Contents

1 The Zero Wave Number Magnon: Ferromagnetic Resonance. . . . . .

1.1 Brief

Introduction to Magnetic Materials. . . ................

1.2 Magnetization Dynamics . . .. ... ... .. .. ..

1.2.1
1.2.2

Free Precession in a Magnetic Field. . . . .............
rf-Driven Magnetic Resonance . . . . .................

1.3 Ferromagnetic Resonance . . .. ............ ... ...........

1.3.1
1.3.2

FMR Frequency with Demagnetizing Effects. . ... ... ...
Ferromagnetic Resonance with Damping. .. ...........

1.4 General Equation for the Ferromagnetic Resonance Frequency . . .

1.4.1
1.4.2

Effective Fields and FMR Frequency . ...............
Effect of Crystalline Anisotropy on the FMR Frequency .

1.5 Ferromagnetic Resonance in Thin Films . . . ........ ... ... ...

1.5.1

1.5.2
1.5.3
References

Experimental Measurement of Ferromagnetic

Resonance........... ... .. ... ... ... ...
FMR in Crystalline Films with Cubic Anisotropy . . . . . . .
FMR in Ferromagnetic Films with Exchange Bias. . ... ..

Spin Waves in Ferromagnets: Semiclassical Approach. ... ..... ..

2.1 Spin Waves in a Linear Ferromagnetic Chain. . . .............
2.2 Macroscopic Treatment of Spin Wavesin3D................

221
222

Spin Waves with Exchange and Zeeman Energies . . . . . . .
Effect of the Volume Magnetic Dipolar Fields on
SpinWaves. . ...

2.3 Magnetoelastic Waves. . .. ...
2.4 Energy and Momentum Conservation Relations for

Magnetoelastic Waves . . . ... ...
2.5 Coupled Spin—Electromagnetic Waves: Magnetic Polariton . . . . . .
2.6 Experimental Techniques to Study Long-Wavelength Spin

2.6.1
2.6.2
References

Microwave Techniques. . .. ......................
Brillouin Light Scattering Techniques. . ... ...........

22
24
25
29

31
31
35
36

38
42

49
52

54
54
62
68

xiii



xiv Contents
3 Quantum Theory of Spin Waves: Magnons . . . . ................ 71
3.1 Ferromagnetic Magnons. . . ......................... 71
3.1.1 BlochSpinWaves............. ... ............. 71
3.1.2 Magnon Operators . . . .. ...ttt 74
3.2 Magnons with Anisotropy and Dipolar and Interactions. . . ...... 80
3.3 Properties of Magnons: Coherent Magnon States. . . .. ........ 87
3.3.1 Eigenstates of the Hamiltonian. . ................... 87
3.3.2 Thermal Magnons. . ............. i, 88
3.3.3 Coherent Magnon States . . .. .............c....... 90
3.4 Magnon Interactions and Relaxation Mechanisms. . ........... 93
3.4.1 Magnon Interactions. . . . ........ .. . . . 93
3.4.2 Magnon Energy Renormalization. . .. ............... 96
343 Magnon Relaxation. . ............ ... ... ........ 96
3.5 Magnon Hybrid Excitations with Phonons and Photons . . . . ... .. 99
3.5.1 Quantization of Elastic Waves: Phonons . . . .. ......... 99
3.5.2 Interacting Magnons and Phonons. . .. .............. 102
3.5.3 Eigenstates of the Magnon—phonon System . ........... 103
3.5.4 Magnon—photon Hybrid Excitation. . . ............... 106
3.6 Light Scattering by Magnons. . .. ........................ 108
3.6.1 Magneto-Optical Interaction. . . .................... 108
3.6.2 One-Magnon Light Scattering in Ferromagnets. . . . ... .. 112
3.7 Magnons in Yttrium Iron Garnet. . . ...................... 115
3.7.1 Magnon Dispersion Relations in YIG. . . ............. 116
3.7.2 Magnon Relaxationin YIG.................... ... 119
3.7.3 Thermal Properties of Magnons in YIG. . ............. 125
References. ... ... ... .. . 132
4 Magnonics in Ferromagnetic Films . . . . ...................... 135
4.1 Magnetostatic Spin Waves in Ferromagnetic Films . . . ... ... ... 135
4.1.1 Walker Equation. . .............. ... .. ... ... .... 136
4.1.2 Magnetostatic Waves in Unbounded Films Magnetized
inthePlane. . ....... ... .. ... ... ... ... .. ... 137
4.1.3 Volume Magnetostatic Modes . . . . ................. 140
4.1.4 Surface Magnetostatic Modes . . . . .................. 142
4.1.5 Volume Magnetostatic Waves in Perpendicularly
Magnetized Films . . . ... ... . ... . 145
4.1.6 Experiments with Magnetostatic Spin Waves. . ......... 146
4.2 Quantum Theory of Spin Waves in Thin Ferromagnetic Films. . . . 149
4.3 Spin Wave Relaxation in Ultrathin Films by Two-magnon
SCALEIING . .« o v vttt e 153
4.3.1 Two-magnon Relaxation in Single Ferromagnetic Films. . . 154
4.3.2 Enhanced Two-magnon Relaxation in Exchange-biased
Films. ... ... ... . . . 160
4.4 Spin Waves in Coupled Magnetic Films . . .. ................ 169
4.4.1 Interlayer Coupling in Magnetic Trilayers. ... ......... 169

