Applied Superconductivity:

Josephson Effect and Superconducting Electronics

Manuscript to the Lectures during WS 2003/2004, WS 2005/2006, WS 2006/2007,
WS 2007/2008, WS 2008/2009, and WS 2009/2010

Prof. Dr. Rudolf Gross
and

Dr. Achim Marx

Walther-MeiRner-Institut
Bayerische Akademie der Wissenschaften

and

Lehrstuhl fiir Technische Physik (E23)
Technische Universitat Miinchen

Walther-MeiRner-Strasse 8
D-85748 Garching
Rudolf.Gross@wmi.badw.de

© Walther-MeiBner-Institut — Garching, October 2005






Contents

[ Preface] xxi
I Foundations of the Josephson Effect] 1
[T Macroscopic Quantum Phenomena) 3
1.1 The Macroscopic Quantum Model| . . . . . ... .. ... ... ... .. ........ 3
[1.1.1  Coherent Phenomena in Superconductivity| . . . . . . . . ... .. ... .... 3

[1.1.2 Macroscopic Quantum Currents in Superconductors| . . . . . . . ... ... .. 12

[I.1.3 The London Equations| . . . . . ... ... ... ... ... ........... 18

1.2 Flux Quantization| . . . . . . . . . . . . . . ... 24
[1.2.1  Flux and Fluxoid Quantization| . . . . . . . . . . ... ... ... ........ 26

[1.2.2  Experimental Proof of Flux Quantization| . . . . . ... ... ... ....... 28

[1.2.3  Additional Topic: |

| Rotating Superconductor] . . . . . . .. ... ... 30
1.3 Josephson Effect] . . . ... ... ... . . . ... ... 32
[1.3.1 The Josephson Equations|. . . . . . . ... ... ... ... ... ........ 33

[1.3.2  Josephson Tunneling| . . . . .. ... ... ... ... ... ... ........ 37

2 JJs: The Zero Voltage State| 43
[2.1  Basic Properties of Lumped Josephson Junctions| . . . . .. ... ... ... ...... 44
[2.1.1  The Lumped Josephson Junction|. . . . . . . . ... ... .. ... ....... 44

[2.1.2 " The Josephson Coupling Energy| . . . . . . .. ... ... ... .. ... .... 45

[2.1.3 'The Superconducting State| . . . . . . .. .. .. ... . ... ..., 47

[2.1.4  The Josephson Inductance| . . . . .. .. .. ... ... ... .. ........ 49

[2.1.5 Mechanical Analogs| . . . . ... ... .. ... ... L 49

[2.2 Short Josephson Junctions| . . . . . ... ... 50

[2.2.1  Quantum Interference Effects — Short Josephson Junction in an Applied Mag-
[ neticField| . . . . . . . . 50

1ii



iv R. GROSS AND A. MARX CONTENTS
222 The Fraunhofer Diffraction Patternl. . . . . . . . ... ... .. ... ..... 54

[2.2.3  Determination of the Maximum Josephson Current Density| . . . . . .. .. .. 58

[2.2.4  Additional Topic: |

| Direct Imaging of the Supercurrent Distribution| . . . . . . . . . ... ... ... 62
[2.2.5  Additional Topic: |

| Short Josephson Junctions: Energy Considerations| . . . . . ... ... ... .. 63
[2.2.6  The Motion of Josephson Vortices| . . . . . .. ... ... . ... ........ 65

2.3 Long Josephson Junctions| . . . . .. .. ... .. o 68
[2.3.1  The Stationary Sine-Gordon Equation| . . . . . . .. ... ... ... ... 68

[2.3.2  The Josephson Vortex| . . . ... .. .. .. ... .. .. ... ... ..., 70

[2.3.3  Junction Types and Boundary Conditions| . . . . . ... ... ... .. ..... 73

[2.3.4 Additional Topic: |
Josephson Current Density Distribution and Maximum Josephson Current|. . . . 79

[2.3.5 The Pendulum Analog| . . . . . ... ... ... ... ... 84

3 JJs: The Voltage State] 89
[3.1 'The Basic Equation of the Lumped Josephson Junction| . . . . . . . ... .. ... ... 90
[3.1.1 The Normal Current: Junction Resistancel . . . . . .. ... ... ... ..... 90

[3.1.2  'The Displacement Current: Junction Capacitance| . . . . . . . ... ... .... 92

[3.1.3  Characteristic Times and Frequencies| . . . . .. ... ... ... ........ 93

1.4 The FI tonCurrent| . . . . . ... 94

[3.1.5 The Basic Junction Equation| . . . . . . . ... ... . oo 96

[3.2  The Resistively and Capacitively Shunted Junction Model|. . . . . . .. ... ... ... 97
[3.2.1  Underdamped and Overdamped Josephson Junctions| . . . . . .. ... .. ... 100

[3.3 Response to Driving Sources| . . . . . . .. .. ... ... 102
[3.3.1 Responsetoadc CurrentSource|. . . . . .. ... ... ... ... ....... 102

[3.3.2  Response to adc Voltage Source| . . . . . ... ... ... .. L. 107

[3.3.3 Response to ac Driving Sources| . . . . . . . .. ... oo 107

[3.3.4  Photon-Assisted Tunneling|. . . . .. ... ... ... ... .. ......... 112

3.4 Additional Topic: |

[ Effect of Thermal Fluctuations] . . . . . . . . . . . . .. ... . . ... .. ..... 115
[3.4.1  Underdamped Junctions: Reduction of /. by Premature Switching| . . . . . . .. 117

[3.4.2  Overdamped Junctions: The Ambegaokar-Halperin Theory|. . . . . .. ... .. 118

[3.5  Secondary Quantum Macroscopic Effects|] . . . . .. ... ... ... ... .. ... 122
[3.5.1 Quantum Consequences of the Small Junction Capacitance| . . . . . ... .. .. 122

© Walther-MeiB3ner-Institut



CONTENTS

APPLIED SUPERCONDUCTIVITY

[3.5.2  Limiting Cases: The Phase and Charge Regime| . . . . . . ... ... ... ... 125

353 CoulombandFlux Blockadel . . . . . ... ... ... ... ... . ..... 128

[3.5.4  Coherent Charge and Phase States| . . . . . .. ... ... ... ... .. .... 130

3.5.5 Quantum Fluctuations| . . . . .. ... .. ... ... ... 132

[3.5.6  Macroscopic Quantum Tunneling| . . . . . ... .. .. ... 0. 133

[3.6  Voltage State of Extended Josephson Junctions| . . . . .. ... ... .......... 139
[3.6.1 Negligible Screening Eftects| . . . . . . ... ... ... ... ... .. 139

[3.6.2  'The Time Dependent Sine-Gordon Equation|. . . . . . .. .. .. ... ... .. 140

[3.6.3  Solutions of the Time Dependent Sine-Gordon Equation| . . . . . ... ... .. 141

[3.6.4  Additional Topic: |

[ Resonance Phenomenal . . . . . . ... ... L oL 144
[IT Applications of the Josephson Effect| 153
A_SQUIDS 157
edc-SQUID| . . . . . . e 159

[4.1.1  The Zero Voltage State| . . . . . . . .. ... ... ... .. ... ........ 159

[4.1.2  The Voltage State| . . . . . . ... ... ... . . ... ... .. 164

i4.1.3  Operation and Performance of dc-SQUIDs| . . . . . ... ... ... ... ... 168

[4.1.4  Practical dc-SQUIDs| . . . . . . . . . . 172

BI15 Read-OutSchemes . . .. ... .. ... ... . 176

|4.2  Additional Topic: |

[ The rf-SQUID] . . . . . . . . e 180
[4.2.1 The Zero Voltage State| . . . . . . . . . .. ... ... ... ... ... ... 180

[4.2.2  Operation and Performance of rf-SQUIDs| . . . . . . . . ... ... ... 182

H23 Practical -SQUIDS| . . . . . . o o 186

|4.3  Additional Topic: |

| Other SQUID Configurations| . . . . . . . . . . . ... .. .. ... 188
431 The DROS| . . . . . oo 188

The SQIF . . . . . . . 189

B33 Cartwhee[SQUID| . . . . . . . . o 189

4.4 Instruments Basedon SQUIDs| . . . . . . . . . ... o 191
4.4.1  Magnetometers| . . . . . . . ... e e 192

M42 Gradiometersl . . . . . ... 194

[4.4.3  Susceptometers| . . . . . .. . ... 196




vi R. GROSS AND A. MARX CONTENTS
444 Voltmeters| . ... .. .. 197

4.4.5 Radiofrequency Amplifiers|. . . . . . .. .. .. .. .. ... 198

4.5 Applications of SQUIDs| . . . . . . . . . ... e 200
[4.5.1 Biomagnetism| . . . . . .. .. ... ... 200
452 Nondestructive Evaluation| . . . . . . . .. ... ... L0 oL 204

4.5.3  SQUID Microscopy| . . . . . . . . o i i e 206
4.5.4  Gravity Wave Antennas and Gravity Gradiometers| . . . . . .. ... ... ... 208

[4.5.5 Geophysics| . . . . . ... e 210

[ Digital Electronics| 215
[5.1  Superconductivity and Digital Electronics| . . . . . . . ... ... oL oL, 216
[5.1.1 Historical development| . . . . . . . ... ... ..o oL 217
[5.1.2  Advantages and Disadvantages of Josephson Switching Devices| . . . . . . . .. 219

[5.2  Voltage State Josephson Logic| . . . . . ... ... ... o o 222
[5.2.1  Operation Principle and Switching Times| . . . . . . ... ... .. ... .... 222
[5.2.2  Power Dissipation] . . . . . . . ... 225

5.2.3  Switching Dynamics, Global Clock and Punchthrough| . . . . . . ... ... .. 226
5.2.4  Josephson Logic Gates| . . . . . . ... ... ... .. ... ... 228

5.2.5 Memory Cells| . . ... .. ... .. . .. . 234
[5.2.6  Microprocessors| . . . . . . . ... e e e e e e 236
[5.2.7 Problems of Josephson Logic Gates| . . . . . .. ... ... ........... 237

B3 RSFQULOZIC . .« o o v o e e e e e e e e e 239
[5.3.1 Basic Components of RSFQ Circuits| . . . ... ... ... ... . ....... 241
[5.3.2 Information in RSFQ Circuits| . . . . .. ... ... ... .. ... ....... 246

[5.3.3 BasicLogicGates| . . ... ... ... .. .. ... 247
[5.3.4  Timing and Power Supply| . . . . . . . .. ... oL 249

[5.3.5 Maximum Speed| . . . . ... ... L 249
[5.3.6 Power Dissipation| . . .. ... .. ... ... ... ... 250
[5.3.7 Prospectsof RSFQ| . . . . . . .. .. ... ... ... 250
[5.3.8  Fabrication Technology|. . . . . . .. ... ... ... ... .. ......... 253
B39 RSFQROAAMAD] . . - « o o o oo e 254

5.4  Analog-to-Digital Converters| . . . . . . . . ... .. ... ... .. 255
[5.4.1  Additional Topic: |

[ Foundations of ADCsl . . . . . . . . . .. ... ... 256
5.4.2 The Comparator] . . . . . . . . . . . . . . . e 261

5.4.3 The Aperture Time| . . . . . . . . . ... L 263
[5.4.4  Different Typesof ADCs| . . . . . . . .. .. .. .. .. .. .. .. ... 264

© Walther-MeiB3ner-Institut



CONTENTS APPLIED SUPERCONDUCTIVITY vii

{6  The Josephson Voltage Standard)| 269
6.1 Voltage Standards| . . . . . . . . . .. 270
[6.1.1 Standard Cells and Electrical Standardsl . . . . . .. ... ... ... ...... 270
16.1.2  Quantum Standards for Electrical Unats| . . . . . ... ... ... ... ..... 271

[6.2  The Josephson Voltage Standard| . . . . . . .. ... ... ... ... . ......... 274
[6.2.1  Underlying Physics| . . . . . . . .. ... ... .. 274
[6.2.2  Development of the Josephson Voltage Standard] . . . . . ... ... ... ... 274

[6.2.3  Junction and Circuit Parameters for Series Arrays|. . . . . . . ... .. ... .. 279

|6.3  Programmable Josephson Voltage Standard| . . . . . .. ... ... .. ... ...... 281
[6.3.1  Pulse Driven Josephson Arrays|. . . . . . .. . ... ... ... ... 283

[7~ Superconducting Photon and Particle Detectors| 285
[7.1 ~ Superconducting Microwave Detectors: Heterodyne Receivers| . . . . . . .. .. .. .. 286
[7.1.1  Noise Equivalent Power and Noise Temperature|. . . . . . ... ... ... ... 286
[/.1.2  Operation Principleof Mixers| . . . . . ... ... ... ... ... ....... 287
[7.1.3  Noise Temperature of Heterodyne Receivers| . . . ... ... ... ... .... 290
[7.1.4 SIS Quasiparticle Mixers| . . . . . .. ... ... ... ... ... .. ... ... 292
[7.1.5 Josephson Mixers|. . . . . . . . . . . . . .. ... 296

[7.2  Superconducting Microwave Detectors: Direct Detectors| . . . . . . .. ... ... ... 297
2.1 EP of Direct D O 298

(/.3 Thermal Detectorsl . . . . . . . . . . . . 300
{7.3.1 Principle of Thermal Detection|. . . . . . ... ... ... ... .. ....... 300
(732 Bolometers| . . . . . . .. 302

[7.3.3  Antenna-Coupled Microbolometers| . . . . . . ... ... ... ... ...... 307

[7.4  Superconducting Particle and Single Photon Detectors| . . . . .. .. ... ... ... .. 314
(2.4.1 Thermal Photon and Particle Detectors: Microcalorimeters| . . . . . . . . .. .. 314

[7.4.2  Superconducting Tunnel Junction Photon and Particle Detectors| . . . . . . . .. 318

[Z5 Other Detectorsl . . . . . . . . . . e 328
|8 Microwave Applications| 329
[8.1  High Frequency Properties of Superconductors| . . . . . ... ... ... ........ 330
8.1.1 The Iwo-FlwmdModell . ... ... ... ... .. ... ... . ..., 330

[8.1.2  The Surface Impedance|. . . . . . .. ... ... ... ... ... ... 333

[8.2  Superconducting Resonators and Filters| . . . . ... ... ... ... .......... 336
I8.3  Superconducting Microwave Sources|. . . . . . ... ... Lo oL oL 337




viii R. GROSS AND A. MARX CONTENTS

[9  Superconducting Quantum Bits| 339
9.1  Quantum Bits and Quantum Computers| . . . . . .. .. ... .. ... ... ...... 341
0.1.1 Quantum Bits|. . . . . ... . ... 341

9.1.2  Quantum Computing] . . . . . . . . . . . . . . . e 343

9.1.3  Quantum Error Correction| . . . . . . . . . . . . .. ... ... . . 346

9.1.4 What are the Problems? . . . .. ... .. ... ... . ... ... .. ... .. 348

9.2 Implementation of Quantum Bits| . . . . . . ... .. .. ... ... . 000, 349
9.3 Why Superconducting Qubits|. . . . . . ... ... o 352
[9.3.1  Superconducting Island withLeads| . . . ... ... ... ... .. ... .... 352

II' Anhang 355
|A~ The Josephson Equations| 357
B Tmaging of the Maximum Josephson Current Density| 361

|C Numerical Iteration Method for the Calculation of the Josephson Current Distribution] 363

[D_Photon Noisel 365
II Power of Blackbody Radiation| . . . . . . .. ... ... ... ... .. ..., 365

[T Noise Equivalent Power]. . . . . . . .. ... ... ... ... ... . ... . 367

E Qubits 369
II Whatisaquantumbit? . . . . . . ... .. 369
{[.1 Single-Qubit Systems| . . . ... .. oL o 369

L2 The spin-1/2 system| . . . . . . . . .. . L 371

{L.3 Two-Qubit Systems|. . . . . . ... ... ... 372

I Entanglement] . . . . . . . . . ... 373
[ Qubit Operations| . . . . . . . . . .. 375
[T Unitarity] . . . . . . . . e 375

