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Effective atomic potentials for Ce and U
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Anderson Hamiltonian in Strongly
Radial distributions of wave
functions of Ce and U Correlated systems
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Experimental evidences of
heavy electrons
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Magnetic state of Ce3* (4f1) and U4* (52)

4f1: S=1/2, L=3, J=3-1/2=5/2
5f2: S=1, L=5,J=5-1=4
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Magnetic and transport behaviors in various Ce (4f') compounds

Resistance

Cadng

Magnetic susceptibility
| P—
?%hCeCL 1
. ]
5 aa _%\ |
_ N !
R Y "—‘-_.._ CeRu:si
2 owoe X 1 21
= B3 E
" \ 1 h
B ]
= .= |
CeNi= == 1
|
DO A 1
CeSna |
- CaRh E|
10 00 1000

10 L]
®OE (K]

BMBE L 0T Ce Lo ENENOBE S




Siﬂmmtul‘a uf )‘lemy Ej’facﬁm Mass

Resistivity

B 4 8 4

UHT ! —:ku-m]u eﬁac{: Y

T:(K) crystal structure nucleus  [1/T) K parity | symmetry
CeCusSip17+22 ) ~ 07K tetragonal(ThCr2Sig) | Cu, 2620 [ 73 | decrease | even d
CeColns2? 21) ~ 23K tctragonal(HoC'oGaa) Co, In28) T3 | decrease | even d
CcIrIn;ZD-m] ~ 04K tctragonal(HoCoGas) In2%) T3 - - -
UBey3'8:19) ~ 00K cubic(NaZni3) Be3®) T3 - - -
UPt;18:19) ~ 0.55 K hexagonal ptil-34) T2 | unchange| odd por f
TURu,Siy 15 19) ~ 12K tetragonal(ThCrySiy) | Ru, Si%%-38) [ T3 [unchange| odd
UNigAly18:19) ~1K hexagonal ALRT) T3 |unchange| odd por f
UPdyAly18:19) ~2K hexagonal Pd, A138:39) | T3 | decrease | even d
CeCus Ges*0 ~ 0.6 K (P ~T7.6 GPa) | tetragonal(ThCr2Siz) - - - -
Celng*4%) ~ 02K (P~25 GPa) cubic(AuCug) n*®) T3 - -
CePdySigt142:47) | 1 0.4 K (P ~2.5 GPa) | tetragonal(ThCraSis) - - - -
CeRhoSip®®4) |~ 0.2 K (P ~1.0 GPa) | tetragonal(ThCraSis) - - - -
CeRhlns™:51) ~ 21 K (P ~1.6 GPa) | tetragonal(HoCoGas) | m®>5% | 18 - -
High-T, enprates | ~ 140 K (max) | perovskite | Cu, O ‘ T ‘ decrease | even ‘ o
SryRn0,454.55) | ~ 15K | perovskite | Ru, O ‘ T3 ‘unchangc| odd ‘ P

Table I. Superconducting characteristics in most heavy-fermion systems along with high-T,. cupper
oxides and SroRuOjy. Note that the nuclear relaxation rate 1/T; reveals no coherence peak just
below T, followed by the T° dependence without an exception. K* denotes the spin component
of Knight shift below 7. In this context, all unconventional superconductors discovered to date
possess the line-node gap on the Fermi surface regardless of either spin-singlet d wave or spin-triplet

p-wave

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

Conventional superconductivity:
Cooper pair

b4

attractive interaction: electron-phonon coupling

pairing channel: angular momentum 1=0 and spin s=0

order parameter: 00 ‘I’(F) zlxy(ﬂ ()

* Meissner-Ochsenfeld-effect (Higgs)
* persistent currents

broken symmetry: u(1)gauge —
+ flux quantization




Symmetry of Cooper Pairs

Pair wavefunction: F. (k)= (C.C o= (k) 7 (s,8)
orbital spin

totally antisymmetric under electron exchange

kK ——k S<> s’

even parity (D(_lZ) :(1)(|Z) —— 5=0 singlet
L=0,2,4,..

odd parity q)(_|2) = (D(E) ——  5=1 triplet
L=13p5, .

