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conductance quantum, 31, 34, 159, 212

conduction band, 16

conductivity

frequency dependence of, 110

graphene’s, 113

constitutive relations, 41

contact resistance, 159, 169, 171

continuity equation, 69

convolution, 95

convolution operator, 86

Cooper pairs, 196

coordinates

Cartesian, 42

generalized, 41

polar, 42

correlation

classical, 54

quantum, 54

correlation function, 152, 229, 230, 232

dynamic, 101

symmetric, 102

correlation time, 225
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dipole approximation, 127, 133

dipole–dipole interaction, 5

Dirac Hamiltonian, 113

Dirac point, 113

dispersion relation, 118

dissipator, 144, 153

divergence theorem, 74

DNA structure, 4

Drude model, 111, 112

limitations of, 112

Drude theory, 31, 156

effective mass, 9, 13, 219

effective-mass approximation, 112

eigenspectra

continuous, 56

discrete, 55

Einstein relation

generalized, 231, 248

Einstein’s A and B coefficients, 124

Einstein’s summation convention, 69

electromagnetic field

quantization of, 68

electron–phonon collisions, 117

energy conservation principle, 211

energy-dispersion curve, 218

ensemble

canonical, 89, 98, 102

equilibrium, 87

grand-canonical, 89, 175, 182
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entanglement

classical, 54

quantum, 54
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Shannon, 141

von Neumann, 141

EPR paradox, 55
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ergodicity, 229

Esaki diode, 217

Euler–Lagrange equation, 45, 48, 74, 239

evolution operator, 138
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formation of, 16
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Faraday’s law, 30

Fermi distribution, 167, 170

Fermi energy, 9, 19, 35, 111, 113, 218

Fermi function, 186
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Fermi surface, 9

Fermi temperature, 10
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Fermi velocity, 10

Fermi’s golden rule, 68, 209, 234

Fermi–Dirac distribution, 9, 32, 91, 92, 195, 208, 219

Fermi–Dirac statistics, 53

fermions, 79, 91

Feynman diagram, 68

field-effect transistor, 38

field-strength tensor, 71

fluctuation-dissipation theorem, 32, 101, 108, 159,
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fluorescence, 125

Fock space, 78
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spontaneous, 259

Fowler–Nordheim tunneling, 190, 193
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gauge condition, 72

gauge freedom, 72

gauge transformation, 25, 71

gauge-field vector, 71

Gauss theorem, 74

Gaussian random process, 225

Gaussian statistics, 222, 224, 229

geometric phase, 28

geometrical-optics approximation, 7

Gibb’s free energy, 89

grand-canonical ensemble, 92

graphene, 113, 119

gravitational wave, 256

Green’s function, 67, 108, 174

advanced, 181, 183

definition of, 181

equation of motion for, 184

greater, 181, 183

higher-order, 185

lesser, 180–182

mixed, 180

nonequilibrium, 172

retarded, 181, 183

time-ordered, 180, 181

Gupta–Bleuler quantization, 79

Hall effect, 31

quantum, 159

Hamilton–Jacobi equation, 51

Hamiltonian, 47–51, 90, 94

coupling, 179

Lamb-shift, 153

harmonic oscillator, 63, 113

damped, 146

driven, 104

noise in, 236

Hartman effect, 190

Heaviside step function, 94, 95, 100, 114, 174

Heisenberg picture, 64, 90, 133, 233, 240

Heisenberg uncertainty principle, 135

Hellmann–Feynman theorem, 104, 105

Hermitian operator, 55

heterodyne detection, 258

Hilbert space, 52, 54

holonomic constraint, 43

idler wave, 259

impulse response, 86

interaction picture, 65, 94, 99, 149, 151, 240

interband transitions, 112, 113

intraband transitions, 112, 113

inverse-square law, 4

Jaynes–Cummings Hamiltonian, 127, 131, 133, 240

jellium model, 116, 120

Johnson–Nyquist noise, 106, 225

Jordan–Wigner string, 80

Josephson constant, 197

Josephson effect, 197

AC, 196, 198

DC, 196, 197

Josephson equations, 197

Josephson junction, 196, 203

Kadanoff–Baym–Keldysh contour, 175

Keldysh contour, 174, 175

Keldysh equation, 186

Keldysh formalism, 173, 187

Kelvin probe, 171

Kelvin sensing method, 171

kinetic energy, 44, 46

Kirchhoff gauge, 72

Kirchhoff’s laws, 169

Kondo effect, 173

Kramers–Kronig relations, 95, 116, 255

multiply-subtractive, 96

Kraus map, 145

Krauss operator-sum representation, 149

Kronig–Penney model, 217

Kubo formula, 66, 95

Kubo gap, 19

Kubo identity, 98

Lagrange multiplier, 79

Lagrangian, 43–46, 74–76, 238

Lamb shift, 126, 130, 144, 153

Landau damping, 18, 112, 117

Landau length, 12

Landauer formula, 33

Landauer–Büttiker formula, 32, 33

Landauer–Büttiker method, 160–172
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Langevin equation, 135

