CONTENTS

PREFACE TO THE FIRST EDITION

PREFACE TO THE SECOND EDITION

1 DEFINITIONS AND UNITS

11 Introduction / 1
1.2 The cgs-emu System of Units / 2
121 Magnetic Poles / 2
13 Magnetic Moment / 5
1.4 Intensity of Magnetization / 6
15 Magnetic Dipoles / 7
1.6 Magnetic Effects of Currents / 8
1.7 Magnetic Materials / 10
1.8 Sl Units / 16
1.9 Magnetization Curves and Hysteresis Loops / 18

2 EXPERIMENTAL METHODS

2.1 Introduction / 23
2.2 Field Production By Solenoids / 24
2.2.1 Normal Solenoids / 24
2.2.2 High Field Solenoids / 28
2.2.3 Superconducting Solenoids /31
2.3 Field Production by Electromagnets / 33
2.4 Field Production by Permanent Magnets / 36

Xiii

XVi

23



Vi

CONTENTS

2.5 Measurement of Field Strength / 38
2.5.1 Hall Effect / 38
2.5.2 Electronic Integrator or Fluxmeter / 39

2.5.3 Other Methods / 41
2.6 Magnetic Measurements in Closed Circuits / 44
2.7 Demagnetizing Fields / 48
2.8 Magnetic Shielding / 51
2.9 Demagnetizing Factors / 52

2.10 Magnetic Measurements in Open Circuits / 62
2.11 Instruments for Measuring Magnetization / 66
2.11.1 Extraction Method / 66
2.11.2 Vibrating-Sample Magnetometer / 67

2.11.3 Alternating (Field) Gradient Magnetometer—AFGM or AGM
(also called Vibrating Reed Magnetometer) / 70

2.11.4 Image Effect / 70

2115 SQUID Magnetometer / 73

2.11.6 Standard Samples / 73

2.11.7 Background Fields /7 3
2.12 Magnetic Circuits and Permeameters / 73

2.12.1 Permeameter / 77

2.12.2 Permanent Magnet Materials / 79
2.13  Susceptibility Measurements / 80
Problems / 85

DIAMAGNETISM AND PARAMAGNETISM

3.1 Introduction / 87

3.2 Magnetic Moments of Electrons / 87

3.3 Magnetic Moments of Atoms / 89

3.4 Theory of Diamagnetism / 90

3.5 Diamagnetic Substances / 90

3.6 Classical Theory of Paramagnetism / 91

3.7 Quantum Theory of Paramagnetism / 99
3.7.1 Gyromagnetic Effect / 102
3.7.2 Magnetic Resonance / 103

3.8 Paramagnetic Substances / 110
3.8.1 Salts of the Transition Elements / 110
3.8.2 Salts and Oxides of the Rare Earths /110
3.8.3 Rare-Earth Elements / 110
3.84 Metals / 111
3.85 General / 111

Problems / 113



CONTENTS Vil

4 FERROMAGNETISM 115

5

4.1
42
43
4.4
45
4.6
47
4.8

Introduction / 115

Molecular Field Theory / 117
Exchange Forces / 129

Band Theory /133

Ferromagnetic Alloys / 141
Thermal Effects / 145

Theories of Ferromagnetism / 146
Magnetic Analysis / 147

Problems / 149

ANTIFERROMAGNETISM 151

51
5.2

5.3

5.4
5.5

Introduction / 151

Molecular Field Theory / 154

521 Above Tn / 154

52.2 Below rN/ 156

5.2.3 Comparison with Experiment / 161
Neutron Diffraction / 163

53.1 Antiferromagnetic / 171

5.3.2 Ferromagnetic / 171

Rare Earths / 171

Antiferromagnetic Alloys / 172

Problems / 173

FERRIMAGNETISM 175

6.1
6.2
6.3
6.4

6.5
6.6

6.7

Introduction / 175

Structure of Cubic Ferrites / 178
Saturation Magnetization / 180
Molecular Field Theory / 183

6.41 Above Tc/ 184

6.4.2 Below Tc / 186

6.4.3 General Conclusions / 189
Hexagonal Ferrites / 190

Other Ferrimagnetic Substances / 192
6.6.1 y-Fe203/ 192

6.6.2 Garnets / 193

6.6.3 Alloys / 193

Summary: Kinds of Magnetism / 194

Problems / 195



viii CONTENTS

7 MAGNETIC ANISOTROPY

7.1 Introduction /197

7.2 Anisotropy in Cubic Crystals / 198

7.3 Anisotropy in Hexagonal Crystals / 202
7.4 Physical Origin of Crystal Anisotropy / 204
7.5 Anisotropy Measurement / 205

