Contents

1 The Basis 0f NanOmMagnetiSM........ccccoviiiiiiieieieese e 1
11 Introduction: The Importance of Nanomagnetism..........c.ccocceevreenen. 1
12 The Origin of Nanomagnetic Behavior..........ccoccoveiiiiiiiincicie 2

1.2.1 Sample Dimensions and Characteristic Lengths................. 4
1.2.2 Broken Translation Symmetry.........cccocovninieniininieicnenn, 6
1.2.3 Nanomagnetic Samples and DynamicBehavior.................. 17
1.3 Dimensionality and Critical Behavior..........cccoooiiiiiiiinicicnen 17
RETEIBNCES. ... ittt nre e 22

2 MagNetiC DOMAINS......oiiiiiieieie i 25
2.1 INTFOAUCTION ...t 25
2.2 Interactions in Magnetic MaterialS.........ccccoccvvieiiii i 32

2.2.1 Exchange Interaction..........ccccocevvveiieiiieiic e 33
2.2.2 MagnetostatiC ENergy....cccccoviieieiieiiee e 36
2.2.3  Magnetic ANISOLIOPY ....ccviiiieiieiieeiiee e 38
2.2.4 Magnetoelastic Energy and Magnetostriction..................... 40
2.3 Elements of MicromagnetiSm.........cccccvvveieeveciiesiese e 41
2.3.1 Equation of MOtiON.......ccccveieiicceee e 46
2.4 Magnetic DOMAINS......coiiiiiieiiee e 48
2.41 Domain Wall Width........ccocooviiinii 50
2.4.2 Single-Domain Critical Diameters.......cccccevvevvvvenieeresiennnnn, 56
2.4.3 Domain Wall M OotioN. ... 58
2.5 RaNdOmM ANISOtIOPY ..cviiieiieiecieseeie s se e sae e aesneenns 65
RETEIENCES. ... e 68

3 Magnetism of Small PartiCles........cccoooviiieiiiiiccce e 71
31 INTrOAUCTION .ot e nne s 71
3.2 Particle Size and Magnetic BEhavior........cccooviiiiniiiincic s 75
3.3 SUPErparamMagnetiSM.......ccuecierueiiereeriesee e e sre e nre e 82

3.3.1 Superparamagnetism: The Langevin Function..................... 90

Xiii



XIvV

Contents

3.4 SUIface EFfECES. ... a1
3.5 The Stoner-Wohlfarth Model.........ccccoiiiiiiiiiie %

3.5.1 Inhomogeneous Magnetization Reversal............cccccevvennnne. 105

3.5.2 Precessional Magnetization Reversal............ccccccovvevviiieinenne. 108

3.5.3 Current-Induced Magnetization Reversal............ccccceevverurnnen. Il
3.6 Interaction Between PartiCles.......ccovvviiiiiiiiiniininieiee e 112
RETEIBNCES. ... e et 121
Magnetism of Thin Films and Multilayers.......cccoevviinininnininnnnn 125
O A 1 1 A oY LU Yo 1 [ oSS 125

4.1.1  Thin Films: Planar SYStems.........ccccovviiverviinsieenneieseeneenens 126

4.1.2 Thin Films: Laterally Structured Systems.........ccccocevvnvnnne 130
4.2 Anisotropy in Thin FIlMS.....ccccoiiiiiiiccccce e 132
4.3 Domain Walls and Magnetization Reversal in Thin Films............. 135
4.4 EXChaNQe BiaS....ccoiiiiiiiiiiieiieiieie e ste ettt 138
4.5 Interlayer Exchange Coupling.......cccccooeiieiiiienieie e 144
] (T (= o= SRS 148
Magnetotransport and Spin Current EffectS........cccoocvviiiiiiiiiiniene, 151
5.1 INtrOAUCTION....ieiiiiecicce et nne e 151
5.2 Spin Dependent Scattering and Giant Magnetoresistance

(GIMR ) ettt bbbt renre s 160

5.2.1 Valet-Fert Model for GMR........ccooiiiiiiiii e 167
5.3 Tunnel Magnetoresistance (TMR) and Other Magnetoresistance

B O CES. e e 169

5.3.1 The Anisotropic Magnetoresistance (AMR).......cccccvvrvvennne. 174
5.4 Current-Induced Domain Wall Motion and Spin Transfer

TOPUE (ST T ) ittt 176
5.5 Spin Current Effects: Spin Hall Effect, Spin Pumping,

and Spin Thermal Effects.......ccccooviviiiiiiiic e 181
RETEIeNCES...c.viiiicie e 195
Magnetism of Nanodisks, Nanorings, Nanowires,
AN NANOTUDES ... 201
6.1  INTrOAUCTION .c.iiiiecc e 201
I \\F- U (oL | ] &SROSR 202
6.3 INANOTINGS. o otitiitiiiieiiee ettt b e 210
6.4 Nanowires and NanOtUDES.......cccooiiieiiiir e 214
RETEIBINCES. ... bbb 226
MagNetiC RECOTTING uiiiiiiiiiiieiesie et 231
% R 111 (Lo U To] 4 o] o PSSR 231

7.2 Principles of Magnetic ReCOrding........ccccovvvvervnieniennieseenese e 232



Contents XV

7.3 Novel Magnetic Recording SYStEMS......ccccvvivieierineneneseseeeeeee 237
7.3.1 Nanodisk and Nanoring Memories........cccooevvrienvneninneennnn, 240

7.3.2 Domain Wall and Skyrmion Memories.........cccccovererencnnens 244
RETEIBINCES. ...ttt 246
SOIULIONS T0 The EXEICISES. ...coiiiiiiiiiiieiee e 249
Appendix A: The Hall Effect.......ccccoiiiiiiii e 257
Appendix B: Elements of ThermoelectriCity.........cccooovvvieviiieiiesiiicceee 261
Appendix C: Units in MagnetiSM.........cccociviiiiiie e 265
Appendix D: Physical ConStants.........cccccoviiiiiieiiicsic e 269
(€ [01S7:= V2SS S SSSRSP 271
BiblIOgrapny ....coececeee s 277
Material INAEX ..o 297
SYMBDOI TNAEX it 309
AULNOT TNOEX ..ttt 313

ST U o] LTl 1o 1= OSSOSO 319



