231]. Since 

particles have the same size and the fact that Zn ions are slowly entering in B site, the 

spin canting is just slowly decreeing with the increase of Zn concentration. The B sites 

have a double population concerning A sites and thus the mean value of spin canting 

varies slowly [232]. Interesting, that the spin canting in A sites has non-monotonous 

behaviour, first increasing with the increase of zinc then decreasing. A possible 

explanation of this phenomenon is that at a small concentration of zinc, it almost does 

not enter in B sites (considering that most of neighboring cations for Fe3+
A are cations in 

B sites, Figure 65) but reduces the magnetocrystalline anisotropy. The result of reduced 

anisotropy and decreased interlattice A–O–B exchange interaction is the increased spin 

canting angle for the sample with the concentration of zinc x = 0.1 [134,217,230]. Then, 

the overall increase of diamagnetic Zn ions disturbs dominating interlattice A–O–B 

exchange interaction reinforcing intralattice A–O–A and B–O–B interactions, primary 

B–O–B interaction because B sites are less filled with Zn as result spin canting of cations 

in opposite sites is reduced.  
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Figure 64. Spin canting angle of Fe cations in A (red) and B (blue) sites of spinel, 

and averaged value (black) as functions of zinc content. 
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Figure 65. Schematic representation of the magnetic environment of Fe3+ cations 

located in A (red) and B (blue) sites of zinc substituted cobalt ferrite nanoparticles. 
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3.3 Conclusions 

1) SGAC method allows producing cobalt ferrite nanocrystals (d ≈ 20 nm) dopped 

with Zn and Ni. However, at the high atomic percentage of Ni (≥75% of Co), the satellite 

phases are forming during the synthesis; 

2) The introduction of Ni and Zn cations into cobalt ferrite structure in SGAC 

method modifies its magnetic properties: the coercivity gradually decreases starting from 

the value of 175 Am2/kg while the saturation magnetization has a non-monotonic 

behavior with the maximum at about 25% of the atomic percentage of dopped ions (69 

and 74 Am2/kg for Ni0.25Co0.75Fe2O4 and Zn0.25Co0.75Fe2O4 compositions, respectively); 

3) The Ni ions replacing Co keeps the inverted structure of the spinel and 

ferrimagnetic order. However, the inversion degree has changed when variating the Ni 

content. The Zn turns the inverted spinel into normal simultaneously leading to the 

formation of antiferromagnetic/weak ferrimagnetic order; 

4) The magnetic properties of small cobalt ferrite nanoparticles (d ≈ 5 nm) doped 

with zinc produced by the hydrothermal coprecipitation differ drastically from those 

produced by SGAC and other systems from literature, including theoretical. The reason 

for this difference is the different size and shape of particles as well as the kinetics of the 

particle growth resulting in the different magnetic structures of spinel and the surface 

properties; 

5) The magnetic structure of investigated nanoparticles was recovered by a 

combination of SQUID magnetometry and Mössbauer spectroscopy methods. The spin 

canting and distribution of cations among spinel sublattices was experimentally obtained 

for particles produced by the hydrothermal coprecipitation method.  
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Chapter 4. Size, surface, and interparticle interactions effects 
on magnetic properties of ultrasmall MNPs 

As is known from the literature, the magnetic properties of MNPs of the same 

chemical composition strongly depend on their size, the magnetic interactions between 

the particles, and their surface properties. Thus, in order to experimentally establish the 

size dependences of magnetic parameters, it is necessary to find a synthesis method that 

allows one to controllably change the particle size without affecting the other properties. 

This chapter is devoted to the study of iron oxides MNPs made by CP in the presence of 

various organic ligands and cobalt ferrite made by the SGAC method in a silicon dioxide 

matrix. The organic ligands and silicon precursors allow controlling the particle size.  

The synthesis of nanoparticle samples by CP method (sections 4.1) was carried out 

by Ivan Kozenkov under the supervision of Dr Sonja Jovanović (Vinča Institute of 

Nuclear Sciences) at IKBFU, with the direct participation of the author of this 

dissertation. Samples of cobalt ferrite in a silicon dioxide matrix (sections 4.2) were 

obtained by Prof. Davide Peddis. The magnetic properties were investigated by means of 

SQUID magnetometry at the University of Brasilia (Dr Franciscarlos Gomes da Silva and 

colleagues), the Kirensky Institute of Physics, Federal Research Center KSC SB RAS 

(Prof. Alexey Sokolov and colleagues) and the Institute of Structure of Matter ISM-CNR 

(Prof. Davide Peddis with the direct participation of the author of this dissertation). The 

structural properties were investigated at the CNR-ICM, and at the MISiS University 

(Prof. Tatiana Sviridova). Prof. Alexander Kamzin from the Ioffe Institute of Russian 

Academy of Science is acknowledged for Mӧssbauer spectroscopy measurements of 

samples from section 4.1.1 (data are not shown). The analysis and processing of the 

results of the morphostructural and magnetic studies were carried out by the author of the 

dissertation. In addition to the supervisors, the author of the dissertation is grateful to 

Prof. Dino Fiorani (ISM-CNR) for fruitful discussions and advice about the magnetic 

properties of samples studied in sections 4.1.2 and 4.2. 
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4.1 Iron oxide MNPs below 10 nm prepared by coprecipitation method 

In Chapter 3, we investigated several examples of MNPs with different chemical 

compositions, and study the effect of chemical composition on their magnetic properties. 

Another important parameter allowing to control the magnetic properties is the particle 

size. To study the effect of the particle size of magnetic properties the method of synthesis 

must be modified but this modification should not add additional factors of the dispersion 

of properties of studied systems. In this section, we will use the method of coprecipitation 

in the presence of two organic ligands of different concentrations to obtain MNPs with 

controllable size.  

Based on the results reported in section 4.1.2, a paper was published in the Journal 

of Alloys and Compounds [190], on results reported in section 4.2 in Nanomaterials [15]. 

4.1.1 MNPs obtained via glycine-assisted coprecipitation 

This study describes a modified one-step method of CP in the presence of glycine 

allowing the production of MNPs with controllable size and in situ surface decoration. 

Five samples of iron oxide MNPs (Fe3O4/γ-Fe2O3) were prepared by CP in the presence 

of different concentrations of glycine (0.06, 0.10, 0.15, 0.30 and 0.60 mol/L). All samples 

of MNPs were labelled according to the glycine content used in synthesis (G0.06, G0.10, 

G0.15, G0.30 and G0.60).  

XRD data of all prepared samples present a typical pattern of a cubic spinel ferrite 

with no impurities (Figure 66). Phase distinguishing between γ-Fe2O3 and Fe3O4, for 

nanostructured materials is a complicated task due to similar spinel. The typical value of 

lattice constant (a) for maghemite is a ≈ 0.834 nm and for magnetite is a ≈ 0.839 

nm [233]. The observed value of lattice constant a ≈ 0.836 nm lays between both and it 

slightly increases for the sample prepared with the minimal concentration (0.06 mol) of 

glycine (Table 12). The dXRD for samples G0.06–0.15 are dXRD ≈ 9 nm and equivalent 

within the frame of experimental error. For samples G0.30 and G0.60, the dXRD gradually 

decreases to 8.3±0.5 and 6.8±0.5 nm respectively. 
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Figure 66. a) XRD patterns of iron oxide MNPs prepared in the presence of 

different concentrations of glycine; b) enlargement of the strongest (311) reflection: one 

can observe a slight peak broadening and preserving its position with an increase in 

glycine concentration. The X-Ray source is Cu Kα λ = 1.54177 Å. 

 

Table 12. The results of XRD and TEM analyses of MNP samples prepared at 

different glycine concentrations: lattice parameter (a), the crystallite size (dXRD), median 

particle size (dTEM) and standard deviation of the log of the distribution (σ). 

Sample Glycine 
concentration, mol/L a, nm dXRD, nm dTEM, nm σ 

G0.06 0.06 0.8368 8.8±0.5 10.2±0.3 0.31±0.03 
G0.10 0.10 0.8360 9.4±0.5 10.1±0.2 0.20±0.02 
G0.15 0.15 0.8361 9.3±0.5 9.7±0.2 0.23±0.02 
G0.30 0.30 0.8361 8.3±0.5 8.1±0.3 0.33±0.03 
G0.60 0.60 0.8362 6.8±0.5 7.2±0.5 0.35±0.07 

 

According to the TEM investigation, particles have nonhomogeneous 

rectangular/spherical shapes (Figure 67 a). Resultant size distributions fitted with the 

lognormal function are shown in Figure 67 b). Average particle sizes (dTEM) decrease with 

the increase of glycine concentration in agreement with decreased size of crystallites dXRD 

(Table 12). The dTEM was slightly larger than the dXRD for bigger particles and almost 

equal for smaller ones, which confirms the good crystal nature of particles.  
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Figure 67. a) TEM images of G0.06–G0.60 samples (scale bar of 20 nm is the 

same for all images); b) results of log-normal fit of particle size distribution. 

 

Magnetic properties  

The magnetic properties of all samples were studied with the VSM of a Quantum 

Design Physical Property Measurement System (PPMS 9T) (Figure 68). In all cases, the 

MS at 4.2 K (Table 13) is smaller than that of bulk Fe3O4 (MS ≈ 92 Am2/kg) or γ-Fe2O3 

(MS ≈ 83 Am2/kg) [122,228]. The reduction in MS for small crystals is expected, due to 

the surface spin disorder [234,235]. The lowest MS value (~64 Am2/kg at 4.2 K) was 

found in the sample G0.60, while for the rest of the samples, this value is almost equal 

within the confidence interval. The coercivity is also almost unaltered for the whole set 

of samples, except for the sample G0.60. Obtained MS and μ0HC values are the following 

literature data for magnetic iron oxide nanoparticles in the studied size 

range [123,130,236]. At 300 K, all M-H curves exhibit SPM character with no observable 

coercivity (Figure 68 b). 
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Figure 68. M-H curves of G0.06–G0.60 samples measured at a) 4.2 K and b) 300 

K. Insets: enlargement of a low-field region. 

 

Table 13. Magnetic properties of G0.06–G0.60 samples: the saturation 

magnetization (MS), the coercive field (μ0HC), the maximum of MZFC (Tmax) and the 

blocking temperature (TB). 

Sample MS, Am2/kg μ0HC, mT Tmax, TB, β 
(4.2 K) (300 K) (4.2 K) K K (Tmax/TB) 

G0.06 73±4 69±4 30±1 227±2 77±2 3.0 
G0.10 75±4 69±4 34±1 220±2 76±2 2.9 
G0.15 70±4 68±4 31±1 199±2 71±2 2.8 
G0.30 74±4 69±4 34±1 169±2 63±2 2.7 
G0.60 64±3 59±3 37±1 142±2 58±2 2.4 

 
The temperature dependence of magnetization measured for ZFC and FC samples 

represents a typical bifurcating curve for SPM particles (Figure 69 a). The peak value of 

the ZFC curve (Tmax) shifts toward the lower temperatures for samples prepared in the 

presence of the higher glycine content. Although d(MZFC – MFC)/dT does not reach zero 

at low temperatures (probably due to interparticle interactions or surface spin freezing), 

the trend of TB agrees with the trend of Tmax. Both Tmax and TB values decrease with the 

decrease in particle size (or increase in glycine content). Linear dependence of TB versus 

particle volume (V ~ dTEM
3) in Figure 69c can be expected since TB ~ KV, where K is the 

anisotropy constant. Thus, TB is proportional to the particle size if K does not depend on 

it. Tmax is related to TB according to equation β = Tmax/TB [224]. The shift of Tmax from TB 

and, as the consequence, the value of the β coefficient, is due to particle size distribution. 
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In our case, the value of β gradually decreases from the value of 3.0 for the G0.06 sample 

to 2.4 for the G0.60 sample. 
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Figure 69. a) ZFC and FC curves measured in a measuring field of 10 mT (arrow 

indicates the temperature of the maximum of the ZFC curve); b) energy barrier 

distribution d(MZFC – MFC)/dT plotted versus temperature (dots indicate its maximum); 

c) blocking temperature as a function of particle volume for G0.06–G0.60 samples. 
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4.1.2 MNPs obtained via citric acid-assisted coprecipitation 

Analogously with the CP in the presence of glycine in the previous subchapter, the 

iron oxide MNPs were obtained by the precipitation of iron ions in the presence of 

different amounts of CA (citric acid). The CA acts as a capping agent and provides control 

of the particle size to be obtained. MNPs were synthesized in presence of 0.05, 0.1, 0.2 

and 0.3 M of CA and the concentrations of CA was used as sample names (Table 14). 

Structural properties 

The XRD patterns (Figure 70) of iron oxide MNPs synthesized in different CA 

concentrations were indexed to the cubic spinel structure of magnetite (Fe3O4) or 

maghemite (γ-Fe2O3). For iron oxide particles prepared by this method, a core/shell-like 

structure is expected with an oxidized layer of γ-Fe2O3 and core Fe3O4 [122,130]. The 

thickness of the oxidized layer (1–2 nm) is independent on the size of particles. Thus, the 

smallest particles are expected to be fully oxidized maghemite. The broadening of 

reflections confirms that the particles are very small and/or in the partially amorphous 

state.  
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Figure 70. XRD patterns of iron oxide MNPs prepared by CP method in the 

presence of 0.05, 0.1, 0.2 and 0.3 M of CA [190]. 
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Table 14. The structural properties of iron oxide MNPs prepared by CP method 

in the presence of different concentrations of CA: dXRD is the average crystalline 

diameter; dTEM is the average particle size from TEM; dmag is the average magnetic size 

and ts is the thickness of the magnetically death surface layer. 

