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Experimental evidences of 
heavy electrons

F = E – TS,  S: Entropy

F: Free energyF: Free energy

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=45f2: S=1,   L=5, J=5-1=4
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Magnetic and transport behaviors in various Ce (4f1) compounds
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Reference：JPSJ, 74 (2005) 186-199.”Unconventional SC in HFs”

Superconductivity
Conventional superconductivity:

Cooper pairCooper pair attractive interaction: electron-phonon coupling

s-wave spin singlet

order parameter: �� 
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pairing channel: angular momentum l=0 and spin s=0

broken symmetry:   U(1) gauge
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• Meissner-Ochsenfeld-effect (Higgs)
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• flux quantization



Symmetry of Cooper Pairsy y p
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odd parity S=1 triplet
L = 1 ,3 ,5, …

Magnetic fluctuations mediated SC mechanismg

Ferromagnetic case Antiferromagnetic case

Various types of SC pairing statesVarious types of SC pairing states 

Spin-triplet SC

Spin-singlet SC

UPt3, Sr2RuO4
UNi2Al3

Copper oxides high-Tc SC
Conventional  

SC
UNi2Al3Heavy- electrons SC

Energy gap structure of unconventional SC



Phase diagrams of AFM and SC in HFS

Materials AFM T Materials T (P:GPa） AFMMaterials AFM Tc
(P:GPa）

CeRh2Si2 AF：TN=36 K 0.4 K (0.9)

C Pd Si AF T 10 K 0 4 K (2 2)

Materials Tc(P:GPa） AFM

CeCu2Si2 0.6 K (P=0) Critical
C I Si 1 6 K (2 6) AF T 4 2 KCePd2Si2 AF：TN=10 K 0.4 K (2.2)

CeNi2Ge2 Critical 0.2 K (2.3)

CeCu2 AF：TN=3.5 K 0.15K (5.9)

CeIrSi3 1.6 K (2.6) AF：TN=4.2 K
CeRhIn5 2.1 K (2.1) AF：TN=3.8 K

CeCoIn5 2.3 K (P=0) CriticalCeCu2 AF：TN 3.5 K 0.15K (5.9) 

CeIn3 AF：TN=10 K 0.2 K (2.4)
5 ( )

CeIn3
S. Kawasaki et. al .  
Phys. Rev. B, 77, 064508 (2008) 

1st-order transition1st-order transition

Correlation between Magnetic Structure and Onset of SC

M. Yashima et al . 

Phys. Rev. B 79, 214528 (2009).

Commensurate 
AFMAFM

Incommensurate 
AFM dSCAFM dSC

AFM-QCP at H=0AFM QCP at  H 0

PCoexistence

Coexisting phases of AFM and SC
Ferromagnet UGe2 Antiferromagnet CeNiGe3

SDW SC
SC

SC
AFM

×

Kotegawa et al.
Harada et al.1st d t iti

Onuki et al.
Watanabe &

Longitudinal fluctuations of ordered moments 

Harada et al.1st-order transition Miyake et al.
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Variation of phase diagrams in 
heavy-electrons systemsheavy electrons systems

multiband ltib dSingle bandmultiband multibandsSingle band

CeIn3 CeRhIn5, CeCo(Cd,In)5 CeNiGe3CeIn3

CeRh2Si2

CeRhIn5, CeCo(Cd,In)5

Ce(Rh,Ir)Si3 

High-Tc copper oxides

CeNiGe3

c

AFM
AFM

AFM SC
SC

dopingSC

Phase Diagram

Heavy Fermion LSCO YBCO

?

Disorder by chemical

? ?

AFM order can 
coexist with dSC A number of CuO2 layers dependence

Disorder by chemical 
Substitution ?

AFM and SC compete or coexist ?

coexist with dSC A number of  CuO2 layers dependence 
of  Phase Diagram ?

AFM and SC compete or coexist ? 
in  high-Tc cuprates 

Hg-based multilayered systems
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The n=5 (Hg,Tl,Cu) compounds
Underdope Overdope

Cu-1245(OVD)Tl-1245(OVD)Hg-1245(OPT)Hg-1245(OPT)Hg-1245(UD)Hg-1245(UD)

T = 108 K T = 110 K T = 100 K T = 90 KT = 72 K T = 82 K T = 92 K
Hg-1245(UD)
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The n=5 compounds ~phase diagram~
(Hg,Tl,Cu)Ba2Ca4Cu5O10+δ

