
相関電子系超伝導の多様性（Ｉ）

Diversity of Correlated Superconductivity (I)

・重い電子系 (Heavy-electrons systems)

・有機伝導系 (Organic Systems)

・銅酸化物系 (Copper Oxides systems)

・鉄ニクタイド系 (Iron Pnictides systems)

・最近の話題

強相関電子系のモデルハミルトニアン

① ハバードハミルトニアン

② t – J ハミルトニアン

③ 重い電子系ハミルトニアン



Correlation Effect in Condensed Matter
Simple 
Metal

Antiferromagnetic 
Mott Insulator

Metal-Insulator 
transition

Ferromagnetic  
(FM) Metal

t << Ut >> U t ≥ U t < U

H = 2J Σij  Si・Sj

J > 0

siz =(1/2)(ni↑ − ni↓)

Spin Density of States

EF

Ferromagneti

Fe (bcc)
Tc=1053 K

Mother Compounds 
High-Tc Copper 

Oxides 

Correlated Electronic State in Dimer  Organic Systems  

Pd(dmit)2 is an electron acceptor and gives salts A[Pd(dmit)2]2 with 
monovalent cation, A+1.

Ueff ~  2|tL| : 
Intermediate Correlation Regime 



有機化合物超伝導体 超伝導ー磁性相図

超伝導

反強磁性
絶縁体
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Correlation Effect in Condensed Matter
Simple 
Metal

Antiferromagnetic 
Mott Insulator

Metal-Insulator 
transition

Ferromagnetic  
(FM) Metal

t << Ut >> U t ≥ U t < U

H = 2J Σij  Si・Sj

J > 0

On-site Repulsive Interaction U
plays vital role for emergent phases

siz =(1/2)(ni↑ − ni↓)

Spin Density of States

EF

Ferromagneti

Fe (bcc)
Tc=1053 K

Mother Compounds 
High-Tc Copper 

Oxides 

La2CuO4

Carrier doping into Mott insulator

La3+
2-xSr2+

xCuO4

Cu2+x

CuO2 layers

charge reservoir

charge reservoir

La (Sr)

La2CuO4

d(x2-y2)

Cu+2

(3d9)

Doping holes causes high-
Tc superconductivity

Cu

O

La(Sr)

Antiferromagnetic  Mott  insulator



Novel Phase Diagram of Antiferromagnetic Order 
and  Superconductivity in Copper Oxides

Towards understanding a concept for high-Tc cuprate

Carrier doping

AFM

AFM

Delocalized resonating  
spin-singlet pairs

d-wave SC+

dSC



Copper Oxides

Mother 
compound

AFM-Mott  Insulators

（TN ~ 500 K）

Phase diagram Carrier doping

Electronic state Single band

SC symmetry d wave

（Tc = 135 K ）

Pairing 
interaction

AFM Super-exchange 

Interaction J

Summary

In strong coupling regime of electron correlation （U > 8t）：
Doped Mott Insulator is the superconductor, leading to the high Tc

superconductivity mediated by the AFM super-exchage interaction!!

Experiment

強相関電子系のモデルハミルトニアン

① ハバードハミルトニアン

② t – J ハミルトニアン

③ 重い電子系ハミルトニアン



Heavy-electrons Compounds

RKKY interaction Spin quenching (Kondo) effect

Antiferromagnetic state Heavy-electron liquid

Heavy-electron Superconductivity

1979 First Discovery of SC in heavy electron materials CeCu2Si2

(Tc= 0.6 K ) 

Steglich
(ドイツ)

4f-spin

Dome type  of SC phase  is formed 
around quantum critical point for AFM 

itinerant

Kondo effect

localization

4f-spinRKKY interaction
（ﾙﾀﾞｰﾏﾝ-ｷｯﾃﾙ-糟谷-芳田）

Onset of SC 
near AFM

（近藤 淳）

AFM



3d Transition elements

4f Rare earth elements

Periodic Table for atomic element

Effective atomic potentials for Ce and U



Anderson Hamiltonian in Strongly Correlated systems

Hybridization term in  
Anderson Hamiltonian

Radial distributions of wave 
functions of Ce and U

Ce: 4f1,  5d1, 6s2

Cubic crystal field effect for J = 5/2

Magnetic state of Ce3+ (4f1) and U4+ (5f2)

