
“Magnetic nanoparticles are a fascinating and rich topic of contemporary physics and chemistry. 
The size and aspect ratio of nanoparticles together with their arrangement in space generate 
a myriad of properties, which are of fundamental interest and promise a number of potential 
applications from data storage to cancer treatment. This book provides in-depth reviews on the 
main experimental and theoretical aspects of magnetic nanoparticles, including their fabrication, 
various analytical tools for determining magnetic domains, domain walls, phase transitions, 
magnetostatic interaction, and magnetization reversal mechanisms. The book is rounded up with 
more specialized topics on spin dynamics in magnonic crystals and specifically on magnetoferritin 
nanoparticles. It also contains a review on spin cross-over materials that have picked up much 
interest in recent years. All chapters are written by experts in their pertinent fields. The book will 
appeal to beginners as well as to advanced researchers in the field of nanomagnetism.” 

Prof. Hartmut Zabel
Ruhr-Universität Bochum, Germany

Magnetic nanoparticles appear naturally in rock magnetism together with a large distribution 
of sizes and shapes. They have numerous applications from nano-size magnetic memories to 
metamaterials for electromagnetic waves as well as biological applications such as nanosurgery 
with minimal traumatism. Their long-ranged size- and shape-dependent dipolar interactions 
provide numerous useful properties.

This book describes the preparation as well as the magnetic properties of nanoparticles and 
also considers 2D dots, nearly spherical samples, elongated samples, and various assemblies 
of nanoparticles. The authors report the static magnetic structures and dynamic properties 
of these nanoparticles and the topological defects in 2D and 3D nanoparticles with new 
examples of S-shaped vortex or antivortex and of bent vortex or antivortex in 3D nanoparticles. 
The spectrum of magnetic excitations is shown to exhibit the occurrence of gaps, a key for 
magnonic metamaterial devices. Magnetic excited states are also considered with their 
coupling to nanoparticle elastic properties.
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rearrangements as well as on 3D bulk arrangements such as the ones with 

icosahedral symmetry (1982), now known as quasicrystals. He achieved complementary 
works on elasticity and diffraction in these new materials as well as in fractal constructions. 
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magnetic excitations under dipolar interaction, in thin films, ultrathin films, and 2D and 3D 
nanoparticles. He evidenced topological defects such as vortex and antivortex in magnetic 
materials. He has been teaching at all academic levels and has developed links between 
different academic disciplines in order to promote both their self-interaction and layperson 
interest in academic university life. 
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2.1 Introduction 102