75.1 Torque Curves / 206
7.5.2 Torque Magnetometers / 212
7.5.3 Calibration / 215

7.5.4 Torsion-Pendulum Method / 217
7.6 Anisotropy Measurement (from Magnetization Curves) / 218

7.6.1 Fitted Magnetization Curve / 218
7.6.2 Area Method / 222

7.6.3 Anisotropy Field / 226
7.7 Anisotropy Constants / 227
7.8 Polycrystalline Materials / 229
7.9 Anisotropy in Antiferromagnetics / 232

7.10 Shape Anisotropy / 234
7.11 Mixed Anisotropies / 237
Problems / 238

8 MAGNETOSTRICTION AND THE EFFECTS OF STRESS

8.1 Introduction /241
8.2 Magnetostriction of Single Crystals / 243
8.2.1 Cubic Crystals / 245
8.2.2 Hexagonal Crystals /251
8.3 Magnetostriction of Polycrystals / 254
8.4 Physical Origin of Magnetostriction / 257
8.4.1 Form Effect / 258
8.5 Effect of Stress on Magnetic Properties / 258
8.6 Effect of Stress on Magnetostriction / 266
8.7 Applications of Magnetostriction / 268
8.8 [Af Effect / 270
8.9 Magnetoresistance / 271
Problems / 272

9 DOMAINS AND THE MAGNETIZATION PROCESS

9.1 Introduction / 275
9.2 Domain Wall Structure / 276
90.2.1 Néel Walls / 283



10

9.3

9.4

9.5
9.6
9.7
9.8

9.9
9.10
9.11
9.12

9.13
9.14
9.15
9.16

CONTENTS IX

Domain Wall Observation / 284

9.3.1 Bitter Method / 284

9.3.2 Transmission Electron Microscopy / 287
9.3.3 Optical Effects / 288

9.3.4 Scanning Probe; Magnetic Force
Microscope / 290

9.3.5 Scanning Electron Microscopy with
Polarization Analysis / 292
Magnetostatic Energy and Domain Structure / 292

9.4.1 Uniaxial Crystals / 292

9.4.2 Cubic Crystals / 295

Single-Domain Particles / 300
Micromagnetics / 301

Domain Wall Motion / 302

Hindrances to Wall Motion (Inclusions) / 305

9.8.1 Surface Roughness / 308
Residual Stress / 308

Hindrances to Wall Motion (Microstress) / 312
Hindrances to Wall Motion (General) / 312
Magnetization by Rotation / 314

9.12.1 Prolate Spheroid (Cigar) / 314

9.12.2 Planetary (Oblate) Spheroid / 320
9.12.3 Remarks / 321

Magnetization in Low Fields / 321
Magnetization in High Fields / 325

Shapes of Hysteresis Loops / 326

Effect of Plastic Deformation (Cold Work) / 329

Problems / 332

INDUCED MAGNETIC ANISOTROPY 335

10.1
10.2

10.3

10.4
10.5
10.6
10.7
10.8

Introduction / 335

Magnetic Annealing (Substitutional
Solid Solutions) / 336

Magnetic Annealing (Interstitial
Solid Solutions) / 345

Stress Annealing / 348

Plastic Deformation (Alloys) / 349
Plastic Deformation (Pure Metals) / 352
Magnetic Irradiation / 354

Summary of Anisotropies / 357



X

11

12

13

CONTENTS

FINE PARTICLES AND THIN FILMS

111
11.2
11.3
114

115
11.6
11.7
11.8
11.9
11.10
1111

11.12

Introduction / 359

Single-Domain vs Multi-Domain Behavior / 360
Coercivity of Fine Particles / 360
Magnetization Reversal by Spin Rotation / 364
1141 Fanning / 364

11.4.2 Curling / 368

Magnetization Reversal by Wall Motion / 373
Superparamagnetism in Fine Particles / 383
Superparamagnetism in Alloys / 390
Exchange Anisotropy / 394

