Contents

Volume I. Superconductivity: Conventional and Unconventional Superconductors

List of Contributors .....ooiiiuiiii XV
1 History of Superconductivity: Conventional, High-Transition Temperature

and Novel Superconductors

K. H. Bennemann and J. B. KEHETSOT ... ... ettt ettt et e e ettt eeieenenenas 3
D O 0T o Yo ot e 3
1.2 Novel SUPErcOndUCTOrS ... vuiuut ittt ittt ettt ettt ittt eeaaaaas 9
1.3 Granular Superconductors, Mesoscopic Systems, Josephson Junctions ..............oovvveeinnnn. 18
LA OUHOOK .ot e 23
REfEIENCES o\ttt e 25
2 Phenomenology and Microscopic Theory: Theoretical Foundations

D o 27
2.1  Off-Diagonal Long-Range Order and Superfluidity ..................oooo 27
2.2 Off-Diagonal Long-Range Order in Superconductors ...........oovvviiiiiiiiiiiiiiiiiiiiiininnns 31
2.3 The London EQUAtiON ... ...ceuutette ettt ettt et et e et et ee e eeae e eeaaes 33
2.4  Thermodynamics of Superconductors in a Magnetic Field...................ooooon, 35
2.5  The Intermediate State of SUPerconductors.........cooviiiuiiiiiiiiiiiiiiiiii i, 37
2.6 The Ginzburg-LandauTheory ... 38
2.7  Surface Energy at the Boundary Between Normal and Superconducting Phases ................. 42
2.8 Superconductors of the Second Kind ..........oooiiiiiiiiiiiiiiiiiiiiiiiii i 45
2.9 Quantized VorteX LIS .. .uuet ettt ettt et e e te ettt e e e e eaaeeaenaenaenaenaanaanas 46
2.10  Vortex—VorteX INteractions .........uuiuun i ittt ittt 49
211 CoOper Pairing .. .vn ittt 52
2.12  Energy Spectrum of @ Superconductor ..........covviiiiiiiiiiiiiiiiiiiiiii e 54
2.13 Thermodynamic Properties of Superconductors ...........coovviiiiiiiiiiiiiiiiiiniiiininienans 57
2.14 Elements of the Theory of Green’s FUNCIONS .....oovvviiiiiiiiiniiiiiiiiiiiii i eeeens 62
2.15 Green’s Function of @ SUPerconductor . ......oouuiitttuui ittt 65
2.16 Temperature Green’s FUNCTIONS .. ..euuntun ittt ettt e eanens 68
2.17 Temperature Green’s Functions for a Superconductor..........oovuuiviiiiiiiinereenineeennnns 70

23 =3 =3 8 ol =1 71



VIII Contents
3 Electron-Phonon Superconductivity

F. Marsiglio and J. P. CArbotte .........oooiuiuiniiiiiiiiiiiaaaas 73
0 S 115 oY L& oy o) o U 74
3.2 The Electron-Phonon Interaction: OVerview ..........c.ueeeeunreeuineeennneeennnerennneeennnn. 74
20 T U T3 s To) Lo -3 92
3.4  The Critical Temperature and the Energy Gap .........coovviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeanes 108
3.5  Thermodynamics and Critical Magnetic Fields .............oooiiiiiiiiiiiiis 118
3.6 Response FUNCLIONS ......uiiniiii i i i 122
3.7 Anisotropy and MgB; ..ottt 139
R I 1§11 00T o 145
APPENAIX L1ttt 148
5 =) 1 153
4 Coexistence of Singlet Superconductivity and Magnetic Order

in Bulk Magnetic Superconductors and SF Heterostructures

ML Kuli¢ and A. L BUZAIN .. ..oiie ittt ettt et ettt e eaae 163
3 N 60U o e L ot & (o3 o U 164
4.2 Ferromagnetic SUPercOndUCOIS......ovvviiiiiii ittt ittt ittt et 169
4.3  Antiferromagnetic Superconductors (AFS) .......ooiiiiiiiiiiiiiiiiiiiii 180
4.4  Magnetic Superconductors in the MagneticField ... 183
4.5  Josephson Effect with Bulk Magnetic Superconductors ............oovvviiiiiiiiininiininiennns 188
4.6  Superconductor/Ferromagnet HeteroStructures ... ....vvviuuniiiuiniiiiiniiiiineiiiineiinnnens 189
4.7 ConCIUSION ..o 196
N 0] 533 T 197
REfEIENCES .\ s 199
5 Theory of Superconducting Alloys