[lI.2  Single Qubit Operations| . . . . . . ... ... ... ... ... . ........ 375

[[II.3 Two Qubit Operations| . . . . . . . . . . ... .. .. .. 376

IV Quantum Logic Gates|. . . . . . . . ... ... ... ... .. . 377
IV.I  Single-Bit Gates| . . . . . . . . . . . .. .. . . e 377

2  TwoBitGates|. . . . . ... . 379

|V The No-Cloning Theorem|. . . . . . . ... ... ... ... ... ... .. ....... 384
VI Quantum Complexity| . . . . . . . . . . . . e 385
[VII  The Density Matrix Representation|. . . . . . . .. ... ... ... ... ........ 385

© Walther-MeiBiner-Institut



CONTENTS APPLIED SUPERCONDUCTIVITY

ix

[ Two-Level Systems|
1 Intr jontothe Problem|. . . . . . ... ... oo
L1 Relation to Spin-1/2 Systems|. . . . . . . . . ... ... .
I Static Properties of Two-Level Systems| . . . . . ... ... ... ... .........
.1 Eigenstates and Eigenvalues| . . . . . .. ... ... ... ... .. ..
|II.2 Interpretation| . . . . . . . . ...
[II.3 Quantum Resonance| . . . . . ... .. ... ... L
{I' " Dynamic Properties of Two-Level Systems| . . . . ... ... ... .. ... ......
(II.1  Time Evolution of the State Vector]. . . . . . . . .. .. ... ... .. .....
1.2  TheRabiFormulal . ... ... ... ... ... . ... ... ...
[G_The Spin 172 System|
I Experimental Demonstration of Angular Momentum Quantization| . . . . . .. ... ..
Il Theoretical Description| . . . . . . . .. . . . ... ...
[II.1 The SpinSpace| . . . . . . . . . ..
{lI' " Evolution of a Spin 1/2 Particle in a Homogeneous Magnetic Field| . . . . . . ... ...
IV Spin 1/2 Particle in a Rotating MagneticField . . . . . ... ... ... ... ... ...
V.1  Classical Treatmentl. . . . . . . . . . . . ... e
IV.2  Quantum Mechanical Treatment| . . . . . . . . . ... ... ... ........
“ !.3 Rahl’s l Qllllulal ...................................
[H_Literature]
I Foundations of Superconductivity| . . . . . . ... ... ... o L o
{L.1 Introduction to Superconductivity| . . . . . ... ... Lo
{L.2 Early Work on Superconductivity and Superflmdaty| . . . . . . .. ... ... ..
I[.3 History of Superconductivity|. . . . . . . .. ... ... ... oL oL,
|L.4 Weak Superconductivity, Josephson Effect, Flux Structures|. . . . . . . ... ..
' Applications of Superconductivity| . . . . . . . . ... Lo o
L. 1 Electronics, Sensors, Microwave Devices| . . . . . . . ... ... ... .....
[II.2 Power Applications, Magnets, Transportation| . . . . . . ... ... ... ....
|II.3 Superconducting Matenals| . . . . . . .. ... o000
[[_SI-Einheiten|
1L Geschichte des SI Systems| . . . . . . . . . .. Lo
I Die ST Basiseinheiten| . . . . . . . . . . . . e
[l Einige von den SI Einheiten abgeleitete Einheiten| . . . . . . . . .. ... ... ... ..
IV VOISHIZE . -+« o o o e e e e e e
|V Abgeleitete Einheiten und Umrechnungsfaktoren| . . . . . . . ... ... ... ... ..

2005

389
389
390
390
390
391
394
395
395
395

399
399
401
401
402
404
404
406
407

409
409
409
410
410
410
411
411
412
412



R. GROSS AND A. MARX CONTENTS

[J Physikalische Konstanten| 425

© Walther-MeiB3ner-Institut



List of Figures

X1

1.1 _Meissner-Effect] . . . . . . . .. .. 19
|1.2 Current transport and decay of a supercurrent in the Fermi sphere picture|. . . . . . . . . 20
[1.3  Stationary Quantum States| . . . . . . . .. ... ... ... 24
|1.4  Flux Quantization 1n Superconductors| . . . . . . . . .. . .. ... .. .. ... 25
[1.5  Flux Quantization 1n a Superconducting Cylinder{ . . . . . ... ... ... ... .... 27
|1.6 Experiment by Doll and Naebauer] . . . . . . ... ... ... ... ... ........ 29
[1.7  Experimental Proof of Flux Quantization|. . . . . . . . ... ... ... ... ...... 29
|1.8 Rotating superconducting cylinder| . . . . . . ... ... ... ... .. .. ... 31
[1.9  The Josephson Effect in weakly coupled superconductors| . . . . . . .. ... ... ... 32
[I.10 Variation of n} and v across a Josephson junction| . . . . . .. .. ... ... ... ... 35
[1.11 Schematic View of a Josephson Junction|. . . . . . ... ... ... ... ........ 36
[1.12 Josephson Tunneling| . . . . . . . . . . .. . . .. ... 39
2.1  Lumped Josephson Junction| . . . . ... ... ... ... ... .. .. . ... 45
[2.2 Coupling Energy and Josephson Current . . . . . .. ... ... ... .......... 46
2.3 The Tilted Washboard Potentiall. . . . . . . .. .. ... ... ... ... 48
2.4 Extended Josephson Junction| . . . . . . ... ... L L oo 51
[2.5 Magnetic Field Dependence of the Maximum Josephson Current| . . . . . . .. ... .. 55
[2.6  Josephson Current Distribution in a Small Josephson Junction for Various Applied Mag- |
[ netic Fieldsl . . . . . . . .. 56
[2.7  Spatial Interference of Macroscopic Wave Funktions| . . . . . .. ... ... ... ... 57
2.8 The Josephson Vortex|. . . . . . . . . . . . . ... ... ... 57
[2.9  Gaussian Shaped Josephson Junction|. . . . . . . .. ... ... ... ... ....... 59
[2.10 Comparison between Measurement of Maximum Josephson Current and Optical Diffrac- |
| tion Experiment| . . . . . . ... 60
[2.11 Supercurrent Auto-correlation Function| . . . . . . . ... ... ... o000, 61
[2.12 Magnetic Field Dependence of the Maximum Josephson Current of a YBCO-GBJ|. . . . 63



xii

R. GROSS AND A. MARX LIST OF FIGURES

© Walther-MeiB3ner-Institut

[2.13 Motion of Josephson Vortices|. . . . . . . . . .. ... ... ... ... ... .. 66
[2.14 Magnetic Flux and Current Density Distribution for a Josephson Vortex| . . . . . . . .. 70
[2.15 Classification of Junction Types: Overlap, Inline and Grain Boundary Junction| . . . . . 74
[2.16 Geometry of the Asymmetric Inline Junction| . . . . .. ... ... .. ... ...... 77
[2.17 Geometry of Mixed Overlap and Inline Junctions| . . . . . .. ... ... ... ..... 78
[2.18 The Josephson Current Distribution of a Long Inline Junction|. . . . . . . .. ... ... 80
[2.19 The Maximum Josephson Current as a Function of the Junction Length| . . . . . . . .. 81
[2.20 Magnetic Field Dependence of the Maximum Josephson Current and the Josephson Cur- |
rent Density Distribution in an Overlap Junction| . . . . . . .. ... ... ... ..... 83

[2.21 The Maximum Josephson Current as a Function of the Applied Field for Overlap and |
[ Inline Junctions| . . . . . . . . . .. 84
|3.1  Current- Voltage Characteristic of a Josephson tunnel junction|. . . . . . . ... ... .. 91
13.2  Equivalent circuit for a Josephson junction including the normal, displacement and fluc- |
[ tuationcurrent] . . . . ... .l e e e e e 92
[3.3  Equivalent circuit of the Resistively Shunted Junction Model| . . . . . . . ... ... .. 97
4 _The Motion of a Particle in the Til hboard Potentiall . . ... ... ......... 98
[3.5  Pendulum analogue of a Josephson junction| . . . . . ... ... ... ... ....... 99
[3.6  The IVCs for Underdamped and Overdamped Josephson Junctions| . . . . . . . ... .. 101
[3.7  The time variation of the junction voltage and the Josephson current| . . . . . . . .. .. 103
[3.8  The RSJ model current-voltage characteristics| . . . . . . ... ... ... ........ 105
3.9  The RCSJ Model IVC at Intermediate Damping| . . . . . ... ... ... ........ 107
[3.10 The RCJ Model Circuit for an Applied dc and ac Voltage Source| . . . . . ... ... .. 108
13.11 Overdamped Josephson Junction driven by a dc and ac Voltage Source| . . . . . . . . .. 110
13.12 Overdamped Josephson junction driven by a dc and ac Current Sourcef . . . . . . . . .. 111
[3.13 Shapiro steps for under- and overdamped Josephson junction| . . . . . . . .. .. .. .. 112
[3.14 Photon assisted tunneling| . . . . . . . . ... Lo 113
[3.15 Photon assisted tunneling in SIS Josephson junction|. . . . . . . . . ... ..., 113
[3.16 Thermally Activated Phase Slippage| . . . . . . . ... . ... ... ... ... 116
[3.17 'Temperature Dependence of the Thermally Activated Junction Resistance| . . . . . . . . 119
[3.18 RSJ Model Current-Voltage Characteristics Including Thermally Activated Phase Slippage{120
[3.19 Variation of the Josephson Coupling Energy and the Charging Energy with the Junction |
A Al . . e o e 124
13.20 Energy diagrams of an isolated Josephson junction| . . . . . . ... ... ... ..... 127
321 The Coulomb Blockadel . . . . . ... ... ... . 128



LIST OF FIGURES APPLIED SUPERCONDUCTIVITY xiii

B22 ThePhase Blockadel. . . . . . . .. oot it 129
[3.23 The Cooper pair box| . . . . . . . . . . . 131
[3.24 Double well potential for the generation of phase superposition states| . . . . . ... .. 132
[3.25 Macroscopic Quantum Tunneling| . . . . . .. ... ... ... ... .. .. ..., 134
[3.26 Macroscopic Quantum Tunneling at Large Damping| . . . . . ... .. ... ... ... 138
[3.27 Mechanical analogue for phase dynamics of a long Josephson junction| . . . . . . .. .. 141
[3.28 The Current Voltage Characteristic of an Underdamped Long Josephson Junction| . . . . 145
13.29 Zero field steps in IVCs of an annular Josephson junction| . . . . . . ... .. ... ... 147

edc-SQUID| . . . . . . e 160

4.2 Maximum Supercurrent versus Applied Magnetic Flux for a de-SQUID at Weak Screening|162

[4.3  Total Flux versus Applied Magnetic Flux foradc SQUID at 5, > 1| . .. ... ... .. 163
4.4 Current-voltage Characteristics of a dc-SQUID at Negligible Screening| . . . . . . . .. 165
[4.5  The pendulum analogue of adc SQUID| . . . . .. ... ... ... .. ... ...... 167
[4.6  Principle of Operationof adc-SQUID| . . . . . .. ... ... ... . ... 169
4.7 Energy Resolution of dc-SQUIDs| . . . . . ... .. .. ... o oo, 172
4.8 The Practical dc-SQUID| . . . . . . . . . . . . 173
4.9 Geometries for thin film SQUID washers| . . . ... ... ... ... ... . ...... 174
{4.10 Flux focusing effect in a YBa,Cu3sO; _swasher| . . . . ... ... ... ... ... ... 175
BIT The Washer dc-SQUID) . . . . . . . . ottt e e e e 176
|4.12 The Flux Modulation Scheme for adc-SQUID|. . . . . .. .. ... ... ... ..... 177
|4.13 The Modulation and Feedback Circuitof adc-SQUID|. . . . . . . ... ... ... ... 178
BI4 Therf-SQUID|. . . . . . . o 180
|4.15 'Total flux versus applied flux forartf-SQUID| . . . . ... ... ... ... ... .... 182
[4.16 Operation of rf-SQUIDs| . . . . . . . . . . . ... . 183
|4.17 Tank voltage versus rf-current forarf-SQUID| . . . . . .. ... ... ... ... ... 184

1gh T, rf-SQUID| . . . . . . .. 187
|4.19 The double relaxation oscillation SQUID (DROS)[. . . . . .. ... ... .. ... ... 188
[4.20 The Superconducting Quantum Interference Filter (SQIF)|. . . . . . .. ... ... ... 190
{4.21 Input Antenna for SQUIDs| . . . . . . . .. oo 191
[4.22 Various types of thin film SQUID magnetometers| . . . . . .. ... ... ... ..... 193
[4.23 Magneticnoise signals| . . . . . . .. ... 194
|4.24 Magnetically shieldedroom| . . . . ... ... ... ... ... ... . 0 . 195
[4.25 Various gradiometers configurations| . . . . . . . . ... ... oL 196




xiv R. GROSS AND A. MARX LIST OF FIGURES
[4.26 Miniature SQUID Susceptometer|. . . . . . . . . . . ... .. .. ... ... ... 197
[4.27 SQUID Radio-frequency Amplifier]. . . . . . . . ... ... ... L. 198
[4.28 Multichannel SQUID Systems| . . . . . .. ... .. ... ... ... . ... .. ..., 201
[4.29 Magnetocardiography|. . . . . . . . . L L 203
|4.30 Magnetic field distribution during Rpeak| . . . ... .. ... ... ... ... ... 204
[4.31 SQUID based nondestructive evaluation| . . . . . ... ... ... ... . ........ 205
[4.32 Scanning SQUID microscopy|. . . . . . . . . . . . e 207
[4.33 Scanning SQUID microscopy images| . . . . . . .. ... .. .. ... ... ... 208
[4.34 Gravity wave antennal . . . . . . . . . ..o i e e e e e e e e e e e e 209
[4.35 Gravity gradiometer]. . . . . . . . . ... e e e e e e e 210
........................................... 217
5.2 Josephson Cryotron| . . . . . . . . .. .. L 218
[5.3  Device performance of Josephsondevices| . . . . .. .. ... .. ... ......... 220
[5.4  Principle of operation of a Josephson switching device] . . . . . ... ... ... .... 222
[5.5 Output current of a Josephson switchingdevice| . . . . .. .. ... .. ... ...... 224
[5.6  Threshold characteristics for a magnetically and directly coupled gate| . . . . . . .. .. 229
[5.7 Three-junction interferometer gate] . . . . . . . . . . . ... ... 230
[5.8 Currentinjectiondevice|. . . . . . . . . . ... e 230
[5.9  Josephson Atto Weber Switch JAWS)| . . . . . .. ... ... .. . 231
[5.10 Direct coupled logic (DCL) gate] . . . . . . . .. . ... ... 231
[5.11 Resistor coupled logic (RCL) gate] . . . . . ... .. ... .. ... ... ........ 232
[5.12 4 junction logic (4JL) gate| . . . . . . . . . . ... 232
[5.13 Non-destructive readout memory cell|. . . . . . ... .. ... ... ... ... ... 234
[5.14 Destructive read-out memory cell|. . . . . . . ... ... ... ... L. 235
[5.15 4 bit Josephson microprocessor| . . . . . . . . . . . ... 237
[5.16 Josephson microprocessor] . . . . . . . . . . ... e e e 238
[5.17 Comparison of latching and non-latching Josephson logic|. . . . . . .. ... ... ... 240
15.18 Generation of SFQ Pulses|. . . . . . . . . . ... ... 242
15.19 dcto SFQ Converter] . . . . . . . . . . . e 243
15.20 Basic Elements of RSFQ Circuats|. . . . . . . . ... .. ... .. ... ... ...... 244
[5.21 RSFQmemorycelll . . . . .. . .. ... .. . 245
BT RSFQIOZC . - o o o o oo e e e e 246

