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Spin-Transfer Torque (STT): 
Fundamentals and Applications
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Slonczewski (1996), Berger (1996)
BUCKLEY CMP PRIZE: 

"For predicting spin-transfer torque 
and opening the field of 

current-induced control over 
magnetic nanostructures."

arXiv:1801.05793
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STT-Driven Magnetization Dynamics from Time-
Dependent Quantum Transport + Atomistic Spin Dynamics

Electron-mediated STT Magnon-mediated STT

TDNEGF+LLG formalism:
PRAppl. 15, 034089 (2021)
PRAppl. 10, 054038 (2018)
PRB 99, 134409 (2019)
PRB 101, 214412 (2020)
PRL 125, 187202 (2020)

Quantum STT in collinear setup:
PRL 126, 197202 (2021) (2021)
PRX (2021)
PRL 119, 257201 (2017)

Experim
ent: Science  366, 1125 (2019)
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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

Nat. Mater. 9, 230 (2010); Nature 476, 189 (2011)
Science  336, 555 (2012)
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This Talk in a Nutshell

What is the electronic and spin 
structure of states on both side of the 

interface and how they generate 
nonequilibrium spin densities 

upon spin-unpolarized current injection?

Spectral functions and spin textures on 
metallic surfaces imaged by spin-ARPES 
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Crash Course on Spin-Orbit Coupling (SOC) 
in Vacuum
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Crash Course on Rashba SOC in Solids 

1D:

2D:
G/WS2
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Spin-Orbit-Proximitized Ferromagnet: 
Co/Topological-Insulator-Bi2Se3

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

Co/WSe2 Co/TaSe2

PRMater. 4, 104007 (2020) 
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Spectral Function and Spin Textures 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-Transfer and Spin-Orbit Torques 
from Nonequilibrium Green Functions (NEGF)

Fundamental quantities of NEGF formalism:

NEGFs 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)

arXiv:1801.05793
PRMater. 3, 011401 (2019) 

LCAO-ncDFT
from:
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EXAMPLE: First-Principles Quantum Transport 
Theory of Conventional STT

PRB 77, 184430 (2008)

arXiv:1801.05793
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EXAMPLE: Current-Driven Nonequilibrium Spin 
Textures around the Surface of Bi2Se3

PRB 92, 201406(R) (2015)

due to 
spin-momentum 

locking
vs.

RMP 88, 021004 (2016)
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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)
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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)

first monolayer of CrI3 is 
spin-orbit-proximitized by monolayer TaSe2

SOT occurs around 
interfaces, so the bulk 
of spin-orbit-materials 

is of little use and 
could be detrimental 

to the energy 
efficiency
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SOT-Driven AFM-FM Nonequilibrium Phase 
Transition in bilayer-CrI3/monolayer-TaSe2

PRAppl. 10, 054038 (2018)
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read path can be optimized independently of write path
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Scattering-Induced, Purely Interfacial and Gate-
Tunable DL SOT in Doubly Proximitized Graphene

PRRes. 2, 043057 (2020) 

the out-of-plane component of the spin texture can be triggered by an exchange 
field, spin-valley locking, or competition between Rashba and orbital effects  

K K’
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Resolving Key Unsettled Issue for SOT–>Role of 
Interfacial Mechanisms–>with vdW Heterostructures

in standard FM/HM bilayers interfacial 
SOC is often detrimental for SOT

INTERFACE: Edelstein (or inverse 
spin galvanic) effect for FL SOT

BULK: Spin Hall effect for 
DL SOT

INTERFACE: Spin-orbit filtering
for DL SOT 

INTERFACE: Skew-scattering 
off nonmagnetic impurities in the 

presence of noncoplanar spin texture 
for DL SOT

arXiv:2007.09817

PRRes. 2, 043057 (2020)
PRRes. 2, 043401 (2020)PRL 121, 017202 (2018)

Nat. Nanotech. 9, 211 (2014)

in CuOx/Ni81Fe19 efficiency is 2−3 orders of 
magnitude smaller than that from the bulk SHE of Pt

INTERFACE: Berry curvature 
mechanism for DL SOT 

freeM freeMFLT

DL 0=T ( )DL free free∝ × ×T M p M
FL free∝ ×T p M

DL SOT directs the 
magnetization toward p, 
whereas FL SOT induces 

magnetization 
precessions around p
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Resolving Trouble with Simplistic Hamiltonians and 
Intuitive Picture of How Current Flows to Drive SOT

Nature 511, 449 (2014)

“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.”