CA, 
M 

dXRD, 
nm 

dTEM, 
nm 

dmag, 
nm 

ts, 
nm 

0.05 8.9±2.0 8.2±0.2 6.4±0.8 0.9 
0.1 6.8±1.8 6.5±0.1 5.0±0.5 0.8 
0.2 3.2±1.8 4.4±0.1 2.2±0.3 1.1 
0.3 <2* 2.0±0.1 0.3±0.1 0.9 

*the exact calculation of dXRD for this sample with Scherrer`s equation is difficult due to 

a high broadening of all reflections. 

 

Produce in the presence of CA particles have irregular shapes with sharp edges for 

the biggest particles and rounded edges for the smaller ones (Figure 71). The particle size 

decreases from about 8 to 2 nm when CA content increases from 0.05 to 0.3 M. Physical 

particle size estimated from TEM analysis follows the same trend of particle size 

reduction as observed in the reduction of crystallite size from XRD diffraction. 

 

Figure 71. Upper panel: TEM images of iron oxide MNPs prepared by CP 

method in the presence of different concentrations of CA. Bottom panel: Particle size 

distribution (histograms) and their fit (solid lines), the estimated distribution of the 

magnetic size (dashed lines). The scale bar 20 nm is the same for all TEM images. 

Reprinted from [190]. 
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Particle volume (V ~ dTEM
3) with the increase of CA content decreases rapidly in 

comparison to a similar system, where instead of CA, different concentrations of glycine 

were added before precipitation of iron oxide MNPs (Figure 72). 
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Figure 72. Dependence of particle volume on the concentration of glycine and 

CA added before precipitation (data for MNPs prepared in the presence of citric acid 

adapted from ref. [190]). 

 

Magnetic properties 

M-H curves measured at 300 K (Figure 73) exhibits non-hysteretic character 

suggesting the SPM state of particles [54]. M-H curves were fitted to the Langevin–

Chantrell method with the following equation (30). Considering the lognormal 

distribution of the particle sizes and the spherical shape of particles. The magnetic 

moment µ of a single particle is 𝜌𝜌𝜌𝜌𝑆𝑆
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  ×  𝜋𝜋𝑑𝑑𝑚𝑚

3 /6, 𝜌𝜌 is the density of magnetite and dm 

is the “magnetic diameter” of the particle.  
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Figure 73. M-H curves recorded at 300 K (dots) and Langevin–Chantrell fit 

(lines) for iron oxide MNPs prepared by CP method in the presence of a) 0.05 , b) 0.1, 

c) 0.2 and d) 0.3 M of CA [190]. 

 

In the Langevin–Chantrell model, it is assumed that the distribution of particle 

magnetic moments f(µ) can be described by a log-normal function with average magnetic 

size (dm) and its dispersion (σm) as free parameters. Magnetic and physical sizes decrease 

monotonically with the increase in the CA amount: the dm is lower than dTEM. Assuming 

that such reduction is due to the disordered spins on the surface (surface dead layer) with 

thickness ts, the particle diameter is d = dm + 2×ts. The calculated values for ts of about 

0.9 nm (Table 14). This is close to literature data for similar systems [237]. The relative 

difference of dm and dTEM increases with the size decrease, since the surface/volume ratio 

is higher for smaller particles.  

The MS was normalized to the mass of iron oxide. The presence of CA in the 

powders was quantitatively identified by TG analysis (Figure 74). The mass loss was 
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attributed to the burning of the organic phase, which increases from 3 to 24% when CA 

concentration increases from 0.05 to 0.3 M. This also confirms that the added CA remains 

at particle surface. 
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Figure 74. TG of iron oxide MNPs prepared by CP method in the presence of 

different concentrations of CA (argon/air (80/20) atmosphere) [190]. 

 

The M-H curves at 5 K (Figure 75) indicate that at low temperatures, MNPs are in 

a blocked FiM state with significant remanence and coercivity. The size dependences of 

MS at 5 K and 300 K are reported in Table 15. In all cases, the MS values at 5 K are smaller 

comparing the values for bulk magnetite (92 Am2/kg) and close to that of maghemite bulk 

(83 Am2/kg) [122,228]. The reduced MS values for iron oxide MNPs with respect to the 

bulk value are due to surface disorder [122,228,238].  

It is also worth noting that the magnetization decreasing rate, evaluated as 

eq.(79) [147], increases with decreasing size. This may be due to a lower Curie 

temperature (TC) in these particles or to macrospin thermal fluctuations, which cannot be 

equalized even at 7 T. Moreover, for these small particles, the magnetization values are 

far from saturation even at a higher magnetic field (7 T). Figure 75 c) shows the parameter 

R as a function of particle size. While R is 94% for the largest particles, it decreases to 

78% and 57% for particles of size 4 and 2 nm, respectively. 
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Table 15. Magnetic properties of iron oxide MNPs after precipitation in different 

concentrations of CA.  

CA, 
M 

MS, Am2/kg μ0HC, mT μ0Hirr, T 
(5 K) (300 K) (5 K) 

0.05 84±3 72±3 32±2 0.75±0.04 
0.1 73±2 61±2 31±2 0.90±0.08 
0.2 45±2 34±2 91±3 3.4±0.1 
0.3 33±2 24±2 99±3 3.9±0.1 
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Figure 75. M-H curves of iron oxide MNPs prepared by CP method in the 

presence of 0.05 , 0.1, 0.2 and 0.3 M of CA measured at a) 300 K and b) 5 K; c) the 

parameter R and field-delay coefficient of saturation as functions of dTEM; d) the size 

dependence of μ0HC and HC/Hirr ratio measured at 5 K [190]. 
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M-H hysteresis loops at 5 K show values of high coercivity (μ0HC) and 

irreversibility field (μ0Hirr) (Figure 75 d). Both μ0HC and μ0Hirr increase with the decrease 

in dTEM, in accordance with previous results for ultrasmall iron oxide MNPs, due to the 

surface contribution to the effective magnetic anisotropy [239]. Hirr/HC ratio increases 

with the decrease in particle size, also confirming the strong effect of surface anisotropy: 

μ0Hirr is about 24 and 40 times higher than μ0HC for the biggest and smallest particles 

respectively (Figure 75d). This with literature data for MnFe2O4/γ-Fe2O3 core/shell 

MNPs of 3 nm prepared by the CP method [65].  

The intensity of interparticle magnetic interactions was estimated from the method 

proposed by Thamm and Hesse [240]. In this method, the mean value of the left and right 

branches of the hysteresis loop minus the initial magnetization curve is analyzed (reduced 

values of magnetization are taken): 

𝛥𝛥𝛥𝛥(𝐻𝐻) =  𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐻𝐻) –
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑(𝐻𝐻) − 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎(𝐻𝐻)

2
 . (81) 

Such a curve is similar to 𝛿𝛿𝛿𝛿-plot (Kelly plot) but does not require any additional 

measurements to be performed. In Figure 76, the ΔM(H) functions multiplied by 2 are 

plotted to make easier the comparison with the Kelly plots. As evident in the 2×ΔM plots 

(Figure 76), the more intense value of the negative dip for 8-nm particles (CA = 0.05) is 

about 0.2. The magnitude of the negative slope ΔM(H) decreases with increasing CA 

concentration (decreasing particle size) and decreasing MS. The value ΔM ≈ 0.2 is close 

to the value of the negative slope 𝛿𝛿𝛿𝛿 obtained for highly diluted 8-nm maghemite 

MNPs [241]. Thus, the intensity of magnetic interparticle interactions is moderate. The 

energy of magnetic dipole-dipole interactions for an ensemble of randomly distributed 

MNPs with magnetic moments μ = MS × V at distances l calculated from center-to-center 

of neighboring particles eq.(49). With the increase of l (the higher concentration of CA) 

and reduction of μ (both MS and V). Thus, the observed decrease in intensity of magnetic 

interparticle interactions with the decrease in particle size is reasonable. 
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Figure 76. ΔM-plot obtained from Thamm–Hesse method at 5 K for iron oxide 

MNPs prepared by CP method in the presence of different amounts of CA [190]. 

 

The ZFC/FC curves (Figure 77) are strongly dependent on the particle size. For the 

samples of 2 and 4 nm MNPs, the behavior of the ZFC and FC curves with decreasing 

temperature is characterized by the sharp maximum of the ZFC curve and the temperature 

independence of FC curve below Tmax [242–244]. While the splitting between FC and 

ZFC curves occurring at Tmax is the fingerprint of a transition from the SPM 

(paramagnetic) regime to the superspin-glass (spin-glass) state. The superspin-glass state 

caused by long-range dipolar interactions between MNPs [242–244]. For larger particle 

sizes (CA = 0.1, 0.05) the maximum becomes broader, indicating a classical blocking 

process of particle moments due to the distribution of anisotropy energies. The Tirr 

associated with the blocking of the magnetic moments of the particles with the highest 

effective anisotropy of the assembly was found to be 30±5, 66 ±5, 95±6 and 70±7 K, for 

CA = 0.3, 0.2, 0.1, 0.05 [245].  



129 

0 50 100 150 200 250 300

0.05 

0.1 

0.2 

M
/M

m
ax

 (a
.u

.)

T (K)

 MZFC

 MFC

0.3 

 
a) 

0 100 200 300
10

20

30

40

50

T B
 (K

)

VTEM (nm3)
0 100 200 300

10

20

30

40

50

T B
 (K

)

VTEM (nm3)  
b) 

0.1 0.2 0.3 0.4 0.5
0.0

1.2x10-4

2.4x10-4

3.6x10-4

4.8x10-4

 KS

K
S
 (J

/m
2 )

dTEM
-1 (nm-1)

0.0

4.0x105

8.0x105

1.2x106

1.6x106

 Keff

K
ef

f (
J/

m
3 )

0.1 0.2 0.3 0.4 0.5
0.0

1.2x10-4

2.4x10-4

3.6x10-4

4.8x10-4

 KS

K
S
 (J

/m
2 )

dTEM
-1 (nm-1)

0.0

4.0x105

8.0x105

1.2x106

1.6x106

 Keff

K
ef

f (
J/

m
3 )

 
c) 

Figure 77. a) ZFC (full symbols) and FC (empty symbols) magnetizations for 

iron oxide MNPs prepared by CP method in the presence of 0.05 , 0.1, 0.2 and 0.3 M of 

CA ([190]); b) the blocking temperature versus particle volume and c) the surface 

anisotropy constant as a function of reciprocal size. The ZFC/FC curves were measured 

with an applied magnetic field of 25 mT.  

 

Due to the fact, that particles were covered by CA and observed a low value of ΔM, 

we can expect that dipolar interactions are moderated. Since interparticle interactions are 

moderated and are not differ among samples, we can neglect them in a first 

approximation. However, those interactions may affect absolute values of calculated 

effective anisotropy.  

The values of TB and Tirr are reported in Table 3. They decrease with decreasing 

the particle size. For non-interacting particles, the effective anisotropy constant Keff can 

be derived from eq.(29), considering the 𝐿𝐿𝐿𝐿(𝜏𝜏𝑚𝑚 𝜏𝜏⁄ ) = 25 for DC magnetometry. Thus, 

Keff can be calculated using the values of TB and V. The obtained value increases with 

decreasing the particle size from 5.1×104 to 1.2×106 J/m3 for 4- and 2-nm particles, 
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respectively. These values are much higher than the magnetite (1.2×104 J/m3) and 

maghemite (0.46×104 J/m3) bulk values [101,122], due to the contribution of surface 

anisotropy. Such contribution (KS) can be estimated, by the expression below, assuming 

the same value of the bulk anisotropy, due to magnetocrystalline anisotropy, for 

magnetite eq.(18). The KS increases with decreasing size, the values being 1.5×10−4 and 

3.9×10−4 for 4 and 2 nm, respectively and those values are one order of magnitude higher 

than for bigger particles. 

However, this dependence has deviated from the linear trend suggesting that the 

surface anisotropy constant depended not only on the quantitative value of surface area 

but on the qualitative properties of surface and interface between spines of core and 

frustrated shell. In this case, surface anisotropy constant KS is not constant versus size, 

but it is a function that reflects the change of particle structure and morphology induced 

by the change of synthesis parameters (CA concentration) as well as its temperature 

dependence. Moreover, in the case of a strong contribution of the surface on anisotropy 

a strong temperature dependence of anisotropy is expected, because of the change in the 

regime from unfrozen paramagnetic to the randomly 

The low temperature glassy magnetic phase observed for the samples, consisting 

of 2- and 4-nm particles, can have two origins:  

i) strong dipolar interparticle interaction, leading to a superspin-glass state [244]);  

ii) disordered freezing, spin-glass type, of surface spins.  

The second one implies an interface exchange coupling between the magnetically 

ordered core and surface spin-glass phase [78]). Experimentally it is difficult to 

distinguish the effect of the two states on the macroscopic magnetic properties.  