an ate]. . . . e 247

© Walther-MeiB3ner-Institut



LIST OF FIGURES APPLIED SUPERCONDUCTIVITY

XV

ate] . . . 248
B35 RSFQ SRFTREESEI . -« « « o o e oo e e e 249
[5.26 RSFQ Microprocessor] . . . . . . . . . . . i i e e e 253
B27 RSFQTOAAMAD] . . « « « o o o oe e e e 254
[5.28 Principle of operation of an analog-to-digital converter] . . . . . ... ... ... .... 256
[5.29 Analog-to-Digital Conversion| . . . . . . . ... .. .. 257
15.30 Semiconductor and Superconductor Comparators| . . . . . . . .. ... ... ... .. 262
19.31 Incremental Quantizer] . . . . . . . . . . . . ... 263
BAZ FIhype ADT| . . o o o oo e e e 265
[5.33 Counting-type ADC|. . . . . . . . . . e e e 266
6.1 Westoncelll . ... ... . . 271
|6.2  'The metrological triangle for the electrical units| . . . . . . ... ... ... ... .... 273
6.3 IVC of an underdamped Josephson junction under microwave irradiation|. . . . . . . . . 275
|6.4  International voltage comparison between 1920 and 2000, . . . . . . . . . .. ... ... 276
|6.5 One-Volt Josephson junction array| . . . . . . .. .. ... .. .. ... .. ... ..., 277
|6.6  Josephson series array embedded mto microwave striplinel . . . . . ... o000 oL 278
|6.7  Microwave design of Josephson voltage standards| . . . . . ... ... ... ... .... 279
16.8  Adjustment of Shapiro steps for a series array Josephson voltage standard| . . . . . . .. 281
[6.9 IVC of overdamped Josephson junction with microwave wrradiation|. . . . . . . . . . .. 282
[6.10 Programmable Josephson voltage standard| . . . . . . ... ... ... ... ....... 283
[7.1 Block diagram of a heterodyne receiver] . . . . . . ... ... ... ... ........ 288
[7.2 Idealmixerasaswitchl . . .. .. ... . . .. .. ... .. e 288
[7.3  Current response of a heterodyne mixer] . . . . . .. ... ... ... .......... 289
[7.4 IVCsand IF output powerof SISmixer] . . . . ... ... ... ... L. 290
[7.5 Optimum noise temperature of a SIS quasiparticle mixer| . . . .. ... ... ... ... 293
|7.6  Measured DSB noise temperature of a SIS quasiparticle mixers|. . . . . . ... ... .. 294
{77 High frequency coupling schemes for SISmixers| . . . . ... ... ... ... ..... 295
[7.8  Principle of thermal detectors|. . . . . . .. .. ... ... ... ... ... ... ... 301
[7.9  Operation principle of superconducting transition edge bolometer] . . . . .. ... ... 302
(/10 Sketchofa HIS bolometen . . . . . . . ... ... ... . . . 305
[7.11 Specific detectivity of various bolometers| . . . . . . .. ... ... ... ... .. ... 305
[7.12 Relaxation processes in a superconductor after energy absorption| . . . . . . .. ... .. 307
[7.13 Antenna-coupled microbolometer] . . . . . . .. .. .. ... ... .. ... ..... 308




Xvi R. GROSS AND A. MARX LIST OF FIGURES
14 Schematic illustration of the hot electron bolometer mixed. . . . . . . . .. ... .. .. 309
[7.15 Hot electron bolometer mixers with different antenna structures]. . . . . . . ... .. .. 311
[7.16 'Transition-edge SeNnSOrs| . . . . . . . . o v vt e e e e e e e e 315
[7.17 'Transition-edge Sensors| . . . . . . . . . o i i e e e e e e e e 317
[7.18 Functional principle of a superconducting tunnel junction detector| . . . . . . . . . . .. 319
[7.19 Circuit diagram of a superconducting tunnel junction detector]. . . . . . . . . ... ... 319
[7.20 Energy resolving power of STJDs| . . . . . ... ... ... ... ... .. ... ... 321
[7.21 Quasiparticle tunneling in SIS junctions| . . . . ... ... ... ... ... .. ... .. 323
[7.22 Quasiparticle trapping m STJDs| . . . . . . . ..o o 326
[7.23 STJDs employing lateral quasiparticle trapping{ . . . . . . ... ... ... ... .... 326
[7.24 Superconducting tunnel junction x-ray detector] . . . . . . .. .. .. .. ... ... .. 327
[8.1  Equivalent circuit for the two-fluidmodel| . . . . .. .. ... ... ... .. ...... 332
[8.2  Characteristic frequency regimes for a superconductor] . . . . . . . . .. .. ... ... 332
8.3 Surfaceresistance of NbandCul . . . . . .. ... ... .. L L. 335
1 Konrad Zuse 1945]. . . . . . . . . . e 341
[9.2  Representation of a Qubit State as a Vector on the Bloch Sphere|] . . . . ... ... ... 342
[9.3  Operational Scheme of a Quantum Computer] . . . . ... ... ... .......... 344
9.4 Quantum Computing: What'sitgoodfor? . . . . . . ... ... ... ... ....... 345
[9.5  Shor, Feynman, Bennett and Deutsch|. . . . . . ... ... ... ... .. ........ 346
[9.6  Qubit Realization by Quantum Mechanical Two level System|. . . . . .. ... ... .. 349
[9.7  Use of Superconductors forQubits| . . . . . .. ... ... ... ... ... ....... 352
9.8 Superconducting Island with Leads|. . . . . . ... ... ... ... ... ... ..... 354
[E.1 TheBloch Sphere S| . . . . . . . . . . ... ... 370
[E.2 The Spin-1/2 System| . . . . . . . . . .. 371
[E.3  Entanglement —an artist’sview.| . . . ... .. ... ... ... ... ... ..., 373
[E.4 Classical Single-BitGate] . . . . . .. ... .. ... ... ... ... .. ... ..., 377
[E.5 Quantum NOT Gate|. . . . . . . . . . . . . e 378
[E.6 Classical Two Bit Gatel . . . . . . . . . .. ... L 380
[E.7 Reversible and Irreversible Logic|. . . . . . . ... ... ... ... .. ... ... .. 380
[E.8 Reversible Classical Logic| . . . . . ... ... ... ... .. .. .. ... ....... 381
. eversible an ate] . ... 382
[E.10 The Controlled U Gatel . . . . . . . . . .. .. 382

© Walther-MeiB3ner-Institut



LIST OF FIGURES APPLIED SUPERCONDUCTIVITY xvii

[E.11 Density Matrix for Pure Single Qubit States| . . . . . . .. .. ... .. ... ...... 386
|[E.12 Density Matrix for a Coherent Superposition of Single Qubit States| . . . . .. ... .. 387
[F.1  Energy Levels of a Two-Level System| . . . . . ... ... ... ... .......... 392
IE2  The Benzene Molecule] . . . . . . . . . . . . 394
|[F.3 Graphical Representation of the Rabi Formulal . . . . . . ... ... .. ... ... ... 396
[G.I TheLarmor Precessionl . . . . . . . . .. . . . 400
|G.2  The Rotating Reference Frame| . . . . . . . . ... ... ... ... ... .. 404
|G.3  The Effective Magnetic Field in the Rotating Reference Frame| . . . . . . . .. ... .. 405
|G.4 Rabt’s Formula fora Spin 1/2 System| . . . . . ... ... .. .. ... ... .. ..., 408

2005






List of Tables

I5.1  Switching delay and power dissipation for various types of logic gates.| . . . . . .. ... .. 233
[5.2  Josephson 4 kbit RAM characteristics (organization: 4096 word x 1 bit, NEC).| . . . . . .. 236
[5.3  Performance of various logic gates| . . . . . . .. .. ... ... L. 237
[5.4  Possible applications of superconductor digital circuits (source: SCENET 2001),. . . . . .. 251
[5.5  Performance of various RSFQ based circuits| . . . . . . . . ... .. o L. 252
[7.1  Characteristic materials properties of some superconductors| . . . .. .. .. ... ... 325
|8.1  Important high-frequency characteristic of superconducting and normal conducting| . . . 334
[E.1  Successive measurements on a two-qubit state showing the results A and B with the corre- |

sponding probabilities P(A) and P(B) and the remaining state after the measurement. | . . . 373

Xix



Part 1

Foundations of the Josephson Effect






Chapter 1

Macroscopic Quantum Phenomena

1.1 The Macroscopic Quantum Model

One of the main principles of quantum mechanics is the fact that physical quantities such as energy or
momentum are, under certain conditions, quantized. That is, they can have only discrete values. How-
ever, for a long time it was believed that quantization is relevant only for microscopic objects such as
nuclei, atoms or molecules. Indeed, if we are considering the behavior of macroscopic objects consisting
of a large number of atoms, quantization effects cannot be observed, although every single atom obeys
the laws of quantum mechanics. This is due to the fact that thermal motion masks quantum regulari-
ties. However, for a number of phenomena, in particular superconductivity, it has been found that it is
possible to observe macroscopic quantization. That is, we can observe quantization of parameters that
characterize macroscopic objects (for example the flux through a superconducting ring of macroscopic
dimension) many orders of magnitude larger than microscopic objects like atoms. As will be discussed in
the following, this is caused by the fact that the electron system in a superconductor is highly correlated
due to coherence effects. Then we have to consider all superconducting electrons as a single quantum
mechanical entity.

1.1.1 Coherent Phenomena in Superconductivity

Although superconductivity has been discovered already in 191 I,EI it took many decades until a modern
concept for the superconducting state has been developed. The main milestones along the way towards
a deeper understanding of superconductivity have been the discovery of the Meifiner-Ochsenfeld eﬁecﬂ
by Walther MeiBner and Robert Ochsenfeld in 1933, the development of the phenomenological the-
ories by Fritz and Heinz London| and V.L. Ginzburg and L.D. Landau’| and finally the creation of
the microscopic BCS theory by J. Bardeen, L.N. Cooper and J.R. Schrieffelﬂﬁ with later important

'H. Kammerlingh Onnes, The resistance of pure mercury at helium temperatures, Communication from the Physical Labo-
ratory at the University of Leiden, Nos. 120b, 122b, and 124¢ (1911).

2Walther MeiBner, Robert Ochsenfeld, Ein neuer Effekt bei Eintritt der Supraleitfihigkeit, Naturwissenschaften 21 (44),
787-788 (1933).

3E. London, H. London, The Electromagnetic Equations of the Superconductor, Proc. Roy. Soc. Lond. A 149, 71 (1935);
see also F. London, Superfluids, Wiley, New York (1950).

4V.L. Ginzburg, L.D. Landau, On the theory of superconductivity, Zh. Eksp. Teor. Fiz. 20, 1064 (1950).

5J. Bardeen, L.N. Cooper, and J.R. Schrieffer, Microscopic Theory of Superconductivity, Phys. Rev. 106, 162-164 (1957).

6J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Theory of Superconductivity, Phys. Rev. 108, 1175-1205 (1957).
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contributions by N.N. Bogolyuboy|and L.P. Gor’kov] as well as by A.A. Abrikoso’}

A great deal of our knowledge on superconductivity can be obtained from phenomenological models
(e.g. electrodynamics of superconductors) such as the London-Laue-theory developed by Fritz and
Heinz London, but also by Max von Laue. However, these models have just been formulated to agree
with the fundamental observations, namely perfect conductance, the Meiiner-Ochsenfeld effect and the
thermodynamic nature of the superconducting transition. That is, the models do not show us how these
phenomena are related to each other. Historically, the theoretical predictions and experimental observa-
tion of coherent phenomena in superconductors such as flux quantizatioﬂ[ljl have been proven to be the
key for the final formulation of the macroscopic quantum concept of superconductivity. It was already
realized in 1935 by Fritz London that the phenomenon of superconductivity cannot be understood in
terms of classical concepts. By 1948 he was able to derive the London equations from more funda-
mental ideas, if the superelectron fluid was treated as a quantum mechanical entity. London made this
development, since he realized that

superconductivity is an inherently quantum phenomenon manifesting itself on a macroscopic
scale.

We know that although quantum mechanics has replaced Newtonian mechanics as the appropriate phys-
ical theory, the classical laws are very good approximations on length scales much larger than atomic
dimensions. Therefore, it is not evident on first sight why quantum mechanics is required to describe the
properties of a macroscopic superconductor. However, superconductivity is like the coherent light emit-
ted by a laser. There is no way to describe the phenomenon by the laws of classical physics alone. The
reason for that is that superconductivity is a macroscopic quantum phenomenon and this is precisely
the reason why we can observe the unusual quantum phenomena on a macroscopic scale.

The macroscopic quantum model of superconductivity is based on the hypothesis that there is a macro-
scopic wave function y/(r,t), which describes the behavior of the whole ensemble of superconducting
electrons. Of course, this hypothesis can be justified by the microscopic theory of superconductivity
(BCS-theory). This theory is based on the idea that in superconducting metals there is an attractive
force between electrons near the Fermi level. At temperatures below the critical temperature 7. this
attractive force creates a new quantum state differing from the Fermi sea of a normal metal. Roughly
we can say that a small portion of the electrons close to the Fermi level are bound to Cooper pairs.
In the simplest case, the internal motion of the pairs has no orbital angular momentum (symmetric s-
state) and consequently Pauli’s principle requires that the two spins must be in a singlet (antisymmetric)
spin state. In contrast to binding of two atoms to a molecule, the orbital state of the pair has a much
larger radius typically between 10 nm and 1 um so that the individual pairs overlap strongly in space
and consequently the binding turns cooperative. In particular, the binding energy of any pair depends
on how many other pairs have condensed and, furthermore, the center of mass motion of the pairs is
so strongly correlated that each pair resides in the same state with the same center of mass motion

It is this state which we are describing by a macroscopic wave function and which gives the system its
superfluid properties. For example, the center of mass motion can be described by the wave function

7N.N. Bogoliubov A new method in the theory of superconductivity, Zh. Eksp. Teor. Fiz. 34, 58 (1958).

8see e.g. A.A. Abrikosov, L.P. Gor’kov, LE. Dzyaloshinskii in Quantum Field Theoretical Models in Statistical Physics,
Pergamon Press, London (1965).

9A.A. Abrikosov, Zh. Eksp. Teor. Fiz. 32, 1141 (1957)

10R. Doll, M. Niihbauer, Experimental Proof of Magnetic Flux Quantization in a Superconducting Ring, Phys. Rev. Lett. 7,
51 (1961)

1B.S. Deaver, W.M. Fairbank, Experimental Evidence for Quantized Flux in Superconducting Cylinders, Phys. Rev. Lett.
7,43 (1961).

12This is possible since the pairs represent bosons. We then can say that these bosons undergo a Bose-Einstein condensation,
i.e. many pairs condense in the same quantum state like in the condensation which occurs for purely statistical reasons in an
ideal Bose gas.

© Walther-MeiB3ner-Institut
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Walther Meifiner (1882 -1974):

Walther MeiBBner was born on December 16, 1882 in Berlin.

He studied mechanical engineering at the Technische Hochschule Berlin Char-
lottenburg from 1901 - 1904 as well as mathematics and physics at the Univer-
sity of Berlin from 1904 - 1906. In 1907 he finished his Ph.D. in the group of
Max Planck. Then he joined the National Bureau of Standards at Berlin. From
1922 - 1925 he set up a helium liquifier which was the third one worldwide.
In 1933 he discovered the perfect diamagnetism in superconductors together
with Robert Ochsenfeld. Today, this effect therefore is denoted as Meiflner-
Ochsenfeld effect.

In 1934 he was offered a full professor position at the Technische Hochschule
Miinchen. After the second world war Walther Meifiner was the first presi-
dent of the Bavarian Academy of Sciences and founded in 1946 the Commis-
sion for Low Temperature Research. The laboratories of this commission first
were at Herrsching close to Munich. In 1965, the new Central Institute for
Low Temperature Research was build on the research campus at Garching. On
the occasion of Walther-MeiB3ner’s 100. birthday this institute was renamed
Walther-MeiBner-Institute in 1982.

