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Spin Transfer Torque



Einstein de Haas effect

For more information
Matsuo, Mechanical generation of spin current, Frontiers in Physics 3, 54 (2015)

Also Comment by Kovalev, Nature Nanotechnology3, 710 ï711 (2008).

Barnett effect

Magnetic field    Mechanical torque Mechanical Torque Magnetization

The art of throwing spinning balls
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The art of throwing spinning balls

J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 159, L1 (1996)

Slonczewskiôspicture: angular momentum conservation

L. Berger J. Slonczewski

ñconductionò spinñLocalò magnetization

The torque exertedby
the conduction spins
on the magnetization
is givenby the balance
betweenincomingand
outgoingspincurrent

Spin current transverse to M
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Easy axis

M

M relaxes towards Heff

M switches towards -Heff

M precessesabout Heff

Sun, Journal of Magnetism and Magnetic Materials 202, 157 (1999)

La0.67Sr0.33MnO/SrTiO 3

A~170x170 A2
, Jc~105 A/cm2

Thermally activated switching

13.3K

Myers, Science 285, 867 (1999)

4.2K

Jc~108 A/cm2

Current-driven switching

Current-driven dynamics

The art of throwing spinning balls
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I. Spin Transfer Torque
II. Current-driven dynamics
III. Spin-orbitronics
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I. Spin Transfer Torque and Spin Pumping
a. Transfer of angular momentum
b. Spin pumping
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Principle of spin transfer torque

Spin torque in magnetic domain walls

Berger, Journal of Applied Physics 49, 2156 (1978)
Berger, Journal of Applied Physics 55, 1954 (1984)

ñAsan electroncrossesthe wall, its spin s
followscloselythe direction of [é] the local
magnetizationMs.ò

In other words, ñMs applies an exchange
torque on s. Inversely,s createsa reaction
torqueon thewall.ò

Slonczewski, Physical Review B39, 6995 (1989)

Spin torque in magnetic tunnel junctions

ñSinceSA-polarized electrons impinge on
magnet B, surely SB must relax toward
SAéThus magnetA is losingmore-or-lessB-
polarizedelectronsand SA must drift away
from SB.ò
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Spin dephasing and spin current absorption (Tutorial)

Quantum mechanical model
nonmagnetic ferromagnetic

Wave function for a given spin s

Incoming electron with a given spin direction in (x,z) plane

q

Stiles and Zangwill, Physical Review B 66, 014407 (2002)

incoming

reflected transmitted

In metals, the spin torque is mostly ñdampinglikeò

polarization

magnetization
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Basics of circuit theory

L R

mL mR

Interfacial conductance (W-1.m-2)

L R

Generalization of Ohmôs law

Brataas, The European Journal of Physics B 22, 99 (2001)
Brataas, Physics Report 427, 157 (2006)

Å This relation establishes a direction connection 
between the spin current and the spin accumulation

Å All the spin physics (spin precession, relaxation, 
dephasing, scattering, magnetic texture etc.) is 
contained in just two coefficients

The concept of spin mixing conductance
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Zwierzycki, Physical Review B 71, 064420 (2005)

The concept of spin mixing conductance

Reflected mixing conductance Transmitted mixing conductance

Czeschka, Physical Review Letters 107, 046601 (2011)

Reflected mixing conductance of various materials

Transition metals

Fe2O3, also YIG

(Ga,Mn)As



I. Spin Transfer Torque and Spin Pumping
a. Transfer of angular momentum
b. Spin pumping
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Spin transfer torque and spin pumping

Spin current

Spin transfer torque

Spin pumpingTorque on M

Magnetization dynamics

Spin current

Torque on s

Magnetization dynamics
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Onsager reciprocity

L. Onsager

L. Onsager, Physical Review 37, 405 (1931) 

Free energy

Generalized current Thermodynamics force

-1 if is antisymmetricunder time reversal

Anomalous Hall effect
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Current => Torque on M => Magnetization dynamics

Onsager reciprocity
Spin transfer torque

Magnetization dynamics => Torque on s =>Spin pumping

Spin pumping

Generalized forces (eV)

Generalized currents (1/s) Spin injection

Magnetic precessionSpin transfer torque

Spin pumping

Spin current definition
Landau-Lifshitzequation

Brataaset al., in Spin Current, eds. Maekawa, Valenzuela, Saitoh, and Kimura (OUP, 2012)



The spin battery (Tutoooorial!)

FMR as a source of pure spin current

The spin battery concept

BrataasPhysical Review B 66, 060404(R) (2002)

Wei et al., Nature Communications 5, 3768(2014)

Jiao, Bauer Physical Review Letters 110, 217602 (2013)

Consider a precessingmagnetization
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YIG, Fe2O3, CrO3 etc.

Some experiments on charge pumping

Saitoh et al., APL 88, 182509 (2006)

Vaz et al., Nature Materials 18, 1187 (2019)Noel et al., Nature 580, 483 (2020)

Pt

Cornelissen, Nat. Physics 11, 1022 (2015)
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II. Current-driven magnetization dynamics
a. Switching
b. Self-sustained oscillations
c. Domain wall motion
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m

p

Stability diagram and critical switching current

z

x

y

Easy axis

Hard axis (demagnetization)

Field + uniaxial anisotropy Demagnetizing field

Stability conditions
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aJ

H

HK

-HK

P

AP

AP

P

Thermal activation

Krivorotov, Physical Review Letters 93, 166603(2004)

AP / P

AP

P

Stability diagram and critical switching current

Resistance fluctuation
due to superparamagnetism

Deac, Journal of Magnetism and Magnetic Materials 290, 42 (2005)
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Macrospinsimulation