Aging and exchange bias experiments  

The magnetic memory effect at temperatures below a glassy temperature (TG) in 

MNPs systems is the unequivocal evidence of non-equilibrium magnetization 

dynamics [208,241]. The magnetic memory effect in the sample consisting of the 

smallest particles (2 nm) for which the behavior of ZFC/FC curves clearly indicates 

glassy freezing below 44±4 K was exanimated. The peak temperature in ZFC curves can 

be considered as TG. Magnetic memory effects in classical spin-glasses or superspin-
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glasses are manifested in ZFC magnetization curves recorded after a stop&wait 

procedure. Unlike the standard ZFC protocol, the measurements were performed with 

interrupting the cooling at a certain temperature below TG for a certain time (twait). The 

four ZFC-memory curves following stop&wait protocols at different waiting times 

twait = 0.5 h, 3 h, 12 h and 24 h at temperature 20 K which is about half of Tg (Figure 78) 

were collected. The downward deviations of the memory curve from the reference ZFC 

were observed. The dip increases with the increase of twait. The dip magnitude increases 

as a logarithm with of twait. This behavior is a typical manifestation of slow 

dynamics [246]. Clear logarithmic behavior of the memory dip depth was observed in 

superspin-glass MNPs systems [208,247].  
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Figure 78. a) ZFC reference curve (red line) and ZFC-memory curves after stop-

and-wait for 0.5, 3 h, 12 h and 24 h at 20 K; b) Difference between ZFC-reference and 

ZFC-memory curves for 2-nm iron oxide MNPs prepared in CA concentration of 

0.3 M. ZFC curves were measured in the field of 10 mT. The inset is the normalized dip 

magnitude in the logarithmic scale [190]. 

 

The random surface anisotropy of the frozen frustrated spins makes the spin-glass 

surface phase highly anisotropic [241,244], capable to pin the spins of the core through 

interface exchange coupling. Such pinning invokes the EB phenomenon accompanied by 

an increase in the magnetic anisotropy [81,248]. The EB phenomenon was observed by 

comparing the hysteresis loops measured at 5 K after ZFC with those measured at the 

same temperature after cooling the sample from 300 K by applying a magnetic field μ0HFC 
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of 3 T. In Figure 79, the region of the FC and ZFC hysteresis is plotted for 2-nm particles 

sample. The shift of the hysteresis curve measured after field cooling concerning that 

measured after ZFC indicates the presence of the EB effect. The exchange bias field was 

calculated following eq.(21). The μ0HE is 9±1 mT and it was also observed for the 4.4 nm 

particles sample (μ0HE = 8.5±1.0 mT), whereas it was not observed for the bigger 

particles.  
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Figure 79. The ZFC and FC M-H loops measured at 5 K for 2-nm iron oxide 

MNPs prepared in CA concentration of 0.3 M [190]. 

 

This observation confirms that the smallest particles have a core/shell magnetic 

structure where the FiM core and the spin-glass type shell which are exchange-coupled 

at the interface [81]. Recently M. Vasilakaki et al. provided evidence, by magnetization 

measurements and Monte Carlo simulations, of the EB phenomenon in 2-nm MnFe2O4 

MNPs [244]. The EB field and the increase in coercivity were attributed to the 

intraparticle interactions through the core/shell interface. The observation of EB provides 

evidence of the significant role of the surface spins in the low-temperature magnetic 

behavior, characterized by slow non-equilibrium dynamics. 

The EB effect depends on the magnetic anisotropy of the core and surface phases, 

their relative size and the quality of the interface. Since the estimated thickness of the 

magnetically frustrated region (known from the comparison of physical and magnetic 

sizes) is almost the same in all samples, the size-dependent behavior of EB can be 



133 

explained in terms of the relative volume fraction of the surface spins. Namely, the critical 

particle size (dc) for the observation of EB was defined as the size at which the FiM core 

(dm) is lower than the double thickness of the spin-glass surface layer, dm < 2×ts (Figure 

80). We should highlight here, there this model considers average values of particle sizes 

and frustrated region thickness, thus in the case of the smallest particles in assembly can 

be presented very small particles with the almost totally frustrated core as well as 

relatively big particles giving a major contribution to the magnetic properties of the whole 

system.  
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Figure 80. a) Dependence of the exchange bias field (μ0HE) at 5 K for iron oxide 

MNPs of different size (the field of cooling was 3 T; b) the schematic representation of 

the model of critical size to observe EB in MNPs with spin-glass shell. Data adapted 

from ref. [190]. 

 

Our finding agrees with the results reported in [249], where the EB phenomenon 

was observed in systems with the spin-glass region corresponding to 50% of the particle 

volume. In the case of the AFM shell, it was demonstrated that only two monolayers of 

the AFM shell were enough to induce EB in ultrasmall Fe/Cr nanoparticles [250]. Our 

results are consistent with those of ref. [249], as exchange bias was observed only for the 

smaller particles samples where the fraction of surface spins represents the majority of 

spins in the particle volume. The requirement of the critical size, i.e. dm < 2ts, is satisfied 

for the 2 nm particles sample, showing EB. For 4.4 nm particles sample, showing EB, 

d m

t s

d c d m ≈ 2t s

pa
rti

cl
e 

siz
e



134 

dm ≈ 2ts, identifying the critical size for our nanoparticle system. For 6.5 nm and 8.2 nm 

particles samples, not showing EB, dm is well above 2ts (dm and ts values in Tab.1).  

4.1.2 Cobalt ferrite MNPs in Si2O matrix 

A set of CoFe2O4 MNPs in diamagnetic SiO2 matrix with a certain concentration 

of FiM phase (5–15%) was synthesized by SGAC method and treated at three different 

annealing temperatures (700, 800 and 900 °C). This set of samples was provided by prof. 

Davide Peddis. Briefly, for nanoparticle synthesis, aqueous solutions of iron and cobalt 

nitrate in a molar ratio of 2:1 and CA with a molar ratio of metals to CA in a ratio of 1:1 

were mixed. Then the pH was adjusted to the value of 2 by adding ammonia solution. 

Tetraethoxysilane (TEOS) dissolved in ethanol was used as a silica precursor. After 

stirring intensively for 30 min all the reagents, the resulting sols were placed in a furnace 

for gelling in air at 40 °C for 24 h. The gels were successively subjected to heat treatment 

in a muffle furnace at 300 °C for 15 min, where the autocombustion reaction took place. 

The temperature was then increased for 1 h to Tann = 700, 800, or 900 °C for each sample 

(hereafter referred to as CFO_700, CFO_800, and CFO_900). The particle size 

distribution was obtained by TEM images analysis (Table 16). An increase in particle 

size with the increase in annealing temperature was observed (Figure 81).  

 

Table 16. Structural and magnetic properties of CoFe2O4 MNPs in SiO2 matrix. 

Sample dTEM, Tmax, Tirr, TB
CH., PDCH., TB

H.M., PDH.M., 
nm K K K % K % 

CFO_700 2.5±0.2 29±1 57±5 18±1 3.26 16±1 4.56 
CFO_800 5.3±0.5 43±1 70±5 22±2 2.86 25±2 2.44 
CFO_900 6.6±0.5 53±1 82±3 29±1 2.41 31±2 2.45 

*Average blocking temperatures from TRM (TB
CH.), and Hansen and Mørup (TB

H.M.).  
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Figure 81. Lognormal particle size distribution of CoFe2O4 MNPs in diamagnetic 

SiO2 matrix annealed at 700, 800, and 900 °C. 

 

The ZFC/FC magnetizations are shown in Figure 82. The shape of the FC curves 

implies that interparticle interactions are negligible [54,205,251]. The temperatures Tirr 

and Tmax increase with the annealing temperature. According to Gittleman et al. [99], Tmax 

is related to the average blocking temperature TB through the equation 𝑇𝑇max =  𝛽𝛽𝑇𝑇𝐵𝐵. The 

difference between Tirr and Tmax reflects the broadening in the blocking temperature 

distribution in the absence of magnetic interparticle interactions and it is correlated to the 

distribution of particle sizes. In our samples, such difference is weakly dependent on the 

annealing temperature, indicating that the thermal treatment does not significantly affect 

the distribution of f(TB). Indeed, the shape of the f(Ea) is similar for the three samples, 

confirming that the sources of anisotropy are basically the same. Following Chantrell and 

co-workers [106], the f(Ea) was fitted by a log-normal function to determine the mean 

value of the blocking temperature (TB
CH) Table 1 [252–254]. Hansen and Mørup proposed 

a phenomenological approach to calculate the average blocking temperature (TB
H.M.) and 

its standard deviation (σH.M.) [88]. They found that TB
H.M. and σH.M can be expressed with 

known values of Tirr and Tmax from  

𝑇𝑇𝐵𝐵
H.M. = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 �1.792 +  0.186 · ln �

𝑇𝑇irr

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
−  0.918�� − 1 +  0.0039 · 𝑇𝑇irr ; (82) 

𝜎𝜎𝐵𝐵
𝐻𝐻.𝑀𝑀.  =  0.624 +  0.397 𝑙𝑙𝑙𝑙(𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖/𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 0.665). (83) 
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TB
H.M. values are 16±1, 25±2 and 31±2 K and their standard deviation values are 

0.73, 0.61, and 0.57 for samples CFO_700, CFO_800 and CFO_900, respectively. The 

values of the average blocking temperatures extracted by both models are equal within 

the experimental errors (Table 16). To estimate the polydispersity of the sample 

properties with respect to the average, a polydispersity index (PD) has been defined as: 

𝑃𝑃𝑃𝑃 = 100% ×
𝜎𝜎
𝑇𝑇

 . (84) 

The PD values obtained by Chantrell (PDCH.) and Hansen–Mørup models (PDH.M.) 

decrease with increasing particle size, although this trend is more evident for the 

Chantrell model. 
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Figure 82. a) ZFC (empty symbols) and FC (solid symbols) magnetization 

curves; b) magnetic anisotropy energy distribution obtained from the first derivative of 

the TRM magnetization 𝑀𝑀TRM(𝑇𝑇) versus temperature for CFO_700, CFO_800 and 

CFO_900 samples [15]. 

 

Figure 83 a) shows the AC-susceptibility measurements performed using a 

susceptometer (Model ACS 7000, Lake Shore Cryotronics) in a field of 2.5 mT at 

frequencies υ from 5 Hz to 10 kHz, in the temperature range of 18–310 K. According to 

the Néel–Arrhenius model, the relaxation process of the particle moments due to thermal 

activations in the absence of interparticle interactions can be derived from eq.(26): 
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𝑙𝑙𝑙𝑙 (𝜏𝜏𝑚𝑚) = 𝑙𝑙𝑙𝑙 (𝜏𝜏0) +
𝐾𝐾eff𝑉𝑉
𝑘𝑘𝐵𝐵𝑇𝑇𝐵𝐵

. (4) 

For the sample CFO_700, the τ0 value 1.9 × 10−9 s confirms that the interparticle 

interactions are small. For CFO_800 and CFO_900 samples, the τ0 is unphysically small 

(Table 17). This fact indicates that the magnetic interparticle interactions are not 

negligible for these samples and Néel–Arrhenius model is not appropriate to describe the 

dynamical behavior of magnetic moments. In this case, the Vogel–Fulcher law 

considering the weak interparticle interactions by a temperature term T0 can be 

applied [87,255,256]. The eq. (28) was then rewritten in the following form: 

𝑙𝑙𝑙𝑙 (𝜏𝜏𝑚𝑚) = 𝑙𝑙𝑙𝑙 (𝜏𝜏0) +
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉

𝑘𝑘𝐵𝐵(𝑇𝑇𝐵𝐵 + 𝑇𝑇0). (5) 
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Figure 83. a) ln(𝜏𝜏𝑚𝑚) versus 1/𝑇𝑇𝐵𝐵 and its linear fit (dashed line); b) effective 

anisotropy constant Keff of CFO_700, CFO_800 and CFO_900 obtained from fitting 

ln (𝜏𝜏𝑚𝑚) versus 1/𝑇𝑇𝐵𝐵 by Neél–Arrhenius model (empty circles) [15]. N5T900 is the 

reference sample from [107]. 
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Table 17. Magnetic parameters obtained from AC magnetic susceptibility 

measurements for CFO_700, CFO_800 and CFO_900 samples. 

Sample Néel−Arrhenius 1 Vogel−Fulcher 2 
𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆, 𝝉𝝉𝟎𝟎, 𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆, 𝑻𝑻𝟎𝟎, 
J m−3 s J m−3 K 

N15T700 7.9±0.4 × 105 1.9 × 10−9 11±1 × 105 −1±3 
N15T800 2.3±0.2 × 105 8.2 × 10−14 1.3±0.1 × 105 14±2 
N15T900 1.9±0.2 × 105 1.5 × 10−14 0.92±0.01 × 105 32±3 

 

The values of T0 and Keff (Table 17) have been obtained with the fixed specific 

relaxation time τ0 equal to 10−10 s for all the samples [107,254]. From this fit for the 

sample CFO_700, T0 is almost zero additionally confirming that interparticle interactions 

are negligible in this sample. In samples annealed at higher temperatures, T0 indicates an 

increase in the dipolar interactions. The values of Keff obtained by Néel–Arrhenius and 

Vogel–Fulcher models are almost equal for sample CFO_700 but the difference is 

observed for CFO_800 and CFO_900 due to magnetic interactions. 

In both models, Keff decrease with the increasing particle size. The Keff decreases 

by ∼30% comparing 6.6 nm (CFO_900) to 5.6 nm (CFO_800) MNPs, while a much 

higher growth of ∼70% was observed comparing 6.6 nm (CFO_800) to 2.5 nm 

(CFO_700) MNPs. Hence, the surface anisotropy increases with a decrease in the particle 

size, and it becomes dominant in the smallest particle CFO_700. The smaller anisotropy 

in CoFe2O4 MNPs compared to the bulk value can be related to a change in the inversion 

degree. This agrees with reported data for CoFe2O4 MNPs [107,257] and it was explained 

by a change in the cation distribution inducing the decrease of the magnetocrystalline 

anisotropy determined by the distribution of the Co2+ cations between Oh and Td 

sites [135]. 

