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CPP =  Current Perpendicular to Plane 
GMR =  Giant Magnetoresistance 
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Spin transfer torques 
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Experiment: M. Tsoi et al., PRL 80, 4281 (1998); Nature 406, 46 (2000) 
Theory: J.C. Slonczewski and Luc Berger 

Shared 2013 APS Buckley Prize 



Spin-Orbit Torques 

Miron et al.   Nature Mat. 9 (2010)    Nature 476 (2011)  
Liu et al.        PRL 109 (2012)          Science 336 (2012)  



Berry 
Curvature 

Chern Index u(r) = electron wave function 
 

(k1,k2) = two-dimensional momentum space 



Anomalous Hall Effect 

Nagaosa et al., RMP (2004)  



Spin-Orbit Torques 

Miron et al.   Nature Mat. 9 (2010)    Nature 476 (2011)  
Liu et al.        PRL 109 (2012)          Science 336 (2012)  

Schrodinger 

Coupling to  
Magnetic 

Condensate 

SO 



Spin-Orbit Torques 

Miron et al.   Nature Mat. 9 (2010)    Nature 476 (2011)  
Liu et al.        PRL 109 (2012)          Science 336 (2012)  



 Bulk Transport Theory 
Relaxation Time Approx 
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 to static Electric Field 
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Topological Insulators 
A Model Spin-Orbit-Torque System  



Massive Dirac Model for  
 Current-Induced Spin Density 



Electric Field Induced  
Spin Densities 

 
 Sy/n ≈  (e E a)/(ħ/τ) x (1/kFa)  
   

 
 Sz/n ≈  (e E a)/(Eg) x (1/kFa) x (Δ/EF) 
   

Rashba 

` Spin Hall ‘  



Spin-Orbit Torques in TI DMSs 

Fan et al., Nature Mat. (2014) 

 
 Experiment:  

 
Δ (sz

tr/S) ≈ 10-6 eV 
   

               >> Δ (sy
tr/S) 

 
    



 Spin-Orbit Torques  
in TI Ferromagnets 



 Mn3Sn Spintronics 

Nakatsuji et al. Nature (2015) and unpublished  



 Spin-Accumulation Depends on 
Mn3Sn Spin-Configuration 

Nakatsuji et al. Nature (2015) and unpublished  
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