
Kondo effect and Spin Hall Effect in Au metal

Naoto Nagaosa
Department of Applied Physics

The University of Tokyo

Collaborators: 
G.Y. Guo , S. Maekawa, 

Jan 29�KITP



Massage:

SHE is not the simple two copies of 
AHE for up and down spins.

The spin fluctuation and 
electron correlation  play crucial  roles in SHE. 
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Intrinsic AHE is the quantum Hall effect hidden by metallicity



Anomalous Hall angle 
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Spin Hall Effect by Skew Scattering
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Spin current
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Angle‐dependent 
spin polarization

Spin Hall angle
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Anderson Hamiltonian as a generic model for impurity

Ed U+EdEF

Ed U+Ed EF

hybΔ

Ed U+EdEF

nonmagnetic magnetic

mixed valence or Kondo 

hybΔ

hybΔhybΔ
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hybΔ



Kondo effect

magnetic impurity

conduction 
electrons
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Singlet formation
Quantum entanglement



Kondo Peak
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Guang-Yu Guo et al.

5d

6s
                          (6s)(5d):Au

 (6s)(5d):Pt
(6s)(5d):Ir
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Candidate Materials for Resonant Skew Scattering 

0.5eV≈λ

vacancy of Au atom 
Pt impurity 
Fe impurity

d-orbital character of impurity state at Fermi energy ?



1st principles band calculation of impurity state

vacancy Pt Fe







1st principles band calculation of impurity state

vacancy Pt Fe



Conventional wisdom on Kondo effect of Fe in Au

eV4.1=Δ

eV03.0=λ
eVDq 1.010 =

Ed U+EdEF

mixed valence 

hybΔ
hybΔ

EF for d6

Kondo  limit with 5 orbital degeneracy 
with Kondo temperature KTK 4.0≈

eVU 3=



Orbital selective Kondo
eg Kondo limit 
t2g  Mixed valence

hybridization with Au   
s- and d-orbitals

Renormalization effect due 
to electron correlation

eVeV 3.04.1 =Δ⇒=Δ

eVeV 103.0 =⇒= λλ

eVDqeVDq 0.2101.010 =⇒=

Spin Hall Effect by 
Kondo singlet state

with G.Y. Guo and S. Maekawa

KTK 4.0≈
76  and dd







S=3/2  Kondo 

all-electron full-potential linearized
Augmented  plane wave (FLAPW) method 
ultra-soft pseudopotential-like projector 
augmented wave (PAW) method  

method picture
S=3/2  large orbital moment
Mixed valence and Kondo 
S=3/2  small orbital moment
Kondo limit

ours

Costi



Conclusions

Anomalous Hall effect v.s. Spin Hall effect ( Skew scattering)

Resonance due to virtual bound state  

Spin fluctuation and Kondo effect 
further enhances SHE

Fe impurity in Au 

Orbital selective Kondo effect  eg v.s. t2g
Renormalization of spin-orbit, hybridization energies 

due to electron correlation

Material design for SHE

5d impurity 

1.0≈SHEα
-115 cm10 −Ω≈SHEσ

01.0≤AHEα

04.02sin2.0 1 ≈≈ δα SHE
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