Figure 83 b) shows the Keff value of a reference sample of CoFe2O4 MNPs 

embedded in a SiO2 matrix with a 5% w/w concentration of FiM phase annealed at 900 °C 

(N5T900 [107]). For this sample, the dTEM = 2.8 ± 0.3 nm is close to that of the CFO_700 

(dTEM  = 2.5 ± 0.5 nm), and they have the PD index (Table 18). It is important to underline 

that the interparticle interactions in both N5T900 and N15T700 samples are negligible, 
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as indicated by their ZFC/FC magnetizations and δm-plots (Figure 84). The Keff is higher 

for N5T900 sample despite both samples have the same morphological features. This can 

be explained by the cation distribution change caused by the annealing. The highest 

temperature induces a larger occupancy of Oh sites by the Co2+ cations in N5T900 

sample [107]. 

Table 18. The particle size 𝑑𝑑TEM, the standard deviation σ, the percentual 

polydispersity of N5T900 and CFO_700 samples. 

Sample dTEM, nm σ PD, % 
CFO_700 2.3±0.1 0.19±0.01 8.3 
N15T900 2.8±0.1 0.22±0.01 7.9 

 

0 1 2 3 4 5
-0.50

-0.25

0.00

0.25

δm

µ0H (T)

 N5T900
 CFO_700

 
Figure 84. δm plots for sample CFO_700 [15] and sample N5T900 from 

ref. [258]. The temperature is 5 K. 

 

Figure 85 shows low-temperature M-H loops of the samples CFO_700 and 

N5T900. Both hysteresis loops are not saturated due to high anisotropy of samples. The 

MS and χSAT were found employing the LAS (eq.(70)). The latter is strongly related to the 

non-collinear spin structure due to competing interactions between sublattices, and to the 

symmetry breaking at the particle surface [82,200]. 
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Figure 85. M-H and DCD curves measured at 5 K for a) sample CFO_700 [15] 

and b) reference sample N5T900 with the same particle size [107]. 

 

The MS increases with particle size growth, i.e., with annealing temperature 

(Figure 86). Despite reference sample N5T900 (2.8 ± 0.3 nm particle size) and CFO_700 

having the same dTEM, MS for N5T900 is almost twice that for CFO_700. This difference 

can be ascribed to the combined effect of cation distribution, spin-canting, and surface 

anisotropy [107,259]. The χSAT increases with decreasing particle size. The trend of χSAT 

indicates the stronger contribution of the surface magnetic anisotropy for smaller 

particles. It is worth emphasizing that CFO_700 has a higher value of χSAT, indicating 

that the surface contribution to the effective magnetic anisotropy is higher in CFO_700 

than in CFO_900. The energy barrier distribution can confirm this. In fact, despite 

N5T900 and CFO_700 having the same PD of the dTEM, the PD for TB calculated by H.M. 

model is much higher for CFO_700 (PD of TB
H.M. is 4.6) than for N5T900 (PD of TB

H.M. 

is 2.5). Labarta and co-workers have shown that, for spinel ferrite MNPs, even when the 

size distribution is narrow, the surface anisotropy can produce a substantial broadening 

of the anisotropy energy distribution [260]. This effect is an obvious consequence of the 

different size dependence of the energy contributions from the core and the surface. 

Because the volume content of the surface spin layer increases with a decrease in size, 

and it becomes more significant for ultrasmall particles (<10 nm).  
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Figure 86. a) Saturation magnetization, 𝑀𝑀S, and b) non-saturated 

susceptibility, χSAT of CoFe2O4 MNPs of different size in diamagnetic SiO2 matrix [15]. 

The square in both graphs corresponds to the reference sample N5T900 [107]. 

 

The squares in Figure 85 represent MDCD(H) curves measured at 5 K. MDCD is only 

sensitive to the irreversible component of the magnetization and only the blocked 

particles contribute to the remanent magnetization. The curve shape approximates the 

SFD related to the energy barrier distribution. The value of the field at which the MDCD is 

equal to zero (μ0HCr
DCD) corresponds to the average switching field. Notwithstanding, that 

both samples with the different μ0HC have close the μ0HCr
DCD (for CFO_700 

μ0HCr
DCD = 2.4 T, for N5T900 μ0HCr

DCD = 2.1 T). This result is in line with the similar 

anisotropy fields μ0HK (for CFO_700 5.8±0.5 T, for N5T900 5.9±0.6 T) estimated by the 

SW model (eq.(17). 

Even though μ0HCr
DCD and μ0HK are equal within the experimental error, the 

coercivities of the two samples are different. Such differences can be associated with a 

larger fraction of disordered spins correlating with the cation distribution, also confirmed 

by the lower value of the remanent and saturation magnetizations [261]. 
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4.3 Conclusions 

1. The size of iron oxide MNPs can be gradually modulated in the 

coprecipitation route by adding the capping agent (oleic acid or glycine) 

preventing particle growth; 

2. Produced by this method MNPs have relatively high saturation 

magnetization which reduces from 84±3 Am2/kg to 33±2 Am2/kg with 

the reduction of average particle size from 9 nm to 2 nm due to the high 

contribution of canted magnetic moments of atoms at the surface; 

3. The layer of magnetically frustrated spins can be considered as the 

second magnetic phase in a chemically homogenous system; 

4. At low temperatures, due to surface disorder, the canted surface can be 

frozen in spin-glass-like manner and collect attributes of both surface and 

interface, namely slow dynamics typical for magnetically frustrated 

materials and exchange bias; 

5. The thickness of the canted region of atomic magnetic moments was 

experimentally found to be about 1 nm and it was shown that the critical 

to observe exchange bias in quasi-spherical iron oxide MNPs produced 

by the described method is about 4 nm (in other words, when the radius 

of the core is equal to the thickness of frustrated region because of the 

correlation length of exchange interactions);  

6. In ultra-small cobalt ferrite MNPs prepared by the SGAC method despite 

the strong contribution of the surface, magnetocrystalline anisotropy 

plays an important role and for those particles the constant of effective 

anisotropy exceeded the bulk value up to 4 times; 

7. Magnetocrystalline anisotropy of ferrites at the nanoscale changes due to 

variation of structural parameters, such as inversion degree, which is a 

function of synthesis condition. 
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Chapter 5. Magnetic anisotropy of nanohybrid systems 

According to the literature review of recent publications on the topic of magnetic 

nanoparticles, the development of novel synthesis methods and advanced techniques of 

structural analysis of nanoscale objects invoke interest in producing complex 

nanohybrids composed of several magnetic phases, for example, core/shell architectures. 

Considering the strong exchange-coupling between the two phases and the relatively thin 

layer of the soft phase, the saturation magnetization and the effective anisotropy 

contestant are expected as MS = fsoftMsoft + fhardMhard and Keff = fsoftKsoft + fhardKhard, where 

f is the mass fraction. For SD MNPs with uniaxial anisotropy, the value of coercivity for 

can be expressed as μ0HC(SW) = 2(fsoftKsoft + fhardMhard)/(fsoftMsoft + fhardMhard). Nevertheless, 

such a simplified model does not consider many size features, surface phenomena, and 

the effects of magnetic interactions between MNPs. The object of this section is MNPs 

with the core/shell structure of various configurations and their magnetic properties will 

be experimentally investigated and discussed. In addition, the AFM/FiM and hollow 

nanoparticle systems will be studied. 

Sample of MNPs studied in this chapter were produced by the HTD method at the 

University of Genova by Dr Silvia Villa, Prof. Fabio Canepa and Prof. Davide Peddis. 

XRD and STEM investigations were performed by Dr Gurvinder Singh (department of 

Biomedical Engineering and Sydney Nano Institute, The University of Sydney). EFTEM 

and HAADF-STEM investigation was done in Istituto di Scienze e Tecnologie Chimiche 

“Giulio Natta” by (Prof. Alessandro Ponti and Prof. Anna M. Ferreti). The author of the 

dissertation is grateful to Prof. Kalliopi Trohidou from Institute of Nanoscience and 

Nanotechnology (National Center for Scientific Research Demokritos) for the discussion 

of magnetic properties and the development of a theoretical model allowing a deeper 

understanding of the magnetic properties reported in sections 5.1 and 5.2. Results of the 

application of the theoretical model compared with experimental results reported in 

section 5.1 are published in Nanoscale Advanced [180]. On basis of the results reported 

in section 5.3, a paper was published Magnetochemistry [192] and results of section 5.4 

in Nanotechnology [16]. 
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5.1 Soft/hard and hard/soft MNPs 

In this section, a study of the physical properties of two systems of nanoparticles 

with a core/shell structure is presented: one system is hard/soft MNPs with a core 

consisting of magnetically hard cobalt ferrite coated with a magnetically soft nickel 

ferrite shell, and the second system has the opposite configuration: a magnetically soft 

shell and a magnetically hard core with almost the same size and shape. The synthesis of 

core/shell MNPs was carried out according to a two-step procedure in which preformed 

cobalt or nickel ferrite MNPs were used as "seeds" (core) for the subsequent growth of a 

shell consisting of cobalt or nickel ferrite different from the core material.  

Among spinel ferrites, the cobalt ferrite has a higher value of magnetic anisotropy 

constant of 0.1−10 J/m3, which is about 1−2 orders of magnitude higher than in other 

spinel ferrites [262]. Because of this reason, the cobalt ferrite acts as a hard phase in most 

core/shell MNPs and its counterpart is another soft magnetic material with high saturation 

magnetizations [68]. The nickel ferrite was chosen because of the significant difference 

in magnetocrystalline anisotropy KNFO = −6.2×103 J/m3 and KCFO = 2×105 J/m3 as well as 

the relatively high saturation magnetization value [262].  

Samples 

STEM images show the size and morphology of the synthesized single-phase 

CoFe2O4 and NiFe2O4 nanoparticles (labeled as CFO and NFO, respectively) and 

core/shell nanoparticles (labeled as CFO/NFO and NFO/CFO). Figure 87 a,b) and d,f) 

show that the prepared MNPs were approximately spherical in shape. The result of the 

approximately two hundred particle size calculation for each sample is shown in 

Figure 87 c) and e). STEM studies confirm the uniform core/shell size distribution of the 

nanoparticles and approximately equal sizes of the original single-phase nanoparticles. 

Regarding the average size obtained from STEM images, all core/shell samples are 

characterized by a larger diameter than the original nanoparticles, confirming that the 

shell growth is 2 nm thick (Table 19).  
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Figure 87. TEM images of a) CFO core and b) CFO/NFO core/shell, d) NFO core 

and f) NFO/CFO core/shell MNPs; c,e,) histograms of particle size distributions [180]. 

 

XRD patterns of the samples (Figure 88) confirmed the spinel structure of cobalt 

and nickel ferrite without any impurity phases. Crystallite sizes were calculated using the 

Scherrer formula from the [311] reflections. The fact that the core/shell samples possess 

a higher structural correlation length supports the idea that the shell grows epitaxially 

continuing the crystal sites of the core. This confirms the results of electron microscopy. 
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Figure 88. XRD patterns of a) CFO core and CFO/NFO core/shell, b) NFO core 

and NFO/CFO core/shell MNPs [180]. The source is Cu Kα (λ = 1.54056 Å). 
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Table 19. Morphostructural parameters of the CFO and NFO core, CFO/NFO and 

NFO/CFO core/shell MNPs. 

Sample Composition dTEM, nm SD dXRD, nm a, nm VHard/V 
CFO CoFe2O4 6.9±0.1 0.9 6.2±0.2 0.840(1) 1 
CFO/NFO CoFe2O4/NiFe2O4 11 3 9.2±0.4 0.838(1) 0.3 
NFO NiFe2O4 8.4±0.2 1.8 6.2±0.4 0.838(1) 0 
NFO/CFO NiFe2O4/CoFe2O4 12 2 9.0±0.2 0.837(1) 0.6 

 

Comparing the elemental maps Figure 89 with the panel a), one can see that, within 

each MNP, the intensity of the Fe map (b) is uniform throughout the entire nanoparticle 

volume, as expected on the basis of the chemical composition of the core/shell MNPs, 

while the intensity of the Co (c) and Ni (d) maps evidence the Co-rich core and Ni-rich 

shell of the core/shell MNPs. The EFTEM data are thus clear proof of the core/shell 

structure of CFO/NFO samples. 

 
Figure 89. a) TEM image of CFO/NFO sample, b-d) EFTEM (Energy Filtered 

TEM) images showing the elemental maps of the metals b) Fe (red), c) Co (blue) and  

d) Ni (green) [180]. 
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Magnetic properties 

The M-H and M-T measurements were performed by a SQUID magnetometer. The 

magnetization value was normalised by considering the mass of the remaining organics 

(oleic acid, oleylamine) at the surface of the particle. The mass of the inorganic 

component of the samples was measured by TG analysis. 

The M-H curves at 5 K (Figure 90) show the hysteretic behaviour of all samples. 