2.2 The Simulation 103

2.2.1 Model 103

2.2.2 Method 104

2.2.2.1 Numerical integration of the

precession motion 104

2.2.2.2 The dipole–dipole interaction 106

2.2.2.3 Finite temperature simulations 107

2.2.2.4 Seeking vortices 108

2.3 Results 109

2.3.1 Initial Conditions: One Central Vortex Line,

Normal to the (x Oy) Plane 110

2.3.2 Ground State? 117

2.4 Concluding Remarks 120

3 In-Plane Magnetic Vortices in Two-Dimensional Nanodots 123
Sławomir Mamica
3.1 Introduction 123

3.2 Dynamical Matrix Method 127

3.3 Normal Modes in Circular Dots 133

3.4 Spin-Wave Spectrum 135

3.5 Spin Waves vs. d and L 140

3.6 Stability of the In-Plane Vortex 149

3.7 Final Remarks 152



December 18, 2015 11:32 PSP Book - 9in x 6in 00-Jean-Claude-Levy-prelims

viii Contents

4 Magnetic Properties of Nanostructures in Non-Integer
Dimensions 159
Pascal Monceau
4.1 Introduction 159

4.2 Fractality and Scale Invariance 160

4.2.1 Discrete Deterministic Scale Invariance 161

4.2.2 Discrete Random Scale Invariance 161

4.2.3 Random Scale Invariance 162

4.2.4 Hausdorff Fractal Dimension 162

4.2.5 Configuration Entropy and Disorder

Quantification 163

4.2.6 Geometrical Properties of Deterministic

Sierpinski Fractals 164

4.2.6.1 Order of ramification 165

4.2.6.2 Connectivity and mean number of

links per site 166

4.3 Effects of Deterministic and Random Discrete Scale

Invariance on Spin Wave Spectra 166

4.3.1 Spin Waves Eigenmodes Problem, Integrated

Density of States and Spectral Dimensionality 166

4.3.2 Discrete Deterministic Fractals 168

4.3.3 Random Scale Invariance 172

4.4 Phase Transitions on Fractals 173

4.4.1 Critical Behavior of the Ising Model on

Deterministic Fractals 173

4.4.1.1 Theoretical background 173

4.4.1.2 Finite-size scaling and Monte Carlo

simulations methods 175

4.4.1.3 Overall review of the numerical

simulation results: weak universality 178

4.4.2 First-Order Magnetic Transitions on

Deterministic Fractals: The Potts Model 181

4.4.2.1 Theoretical background 181

4.4.2.2 Multicanonical simulation of

first-order transitions: the Wang

Landau algorithm 182

4.4.2.3 Canonical simulations of first-order

transitions: the Meyer-Ortmanns and

Reisz criterion 183



December 18, 2015 11:32 PSP Book - 9in x 6in 00-Jean-Claude-Levy-prelims

Contents ix

4.4.2.4 Phase diagram of the Potts model 184

4.4.3 Critical Behavior of the Ising and Potts Model

on Random Fractals 186

5 Magnetic Anisotropy and Magnetization Reversal in
Self-Organized Two-Dimensional Nanomagnets 193
Vincent Repain
5.1 Introduction 193

5.2 Self-Organized Magnetic Nanocrystals Supported on

Crystalline Surfaces 194

5.3 A Model System for the Study of Ultra-High Density

Magnetic Recording Media 198

5.4 The Thermal Stability of Nanomagnets: Beyond the
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Preface

Magnetic nanoparticles already have a long story since they appear

naturally in rock magnetism together with a large distribution

of magnetic particle sizes and shapes, as studied more than

60 years ago by Louis Néel in several famous papers. The recent

interest in magnetic nanoparticles comes from the new ability in

producing artificial nanoparticles of arbitrary shape and size in a

controlled way with the opportunity to observe their properties,

which offer many applications from nano-size magnetic memories

to metamaterials for electromagnetic waves as well as biological

applications such as nanosurgery with minimal traumatism.

It can be said that two steps can be distinguished in nanoparticle

progress as well as in magnetic nanoparticle progress. First, the

improvement of surface deposition by molecular beam epitaxy,

which was soon followed by the accurate observation of surface

tunneling microscopy and scanning microscopy, which enabled

analysis of these samples and gave physicists and chemists the

ability to deal with 2D nanodots, and of course 2D magnetic

nanodots. The possibility of making accurate 2D maps both from

observation and from numerical simulation was used in order to

obtain numerous results within a quite short time.

A natural extension of this work has been the production

of ultrathin films and multilayers, with the success of giant

magnetoresistance of multilayers and its applications. So the next

step consisted in producing, observing, and simulating 3D magnetic

nanoparticles, an already very active topic. A curious thing during

this process is that the effort in solving the magnetic structure of

3D nanoparticles leads to a new approach of the general magnetic

structure of 3D samples of any size, a still unclear point. These

remarks define this book’s goals, which are to introduce the reader
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to the many aspects of 2D and 3D magnetic nanoparticles. Nine

chapters are written by different authors. This partition ensures

both the existence of complementary views and also the occurrence

of several connections between these chapters. So we will review

briefly the contents of these chapters and underline the connections

between these chapters which all mix experimental, theoretical, and

numerical observations of magnetic structures and their dynamic

properties.