Walther Meifiner died on November 15, 1974 in Munich.

y(r,t) = yoexp(10(r,1)) = yoexp(ik, - r — 10t) with every pair having the same momentum 7Kk; or pair
velocity vy = hik/m*.

We note that the macroscopic quantum model can not only be applied to charged superfluids but also
to uncharged superfluids such as superfluid “He and *He, or Bose-Einstein condensatesEHE The devel-
opment and understanding of the macroscopic quantum model of superconductivity requires the sound
knowledge of quantum mechanics. Therefore, in the following we briefly review the most fundamental
concepts of quantum mechanics that have direct relevance to superconductivity.

Schrodinger’s Equation

In 1900 Max Planck introduced the concept of quantization to explain the radiation emitted by a black
body at a given temperature. In order to explain the experimental observations he had to abandon the
classical concept that radiation can be emitted in arbitrarily small quanta. Instead he had to postulate
that the electromagnetic field can exchange energy only in certain discrete amounts. Planck did not
feel comfortable with this postulation and considered it as a mathematical trick. However, Albert Ein-
stein considered Planck’s departure from classical physics as something far more fundamental. In 1905
he postulated that electromagnetic radiation has to be considered as a collection of particles known as
photons. A single photon of a known angular frequency ® represents the smallest amount of energy
namely

E = ho with h = 1.054 571 596(82) x 10~ *J s . (1.1.1)

that can be radiated from a black body. That is, Planck has not merely postulated a mathematical trick
but discovered a very fundamental characteristic of nature.

13D, Einzel, Supraleitung und Suprafluiditiit, in Lexikon der Physik, Spektrum Akademischer Verlag, Heidelberg, Berlin
(2000).
14D. Einzel, Superfluids, Encyclopedia of Mathematical Physics (2005).
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Later on, Louis de Brogli realized in 1924 that, just by reasons of symmetry, it should be possible to
describe classical particles as waves, in the same way as classical waves can be described as particles.
In his doctoral thesis he introduced the concept of matter waves, which was completely outside normal
experience that time. Today, there is overwhelming experimental evidence for the wave-particle duality
and we are used to this concept. The de Broglie relations linking the particle quantities energy £ and
momentum p to the wave quantities frequency @ and wave vector Kk, resp. wavelength A, are given by

E = ho, (1.1.2)

k. (1.1.3)

> =

with h = 27 hh = 6.6262 x 10~34Js and k = k/|K|. In both equations the constant of proportionality is
related to the Planck’s constant. It is due to the small value of Planck’s constant that we usually do not
notice quantum effects in our macroscopic world.

Based on these ideas we have to find an equation of motion for a quantum system playing the role of
Newton’s equation of motion for a classical system. Based on the existence of matter waves, Erwin
Schrodinger initiated in 1926 the development of the wave mechanics by using the analogy to wave
optics. According to Schrodinger a quantum particle can be described by the complex wave function
Y(r,7), where in analogy to wave optics the relations

Y(r,) = Aexplik-r—or)] = A exp[%(p-r—Et)] (1.1.4)

are valid.

We first consider the case of a free particle without any spin effects for which the potential energy E,o =0
and hence E = Eyj,. According to the analogy to wave optics it is natural to start with the wave equation

VW — = 0 (1.1.5)

for waves with the phase velocity vp,. For stationary problems, for which p and £ do not vary with time,
the wave function can be separated into two parts depending on space and time. Thus we can write

Y(r,r) = WY(r,0) exp(—t) . (1.1.6)

Using this Ansatz in the above wave equation and by using

w? p? 2mEy; 2mm
=2 _ P _ n 1.1.7
v h? h? h (117

=

we obtain the expression
2mEyin
-0

3L, ouis Victor Prince de Broglie, born on August 15, 1892 in Dieppe, died on March 19, 1987, Nobel Prize in Physics
1929.

V¥ = Py = vy . (1.1.8)
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In the more general case the particle can move in the potential V. If the potential is conservative, we can
attribute each position a potential energy Epo with the total energy E = Ey, + Epor being constant. With
Eyin = E — E,or We obtain from (1.1.8)) the stationary Schridinger equation

2
<_§’mv2+5pm> W(r) = EW(r) . (1.1.9)

By using the time derivative of (1.1.6) we obtain

lhaat W(r,1) = En ¥(r,1) . (1.1.10)

Then, with (I.1.8)) we obtain the time dependent equation

2

) n_,
the () = —2-V2W(r) . (1.1.11)

For non-stationary problems (i.e. Eyin = Ein(f) and p = p(t)) we can no longer express 0>¥/dt> by
—*¥ and hence derive the wave equation for matter waves. Schrodinger postulated that even in the
case of a time dependent potential energy the equation

0 n_,
lhE ‘P(l‘,t) = <—2mV +Ep0t(r7t)> lP(r,t) (1112)

is valid. This general time dependent Schridinger equation was noted by Schrodinger for the first time
in 1926. Up to now this equation has been confirmed in a huge number of experiments and represents the
basic equation of quantum mechanics. Often the Schrodinger equation is written as zh%—‘f’ =H ¥ with

H= —%Vz + Epot (1, ) being the Hamilton operator.
Probability Currents

In the last section we have seen that the Schrodinger equation governs the evolution of the wave function
Y in space and time. The wave function ¥ is somehow descriptive of the quantum system but its inter-
pretation is not obvious. On the first sight we might consider it as a quantum field similar to the fields
encountered in electromagnetism. However, this is not the case. It is evident that W cannot be a real
scalar function as a result of the factor i in the Schrddinger equation. Therefore, if W is a scalar function,
it must have both real and imaginary parts. For a plane wave this implies

W(r,r) = Wyelkr—o) (1.1.13)

In contrast, electromagnetic fields always can be represented as the real or imaginary part of a complex
expression:

E(r,1) = s)t{Eoe’<k'r-f‘")}. (1.1.14)
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Erwin Schrodinger (1887 -1961), Nobel Price in Physics 1933:

Erwin Schrodinger was born on August 12, 1887, in Vienna. He was a highly
gifted man with a broad education. After having finished his chemistry studies,
he devoted himself for years to Italian painting. After this he took up botany,
which resulted in a series of papers on plant phylogeny. Schrodinger’s wide
interests dated from his school years at the Gymnasium, where he not only had
a liking for the scientific disciplines, but also appreciated the severe logic of
ancient grammar and the beauty of German poetry. (What he abhorred was
memorizing of data and learning from books.)

From 1906 to 1910 he was a student at the University of Vienna, during which
time he came under the strong influence of Fritz Hasenohrl, who was Boltz-
mann’s successor. It was in these years that Schrodinger acquired a mastery of
eigenvalue problems in the physics of continuous media, thus laying the foun-
dation for his future great work. Hereafter, as assistant to Franz Exner, he,
together with his friend K. W. F. Kohlrausch, conducted practical work for stu-
dents (without himself, as he said, learning what experimenting was). During
the First World War he served as an artillery officer.

In 1920 he took up an academic position as assistant to Max Wien, followed by
positions at Stuttgart (extraordinary professor), Breslau (ordinary professor),
and at the University of Zurich (replacing von Laue) where he settled for six years. In later years Schrodinger looked
back to his Zurich period with great pleasure - it was here that he enjoyed so much the contact and friendship of many
of his colleagues, among whom were Hermann Weyl and Peter Debye. It was also his most fruitful period, being
actively engaged in a variety of subjects of theoretical physics. His papers at that time dealt with specific heats of
solids, with problems of thermodynamics (he was greatly interested in Boltzmann’s probability theory) and of atomic
spectra; in addition, he indulged in physiological studies of colour (as a result of his contacts with Kohlrausch and
Exner, and of Helmholtz’s lectures). His great discovery, Schrodinger’s wave equation, was made at the end of this
epoch-during the first half of 1926.

It came as a result of his dissatisfaction with the quantum condition in Bohr’s orbit theory and his belief that atomic
spectra should really be determined by some kind of eigenvalue problem. For this work he shared with Dirac the
Nobel Prize for 1933.

In 1927 Schrodinger moved to Berlin as Planck’s successor. Germany’s capital was then a center of great scientific
activity and he enthusiastically took part in the weekly colloquies among colleagues, many of whom "exceeding him
in age and reputation”. With Hitler’s coming to power (1933), however, Schrodinger decided he could not continue
in Germany. He came to England and for a while held a fellowship at Oxford. In 1934 he was invited to lecture at
Princeton University and was offered a permanent position there, but did not accept. In 1936 he was offered a position
at University of Graz, which he accepted only after much deliberation and because his longing for his native country
outweighed his caution. With the annexation of Austria in 1938, he was immediately in difficulty because his leaving
Germany in 1933 was taken to be an unfriendly act. Soon afterwards he managed to escape to Italy, from where
he proceeded to Oxford and then to University of Ghent. After a short stay he moved to the newly created Institute
for Advanced Studies in Dublin, where he became Director of the School for Theoretical Physics. He remained in
Dublin until his retirement in 1955.

All this time Schrodinger continued his research and published many papers on a variety of topics, including the
problem of unifying gravitation and electromagnetism, which also absorbed Einstein and which is still unsolved;
(he was also the author of the well-known little book “What is Life?”, 1944). He remained greatly interested in the
foundations of atomic physics. Schrodinger disliked the generally accepted dual description in terms of waves and
particles, with a statistical interpretation for the waves, and tried to set up a theory in terms of waves only. This led
him into controversy with other leading physicists.

After his retirement he returned to an honored position in Vienna. He died on the 4th of January, 1961, after a long
illness.

The fact that the quantum wave function is necessarily a complex quantity does not generate any prob-
lems with mathematics. However, recalling that ¥y is just the amplitude of a plane wave we see from
Schrodinger’s equation that the absolute phase of this quantity cannot be arbitrarily. This is quite aston-
ishing. Usually we do not discuss the absolute phase, since it does not change the physics of the problem.
Schrédinger’s equation in contrast seems to suggest that the absolute phase is not arbitrary but rather a
measurable quantity with physical significance. To remove this problem, Max Born was proposing that
the absolute square of the wavefunction corresponds to the probability p(r,?) of a quantum object to be
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at the location r at time ¢. That is, we can write

p(r,t) = ’lp(rvt”z = lP*(l‘,l‘)lP(l‘,l‘)
/‘I‘*(r,t)‘P(r,t)dV — 1.

(1.1.15)
(1.1.16)

Here, (I.I1.16) represents a normalization condition, since the probability to find the particle somewhere

in space must be unity at all times.

We now will discuss how p(r,#) evolves in space and time. In order to do so we perform the following

steps:

* We first multiply the Schrodinger equation from the left side by W*(r, 7).

* We next multiply the complex conjugate of the Schrodinger equation from the left side by ¥(r, 7).

* We then subtract both equations from each other.

In this way we obtain

h
YY)+ —(PAPY -PYAP*) = 0.
(%) + 5 )

9
ot

Because any scalar function f and vector field F obeys the vector identity
V-(fF) = fV-F+F-Vf

and A = V -V we can rewrite (1.1.17) to

2(\P*IP) +V.

p PV _PVP)| = 0.

2

This equation has the from of a continuity equation for the probability

dp
S tVd =0,

where the probability current J, is defined as

N

2mi m

), = (P*VY - PV = m{w*hvw} - m{ql*plp} .
m

(1.1.17)

(1.1.18)

(1.1.19)

(1.1.20)

Equation [I.T.19]is the desired expression describing the evolution of the probability in space and time.
It gives the local constraint on p, whereas (I.1.16) gives the global constraint on p. Eq.(I.1.20) says that
the probability of a quantum objects at a certain point cannot change instantaneously but rather has to
change in a continuous fashion by the flow of a probability current. Then, expression (I.I.19) can be

viewed as a statement of the conservation of probability.
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It is obvious that (I.T.19) resembles the familiar expression for the conservation of charge. However, this
similarity is only mathematical. Whereas the electrical current is a real, physical measurable quantity the
probability current is only a theoretical construct. It is not possible to measure J, for a single particle.

The probability current (I.1.20) describes the probabilistic flow of a quantum object which is subjected
to forces varying in space and time. However, it still does not describe the situation we are interested
in namely the motion of a charged particle in an electromagnetic field. This is caused by the fact that a
charged particle moving in an electromagnetic field is subjected to forces depending on the motion of the
particle itself. To find J, for this situation we first have to find the appropriate form of the Schrédinger
equation. In order to do so we start with the general classical equation of motion

Zp = -VV. (1.1.21)

Here, p is the canonical momentum and V the externally applied potential, which are used in writing the
total energy of the system. We will see that this formalism is useful for the considered case, since the
electromagnetic field represents a non-conservative potential making the formulation of energy relation-
ships difficult.

We begin with the classical equation of motion for a particle of charge ¢ and mass m in an electromagnetic
field given by the Lorentz’s law

m% — g[E+(vxB) . (1.122)

In order to obtain the Schrodinger equation for this problem we first rewrite (I.1.22) into the form sug-
gested by (I.1.21)). The first step is to express the field quantities E and B in terms of potentials. Accord-
ing to Gauss’s law the flux density B always can be written as

B = VxA, (1.1.23)
where A is a vector potential. A can be used to write Faraday’s law V x E = —0dB/ 0t as
JdA

Using the fact that the curl of the gradient of any single-valued scalar field ¢ is zero, (I.1.24) is equivalent
to the statement

IA
E = -5 -V¢. (1.1.25)

Then, Lorentz’s law in terms of theses potentials can be written as

oA
m— = —q<V¢+at—v><(V><A)> . (1.1.26)

In order to bring this equation into the form of (1.1.21)) we have to group all time derivatives together.
Using the chain rule of differentiation

dA JA
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we obtain

%(quA) — g[Vo—(v-V)A—vx (VXA . (1.128)

Now eq. (I.1.28) is close to the desired form and we can suspect that the canonical momentum is given
by

p = mvtqA .| (1.1.29)

To verify this we must be able to express the right hand side of (I.I.28)) as the gradient of a scalar
function. We therefore rewrite it in terms of the canonical momentum and obtain

2 2

d
P e+ Lp VIA-LAVIA+Lpx (VxA) —LAX(VxA) . (1.130)
dt m m m m
Using the vector identities
ax(Vxb) = V(a-b)—(a-V)b—(b-V)a—bx (V xa) (1.1.31)
ax(Vxa) = %V(a‘a)—(a'V)a (1.1.32)
we can rewrite (I.1.30) as
P _ e d _q 4 4
- = qV¢+mV(p A) 2mV(A A) m(A V)p) mAx(pr). (1.1.33)

At this point we have to recall that we are using a set of independently specified variables (r,p) to
describe the problem. Therefore, the spatial derivative of the canonical momentum is zero and we obtain

2

® - —V{q¢—jl(p-A>+2qm(A~A>} : (1.134)

dt

That is, we have achieved our initial goal of writing Lorentz’s law in the generic form of eq. (I.1.21).

We briefly will discuss the physical meaning of (I.I.34). First, the canonical momentum p given by
is composed of two parts. The first part, mv, is the usual kinetic momentum and is associated
with the momentum in elementary mechanics. The second part, gA, is denoted as the field momentum,
which is a direct result of the charge of the particle. Any change of the velocity of the particle produces
an electromagnetic field that must be considered self-consistently. Therefore, the generalized potential
of the problem

2

Vo= go-Lp-a)+l(aa (1.1.35)

is not only a function of space and time but also of the canonical momentum. In this way the interaction
of the externally applied field and the induced current created by the motion of the charged particle is
accounted for self-consistently.
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The next step in obtaining the Schrodinger equation is to use the expressions for p and V to write down
the total energy:

PP q q
E = Ekin+Epot = 2m+{q¢_m(pA)+2m(AA)} . (1136)
This purely classical expression can be rewritten as
1
E = ——(p—qA)-(P—qA)+q¢ . (1.1.37)

2m

The last step is to replace energy and momentum by the corresponding quantum mechanical operators

E = 17’1; p = —hV . (1.1.38)

Using these expression we expect the quantum form of the Lorentz’s law to be

ot 2m

O 1 (h 2
he— = (lV—qA> LT (1.1.39)

This equation corresponds to the Schrodinger equation of a charge particle in an electromagnetic field.
We finally can use now eq. (I.1.39) to derive the probability current of a charged particle in an electro-
magnetic field to

m m m

J, = m{w <hV—qA> ‘P} = s)t{\P*plP} . (1.1.40)

In deriving this equation we have to take into account that ¢ represents a portion of the applied potential
field and therefore is a real quantity. We will see in the following section that Eq. (1.1.40) is the central
expression in the quantum mechanical description of superconductivity.

