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(Frontiers of Science and Technology for the 21st Century)

FOREWORD

Over the next several years, Tsinghua University Press will publish a
series of books addressing progress in basic sciences and innovations in
technology. We have made no attempt to pursue a comprehensive coverage of
all disciplines of science and technology. Rather, topics for this series were
selected with an emphasis on the currently active forefront of science and
technology that will be contemporary in the next century. Most books in this
series will deal with subjects of cross disciplines and newly emerging fields.
Each book will be completed by individual authors or in a collaborative effort
managed by an editor (s), and will be self-consistent, with contents
systematically focused on review of the most recent advances and description
of current progresses in the field. Sufficient introduction and references will be
provided for readers with varying backgrounds. We have realize clearly the
challenge of encompassing the diverse subjects of science and technology in
one series. However, we hope that, through intensive collaboration between
the authors and editors, high standards in editorial quality and scientific merit
will be maintained for the entire series.

The international collaboration on this series has been coordinated by the
Association of Chinese Scientists and Engineers-USA(ACSE). In the science
community, authors voluntarily publish their results and discoveries in the full
conviction that science should serve human society. The editors and authors of
this series share this academic tradition, and many of them are fulfilling a
spiritual commitment as well. For our editors and authors who were graduated
from universities in China and further educated abroad in science and

engineering, this is an opportunity to dedicate their work to the international
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education community and to commemorate the historical open-door movement
that began in China two decades ago. When the human society enters the
information age, there is no geographic boundary for science. The Editorial
committee hopes that this series will promote further international collaboration

in scientific research and education at the dawn of the new century.

The Editorial Committee
1999.6
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Handbook of Advanced Magnetic Materials
Preface

in December 2002, the world’s first commercial magnetic levitation supertrain
went into operation in Shanghai. The train is held just above the rails by
magnetic levitation (maglev) and can travel at a speed of 400 km/hr
completing the 30km journey from the city to the airport in minutes. Now
consumers are enjoying 50 GB hard drives compared to 0.5 GB hard drives ten
years ago. Achievements in magnetic materials research have made dreams of
a few decades ago reality. The objective of this book is to provide a
comprehensive review of recent progress in magnetic materials research. The
whole book consists of four volumes, each volume focusing on a specific field.
Graduate students and professional researchers are targeted as the readers.
Each chapter will have an introduction to give a clear definition of basic and
important concepts of the topic. The details of the topic are then elucidated
theoretically and experimentally. New ideas for further advancement are then
discussed. Sufficient references are also included for those who wish to read
the original work. Many of the authors are well known senior scientists. We
have also chosen some accomplished young scientists to provide reviews on
new and active topics.

In the last decade, one of the most significant thrust areas of materials
research has been nanostructured magnetic materials. There are several
critical sizes that control the behavior of a magnetic material. For example,
the coercivity of a magnetic material made of particles increases with
decreasing particle size, reaching a maximum where coherent rotation of a
single-domain particle is realized, and then decreases with further decrease of
the particle size. For a composite made of a magnetically hard phase and soft
phase, when the grain size of the soft phase is sufficiently large, the soft and
hard phases reverse independently. However, when the grain size of the soft
phase is reduced to a size of about twice the domain wall thickness of the hard
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phase, the soft and hard phases will be exchange-coupled and behave as if a
single magnetic phase is present. Such behavior can be used to increase the
energy product of high-performance permanent magnets. Size effects become
critical when dimensions approach a few nanometers, where quantum
phenomena appear. The first volume of the book has therefore been devoted
to the recent development of nanostructured magnetic materials, emphasizing
size effects.

