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Preface

This book 15 intended for praduste students and researchers
who wish to understand theoretical mechamsms lving behind
macroscople properties of magnetic thin films. The book provides
& full descniption of basie theoretical methods and techmiques of
simulstion to help readers in their research projects.

The i1dea of wnting this book comes from the observation
of what graduate studemts and research beginners need for
understanding theoretically properties of magnetic thin films, and
for mastenng fundsmental theoretical and mumencal techmgues
in their researches. Ower the years, as a professor and thesis
supervisor, | have seen that it 1= posmble to master and to use
various theoretical techniques by practical traimmg on research
subjects. The present book 15 wntten with this spint in mind.

The first part of the book presents 6 chapters. Chapters 1 to 5 focus
on the fundamental theory of bulk magnetic matenals. Chapter
6 15 devoted to the presentation of the Monte Carlo simulation
methods. These chapters are part of lectures I have given during
MANY Vears In & master program of physics.

The second part of the book contains eleven chapters (chapters 7 to
17}, all devoted to the main purpose of the ook, namely “Physics
of Magnetic Thin Films: Theory and Stmulation™. Each chapter is
devoted to s subject, written as a rescarch paper or a review with
the presentation of the state-of-the-art htersture on the subject
and the motivation of the chapter. A detaled description of the
techmiques and the presentation of the results are then shown with
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discussion.

For the first five chapters on the basic theory of magnetism and
chapter B, a mumber of exercises and problems are proposed at
the end of each of these chapters for self-training. The detailed
solutions are miven o part 111

Two sppendices, respectively on  fundamental elements of
statistical phy=sics and the second quantization method, are given
at the end of the book to make 1t self-contaimed.

The works uwsed for illustrations i Part 11 of this book are works
from the author and his doctorate students over the wears. [
mention at the beginning of esch chapter the main references of
their contnbutions. They all know that [ am very grateful to them
for uncountable wonderful moments we have spent torether, and
for Innumerable exciting and passionate discussions we have had.

Let me summanze the contents of the chapters.

Chapter 1 1= devoted to the properties of the spin, object at
the heart of magnetic matenals. Several properties of systems of
independent spins are shown. One can mention the paramapgnetism
and diasmagnetizm observed in some materials. Spin models such as
Ising, XY, Heizsenberg and Potts models are introduced. Dhifferent
kinds of interactions between spins are deseribed. In particular, the
exchange interaction between Helsenbergp spins s microscopically
caleulated. This model s widely used in the subsequent chapters
of the book.

Chapter 2 shows the mean-field theory apphed to s vanety of bulk
magnetic matenals such as ferromegnets, antiferromagnets and
fermmagnets. Bame notions such as the tramation temperature,
the heat capscoty, the magnetmation and the susceptibality
are caleulated. The mesn-field theory paves the way for more
sophisticated theones presented afterward.
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Chapter 3 15 devoted to the spin-wave theory which shows how to
caleulate the spin-wave speetrum and the principal thermodynarmie
properties of magnetic matenals including ferromagnets, antifer-
romagnets, fermimagnets and helimagnets. Spin waves, or magnons
when quantized, are collective excitations of & system of interscting
spins. Spin waves dominate thermodynamie properties of magnetic
materals at low temperatures.

Chapter 4 presents the Green's function method wused in
magnetism. Unlike the general Green's function theory in quantum
many-body problems, its vermon wsed In magnetism s simple to
mampulate. [t gives correct results in s wide range of temperature.
It can be wed to treat any kind of spin ordenng, from collinesr
ones in ferromagnets, antiferromagnets and fermmagnets to non-
collinear orderings in helimagnets and frustrated spin systems.

Chapter 5 15 devoted to the theory of phase transitions and critical
phenomens in magnetic materials. Basic notions and techniques
such as the renormalization group, exact methods, transfer matrix,

.. e introduced here with examples. Phase transitions in thin
films are m sll subjects presented o part 11 A famibianty with
these techmgues and ther lanpuage 15 necessary to understand the
remaimng chapters.

Chapter 6 shows in details the Metropolis prineiple of Monte Carlo
simulation and its implementation. Advanced technmiques such
as energy-histogram and multiple energy-histopram techmques,
clster-lipping methods and Wang-Landau flat energy-histogram
algorithm are presented. This chapter 15 useful and necessary for
understanding the works presented in Part I of the book.