1.1.2 Macroscopic Quantum Currents in Superconductors

After having recalled some basic concepts of quantum mechanics we can apply these concept to super-
conductors. Before doing so let us first consider the situation in a normal conductor. Of course, the
electrons in a normal metal move according to the laws of quantum mechanics. In the usual approx-
imation of weakly or non-interacting particles this motion can be described in terms of the ordinary
Schrodinger equation

oV ~
h— = HY 1.1.41
th—- ; ( )

W(r,r) = Wo(r,)e®r) (1.1.42)
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is the complex wave function of a particle. According to quantum mechanics |¥|? can be interpreted as
the probability density of the particles. In the stationary situation |¥|? can be assumed constant and H
can be replaced by the energy E of the particle. As a result we can write

6

hat

- _E. (1.1.43)

That is, the quantum specific character is reduced to that of the wave function phase 6.

The important point is that in normal metals (I.1.43) does not result in quantum correlations for the
macroscopic variables because the electrons obey Fermi-Dirac statistics and their energies can never be
exactly equal. Therefore, according to (I.1.43) the temporal evolution of the phases of the particle wave
functions differs for all particles. That is, the phases are uniformly distributed and since all macroscopic
quantities are sums over all the particles the phases drop out in these quantities.

We now discuss that this is not the case for superconductors. In superconductors bound pairs of electrons
(Cooper pairs) are formed with opposite momenta and spins in the simplest case. These pairs with
zero net spin obey the Bose-Einstein statistics and therefore can occupy the lowest energy state at low
temperatures. As a result, their rates 06 /dr are identical. Furthermore, the Cooper pairs have a relatively
large size of the order of 10 to 1000 nm, which is much larger than the typical distance between the pairs.
Therefore, the wave functions of the individual pairs are strongly overlapping. As a result of these two
factors, all the pairs are forming a phase-locked state that can be described by a single wave function P,
which is frequently denoted as the order parameter. In this situation the phases do not drop out during
summation over all particles and therefore macroscopic variables, in particular current, can depend on the
phase 6, which changes in a quantum manner under the action of an electromagnetic field. This quantum
dependence leads not only to the zero resistance of superconductors and the MeiBiner-Ochsenfeld effect
but also to specific coherent effects such as the flux quantization and the Josephson effect.

The qualitative discussion of the previous paragraph shows that the situation for superconductors is some-
how similar to the situation in atoms. For the latter, the fact that electrons can orbit the nucleus without
decaying and letting the atom collapse could not be explained classically. Only quantum mechanics pro-
vided the necessary framework. In the same way, the infinite conductivity of superconductors cannot
be explained classically. If one would try to do so, one has to postulate that the superelectrons do not
scatter. Although the results of this assumption are consistent with the experimental fact, it seems to us
arbitrary to postulate an infinite scattering time. In the same way as Schrodinger’s equation provides the
explanation for stable microscopic currents created by orbiting electrons, it was hypothesized by Fritz
London that the macroscopic currents in superconductors might be explained in a similar way. This was
the starting point of the macroscopic quantum model of superconductivity.

The central hypothesis behind the macroscopic quantum model of superconductivity can be stated as
follows:

There exists a macroscopic quantum wave function

v(r,t) = wo(r,r) e (1.1.44)

that describes the behavior of the entire ensemble of superelectrons in a superconductor.

The motivation for this assumption is that superconductivity is a coherent phenomenon of all super-
electrons. This situation is analogous to the quantum description of electromagnetism. According to
wave-particle dualism we can envision a photon as a quantum particle. Then, when a large number of
photons interact coherently such as in a laser, the entire collection of these quantum particles can be
adequately described in terms of an electromagnetic field with amplitude and phase. As we will see,
the macroscopic wave function ¥ is a field-like quantity that similarly describes the whole ensemble of
superelectrons.
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The Nobel Prize in Physics 2003 has been given to Alexei A. Abrikosov, Vitaly L. Ginzburg,
and Anthony J. Leggett for their pioneering contributions to the theory of superconductors and
superfluids.

_ Alexei A. Abrikosov Vitaly L. Ginzburg - Anthoy J. Leggett

Alexei A. Abrikosov, born 1928 in Moscow, the former Soviet Union, American (and Russian) citizen. Doctor’s
degree in physics in 1951 at the Institute for Physical Problems, Moscow. Distinguished Argonne Scientist, Argonne
National Laboratory, Argonne, Illinois, USA.

Vitaly L. Ginzburg, born 1916 in Moscow, Russia (Russian citizen). Doctor’s degree in physics at the University of
Moscow. Former Head of the Theory Group at the P.N. Lebedev Physical Institute, Moscow, Russia.

Anthony J. Leggett, born 1938 in London, England (British and American citizen). Doctor’s degree in physics in
1964 at the University of Oxford. MacArthur Professor at the University of Illinois at Urbana-Champaign, USA.

We have now to examine the consequences of postulating a macroscopic wave function describing the
whole ensemble of superelectrons. We first discuss the meaning of |y|2. For a single quantum particle
described by the wave function ¥ the absolute square [¥(r,¢)|* has been interpreted as the probability
to find the particle at the location r at a given time f. As a result we have the global constraint or
normalization condition [W*¥ dV =1 (compare (I.1.16)) stating that the particle exists somewhere in
space at any time. Along this line it is natural to assume that the wave function y representing the whole
ensemble of superelectrons satisfies the normalization condition

/ v e OwEndV = N (1.1.45)

lw(r,0)]> = y*(r,)y(r:) = ni(r1) (1.1.46)

Here, n}(r,t) is the local density and N} the total number of superconducting electrons. Condition
(T.T-43)) says that if we are searching the whole space we have to find all superelectrons. Since the su-
perelectrons are discrete objects, there must be of course a sufficiently large density in order to make the
definition of a local density sense. This concern is similar to the situation in fluid mechanics. Although
we know that all fluids consist of discrete atoms or molecules, it is convenient to describe the system
by a local fluid density. Due to the analogy to fluid mechanics the collection of superelectrons is often
referred to as a charged superfluid. Therefore, the theoretical description of superconductors (charged
superfluid) and uncharged superfluids such as superfluid helium has many similarities. Indeed, the Nobel
Prize in Physics 2003 was given to Vitaly L. Ginzburg, Alexei A. Abrikosov and Anthony J. Leggett
for their pioneering contributions to the theory of superconductors and superfluids.

Note that the macroscopic quantum model of superconductivity does not explain the microscopic origin
of superconductivity, which is not discussed here. That is, it does not explain the microscopic origin of
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the attractive interaction of electrons in a solid resulting in the formation of Cooper pairs. This mech-
anism, which may be different for the classical metallic superconductors, the novel high temperature
superconductors or the heavy fermion superconductors is not relevant for the macroscopic quantum phe-
nomena discussed in the following. The only relevant issue is the possibility to describe the superelectron
fluid as a quantum mechanical entity irrespective of the detailed pairing mechanism.

The analogy to superfluids is powerful to establish an intuitive picture about the macroscopic quantum
model. Instead of a single particle wave function describing the probabilities for single particles we are
now considering so many quantum objects that we have a wave function describing the actual location
of a complete subset of the whole ensemble. Then, the continuity equation (I.I.19) for the probability
becomes a continuity equation for the condensate density n}. Furthermore, we do not have a probability
flow J, but rather a flow of particles, which is nothing more than a physical current. Following
we can immediately write down the macroscopic quantum current density J in an electromagnetic field,
which is equivalent to the supercurrent density. We only have to multiply the ensemble probability
current describing the particle flux by the charge ¢* of the superelectron:

J, = q*%{‘P*(EV—q*A) lp}
nm-i m
_ q*h(*v_v*)_q*z “a (147
= 5 - (WVY—yVY) - yyt A 1.

Here, m* is the mass of the superelectrons. This expression can be brought in a more useful form by
making some assumption on Y. According our discussion the macroscopic wavefunction y/(r,z) obeys
the Schrodinger-like equation for the ensemble in an electromagnetic field:

2
lhaweg?t) = 1*<F;V—q*A(r,t)> v(r,t)+q"¢(r,t) y(r,z) . (1.1.48)

2m

Because of the phase factor 1 in this expression the macroscopic wave function y in the same way as the
microscopic one is a complex quantity. Therefore, y/(r,t) is of the form

v(r,t) = /nr(r,)e?®) (1.1.49)

Here, we have used an amplitude satisfying the condition that the absolute square of the wave function is
equivalent to the density of superelectrons. We also note that 0 is a real function representing the phase
of the complex number.

Substitution of (I.1.49) into the expression (I.1.47) for the supercurrent we obtain the supercurrent equa-
tion

I, = q*n;(r,t){nive(r,z)—i*A(r,z)}. (1.1.50)

Since a current density always can be written as J; = ¢*n}v,, the expression in parentheses corresponds
to the velocity of the superelectrons:

*

h
v, = %Ve(r,t)—q—A(r,t). (1.1.51)

m*

2005



16

R. GROSS AND A. MARX Chapter 1

Additional Topic:
Gauge Invariance

We briefly address a rather technical point, which is however of particular importance for supercon-
ductors. We have to recall that quantities such as A, ¢ or 6 describe physical variables but are not
themselves observable. We also can find formal transformations for these quantities that have no effect
on the observable quantities such as B, E, or J;. Such transformations are called gauge transforma-
tions. Unobservable quantities such as A, ¢ or 6, which change in a well defined way under a gauge
transformation, are denoted as gauge covariant.

Let us consider eq.(I.1.50). It states that the supercurrent J; only depends on the phase of the macro-
scopic wave function and the vector potential. That is, the observable quantity J; is related to two quan-
tities, which cannot be determined directly from the experiment. Moreover, because any single-valued
scalar field f satisfies the condition V x (V f) = 0, we know that for an arbitrary scalar function y

B = VxA=Vx(A+Vy). (1.1.52)

That is, there exists an infinite number of possible vector potentials that can describe the correct magnetic
flux density. This suggests that we can obtain a well defined value for the measurable quantity Js only if
we can measure both 0 and A, which have been introduced only for mathematical convenience and are
not physical observables.

The way out of this dilemma is to recognize the fact that the relation between phase and vector potential
is not arbitrary but fixed. In this way we can measure the supercurrent but still are not able to determine
0 and A. That is, we demand that expression is independent of the special choice of A. The
specific choice of A is usually referred to as the gauge and, hence, we have to make the expression for the
supercurrent gauge invariant. Mathematically this is straightforward. Suppose we define a new vector
potential A" as

Al = A+Vy. (1.1.53)

Then, according to (I.1.52) this new vector potential correctly gives the magnetic flux density. In addi-
tion, the new vector potential also must correctly describe the electric field. Therefore, we define a new
scalar potential ¢’ so that the electric field is given by

OA’ ,
E = —5- -V . (1.1.54)

Comparing this expression to the original expression E = _% — V¢ (1.1.25) we see that the two scalar
potentials are related by

ro_ X
o = 9-5F. (1.1.55)

According to (I.1.53)) and (I.I.55) we can separately specify the temporal and spatial dependence of
a scalar function ) to generate new sets of the scalar and the vector potentials which still describe the
original electric and magnetic fields.

By rewriting (1.1.48) in terms of the new potentials with the new wave function y/'(r,z) =
Vnx(r,t) e'?'(") we can easily derive a new expression for the supercurrent density given by

J, = q*n;‘(r,t){nii*ve'(r,t)—q*A'(r,z‘)}. (1.1.56)

m
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Since the supercurrent, the experimentally measurable quantity, must be the same in (T.1.56)) and (1.1.50),
we have to satisfy the condition

0 = o+% 4. (1.1.57)

m*
This in turn results in
v (rt) = y(r)ed/Mr (1.1.58)

That is, the same scalar function ) is changing both the phase and the vector potential. In this way the
supercurrent always has the same value and can be measured regardless the specific gauge chosen. The
important conclusion that can be drawn is that the expression for the supercurrent is gauge invariant and
therefore we do no longer be concerned about this issue.

From the expression (1.1.56)) and (1.1.50) for the supercurrent density we obtain the condition

*

V(-)’—%A’ - V(-)—%A. (1.1.59)

We therefore can introduce a gauge invariant phase gradient

* -2 27
v o= vo-Ta—ve-222A — vo_ T4 (1.1.60)
h h N
where we have used g* = —2¢ and
h h
o, — = — 1.1.61
" T 2 (-eb
is the flux quantum. We see that the supercurrent is then given by
qg'nih h
), = mi Y= R (1.1.62)
where
*
A= (1.1.63)
nsq
is the London coefficient and
m*
M = —_— 1.1.64
L o g ( )

the London penetration depth. We see that the supercurrent density is proportional to the gauge invariant
phase gradient[T]

16Note that VO — %A cannot be written as V7, that is, as the gradient of a gauge invariant phase. In this case we would
have Ao« VO — Vyand hence VXA =B =0.
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1.1.3 The London Equations

The two London equations formulated by Fritz London to describe the behavior of superconductors
based on classical physics can be easily derived from the expression (I.1.50) for the supercurrent density
by assuming n} = const. Note that includes the cases where the superelectron density varies in
space and time.

By using the London coefficient A = ﬁ we can rewrite (1.1.50) as

Al = —{A(r,t)—;*VG(r,t)}. (1.1.65)

Second London Equation and MeiBiner-Ochsenfeld-Effect

By taking the curl of this expression we obtain the second London equation

Vx(A)) = -VxA=-B,

(1.1.66)

Taking the curl of the Maxwell equation V x B = tpJ; we obtain V X V x B =V x upJ;. With the
vector identity V x V x B = V(V -B) — V?B and using V - B = 0 and the second London equation we
arrive at

2 Ho 1
B = —B=5B. 1.1.
v X 22 (1.1.67)

This equation describes the Meiliner-Ochsenfeld effect@ An applied field decays exponentially in-
side a superconductor with the characteristic decay length given by the London penetration depth A;.
For example, near a plane surface extending in the yz-plane the magnetic field B, parallel to the z-
direction decays exponentially with x as B;(x) = B e /% (see Fig. . With V x B = uyJ; we obtain
also an exponential decay of the supercurrent density flowing in y-direction as Jy(x) B0 o—x/h —

. ~ ok ¢
0 —x/Ap —x/A
v € A — J)‘,O € / L,

First London Equation and Perfect Conductivity

In order to get the first London equation from (I.1.50) we have to take the partial derivative with respect
to time:

d B dA(r,t) d0(r,1)
S (AL) = —{ > —q*v( > )} (1.1.68)

From the Schrodinger-like equation (1.1.48) we obtain for n} = const

020 1
—h— = AV +q"0 . 1.1.
dt 2n} I +d°¢ ( 69)

17Walther Meifiner, born on December 16, 1882 in Berlin, died on November 15, 1974 in Munich.
18Robert Ochsenfeld, born on May 18, 1901 in Helberhausen, died on December 5, 1993 in Helberhausen.
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Figure 1.1: Exponential decay of the magnetic field B (a) and the supercurrent density J; (b) with distance
x into a bulk superconductor.