LiP.GOTKOV oot 201
5.1 Introduction .....oooouuiiii 201
5.2 Averages of Green Functions Over Impurities ..........ooveiiiuiiiiiiiiiiiiiiiiniieiiiinnnn.. 202
5.3  Superconducting Alloys withaSmall Gap .........oooiiiiiiiiiiiiiiiiiiiiiii i 208
5.4  Paramagnetic Alloys and Gapless Superconductivity ..........oovviviiiiiiiiininiiiiiiniinne... 216
5.5  Eilenberger EQUations ........cuuuiiiiuiiiiii i i 218
5.6  FinalRemark........oooiiiiiii i 223
REfEIENCES .\t s 224
6 Impurity Nanostructures and Quantum Interference in Superconductors

D S L 1 225
6.1 INtroduction .....ouuuuiii it e 225
6.2 Review: Single Impurity Effects in Conventional and Unconventional Superconductors ......... 228
6.3 FormaliSm ....oooiuuiiii e 231
6.4  Quantum Interference and Quantum Imaging in s-wave Superconductors ..............ooeveeen. 234
6.5  Quantum Interference Phenomena in d,:_,2-wave Superconductors ..............coooviiiiinnn. 244
6.6  Molecules on the Surface of d,2_,2-wave Superconductors ..............ocoiiiiiiiiiiiiiiin.. 250
LT 7 e L) 103 o 1 253

S S = 0 oL =1 256



Contents IX

7 Nanostructured Superconductors

G DEUISCHET ittt e e e e 259
7.1 INtrodUCtion .....oooiiuuueii it 259
7.2 Nano-structured COmMPOUNAS ......uuuuunitiiiiiiiii i 260
7.3 The Granular SErUCTUIE .. ....ovitiitiiii ettt 260
7.4 Normal State TraNSPOTT . ..uuuttttitiitit ittt ettt ettt ettt et 262
7.5  Single Grain Behavior .........oooiiiuiiii it 265
7.6 Weakly Coupled Grains: Granular Insulators and Super-Insulators ............c...ooeiiienn.. 269
7.7 Well Coupled GrailsS....ouuueut ettt ettt ettt ettt et ettt et eeeaanns 272
7.8  Critical Temperature of Granular Superconductors ............ovviuiiiiiiiiiiiiineiiieeennnn.. 275
REfEreNCeS ..ttt 277
8 Proximity-Coupled Systems: Quasiclassical Theory of Superconductivity

VoChandrasekRar ............ooiiiiiiiiiii i 279
8.1  INtrodUction ........couuuuiiiiiiiii 279
8.2  Transport Equations in the Diffusive Approximation .............ceuiiiiiiiiieiniiinennninennn.. 280
8.3 The Keldysh Green’s FUNCLIONS .. ..cuuunettut ettt ettt e e eeennen 283
8.4  The Quasiclassical Approximation...........uveeuuniteitiit ettt ittt eeeannns 288
8.5  Non-equilibrium Green’s Functions for Superconducting Systems ............ccoovvieuuiien... 291
8.6  Quasiclassical Superconducting Green’s FUNCtiONS .........ceuiiiiiiiiiiiiiiieiniiiiennnnnennn.. 294
8.7  The Dirty Limit: The Usadel EQUAtiON ........oviuuniiiitiii ittt eeeannss 297
8.8  Parametrization of the Quasiclassical Green’s FUNCtION ....ovuv it it ii e enes 302
8.9  Applications of the Quasiclassical Equations to Proximity-Coupled Systems ..................... 304
LT 0TI 015 0 - 311
References ....ooiuue i 312
9 Principles of Josephson-Junction-Based Quantum Computation