Our understanding of magnetism has advanced with the establishment of
the theory of atomic magnetic moments and itinerant magnetism. In general,
the magnetism of a bulk material can be considered as the superposition of
atomic magnetic moments plus itinerant magnetism due to conduction
electrons. In practical applications the situation becomes much more
complicated. The boundary conditions have to be taken into account. This
includes the size of the crystals, second-phase effects and intrinsic properties
of each phase. The effects of magnetic relaxation over long periods of time
can be critical to understanding. Simulation is a powerful tool for exploration
and explanation of properties of various magnetic materials. Simulation also
provides insight for further development of new materials. Naturally, before
any simulation can be started, a model must be constructed. This requires that
the material be well characterized. Therefore the second volume of the book
provides a comprehensive review of both experimental methods and simulation
techniques for the characterization of magnetic materials. After an introduction, each
section gives a detailed description of the method and the following sections
provide examples and results of the method. Finally further development of the
method will be discussed.

The success of each type of magnetic material depends on its properties
and cost which are directly related to its fabrication process. Processing of a
material can be critical for development of artificial materials such as
multilayer films, clusters, etc. Moreover, cost-effective processing usually
determines whether a material can be commercialized. In recent years
processing of materials has continuously evolved from improvement of
traditional methods to more sophisticated and novel methods. The objective of
the third volume of the book is to provide a comprehensive review of recent
developments in processing of advanced magnetic materials. Each chapter will
have an introduction and a section to provide a detailed description of the
processing method. The following sections give detailed descriptions of the
processing, properties and applications of the relevant materials. Finally the
potential and limitation of the processing method will be discussed.

The properties of a magnetic material can be characterized by intrinsic
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properties such as anisotropy, saturation magnetization and extrinsic
properties such as coercivity. The properties of a magnetic material can be
affected by its chemical composition and processing route. With the continuous
search for new materials and invention of new processing routes, magnetic
properties of materials cover a wide spectrum of soft magnetic materials, hard
magnetic materials, recording materials, sensor materials and others. The
objective of the fourth volume of this book is to provide a comprehensive
review of recent development of various magnetic materials and their
applications. Each chapter will have an introduction of the materials and the
principals of their applications. The following sections give a detailed
description of the processing, properties and applications. Finally the
potential and limitation of the materials will be discussed.

NASA is considering the launching of spacecraft by maglev. The first
stage rocket, which accounts for two-thirds of the cost and is lost every
launch, would be replaced by a maglev track. Using a 50 ft track NASA
scientists have accelerated a model spacecraft to 96kph in less than half a
second. In the last few decades the knowledge of mankind has been expanding
rapidly into deep space measured by light years and the nano world where
building blocks of atoms are being engineered. Magnetism and magnetic
materials are among the most intriguing and fascinating science and
engineering fields. Undoubtedly advances in magnetic materials research will
continue to fuel our understanding of the universe in the new century. We hope
this book will provide a useful reference for researchers working at the frontier
of magnetic materials research.

We would like to express our sincere thanks to all our devoted authors,
technical editors, and publishers for making this book possible.

The editors



Contents

FOFWARA <+ c v vereremenannan e it tetieteetiet e et e et et euvenore ves eas tas cae e e aas

Preface

1

Advanced Magnetic Force Microscopy Tips for Imaging Domains

1.1 Introduction

1.2 Magnetlc Force Mlcroscopy E

1.2.1 Basic Operating Principles of MFM
1.2.2 Force Gradient Detection

1.2.3 Sensnlvny and Resolution «eseereerereriiiiiiiiiaiiaiiiieiiiane,

1.2.4 Tip-Sample Interaction
1.2.5 Force Sensor .

13 Development of Advanced MFM Tips B N

1.3.1 High Coercivity CoPt MFM Tips

1.3.2 Superparamagnetic and Low Stray Magnetic Field

MFM Tips

1.3.3 Electron-Beam-Induced-Deposited
(EBID)MFM Tips

1.3.4 Point-Dipole MFM Tips ---

References -

1.3.5 Focused lon Beam M|II|ng MFM Tips

.........

