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 Dissipation rate


 Switching rate in an applied external field
 Spin transfer torque (MRAM)
 Spin valves

 Domain wall motion
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  : determines critical currentG

  : determines domain wall velocityG

 Landau‐Lifshitz‐Gilbert (LLG) dynamics

 Phenomenological introduction of dissipation
 T. L. Gilbert, Phys. Rev. 100, 1243 (1955)

 Gilbert damping qualitively well understood (Kubo)

 Controlled quantitative agreement theory and experiments ?

 Damping in nano‐scale ferromagnets?
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 Nano‐scale conductor

 Landauer‐Buttiker formula

 Sample contact determines the size of the conductance, but irreversible 
process takes places in reservoirs.

 Fisher‐Lee: Landauer‐Buttiker is equal to Kubo
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 Single ferromagnet

 Energy dissipation

 Gilbert damping determined by energy conservation 

N F Nreservoir reservoir

N F N

(left)
EI (right)

EI

(left) (right)
E EE I I 
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precession
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Pumping induces a flow  of charge, spin, and energy into the reservoirs
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 Scattering matrix

 Reflection (r) and transmission (t) amplitudes
 Matrices in spin‐space and space spanned by 
incoming transverse wave‐guide modes

 Scattering matrix

 Energy pumping
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PRB 66, 205320 (2002)

 Ferromagnets:
 S‐matrix depends on magnetization direction

 Gilbert damping in ferromagnets (dissipation):
 Determined from non‐dissipative scattering matrix
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 Gilbert damping in terms of S‐matrix

 In general, Gilbert damping is 
 anisotropic and 
 depends on magnetization direction.

 Agrees with Kubo linear response formulation 
 Fluctuation‐dissipation theorem

 Suitable to ab‐initio first principles band structure calculations
 S‐matrix: 

▪ Giant magnetoresistance
▪ Spin‐transfer torque
▪ Spin‐pumping
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 Gilbert damping

 Two contributions:
 Spin‐orbit induced, damping
▪ Spin loss in ferromagnet

▪ Proportional to volume of ferromagnet

 Spin‐pumping induced non‐local damping
▪ Spin loss outside ferromagnet (non‐local)

▪ Proportional to surface of ferromagnet
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Tserkovnyak, Brataas, Bauer PRL 88, 117601 (2002).
Brataas, Tserkovnyak, Bauer, Halperin, PRB 66, R060404 (2002).
Tserkovnyak, Brataas, Bauer, Halperin, RMP 77, 1375 (2005).
Brataas, Tserkovnyak, Bauer, PRL 101, 037207 (2008). 

 Gilbert damping

 No spin‐orbit interaction
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Arne Brataas, Magnetoelectronic circuits: Torque, Pumping, and Noise

Pumping enhances damping
• Well‐known for macrospins (Tserkovnyak, Brataas, and Bauer)
• What about textures?

Sandweg et al. APL (2010)
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 Volume modes: Standing waves across film

 Surface modes

 Forward Volume MagnostaticWaves (FVMSW)

 BackwardVolume MagnetostaticWaves (BVMSW)

 Magnetostatic SurfaceWaves (MSSW)
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 Long wavelength limit

 Dipole field is homogenous

 Transverse standing waves, mode n
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 In‐plane exchange energy dominates
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• 2 modes per 
transverse wave

• No asymmetry
between mode 
pairs
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2 14 2 2100nm, 1750 / 4  G, / 1.2 10 cm , 0.05 erg cms sL M hg e K  
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• n=0 mode 
becomes surface
mode

 Soft coordinate representation

 Equation of collective coordinate motion

 Gyrotropic tensor:

 Force:

 Dissipation: 

 Additionally, fluctuation‐dissipation theorem
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GaMnAs

K. Hals, A. Nguyen and A. Brataas, 
Phys. Rev. Lett. 102, 256601 (2009).

Comparison with LLG equation: 

Walker ansatz:

 Paul Kelly (Twente)
 Anton Starikov (Twente)
 Zhe Yuan (Twente)
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 Scattering theory versus Kambersky (Kubo)
 Formally Equivalent
 In practice: 
 Kambersky 
▪ Evaluated with additional assumptions
▪ Band‐structure and lifetime broadening not treated equally
▪ Relaxation time

 Scattering approach: 
▪ No further assumptions
▪ Consistent with other transport calculations
▪ Giant magnetoresistance
▪ Spin‐pumping (non‐local damping)

▪ No explicit phonon contribution

 Time‐dependent (adiabatic) LDA

 Linear response

 Energy dissipation

 Retarded correlation function
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 Exact agreement 

 Kubo (Kambersky, Simanek, Heinrich)

 Scattering theory (this work)

 Derivation sketch

 S‐matrix: 

 T‐matrix:

 Green’s function:

 Linear response:  
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 Magnetization dynamics
 Slow precession (adiabatic)
 Landau‐Lifshitz‐Gilbert phenomenology

 Gilbert damping

 Determined by equilibrium (elastic) scattering matrix
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