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Spin-Transfer Torque (STT): 
Fundamentals and Applications
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STT-Driven Magnetization is Treated as Classical 
Vector Obeying Landau-Lifshitz-Gilbert (LLG) Equation
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Experimental Manifestations of STT

Magnetization Switching

Magnetization Precession
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Elementary Quantum Mechanics of STT: 
Toy Model #1

JMMM 320, 1190 (2008)
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Elementary Quantum Mechanics of STT: 
Toy Model #2

when summing or averaging over all 
contributions from around the Fermi 

surface, dephasing leads to Qrefl≈0, Qtrans≈0 
(to a good approximation valid for typical 

metallic interfaces), so that STT acting on 
the magnet per unit area being equal to the 
full component of incident spin current that 

is transverse to magnetization of free 
ferromagnetic layer

JMMM 320, 1190 (2008)
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Spin-Transfer and Spin-Orbit Torques 
from Nonequilibrium Green Functions (NEGF)

Fundamental quantities of NEGF formalism:

NEGF for steady-state transport:

density of available quantum states: how are those states occupied:

NEGF-based expression for spin-transfer torque:

Learn more about NEGF from:

most general torque formula valid in 
the presence of SOC and other 
spin-nonconserving processes

PRB 90, 045115 (2014)

LCAO-ncDFT from:
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EXAMPLE: NEGF+DFT Theory of STT
in Co/Cu/Co Spin Valve

PRB 77, 184430 (2008)
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Spin-Orbit Torque (SOT): 
Fundamentals and Applications

Fu
nd

am
en

ta
ls

A
pp

lic
at

io
ns

Nat. Mater. 12, 240 (2013)

solid-state nonvolatile analogue memory 
with infinite read-write endurance

high efficiency of SOT-driven magnetization 
switching demonstrated: 60 fJ (vs. 150 fJ to 

4 pJ with STT) energy consumed per bit writing

Nat. Nanotech. 14, 945 (2019) 

JPDAP 51, 273002 (2018) Magnetization switching 
with  ultralow current 
density ~3×105 A/cm2

T~225 K
Switching with current 
density ~3×107 A/cm2

but gate tunable

Nano Lett. 19, 4400 (2019)
Sci. Adv. 5, eaaw8904 (2019)

T=300 K
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Experimental Probing of Spatially and Time-
Resolved  SOT-Driven Magnetization Switching
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Crash Course on 
Spin-Orbit Coupling (SOC) in Vacuum

SO deflection force:
x

y
z

University of Delaware, Newark 2018
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Crash Course on Rashba SOC in Solids 

1D:

2D:
G/WS2
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Current-Driven Nonequilibrium Spin Density in the 
Presence of SOC as the Origin of Field-like SOT
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EXAMPLE: Current-Driven Nonequilibrium Spin 
Density around the Surface of Bi2Se3

PRB 92, 201406(R) (2015)
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Trouble with Simplistic Hamiltonians 
for Describing SOT Experiments

“Our findings have potential importance for 
technology, in that the spin torque ratio for Bi2Se3

at room temperature is larger than that for
any previously measured spin current source 

material. However, as noted above, for practical 
applications the specific layer structure of our 

devices (topological insulator/metallic magnet) does 
not make good use of this high intrinsic efficiency 

because most of the applied current is shunted
through the metallic magnet and does not contribute 

to spin current generation within the topological 
insulator. Applications will probably require coupling 

topological insulators to insulating (or high-
resistivity) magnets so that the majority of the 

current will flow in the topological insulator.”



NEGF application to STT and SOTPHYS824: Nanophysics and Nanotechnology

Spin-Orbit-Proximitized Ferromagnet: 
Co/Topological-Insulator-Bi2Se3

Nano Lett. 17, 5626 (2017)
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Spectral Function on 
the TI Side of Co/TI Interface

Nano Lett. 17, 5626 (2017) PRB 82, 195417 (2010)
PRB 96, 235433 (2017)
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Spin Textures on the TI Side of 
TI/FM and TI/NM Interfaces

Nano Lett. 17, 5626 (2017)
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Tunneling Anisotropic Magnetoresistance 
(TAMR) as a Probe of Interfacial Spin Texture

Nano Lett. 17, 5626 (2017)
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Spin-Orbit-Proximitized Ferromagnet:  
Co/Monolayer-Transition-Metal-Dichalcogenide

Co/WSe2 Co/TaSe2

Phys. Rev. Mater. 4, 104007 (2020) 



NEGF application to STT and SOTPHYS824: Nanophysics and Nanotechnology

Computational Screening for Optimal 
SOT in Co/TMD Heterostructures

ACS Appl. Mater. Interfaces 10, 2843 (2018)Nano Lett. 16, 7514 (2018)

MoS2 or WSe2

Nano Lett. 18, 1311 (2018)

Phys. Rev. Mater. 4, 104007 (2020) 
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What Can Two-Dimensional (2D) 
Magnetic Materials do for Spintronics?

Nat. Nanotech. 14, 408 (2019)

N
at. M

ater. 14, 406 (2018)

CrI3

Science 364, 973 (2019)
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SOT in bilayer-CrI3/monolayer-TaSe2
vdW Heterostructures

Nano Lett. 20, 2288 (2020)
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SOT-Driven AFI-FI Nonequilibrium Phase 
Transition in Bilayer-CrI3/Monolayer-TaSe2

NEGF+LLG
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Can We Generate Antidamping SOT Purely 
from Interfaces <=> in the Absence of SHE? 

PRB 71, 195328 (2005)

PRB 96, 220403(R) (2017)Co/Ta
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Scattering-Induced, Purely Interfacial and Highly Gate-
Tunable Damping-Like SOT in Doubly Proximitized Graphene

Phys. Rev. Res. 2, 043057 (2020) 

arXiv:2005.09670
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Magnon-Mediated STT
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Magnons and Magnonics
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TDNEGF+LLG Approach Tested on Familiar 
Example of Electron-Mediated STT

quantum Hamiltonian for electrons

classical Hamiltonian for local magnetic moments

Time-dependent nonequilibrium density matrix:

Nonequilibrium spin density and spin torque:


2020/08/18 08:38:19
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How Important is Noncommutativity of Hamiltonian at 
Different Times That is Absent in Naïve NEGF+LLG? 
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TDNEGF+LLG Approach to Magnon-Mediated 
STT in FM/AFI/FM Junctions

AFI-FMJ 0≠ AFI-FMJ 0=

arXiv:2008.02794
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Why is the AFI Injecting Spin Current Into FM: 
Spin Pumping by Magnetization Dynamics

Science 283, 1905 (1999)

Charge Pumping Spin Pumping
requires quantum-coherence and low 

temperatures + very difficult 
to disentangle from other 

competing effects

robust and ubiquitous
effect in magnetic 
heterostructures

even at room 
temperature 
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1D Tight-Binding Model of Spin Pumping: 
Landauer-Büttiker Formula in Rotating Frame
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Exact Solution for Adiabatic Spin 
and Nonadiabatic Charge Pumped Currents 
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Spin current pumping from 
a single precesing spin 

Charge current pumping from 
a single precessing spin

PRB 79, 054424 (2009)
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