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1. Introduction 
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J. Inoue and H. Ohno,  
Science, 309, 2004 (2005) 
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(1) Karplus-Luttinger Intrinsic (1954) 
Anomalous velocity 

2
int int xxρ σ ρ=

r- space curvature 

G. Sundaram and Q. Niu, 
Phys. Rev. B 59 (1999) 14915. 
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(2) Skew-scattering (Smit, 1955) 

(3) Side-jump (Berger, 1970) 
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ah xxρ αρ=

2
ah xxρ βρ=

2
1 2ah xx xxc cρ ρ ρ= + Intrinsic or Extrinsic ?! 
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Euro. Phys. Lett. 103 (2013) 47003 



(1) Karplus-Luttinger Intrinsic (1954) 

(2) Skew-scattering (Smit, 1955) 

(3) Side-jump (Berger, 1970) 

2
int rinsic xxbρ ρ=

2
side jump xxρ βρ− =

skew xxρ αρ=

Theoretically: 

   All based on single type of scatters !  



(1) Karplus-Luttinger Intrinsic (1954) 

(2) Skew-scattering (Smit, 1955) 

(3) Side-jump (Berger, 1970) 

0xx xx xxTρ ρ ρ= +

(Matthiessen's 
rule) 

In real materials: 
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int rinsic xxbρ ρ=

2
side jump xxρ βρ− =

skew xxρ αρ=

Theoretically: 

   Key Issue:       should 

scale with    or     or     ? xxρ 0xxρ xxTρ

ahρ



2. Our approach 
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R=1 at interface 

D.Z. Hou et al., J. Phys. Cond. Matt., 24 (2012) 482001 

A. Cottey, Thin solid films 1, (1967) 297-397  
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R<1 at interface 

D.Z. Hou et al., J. Phys. Cond. Matt., 24 (2012) 482001 

A. Cottey, Thin solid films 1, (1967) 297-397  



P.N. Dheer   Phys Rev (1967) 
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0xx xx xxTρ ρ ρ= +

Matthiessen's rule : 

impurity --> skew ! Phonon --> no skew ! 

A. Crepieux et al., PRB, 64 (2001) 014416 
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Experimental verification ! 
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Contradictory to the 
traditionally used scaling: 
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Ni,Co
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A System without Intrinsic AHE 

Cu ~42%Ni Ni 
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Fe/MgO(001) films 
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AH conductivity in Kubo-Streda formula 

​𝜎↓𝐴𝐻↑ = ​𝜎↓𝐴𝐻↑𝐼 +​𝜎↓𝐴𝐻↑𝐼𝐼  

​𝜎↓𝐴𝐻↑𝐼 = ​​𝑒↑2 /2𝜋𝐴 ⟨​𝑣↓𝑥 ​𝐺↓↑𝑅 ​( ​𝜀↓𝐹 )𝑣↓𝑦 ​𝐺↓↑𝐴 ( ​𝜀↓𝐹 )⟩ 

velocity vertex: intraband vertex needs to be dressed 

scattering effects in the Fermi surface term 

note that 1/ ​𝜌↓𝑥𝑥 ≅ ​𝜎↓𝑥𝑥 ∝​𝜏↑𝑡𝑟  

∼ ​𝜌↓𝑥𝑥↑−1  

∼ ​𝜌↓𝑥𝑥↑0  

intra 

inter 

   Theory with multiple competing 
scatters !  



+ ​𝜎↓𝐴𝐻↑𝐼𝐼  𝑐 intrinsic Berry curvature 

​∑↓𝑖 ​𝑐↓𝑖 ​𝜌↓𝑖 / ​𝜌↓𝑥𝑥  

( ​∑↓𝑖𝑗 ​𝑐↓𝑖𝑗 ​𝜌↓𝑖 ​𝜌↓𝑗 + ​∑↓𝑖∈𝑆 ​𝛼↓𝑖 ​𝜌↓𝑖 )/ ​𝜌↓𝑥𝑥↑2  

Three groups of diagrams 



− ​𝜎↓𝐴𝐻 =𝑐+ ​∑↓𝑖 ​𝑐↓𝑖 ​𝜌↓𝑖 / ​𝜌↓𝑥𝑥 +( ​∑↓𝑖𝑗 ​𝑐↓𝑖𝑗 ​𝜌↓𝑖 ​𝜌↓𝑗 + ​∑↓𝑖∈𝑆 ​𝛼↓𝑖 ​𝜌↓𝑖 )/ ​
𝜌↓𝑥𝑥↑2  
​𝜌↓𝐴𝐻 ≅− ​𝜎↓𝐴𝐻 ​𝜌↓𝑥𝑥↑2 =𝑐​𝜌↓𝑥𝑥 + ​∑↓𝑖 ​𝑐↓𝑖 ​𝜌↓𝑖 ​𝜌↓𝑥𝑥 + ​∑↓𝑖𝑗 ​𝑐↓𝑖𝑗 ​𝜌↓𝑖 ​
𝜌↓𝑗 + ​∑↓𝑖∈𝑆 ​𝛼↓𝑖 ​𝜌↓𝑖  

•  partial resistivities ​𝜌↓𝑖  as scaling variables 
•  coefficients ​𝑐↓𝑖 , ​𝑐↓𝑖𝑗 , and ​𝛼↓𝑖  not depend on disorder concentration 

for two scattering sources: one static (impurity) and one dynamic (phonon) 

​𝜌↓𝐴𝐻 =𝛼​𝜌↓𝑥𝑥0 + ​𝛽↓0 ​𝜌↓𝑥𝑥0↑2 +𝛾​𝜌↓𝑥𝑥0 ​𝜌↓𝑥𝑥𝑇 + ​
𝛽↓1 ​𝜌↓𝑥𝑥𝑇↑2  

a quadratic surface passing through origin in (​𝜌↓𝑥𝑥0 , ​𝜌↓𝑥𝑥𝑇 , ​𝜌↓𝐴𝐻 ) space 
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​𝛽↓1 =𝑐+ ​𝑐↓1 + ​𝑐↓11  
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 A. Hoffmann, IEEE transactions on magnetics 49, 5172 (2013) 
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Spin Hall Effect
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Spin injection with FM/Cu/NM bridge 
Method 1: non-local spin valve  

FM/NM bilayer driven by Brf 

Method 2: spin pumping 
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NM/FM bilayer structure 
Method 3: spin transfer torque 
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60 nm thick Au film 
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