This expression is known as the energy-phase relationship, since the first term on the right hand side
represents the kinetic energy (%m*vf) and the second the potential energy. By substituting (1.1.69) into
(1.1.68) and using E = —dA /dr — V ¢ we obtain the first London equation

d 1 1
5, (AJs) = E—n*q*V<2AJf> : (1.1.70)

As discussed below the second term on the right hand side usually can be neglected. Then, the 1.
London equation reads % (AJs) = E. We hence see that for a time-independent supercurrent the electric
field inside the superconductor vanishes and we therefore have a dissipationless current["]

The fact that a supercurrent flowing in a superconductor does not decay in time is interesting and not
obvious at first sight. Therefore, we briefly consider processes that could cause a decay. In order to do
so we consider the Fermi sphere which is shown in Fig. in two-dimensions in the k,ky-plane. The
allowed Kk-states are represented by points. At 7 = 0, all states within the Fermi sphere (Fermi circle
in two dimensions) are occupied. Without any current the Fermi sphere is centered around the origin
(dashed line). However, for a finite current e.g. in x-direction it is slightly shifted along the k,-direction
by Ok,. In the normal state of a metal the charge carriers can relax into states of lower energy, where
the Pauli principle has to be taken into account (see Fig.[I.2p). Since there is a large variety of possible
scattering processes, the system rapidly will relax into the situation with the Fermi sphere centered
around the origin, i.e. the current will relax rapidly. In contrast, in the superconducting state all the
Cooper pairs have the same center of mass momentum. Therefore, they can be scattered only around the
sphere as shown in Fig.[T.2p. However, these scattering processes do not result in a shift of the center of
the Fermi sphere and hence in a decay of the current. That is we have a non-decaying supercurrent. Note
that other scattering processes are only possible if we destroy the Cooper pairs what however requires
the supply of its binding energy.

We emphasize that the two London equations, although closely related to each other, are independent
and neither can be deduced from the other. For example, if we take the time derivative of the 2. London

19Based on this result we can derive the 1. London equation by a simple classical consideration. For a dissipationless motion
of charge carriers we can neglect the friction and can write the equation of motion as m*vs; = g*E. With J; = njq*v, we find
E= qT—;,:J s = %(AJS), i.e., the 1. London equation. However, one has to take into account that in this derivation we already
have made use of the existence of a dissipationless current, which is an essential result of the 1. London equation.
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Figure 1.2: Intuitive picture for the decay of a current in the normal state (a) and the superconducting state
(b) of a metal. In (b) the electrons are correlated to Cooper pairs relative to the center of the shifted Fermi
sphere since they all have the same center of mass velocity.

equation to derived the 1. London equation (I.1.70)), we cannot fix the term V¢ on the right
hand side of (I.1.70) with certainty. That is, although it is obvious that the screening currents on the
surface of the superconductor must flow resistanceless because they do not decay, we cannot prove that
E = 0 inside the superconductor from (I.1.66) alone. On the other hand, by taking the curl of (I.1.70)
we can get the time derivative of (I.1.66) but not (I.1.66) itself. Using the time derivative of Ampere’s
rule, we further can get the time derivative of (I.1.67). By integration over time we then can deduce that
changes in B are screened from the bulk of the superconductor. However, eq.(I.1.66) is stronger since
it implies that not only changes in B but the field B itself is screened. This is the difference between
a perfect conductor, which is screening changes in B, and a superconductor (perfect diamagnet), which
also screens B.

Additional Topic:
Linearized 1. London Equation

Usually, the first London equation is given as

jt(AJs) - E, (1.1.71)

that is, without the second term on the right hand side of (1.1.70) which contains the kinetic energy of
the superelectrons. Since this term does not contain £, it is not of quantum mechanical origin.

In order to discuss the origin of the extra term in (I.1.70) we use the vector identity
1
ax(Vxa) = EV(a-a)—(a-V)a (1.1.72)

to write %VJ? =J x (V x J5) 4+ (Js- V)Js. Then, by using the second London equation we can rewrite

(LI70) as

1 1
(AJs) = E—n*—q*(Js-V)(AJern*—q*(Jst). (1.1.73)

s S
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Fritz London (1900 -1954):

Fritz London was born on March 7, 1900 in Breslau, Germany (now Wroclaw,
Poland). He was a German-American physicist who, with Walter Heitler, de-
vised (1927) the first quantum mechanical treatment of the hydrogen molecule.
London was educated at the universities of Bonn, Frankfurt, Gottingen, Munich
(Ph.D., 1921), and Paris. He was a Rockefeller research fellow at Ziirich and
Rome and a lecturer at the University of Berlin. From 1933 to 1936 he was a
research fellow at the University of Oxford and then went to the University of
Paris as master and director of research.

In 1939 he immigrated to the United States to become professor of theoretical
chemistry at Duke University, Durham, N.C., and from 1953 he was James B.
Duke professor of chemical physics there. He became a U.S. citizen in 1945.
His publications include two volumes on Superfluids (1950, 1954).

London’s theory of the chemical binding of homopolar molecules marked the
beginning of modern quantum mechanical treatment of the hydrogen molecule
and is considered one of the most important advances in modern chemistry.
With his brother, Heinz London, he developed (1935) the phenomenological
theory of superconductivity, providing a new foundation for the understanding
of molecular forces and clarifying the connection between pure quantum phenomena and many of the most striking
facts of chemistry.

London died on March 30,1954, at Durham, N.C., USA.

With 4 (AJ,) = 2 (AJ,) + (vs- V)(AJ,) and J; = n’q*v, we obtain

Ldvg

il TE+q"vixB | (1.1.74)

This expression corresponds to the Lorentz’s law. From this we can conclude that

* the nonlinear first London equation results from the Lorentz’s law and the second London equation.
Therefore, (1.1.70) must be the exact form of the expression describing the phenomenon of zero
dc resistance in superconductors.

* The first London equation is derived using the second London equation. This shows that the
MeiBner-Ochsenfeld effect is the more fundamental property of superconductors than the vanish-
ing dc resistancem

Since the nonlinear first London equation represents the correct expression the question arises, whether
conclusions derived from the more frequently used linear London equation (T.1.71)) are wrong. Fortu-
nately, the answer is no, since in most cases the nonlinear term can be neglected. However, one has to be
aware that we cannot always neglect the nonlinear term. In some cases it even plays an important role.

In order to elucidate the relevance of the nonlinear term in the first London equation we can state the
following:

1. Situations dealing with superconductors in an applied magnetic field (e.g. slab in a parallel field)
we usually can treat without using the first London equation. Electric fields are not important in
this case. They are derived using Faraday’s law after having calculated the magnetic fields and
the corresponding currents. The first London equation only would yield small corrections to the
supercurrent density distribution.

20Since the vanishing dc resistance has been discovered already in 1911, whereas the MeiBner-Ochsenfeld effect was found
only in 1933, the phenomenon was not denoted as “superdiamagnetism” but as superconductivity.
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2. Itis evident from eq.(I.1.70) that the nonlinear term can always be neglected if

El >

V(Ajf) (1.1.75)

* gk
s

Assuming that the spatial variation of the supercurrent occurs on a length scale ¢, we have V - J; ~
Ji/¢. Then, the condition can be written as

E] > v AJ7 (1.1.76)
With the same assumption we obtain

‘AJS ~ B (1.1.77)
from the second London equation. As a result, we obtain the condition

[E[ > |v[[B] (1.1.78)

for neglecting the nonlinear term. This is not surprising, since this condition is equivalent to the
usually made assumption that the magnetic contribution to the Lorentz’s law can be neglected
compared the electric one in deriving the first London equation.

Additional Topic:
The London Gauge

Although we usually keep all expressions gauge invariant, i.e. they hold in all gauges, in some cases it is
convenient to use a special gauge. If the macroscopic wavefunction is single valued (this is the case for
a simply connected superconductor containing no flux) we can choose x(r,7) so that 6 = 6’ — ZT** x=0
everywhere. This is sometimes called the rigid gauge, since the phase of y never changes and therefore
7V 0 = 0 when we switch on a magnetic field or introduce a finite supercurrent. Hence reads

Ay, = —A(r,) . (1.1.79)

Frequently we also have V - J; = 0 (this is the case when no supercurrent is converted into a normal
current or vice versa). Then we obtain from

V-A =0 and Ay = ANJg . (1.1.80)

Here, the second relation is just a boundary condition. A, is the component of A normal to the boundary
and J,, is the supercurrent density normal to the boundary. A vector potential which satisfies the condi-
tions is said to be in the London gauge. Together with V x A = B the conditions of the London
gauge fix A unambiguously. One can easily show that in the London gauge the vector potential obeys
the equations V2A = 0 and V?A = A/A? outside and inside the superconductor, respectively.

We briefly use the London gauge to compare the perfect diamagnetism of a superconductor to the dia-
magnetism of a single atom. When we are placing an atom in a uniform magnetic field B, the electrons
perform a Larmor precession with angular frequency eB/2m, giving the atom a diamagnetic moment.
We can describe the uniform field by the vector potential A = %B x r, which is in the London gauge. For
weak fields we can neglect the effect of the magnetic field on the wavefunctions (for the superconductor
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we say the wavefunction is rigid). Then, the formal angular momentum quantum numbers stay the same
and locally the canonical momentum is not changed. However, since p = m,V — €A, the electrons of the
atom have now an extra local velocity eA /m, in the same way as in the superconductor. For the atom the
velocity is (eB/2m,) X r, i.e. the expected precession velocity. The only difference between the atom
and the superconductor is the fact that for the atom the diamagnetic screening current is much too small
to screen the applied field on the atomical length scale, whereas in the superconductor it is strong enough
to restrict the field to a region within a penetration depth A, from the surface.
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1.2 Flux Quantization

In the previous section we have shown that the macroscopic quantum model of superconductivity is
consistent with the phenomenological laws deduced using classical reasoning. We now examine the
quantum mechanical consequences of the model. The first example is fluxoid quantization in multiply
connected superconductors (see Fig. [I.3).

(b)

Figure 1.3: Stationary quantum states: (a) The standing electron wave around the nucleus of an atom at
r = 0 resulting in the Bohr-Sommerfeld quantization of the angular momentum. (b) The standing wave of the
macroscopic wave function representing the superconducting state in a superconducting cylinder resulting in
flux quantization.

We start our discussion with a simple Gedanken experiment. We take a superconducting ring and gen-
erate (just by magnetic induction) a supercurrent in the ring. Since the superconductor has zero dc resis-
tance this supercurrent should be stable, that is, the considered system is in a stationary state. Of course
we can change this state by changing the induction process generating the supercurrent. Classically we
would expect that in this way we can generate arbitrary supercurrents in the ring. However, after having
learnt that we have to consider the superconductor as a macroscopic quantum system, we have to revise
the expectation. The quantum mechanical treatment of microscopic systems teaches us that stationary
states are determined by certain quantum conditions. Within Bohr’s model for atoms the stationary states
for the electrons are determined by the quantization condition for the angular momentum. As shown in
Fig. this is equivalent to the requirement that the electron wave is not interfering destructively. In the
same way we expect a stationary state for the supercurrent along the ring only if the macroscopic wave
function describing the whole ensemble of superelectrons is not interfering destructively (see Fig. [I.3b).
Therefore, we immediately expect a quantization condition. This has been first supposed by Fritz Lon-
donErI He came to the conclusion that the magnetic flux enclosed by a superconducting ring can only
have discrete values given by multiples of a flux quantum ®%. London suggested the value

~ 4x107BVvs . (1.2.1)

o
o=
I
ol

London derived this value for the flux quantum, since he presumed that single electrons are carrying
the supercurrent. The fact that Cooper pairs are carrying the supercurrent became clear only after the
development of the BCS theory in 1957

Before discussing the experimental observation of flux quantization, we use the macroscopic quantum
model of superconductivity to mathematically derive the quantization condition. For simplicity we will

2IE. London, Superfluids, Wiley, New York (1950).
221, Bardeen, L.N. Cooper, J.R. Schrieffer, Phys. Rev. 108, 1175 (1957).
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Figure 1.4: Different possibilities for closed contours within a superconducting medium: (a) The path is in a
simply connected superconducting region. (b) The path is in a multiply connected region.

assume a homogeneous and isotropic superconductor. We start with the expression (I.1.65) for the
supercurrent density

h
A)y, = —{A(r,t)—q*VG(r,t)} (1.2.2)
and integrate this expression around a closed contour C. From Stoke’s theorem we know that

7{A-dl = /(VxA)-ds:/B-ds, (1.2.3)
C S

S

where S is the surface defined by the closed contour C (see Fig. and B is the flux density associated
with the vector potential A. Using Stoke’s theorem we can rewrite (1.2.2)) as

7{(AJS)-d1+/B-ds - qh*jfve-dl. (1.2.4)
S C

c

We first evaluate the integral on the right hand side of (I.2.4)). We know from the vector calculus that the
integral of the gradient of a scalar function along the path defined by points r; and r; is given by

r
/Ve-dl — B(ra, 1) — O(r1,1) . (1.2.5)
r|

We see that if r; — r; such that a closed path is formed the integral is zero. However, in general this
is not true, since the specific value of the phase of y is not well defined. Indeed there exists an infinite
amount of possible phase values, because for integer values of » all values 6, = 6y +27n give the same
value of

y(r,r) = +/nre!®t2m) (1.2.6)
That is, although the macroscopic wavefunction y is well defined, this is not the case for the phase:
O(r,t) = 6p(r,t)+2nn . 1.2.7)

The phase is specified only within modulo 27 of its principal value 6y ranging in the interval [—7, 7.
Since 6y is single valued, we obtain for the integral of the phase gradient along a closed contour

r)—r)

fve-dl = 1im [0(r2,1) — O(r1,1)] = 27 . (1.2.8)
C
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With this result (I.2.4) becomes
h
j{(AJS)-dl+/B-ds = n— =nd (1.2.9)
c s 7
with the flux quantum
h h ~15
D) = = — = 2.067833636(81)x 10" °Vs . (1.2.10)
7| 2e

Here, we have set |¢*| = 2e in giving a value for the flux quantum and have replace n by —n in (1.2.9)
with no loss of generality. The quantity ®¢ represents the flux quantum and is the smallest amount of
flux included by the closed contour line.

The consequences of (1.2.9) can be easily seen by considering Fig.

1. We first consider the case (a), where the surface S defined by the contour C is in a simply connected
superconducting region (see Fig. [I.4h). We have to recall that we are performing the integration
along the closed contour by imagining a line integration between two points r; and r; including
the limit r, — r;. Since holds for all contour lines, we also have to include the case where
the size of the contour just has shrunk to zero. In this case both integrals in (I.2.9) vanish and we
find n = O for the simply connected superconductorFE] This result is expected since the condition
n = 0 just yields the integral form of the second London equation.

2. We next consider the case of a multiply connected superconductor as illustrated in Fig. [I.4p. Here,
the important point is that the surface S defined by the contour C now contains both superconduct-
ing and nonsuperconducting regions (in the most simple case the nonsuperconducting region is just
a hole). Thus, if we are closing the line integral by applying the limit r, — r;, we somehow have
built in a “memory” in our path: We know that we have enclosed a nonsuperconducting region
into the contour. In other words, the phases at the points r; and r; are now distinct. Therefore,
although the principal value of the two phases is the same, the difference between them is 27 n.

1.2.1 Flux and Fluxoid Quantization
Fluxoid Quantization

The left-hand side of is denoted as the fluxoid and hence this equation is a statement of fluxoid
quantization. Note that the externally applied magnetic flux is not necessarily quantized. However, we
have to take into account both the external applied flux and the flux generated by the induced supercur-
rent in our calculation. Then, the total flux threading the multiply connected superconductor cannot be
arbitrary but must have discrete values corresponding to integer multiples of the flux quantum.

Flux Quantization

We now discuss a superconducting cylinder as sketched in Fig. [[.5] We assume that the wall of the
cylinder is much thicker than the London penetration depth 4. If we apply a small magnetic field (much

230f course this is only true, if there are no singularities in the supercurrent density J or the flux density B.
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Figure 1.5: Sketch of a superconducting cylinder in the presence of an applied magnetic field along the cylinder
axis. Also shown is the expected supercurrent distribution in the wall of the cylinder. For a wall thickness
much larger than the superconducting screening length Az, the supercurrent density in the center of the wall
is negligible.

smaller than the critical field of the superconducting material) after cooling down the cylinder below the
transition temperature of the superconducting material, no flux will thread the superconducting cylinder.
There are screening currents flowing on the outer surface of the cylinder wall screening the magnetic
field.