All the extracted magnetic parameters are reported in Table 20. The observed MS values 

of 98±5 and 75±3 A·m2/kg for CFO and NFO are higher than the bulk values of 88 and 

55 A·m2/kg for bulk CFO and NFO, respectively. This is due to some differences in the 

cationic distribution of ferrite structure (inversion degree). For both core/shell samples, 

the MS values are close to the average of the MS of the two materials. The monotonic 

shape of the hysteresis loops of the core/shell MNPs suggests a strong coupling between 

the hard core and the soft shell phases [177].  
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Figure 90. M-H curves measured at 5 K for a) CFO core and CFO/NFO 

core/shell, b) NFO core and NFO/CFO core/shell MNPs [180]. 

 

In all samples, the reduced remanent magnetisation increases going from the 

single-phase to the core/shell systems. CFO show MR/MS ≈ 0.47 and an evident increase 

is observed in CFO/NFO system (MR/MS ≈ 0.61) approaching the theoretical value (~0.8) 

expected for SD non-interacting MNPs with cubic magnetic anisotropy [201]. The lower, 

than the theoretical value for uniaxial particles according to SW model value of MR/MS, 
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was found for NFO sample (~0.21). This can be ascribed to the fraction of SPM MNPs 

which are still unblocked at 5 K or to the presence of inter-particle interactions or some 

effects due to a demagnetising field [263]. A significant increase in MR/MS is observed in 

NFO/CFO core/shell systems. The largest MR/MS has been observed for sample 

CFO/NFO (i.e., the tendency to cubic anisotropy), besides this sample is expected to have 

the lower magnetocrystalline anisotropy compared to the NFO/CFO sample, where the 

fraction of CFO is higher. This can be explained by the proximity effects that increase 

anisotropy in NFO when it grows on magnetically harder CFO seeds due to the induced 

strong pinning of interfacial spins [182,264]. In contrast, a smaller MR/MS was observed 

in the system with the predominant CFO volume. 

A decrease in µ0HC and µ0Hirr of the CFO sample was observed in the CFO/NFO 

sample. In contrast, µ0HC and µ0Hirr of the NFO/CFO sample increased compared to the 

NFO seeds (Table 20). Thus, the design of the core/shell structure (i.e., the mutual 

arrangement of soft and hard materials) plays a crucial role in their effective magnetic 

anisotropy. Indeed, the anisotropy calculated from eq.(56) without taking into account 

surface and interface effects predicts a different trend. 

Room temperature (300 K) M-H curves show the reversible behaviour with zero 

remanences and coercivity suggesting that all the samples are in the SPM regime. To 

further disclose the magnetic behaviur of all systems, their M-T magnetizations have been 

also investigated by employing the ZFC and FC protocols measured under the magnetic 

field of 2.5 mT (Figure 91). The ZFC and FC magnetisation curves for all samples 

showed typical behaviour of interacting SD MNPs. For the samples CFO, CFO/NFO and 

NFO/CFO, the Tirr is close to 300 K. 

Table 20. The summary of magnetic properties of CFO core, CFO/NFO 

core/shell, NFO core and NFO/CFO core/shell MNPs. 

Sample MS, A·m2/kg µ0HC, T µ0Hirr, T MR/MS Keff, ×105 
J/m3  

CFO 98±5 1.3±0.2 3.2±0.2 0.47 8.3±0.2 
CFO/NFO 83±3 0.83±0.1 1.8±0.1 0.61 3.9±0.2 
NFO 75±3 0.025±0.01 0.3±0.1 0.21 0.6±0.1 
NFO/CFO 86±3 0.30±0.01 1.3±0.1 0.45 2.9±0.1 
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Figure 91. ZFC (empty symbols) and FC (solid symbols) magnetization curves 

recorded in a measuring field of 2.5 mT: a) CFO and b) NFO seeds; c) CFO/NFO and 

d) NFO/CFO core/shell MNPs [180]. 

 

Figure 92 shows the derivatives of the ZFC and FC magnetizations differences 

(dMZFC−FC(T)/dT). The filled areas under the curve dMZFC−FC(T)/dT are visual 

representations of the integral value proportional to the magnetic anisotropy energy. In 

this case, the average TB is insufficient to describe the difference in the magnetic 

anisotropy between the systems. Indeed, the average TB value for the CFO sample 

(Table 21) is almost equal with CFO/NFO and NFO/CFO samples (the same is true for 

Tmax), but they have different μ0HC. For the single-phase NFO and CFO MNPs, the 

different values of the blocking temperature (28±3 and 175±3 K, respectively) is mainly 

due to the different magnetocrystalline anisotropy of the NiFe2O4 and CoFe2O4. The 

distribution function f(TB) ~ dMZFC−FC(T)/dT represents the anisotropy distribution 
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function. The shape of this function (its broadening) is directly related to the core/shell 

structure: the magnetically hard shell likely causes a stronger broadening of the f(TB), 

since the shell material occupies a larger volume and it strongly depends on dTEM. The 

magnetically soft shell almost does not broaden f(TB), because the main source of 

anisotropy, in this case, is the magnetically hard core domination in the magnetic 

anisotropy of the whole system. 

Table 21. Blocking temperature, normalised energy of dipolar interactions and 

interaction field of CFO, NFO, CFO/NFO and NFO/CFO samples. 

Sample TB, K Edip/kB, K |HINT|/HC×100% 
CFO 175±5 44 6% 
CFO/NFO 174±4 198 2% 
NFO 28±3 57 33% 
NFO/CFO 173±4 295 2% 
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Figure 92. The diamond and square symbols are the MR/MS, the filled areas are 

the dMZFC-FC(T)/dT curves calculated from the ZFC and FC magnetizations: a) CFO and 

CFO/NFO; b) NFO and NFO/CFO samples [180].  

Figure 92 shows the temperature dependence of the MR/MS estimated from M-H 

loops recorded at different temperatures in the range of 5–300 K. The MR/MS trend for all 

the samples substantially confirms the landscape of distribution of anisotropy energy. 

The MR/MS(T) curves vanish at the upper limit of the distribution of anisotropy energy 

~Tirr. The exception is the single-phase NFO sample where the MR/MS vanishes at lower 

temperatures, closer to TB.  
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The anisotropy constant was defined by eq.(16), where μ0HK ≈ μ0Hirr, an 

approximation first suggested by Kodama et al. The 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 behaves in the qualitatively 

agreement with the coercive and irreversibility fields (Table 20), confirming the 

efficiency of interface coupling in tuning the anisotropy.  

The differentiated remanence curve dMIRM(H)/dH (Figure 93a) represents the 

irreversible component of the susceptibility representing the measure of the energy 

barriers distribution associated with the SFD [206,207]. The 𝜇𝜇0HCr
IRM represents the 

coercive field of the blocked particles, which are responsible for the irreversible 

magnetization processes. For a system of SW particles, the SFD can be considered as the 

distribution of the particle magnetic anisotropy energy compared with the energy of the 

external magnetic field. Thus, considering the equivalent distributions of particle 

volumes, deviations in the shape of SFD will reflect in the difference in the distribution 

of MS or K (their size dependences) in addition to the effect of particle size distribution 

and interparticle interactions. The SFD normalized in x-axis by 𝜇𝜇0HCr
IRM and in Y-axis 

to the maximum (Figure 93 b), shows that the seed-mediated shell growth process does 

not induce new factors of broadening the distribution of magnetic properties. 

Furthermore, the soft NFO MNPs and NFO/CFO core/shell MNPs have a higher 

dispersion than that of the CFO sample. This is consistent with the observed higher SD 

from TEM measurements and the expected stronger influence of the surface effects in 

magnetically soft particles. Comparing NFO/CFO and CFO/NFO systems, one can note 

that the SFD is broader in the NFO/CFO sample than in the CFO/NFO sample, while the 

SD from the TEM analysis has the opposite trend. This behavior can be explained by the 

dominant role of the magnetically hard CFO core, governing the magnetization processes 

in the CFO/NFO system. 

A negative contribution to the Kelly plot (δm-plot) indicates the dominant 

demagnetizing character of dipolar interactions between particles in all samples 

(Figure 93). For NFO/CFO and CFO/NFO systems, the absolute magnitude of the |δm| 

dip is in the range of 0.2–0.3 while for NFO samples this value is almost twice as large 

reaching 0.45. Hence, in NFO samples interparticle interactions are stronger. The 

interaction field µ0HINT (eq.(73)) can provide a quantitative characterization of magnetic 
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interparticle interactions. The ratio HINT/HC (normalization of interaction field to 

coercivity field) is relatively low for magnetically hard samples. While in the case of the 

single-phase NFO MNPs for which the intrinsic anisotropy is small, the interparticle 

interactions have a stronger effect.  

The value of dipolar interaction energy (Table 21) was roughly estimated using 

eq.(49) where l is the average distance, which is the particle diameter plus the thickness 

of two monolayers ~4 nm of oleic acid residual at particle surfaces after synthesis) [57]. 

The calculated Edip does not agree with the δm-plot. We attribute the observed magnetic 

behavior to the complex interplay between intraparticle and interparticle interactions. 

This is further confirmed by the calculated SFD and δm-plots, showing very good 

qualitative agreement with the experimental results [180].  
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Figure 93. a) Switching field distribution dMIRM(H)/dH, b) normalized and 

centered switching field distribution and δm-plot measured at 5 K for NFO and CFO 

seeds, NFO/CFO and CFO/NFO core/shell MNPs [180].  
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Conclusions 

The interfacial exchange coupling in core/shell MNPs is s manifested in the 

dramatic changes of the magnetic properties, such as the MR/MS and the µ0HC, and the 

smooth hysteresis loops observed after shell growth. The growth of a soft nickel ferrite 

magnetic shell affects the hard properties of the cobalt ferrite seeds with a decrease of 

µ0HC from ~1.3 to 0.8 T. On the contrary, the magnetically harder cobalt ferrite shell 

increases the coercivity of the soft seeds from ~0.025 to 0.3 T. But the core of 

magnetically hard material stronger affects the magnetic anisotropy of the whole system. 

This has been explained by the proximity effect related to the epitaxial growth of the shell 

material, in which cobalt ferrite induces an increase in nickel ferrite anisotropy. The 

experimental results in this section are in qualitative agreement with the results of 

computer simulations reported in ref. [180].  
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5.2 CoFe2O4/NiFe2O4 hard/soft MNPs with the various thicknesses of shell 

In section 5.1, we have shown the efficiency of the exchange coupling mechanism 

to tune magnetic anisotropy of soft/hard bi-magnetic core/shell systems. It was, in 

particular, noted that the magnetically hard core governs the magnetization reversal 

processes of the core/shell system even though the volume of shell fraction exceeds the 

core volume. This chapter aims to study how the thickness of the magnetically soft shell 

influence the magnetic properties of core/shell MNPs. 

Samples  

Multishell MNPs were obtained by the multistep procedure of HTD explained in 

methodological sections, the cobalt ferrite MNPs of similar size to those studied in 

section 5.1 were used as seeds for the subsequent growth of several nickel ferrite shells. 

STEM size analysis indicates that particles are monodisperse with narrow size 

distributions. Histograms of the particle size distribution provide an excellent illustration 

of the progressive increase of dTEM when new magnetic shells are added (Figure 94).  
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Figure 94. STEM images of a) bare CoFe2O4 MNPs, b) core/shell MNPs with 1st, 

c) 2nd and d) 3rd NiFe2O4 shell; e) histograms of size distribution. The scale bar on all 

TEM images is 100 nm. 

 

Notable that the addition of the shells does not change the standard deviation (σ) 

of lognormal size distribution suggesting monotonically growth of shells on the surface 

of the seeds (Table 22). The thickness of the shell (tsh) was estimated from the difference 

in the size of the core (dc) and core/shell particles dTEM=dc+2tsh. The volume fraction of 
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the shell`s material, fNFO, was estimated with the same geometrical approach assuming 

that particles have a spherical shape. 

Table 22. Composition and size of bare CoFe2O4 MNPs, core/shell MNPs with 

1st, 2nd and 3rd NiFe2O4 shell. 

Sample Composition dXRD, dTEM, σ, tsh, fNFO, 
  nm nm  nm % 
CFO CoFe2O4 9±1 8.3±0.1 0.13±0.01 — — 
1° shell CoFe2O4/1×NiFe2O4 12±1 9.4±0.1 0.15±0.01 0.55 31 
2° shell CoFe2O4/2×NiFe2O4 14±2 13.3±0.2 0.14±0.02 2.5 76 
3° shell CoFe2O4/3×NiFe2O4 17±2 16.8±0.2 0.12±0.01 4.3 88 
 

Notwithstanding that the time of reaction and concentration of precursors are the 

same for steps, the first deposition of NiFe2O4 on the CoFe2O4 core has a slower growth 

rate, achieving only a 0.55 nm thickness with respect to more than 2 nm of the other 

shells. The difference in the shell thickness between the first and the following ones can 

be related to different kinetics of deposition of the NiFe2O4 phase.  

Figure 95 shows the XRD patterns of the samples. Observed peaks are indexed to 

a cubic spinel structure of cobalt and nickel ferrites. Although, the position of peaks is 

very close for both materials and the difference is hardly distinguished because of 

identical crystalline structure, a small shift of about 0.2° was observed due to the slight 

difference in Co2+ and Ni2+ ions radii. Broadening of the peak is attributed to the small 

size of crystallite which size was calculated using the Scherer formula. The calculated 

structural correlation lengths (dXRD) are presented in Table 1. We observed monotonical 

behaviour in good agreement with the TEM particles size distribution that confirms the 

high crystalline nature of the sample and the fact that growth of the shells occurs in a 

stacking layer-by-layer way following the seed without forming polycrystallinity of the 

shells. 
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Figure 95. XRD patterns of CFO core and CFO/NFO multishell MNPs with one, 

two and three layers of NFO. The source is Cu Kα (λ = 1.54056 Å). 