c-number, 247

quantum, 232, 240

standard, 231

Langevin force, 231, 247, 254, 255

Langevin formalism, 231, 249

Laplace transform, 87

laser

bandwidth of, 255

line width of, 255

quantum theory of, 240

LC circuit, 238

Legendre transformation, 47, 62

Lehmann representation, 99, 182

length scales, 7–13

Levi–Civita tensor, 69

LIGO, 256

Lindblad equation, 144–148

Lindblad operator, 145

line-width enhancement factor, 255

linear response function, 85, 93–101

properties of, 97

retarded, 95

sum rules for, 114

Liouville equation, 90, 104, 143, 149, 242

Liouville space, 146, 148

Liouvillian, 141

Lippmann–Schwinger kernel, 67

local oscillator, 259

local-density approximation, 120

local-response assumption, 110, 112

logic gate, 57

Lorentz force, 25, 46, 69

Lorentz invariance, 68, 74

Lorentz model, 113, 116

Lorentz transformation, 68, 70

Lorenz gauge, 72, 78

luminescence, 125

Lycurgus Cup, 3

magnetic flux quantum, 197

magnetic monopole, 28

many-body effects, 172, 204

Markovian approximation, 128, 150

Markovian process, 229

master equation, 135

first standard form of, 143

Markovian, 140, 150

Pauli, 137, 145

quantum-optics, 153

Matthiessen’s rule, 31

Maxwell’s demon, 3

Maxwell’s equations, 21, 25, 68, 71, 73

Maxwell–Boltzmann distribution, 9, 92

mean free path, 10, 31, 33, 111, 156

mean-field approximation, 241

mean-field description, 160

measurement

positive operator-valued, 58

projective, 57

quantum, 56

Mellin inverse formula, 87

Michelson interferometer, 256

momentum

canonical, 47

definition of, 47

generalized, 47

negative differential resistance, 194, 217

Noether’s theorem, 211

noise

additive, 222

amplifier, 220

classical, 220, 224

Langevin, 225

partition, 254

quantum, 220–260

relative intensity, 253

shot, 227, 258

squeezing of, 256

thermal, 225

white, 222, 225, 227

noise factor, 223

noise figure, 223

noise spectral density, 107

normal ordering, 66, 179, 242

Norton theorem, 106

number-phase uncertainty relation, 221

Ohm’s law, 31, 106, 107, 110, 156

operator

annihilation, 63, 80

creation, 63, 80

d’Alembertian, 70

density, 59

Heisenberg, 77

ladder, 79

Laplacian, 70

number, 63, 78

occupation-number, 83

p–n junction, 226

Pancharatnam–Berry phase, 28

parametric gain, 259

parastatistics, 53

partial trace, 138

partition function, 89, 91

Pauli exclusion principle, 21, 79, 92, 167, 208

Pauli spin matrices, 132

Pauli spin matrix, 234

Pauli spin operators, 132

permittivity

dielectric, 96

models for, 111
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vacuum, 69

permutation symmetry, 53

perturbation theory

first-order, 235

Oppenheimer, 208

time-independent, 67

phase coherence, 196

phase matching, 259

phase space, 230

phase transformation, 25

phase-sensitive detection, 258, 259

phosphorescence, 125

photoelectric effect, 7

Planck constant, 8, 62, 88

Planck distribution, 147, 148

plasma frequency, 17, 111, 117

plasmonic oscillations, 17, 117

Poincarè invariant, 51

Poisson bracket, 49, 62

properties of, 50

Poisson equation, 12, 73, 108

Poisson theorem, 50

Poissonian statistics, 241

polarizability, 109

potential

chemical, 168, 170, 175

electric, 169

electrochemical, 169, 173

electrostatic, 168

pseudochemical, 170

potential barrier, 189

potential energy, 44, 46

principle of stationary action, 45

projection operator, 57

purity function, 60

quadrature components, 257

quality factor, 117

quantum computing, 190

quantum confinement, 13–23

quantum dot, 15, 216

quantum gate, 121

quantum Hall effect, 31

fractional, 31

quantum interference, 23–29

quantum localization, 31

quantum regression theorem, 232

quantum state, 54

evolution of, 64

mixed, 59

momentum representation, 81

position representation, 81

pure, 59

purity of, 60

stationary, 68

quantum transport, 31–39

quantum vacuum squeezer, 256

quantum well, 15, 217

quantum wire, 15, 217

quantum-coherence regime, 146

quasi-bound state, 216

quasi-static approximation, 108, 117

qubit

amplitude of, 57

computational basis of, 57

definition of, 57

measurement of, 57

Qubit register, 121

Rabi frequency, 133, 153

Rabi oscillation, 123

radiation gauge, 73, 76

radioactive decay, 191

random process

ergodic, 228

stationary, 228

rate equation, 135

laser, 251

RC time constant, 217

Redfield equation, 149–153

Markovian, 151

rotating-wave approximation for, 153