4.4.2 Equilibrium Configuration of the Magnetizations . . . . . . .. 171



Contents XV

4.4.3 Derivation of the Spin Wave Dispersion Relation. ... .. .. 173
4.4.4 FMR and BLS Experiments in Fe/Cr/Fe Trilayers. . . . . . . 180
References. . .. ... 184
5 Magnons in Antiferromagnets. . .. .......................... 187
5.1 Antiferromagnetic Materials. . . .. ........... . ... ... ... 187
5.2 Antiferromagnetic Resonance: The k = 0 Magnons. . ... ....... 191
5.2.1 Easy-Axis Antiferromagnets. ...................... 192
5.2.2 Easy-Plane Antiferromagnets. ... .................. 195
5.3 Magnons in Easy-Axis Antiferromagnets. ... ............... 198
5.3.1 Magnons in Easy-Axis Antiferromagnets: AF Phase. . .. .. 198
5.3.2 Magnon Energy Renormalization. . ................. 207
5.3.3 Magnons in Easy-Axis Antiferromagnets: SF Phase . . . . .. 210
5.3.4 Magnons in Easy-Axis Antiferromagnets: Canted Phase. .. 216
5.4 Magnons in Easy-Plane Antiferromagnets. . .. .............. 217
References. ... ... ... ... 221
6 Magnon Excitation and Nonlinear Dynamics. . . ............... 223
6.1 Linear Excitation of Magnons. . .. ....................... 223
6.1.1 Theory...... ... 223
6.1.2 Experiments for Linear Excitation of Magnons . . . . ... .. 228
6.2 Parametric Excitation of Magnons. . . ..................... 232
6.2.1 Parallel Pumping Process. . ....................... 232
6.2.2 Perpendicular Pumping: First-Order Suhl Process—

Subsidiary Absorption. . .. ....... ... . 236

6.2.3 Second-Order Suhl Process: Premature Saturation of the
FMR. ... 239
6.2.4 Three-Magnon Coincidence Process. . . .............. 241
6.3 Magnon Interactions and Their Effects on Parametric Magnons . . . 243
6.4 Nonlinear Dynamics of Magnons and Chaotic Behavior. . . . . . .. 248
6.4.1 Nonlinear Equations of Motion. . ................... 249
6.4.2 Self-Oscillations in the Parametric Magnon Populations . . . 251
6.4.3 Period Doubling, Strange Attractors, and Chaos. ........ 253
References. .. ........ .. . . 257
7 Bose-Einstein Condensation of Magnons . . . . ................. 259
7.1 Experimental Observation of Magnon Condensation. . ... ...... 259
7.1.1 Bose-Einstein Condensation. . ..................... 259

7.1.2  Experiments with BEC of Parametrically Driven Magnons. . 261
7.2 Theory for the Dynamics of the Microwave-Driven Magnon Gas

N A-SPace. . . .o 265
7.3  Quantum Coherence of the Bose—Finstein Magnon Condensate . . . 274
7.4 Wave Function of the Magnon Condensate . . . ............... 278

References. . . ... . 283



xvi Contents
8 Magnon Spintronics. . .. ......... ... 287
8.1 Spin Current in Nonmagnetic Metals. . .. .................. 287
8.2 Conversions Between Charge and Spin Currents. . .. .......... 294
82.1 SpinHallEffects........ ... ... ... .. ... ... .. ... 294
8.2.2 Rashba-Edelstein Effects. . .................... ... 296
8.3 Magnon Excitation by Spin Transfer Torque . . . .. ........... 300
8.3.1 Spin Transfer Torque . . ............ ... ... ... .... 300
8.3.2 Magnon Excitation by Spin-Polarized DC Currents in
Magnetic Nanostrutures . . . . ... 302
8.4  Spin Pumping by k = 0 Magnons in Magnetic Bilayers......... 309
8.4.1 Spin Pumping Damping. ... ...................... 309
8.4.2 Electric Spin Pumping Effect. ... .................. 316
8.4.3 Electric Spin Pumping Experiments with 3D Metallic
Layers. ... ... 319
8.4.4 Electric Spin Pumping Experiments with 2D Electron
SYStEMS .« v o vt e e 322
8.5 Magnonic Spin Current, Magnon Accumulation, and Diffusion
of Magnons. . . ... ..ttt 323
8.6 Magnonic Spin Seebeck Effect. . ............. ... .. .. ... 331
8.6.1 Model for the Magnonic Spin Seebeck Effect in
Ferromagnetic Insulators. . .. ..................... 331
8.6.2 Magnonic Spin Seebeck Effect in Antiferromagnetic
Insulators. . . ... 337
8.6.3 Comparison of Theory with Experimental Results for
the SSEin FMI. . ... ... ... ... .. ... .. . ... 339
8.7 Concluding Remarks and Perspectives for Magnon Spintronics
andRelated Fields. . . ........... ... .................. 342
References. . . ... 345
Index. . . ... 353



