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quadruple (AC3B4O12) perovskites

• record high ε in CaCu3Ti4O12

• giant magnetoresistance in CaCu3Mn4O12

• ferromagnetic isolator CaCu3Ge4O12

• heavy fermion metal CaCu3Ru4O12

(ε=10000 in the 100-600K range)



copper ruthenates

ACu3Ru4O12 A=Ca, Na, La,...

•moderately enhanced χ and γ
•no magnetic order, Pauli paramagnets 
•Kadowaki-Woods relation satisfied
•metallic resistivity, ρ300 K~1 mΩ cm
•no ρ saturation, bad metals 
•S continuously increases, S900 K~30 μV/K

Strongly correlated metals:

γ=290mJ/mol·K2 for A=Pr



copper ruthenates

a) 3d9 Cu2+ S=½ magnetic cations, itinerant Ru d electrons
b) scattering of conduction electrons on 4d4  Ru4+ S=1 sites

bad metals due to U & J ?
heavy fermions due to Kondo-like physics?
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Where is the spin?



Another related system: Nd2-xCexCuO4 

Schork, Fulde, PRB 50, 1345 (1994)
Igarashi, Muruyama, Fulde, PRB 52, 15966 (1995)
Schork, Blawid, PRB 56, 6559 (1997)
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For T<0.3K, linear specific heat, γ≃4 J/(mol K2),
χ constant, Sommerfeld-Wilson ratio of order 1.

Unexpectedly low Tcoh~1K.

Undoped Nd2CuO4 is AFM charge-transfer 
insulator, i.e., a strongly correlated system.



combined Hubbard - Kondo lattice model
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equivalently: KLM with interacting conduction electrons



• DMFT(NRG) at high temperatures

• Limiting cases: pure HM, pure KLM

• Characteristic temperature scales in 
combined HM+KLM

• High-T asymptotics: do spins decouple?

• Thermopower in combined model



Conductivity for d=∞

No vertex corrections, just “zero-th order bubble”:

�0 = e2~�(0)/D Mott-Ioffe-Regel conductivity 
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dynamical mean-field theory 

(DMFT) approach



Numerical Renormalization Group
K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975)
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Artifact-less discretization 
schemes for the NRG
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Hubbard model



NRG in the limit of very high 
temperatures

Turns out, it works!
Recipe: 
- Gaussian broadening with constant kernel width w
- reduce w until integrated quantities are converged
(overbroadening → overestimated ρ)
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Transport in pure Hubbard model
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Transport in pure Kondo lattice model

• How many low-energy scales?

• Dependence on exchange coupling J 
and carrier density n?
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Doping dependence

J=0.3
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Band-correlation effects on 
single impurities
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TK non-monotonic

TK enhancedKondo model

Anderson impurity model

Large U blocks hybridization, decreases the effective Kondo coupling J.

U helps Kondo singlet formation because more strongly correlated electron gas offers 
more uncompensated spins (enhancement of local spin susceptibility by U).

→

→
grows for small U, 

decreases for large U
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Combined HM+KLM
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U=4, n=0.8
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U=4, n=0.8
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Momentum-resolved spectral functions
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Spectral function:
J-dependence

U=∞, n=0.8

0
0.1
0.2
0.3
0.4
0.5
0.6

A
(ω
)

-2 -1 0 10
0.1
0.2
0.3
0.4
0.5
0.6

A
(ω
)

-1 0 1
ω/D

-2 -1 0 1

J=0 J=0.03 J=0.05

J=0.1 J=0.2 J=0.3



Limit of weakly coupled spins

A. Krimmel et al., Phys. Rev. B 78, 165126 (2008)

Could this lead to seeming non-Fermi-liquid corrections
 in CaCu3Ru4O12 at low temperatures?
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Doping dependence
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High-T asymptotics in pure KLM
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High-T asymptotics

U=0 (pure KLM)

ρ linear in T with J-dependent slope
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additive linear-in-T contributions

U=∞, n=0.8
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Effect of U on thermopower
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Effect of J on thermopower
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Summary

• a family of models interpolating between 
pure HM and pure KLM

• a resistivity peak at Tmax that evolves into a kink for 
large J & U 

• universality for n=const. and UJ=const. 

• thermopower with two positive peaks for large J & U