“Physics comes in two parts: the precise mathematical 
formulation of the laws, and the conceptual 

interpretation of the mathematics. However, if 
words of conceptual interpretation actually convey 
the wrong meaning of the mathematics, they must 
be replaced by more accurate words.” (W. J. Mullin)

Nat. Nanotech. 14, 945 (2019) 

Magnetization switching 
with  ultralow current 
density ~3×105 A/cm2

at T=300 K
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Conclusions in Pictures
SO

-p
ro

xi
m

it
iz

ed
 f

er
ro

m
ag

ne
t 

ca
n 

be
 v

er
y 

fa
r 

aw
ay

 f
ro

m
 t

he
 o

ri
gi

na
l

{


	Slide Number 1
	Collaborators
	Watch Movies Throughout the Talk Carefully!
	Spin-Transfer Torque (STT): �Fundamentals and Applications
	�STT-Driven Magnetization Dynamics from Time-Dependent Quantum Transport + Atomistic Spin Dynamics�
	Spin-Orbit Torque (SOT): �Fundamentals and Applications
	This Talk in a Nutshell
	Crash Course on Spin-Orbit Coupling (SOC) �in Vacuum
	Crash Course on Rashba SOC in Solids 
	Spin-Orbit-Proximitized Ferromagnet: �Co/Topological-Insulator-Bi2Se3
	Spin-Orbit-Proximitized Ferromagnet:  �Co/Monolayer-Transition-Metal-Dichalcogenide
	Spectral Function and Spin Textures on �the TI Side of Co/TI Interface
	Spin-Transfer and Spin-Orbit Torques �from Nonequilibrium Green Functions (NEGF)
	EXAMPLE: First-Principles Quantum Transport �Theory of Conventional STT
	EXAMPLE: Current-Driven Nonequilibrium Spin Textures around the Surface of Bi2Se3
	Computational Screening for Optimal �SOT in Co/TMD Heterostructures
	What Can Two-Dimensional (2D) �Magnetic Materials do for Spintronics?
	SOT in bilayer-CrI3/monolayer-TaSe2 �vdW Heterostructures
	SOT-Driven AFM-FM Nonequilibrium Phase Transition in bilayer-CrI3/monolayer-TaSe2 
	Scattering-Induced, Purely Interfacial and Gate-Tunable DL SOT in Doubly Proximitized Graphene
	Resolving Key Unsettled Issue for SOT–>Role of Interfacial Mechanisms–>with vdW Heterostructures 
	Resolving Trouble with Simplistic Hamiltonians and Intuitive Picture of How Current Flows to Drive SOT
	Conclusions in Pictures
	Spectral Functions, Spin Textures and Spin Memory Loss at FM/Heavy-Metal Interface
	Three Roads to Nonequilibrium �Electron-Magnon Interacting Systems
	SOTFET with Zero OFF Current �in Doubly Proximitized Graphene
	SOT on Néel Vector of 2D Antiferromagnet
	Most Efficient Spin Pumping and Spin-to-Charge Conversion is Offered by 2D TIs
	Pumped Spin Current Generated �by a Single Precessing Spin
	Physical Meaning of Topological Protection
	Quantum Transport Theory (Which One?) is Needed to Describe Antidamping SOT
	Exact Rotating Frame Approach to �Spin Pumping in the Absence of Spin Flips
	Spin Pumping-to-Charge Conversion in �Lateral and Vertical TI/F Heterostructures
	Spin-Orbit Torque in Simplistic Models of �FM/Spin-Orbit-Material Bilayers
	Spectral Function and Spin Textures �on Both Sides of FM/WSM Heterostructures
	Can We Generate Antidamping SOT Purely �from Interfaces <=> in the Absence of SHE? 
	Trouble with Simplistic Hamiltonians for �Describing Spin-to-Charge Conversion Experiments 
	Tunneling Anisotropic Magnetoresistance (TAMR) as a Probe of Interfacial Spin Texture
	Spectral Function and Spin Textures on �Both Sides of TI/NM Interface