—_

W 00 N B WNNDN —

—_
w

- 15
- 17
- 20
- 22

Lorentz Microscopy and Holography Characterization of Magnetic

Materials

2.1 Introduction

2.2 Instrumentation

2.3 Analytical Electron Microscopy for Structure

. 24
. 24
. 25

Characte”zatlon D

2.3.1 Outline of Current Analytical Electron
Microscopy enee
2.3.2 Thickness Measurement by EELS

2.3.3 Elemental Mapping with EDS

29

.. 29
- 31
- 33



12

Contents

2.4 Lorentz Microscopy on Magnetic Domain Structure -« «-coceoeeerees
- 35

2.4.1 Principles of Lorentz Microscopy

2.4.2 Lorentz Microscopy Using Conventional Transmission

Electron Microscopes
2.4.3 Lorentz Microscopy Using Scanning Transmission

Electron Microscopes

2.5 Principles and Application of Electron Holography ««-«=:roreereeeees
- 46

2.5.1 Principles of Electron Holography

252 Practice of Electron HOIOgraphy et etecsssecenaaanenaaananaans
- 52
- 63
- 63

2.5.3 Application of Electron Holography -:-«:-+«-«
2.6 Concluding Remarks
References t¢eteererrerracrenens

Characterization of Magnetic Materials by Means of Neutron
Scattering
3.1 Introduction

3.1.1 Cross Section Formalism -

3.1.2 Polarized Neutron Beam Instrumentation

3.1.3 The Polarization of the Scattered Beam «+-«++-cteeeeererenne
- 80

3.2 Elastic Magnetic Scattering

3.2.1 Sma“_Ang'e Scattering T

3.2.2 Neutron Diffraction
3.2.3 Reflection of Neutrons from Magnetic Surfaces and
interfaces

3.3 Inelastic Magnetic Scattering I

3.3.1 Studies of Elementary Excitations by Triple-axis

Spectroscopy T T T T T R T

3.3.2 Detection of Stow Motions by Neutron Spin Echo

3.4 SUMIMATIES svrorvrerrreerenesaesenecenaetoetnestosstsossacssstsasesasocscssse

References

Advanced Transmission Electron Microscopy of Nanostructured

35

- 36

- 44

46

51

- 66
- 66
- 69
<71

77

80

. 84

- 90

97

97

107

- 108

Magnetic Materials - vt i i i sttt e e e

4.1 Introduction

4.2 Specimen Preparation

113

- 113
- 114



Contents 13
4.2.1 Bulk Samples - 114
4.2.2 Magnetic Thin Films - 114
4.2.3 Magnetic Nanowires - 118
4.2.4 Magnetic Powders - 119
4.2.5 Special TEChNIQUES =+ xeererrererrserseesnsnniineis 120
4.3 Electron Diffraction - 121
4.3.1 SAD Pattern and the Ring Pattern - 121
4.3.2 Convergent Beam Electron Diffraction «--«--cseeeeeeceneen 122
433 Nanodiffraction...................‘.‘............................. ]24
4.4 High Resolution and Super-Resolution TEM - 129
4.4.1 An image Processing Model - 130
4.4.2 Procedure for Image Reconstruction -«--«-«xe---- - 135
4.4 3 Test of the Image-Processing Model «-+---«cveveveesenceeees 135
4.5 Selected Reflection Imaging - 138
4.5.1 Origination of the Technique -=+++cccseerereeercnrarieeeeeee 138
4.5.2 Experimental Method in Conventional TEM ««-«ceeeeeeee 139
4.5.3 Appilication of SRI : - 140
4.5.4 Experimental Set-Up in a STEM - 142
4.6 STEM and Z-Contrast Imaging - 143
4.7 Electron Energy Loss Spectroscopy - 145
4.8 Concluding REmarks «++«-sssrrrersrersreertanenmnnniiieaaeeaes 148
References - 148
Maossbauer Spectroscopy Characterization of Soft Magnetic
Nanocrystalline Alloys - 151
5.1 Introduction - 151
5.2 Mossbauer SpectrosCopy «t«+«rsssssssemsssarasranaeesieainieeeeniee. 155
5.2.1 Principles of the Mossbauer Effect - 155
5.2.2 Hyperfine INteractions -+« «««ssreeresrramenneininncnees 164
5.2.3 The rf-Mossbauer Technique ««-«++esorsreverrercercecnaes 168
5.3 EXPEIMENt ++vvreeeereeesnnmnniiniitiit st eae e 17
5.3.1 Formation of the Crystalline Nanostructure in
Amorphous Matrix SR VA
5.3.2 Primary Characterization of Thermal Stability of Amorphous