The more interesting case is obtained by applying the magnetic field during cooling down. In this case
below the transition temperature a screening current flows on the outer surface of the cylinder to expel
the applied magnetic field from the superconducting material. In the same way, a screening current
with opposite direction is flowing on the inner surface of the cylinder to keep the applied magnetic field
outside the superconducting material.

We now use (1.2.9) to analyze the amount of flux trapped in the superconducting cylinder. In the classical
case the currents flowing on the inner surface would be constraint only by Ampere’s law. Then, classi-
cally we could trap arbitrary amounts of magnetic flux in the cylinder by simply varying the magnetic
field applied during cooling down. However, in an exact quantum mechanical treatment we have to sat-
isfy also the fluxoid quantization condition (I.2.9). Since the thickness of the superconducting material
is much larger than the London penetration depth A;, we can choose a closed contour deep inside the
superconducting material, where in very good approximation we have J; = 0. The fluxoid quantization
condition then simplifies to

/B-ds = nd . (1.2.11)
S

That means, if we are removing the applied magnetic field after cooling down, the magnetic flux trapped
in the cylinder exactly is an integer multiple of the flux quantum. Therefore, (I.2.T1)) can be considered
as a statement of flux quantization.

2005



28

R. GROSS AND A. MARX Chapter 1

Flux Trapping

We briefly discuss the question why the superconducting ring does not expel the magnetic flux but keeps
it trapped inside the ring after switching of the magnetic field. The answer can be derived from the
1. London equation saying that the electric field deep inside the body of the superconducting cylinder
must be zero, since dJ;/dt = 0 there. This applies also for situations where the supercurrent in the
ring is changing, since this supercurrent is only flowing on the surface within 4, (see Fig.[I.3). With
E=—-0A/dtr— V¢ and V¢ = 0 we can obtain

0 0 0P
]{E-dl - —EfA-dl - —atS/B-ds == (1.2.12)

where @ is the magnetic flux enclosed within the contour. Taking the contour deep inside the supercon-
ductor we have E = 0 and hence %—? = 0. That is, the flux enclosed in the cylinder has to stay constant.
The supercurrents flowing on the surface of the cylinder are adjusting themselves so that the flux in the

ring is not changing, i.e. the flux stays trapped.

1.2.2 Experimental Proof of Flux Quantization

In 1961 the flux quantization in superconducting cylinders has been experimentally proved by two
groups, R. Doll and M. Nibauer at the Walther-Meifner-Institute in Munich and B. S. Deaver and W.
M. Fairbank at StanfordEr}E] These very difficult experiments not only have demonstrated the quanti-
zation of magnetic flux in a superconducting cylinder but also for the first time proved the existence of
Cooper pairs with charge g* = 2e thereby confirming the prediction of the microscopic theory developed
by John Bardeen, Leon Cooper and Robert Schrieffer (BCS-theory) in 1957.

The aim of the experiments was to show that the flux enclosed by a superconducting cylinder of wall
thickness d > A; can have only discrete values ®, = n-®y. In order to do so different amounts of
magnetic flux have to be frozen in during cooling down the cylinder in an applied magnetic field Bcgol
and then the amount of trapped flux has to be measured with a precision much better than a single
flux quantum. In order to obtain a large relative change of the magnetic flux from measurement to
measurement only small values of By, have to be used resulting in a small number of trapped flux
quanta. Since @ = B- S, both small applied fields and a small cross-sectional area S, resp. diameter d of
the cylinder have to be used. Note that for a cylinder area of S = 1 mm? a flux density B of only about
1077 T is required to generate one flux quantum. This flux density is much smaller than that due to the
earth magnetic field B, ~ 2 x 107°T.

Both experimental groups were using small hollow cylinders with an outer diameter of the order of
10 um. For such diameter, a flux density of B ~ 2 x 107°T is required to generate one flux quantum
®y =2 x 1075 Tm?. Since this flux density is of the same order of magnitude as the one due to the earth
magnetic field, a careful shielding of the earth magnetic field and other perturbing fields was necessary.

In the experiment of Doll and Nibauer a hollow Pb cylinder was used (see Fig. [[.6). The cylinder was
obtained by evaporating Pb on a quartz fiber. In this cylinder they were trapping magnetic flux by cooling
down the sample below the transition temperature in a small magnetic field applied parallel to the axis of
the cylinder. The magnitude of the trapped magnetic flux has been determined by measuring the torque

24R. Doll, M. Nihbauer, Experimental Proof of Magnetic Flux Quantization in a Superconducting Ring, Phys. Rev. Lett. 7,
51 (1961)

25B.S. Deaver, W.M. Fairbank, Experimental Evidence for Quantized Flux in Superconducting Cylinders, Phys. Rev. Lett.
7,43 (1961).
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Figure 1.6: Sketch of the experimental configuration used by Doll and Nabauer in 1961 for the determination
of the flux quantization in a superconducting cylinder (according to R. Doll, M. Nibauer, Phys. Rev. Lett. 7,
51 (1961)).
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Figure 1.7: Magnetic flux trapped in a superconducting cylinder as a function of the applied magnetic flux
density during cooling down the cylinder below the superconducting transition temperature. (a) Experiment
by Doll and N&bauer (according to R. Doll, M. Nibauer, Phys. Rev. Lett. 7, 51 (1961) and Zeitschrift fiir
Physik 169, 526 (1962)). (b) Experiment by Deaver and Fairbank (according to B. S. Deaver, W. M. Fairbank,
Phys. Rev. Lett. 7, 43 (1961)).

D = p x B, due to a probe field B, applied perpendicular to the cylinder axis. Here, p is the magnetic
moment of the trapped magnetic flux. The measurement has been done by hanging up the cylinder
using a thin quartz thread. The rotation of the cylinder has been measured by shining light on a mirror
attached to the quartz thread. Since the torque is very small, static measurements of the torque could
not be performed. Therefore, Doll and Nébauer used a so-called self-resonance method. In this method
they were using the small torque created by the probe field B, for the excitation of a torque vibration
of the system. In case of resonance the resulting resonance amplitude is becoming large enough to be
measured. The resonance amplitude is proportional to the exciting torque, which in turn is proportional
to the flux trapped in the cylinder. Of course, in order to excite the vibration the direction of the probe
field B, has to be switched at the resonance frequency.
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In the experiment by Deaver and Fairbank a tiny Sn tube with a length of about 0.9 mm, an inner diam-
eter of 13 um and a wall thickness of 1.5 um was used. The cylinder was vibrated in the axial direction
at a frequency of about 100 Hz and the resulting rf signal was detected via a pair of pick-up coils. The
experimental results of both experiments are shown in Fig. The results of both experiments were es-
sentially identical and convincing. Although the cylinders were cooled down in different magnetic fields,
the net magnetic flux trapped in the cylinder always occurred in quantized amounts. In this way the two
groups experimentally demonstrated the limitations of a purely classical treatment of superconductivity.

1.2.3 Additional Topic:
Rotating Superconductor

We consider the interesting case when a superconducting cylinder is rotating at an angular frequency Q
(see Fig. [1.8). In this case we have to modify our analysis given in Section[I.I.3] We have to rewrite
Faraday’s law as

VxB = [J()J = [.Lon:q*(VS*VQ) = ,l.to(Js*n:q*VQ) . (1.2.13)

Here, J is the net current density and v, — vq is the velocity of the superfluid relative to the velocity vg of
the positively charged lattice. We can take the curl of (I.2.13)) and take into account that V x vq = 2Q
to arrive at

2 *
VXVxB = @V xJ—un'q"Vxvg = ‘[‘\0<V><(AJS)— m Q) . (1.2.14)

*

With V x V x B=—V?B, ty/A = 1/A7, and the 2. London equation V x (AJ;) = —B we obtain

_ 2m*

~Q B-B
VB = T = L
A A

(1.2.15)

Here, B, = 2{’? Q is the London field.

The modified screening equation shows that the field inside the superconductor does no longer decay
to zero but to the London field B;. That means that there is a finite field in a rotating superconductor.
We can understand this from our discussion on page The additional field is just required to give
the electron systems a precession equal to the rotating lattice. For an observer in the reference frame
rotating with the superconductor, the effect of this field is to compensate for the effect of the Coriolis
force acting on the electrons. That means that for such an observer the dynamics of the electrons appear
to be unaffected by the rotation.

Since the London field is spatially uniform, it follows from Ampere’s rule that there is no net current
flowing deep inside the superconductor. However, if there is no external magnetic field (B = 0), there
must be a screening current flowing on the outside surface of the superconductor (see Fig. [I.8).

We now discuss how the flux quantization is affected by the rotation. We have to replace eq.(I.2.9) by
fA(JS —n,q"vg) -dl—i—/B ds = ndy (1.2.16)
C s
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Figure 1.8: Magnetic fields and currents in a superconducting cylinder rotating at angular frequency Q. The
London field By fills the superconductor and the hole. A corresponding screening current flows only on the
outer surface of the cylinder and decays exponentially inside the cylinder within the decay length A;.

For a contour deep inside the superconductor, where J; = 0, we obtaiﬂ

*

® = nd+2-Q-S, (1.2.17)
q

where S is the area enclosed by the contour of integration. We see that the hole contains the usual
quantized flux plus a non-quantized term due to the London field filling the hole as well as the bulk
superconductor. For n = 0 the field in the hole is the same as in the bulk superconductor so that no
screening current flows on the inner surface of the superconducting cylinderm

26We use §vg -dl = [(V xvq)-ds =28-8.
N
271n principle the field inside the hole should be detectable using e.g. a SQUID detector. However, a detailed analysis shows
that the SQUID can only detect the relative angular velocities of the cylinder and the SQUID detector making the experimental
setup difficult (see e.g. R.M. Brady, IEEE Trans. Magn. MAG 17, 861 (1981)).

2005



32

R. GROSS AND A. MARX Chapter 1

1.3 Josephson Effect

In section [I.2] we have discussed the fluxoid quantization in multiply connected superconductors as the
first consequence of the macroscopic quantum nature of superconductivity. It became evident that this
phenomenon is a direct manifestation of the macroscopic quantum coherence of the superconducting
state. In this section we discuss the Josephson effect as a second coherent phenomenon. The Josephson
effect has been predicted by Brian D. Josephson in 1962 and is equally important as flux quantizationFE]
Today, the Josephson effect is used for many applications of superconductivity in electronics, sensors and
high frequency devices. The Josephson effect is observed, if two superconductors are weakly connected
by an electrical contact. Such contact can be established in many different ways. Prominent examples
are tunneling barriers, point contacts or normal conducting layers connecting the two superconducting
electrodes. In the following we will denote such contact as Josephson junction. The initial theoretical
work by Josephson has considered only superconductor-insulator-superconductor (SIS) junctions.

Suppose we consider a SIS contact between two identical superconductors as sketched in Fig. [I.9] For
a normal metal-insulator- normal metal (NIN) tunnel junction it is well known that for a thin enough
tunneling barrier the normal electrons can tunnel through the barrier with the tunneling current density
decaying exponentially with increasing barrier thickness. Now, for a SIS tunnel junction at zero temper-
ature we do no longer have normal electrons at the Fermi level. Therefore, we expect that there is no
tunneling current as long as the applied voltage V is smaller than twice the energy gap voltage 2A/e. For
eV > 2A Cooper pairs can be broken up into to normal electrons, which in turn can tunnel through the
barrier. As will be discussed later, this effect is indeed observed.

)

Figure 1.9: The Josephson effect: coherent phenomenon for two weakly coupled superconductors S; and S;
with wave functions y; = \/n;'e’® and v, = \/n;2e'%2.

We also have to ask ourselves, whether or not it is possible for Cooper pairs to tunnel through a thin
insulating barrier. The consensus in 1962 was that such events would not happen often enough to be
measurable. The reason for that seems to be evident. Even the probability of a single electron to tunnel
through a thin barrier is very small. Typically, the tunneling probability is p; < 10~*. Then, for a Cooper
pair one would expect a probability p?, which again is orders of magnitude smaller. However, in 1962
Brian Josephson changed this common reasoning. He discovered that the probability of a Cooper pair
tunneling through the barrier is the same as that for a single electron. The reason is that the tunneling
of Cooper pairs is a coherent process. That is, we should not consider the Cooper pair as two incoher-
ent electron waves leaking through the barrier. Instead, it is the macroscopic wave function describing

Z8Brian D. Josephson, Possible new effects in superconductive tunnelling, Phys. Lett. 1, 251-253 (1962).
For his theoretical predictions of the properties of a supercurrent through a tunnel barrier, in particular those phenomena which
are generally known as the Josephson effects, Brian Josephson received the Nobel Price in physics in 1973 together with Leo
Esaki and Ivar Giaever.
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Brian David Josephson (born 1940):

Brian David Josephson was born on January 4, 1940 in Cardiff, Glamorgan,
Wales. He is a British physicist whose discovery of the Josephson effect while a
22-year-old graduate student won him a share (with Leo Esaki and Ivar Giaever)
of the 1973 Nobel Prize for Physics.

He entered Trinity College, Cambridge, in pursuit of an education in physics
and received his bachelor’s (1960) and master’s and Ph.D. degrees (1964) there,
publishing his first work while still an undergraduate. It dealt with certain as-
pects of the special theory of relativity and the Mof3bauer effect. He was elected
a fellow of Trinity College in 1962. He was a brilliant and assured student; one
former lecturer recalled a special need for precision in any presentation to a
class that included Josephson — otherwise, the student would confront the in-
structor politely after class and explain the mistake.

While still an undergraduate, Josephson became interested in superconductiv-
ity, and he began to explore the properties of a junction between two super-
conductors that later came to be known as a Josephson junction. Josephson
extended earlier work in tunneling, the phenomenon by which electrons func-
tioning as radiated waves can penetrate solids, done by Esaki and Giaever. He
showed theoretically that tunneling between two superconductors could have
very special characteristics, e.g., flow across an insulating layer without the application of a voltage. If a voltage is
applied, the current stops flowing and oscillates at high frequency. This was the Josephson effect. Experimentation
confirmed it, and its confirmation in turn reinforced the earlier BCS theory of superconductor behavior. Applying
Josephson’s discoveries with superconductors, researchers at International Business Machines Corporation had as-
sembled by 1980 an experimental computer switch structure, which would permit switching speeds faster than those
possible with conventional silicon-based chips, increasing data processing capabilities by a vast amount.

He went to the United States to be a research professor at the University of Illinois in 1965-66 and in 1967 returned
to Cambridge as assistant director of research. He was appointed reader in physics in 1972 and professor of physics
in 1974. He was elected a fellow of the Royal Society in 1970.

A few years before the Nobel award, Josephson grew interested in the possible relevance of Eastern mysticism to
scientific understanding. In 1980 he and V.S. Ramachandran published an edited transcript of a 1978 international
symposium on consciousness at Oxford under the title Consciousness and the Physical World.

the entire ensemble of superconducting electrons that is tunneling through the barrier. Only one year
later, Philip W. Anderson and John M. Rowel@ had experimentally confirmed the prediction of Brian
Josephson, which again is a direct consequence of the macroscopic quantum nature of the superconduct-
ing state.