The first chapter introduces in the first part the quite numerous

experimental ways which have been used to produce magnetic

nanoparticles and compares these results with basic numerical

simulations of their atomic structures. A very large amount of

new structures can be reached in such a way. The second part is

devoted to experimental observations and numerical simulations

of the magnetic structures of these nanoparticles, with the result

that while 2D magnetic structures are rather well known, 3D

magnetic structures are not easy to observe. The third part deals

with a theoretical modeling of 3D magnetic structures of very small

nanoparticles which shows the stability of S-shaped lines of vortex

cores when dipolar interaction is strong enough. This model leads

to further steps of complex magnetic structures when either the

sample size is increased or the dipolar interaction is increased for

a given exchange. An introduction to spin waves in such structures

is also given.

This new picture with S-shaped lines of vortex cores is confirmed

by the numerical simulation with Langevin spin dynamics done

in the second chapter about samples of various thicknesses

which mimic the transition from a flat sample toward a cubic

or spherical one. The Langevin dynamics results confirm the

occurrence of twisted vortex core lines, which for strong enough

dipolar interaction self-organize themselves in networks, and for

stronger dipolar interaction organize themselves in a more complex

way in order to satisfy to general symmetry requirements in the 3D

space. These results extend to 3D the basic properties observed for

2D samples by means of these twisted cortex core lines.

The third chapter deals with the stability of an in-plane vortex in

2D models as deduced from an analysis of the dynamical matrix in

presence of both exchange and dipolar interactions. Here the ground
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state must be assumed before and its stability is calculated as well

as its first changes. Basically, this method is quite complementary

of the numerous methods which can be used to derive the ground

state, such as Monte Carlo simulations, Langevin dynamics, or other

solutions of the Landau–Lifshitz equations. The good agreement

which is obtained here with Langevin simulations is interesting as a

validity test for these two independent methods. Another advantage

of the dynamical matrix method is to deduce the spin wave modes

which can be observed by magnetic resonance, and computing

their profiles enables to deduce their intensities. It opens a clear

comparison with experimental data of magnetic resonance to come.

The fourth chapter deals with dynamical properties and also

with critical properties, but now for a very large and rich class

of samples, the ones which are scale invariant with non-integer

dimensions. Here such calculations neglect dipolar contributions.

Such samples have a final, very low density and can be produced

with quite different levels of randomness. An interesting point

is that dynamical properties as well as critical properties are

shown to be quite sensitive to the topology of such scale-invariant

samples. Samples with very low randomness exhibit specific

singular continuous spin wave spectra, which mean the occurrence

of gaps in the excitation spectra. This gap property can be used

for metamaterials as discussed in chapter 7 and 8. And these gaps

were recently observed for such materials. Moreover, when the

level of randomness of the sample is increased, the spin wave

excitation spectrum becomes continuous and the exponent which

characterizes the relative increase of the frequency as a function of

mode number is shown to be dependent on this level of randomness.

In other words, dynamical properties are quite sensitive to the

level of complexity and disorder of the underlying structure. About

critical properties, a similar sensitivity is observed even with the

occurrence of first-order magnetic transition.

The fifth chapter is based upon experimental observations which

are done both on deposit structures and on their magnetic proper-

ties. These 2D deposits are mainly produced over gold reconstructed

surfaces. This surface reconstruction is due to elastic forces and thus

the magnetic deposits upon this surface are also submitted to strong

elastic forces and so to distortions. This complex elastic field induces
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a magnetic effect which in the case of cobalt, a good candidate

for magnetic applications because of its high magnetization, also

leads to magnetic anisotropy. Another feature of this experimental

work is the occurrence of simultaneous numerous magnetic dots, of

which the main separation distance can be selected by a convenient

choice of the substrate surface orientation. Such a set of dots sees

a distribution of elastic contributions as well as a specific dipolar

effect. Thus the distribution of local anisotropies competes with

dipolar effects. This realistic situation induces specific magnetic

features, for instance, in the magnetization reversal process, which

is a basic one for writing and reading a magnetic memory. And

such magnetization reversals strongly depend upon the observation

temperature.