 

The core/shell nature of the particles is demonstrated by EDX analysis. Figure 96 

a)-e) show the high-angle annular dark field (HAADF) STEM image of the sample 

“1°shell” and the corresponding EDX maps associated to Fe, Co, Ni and the integrated 

map with the total distribution of the previous elements, respectively. A color code was 

used for the easily identifiable of Fe (blue), Co (green) and Ni (red) distribution in the 

particles. Comparing these images, the uniform distribution of Ni atoms around the cobalt 

core of the particles is evident, and the Fe atoms are present in all the particles extensions 

as expected. The same core/shell structure is clearly demonstrated for the sample 

“3°shell” by the images shown in Figure 96 f)-l). In this case, the distribution and 

uniformity of the Ni shell is still more evident due to its larger thickness with respect the 

sample “1°shell”. The thickness of the Ni shells estimated by EDX maps is in very good 

agreement with those reported in Table 1. 
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Figure 96. HAADF-STEM images and corresponding EDX maps of sample «1° 

shell» (a-e) and «3° shell» (f-l). A color code was used for identifying Fe (blue), Co 

(green) and Ni (red) distribution in the particles. Images shown in e and l are the 

composition of previous images for «1° shell» and «3° shell», respectively, showing the 

core/shell nature of the particles. 

 

To deeper investigate the growth of the NiFe2O4 shell on the CoFe2O4 core, high-

resolution HAADF-STEM analyses were performed (Figure 97). The atomic planes 

inside the oriented particles are clearly visible and extend until the edges suggesting that 

both Ni and Co ferrites are well crystalized, without the presence of an amorphous phase. 

The continuity and regularity of the atomic distribution inside the whole particle (core 

and shell) do not allow to distinguish the two phases, even performing a Fast Fourier 

Transform (FFT) of the images. This result indicates a perfect oriented growth of one 

phase on the other. In more detail, the CoFe2O4 core lattice acts as a template for the 

growth of the NiFe2O4 as in the epitaxial growths. Looking at Figure 97 c), it is possible 

to observe that the atomic planes of different particles tend to merge suggesting a great 

correlation among particles  
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Figure 97. High resolution HADDF-STEM images of sample «1° shell» (a) and 

«3° shell» (b and c). 

 

Magnetic properties 

For soft-hard exchange coupled systems the hard phase prevails on anisotropic 

characteristics of the material, namely the linear dependence of coercivity on volume 

content of hard phase was predicted (Figure 98) [68]. Clear that this law is not considering 

any interfaces as well as geometric features. For example, it was observed earlier the 

change of position of soft and hard phases in CoFe2O4/MnFe2O4 and MnFe2O4/CoFe2O4 

MNPs the superposition law is not respected [177]. In the case of the multishell structure 

MnFe2O4/CoFe2O4/NiFe2O4, it was observed that this law predicts the only qualitative 

trend [265]. For the «1°shell» sample a high value of coercivity was observed; which may 

be explained by the exchange spin coupling (ESP) phenomenon expected for an ultrathin 

shell regime in hard/soft nanoparticles systems since the thickness of the shell of 0.55 nm 

is less than 1 nm (approximately the size of a crystalline unit-cell) [84,177]. Similar 

behaviour was observed earlier for CoFe2O4/MnFe2O4 MNPs with different thicknesses 

of the shell when a thin layer of the soft phase increased μ0HC but the thicker 

decrease [177]. For the 2nd and 3rd shells, the value of μ0HC decreased qualitatively 

following the trend of superposition however those values are higher than predicted 

(Figure 98 b), Table 23).  
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Figure 98. a) M-H measurements at 5K and b) comparative plot of MS, μ0HC and 

MR/MS as a function of nickel ferrite content (fNFO) for CFO core and CFO/NFO 

multishell MNPs with one, two and three layers of NFO. 

 

Table 23. Magnetic properties of CFO core and CFO/NFO multishell MNPs 

measured at 5K. 

Sample µ0HC, µ0Hirr, µ0HCr
DCD

, MS, MR/MS ξ 
 T T T A·m2/kg   
CFO 1.19±0.01 3.3±0.1 1.44±0.01 111±7 0.66 0.36 
1° shell 1.45±0.01 3.0±0.1 1.52±0.01 99±5 0.81 0.48 
2° shell 0.82±0.01 1.7±0.2 0.84±0.02 95±5 0.81 0.47 
3° shell 0.40±0.01 0.98±0.02 0.41±0.01 78±5 0.80 0.41 

 

Surprisingly, it was observed the strong manifestation of the cubic type of 

anisotropy on the remanent state of samples with higher nickel ferrite content (Figure 98, 

Table 23). For cobalt ferrite MNPs due to high magnetocrystalline anisotropy, the value 

of the remanence of 0.8 is expected but for softer materials, the shape or surface 

anisotropy component results in the uniaxial type of anisotropy with the expected MR/MS 

of 0.5 [61,140,241]. The small deviation of the reduced remanent magnetization for CFO 

seeds is probably due to thermal fluctuations tended to misalign magnetic moments of 

MNPs from easy axis directions of mixed uniaxial/cubic type of anisotropy for the 

smallest particles. Nonetheless, the blue line shows the tendency to be lower than the 

limit value of 0.5 for nickel ferrite MNPs (a reference sample of the sample size as CFO 
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core) that is predicted in soft MNPs because of finite temperature, stronger demagnetizing 

field and interparticle interactions in respect to magnetocrystalline anisotropy [266,267].  

Interesting that MR/MS points to the cubic type of anisotropy whereas the 

coordination of coercivity and irreversible field refers to the uniaxial one. The μ0Hirr can 

be considered as an anisotropy field μ0HK, as first suggested by Kodama et al. for NiFe2O4 

MNPs [268]. Indeed, according to Stoner–Wohlfarth model, the coercivity field is 

proportional to the anisotropy field μ0HC = ξ·μ0HK where ξ is a constant dependent on the 

type of anisotropy and equal to ~0.48 for the case of uniaxial and ~0.32 (K>0) and ~0.19 

(K<0) for cubic [226,269]. The obtained values for core/shell systems (Table 2) are in 

good agreement with the theoretical one for the uniaxial anisotropy. Notably, the MR/MS 

values on the contrary indicated the cubic anisotropy type. Therefore, we can suggest the 

following scenario: i) under a magnetic field, the magnetically soft shell having the higher 

energy (due to its higher volume) governs the net magnetic moment of the whole particle; 

ii) when the magnetic field is off, the remanent state is mainly governed by a magnetically 

hard core which keeps the net magnetic of the particle along magnetocrystalline easy 

axes. This interplay of two counterparts of bi-magnetic particles, in general, can be 

considered as an effect of intaparticle interactions.  

Effective anisotropy constant (Table 24), Keff =μ0HK·MS/2, was calculated in two 

ways of determination of anisotropy field: 1) calculated from coercivity μ0HK=μ0HC/ξ, 

and 2) measured μ0HK=μ0Hirr. For this calculation, ξ=0.48 was taken considering uniaxial 

type anisotropy for all core/shell samples. Calculated in both manners Keff are close and 

decreases with the increase of shell thickness. The proximity of these values indicates the 

minor influence of canted surface spins of undercoordinated atoms which significantly 

affect the irreversible processes in the smaller particles, therefore, increasing in 

μ0Hirr [65]. In smaller CFO core particles, the anisotropy type was mixed thus the 

theoretical value of ξ is undefined and only Keff from μ0Hirr can be determined. The 

effective anisotropy constant was higher than the bulk magnetocrystalline anisotropy 

constant (2 × 105 J/m3 [262]) which agrees with previous studies where the increase in 

anisotropy was attributed to surface effects and cation distribution within spinel 

structure [15,65].  
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Table 24. Effective anisotropy constant calculated from coercivity and 

irreversibility fields for CFO core and CFO/NFO multishell MNPs. 

Sample Keff (from HC) Keff (from Hirr) 
 ×105 J/m3 
CFO — 9.8 
1° shell 7.9 7.9 
2° shell 4.3 4.4 
3° shell 1.7 2.0 

 

Following the described in the experimental part protocol, the MIRM and MDCD 

curves were recorded and plotted versus the reversal field (Figure 99). The coercivity of 

DCD remanence (μ0HCr
DCD) for all samples is in Table 2. The value of μ0HCr

DCD increases 

for “1°shell” sample, then it decreases with the increase of volume fraction of the 

magnetically soft shell of NiFe2O4. The proximity of μ0HCr
DCD and μ0HC indicates the 

magnetization processes in the systems are mostly irreversible excepting the CFO sample 

where the thermal fluctuation affects the magnetization that agrees with reduced MR/MS 

value. The MDCD and MIRM are only sensitive to the irreversible component of 

magnetization and thus the first derivative of the remanent magnetization curve shows 

the SFD in the samples [15]. The first derivative of MDCD is plotted in Figure 99 b). 

Normalized SFD indicate that the shell growth makes the width of the distribution 

narrower. It can be due to the thermal stabilization of the particles when the size is 

increasing. As well as one can conclude that the process of the growth of soft shell does 

not add new factors of distribution of magnetic properties since mostly the irreversible 

processes are governed by magnetically hard CFO cores which remain the same (this is 

agreed with results discovered in section 5.1). 

According to δm-plots, the absolute value of the height of maxima is proportional 

to the intensity of the dipolar interactions [270]. For all samples, the strong dipolar 

interactions are dominated over exchange intraparticle interactions and exchange 

interparticle interactions between particles' shell-shell contact. Since δm-plot originates 

from magnetic remanences it is not only a matter of interparticle interactions but more 

generally reflects the magnetic irreversible processes. We observe the increase of the δm 

magnitude with the increase in the number of shells. 
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Figure 99. a) MDCD and MIRM, b) the derivative of the MDCD and c) δm-plot 

measured at 5K for CFO core and CFO/NFO multishell MNPs with one, two and three 

layers of NFO 

Conclusion 

A non-monotonic change in the coercivity was observed in the core/shell 

CFO/NFO MNPs with variable shell thickness. The effective magnetic anisotropy 

constant decreases from 9.8×105 J/m3 for single-phase cobalt ferrite with an average size 

of about 9 nm to 2×105 J/m3 for them coated with an nickel ferrite shell about 4 nm thick. 

This was explained by competition of different contributions of the magnetic counterparts 

in the total energy of the system. The thin layer of magnetically soft material can increase 

the anisotropy of core/shell MNPs increasing the canting of magnetic moments of atoms 

at the surface. As the thickness of the NFO shell increases, the magnetic moments of the 

particles become higher, which also leads to an increase in the intensity of dipole 

interparticle interactions. 
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5.3 CoFe2O4/NiFe2O4 and CoFe2O4/NiO nanoparticles 

The previous section reveals that the thin layer of soft FiM material on 

magnetically hard cobalt ferrite seed increases its anisotropy due to enchasing the spin 

disorder of the surface. In this section, the CFO/NFO sample similar to the sample with 

the thinner shell from the previous section will be compared with core/shell FiM/AFM 

CFO/NiO MNPs with almost the same thickness of the shell.  

Samples 

The XRD patterns suggest the presence of only cubic spinel and rock salt phases 

in the core/shell MNPs (Figure 100). STEM images show a nearly spherical shape of core 

and core/shell MNPs (Figure 101). The crystal sizes dXRD have been calculated using 

eq.(61) and averaging 5 for the most intense reflections. In agreement with the previously 

studied systems, the dXRD and dTEM sizes increase after the deposition of shells confirming 

the formation of core/shell structures. The increase of the dXRD in the CFO/NiO sample is 

less than the dXRD in the CFO/NFO sample. This is due to the partial mismatch of the rock 

salt structure of the NiO phase spinel with those of planes of the CoFe2O4. However, the 

dTEM confirms the growth of the shell with a thickness of less than 1 nm in both core/shell 

systems. The physical size for both core/shell systems was almost the same (Table 25).  
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Figure 100. XRD patterns of CFO core, CFO/NFO and CFO/NiO core/shell 

MNPs. The source is Cu Kα (λ = 1.54056 Å) [192]. 
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Table 25. Morphostructural properties of CFO core, CFO/NFO and CFO/NiO 

core/shell MNPs. 

Sample dXRD, nm dTEM, nm σTEM 
CFO 7.2±0.4 8.3±0.1 0.13±0.02 
CFO/NFO 8.9±0.9 9.5±0.1 0.15±0.02 
CFO/NiO 7.8±0.7 9.6±0.2 0.19±0.02 

 

 
Figure 101. STEM images (left) and lognormal distribution of particle size 

obtained by the fit of histograms of size distribution after TEM and lognormal function 

of particle magnetic moment calculated after the fit of superpamagnetic curves for a) 

CFO core, b) CFO/NFO and c) CFO/NiO core/shell MNPs [192]. 
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Magnetic properties 

The M-T dependencies investigated by the ZFC and FC protocols show 

irreversibility in the temperature range 5–300 K for core/shell MNPs (Figure 102). The 

blocking temperatures for all samples are below 300 K. The TB was found to be around 

200 K for the single-phase CFO and core/shell CFO/NiO samples (Table 26). For the 

CFO/NFO sample, TB is significantly higher (259±10 K). At temperatures above TB, all 

samples exhibit non-hysteretic behavior. M-H curves recorded at 5 K show typical 

magnetic hysteresis loops with a high value of µ0HC and MR/MS for all samples (Figure 3 

and Table 2). The larger value of saturation magnetization MS = 84±4 Am2/kg was found 

in the CFO sample, then the MS reduces for CFO/NFO and CFO/NiO core/shell samples.  