We can consider two weakly coupled superconductors as sketched in Fig. [I.9)also as a molecule. In the
same way as we obtain molecular binding due to the overlap of the wavefunctions of the electrons of two
hydrogen atoms, the overlap of the macroscopic wavefunctions of the two superconductors results in a
finite binding energy. This binding energy is called the Josephson coupling energy and will be derived
later in chapter 2]

1.3.1 The Josephson Equations

In deriving the Josephson equations we follow general arguments introduced by L.D. Landau and E.M.
Lifschitz ]

29P. W. Anderson and J. M. Rowell, Probable Observation of the Josephson Superconducting Tunneling Effect, Phys. Rev.
Lett. 10, 230-232 (1963).
30LD. Landau, E.M. Lifschitz, Lehrbuch der Theoretischen Physik, Bd. IX, Akademie-Verlag, Berlin (1980).
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First Josephson Equation: current-phase relation

We first speculate what determines the supercurrent between two weakly connected superconductors. It
certainly can depend on the Cooper pair densities |y;|> = ny | and |y | = n, in the junction electrodes.
However, since the coupling between the two superconductors is weak and, hence, the supercurrent
density between them is small, we can assume that the supercurrent density between the two junction
electrodes is not changing |y|?. However, although the amplitude of the wave functions in the electrodes
does not play a role, the supercurrent density certainly is expected to depend on the phase of the wave
functions.

We already have learnt that the supercurrent density in a bulk superconductor depends on the gauge
invariant phase gradient (compare (1.1.50) and (1.1.62)) as

* Kk 2 * ok
st = T Goen - Zawy| = T8
m* 0

m*

~(r,1) . (13.1)

We simplify our discussion by assuming that (i) the current density can be considered homogeneous.
We will see later that this assumption can be always made if the junction area is small enough. We are
now applying expression (I.3.1) to the case of two weakly connected superconductors. Doing so, we
further assume that (ii) the phase gradient « is varying negligibly in the superconducting electrodes (see
Fig.[1.10). This is always a good assumption as long as the Cooper pairs density n} in the electrodes
is much larger than in the coupling region as shown in Fig. Since J; is the same in the electrodes
and the junction area (current conservation), according to (I.3.1) the gauge-invariant phase gradient is
negligibly small in the electrodes compared to the junction region. Then, we can replace the gauge
invariant phase gradient v = V0 — %A just by the gauge-invariant phase difference ¢ given by

o(rt) = /zy :/2<V9—A>-dl
1 1

_ ez(r,t)—el(r,t)—fljz /A(r,t)-dl. (132)

We note that the integration path is along the direction of current (see Fig. [I.TT). That is, for a SIS-type
Josephson junction the path is across the insulating barrier form the superconductor one with phase 6, to
the superconductor 2 with phase 6,. For the geometry of Fig. the integration path is from —d /2 to
+d /2 and the differential line element is dl.

According to (1.3.1)) we expect the supercurrent density J; to be a function only of ¢, that is, J; = Js(¢).
Actually, according to (I.3.T)) we expect J; o< ¢. However, we have to take into account that any phase
change of 27 in the wave functions of the junction electrodes results in the same wave function 1.
From this we can conclude that J;(¢) should not be a linear but a 27-periodic function:

(@) = J(p+n2m) . (1.3.3)

Finally, in the absence of any current the phase gradient must be zero and both electrodes form a single
superconductor with a common phase. That is, in this case we have 6; = 6, and hence

J,(0) = UJ(n-2m) =0 . (1.3.4)
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Figure 1.10: Sketch of the variation of the Cooper pair density n} and the gauge-invariant phase gradient
across a one-dimensional Josephson junction extending in x-direction. Also shown is the integral [~dx of the
gauge invariant phase gradient.

Summarizing our discussion we can conclude that the supercurrent density between the two junction
electrodes in the most general case should have the fomPI]

J(@) = Jsing + Y Jusin(me) . (1.3.5)

m=2

Here, J. is the critical or maximum Josephson current density, which is determined by the coupling
strength between the two junction electrodes. Expression (I.3.5)) is the general formulation of the 1.
Josephson equation. 1t also is denoted as the current-phase relation, since it relates the supercurrent
density to the phase difference. Rigorous theoretical treatment shows that in most cases (in particular in

the case of weak coupling) the second term on the right hand side can be neglected. Then, (1.3.5)) obtains
the form

‘ Ji(p) = Jsing , (1. Josephson equation) (1.3.6)

which was derived by Josephson in his original paper for the particular case of an insulating barrier.
Here, due to the rapid decay of the wave function in the insulator, weak coupling was explicitly assumed.
We will discuss this case in more detail in section [1.3.2]

The basic essence of (I.3.6) can be summarized as follows:

The supercurrent density through a Josephson junction varies sinusoidally with the phase
difference @ = 6, — 0; across the junction in the absence of any scalar and vector potentials.

3 general we could write J; as a Fourier series of sine and cosine terms. However, eq. requires that all the coeffi-
cients of the cosine terms vanish. The same conclusion can be drawn from the requirement of time reversal symmetry. Upon
inversion of time, the Josephson current flows in opposite direction. Furthermore, since the time evolution of the macroscopic
wavefunction is given by exp(—:ct), inversion of time requires that we are inverting the sign of the phase of the wavefunction.
Then, time-invariance of the Josephson current requires that J,(y) = —J;(—7) what excludes all cosine terms in a Fourier series.
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Figure 1.11: Sketch of a superconductor-insulator-superconductor (SIS) Josephson junction with a current
source driving a current through the junction.

Above we have made the assumption of a homogenous supercurrent density allowing a one-dimensional
treatment. This assumption can be relaxed by noting that the argument given above still holds if applied
locally to each point (y,z) of the junction area. In particular, we can generalize the critical current density
J. to J.(y,z) (the junction area extends in the yz-plane, see Fig. . The current flow is always in x-
direction so that there is no divergence of current density. That is, for any given y and z the supercurrent is
flowing straight across the junction area. However, the current density given by (I.3.6) may now depend
on y and z and we have to generalize the current-phase relation to

Js(»zt) = J(yz) sin@(y,z,t) . (1.3.7)

Second Josephson Equation: voltage-phase relation

In order to derive the 2. Josephson equation we use the time derivative of the gauge invariant phase
difference

8(p o 00, 06, 2= 8/A

I R 7 (r,t)-dl . (1.3.8)

Substitution of the energy-phase relation (I.1.69)

1
L

Z7 2 *
> i AV +q"0 (1.3.9)

into (I.3:8) yields

do 1 [A 2 9
dt h

s (B2 -] +4[9(2) —0(1) >—q)0 E/A dl . (1.3.10)

s

Since the supercurrent density across the junction is continuous, we can use J;(2) = Js(1) and obtain
with g* = 2e and &y = h/2e

2
Jdo  2m JA
= = 50 1/( V¢_t) .dl . (1.3.11)

© Walther-MeiB3ner-Institut



Section 1.3 APPLIED SUPERCONDUCTIVITY

37

Here, we have expressed the difference in the scalar potential ¢ as a line integral of its gradient. Since
the term in parentheses is just the electric field (compare (1.1.54)), we can write

0 2
9 _ /E(r,t) -dl (2. Josephson equation) . (1.3.12)
ot (oo 4

2
This equation is known as the second Josephson equation. We note that [E(r,t) - dl corresponds to
1

a voltage drop across the junction resulting in the difference Au = u, — t; = eV between the electro-
chemical potentials of the two superconductors. That is, the time derivative of @ is determined by Au as
expected from the general energy-phase relation. Since Ay is determined by the voltage drop across the
junction, the second Josephson equation also is called the voltage-phase relation. The voltage-phase re-
lation and the current-phase relation together with the expression for the gauge-invariant phase
difference (1.3.2)) represent the set of basic equations governing the behavior of Josephson junctions.
The fact that ¢ o< Au can be viewed as a quantum interference effect of the macroscopic wave function
in the two superconducting electrodes.

If a constant voltage V is applied to the Josephson junction, we obtain

eX0) 2n
T = 2y 1.3.13
dt P ( )
and the phase difference is growing linearly in time:
2n

o) = <p0+5V-t. (1.3.14)
0

Then, the Josephson current /;(z) = I.sin ¢(¢) is oscillating at the Josephson frequency

\% 0} 1 MHz
— = —— = — ~ 483.597 898(19 .
\% 2wV CI)() ( )

(1.3.15)

We see that the Josephson junctions can be considered as a voltage controlled oscillator that can be
used to generate very high frequencies (500 GHz at 1 mV). The linewidth and the power that can be
achieved with Josephson junctions will be discussed later, when we are discussing applications of the
Josephson effect. By taking two Josephson junctions made of different materials the proportionality
constant between frequency and voltage has been compared and found to agree within 2 x 10*16
More recent experiments even found an agreement in the range of 1077,

1.3.2 Josephson Tunneling

So far we have not discussed the magnitude of the maximum Josephson current density J.. In this
subsection we derive an expression of this quantity for the case of Josephson junction with an insulating
tunneling barrier of thickness d. That is, we consider the supercurrent density across a superconductor-
insulator-superconductor Josephson junction as sketched in Fig.[[.TT] To solve the problem we are using

3258, Tsai, A.K. Jain, J.E. Lukens, Phys. Rev. Lett. 51, 316 (1983).
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the so-called wave matching method. Here, we solve the Schrodinger equation in the three regions,
namely the two superconducting electrodes and the insulating barrier. The solutions will contain coeffi-
cients that can be determined by matching the solutions at the boundaries between the three regions.

We first start with the wave function in the superconducting electrodes. The supercurrent density at the
edges of the junction electrodes at the positions x = d /2 is given by the supercurrent density equation
(1.1.50)

*

h
I, = g'ni(r) {er(r,t) _4

m*A(r,t)} . (1.3.16)
We already have found the relationship between the current density at the boundary to the insulator and
the phase of the wave functions at each boundary. It is given by the current-phase relation. In order to
derive the magnitude of the maximum Josephson current density J. we make the same assumptions as in
section [I.3.1] That is, we assume a uniform tunneling barrier. We further assume that the junction area
L-W is small enough, so that the Josephson current density can be assumed uniform within the junction
area. It will be discussed later, up to which length scale this approximation is valid.

We start our discussion with the energy-phase relation (I.1.69) for the superconducting electrodes, which
directly follows from the Schrédinger equation. In the absence of any electric and magnetic field this
equation can be written as

26 1,
—nSl = AR (1.3.17)

s

The term on the right hand side corresponds to the kinetic energy Eg = m*v? /2 of the moving superelec-
trons and therefore we can write

20 E

5= = % (1.3.18)
Consequently, the time dependent macroscopic wave function can be written as

w(rn) = y(r)e "M (1.3.19)

where y(r) is the time independent amplitude of the wave function.

We must now determine the wavefunction within the insulating barrier of thickness d. The barrier height
Vo is assumed larger than Ey. Then, the variation of the potential along the x-direction is given by a
step-like function V (x), which is zero outside and Vj inside the barrier region (see Fig. . We know
that classically for Vy > E the superelectrons cannot penetrate the barrier region. However, quantum
mechanically the situation is different. Here, the superelectrons can tunnel through the barrier. In our
discussion we consider only elastic processes, that is, the superelectrons maintain their energy. Therefore,
the time evolution of the wavefunction is the same outside and inside the barrier and we have to consider
only the time independent part. Moreover, since within the barrier we are in a region of constant potential
energy Vp, the time dependent Schrodinger-like equation (I.1.48) can be written as the time independent
Schrodinger equation

hz
5= V() = (Eo—Vo)y(r) . (1.3.20)

Using now our simplifying assumptions of a homogeneous barrier and homogeneous supercurrent flow
we have to consider only the x-dependence, i.e. we have to solve only a one-dimensional problem.
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Figure 1.12: (a) Sketch of the model potential V(x) of a superconductor-insulator-superconductor Josephson
junction. (b) Time independent part of the wave function.

The solution of (I.3.20) can be written as a sum of decaying and growing exponentials or equivalently as
y(x) = Acosh(kx)+ Bsinh(kx) , (1.3.21)

where the characteristic decay constant x is determined by the barrier properties and is given by

K = 2;11(&;)2—150) (13.22)

The coefficients A and B are determined by the boundary conditions at x = £d/2:

y(—d/2) = /nje? (1.3.23)
w(+d/2) = /nje® . (1.3.24)

Here, , /n} , and 6 » are the magnitude and the phase of the wave function at the boundaries x = £d/2.
With these boundary conditions we obtain from (I.3.21))

nre'® = Acosh(kd/2)— Bsinh(kd/2) (1.3.25)
n5e'” = Acosh(kd/2)+ Bsinh(xd/2) (1.3.26)

and hence by solving for A and B

4 o Vet ty/me® (1.3.27)
2cosh(kd/2) o
ny el — n; elf2

B = - 2sinh(kd/2) (1.3.28)

We now have to recall that for the supercurrent density is given by (compare (T.1.47))

J, = ‘1192{1;/* (hv> 1//} . (1.3.29)
m l
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With the wavefunction from (I.3.21)) the current density is obtained to

J, = Lxn3{a*B) . (1.3.30)

m*

Substituting (1.3.27)) and (1.3.28) in (1.3.30) yields the supercurrent density

I = Jesin(6,-6)) | (1.3.31)

with the maximum Josephson current density

> n*n* *h n*n‘k
3 = 4 V12 L (13.32)

m* 2sinh(kd/2)cosh(kd/2) ~  m* sinh(2xd)

Here we have used 2 sinh(x) cosh(x) = sinh(2x). We see that from our analysis we not only obtain the
value for the maximum Josephson current density but also the current-phase relation, which has been
derived from our qualitative discussion above.

In real junctions the barrier height Vj typically is of the order of a few eV and therefore the decay length
1/x less than a nanometer. Since the thickness of the tunnel barrier is usually a few nanometer, we have
kd > 1. In this case we can use the approximation sinh(2kd) ~ 1exp(2kd). Hence, the maximum
Josephson current density decays exponentially with increasing thickness of the tunneling barrier. With
q* = —2e and m* = 2m we obtain

0
Jo = 0 /wtns exp(—2xd) (1.3.33)
m

We note that the Josephson equations also can be derived by considering two separate quantum mechan-
ical systems that are weakly coupled by a coupling Hamilton operator (transfer Hamiltonian approach).
This derivation is discussed in Appendix [A|
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Summary

e Macroscopic quantum model of superconductors:

Superconductors can be described by a macroscopic wave function

v(r,t) = wyp(r,)e®™)

The wave function describes an ensemble of a macroscopic number of superconducting particles
of mass ¢* and mass m* moving in the electromagnetic potentials ¢ and A.

In contrast to the usual quantum mechanics interpretation of |y|? as the probability to find a
particle at position r at time ¢, |y|? is associated with the density n’(r,) of the superconducting
particles.

e By considering the current density in a superconductor as a quantum mechanical probability
current, the current density

B hniq* q* B hniq* 27
J, = s {V@(r,t) hA(r,t)} = {V@(r,t) cI)()A(r,t)}

is obtained. That is, the current density in a superconductor is proportional to the gauge
invariant phase gradient

. 2
T A(r,r) = VO(r,1)— 2
D

y(r,t) = VO(r,t)—h

A(r,t) .

e The phenomenological London equations are obtained by taking the time derivative and the
curl of the expression for the supercurrent density. In its linearized form they are given by

(AJ;) = E (1. London equation) (1.3.34)
Vx(A)y) = —-B (2. London equation)

Here, A = m*/njq*2 = WpA? is the London parameter and A; the London penetration depth.
The 1. and 2. London equation phenomenologically describe the perfect conductivity and
perfect diamagnetism of superconductors.

e Fluxoid and flux quantization:

The fluxoid §(AJ;)-dl+ [B-ds threading a multiply connected superconductor is quantized in
c s

units of the flux quantum @ = 2.068 x 10~ PVs:

]{(AJS)-dH/B-ds — nd,
S

C

If the integration path can be taken in a region where J; =0, we arrive at the flux quantization:

CI)z/B~ds = nd
S
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e The Josephson effect:

The current between two weakly coupled superconductors is proportional to the sine of the
gauge invariant phase different ¢ (1. Josephson equation):

Jo(r,t) = Jo(r,7) sing(r,t)

2
2
o) = 6(rn)-6ir) - = [Awn)-d
0
In the presence of a finite potential difference Ay = eV between the two superconductors, the
gauge invariant phase difference @ changes in time as (2. Josephson equation)

olp 2V 27
or R (O

The Josephson current then oscillates in time as J; = J.sin(@f + ¢p) at a frequency w/2n =
483.6 GHz/mV.
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