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Classes of Spintronic Materials

• Ferromagnetic Metals 
• Light Paramagnetic Metals 
• Antiferromagnetic Metals 
• Antiferromagnetic Insulators
• Ferromagnetic Insulators 
• Heavy Paramagnetic Metals 
• ….
• Topological Insulators ?  



TIs have extreme SO-coupling

��

���8

���6

���4

���2

�

��2

��4

��6

��8

�

��

���8

���6

���4

���2

�

��2

��4

��6

��8

�

�

���

��2

momentum space merons
- Half Skyrmions
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Eigenstates and eigenenergies:

d = (vk cos�k, vk sin�k,�)
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Spin-Orbit Torques

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



Spin-Orbit Torques in TI DMSs

Fan et al., Nature Mat. (2014)
Ndiaye et al.  arXiv:1509.06929

Franz and Garate, PRL (2010)

Colossal 

θSHE = (Is/I ) (e/ħ)



Emergent Collective DOF
Ferromagnet
Heavy Metal

Courtesy Catherine Kallin



Landau-Liftshitz Gilbert
Equation



SOT 100 

i) Rashba Interactions and Spin Momentum Locking

(Current Parallel to Magnetization)



SOT 100 

ii) Spin Hall Effect

(Current Parallel to Magnetization)



Alvaro Nunez – Ph.D. Thesis (2004)
SSC (2006)

Spin-Torques 
Beyond Spin-Transfer



Rashba Torque

My ≈ pxz . px = allowed



Spin Hall Torque

Mz ≈ pyz . px = not allowed



Spin Hall Torque

My ≈ pyz . (pyx) . px = allowed



Bulk Transport Theory
Relaxation Time Approx

Relaxation
Time

Approximation

Relaxation
Time

Approximation

Driving 
Term



Bulk Transport Theory

Off diagonal 
response is 

intrinsic when 
bands well 

defined



Response of Atom to
Static Electric Field



Response of Insulator
to static Electric Field

Interband
Transitions



Response of Metal to 
static Electric Field

E = ρ x j ≈ 10-4 Ωcm x 106 A/cm2 eE = ρ x j ≈ 100 eV/cm

eEa  <<  h/τtr <<  W  



Topological Insulators
A Model Spin-Orbit-Torque System 



Theory-free Rashba SO Torque
Coefficient

τR/(I/e) ≈  (WLstrxΔ/ħ)/(WvDstr)
=  Δ/(ħvD/L)   



Massive Dirac Model for 
Current-Induced Spin Density



Magneto-resistance of 
Massive Dirac Model

Anomalous Hall Effect

Anisotropic
Magneto-resistance



Magneto-resistance of 
Massive Dirac Model

Anomalous Hall 
Effect

Anisotropic
Magnetoresistance



Resistively Detected SOT 

Two Channel
Conduction Model



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)
Ndiaye et al.  arXiv:1509.06929

Franz and Garate, PRL (2010)

Experiment: 

Δ (sz
tr/S) ≈ 10-6 eV

>> Δ (sy
tr/S)



Numbers
• kc = 107 cm-1

• 10 kΩ

• eE = 10 eV/cm

• Bso = 1.5 x 10-6 eV (expt)

• Bso/Δ = sci/Sbulk = 10-5

• Sbulk = 1014 QL-1 cm-2

• sci = kc
2 (eE/kc)/Egap

= 1014 cm-2 (10-6eV/10-1eV)





Atomic Limit
Electric Field Induced Torques 



Qi and Zhang  – RMP (2011)
Zang and Nagaosa – PRB (2010)

Pesin and AHM – PRL (2013) 

TI Thin Films as Multiferroic
Materials 



Maxwell’s Equations

Still True



Axion Maxwell’s Equations

r↵ME ⇥E

r�ME = �⇥(z)

Interface
↵ME = ↵
↵ME = 0

with

=
4⇥

c
⇤xy�(z)

Magneto-Electric
Coupling Coefficent

can represent surface Hall currents



P = e (nT – nB)/2

dP/dB = e/Φ0

= dM/dE

Adiabatic Flux Addition

K. Everschor-Sitte, M. Sitte, and AHM, PRB (2015)
Wu and Armitage, arXiv:1603.04317

Dziom and Molenkamp, arXiv:1603.05482
Beenakker – CM Journal Club  
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