Precursor—Formation of Nanostructure

- 173



14 Contents

5.4 Méssbauer Study of the Structure and Magnetism of FINEMET

A“Oys S T R R T

5.5 Mossbauer Study of the Structure and Magnetism of
NANOPERM Alloys
5.5.1 Conventional Mossbauer Studies
5.5.2 The ri-Mossbauer Studies

5.6 Surface and Bulk Nanocrystallization of Amorphous FeCuNbSiB

and Fe-M-B-Cu A”oys_the CEMS Study P

5.7 Short Range Order in Amorphous Precursors—the
rf-Mossbauer Study
5.8 Determination of the Grain Size by XRD and SAXS

Technigues-Correlation with the Mossbauer Results --+--ecreeeeee
- 260

References

6 Atom Probe Characterization of Microstructures of Nanocrystalline
and Nanocomposite Magnetic Materials

6.1 Introduction

62 The Atom Probe Techr"que Cteeesasacaneennesetsasstes s et sararrenr s

6.3 Microstructural Evolution in Nanocrystalline Soft Magnetic
Materials

6.3.3 HITPERM ((Fe,Co)-Zr-B-Cw
6.4 Microstructural Evolution in Nanocomposite Magnets

6.4.2 o-Fe/Nd,Fe, B System
6.4.3 Amorphous Remaining a-Fe/Nd,Fe,,B
Nanocomposite

Roles of Microalloyed Elements in Nanocrystallization «--«------+

Effect of Heating Rates on Nanocrystalline Microstructure
Evolution

6.7 Summary

References

7 Itinerant-Electron Metamagnetism

178

- 188
S
- 212

232

. 244

250

- 266
- 266

267

- 271
6.3.1 FINEMET (FE-Si-B-ND-CU) +++rreerrrereeervuieeeroiiecsinnns
6.3.2 NANOPEBM (FE-ZF-B(=CU)) wrrvererrvrererureeeroinreernnens
- 287
- 289
6.4.1 FesB/Nd,Fe B System «-oeeereemserroniemnnieienn
- 295

27N
279

290

- 299

301

- 304
- 306
- 306

- 310



7.1

7.2

7.3

7.4

7.5

7.6

7.7

Contents 15

|ntroduct|on R L R T 3]0
Theoretical Aspects of ltinerant-Electron Metamagnetism  «----- 3N
7.2.1 Landau Expansion Coefficients and Magnetic Phase

Diagram  croeeesrrersseeseeeniiiii e 3
7.2.2 Paramagnetic Susceptibility Maximum in the

Temperature Dependence «+-++ e eeverrererioiiinnicn 314
Itinerant-Electron Metamagnetism of Laves-Phase
Exchange-Enhanced Pauli Paramagnets «:++eeeeveeeeeieiniaiii 315
7.3.1 Metamagnetic Transition in the Ground State «----------- 315
7.3.2 Relationship Between the Susceptibility Maximum

and the Transition Field «cccteteceererreneninenianininininne. 317
7.3.3 Metamagnetic Transition at Finite Temperatures «++ -+ 320

Correlation Between the Magnetovolume Effects
and Metamagnetic Transition DR R R R T T T T T s 32]
7.4.1 Concentration Dependence of the Curie Temperature

and Spontaneous Magnetization -+« ««++serevee i 321
7.4.2 Pressure Effects on the Curie Temperature and

Spontaneous Magnetization — «-eeeerene i 322
7.4.3 Thermal Expansion Anomaly and Spin Fluctuations ----- 327
Determination of the Landau Coefficients -+-«-++ccereevevnniniin 329
7.5.1 Pressure Effect on the Critical Field of the

