Introduction to
Wave Scattering,
Localization, and

Mesoscopic Phenomena

Ping Sheng

Department of Physics
Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong

and

Corporate Research Laboratories
Exxon Research & Engineering Co.
Clinton, New Jersey, USA R

ACADEMIC PRESS

San Diego New York Boston London Sydney Tokyo Toronto



Contents

Preface
1. Introduction

References
/

2. Quantum and Classical Waves

2.1 Preliminaries

2.2 Green’s Functions for Waves in a Uniform Medium
2.3 Waves on a Discrete Lattice

2.4 Lattice Green’s Functions

2.5 Treating Continuum Problems on a Lattice
Problems and Solutions

Reference

3. Wave Scattering and the Effective Medium

3.1 An Overview of the Approach t

3.2 Wave Scattering Formalism

3.3 Single Scatterer—The Lattice Case

3.4 Single Scatterer——The Continuum Case

3.5 Infinite Number of Scatterers—The Effective Medium
and the Coherent Potential Approximation

3.6 CPA—The Anderson Model

ix

14

15

15
19
26
31
37
40
48

49

49
51
55
58

66
69



vi

Contents

3.7 CPA—The Case of Classical Waves 73
3.7.1 The Symmetric Microstructure 77
3.7.2 The Dispersion Microstructure 82

3.8 Accuracy of the CPA 84

3.9 Extension of the CPA to the Intermediate Frequency Regime 85

Problems and Solutions 87

References 113

4. Diffusive Waves 115

4.1 Beyond the Effective Medium 115

4.2 Pulse Intensity Evolution in a Random Medium 116

4.3 The Bethe—Salpeter Equation and Its
Solution by Moments 121

4.4 The Vertex Function 134

4.5 The Ward Identity 145

4.6 Modification of the Diffusion Constant Due to
Frequency-Dependent Scattering Potentials 151

4.7 Evaluation of the Wave Diffusion Constant 153

4.8 Application: Diffusive Wave Spectroscopy 160

Problems and Solutions 171

References 175

5. The Coherent Backscattering Effect 177

5.1 Wave Diffusion versus Classical Diffusion 177

5.2 Coherence in the Backscattering Direction 178

5.3 Angular Profile of the Coherent Backscattering 181

5.4 Sample Size (Path Length) Dependence 185

Problems and Solutions 189

References 192

6. Renormalized Diffusion 193

6.1 Coherent Backscattering Effect in the
Diagrammatic Representation 193

6.2 Evaluation of the Maximally Crossed Diagrams 195

6.3 Renormalized Diffusion Constant 199



Contents vii

6.4 Sample Size and Spatial Dimensionality Dependences

of Wave Diffusion 201
6.5 Localization in One Dimension:

The Herbert-Jones-Thouless Formula 203
Problems and Solutions 211
References 213

7. The Scaling Theory of Localization 215
7.1 Distinguishing a Localized State from an Extended State 215
7.2 The Scaling Hypothesis and Its Consequences 218
7.3 Finite-Size Scaling Calculation of g(In y) 226
7.4 Universality and Limitations of the Scaling Theory Results 232
Problem and Solution 234
References 239

8. Localized States and the Approach to Localization 241

8.1 The Sclf-Consistent Theory of Localization 241
8.2 Localization Behavior of the Anderson Model 244
8.3 Classical Scalar Wave Localization 259
8.4 Transport Velocity of Classical Scalar Waves 269
8.5 The Scaling Function B(In y) 271
Problems and Solutions 277
References 281
9. Localization Phenomena in Electronic Systems 283

9.1 Finite Temperatures and the Effect of Inelastic Scattering 283
9.2 Temperature Dependence of the Resistance

in 2D Disordered Films 284
9.3 Magnetoresistance of Disordered Metallic Films 287

9.4 Transport of Localized States at Finite Temperatures—
Hopping Conduction 293
Problems and Solutions ! 298
References 300
10. Mesoscopic Phenomena ' 301
10.1 What is “Mesoscopic”? 301

10.2 Intensity Distribution of the Speckle Pattern 302



viii Contents

10.3 Correlations in the Speckle Pattern 304
10.4 Long-Range Correlation in Intensity Fluctuations 310
10.5 Landauer’s Formula and Quantized Conductances 315
10.6 Characteristics of Mesoscopic Conductance 320
Problems and Solutions 325
References 326

Index 329



