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  Why Pure Spin Currents? 

  Electrical Injection 

  Spin Hall Effect 

  Spin Pumping 

  Conclusions 
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Charge vs. Spin Currents 
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Charge	
   Spin	
  

J. Shi, et al., Phys. Rev. Lett. 96, 076604 (2006)."
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Can we generate pure spin currents  
in paramagnetic materials? 
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• Non-­‐local	
  geometries	
  

• Spin-­‐dependent	
  scaOering	
  (Spin-­‐Hall)	
  

• Spin	
  pumping	
  



Pure Spin Currents: Non-Local Spin Valves 
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Py/Ag Non-Local Spin Valve 
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Origin of Enhanced ΔRs 
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Thin layer of O-rich 
compound observed 

at Py-Ag interface  
in aged samples 

Higher interface resistance            Better spin injection efficiency 

trench 

J1 J2 

FIB sliced LSV TEM of a non-aged sample 

    TEM of an aged sample 
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Temperature Dependence of Spin Signal 
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T-Dependence of Spin Relaxation Time 
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Spin-Orbit Interaction 
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Spin Relaxation (Elliot-Yafet) 
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Alternative Approaches to Pure Spin Currents 
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Spin-Skew Scattering 
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Spin Hall vs. Inverse Spin Hall 
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Quantifying Spin Hall Angles in Metals 

Axel	
  Hoffmann,	
  MSD,	
  Argonne	
  Na3onal	
  Laboratory	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hoffmann@anl.gov	
  	
  

19	
  

Need	
  robust	
  technique	
  to	
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  spin	
  Hall	
  angle!	
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Spin-mediated Charge Current Teleportation 
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Gold Hall Bar Structures 
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Unusual Application of Spin Dynamics 
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Excite ferromagnetic resonance 
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F N 

Time dependent interfacial potential  
gives rise to spin accumulation in normal metal 
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F N 

Spin accumulation gives rise to spin current  
in neighboring normal metal 
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Quantify Spin Current from Spin Pumping 
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Y. Tserkovnyak, A. Brataas and G.E.W. Bauer, Phys. Rev. Lett. 88, 117601 (2002)"
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Combine Spin Pumping and Inverse Spin Hall Effect 
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•  Use	
  Spin	
  Pumping	
  to	
  Generate	
  Pure	
  Spin	
  Current	
  
E. Saitoh, et al., Appl. Phys. Lett. 88, 182509 (2006)"

•  Quan3fy	
  Spin	
  Current	
  from	
  FMR	
  

•  Measured	
  Voltage	
  Directly	
  Determines	
  Spin	
  Hall	
  Conduc3vity	
  
O. Mosendz, et al., Phys. Rev. Lett. 104, 046601 (2010); Phys. Rev. B 82, 214403 (2010)	
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Measured Voltage – only Py 
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Measured Voltage – Spin Hall Effects 
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Determine Spin Hall Angle for Many Materials 
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Pt	
   Au	
  

Mo	
  

γ 	
  =	
  1.3%±0.2	
   γ 	
  =	
  0.35%±0.03	
  

γ 	
  =	
  -­‐0.05%±0.01	
  
Pd	
  

γ 	
  =	
  0.75%±0.1	
  

4d	
  

5d	
  

…	
  

O. Mosendz, et al., Phys. Rev. Lett. 104, 046601 (2010); Phys. Rev. B 82, 214403 (2010)"

preliminary	
  Bi:	
   γ 	
  =	
  0.85%±0.2	
  
Technique	
  easily	
  adapted	
  	
  

to	
  any	
  material!	
  



Theory   vs.    Experiment 
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Pt	
   Au	
  
σSH	
  =	
  312	
  (Ωcm)-­‐1	
   σSH	
  =	
  882	
  (Ωcm)-­‐1	
  

Pd	
  
σSH	
  =	
  256	
  (Ωcm)-­‐1	
  

Pt	
   Au	
  
σSH	
  =	
  330	
  (Ωcm)-­‐1	
   σSH	
  =	
  750	
  (Ωcm)-­‐1	
  

Pd	
  
σSH	
  =	
  240	
  (Ωcm)-­‐1	
  

G. Y. Guo, et al.,  
Phys. Rev. Lett. 100, 096401 (2008);  
J. Appl. Phys. 105, 07C701 (2009)"

O. Mosendz, et al.,  
Phys. Rev. B 82, 214403 (2010)"



Spin Currents in Insulators 
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Use	
  Direct	
  Spin	
  Hall	
  Effect	
  to	
  excite	
  	
  
magne3za3on	
  dynamics	
  

Use	
  Inverse	
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  Hall	
  Effect	
  and	
  Spin	
  
Pumping	
  	
  

for	
  detec3on	
  



Spin Torque from Spin Hall 
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Detect	
  current	
  dependent	
  line-­‐width	
  change	
  	
  
depending	
  on	
  field	
  orienta3on	
  

5.6	
  nm	
  Pt	
  

10	
  nm	
  YIG	
   11.5	
  GHz	
  

Z.	
  Wang	
  et	
  al.,	
  Appl.	
  Phys.	
  Lea.	
  99,	
  162511	
  (2011)	
  



Threshold for Spin Transfer Torque? 
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Non-­‐linear	
  dependence	
  on	
  current	
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  Wang	
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Spin 

Charge Mechanical 

Heat 

Spin	
  Torque	
  	
  EMF	
  from	
  Spin	
  Dynamics	
  	
  

Spin	
  Seebeck	
  	
  Spin	
  Pel3er	
  

Einstein-­‐de	
  Haas	
  	
  Barnea	
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  Spin	
  Currents	
  behave	
  different	
  
compared	
  to	
  Charge	
  Currents	
  
–  Possibility	
  of	
  Reduced	
  Power	
  Dissipa3on	
  	
  

  Non-­‐Local	
  Electrical	
  Injec3on	
  
–  Generate	
  Pure	
  Spin	
  Currents	
  
–  Study	
  Spin	
  Relaxa3on	
  

  Spin	
  Hall	
  Effects	
  
–  Generate	
  and	
  Detect	
  Spin	
  Currents	
  

w/o	
  Ferromagnets	
  

  Spin	
  Pumping	
  
–  Generate	
  Spin	
  Currents	
  

w/o	
  Electric	
  Charge	
  Currents	
  

  New	
  Opportuni3es	
  for	
  Spin	
  Mediated	
  Effects	
  

10	
  nm	
  

spin	
   charge	
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  µm	
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