Magnetic fluctuations mediated SC mechanism

Ferromagnetic case

Antiferromagnetic case
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Various types of SC pairing states
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Phase diagrams of AFM and SC in HFS
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M. Yashima et al .

Phys. Rev. B 79, 214528 (2009).
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Longitudinal fluctuations of ordered moments

mediate Cooper pairs ?




Variation of phase diagrams in

heavy-electrons systems

multiband Single band multibands
Celn, CeRhing, CeCo(Cd,In); CeNiGe;
CeRh,Si, Ce(Rh,Ir)Si;
High-T, copper oxides
= \
E
B
L
AFM ™,
FM :I‘\
= i '
Pressure \ Press re
SC .
doping

Phase Diagram

Heavy Fermion LSCO YBCO

N Charge reservoir

~
Ay Charge reservoir
oo

" Cu, Plane

g \ Cu0, Plane
g
% AFM spin T
5 correlations
€| AFm
= :

Arm SC

8L QCP

Pressure (GPa) Disorder by chemical

Substitution ?

AFM order can
coexist with dSC

A number of CuO, layers dependence

of Phase Diagram ?

—->AFM and SC compete or coexist ?
in high-T_ cuprates

. Hg-based multilayered syste

D

D

=

(@)
(@) 0]
©)
[0) 10)
©)
0] 0]
0)
0] (©)
0
0] (0] 0] ¢
(@) (@)
T=135K

Cu-NMR Intensity

& flatness

4 homogeneously

under-doped

-+ Site-selective NIR
Hg 1245 T =1 10K(OPD) at 300K

L L L L L L "
1526 15.28 1530 1532 1534 1536 15.38 15.40

H (T)

' The n=5 (Hg,Tl,Cu) compc

Underdope === eeessses—) Overdope

Hg-1245(UD) Hg-1245(UD) Hg-1245(UD) Hg-1245(0PT) Hg-1245(0PT) TI-1245(0VD) Cu-1245(0VD)

Knight shift :p (

-

vg) = 0.502K,(RT) - 0.014

1 1 1 1
O 100 200 3000 {00 200 3000 00 200 00 100 200 000 100 200 soffiey 200 3000 100 200 300
T(K) TK T (K TK TK Ll (K) TK




! The n=5 compounds ~phas
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Energy gap probed by ARPES on n =4 compounds
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ARPES : Evidence for two-gap behaviors in underdoped regime

Experiment : Phase Diagram of M, and A vs p at 1.5 K
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Summary for HTSC
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| — | PRL 96, 087001 (2006) Quantum and Thermal Fluctuations
_ ) 1' | PRL98, 257001 (2007) suppress the onset of static AFM order
High-T; oxides: JPSJ 77, 124706 (2008) and hence may cause fluctuations of SC
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Origin of force (A) (B)

in the Nature Molecular Nuclear Force Formation of
Heitler-London (1927) Yukawa (1935) Copper pairs
Heisenberg (1932)
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T. Giamarchi et al., PRE 43, 12 943(1991).
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+ mobile spin-singlet pairs T.K. Lee and C.T. Shih, Phys. Rev. B 55 (1997) 5983,

Suppression of AFM

Summary of this talk

CuO, systems HFS
Mother AFM-Mott Antiferromagnets
compound Insulators Ferromagnets
with TN ~ 500 K Multiple orders
Phase Carrier doping Pressure
diagram Chemical substitution
Electronic state Single band Multibands
SC order d-wave d-wave, odd parity (triplet),
t non-unitary, hybrid-type,
parameter Tc =135 K extend s-wave
Attractive AFM Interaction Magnetic (density) fluctuations,
Valence ones, Quadruple ones,
interaction Magnetic excitons, Multiple

scattering effect due to on-site U