Preparation and Structure of Thin Films / 397
Induced Anisotropy in Films / 399

Domain Walls in Films / 400

Domains in Films / 405

Problems / 408

MAGNETIZATION DYNAMICS

121
12.2
12.3

12.4
125

12.6

12.7

Introduction / 409

Eddy Currents / 409

Domain Wall Velocity /412

12.3.1 Eddy-Current Damping / 415
Switching in Thin Films /418

Time Effects /421

1251 Time Decrease of Permeability / 422
12.5.2 Magnetic After-Effect / 424

12.5.3 Thermal Fluctuation After-Effect / 426
Magnetic Damping / 428

126.1 General / 433

Magnetic Resonance / 433

12.7.1 Electron Paramagnetic Resonance / 433
12.7.2 Ferromagnetic Resonance / 435

12.7.3 Nuclear Magnetic Resonance / 436

Problems / 438

Soft Magnetic Materials

131
13.2
133

Introduction / 439

Eddy Currents / 440

Losses in Electrical Machines / 445
13.3.1 Transformers / 445

13.3.2 Motors and Generators / 450

359

409

43g



CONTENTS Xi

13.4 Electrical Steel / 452
13.4.1 Low-Carbon Steel / 453
13.4.2 Nonoriented Silicon Steel / 454
13.4.3 Grain-Oriented Silicon Steel / 456
13.4.4  Six Percent Silicon Steel / 460
13.45 General / 461

13,5 Special Alloys / 463
1351 Iron-Cobalt Alloys / 466

13.5.2 Amorphous and Nanocrystalline
Alloys / 466

13.5.3 Temperature Compensation Alloys / 467
13.5.4 Uses of Soft Magnetic Materials / 467
13.6  Soft Ferrites /471
Problems /476

HARD MAGNETIC MATERIALS 477

14.1 Introduction / 477

14.2  Operation of Permanent Magnets / 478
143 Magnet Steels / 484

14.4  Alnico / 485

145 Barium and Strontium Ferrite / 487
14.6 Rare Earth Magnets / 489

146.1 SmCo5 / 489
14.6.2 Sm2Col7 / 490

14.6.3 FeNdB / 491
14.7 Exchange-Spring Magnets / 492
14.8 Nitride Magnets / 492
14.9 Ductile Permanent Magnets / 492

149.1 Cobalt Platinum / 493

14.10 Artificial Single Domain Particle
Magnets (Lodex) / 493

1411 Bonded Magnets / 494
14.12 Magnet Stability / 495
14.12.1  External Fields / 495
14.12.2 Temperature Changes / 496
14.13 Summary of Magnetically Hard Materials / 497
14.14  Applications / 498
14.14.1 Electrical-to-Mechanical / 498
14.14.2 Mechanical-to-Electrical / 501
14.14.3 Microwave Equipment / 501
14.14.4 Wigglers and Undulators / 501



xii CONTENTS

14.145 Force Applications / 501
14.14.6 Magnetic Levitation / 503

Problems / 504

15 MAGNETIC MATERIALS FOR RECORDING
AND COMPUTERS

151
15.2

153

15.4

155
15.6
15.7
158

Introduction / 505

Magnetic Recording / 505

1521 Analog Audio and Video Recording / 505
Principles of Magnetic Recording / 506

15.3.1 Materials Considerations / 507

15.3.2 AC Bias / 507

15.3.3 Video Recording / 508

Magnetic Digital Recording / 509

154.1 Magnetoresistive Read Heads / 509
15.4.2 Colossal Magnetoresistance / 511

15.4.3 Digital Recording Media /511
Perpendicular Recording / 512

Possible Future Developments / 513
Magneto-Optic Recording /513

Magnetic Memory / 514

15.8.1 Brief History / 514

15.8.2 Magnetic Random Access Memory /515
15.8.3 Future Possibilities / 515

16 MAGNETIC PROPERTIES OF SUPERCONDUCTORS

16.1
16.2
16.3
16.4
16.5

Introduction / 517

Type | Superconductors /519
Type M Superconductors / 520
Susceptibility Measurements / 523
Demagnetizing Effects / 525

APPENDIX 1: DIPOLE FIELDS AND ENERGIES

APPENDIX 2: DATAON FERROMAGNETIC ELEMENTS

APPENDIX 3: CONVERSION OF UNITS

APPENDIX 4: PHYSICAL CONSTANTS

INDEX

505

517

527
531
533
535

537