refractive index

complex, 111, 115

models for, 111

relative intensity noise, 253

relaxation time, 10

reservoir model, 134

rotating-wave approximation, 133, 151, 241

S-parameter method, 160

saddle-point method, 215

scanning tunneling microscope, 214

scattering

elastic, 10, 28, 31, 33, 159

inelastic, 10, 34

surface, 34

scattering length, 10

scattering matrix, 160–163

construction of, 169

scattering theory, 160

Schottky diode, 227

Schottky junctions, 193

Schrödinger equation, 9, 14, 20, 30, 64, 122, 128, 130,

174, 199, 205

Schrödinger picture, 64, 122, 240

Schwinger–Keldysh contour, 175

screening length, 112

second law of thermodynamics, 121

second quantization, 79–84

secular approximation, 149

semigroup condition, 141

semigroup formalism, 145

Shannon entropy, 60
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signal-to-noise ratio, 223

single-electron box, 36

single-electron transistor, 38, 157

single-electron transport, 157

skin depth, 111

Sokhotski–Plemelj formula, 183

space-time metric, 70

spaser, 113, 116

spectral density, 225

classical, 224

quantum, 233

shot-noise, 227

single-sided, 225

two-sided, 225

spectral function, 184, 186

spectral representation, 99

spin

half-integer, 53

integer, 53

particle, 53

spontaneous emission, 123, 131, 223, 252, 255

control of, 126

rate of, 130

spectrum of, 130

spontaneous emission factor, 252

squeezing, 256

photon-number, 258

quadrature, 257

tunnel junction, 260

SQUID, 190, 198

state

coherent, 257

evolution of, 63

Fock, 79

many-particle, 79

purification of, 61

squeezed, 256

surface, 6

state vector

definition of, 52

Stenholm method, 133

Stern–Gerlach device, 59

stimulated emission, 124, 223, 251

stochastic process, 229

Markovian, 231

Stoke’s theorem, 26, 27

superconductivity, 196

superconvergence theorem, 114, 115

superlattice, 16

superluminal speed, 190

superposition principle, 52

surface plasmon, 113, 116–120

localized, 117

propagating, 117

surface wave, 119

surface-plasmon polariton, 117

surface-to-volume ratio, 5

susceptibility

generalized, 95, 98, 103, 104, 114

symmetrization postulate, 53

tangent bundle, 44

Tauc–Lorentz model, 113

tensor product, 52

thermal conductivity, 5, 11

thermal diffusion length, 11

thermal energy, 13, 158

thermal equilibrium, 124, 164, 169, 236

thermal length, 9

Thevenin theorem, 106

Thomas–Fermi length, 112

Thomas–Reiche–Kuhn sum rule, 115

time ordering, 66

time reversal, 122

time’s arrow, 122

time-evolution operator, 64, 66, 122

time-invariant system, 86

time-ordering operator, 66, 174

time-reversal symmetry, 121, 122

topological manifold, 44

transfer Hamiltonian method, 203

transmission line, 238

transport

ballistic, 169

charge, 163

in two-port devices, 163

phase-coherent, 164

quantum, 156–188

Tsu–Esaki equation, 32, 168

tunnel diode, 194

tunnel junction, 194, 227, 260

superconducting, 260

tunneling

applications of, 193

coupling coefficient for, 206

double-barrier resonant, 217

elastic, 218

Gamow’s theory of, 191

in nanostructures, 34

physics of, 189

probability of, 203

quantum, 34

quantum description of, 198

resonant, 216

sequential, 209

time for, 189

time-dependent theory of, 204

WKB approximation for, 202

tunneling current, 208

tunneling diode

resonant, 216

tunneling Hamiltonian, 203

tunneling junction, 34, 157
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Giaever, 198

superconducting, 198

turning point, 200

two-level atom, 240

two-level system

noise in, 234

Umklapp scattering, 112

uncertainty principle, 58, 158, 211, 221, 237

general form of, 256

Heisenberg, 256, 258

vacuum fluctuations, 259

vacuum permeability, 69

vacuum permittivity, 13

vacuum tube, 227

valence band, 16

van Hove limit, 137

variational method, 239

velocity gauge, 73

von Klitzing constant, 158

von Neumann entropy, 60

wave–particle duality, 7, 189

weak measurement, 23

Weisskopf–Wigner approximation, 128

Weisskopf–Wigner theory, 126, 148, 242

Weyl gauge, 73

Weyl relations, 62

Wick ordering, 179

Wick’s theorem, 67

Wiedemann–Franze law, 9

Wiener–Khinchin theorem, 225, 228, 250

WKB approximation, 203

WKB method, 199

work function, 215

X-parameter method, 160

Young’s double-slit experiment, 24

Young’s modulus, 7

zero-point energy, 132, 222, 237

zero-point fluctuations, 222
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