Chapter 6 deals with another specific experimental situation

with magnetic nanoparticles, that of nanorods and nanowires, which

are interesting because of their specific, unusual shape. And dipolar

effects are known to be sensitive to shape effects. As a matter of

fact, there are different ways used to produce such samples with

different specific morphology—a set of dumbbells, for instance. As

observed in chapter 5, the elastic properties which lead to obtain

such elongated samples also induce magnetic anisotropy in a non-

uniform way within the sample and from sample to sample there is

also a distribution of magnetic anisotropy. Thus dipolar effects are

here too competing with this distribution of local anisotropy. Thus

magnetization reversal cycles are also strongly influenced by this

distribution of anisotropy, as it was in the case of rock magnetism.

Chapter 7 has also an experimental origin since its deals with

the magnetic properties of magnetoferritin blocks which occur in

biology where these blocks are encapsulated within proteins and

which can be obtained artificially in a similar way. One advantage

of this method is the overall symmetry of these nanoparticles even

if elastic interactions occur at the protein surface. Here the basic

feature is the simulation of the spin wave spectrum which can be

observed for such a set of magnetoferritin blocks. As in the case of

chapter 4, gaps occur in the spin wave spectrum; this is a magnonic

effect, as developed in chapter 8. Here, dipolar interactions are taken

into account but in presence of an external field which is strong

enough to align all spins. A quite interesting thing is that such
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gaps of the excitation spectrum are sensitive to the magnetization

orientation, i.e., to the external field orientation. This effect could

be useful for magnonic applications and could even explain the

detection of the orientation of the Earth’s magnetic field by birds,

since their brain contains magnetoferritin blocks, and these gaps in

the excitation spectrum can induce some coupling with mechanic

oscillations which appear during flight. Another aspect of this

careful study is the interest in the spin wave profiles which show

localization effects within magnetoferritin blocks.

Chapter 8 is devoted to the general study of magnonic effects

when considering different sets of blocks submitted to an external

saturating field. As in the rather symmetric samples of chapter 4,

gaps occur in the excitation spectrum, now even when taking into

account dipolar interactions. This fact can be used for applications

with metamaterials. An interesting point is the nature of the

spin wave profiles which show unusual localization effects. These

localization effects can be compared to that observed in chapter 4,

where they were due to the geometric complexity, while here they

can be due either to the geometric complexity or to specific long-

ranged dipolar effects. A quite large amount of samples can be

conceived in such a way for metamaterials.

Chapter 9 reports on experimental data on molecules with two

spin states which can be occupied at rather low temperatures.

Basically, these two spin states correspond to two slightly different

molecule geometries. Thus, when dealing with a network of such

molecules, strong elastic distortions occur when these molecules

change their spin states. Such a situation can be compared with

the experimental situations of chapters 5 and 6, where substratum

elastic forces were responsible for a distribution of magnetic

anisotropies. Here these strong distortions are intrinsic to the

spin system and thus lead to unavoidable effects, even if in some

molecules the morphology change is weaker than for others. This

very interesting feature can be activated by convenient light which

stimulates this transition. So a large number of new effects can be

obtained from such experiments.

In conclusion, this book brings a solid brick to the high potential

of magnetic nanoparticles by means of a good balance between

experimental observations and theoretical thoughts. First of all, the



December 18, 2015 11:32 PSP Book - 9in x 6in 00-Jean-Claude-Levy-prelims

xviii Preface

full richness of the nanoparticle world is well described and the

new world of nanoparticle networks introduced. For the theoretical

parts the study of dipolar interactions versus exchange both in

their static properties and in their dynamic properties is brought

to a high level, which includes a deep understanding of magnetic

domains, walls, lines, even for macroscopic samples as well as the

conception and production of high-frequency metamaterials. For

the experimental part the link between real-space elastic properties

and spin properties of nanoparticles is well evidenced in several

different cases, and so too the link with the unavoidable dipolar

interactions competing with exchange and anisotropy. It must be

underlined that this book results from many collaborations which

extend far from the registered places and which have lasted during

long times beyond standard frontiers.

Jean-Claude Levy
December 2015