Metamagnetic Transition — «r-eereereeieieniiiniiiiiaiis 329

7.5.2 Comparison Between the Experimental and Theoretical
Magnetic Phase Diagrams «-««++«-:esevvevemmieeiiiiniinn. 333

Suppression of Spin Fluctuations in Laves-phase

Metamagnets ==« eoreeremine i e 337

7.6.1 Concentration Dependence of the Specific Heat Coefficient
Of LaVeS-Phase CompOUndS 337

7.6.2 Large Electronic Specific Heat Coefficient Due to Spin

Fluctuations and Its Suppression Under High Fields --- 338
Metamagnetic Transition at Finite Temperatures of Ferromagnetic
La(Fe ;- ,Si ) NaZn,3-type Compounds ferererieisiiieiieae s 340
7.7.1 Magnetization and Magnetic Phase Diagram ----++--+-+ 340
7.7.2 Thermal Expansion Anomaly «:-----oveeereii e 346

7.7.3 Pressure Effect on the Metamagnetic Transition -+« 347



16

9

Contents

7.7.4 Control of the Metamagnetic Transition by Hydrogen
ADSOIPLION  +osessrsreerenerseaerannieiieieiiiiiieeeeeeeneen 350
7.8 Drastic Changes in Magnetic and Electrical Properties and
Their Practical Applications ++«+ex«eseseeeernminiseirreinnniiee. 353

7.8.1 lIsotropic Giant Volume Magnetostriction ~------<-++------- 353
7.8.2 Giant Magnetocaloric Effect +oxeeoreeeeeenaeieiieniiiine. 358
7.8.3 Giant Magnetoresistance  «:o-creseeesieees i 365
7.9 Concluding REMArKS serererereersreraretsciceniaiiareisirinsiiaineieses 366
o G |-V 4

Modeling of Hysteresis in Magnetic Materials ««---«-crooeeveeeiniiine 372
8.1 Introduction B D R R R ¥ /4
8.2 Development of Model Theories of Hysteresis «:-cw-receeeeceeeenes 373
8.3 Magnetism at the Discrete Level of individual Atoms and Beyond

to the Continuum Level: Landau-Lifschitz-Gilbert Model and

MiICromagnEtics «+-++ s+t srrrrerrrerrriiiiiiiiiiiiiiieiiiieeaee e 375
8.4 Magnetism of Domain Rotation. Stoner-Wohlfarth ~ «:-coeoveeeee 378
8.5 Magnetism at the Level of Domain Boundaries:

Neel, Globus-Guyot, Bertotti «-«ersoerereeireiniiiin .. 382
8.6 Magnetism at the Macroscopic Scale: the Integration of Single

Domain Switching Processes and the Preisach Model ---:---.---- 386
8.7 Magnetism at the Multidomain Level: Energy Considerations

and the Jlles—Atherton MOde' tetesecsi st errterterteseanses et b arenan 39]

8.7.1 Description of the Anhysteretic Magnetization «---+------- 392

8.7.2 Extension to Describe Hysteresis «--«oxeeeeeeereneiniis 393

8.7.3 Extension to Describe the Effects of Stress

on Magnetization «ocesveveerreri i 305
8.7.4 Extension to Describe the Effects of Frequency on

Magnetization ««++e+ereeerereen i 396

8.7.5 APPlICAtIONS «rrrererreerareriniieiii e 307
B.8  SUMMAry «rerrrreeteremeemeoniieiiii e e 403
REFEIENGCES -+ +cvvrr e rrrmrrans e retiaetieettiet e cees e vanaesaneseneneneae 404

Coarse-graining and Hierarchical Simulation of Magnetic Materials .
the Fast Multipole Method «+ -+ ccoreoeremiminiii s 407



Contents

9.1 introduction
9.2 The Fast Multipole Method: Simplest Implementation «--«-x-«---
9.3 Cartesian Formulation of the FMM
9.4 History of the FMM