S. E. Shafranjuk and J. B. KETETSOM ......uueitun ettt ettt eens 315
9.1 INtrodUcCtion .....oooiiuiueii i e 316
9.2  Josephson-Junction-Based QUbit DeViCes.......cuuuiiiiiiiiiiiiiiiiiiii i 319
9.3 QUDIEDYNAIMICS .ttt et ettt ettt ettt et ettt ettt et e 329
9.4  Quantum Oscillations in Two Coupled Charge QUDIts .........oviiiniiiiiiiiiiiiiiiiiiiieennn... 345
9.5  SISIS Two-Qubit Gate with Intrinsic COUPLNG ... ..oevuunitiiiiit i 350
9.6 CONCIUSIONS .« . vttt e e e 361
N £ T3 s e < 362
REfEreNCes ... 365
10 Fluctuation Phenomena in Superconductors

A.L Larkin and A. A. VArlGmov ...........coiiiiiiiiiiiiiii i 369
L0 0T e Lot o) 370
10.2  Ginzburg-Landau Formalism: Thermodynamics..............ooooiiiiiiiiiii, 373
10.3  Fluctuations Below the Critical Temperature ............covvvieiiuiiiininieeiniuiiiinineeerannn. 390
10.4 Ginzburg-Landau Theory of Fluctuations in Transport Phenomena .......................... ... 396
10.5 Fluctuations Near the S—I Transition ..........ooooiiiuiiiininiiiiiiiiiiiniiiiiiiiie e, 405
10.6  Microscopic Derivation of the Time-Dependent Ginzburg-Landau Equation .................... 410
10.7 Microscopic Theory of Fluctuation Conductivity of Layered Superconductors................... 416
10.8 Manifestation of Fluctuations in Various Properties ............couvuiiniiiiiiniuiiiiniieieinnnn. 429



X Contents
109 CONCIUSIONS &« vevi ettt ettt e ettt ettt ettt e et e et ettt e et e et e e e e e eenns 452
5 =) X 453
11 Universal Properties of Cuprate Superconductors: Evidence and Implications

Do 1 T 1 L 459
0 N BT ' Yo Lt U ) N 459
11.2  Critical Behavior at Finite TemMpPerature. ........ooovuiuiuininietiuiuiininteeiiiiiiineeeeeraanns 465
11.3 Quantum Critical Behavior and Crossover Phenomena ..........vuveiiriiiiieneneneenenennnnnnns 471
114 Thin FIlMS ...ttt et ettt e et et et e e eeans 487
11.5 Concluding Remarks and Comparison with Other Layered Superconductors .................... 487
35 =35 1 489
12 Vortex Matter

G. Blatter and V. B. GESHKENDEIN .. .......ouiiiiiniii ittt 495
0 B BT o Yo Lot U ) 496
12.2  Ginzburg-Landau and London Theories .............uiiiiuiiiiiiiiiiiiii i 502
12.3  VOTteX LINES . vv ettt ettt ettt ettt ettt et 505
12,4 VOTteX LattiCe ..uviunnintiti ittt ittt ettt ettt eaeeans 512
12.5  Layered Materials .. .....eeeuunetint ettt ettt ettt et 518
12.6  Anisotropic Scaling Theory.....ouuuuiiiun ittt et et e eeas 532
12,7 Statistical MEChANICS . .uuutiiti ettt ettt et ettt 538
12.8 Quenched Disorder: PInning and CIeep ..........vveiuuniiiuinitinniiininiiiiaeeiiineeinanens 566
12.9 Uncorrelated Disorder: Collective Pinning and Creep ...........coovviiiiiiiiiiiiieiiiineennnn.. 575
12.10 Correlated DISOTAET .. ..uuuiiti ettt ittt ettt et ettt e 605
12.11 Surface and Geometrical Barriers ..........oveiuiiiiunniiiiiniiiiii it 610
12,12 VOTeX GLaSSES ..o vvuui it ittt ettt ettt e 615
12.13 Concluding Remarks ... ..uiuun ittt e e e 621
RefErences ....oouuui i 625
13 Unconventional Superconductivity in Novel Materials