Part Il contains a number of my personal works carried out until
this year on the subjects of the book. This choice of these matenals
was muded by the desire to show by an aathor the methods and
technigques used to treat the subject of each chapter.

Chapter T 15 devoted to an introduction of the frustmation and
the presentation of & mumber of exactly solved models in two
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dimensions. These systems contain already most of the stoking
features of the frustration such as the high depeneracy of the
ground state (G8), many phases in the G5 phase diagram, the
recntrance occurring near the boundanes of these phases, the
disorder ines and the partial disorder. These phenomens are found
in other non-solvable systems studied 1o the following chapters.

In chapter 8, the spin-wave theory s introduced to caleulate the
spectrum 1n ferromagnetic and antiferromagnetic thin films whers
the loss of tramslational invarimsnes 15 caused by the exstence of
a surface or an interface. Many examples for self-traning are
presented.

In chapters 9 and 10, the effects of fustraton I an
antiforromagnetic of face-contered cubie lattice and the effects of
& frustrated surface on the thermodynamic properties at fimite
temperatures are shown using the Heisenberg spin model and
Monte Carlo simulations and the Green's function method.

Chapters 11 and 12 are devoted to the study of the spim waves
in belimagnetic films in wero field and under an applied field.
The surfsce spin confipuration 1= caleulated and the spin-wsve
spectrum s obtained analytically. The phase tramsition 15 studied
wsing Monte Carlo mmulation. Partial phase transitions are found
in these films.

Chapter 13 shows the method to ealeulate the spin-wave spectmum
and itz effects on thermodynamic properties of & thin film with &
Dizyaloshinski-Moriya (DM) interaction. It is shown that the DM
interaction affects strongly the acoustic spin waves at long wave-
length.

Chapter 14 presents a study of & crystal of skymmions penermted
in two dimensions using a Hemsenberg Hamiltoman ineleding the
ferromagnetic interaction J, the Devaloshinskn-Monys mtersction
D, and an apphed magnetic field H. It is found that the relaxation
of the skyrmion crystal @ very slow and follows s stretched
exponential law. The skvrmon erystal phase 1s shown to undergo a
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transition to the paramagnetic state at a fimte temperature. Effocts
of the lattice elasticity on the skyrmion erystal 1= also presented.

Chapter 15 = devoted to & study of properties of & mapneto-
fermoelectric superlattice with a Deyaloshinskn-Monya intersction
at the interface. It 1= shown that skyrmions are excited in the
magnetic layers under an apphied magnetic field, and they are
stable up to & transition temperature. Effects of & fustration in
the magnetic laver are shown to enhance the skyrmmon creation.

Chapter 16 1= devoted to & study of the entical exponents of
magnetic thin films as a function of the film thickness. The film
5 studied using the ferromagmetic Imng model and the high-
resolution multiple-histogram Monte Carlo technigque. There s
B systematlc continuows deviation of the entieal exponents from
their 2I¥ values. An explanation 1= piven. For a strongly frustrated
face-centered antiferromagnetic film, it 13 shown, uang the Wang-
Landau high-perdformance flat energy histopram, that the phase
transition changes from the first order to the second order when
the thickness decresses.

Chapter 17 shows how to caleulste the spin resistivity In
magnetically ordered materials by Monte Carlo smoulations in
varows types of crystal: ferromagmetic, antiferromagnetic and
frustrated spin systems. In smmulations, varows Interactions are
taken into sccount, In particular Interactlon betwesn itinerant
spins, interaction between lattice spins, and interaction betwesn
lattice spins and itinerant spms. A chemical potential as well
gz an clectrie field are included. To show the efficency of the
simulation method, the Monte Caro spin remstivity as a function of
temperature 1s compared with recent experimental data performed
on semiconducting MnTe.

I wonld like to thank my collesgues and fmends at the University
of Cerpy-Pontoize for their fmendship and collsboration over the
vears. | wish to thank apsin my mmerous former doctorate
students for uncountable happy moments we have shared topether
in our search for the understanding of the word of phy=es and
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