OP

TN and Tc vs p

IP 

OP

AFMIP*

IP

dSC

IP 

OP

AFM+dSC

dSC
Pc~0.12

Multilayered Systems with Apical 
Fluorine (F-1)

pAFM(1) ~ 0.025
for n=1

3D likeO2- substitution for F-1

dopes holes carriers pAFM(2) ~ 0.055
f 2for n=2

n = 5
pAFM(3) ~ 0.08

for n=3

pAFM(4) ~ 0.10

n = 4

Ph Di

for n=4

3

Phase Diagram
depends on number 

of   CuO2 layers

pAFM(5) ~ 0.12 
for n=5

n = 3

n = 2

Microscopic evidence for AFM + dSC from 19F-NMR

TN = 175 K Tc = 52 K+

Coexistence of AFM and dSC

Energy gap probed  by ARPES on  n = 4 compounds

Chen, et al., PRL 97 (2006)
pc ~ 0.08

AFM gap

AFM gap

P(Ip)~0 070 18B

P(op)~0 09

P(Ip)~0.07

0 12B

0.18B

P(op)~0.090.12B

Tc = 55 K < TN = 80 K



ARPES : Evidence for two-gap behaviors in underdoped regime

Tri-layer  Bi2Sr2Ca2Cu3O10+y Bi-layer Bi2Sr2CaCu2O8+y

p(IP) ~ 0.09 Spin-gap ?
(MAF~ 0.18 B)

p ~ 0.1

p(OP) ~ 0.2
(MAF=0)

p ~ 0.2

S. Ideta et al., PRL 104, 227001 (2010) T. Anzai et al (2010)

Experiment : Phase Diagram of MAF and ∆SC vs p at  1.5 K

pmax ~ 0.16

dSC
AFM

AFM dSC n=2 : 0212F alsoAFM+dSC n=2 : 0212F,  also

YBa2Cu3O6.6, YBa2Cu3O7, 
YBa2Cu4O8, Bi2Sr2CaCu2O8

n=1 : Tl-2201

pc ~ 0.12

T=0 Phase Diagram (Theory) : Comparison with Experiment
Mott Insulator

High-Tc oxides: 
St l tiStrong correlation 

regime  of  U/t

Variational Monte Carlo on 
the t – J model

AFM dSC

S. Pathak et al., PRL 
102, 027002 (2009)

J = 0.3t
Cellular dynamical mean-field theory 

(C-DMFT) on the Hubbard model

U / t ~ 8
AFM

dSCdSC

AFM+dSC

X10

Pc~0.12

G. J. Chen et al., PRB 42, 2662 (1990).
T. Giamarchi et al., PRB 43, 12 943(1991).
A. Himeda and M. Ogata, PRB 60, R9935 (1999). 
T.K. Lee and C.T. Shih, PRB 55, 5983(1997).

M. Capone and G. Kotliar, PRB 74, 054513 (2006). 
D. Senechal et al. ,PRL 94, 156404 (2005).

Summary for HTSC
Quantum and Thermal FluctuationsM > 0

MAF=0pcpAFM(n)

Quantum and Thermal Fluctuations 
suppress the onset of static AFM order 

and hence may cause fluctuations of SC 

MAF > 0

Phase diagram of MAF and ∆dSC at Low T

order parameter’s amplitude and phase

MAF=0Pc

Mott physics: The large AFM exchange couplingMott physics: The large AFM exchange coupling 
J is the origin for HTSC raising Tc as high as 160 

K, and there are no bosonic glues.



Formation of 
Copper pairs

Origin of force 
in the Nature

強い相互作用：

Copper pairs

Magnetic exchange
meson

弱い相互作用：

weak  bosons－JS1・S2

Magnetic exchange 
interaction

電磁相互作用：

photon e- e-

mobile electrons
1 2

e e

BCS theory：
AFM Mott Insulator

BCS theory：

Mediating virtual 
bosons: phonon Heisenberg Model

magnetic 
excitations

AFM ＋ Local Spin Singlet

T=0 Phase Diagram : Comparison with the Calculations

Carrier doping

AFM

dSCdSC

Suppression of AFM

＋ mobile spin-singlet pairs

Summary of this talk

CuO2 systems HFS

Mother 
compound

AFM-Mott 
Insulators

Antiferromagnets
Ferromagnetsp

with TN ~ 500 K
Phase Carrier doping

Multiple orders

Pressurease
diagram 

Ca e dop g

Electronic state Single band
Chemical substitution

Multibandsg
SC order 

parameter
d-wave

Tc = 135 K

d-wave, odd parity (triplet), 
non-unitary, hybrid-type, 

extend s-waveTc  135 K
Attractive 
interaction

AFM Interaction
extend s-wave

Magnetic (density) fluctuations, 
Valence ones, Quadruple ones, 

Magnetic excitons,  Multiple 
scattering effect due to on-site U