M. B. Maple, E. D. Bauer, V. S. Zapf, and J. WOSHIIZA .......ooovuiiiiiiiiiiiiiiiiiiiiiiiiniiennn.. 639
13,1 INtroductiOn ...oviuuue ittt e 640
13.2 Conventional Superconductors Containing Localized Magnetic Moments ................cc.uee. 641
13.3  f-Electron Heavy Fermion SUperconductOrS........cvuuutiiuuneiiiuneiiuinieinnneiiinnneeennnes 659
13.4  Organic SUPErCONAUCTOTS .. .vuuutiun ettt ettt ettt ettt ettt ettt teaeeeenanees 696
13.5 Layered Cuprate and Ruthenate Superconductors ............ooviiuiiiiiiniiininiiiiineiinnnens 717
13.6  Comparison of the Properties of Different Classes of Novel Superconductors.................... 741

ST =) = 0 ot =1 744



Contents

Volume II. Superconductivity: Novel Superconductors

List of Contributors .....ooiiiuiii i
14 High-T, Superconductivity

R 0
L T 0T o Ta Lot o)
14.2  Typical Structural Characteristics ............ooovuiiiiiiiiiiiiiiiiiii
14.3  Occurrence of SUPercONAUCEIVITY ... vvuut ettt ettt ettt ee e e eaeenns
14.4 Physical Properties of Copper OXides.........cooviiiiiiiiiiiiiiiiiiiiiiiii i
14.5 Physical Properties of Non-Cuprate High-T, Superconductors..............ccoviiiiiiiiiiinnnn.
14.6  Final Remarks . ......ooviiiiiiiiiii i e e
REfEIENCES ..ttt e e
15 Tunneling Spectroscopy of Conventional and Unconventional Superconductors

JoZASAAZINSKT .« oottt e ettt e ettt e e e e s
LS D 0T e Lot & o)
15.2 Basic Tunneling Phenomenology ..........uuuiiiiiiiiiiiiiiii i i
15.3 Tunneling and Strong-Coupling Effects: Microscopic Picture ...............ooovviiio...
15.4 Tunneling Spectroscopy of Conventional Superconductors ............oovviiiiiiiiiiiinieiiiian.
15.5 Tunneling in High-Temperature Superconductors ...........oooviiiuiiiiniiiiiiiiiiinineeeiannn.
15.6 Heavy Fermion SUPercOndUCtOTrS ... .uvuuututitt ettt ettt tttae e tetaeeeeaaeeenaeeennaeaens
15.7  Organic SUPErcONAUCTOLS .. ..uuuun ittt ittt ettt ettt ittt eeeaaanas
15.8  Other Materials .......cooiiuiuuniiniit i e
LSS ©7c3 s U3 1o -
REfErenCes ..ot
16 Phase-Sensitive Tests of Pairing Symmetry in Cuprate Superconductors

C.C.Tsueiand J.R.KIttley ......ooviuunii it i
LT D 0T o Yo Lot o) N
16.2 Phase Sensitive Tests: Theoretical Background ............c.ooiiiiiiiiiiiiiiiiiiiiiiiiiiineeen,
16.3 Phase-Sensitive Tests: EXPEIiments . ..o..uueetuneetuni ettt ettt tiaeettiaeetieeennaeenns
16.4 Angle-Resolved Determination of Gap Anisotropy in YBCO .......ooviviiiiiiiiiiiiiiiinnnnaens
16.5 Universality of the d-Wave Pair State ...........ueiiuniiiiinir ittt eeiiieeenns
16.6 Implications of d-Wave Pairing Symmetry ...........oeeiiuiieiinineiiireriineniineennneenns
G/ 073 ol L ) e o T
RefErences ....oiuue i
17 Photoemission in the High-T. Superconductors