4f1: S = 1/2,  L = 3, J = 3-1/2 = 5/2

5f2: S = 1,   L = 5,  J = 5-1 = 4



Strongly correlated metals  

Weakly correlated metal  

Local moment system  

Localized 
fraction

Localized 
fraction

Itinerant  
fraction



Characteristic Energy Scales in Heavy- electrons Systems

Experimental evidences for 
heavy electrons

F = E – TS,  S:Entropy

F:Free energy



Magnetic and transport behaviors in various Ce (4f1) compounds

Magnetic susceptibility Resistance

(1/T1T )∝N*(EF)2

Coherence effect in 
resistivity (T)  due to 

Ce periodic lattice

Temperature (K)

Temperature (K)





文献：JPSJ, 74 (2005) 186-199.”Unconventional SC in HFs”

Pressure-induced phase diagrams of AFM and SC

CeIn3 (3D) CeRhIn5 (2D)

1st-order phase 
transition

2nd-order phase 
transitions

AFM spin 
fluctuations

SC



AFM SC

AFM

SC



Ferromagnetism

SC

重い電子系における高温超伝導現象

High-Tc phenomenon in Heavy-electron system



引力起源

Present Status of SC Research Anniversary Since its Discovery

Spin-triplet 
SC

Heavy -
electron SC

High-Tc copper oxides     
d-wave：Tc = 135 K

High-Tc Iron Pnictides
Tc = 55 K

1986

High-Tc heavy 
electrons
PuCoGa5
Tc= 18.5 K

2008

Ferromag-
netic SC

Unconventional Superconductivity 
under  strong-electron correlation 

K. Miyake, et al., J. Phys. Soc.  Jpn.,76,( 2007) 051002.

<nf>

d波：Tc

(T)=0 + AT2

Diversity of Heavy-electron Superconductivity due to Correlation effect

CeCu2(Si,Ge)2 valence 
crossover



Valence (electron-transfer) fluctuations induced  SC 
CeCu2Si2

P dependence of electric  

field gradient νQ

Estimation of  <nf> ~ 0.05

K. Fujiwara et al., JPSJ. 77, 123711(2008).

”loc() = q”q()



Pressure(P) dependence of Tc

Repulsive interaction Ufc between 4f- and

c-electrons plays key-role for valence 
fluctuations emerging, leading to the onset 

of a maximum Tc=1.6 K around 4GPa.

A possibility of  valence -fluctuation 
mediated strong-coupling SC.

High-Tc SC in (Ce,Pu)115 compounds

SC1

115系 Tc (K)

CeCoIn5 2.3 (d波)

CeRhIn5
(AF:TN=3.4K)

2.1 (d波) 
(p=2.1GPa)

CeIrIn5 0.4 (d波)

PuCoGa5 18.5

PuRhGa5 8.6 

S. Kawasaki et al., PRL 96, 147001 (2006).
G.-q. Zheng et al., PRL 86, 4664 (2001).
T. Muramatsu et al., Physica (Amsterdam) 388C–389C, 539 (2003).

M. Yashima et al ., Phys. Rev. B 79, 214528 (2009). 

CeCoIn5
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J. L. Sarrao et al., Nature 420, (2002) 297.
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Magnetic criticality and SC energy gap
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M. Yashima et al., JPSJ 73, 2073 (2004). S. Kawasaki et al., PRL 94, 037007 (2005).

1/T1T = const.

CeIrIn5

Evolution of electronic state in Ce115 superconductors 
（pressure effect）

SC1(dx2-y2): 1/T1T  ~ (T+θ)n

Tc

Tc =0.9 K (p=2.7GPa)

Tc

Tc

SC1: SC induced by spin-fluctuations 

due to on-site correlation Uff

SC2 : SC induced by valence-
fluctuations due to the 

neighboring correlation Ufc

Tc = 0.4 K ) 
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Almost  localized fluctuations-induced SC Characteristics

SC2(1/T1T)

CeIrIn5 : Tc=1 K  (P=2.1GPa)

(T/Tc)

PuRhGa5 : Tc  = 8.6 K

F. Wastin et al., J. Phys.: Condens. 
Matter 15 (2003) S2279–S2285.

CeIrIn5 : L ~ 80 K to Tc = 1 K

PuRhGa5 : L ~ 600 K to Tc = 8.6 K

PuCoGa5 : Tc =18.5 K at  L  ~ 600 K 
and  ~ 11 K (due to nesting effect？)

L  : 有効 (c-f) 混成強度、軌道間斥力
スピン軌道相互作用
多極子ゆらぎ

L  : (c-f) hybridization, Repulsive 
interaction among orbits, spin-orbit 

interaction, muliple fluctuation
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：effective Fermi temperature T*

PuCoGa5
Tc =18.5 K

CeIrIn5 : Tc=0.4 K

CeCu2Si2
Tc=0.6 K

PuRhGa5
Tc =8.6 K

CeIrIn5 : Tc= 1 K (3.1GPa)

CeCoIn5
Tc =2.3 K CeCu2Si2

Tc=1.8 K
(4.2GPa)

Tc (K) J. L. Sarrao et al., 
Nature 420, (2002) 
297.

