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11.5.1 Néel and Stoner–Wohlfarth Models . . . . . . . . . . . . . . . . . 517
11.5.2 Thermal Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520

12 Magnetism of Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
12.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
12.2 Band Theoretical Results for the Transition Metals . . . . . . . . . . 523

12.2.1 Basic Results for the Density of States . . . . . . . . . . . . . . 523
12.2.2 Prediction of Magnetic Properties . . . . . . . . . . . . . . . . . . 525

12.3 The Rare Earth Metals: Band Theory versus Atomic Behavior 530
12.4 Spectroscopic Tests of the Band Model of Ferromagnetism . . . 534

12.4.1 Spin Resolved Inverse Photoemission . . . . . . . . . . . . . . . . 535
12.4.2 Spin Resolved Photoemission . . . . . . . . . . . . . . . . . . . . . . 539

12.5 Resistivity of Transition Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
12.5.1 Conduction in Nonmagnetic Metals . . . . . . . . . . . . . . . . . 548
12.5.2 The Two Current Model . . . . . . . . . . . . . . . . . . . . . . . . . . 553
12.5.3 Anisotropic Magnetoresistance of Metals . . . . . . . . . . . . 556

12.6 Spin Conserving Electron Transitions in Metals . . . . . . . . . . . . . 558
12.6.1 Spin Conserving Transitions and the Photoemission

Mean Free Path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 558
12.6.2 Determination of the Spin-Dependent Mean Free

Path using the Magnetic Tunnel Transistor . . . . . . . . . . 562
12.6.3 Probability of Spin-Conserving relative to

Spin-Non-Conserving Transitions . . . . . . . . . . . . . . . . . . . 565
12.6.4 The Complete Spin-Polarized Transmission Experiment569

12.7 Transitions Between Opposite Spin States in Metals . . . . . . . . . 573
12.7.1 Classification of Transitions Between Opposite Spin

States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 573
12.7.2 The Detection of Transitions between Opposite Spin

States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 575
12.8 Remaining Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582



XVI Contents

Part V Topics in Contemporary Magnetism

13 Surfaces and Interfaces of Ferromagnetic Metals . . . . . . . . . . . 587
13.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587
13.2 Spin-Polarized Electron Emission from Ferromagnetic Metals . 588

13.2.1 Electron Emission into Vacuum . . . . . . . . . . . . . . . . . . . . 588
13.2.2 Spin-Polarized Electron Tunneling between Solids . . . . 593
13.2.3 Spin-Polarized Electron Tunneling Microscopy . . . . . . . 598

13.3 Reflection of Electrons from a Ferromagnetic Surface . . . . . . . . 601
13.3.1 Simple Reflection Experiments . . . . . . . . . . . . . . . . . . . . . 603
13.3.2 The Complete Reflection Experiment . . . . . . . . . . . . . . . 608

13.4 Static Magnetic Coupling at Interfaces . . . . . . . . . . . . . . . . . . . . . 613
13.4.1 Magnetostatic Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 614
13.4.2 Direct Coupling between Magnetic Layers . . . . . . . . . . . 615
13.4.3 Exchange Bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 617
13.4.4 Induced Magnetism in Paramagnets and Diamagnets . . 629
13.4.5 Coupling of Two Ferromagnets across a Nonmagnetic

Spacer Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 632

14 Electron and Spin Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 637
14.1 Currents Across Interfaces Between a Ferromagnet and a

Nonmagnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 637
14.1.1 The Spin Accumulation Voltage in a Transparent

Metallic Contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 638
14.1.2 The Diffusion Equation for the Spins . . . . . . . . . . . . . . . . 642
14.1.3 Spin Equilibration Processes, Distances and Times . . . . 644
14.1.4 Giant Magneto-Resistance (GMR) . . . . . . . . . . . . . . . . . . 647
14.1.5 Measurement of Spin Diffusion Lengths in Nonmagnets651
14.1.6 Typical Values for the Spin Accumulation Voltage,

Boundary Resistance and GMR Effect . . . . . . . . . . . . . . 654
14.1.7 The Important Role of Interfaces in GMR . . . . . . . . . . . 655

14.2 Spin-Injection into a Ferromagnet . . . . . . . . . . . . . . . . . . . . . . . . . 656
14.2.1 Origin and Properties of Spin Injection Torques . . . . . . 657
14.2.2 Switching of the Magnetization with Spin Currents:

Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665
14.2.3 Excitation and Switching of the Magnetization with

Spin Currents: Experiments . . . . . . . . . . . . . . . . . . . . . . . . 667
14.3 Spin Currents in Metals and Semiconductors . . . . . . . . . . . . . . . 672
14.4 Spin-Based Transistors and Amplifiers . . . . . . . . . . . . . . . . . . . . . 675

15 Ultrafast Magnetization Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 679
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 679
15.2 Energy and Angular Momentum Exchange between Physical

Reservoirs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 682



Contents XVII

15.2.1 Thermodynamic Considerations . . . . . . . . . . . . . . . . . . . . 682
15.2.2 Quantum Mechanical Considerations: The

Importance of Orbital Angular Momentum . . . . . . . . . . 684
15.3 Spin Relaxation and the Pauli Susceptibility . . . . . . . . . . . . . . . . 687
15.4 Probing the Magnetization after Laser Excitation . . . . . . . . . . . 690

15.4.1 Probing with Spin-Polarized Photoelectron Yield . . . . . 691
15.4.2 Probing with Energy Resolved Photoelectrons With

or Without Spin Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 696
15.4.3 Probing with the Magneto-Optic Kerr Effect . . . . . . . . . 702

15.5 Dynamics Following Excitation with Magnetic Field Pulses . . . 705
15.5.1 Excitation with Weak Magnetic Field Pulses . . . . . . . . . 712
15.5.2 Excitation of a Magnetic Vortex . . . . . . . . . . . . . . . . . . . . 715

15.6 Switching of the Magnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . 723
15.6.1 Precessional Switching of the In-Plane Magnetization . 725
15.6.2 Precessional Switching of the Magnetization for

Perpendicular Recording Media . . . . . . . . . . . . . . . . . . . . 733
15.6.3 Switching by Spin Injection and its Dynamics . . . . . . . . 744
15.6.4 On the Possibility of All-Optical Switching . . . . . . . . . . 751
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