Stability diagram and critical switching current

Uniaxial anisotropy alone

mz

mx,y

Uniaxial anisotropy + Demagnetization

mz

mx,y

See J. Z. Sun, Physical Review B 62, 570 (2000)

m

p

z

x

y

Easy axis

Hard axis (demagnetization)

Lee et al., Nature Materials 3, 877 (2004)

Simulation of macrospinswitching
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Current threshold

Å Thin free layer
Å High polarization
Å Low saturation magnetization
Å Low damping
Å Low demagnetizing field
Å Low anisotropy field

ü Transition metal with thickness~0.5-1nm 
ü Fe/MgO (>99% for D1 electrons)
ü Work on spin relaxation
ü CoFeB
ü Perpendicularly magnetized
ü Thermally-assisted reversal

Strategies to optimize the critical switching current

Torque efficiency

Ounadjela, J. Phys. Colloques49C8-1709 (1988)

Ms tends to decrease with d
atends to increase with d

Parkin, Nature materials 3, 862 (2004)Jiang, Physical Review Letters 92, 167204 (2004)

Qiu, Physical Review Letters 117, 217206 (2016)

Ru

Cu
Cu

Elsen, Physical Review B 73, 035303 (2006)

GaMnAs
Ms ~ 10-50 emu/cm3

Tc ~ 60-140K

Yagami, Applied Physics Letters 85, 5634 (2004)

CoFeB
Ms ~ 800 emu/cm3

Tc ~ 700-900 K

Mangin, Nature Materials 5, 210 (2006)

Ikeda, Nature Materials 5, 210 (2006)

Apalko, Proceeding of the IEEE 104, 1796 (2016)
Ikdea, Nature Materials 9, 721 (2010)

Typical current densities: 105ï107 A/cm2

Requires tiny pillars ~ 100 x 100 nm2
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II. Current-driven magnetization dynamics
a. Switching
b. Self-sustained oscillations
c. Domain wall motion
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Kiselev, Nature 425, 380 (2003)

Beyond current-driven switching

Co(40)/Cu(3)/Co(10)
P

APP/AP

Low

ResistanceMicrowave Power

Intermediate

High ?
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I

H

AP

P/AP

P

Current-driven self-oscillations
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Current-driven self-oscillations

Kiselev et al., Nature 425, 380 (2003)

Rippard et al., Physical Review Letters 92, 027201 (2004)
J.V. Kim, Spin-Torque Oscillators, in Solid State Physics 63 (2012) 24



Synchronization between nano-oscillators

Current-driven self-oscillations

Mancoff, Nature 437, 393 (2005)
Kaka, Nature 437, 389 (2005)

Hyungens, Horologium Oscillatorium, 1673

Ruotolo, Nature Nanotechnology 4, 528 (2009)

Dussaux, Nature Comm. 10, 1038 (2010)
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II. Current-driven magnetization dynamics
a. Switching
b. Self-sustained oscillations
c. Domain wall motion
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Current-driven magnetic domain wall motion

Spin torque in magnetic domain walls

Berger, Journal of Applied Physics 49, 2156 (1978)
Berger, Journal of Applied Physics 55, 1954 (1984)

ñAs an electroncrossesthe wall, its spin s
followscloselythe direction of [é] the local
magnetizationMs.ò

In other words, ñMs applies an exchange
torque on s. Inversely,s createsa reaction
torqueon thewall.ò

L. Berger Yamaguchi et al., PRL 92, 077205 (2004)
But also, Tsoi APL 2003, Grollier APL 2003, Klaui APL 2003, Vernier EPL 2004é

Parkin, Science 320, 190 (2008); Nature Nanotechnology10, 195 (2015)

Thomas & Parkin, in Handbook of Magnetism and Advanced Magnetic Materials
Beach, Journal of Magnetism and Magnetic Materials 320, 1272 (2008)
Boulle, Materials Science and Engineering: R: Reports 72, 159 (2011) 

Grollier, ComptesRendusde Physique 12, 309 (2011)
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The basic of field-driven motion

gyromagnetic ratio

permeability of vacuum

As long as the field torque compensates the demagnetizing damping: steady motion
As soon as the field torque exceeds the demagnetizing damping: precessionalmotion

Induces precession towards Neel configuration

Induces precession around the demagnetizing field

Relaxes towards the Bloch configuration

Relaxes towards the applied field

A reminder about field-driven domain wall motion

m0H
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One-dimensional model

Jc

x

z

y
widthvelocitychirality

Domain wall profile

How does the torque look like?

What does it do?

Exchange Perpendicular anisotropy

Dipolar energy (favor Bloch over Néel)

Bergerôs field

29



How to break the compensation between the adiabatic torque and the dipolar energy?

Jc

x

z

y

One-dimensional model

Below Walker breakdown

Driven by the 
non-adiabatic torque

Driven by the 
adiabatic torque

Above Walker breakdown

Thiaville, EurophysicsLetters 69, 990 (2005)
Zhang, Physical Review Letters 93, 127204 (2004)

Non-adiabatic torque
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Experimental observations

Domain wall motion in permalloy

Klaui, Physical Review Letters 95, 026601 (2005)

Transverse wall

Vortex wall

Moore, Applied Physics Letters 93, 262504 (2008)
Moore, Applied Physics Letters 95, 179902 (2009)

Miron, Nature Materials 10, 419 (2011) 

Pt/Co: Giant negative mobility
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Spin-orbitronics
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A tale of spinning balls



A tale of spinning balls



Heinrich Magnus 
1802-1870

A tale of spinning balls

J.W.M. Bush, The aerodynamics of the beautiful game, 2013. 
In Sports Physics, Ed. C. Clanet, Les Editions de lôEcolePolytechnique, p.171-192.
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