9.5 Micromagnetic Applications of the FMM «+:ereeeeececieineninnenene
References

10 Numerical Simulation of Quasistatic and Dynamic Remagnetization
Processes with Special Applications to Thin Films and
Nanoparticles ««««««teeeeeereameoneinien
10. 1 Basic Micromagnetic Concepts and Main Energy

Contributions Ceeearatsessentarr st ansann
10.2 Discretization Methods: Simplicity and Speed
Versus Exact Shape Approximation
10.2.1 Regular (Translationally invariant) Grids
10.2.2 Tetrahedron Mesh s«seeeeerreteieteiiioiinciiatsisiroisons
10.3 Evaluation of Various Energy Contributions
10.3.1 Anisotropy Energy in Polycrystalline Samples ------
10.3.2 Exchange Energy: Node-supported Discretization,
Heisenberg-Like Form and Angle-based
Interpolation
10.3.3 Stray Field Evaluation on Regular Grids «:««+ e cve e
10.4 Energy Minimization Methods
10.4.1 Standard Minimization Technique: Conjugate
Gradients
10.4.2 Equation of Motion Techniques and Simple
Relaxation Methods
10.4.3 Advanced Relaxation Methods Combined with the
Extrapolation Techniques -«-«-+«-«seemrreeeeneneneeenans
10.4.4 Alignment Methods
10.5 Equilibrium Magnetization Structures and Quasistatic
Remagnetization Processes <+ «-x s trsereerimerninnn..
10.5.1 Nanosized Magnetic Elements «-+«voerereveeieiiiiian.
10.5.2 Extended Thin Films and Patterned Structures ---:--

10.5.3 CQuasistatic Remagnetization in Nanocomposites .

17

- 407

408

- 414
- 416

417

- 420

- 421

- 421

- 422
- 423

424

- 427

428

- 429

434

. 443

. 444

. 447

449

- 451

454
454



18

11

12

Contents

Individual Particle Switching and Cooperative

Remagneﬁzation Processes B R T R T IPPRII

10.6 Equilibrium and Non-Equilibrium Thermodynamics: Langevin

Dynamics, Monte Carlo Method and Path Integrals «:«:--------

10.6.1 Fast Remagnetization Processes: Langevin

Dynamics vs. Monte Carlo Method -+« ceeeveeernnene
10.6.2 Slow Remagnetization Dynamics «««««reeeeeeeerenneenee.

ReferEnCes «+rcrecrrrreretiteiitiiiiitiiiiiiiiiitiasetiotstessieaesoases

Preisach Model and Simulation of Relaxation Kinetics «+-+toceveereinns

11.
11.
11.
11.
1.
11.

11.

11.

11.

1

D OO W N

9

Introduction
The Response Operator

Ensembles of Systems in Random Potential

Representability of the Ensemble Evolution by the PM -+ -+ «-

Connection of the “Classical” Irreversibility Parameters

with the PM

Representations of Some Ensembles by the PM

11.7.1 Campbell Random Potential and Stabilization of
Domain Walls

11.7.2 Periodic Potentials with Random Phase «:««--«-x«-ese-

Uncertainty in Prediction of Relaxation Kinetics
Based on the PM
Summary

References +-ccvevvverecenans

Antiferromagnetism of Mn Alloys

12.

i

Introduction

12.2 Theory of Itinerant Electron Magnetism with the

Hubbard Model
12.2.1 Model for the Itinerant Electron Systems
12.2.2 Path-Integrail Approach for the ltinerant-Electron

Magnetism B
12.2.3 Saddle Point (Molecular Field) Approximation ------

12.2.4 Rotation of the Local Spin Axes in the Complex

463

469

469
489

- 503

508

--- 508

- 509
The PreiSach MOGE] <« -cererrervetumenaneneeneeneesensererennrnnreens
- 518

510

520

-+ 523
- 525

- 525

530

- 535
- 539
- 540

- 541
- 541

- 542
- 542

542