J. C. Campuzano, M. R. Norman, and M. Randeria ................cooiiiiiiiiiiiiiiiiininienans
L0 B 0T o Yo Lot & e
17.2  Basics of Angle-Resolved Photoemission ..........cuiuiuiiiiiiiiiiiiiiiniiiiiiiiiiin e,
17.3 TheValence Band ...........ouuuiiiiiiiiiiiiii i i
17.4 Normal State Dispersion and the Fermi Surface ...........c.ooiiiiiiiiiiiiiiiiiiiiiiiiiiennnen.
17.5 Superconducting ENergy Gap .........cuuuuuniiiiiiiiuiuii ittt
176 PSEUAOZAP ..ttt ittt ittt ettt

XI



XII Contents

17.7 Photoemission Lineshapes and the Electron Self-Energy ..................oooooiiit, 963
L T 853 1.0 D 987
REfEIENCES .\ 988

18 Neutron Scattering and the Magnetic Response of Superconductors and Related Compounds

S.MLHAYACHL vt e 993
LT D 0T o Yo Lot o) 993
18.2 The Neutron Scattering Technique ............ccooiiiiiiiiiiiiiiiiiiii 994
18.3 The Static Spin Susceptibility of Superconductors ............ooiviiiiiiiiiiiiiiiiii i 999
18.4 Magnetic Excitations in Metals and Weakly Coupled Superconductors........................... 1001
18.5 Excitations and Superconductive Pairing .............uivuiiiiiiiiiiiiiiiiiiiiiiii, 1003
18.6  High Temperature Superconductivity ............ccovviiiiiiiiiiiiiiiiiiiiiiiiiie, 1004
18.7  DISCUSSION utvitinttitin ettt ettt ettt ettt ettt e et 1023
18.8  Final ReMAarks . ......ooiiiiiiiiiiiit i e 1024
REfEIENCES ..ttt 1024
19 Heavy-Fermion Superconductivity

P.S. Riseborough, G. M. Schmiedeshoff, and J. L. Smith ...........ccooiiiiiiiiiiiiiiiiiiiiiiian, 1031
L B 5 o 1 R 1031
LS 018 (o Ta ot o) 1033
19.3  Properties of the Normal State .............iiiiiiiiiiiiiiiiii i i 1069
19.4 Properties of the Superconducting State .............ouiiiiiiiiiiiiiiiiiii i 1103
19.5 Heavy Fermion Superconducting Compounds . ..........veviiiiiiuiiiniiiiiiiiiineeeeniannn.. 1132
19.6  The CONCIUSION . .uuuutttitiiii ittt ittt ettt ettt eeeaaaas 1140
REfEIeNCES ..ttt 1141
20 Organic Superconductors

M. Lang and J.MGller .......oooiiiiiiiiiiii i i 1155
20.1  INEroductiOn ...ouiuuent ittt e 1155
20.2 Characteristics of Organic Charge-Transfer Conductors .............ooiviiiiiiiiiiiiiiiiiinn... 1157
20.3  Normal-State Properties. .. ....uuuuuiiiitiiiiiiiii i 1162
20.4 Superconducting-State PrOPerties .........ovuuuiiiiiiiiiiiiiiiiiiiiiii i 1182
20.5  EPIlOGUE . .tutittiitii e 1212
REfEIENCES ittt 1214
21 Concepts in High Temperature Superconductivity

E. W. Carlson, V. ]. Emery, S. A. Kivelson, and D. Orgad ................coooviiiiiiiiiniiiiiinnn.. 1225
8 B 016 o e LT T 1227
21.2  High Temperature Superconductivity is Hard to Attain .............ccooiiiiiiiiiiiiiiiiiin .. 1230
21.3  Superconductivity in the Cuprates: General Considerations ..............coveviviiiiiinnnnnnnn... 1234
21.4 Preview: Our View of the Phase Diagram .........covviiiiiiiiniiniiiiiiiiiiiinieiieiniiinene.. 1244
21.5 Quasi-1D SUPEICONAUCLOTS « v ueeetan ettt eeta ettt ettt ettt eeenneeeenneeeeenaaeeenanees 1245
21.6  Quasi-1D Physics in a Dynamical Stripe AIray .........o.ouuiiiiieiiiiiiiiinieiiniuiniinineeeens 1257
21.7  Electron Fractionalizationin D > 1 as a Mechanism of High Temperature Superconductivity ...1259
21.8  Superconductors with Small Superfluid Density ..........oiiiiiiiiiiiiiiiiiiiiiiiiiiiiin e 1262
21.9 Lessons from Weak COUPIING .....uuuunttiiiiitiiit ittt it 1272