0 50 100 150 200 250 300
-0.5

0.0

0.5

1.0

1.5

2.0

a)

M
 (A

⋅m
2 /K

g)

T (K)

ZFC    FC
  CFO
  CFO/NFO
  CFO/NiO

 
0 200 400

0.00

0.01

0.02

0.03

0.04

0.05

f (
∆E

a) (
A

 m
2  K

g-1
 K

-1
)

T (K)b)  
Figure 102. a) ZFC/FC magnetizations measured in 2.5 mT magnetic field; b) 

distribution of anisotropy energy: data (dots) and extrapolation with the normal function 

(dashed lines) for CFO core, CFO/NFO and CFO/NiO core/shell MNPs [192]. 

 

Table 26. Magnetic properties of CFO core, CFO/NFO and CFO/NiO core/shell 

MNPs. The saturation magnetization (MS), reduced remanent magnetization (MR/MS) 

and coercivity field (µ0HC) are measured at 5 K.aa 

Sample TB, K MS, Am2kg−1 MR/MS µ0HC, T 
CFO 201±8 84±4 0.61±0.01 1.2* 
CFO/NFO 259±10 75±4 0.76±0.01 1.5±0.1 
CFO/NiO 200±8 80±4 0.74±0.01 2.0±0.1 
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Isothermal magnetic hysteresises, measured at 5 K, are shown in Figure 103. Both 

CFO/NFO and CFO/NiO core/shell samples showed increased µ0HC values compared to 

the CFO sample µ0HC = 1.2 T, namely the µ0HC is 1.5±0.1 T for CFO/NFO sample and 

2.0±0.1 for CFO/NiO sample. The increase in µ0HC had already been observed in 

exchange-coupled nanostructures consisting of AFM NiO and hard FM CoPt [182] and 

hard FiM CoFe2O4 [31] counterparts. This was attributed to the interface exchange 

interaction. Moon et al. showed an increase of the anisotropy of hard FiM CFO covered 

with the thin layers of NiFe2O4, MnFe2O4 and Fe3O4 soft FiM with the volume fraction 

of the magnetically soft shells (fshell = Vshell/Vtotal) lower than 0.25 [84]. This effect has 

been attributed to the enhanced spin canting (ESC) mode on the surface spins. The cobalt 

ions with high anisotropy are less prone to canting, while in softer ferrites spin canting 

can be stronger [64,82]. M-H cycles measured at 5 K after cooling from 300 K in a µ0Happ 

of 3 T do not show any exchange bias. This can be explained both by the result of the 

extremely thin AFM shell (tshell ≈ 0.6 nm), which is not capable of maintaining the AFM 

order or carrying the FiM volume, and by a possible discrepancy in the stoichiometry of 

the shell material [173]. However, the core/shell exchange coupling of CFO/NiO 

nanoparticles leads to an evident increase of the effective anisotropy at 5 K. 
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Figure 103. M-H hysteresis loop at 5 K for CFO core, CFO/NFO and CFO/NiO 

core/shell MNPs. Inset shows low field region of M-H curves at 300 K [192]. 
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The negative value of δm indicating the dominant dipolar interactions was 

observed in all samples (Figure 104). The highest magnitude of |δm| was observed in 

CFO/NFO core/shell MNPs. This is due to the higher size and magnetization of these 

particles. For CFO/NiO MNPs the value of |δm| dip was the lowest because the AFM 

shell prevents the magnetic interactions between the FiM cores. This agrees with the 

previously observed decrease of |δm| dip in the nanocomposite of the CoFe2O4 and NiO 

MNPs [31]. 
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Figure 104. a) mIRM and mDDC remanent magnetizations and b) δm-plots for CFO, 

CFO/NiO and CFO/NFO core/shell MNPs measured at 5 K [192]. 

 

The “magnetic size” of the particles was studied using three approaches (Table 27):  

1. Magnetic viscosity coefficient measurements at 5 K [184,203,272]; 

2. M-H curve (300 K) fits with Langevin–Chantrell method [90]; 

3. M-H curve (300 K) fits with the numerical inversion method [93,94]. 

The magnetic viscosity (S) was found through the relaxation measurements at 5K 

(Figure 105). The magnetization as a function of time was recorded for 120 min at a 

positive applied field (µ0Happ) 5 K after the previous saturation of the sample in the 

magnetic field of −5 T. The obtained M(t) curves were fitted using eq. (75). The magnetic 

activation volume (Vact) for SD MNPs with uniaxial anisotropy was found through the 
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eq.(77) considering irreversibility susceptibility χirr as the values of dMDCD/dHapp at fields 

µ0HCr
DCD of 1.5, 1.6 and 2.1 T for CFO core, CFO/NFO and CFO/NiO core/shell MNPs, 

respectively. Considering the dominant cubic anisotropy Vact
cubic = 4 × Vact

uniaxial [46], the 

Vact was calculated and converted into a “magnetic size” dm
a as the diameter of the sphere 

with this volume. For a weakly interacting particles system without canted spins at the 

surface, the magnetic size is expected to be equal to the physical size of the particles as 

estimated by the TEM analysis. The small reduction of magnetic size with respect to the 

physical one was ascribed to the presence of a thin layer of the magnetically dead surface. 

Table 27. Particle size obtained after TEM image analysis (dTEM
log), the magnetic 

size evaluated from the magnetic viscosity (dm
a), Langevin–Chantrell fit (dm

b) and 

MINORIM software (dm
c) of CFO core, CFO/NFO and CFO/NiO core/shell MNPs. 

Sample dTEM
log, nm dm

a, nm dm
b, nm dm

c, nm 
CFO 8.3±0.1 6.9±0.2 5.5±0.2 6.9 
CFO/NFO 9.5±0.1 7.3±0.2 6.0±0.2 7.7 
CFO/NiO 9.6±0.2 6.5±0.5 5.4±0.2 6.9 
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Figure 105. a) Normalized M(t) measured at different values of µ0Happ after 

saturation at −5 T for CFO/NFO sample; b) magnetic viscosity S as a function of the 

applied field µ0Happ for CFO, CFO/NiO and CFO/NFO core/shell MNPs [192]. 
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Another approach to determine the magnetic size is the fit of the SPM M-H curves 

(Figure 106) the Langevin–Chantrell method (eq.(30), considering the lognormal 

distribution of particle sizes) [47].  
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Figure 106. Measured at 300 K (dots) and fitted with the Langevin–Chantrell 

method (lines) M-H curves for CFO, CFO/NiO and CFO/NFO core/shell MNPs [192]. 

 

The fit of M-H curves measured at 300 K, provides the magnetic size dm
b with its 

standard deviation σm
b. The corresponding to fitted parameter, the lognormal distributions 

of magnetic sizes were plotted together with the lognormal distribution of physical sizes 

(Figure 101). This method additionally confirms the reduction of magnetic size 

concerning the physical one. Another approach to fit SPM M-H curves is based on the 

numerical inversion method. This method is also based on the Langevin function fit but 

does not assume a particular shape of the particle size distribution. To perform the fit for 

the core/shell samples, an averaged MS over the fraction content of the bulk magnetization 

values was taken. The fit has been performed with the MINORIM software [94]. 

Comparing the results of the three different methods of magnetic size estimation, a 

qualitative agreement between the three methods can be observed. The magnetic size 

increases when the hard FiM CFO grains are covered by the soft FiM NFO layer, while 

it remains unchanged in the case of the AFM NiO shell (Figure 107). Moreover, the 

magnetic size determined by magnetic viscosity was in better quantitative agreement with 
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the result obtained by the numerical inversion method. This fact can be explained by the 

non-lognormal distribution of the magnetic properties of the studied samples. All 

magnetic dimensions are slightly smaller than the physical dimensions of the particles, 

which may be due to the following surface effects: disordered spins on the surface form 

a nonmagnetic shell with a thickness in the range of 0.5–1 nm or some internal spin 

canting. 

 

Figure 107. Schematic representation of the magnetic structure of CFO/NFO and 

CFO/NiO core/shell MNPs [192]. 

 

Conclusions 

The thin shell of about 0.6 nm soft FiM NFO or AFM NiO on 8 nm hard FiM CFO 

seed particles strongly affected the magnetic reversal process of core/shell MNPs. The 

soft FiM NFO and AFM NiO shells increased the magnetic anisotropy and prevented 

reversible processes (residual thermal fluctuations) at low temperatures of core/shell 

MNPs: the increased anisotropy results from the interface exchange interaction between 

the FiM core and AFM shell (CFO/NiO) or the disordered spins in the ESC regime 

(CFO/NFO). 
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5.4 Mn3O4/MnO core/shell and hollow Mn3O4 nanoparticles 

In section 5.3, we observed that the AFM shell strongly increases the anisotropy of 

the system of exchange coupled AFM and FiM layers. At the nanoscale, the surface plays 

an important role in the formation of magnetic properties. In fact, even a chemically 

single-phase system, as we observed in chapter 4, at the nanoscale can turn into a bi-

magnetic system, where frustrated spins at the surface act as spin-glass at low 

temperatures. Thus, a single-phase nanosystem can emerge the typical for interfacial 

exchange-coupled systems the enhanced magnetic anisotropy and exchange bias. This 

chapter will provide a vivid example of the manifestation of interface and surface effects 

by comparing FiM/AFM core/shell and single-phase hollow FiM MNPs.  

The samples were synthesised by the HTD method by Prof. Davide Peddis. XRD 

and STEM investigations were performed by Dr Gurvinder Singh (Department of 

Biomedical Engineering and Sydney Nano Institute, The University of Sydney). The 

author of the dissertation is grateful to Prof. Dino Fiorani and Dr Sara Laureti for the 

fruitful discussion of the magnetic properties of the studied system. 

Samples 

The Mn3O4/MnO core/shell MNPs were synthesized by using the HTD of 

manganese oleate and then functionalized by ι-3,4-dihydroxyphenylalanine (ι-DOPA). 

The details of the synthesis are reported in ref [273]. Morphostructural characterization 

of the Mn3O4/MnO core/shell MNPs (Figure 108) gives evidence of a two-phase system 

where 15±3 nm MNPs consist of a FiM Mn3O4 core, surrounded by an AFM MnO shell 

(2 nm). The formation of core/shell structure is native due to the oxidation process of 

manganese. The hollow Mn3O4 MNPs can be obtained from as-prepared Mn3O4/MnO 

core/shell MNPs by the degradation process occurring in the aqueous medium 

(Kirkendall effect [274–276]). After a few hours in the water, the diameter of 

Mn3O4/MnO core/shell MNPs decreases gradually up to the complete dissolution. The 

intermediate state is the hollow nanoparticles [273]. In this study, as-prepared 

Mn3O4/MnO core/shell and aged for 1 hour in water MNPs were compared. The diameter 

of the hollow Mn3O4 MNPs was 13±2 nm.  
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Figure 108. HRTEM micrographs of a) Mn3O4/MnO core/shell and  

b) hollow Mn3O4 MNPs [16].  

Magnetic properties 

As we already noticed, Mn3O4/MnO core/shell MNPs are a FiM/AFM system. The 

manganese oxides core/shell MNPs are considered inverted exchange bias systems 

because the TN of the AFM phase (118 K) is above the TC of FiM one (43 K). The 

temperature dependence of magnetization measured by the ZFC and FC protocols 

(Figure 109) confirms the FiM nature of the samples at temperatures below the ~43 K. 

At higher temperatures, the magnetic properties of the sample are paramagnetic or 

antiferromagnetic with weakly temperature-dependent magnetic susceptibility.  
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Figure 109. ZFC and FC magnetization in magnetic field of 50 mT as function of 

temperature for a) Mn3O4/MnO core/shell [16] and b) hollow Mn3O4 MNPs. 

 

Comparing M-H loops of both systems measured at 5 K after FC and ZFC 

(Figure 110), one can note that Mn3O4/MnO core/shell MNPs show magnetic hysteresis 
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with a coercivity of 0.31 T and significantly high exchange bias field (0.12 T), while the 

hollow MNPs possess higher coercivity of 0.65 T and almost no exchange bias. Such a 

significant change in the magnetic behavior suggests a strong modification of the spin 

configuration, which can be explained by structural and chemical changes in the system. 

Indeed, the TEM results clearly indicate the formation of a hollow structure as a 

consequence of the Kinkerdall effect, which breaks up the nanoparticle structure as a 

result of further oxidation that occurs in an aqueous solution. The magnetic behavior of 

the system after being in the water is characterized by a single ferromagnetic contribution 

with a strongly anisotropic character, which is caused by the huge number of surface 

spins of the hollow structure. Indeed, in the case of hollow particles, they have two 

surfaces—external and internal—giving rise to topological magnetic frustration of the 

spin of the surface ions. 
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Figure 110. Isothermal M-H cycles recorded at 5 K after ZFC and for a) 

Mn3O4/MnO core/shell and b) hollow Mn3O4 MNPs [16]. 