5f5 + spin-orbit int.
+ multipole degree 

of freedom

Fermi-surfaces 
nesting ?

(meV ) CeCu2Si2 CeRhIn5 CeCoIn5 CeIrIn5

Δ2 31 24 25 29

Δ1 12 6.9 8.6 6.7
Quasi-elastic 
width (~TK)

1 2.3 6.6 8.7

Inelastic Neutron Scattering: A. D. Christianson et al., Phys. Rev. B 70, 134505 (2004)

TK = D0exp(-1/J0)(D0/Δ1)2

J0 = |Jex(EF)/N|

Jex  ~ - Vcf
2/U

K. Yamada, K. Yosida and K. Hanzawa
Comments on the Dense Kondo State
Prog. Theor. Phys. 71, 450-457 (1984)

Crystal electric field and Kondo temperature



Electric multipole for J=4

Magnetic multipole for J=5/2

Red:N-pole

Blue:S-pole

Mother compound

Evolution of phase

Electronic state

SC symmetry

Pairing interaction

Overlooking of Heavy-electron Superconductivity

Heavy electrons systems

Magnetic order,  multipole order,  
quantum critical phenomena

Pressure,  Chemical substitution

Multi-bands

d -wave, f –wave,  extend s-wave

Fluctuations of Magnetic （Spin 
density）,  Valence,  Multipole,  Orbital

First principle calculation with spin-orbit interaction  Tight binding effective model
 Introduction of f-f electrons interaction （U, U’, J, J’）

 dealing with magnetic order and multipole order under the multiband including heavy 
and light mass Fermi surfaces,

 understanding a possible onset of SC mediated by either wave number dependent 
fluctuations and almost localized fluctuations

” () = q”q()



(J > w )s-wave SC

T. Pruschke  etal.,arXiv:1301.5556v1

PuCoGa5
Tc =18.5 K



A strong correlation effect increases its efficiency or the 
figure of merit in the reaction process of photo-catalysis.

Reaction mechanisms of the Mn4CaO5 cluster of 

photosystem II in PLANT

This Mn cluster, the transition metal catalyst, is really a local 

correlated-electron system.  The density matrix 

renormalization group theory has revealed many-electron 

wave functions of the Mn4CaO5 cluster of photosystem II and 

the direct determination of Mn spin-projections from the wave 

functions in the four reaction cycle.  

These works suggest that the strong-correlation physics plays a 

vital role in increasing an efficiency of the photo-catalysis 

reaction. 

Honda-Fujishima effect : visible light can decompose 

water into oxygen and hydrogen in the electrochemical cell 

in which TiO2 electrode is connected with a platinum 

electrode.

Unfortunately, the industrial mass-product is not available 

yet.  It is highly desired to create hydrogen as clear energy 

source by means of this photo-catalysis function. We may 

call this TiO2 as an uncorrelated photo-catalysis matter. 

Development of efficiency or the figure of merit in 
the reaction process of photo-catalysis is the 
intensive research subject of matter science 



Mn-oxide MnO2 electrocatalysts components of artificial 
photosynthetic systems

The stabilization of surface-associated intermediate Mn3+ species is
brought about by the formation of N–Mn bonds in which the
inorganic Mn-oxide hybridizes with the coordination of organic
amine. Then, the charge disproportionation is inhibited to lower the
overpotential for water oxidation by MnO2.

Jahn-Teller Distortion 
derived local 3d-

electrons correlation 
plays a key-role for the 
efficient O2 evolution 

from  H2O 

The many-body electron correlation in 
condensed matter  is a key-ingredient for 

creating the emergent phases and functional 
materials. 

The local electron correlation may be  
relevant with the emergent functions in non-

periodic complex systems such as metal 
catalyst, photo-catalysis reaction in plant and 
even biological matter with transition-metal 

elements.

Summary


