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1. Heavy fermion
 spin-fluctuation mediated

2. Superfluid 3He
 hard-core interaction

3. High-Tc cuprates
 spin-fluctuation mediated

4. Iron-based superconductors
 spin/charge fluctuation mediated

Non-phonon mechanism SC/SF

Kohn & Luttinger 1965; Chubukov 1993:
Repulsively interacting fermions 
 Attractive pairing channel exists for T  0

(weak-coupling, dilute case)
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d-orbitals             d-orbitals            molecular orbitals
(dx2-y2, dz2)      (dxy, dyz, dz2)           (deg LUMO's)

(a) 銅系 (b) 鉄系 (c) フラレン

結晶構造

関与する軌道
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Spin- and charge-fluctuation mediated pairing
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ARPES (angle-resolved photoemission spectroscopy)
(courtesy of Prof. Fujimori, Univ Tokyo)
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Magnetic structure
[Yamada et al, PRB 57, 6165 (1998)]
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Pseudogap from NMR
[安岡、日本物理学会誌 52, 197(1997)]
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Zero-bias peak
[Kashiwaya & Tanaka, Rep Prog Phys 63, 1641 (2000)]
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Multi-layered cuprates

e.g., HgBa2Cun-1On

n = 1       n = 2       n = 3 experimental results

Ru4+ : d4

eg

4d

dyz, dxz : q1D band

t2g

dxy : q2D band

Sr2RuO4

Sr

O

(Nakatsuji & Maeno, 2000)

Bergemann

a
b 

Ru(4d)  Cu(3d)
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Triplet p+ip (Pfaffian state)

Trial wf: Moore-Read, Greiter-Wen-Wilczek 1991

Numerical: Morf 1998, Rezayi-Haldane 2000; Onoda-Mizusaki-Aoki 2003

Experiment: Willett-West-Pfeiffer 1998, 2002
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S: triplet

Sr2RuO4
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Standard

(Wigner-Dyson)

A (unitary)

AI (orthogonal)

AII (symplectic)

d =1  d =2  d =3
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BDI (chiral orthogonal)

CII (chiral symplectic)

Chiral 

x          x         1

+1       +1        1

1         1        1

Z           -- Z

Z           -- --

Z           -- Z2

D (p-wave SC)

C (d-wave SC)

DIII (p-wave TRS SC)

CI (d-wave TRS SC)

x         +1        x

x           1        x

1        +1        1

+1         1        1

Z2 Z           --

-- Z           --

Z2 Z2 Z

-- -- Z

BdG (SC) 

IQHE

QSHE
Z2TI

p+ip SC

d+id SC

3He-B

Table of topological insulators/superconductors

p SC

SSH,Creutz

(Altland-Zirnbauer 1997; 
Schnyder-Ryu-Furusaki-Ludwig 2008; 
Hasan-Kane, RMP 2010)
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Iron-based compounds

(Kuroki et al, PRL, 2008)

(Kamihara et al, JACS, 2008)
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s± pairing

Fourier-transform STM
(FeSe: Hanaguri et al,

Science 2010)
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nodal d

nodal s

s±

LaFeAsO

LaFePO

“ 1111”

“ 111”“ 11”

“ 122”

(Shibauchi & Matsuda, Ann Rev Condens Matt Phys 2014)
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fullerene

graphite

diamond

all superconducting
(when doped)

青木秀夫： グラフェンの物理

(Tosatti, Science 2009)

(Takabayashi et al, Science 2009; 
Ganin et al, Nature 2010)
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(Akashi et al, PRB 2012)
(Akashi & Arita, PRB 2013)

K3C60 Rb3C60         Cs3C60

EXPT

SCDFT

Density functional theory for superconductors (SCDFT) 
(Lüders et al, PRB 2005; Marques et al, PRB 2005) 
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Graphene ― massless Dirac system

Weyl neutrino

k2 k1

K’K

Bilayer CaC6 -- a thinnest GIC 

(Kanetani et al, PNAS 2012)

(2015)  Tc = 6 K

Graphene

Graphite intercalation compounds

http://www.ethbib.ethz.ch/aktuell/galerie/weyl/Portr_gross.jpg
http://www.ethbib.ethz.ch/aktuell/galerie/weyl/Portr_gross.jpg
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Struzhkin, Physica C 2015

High-Tc superconductors

(Nature 2015)
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Pressure applied at 100-150K
(Drozdov et al., arXIv:1412.0460)

Pressure applied 
at 220-300K

SCDFT Theory
(Akashi et al, PRB 2015)© Akashi

© Akashi

Published experiment
(Drozdov et al, nature 2015)

HxS

DxS

■□: from Meissner

a

q

k space real space

CeCoIn5

FFLO
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Excitations in superconductors 

Higgs (amplitude) mode

Nambu-Goldstone 

(phase) mode

Collective excitations in superconductors 

Anderson-Higgs 
mechanism
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Experiment with THz laser: pump-probe
(Matsunaga et al, PRL 2013)

Experiment with THz laser: during pump

(Matsunaga, Tsuji, Fujita, Sugioka, Makise, Uzawa, 
Terai, Wang, Aoki, and Shimano, Science 2014)
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Anderson (1958) pseudospin description

Re(pair)

Im(pair)

mom distribution
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Laser-SC coupling ~ A 2 (Matsunaga et al, Science 2014)

Bogoliubov-de Gennes eqn
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resonant with Higgs (2W = 2D) 

k

kF

Higgs

(= neutral 

scalar particle)

as it should, since

Laser-SC coupling ~ A 2 

(Matsunaga et al, Science 2014)

Bloch eqn of motion

self-consistency
 collective pseudospin precession

(Matsunaga et al, Science 2014)

Nonlinear “London eqn”
(3)

~ A2

W + 2W = 3W(THG) 

(Matsunaga et al, Science 2014)
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O

Collective Higgs mode and quasiparticle excitations
-- both contribute to the 2D mode (Cea et al, PRB2016)

 go beyond BCS
(Tsuji, Murakami & Aoki, arXiv:1606.05024)