 

By measuring the M-H cycles at different temperatures after FC, one can observe 

a decrease in magnetization and coercivity, which is typical for FM and FiM materials 

(Figure 111). The coercivity vanishes at a temperature close to the Curie temperature of 

Mn3O4. At the same time, M-H cycles recorded after FC, possess higher coercivity and 

exchange bias which are rapidly decrease with temperature. A small µ0HE in the ZFC 

loop is due to the high anisotropy of spins at the surface and interface: the system is not 

completely saturated even in the field of 5 T, thus the hysteresis cycle is minor. 
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Figure 111. a) M-H cycles recorded at 5, 30 and 80 K after ZFC; b) the 

temperature dependences of coercivity and exchange bias field after FC and ZFC 

processes for Mn3O4/MnO core/shell MNPs [16]. 

 

A requirement for observing the EB phenomenon is that the TC of the FM phase 

(or FiM) is higher than the TN of the AFM phase to establish unidirectional anisotropy 

during FC through TN. In the case of inverted systems, such as Mn3O4/MnO, where 

TC < TN, the mechanism of how unidirectional anisotropy can be established during field 

cooling is still controversial, although loop displacement has been observed up to TC. In 

the Mn3O4/MnO core/shell MNPs, the interface can be represented as a region of strongly 

anisotropic frustrated spins that freeze at the glass temperature TG below TN (Figure 112). 

During cooling, the AFM shell is expected to reach a spin configuration at the TN ordering 

temperature that is mainly determined by local magnetocrystalline anisotropy. In other 

words, a shell of randomly oriented domains is expected after both FC and ZFC 

processes. As the temperature gradually decreases, the uncompensated AFM spins in the 

interfacial region are expected to reach a frustrating configuration resulting from 

competition between different energy conditions, including the Zeeman contribution due 

to interaction with the externally applied field. The hysteresis loops after ZFC and after 

FC reflect the presence of two contributions to magnetization, with different strength and 

thermal evolution of magnetic anisotropy, suggesting the presence of a disordered 

anisotropic region at the interface that behaves differently from the core. From this point 

of view, the loop displacement can be assumed to be a consequence of a minor loop, 

rather than an effect of unidirectional anisotropy induced by the AFM/FM interface. 
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Figure 112. Schematical representation of the proposed magnetic structure evolution 

of Mn3O4/MnO core/shell MNPs during FC and ZFC. 

Conclusions 

The Mn3O4/MnO core/shell MNPs is an inverted system of classical systems where 

exchange bias is observed because the Néel temperature of the AFM lies above the 

ordering temperature of the FiM. However, the observed exchange bias of 0.12 T at 5 K 

confirmed the determining role of frozen magnetic moments of atoms at the AFM/FiM 

interface in unidirectional anisotropy. Interestingly, after dilution of the MNPs in water, 

the exchange bias was no longer observed, but the hollow system possessed an increased 

coercive force from 0.31 T up to 0.65 T, which was explained by the contribution of the 

increased effective surface and particle shape.  

5.5 Conclusions  

The system with a magnetically soft shell NFO has an effective magnetic 

anisotropy constant of 4×105 J/m3, while for the inverted system with a magnetically hard 

shell CFO it is 3×105 J/m3. This has been explained by the proximity effect associated 

with the epitaxial growth of the shell material, in which CFO induces an increase in NFO 

T NT GT C

H=0
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anisotropy. Thus, with the given volume content of phases, the CFO core contributes 

more to the magnetic anisotropy of the whole CFO/NFO system, comparing with the 

inverted NFO/CFO system. This has been attributed to the proximity effect associated 

with epitaxial growth of the shell material, in which CFO induces an increase in NFO 

anisotropy. The coating of the CFO core with a thin (less than 1 nm) NFO increases its 

coercivity at low temperatures by enhancing the degree of canted atomic magnetic 

moments at surface. An AFM shell of the same thickness increases the coercivity of a 

cobalt ferrite core measured at 5 K from 1.2 T to 2 T. For thicker soft shells, the effective 

magnetic anisotropy constant decreases from 9.8×105 J/m3 for single-phase CFO with an 

average size of about 9 nm to 2×105 J/m3 for the same CFO phase coated with an NFO 

shell of about 4 nm thick.  

The last section of this chapter presents the results of the core/shell Mn3O4/MnO 

and hollow Mn3O4 nanoparticles studies. For such particles, an exchange bias of 0.12 T 

at 5 K confirmed the determining role of the frozen magnetic moments of the atoms at 

the antiferromagnetic/ferrimagnetic interface in unidirectional anisotropy. Interestingly, 

the exchange bias was no longer observed after the particles was diluted in water, but the 

hollow system possessed an increased coercive force.  
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Main results and conclusions 

1. Cobalt ferrite nanoparticles with crystallite sizes of about 20 nm with 

gradually replaced cobalt ions with nickel and zinc were produced by the 

sol-gel autocombustion method. Their structural and magnetic properties 

were investigated. The dependences of the main parameters of magnetic 

hysteresis on the chemical composition were determined and, as a 

consequence, the compositions with the maximum values of coercive force 

(175±5 mT for pure cobalt ferrite at 300 K) and saturation magnetization 

(69.1±0.3 and 74±2 Am2/kg for Ni0.25Co0.75Fe2O4 and Zn0.25Co0.75Fe2O4, 

respectively) were determined. The nonmonotonical dependence of the 

saturation magnetization on the chemical composition was explained by a 

complex change in the magnetic structure such as degree of spinel inversion 

with a decrease in cobalt content. 

2. The magnetic properties and magnetic structure of small cobalt ferrite 

nanoparticles (5±1 nm) doped with zinc produced by the hydrothermal 

coprecipitation method were investigated. It was found that the coercivity 

decreases from 1.1 T down to 0.6 T with increasing zinc concentration from 

0 up to 50%. The change in the saturation magnetization was different 

compared with the particles produced by the sol-gel autocombustion 

method: it slowly depends on the chemical composition and its value for 

pure cobalt ferrite of about 95±3Am2/kg was higher than this for bulk. The 

saturation magnetization behavior is determined by the magnetic structure, 

which in turn is determined by the synthesis method. The magnetic structure 

of a series of obtained nanoparticles was reconstructed by combined SQUID 

magnetometry and Mössbauer spectroscopy. In particular, the 

nonmonotonic behavior of the canting of atomic magnetic moments, which 

depends in a complex way on the distribution of cations over spinel 

sublattices and the formation of corresponding exchange interactions, was 

found. 
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3. The magnetic properties of iron oxide nanoparticles synthesized by 

coprecipitation in the presence of citric acid and glycine were investigated. 

The used capping agents allowed controlling the particle size in the range 

from 10 to 2 nm. It was shown that at cryogenic temperatures in the smallest 

particles, 2–4 nm in average dimeter, the magnetically disordered layer of 

surface atom magnetic moments of freezes and acts as a spin-glass. This was 

confirmed by the presence of magnetic memory effects and the horizontal 

shift of the hysteresis loop (9±1 mT). It was shown that in nanoparticles 

fabricated by this method, the thickness of the surface layer is about 1 nm, 

i.e., the condition for observing the hysteresis loop shift and the magnetic 

memory effect is the commensurability of the thickness of the 

magnetofrustrated layer and the radius of the ferrimagnetic core. This is due 

to the correlation length of the exchange interaction.  

4. The magnetic properties of cobalt ferrite nanoparticles obtained by the sol-

gel autocombustion method with average diameters in the range of  

2.5–6.6 nm, embedded in a diamagnetic matrix of mesoporous silicon 

dioxide, were investigated. In such a system the particles are isolated from 

each other, the influence of interparticle interactions is negligible and 

magnetic properties are defined primarily by the magnetocrystalline and 

surface magnetic anisotropy. Comparing nanoparticles of the same size but 

with different temperatures of annealing, it was shown that even in ultra-

small (<3 nm) cobalt ferrite nanoparticles, despite the significant surface 

contribution, the greatest contribution to the effective anisotropy is 

magnetocrystalline. The annealing of the cobalt ferrite nanoparticles could 

lead to the migration of cobalt 2+ ions to tetragonal from octahedral 

positions, where cobalt ions have a significantly higher impact on the 

magnetocrystalline anisotropy. The maximum value of the effective 

magnetic anisotropy constant of about 8×105 J/m3 was found in 

nanoparticles of 2.5±0.2 nm. 
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5. Magnetic properties of nanoparticles with the core/shell structure with 

different structural features (material deposition sequences, core 

composition and shell thickness) were investigated. The systems of cobalt 

ferrite nanoparticles with an antiferromagnetic nickel monoxide shell were 

also investigated. The antiferromagnetic shell increases the coercivity 

measured at 5 K of cobalt ferrite core from 1.2 T up to 2 T. A 

phenomenological model for the formation of magnetic properties of such 

particles was constructed, including the fact that the choice of magnetically 

hard material as the core leads to increased magnetic anisotropy compared 

to the anisotropy of the inverted system. The hard/soft system possesses 

magnetic anisotropy constant of about 4×105 J/m3, while for the inverted 

system with the magnetically hard shell it is 3×105 J/m3. Besides the 

exchange interaction between two magnetic phases, the magnetic structure 

of the shell is also important: the covering of the magnetically hard core with 

thin (less than 1 nm) soft material increases its anisotropy by enhancing the 

canting of magnetic moments of atoms at particle surface.  

6. The magnetic properties of Mn3O4/MnO core/shell nanoparticles and their 

degradation product in the aqueous medium, hollow Mn3O4 nanoparticles, 

were investigated. The formation of the magnetic properties of the core/shell 

nanoparticles is influenced by the exchange interaction at the interface 

between the ferrimagnetic and antiferromagnetic material, which, in 

particular, was confirmed by the presence of the hysteresis loop shift of 

0.12 T at 5 K after cooling in the magnetic field of 5 T. On the other hand, 

the peculiarities of the magnetic properties of hollow nanoparticles were 

explained by the large specific surface area, which is the source of the 

increased magnetic anisotropy resulting in the increase of coercivity from 

0.31 T up to 0.65 T. 
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List of symbols and acronyms 

AC = Alternating Current 
AFM = Antiferromagnetism(-ic) 

CA = Citric Acid 
CFO = CoFe2O4 

CP = Co-Precipitation 
DC = Direct Current 

DCD = DC Demagnetization 
DMI = Dzyaloshinskii–Moriya Interaction 

EB = Exchange Bias 
EDX = Energy-Dispersive X-ray spectroscopy 

EELS = Electron Energy Loss Spectroscopy 
EFTEM = Energy-Filtered Transmission Electron Microscopy 

ESC = Enhanced Spin Canting 
F(i)M = Ferrimagnetism(-ic) or ferromagnetism(-ic) 

FC = Field Cooling 
FiM = Ferrimagnetism(-ic) 
FM = Ferromagnetism(-ic) 

HAADF = High-Angle Annular Dark-Field 
HRTEM = High-Resolution Transmission Electron Microscopy 

HTD = High-Temperature Decomposition 
IRM = Isothermal Remanence Magnetization 
LAS = Law of Approach to Saturation 
MD = Multi-Domain 

MNHs = Magnetic Nanohybrids 
MNPs = Magnetic Nanoparticles 

MRI = Magnetic Resonance Imaging 
NFO = NiFe2O4 

OA = Oleic Acid 
RAM = Random Anisotropy Model 

SD = Single-Domain 
SEM = Scanning Electron Microscopy  
SFD = Switching Field Distribution 

SGAC = Sol-Gel Autoсombustion 
SPM = Superparamagnetism(-ic) 

SQUID = Superconducting Quantum Interference Device 
SSG = Superspin-Glass 

STEM = Scanning Transmission Electron Microscopy 
SW = Stoner–Wohlfarth 

TEM = Transmission Electron Microscopy 
TG = Thermogravimetry  

TMO = Transition Metal Oxide 
TRM = Thermoremanent Magnetization 
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VSM = Vibrating-Sample Magnetometer 
XRD = X-Ray Diffraction 
ZFC = Zero Field Cooling 

Td = Tetrahedral, A site 
Oh  = Octahedral, B site 

μ = Magnetic moment 
μ0 = Vacuum magnetic permeability (4π∙10-7 T m A-1) 
μB = Bohr magneton (9,274 ∙ 10-24 J T-1) 

γ = Inversion degree 
kB = Boltzmann constant (1.381∙10-23 J K-1) 
TB = Superparamagnetic blocking temperature 
TC = Curie temperature 
Tg = Spin glass transition temperature 

Tirr = Irreversibility temperature 
Tmax = Temperature of the maximum of MZFC(T) curve 

TN = Verwey transition temperature 
MS = Saturation magnetization 
MR = Remanent magnetization 

K = Magnetic anisotropy constant  
KS = Surface anisotropy 

Keff = Effective anisotropy  
Ea = Magnetic anisotropy energy 
χ = Magnetic susceptibility 

ΧSAT = Magnetic susceptibility after saturation 
χirr = Irreversibility susceptibility (peak value of (dMDCD/dHapp)) 

µ0HE = Exchange bias field 
µ0HC = Coercivity  
µ0Hirr = Irreversibility field 

µ0HCr
DCD = Coercivity of remanence cure after DCD 

µ0HCr
IRM = Coercivity of remanence cure after IRM 

µ0HINT = Interaction field 
μ0HK = Anisotropy field 
µ0Hf = Fluctuation field 

ξ = Reduced coercivity (HC/HK) 
dTEM = Average particle diameter after TEM analysis 
dXRD = Average size of crystallites  

dm = Magnetic particle size 
Vact = Activation volume 

ts = Shell thickness  
R = Parameter of magnetization reduction  
S = Magnetic viscosity 

δm = Kelly plot 
a = Lattice constant 
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