21.10 Lessons from Strong COUPLNG .......uvttttiiiuiiiin ittt ittt ettt 1277



Contents XIII

21.11 Lessons from Numerical Studies of Hubbard and Related Models...............ccoooiiiiiiiiin, 1286
21.12 Doped Antiferromagnets .........uuuntetiiitnuiin ettt 1300
21.13 Stripes and High Temperature Superconductivity ..........coovviiiiiiiiiiiiiiiiiiiiiiininenin, 1310
REfEreNCES . ittt 1327
22 A Spin Fluctuation Model for d-Wave Superconductivity

A. V. Chubukov, D. Pines, and J. SChmalian ...........ouuuuueeuin ittt ininnnns 1349
22.1 Introduction and OVEIVIEW . .......uuuuiitiiiiiiii ittt et 1349
22.2  Spin-Fermion Model ......coouuuiiiniiiii i 1358
22.3 Summary of Strong-Coupling Theory for Electron-Phonon Pairing ...............cooivieini... 1363
22.4  Strong-Coupling Approach to Spin-Fermion Interaction ............cccovveiiiiiiiinnininnnnen. 1366
22.5 Fingerprints of Spin Fermion Pairing........c.ouviiiiniiiiiiiiiiin it i e 1377
22.6 Comparison with the Experiments on CUprates ..........c..eeeeiunieiinneiineeennneeennnenens 1389
B8 A ©7c3 s o L) e T 1403
22.8 Note Added ......oouuniiiiiii i e 1405
References ....oouuu i 1407
23 Electronic Theory for Superconductivityin High-T, Cuprates and Sr,Ru0O,

D. Manske, I. Eremin, and K. H. BENTEMANTL .. vvve vttt et et ee et e et eeeeaetneeeeasenneneens 1415
23,1 INtroductiOn ...oviuueni ittt et e 1416
23.2  Electronic Theory for Hole-Doped and Electron-Doped Cuprates ..............coouvuiininieens 1428
23.3  Electronic Theory for Ruthenates (SrRUO4) .. .vvviiiiiiiiiiii it i 1451
23.4 Results for Hole-Doped and Electron-Doped Cuprates...........ooovvviuiniiniiiiiiiinniinnenn.. 1460
23.5  ReSUItS fOr SToRUO S ttnvtitttte ettt et ittt e e ettt et ettt e aea e eeeenenenanaenns 1485
23.6 Summaryand Outlook ... 1496
N £ T3 s e < 1497
REfEIENCES ..ttt 1511
24 Superfluid *He and the Cuprate Superconductors

O 7 P 1517
24.1 Introduction: Bose Condensation and Cooper Pairing ...............coooiiiiiiiion.s, 1517
24.2 The Normal State: Is the Fermi-Liquid Picture Valid? .............ooiiiiiiiiiiiiiiiiiiin i, 1522
24.3 Response Functions: The MIR Peak in the Cuprates ..........c.ooeeeuiiiiiiiienineeenneeennn.. 1525
24.4 The Cooper-Paired States of Superfluid *He and the Cuprates: General Considerations .......... 1526
24.5 Symmetry of the Order Parameter. ... 1531
I 0703 o L) o 1534
N b4 1.2 o 1534
REfEreNCES ..ttt 1535
AUthOrINdeX . ..ot 1537

SUDJECTINAEX ...ttt ettt ettt et e ettt e ettt et et 1545



2 Springer
http://www.springer.com/978-3-540-73252-5

Superconductivity

Volume 1: Conventional and Unconventional
Superconductors Volume 2: Movel Superconductors
Bennemann, K.-H.; Ketterson, |.B. (Eds.)

2008, XX, 1568 p. In 2 volumes, not available
separately., Hardcover

ISBM: 978-3-540-73252-5



