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The art of throwing spinning balls
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For more information 1
Matsuo, Mechanical generation of spin current, Frontiers in Physics 3, 54 (2015)
Also Comment by Kovalev, Nature Nanotechnology 3, 710 - 711 (2008).




The art of throwing spinning balls

Slonczewski’s picture: angular momentum conservation

/M — gu3s< constant

“Local” magnetization “conduction” spin

dM ds PO A .
—_— = —— L. Berger . Slonczewski
1“ e IHE g :
The torque exerted by
the conduction spins

on the magnetization

is given by the balance /

between incoming and

outgoing spin current
Spin current transverse to M

dM .
——=T= J domx|(J& — Jout)xm] 2

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



The art of throwing spinning balls

0ym = —yomXH s + amXo,m + 7 ymX(pxm)

Current-driven dynamics

Easy axis

amxdm

T||m><(p><m) ---------------

A

amXod,m > 1 ymx(pxm)

amXd;m < tymx(pxm)

M relaxes towards H

M switches towards -H
amxd;m = 7ymX(pXm) M precesses about H g
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I Spm Transfer Torque and Spin Pumpmg
Transfer of angular momentum
Spin pumping




Principle of spin transfer torque

Spin torque in magnetic domain walls\

“As an electron crosses the wall, its spin s
follows closely the direction of [...] the local
magnetization M,.”

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

Spin torque in magnetic tunnel junctiOQ\

“Since S,-polarized electrons impinge on
magnet B, surely Sy must relax toward

Js ~ S84+ Sp
0.50:S4 = =Sy X(JsXS4)al
0:S, X S, X(85,XS5) 6

Slonczewski, Physical Review B39, 6995 (1989)




Spin dephasing and spin current absorption (Tutorial)

Quantum mechanical model

. , ‘ nonmagnetic ferromagnetic
Wave function for a given spin & [ dks. (x))
kS, (x)’
InbN — [e ikyx +r e—ikxx]eilc-p reflected transmitted deSj, (x)’)
o o
> kY
F _ i(kSx+k- o K= Kp
Yy =tse Uex 2 : / k= kg/V2
incoming

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

6 N 0 N kp=1, kF—109kF—042A
Y = COSElpT |T) + smztpl |1)

T = —mX(f aqlv - J,l Xm)— dM, ]é_lmterface

A

. . « . . ” _\
In metals, the spin torque is mostly “dampinglike JE (1)
S
magnetization ]3’ (k)

T = T”mX(pme

— !
pohrlzatmn K =kr

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



The concept of spin mixing conductance

Basics of circuit theory

L R Jp = g1y, — Hy)
2e? , ., 2e° ,
y7’s MR g = AR thnml — AR Zgnm_lrnml
nm nm
Interfacial conductance (Q1.m?)
Generalization of Ohm’s law
L R Jt | = 2Regl'mx (ukxm) — 2Regl'mx (ufxm)
T L Tl R
uk, pt ul, uR —2Img, mXug + 2Img, mXug
* This relation establishes a direction connection
Brataas, The European Journal of Physics B 22, 99 (2001) between the spm‘currer‘lt and the' Splré accurTlulatlon
Brataas, Physics Report 427, 157 (2006) » All the spin physics (spin precession, @elaxation,

dephasing, scattering, magnetic texture etc.) is
contained in just two coefficients



The concept of spin mixing conductance

Z (6nm rnm rnm
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Spm Transfer Torque and Spm Pumpmg

a. Transfer of angular momentum

b. Spm pumpmg




Spin transfer torque and spin pumping

Spin transfer torque

E Spin current
} afiy

Torque on s

Spin current ﬁ

@ Magnetization dynamics
Torque on M Spin pumping

<L i

Magnetization dynamics < ! i : ‘t
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Onsager reciprocity

Free energy

F(&u&))
7\

d:¢; —asciT

Generalized current ~ Thermodynamics force

Anomalous Hall effect
"\  \ ~ / QA a

-G 2
Oyx Oyy) \E,
—0yy

-1if f ; is antisymmetric under time reversal

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



Onsager reciprocity

Spin transfer torque Spin pumping
Current => Torque on M => Magnetization dynamics Magnetization dynamics => Torque on s =>Spin pumping
Spin current definition  eJ; = —2RegHmx (usxm) + 2ImgHmx g
Landau-Lifshitz equation 0:M = |y|MX0dy W@ﬂB /)] s
Generalized currents (1/s) Spin injection Spin pumping
(A]S ) A]S _ ['ss Lsm (e"s)
~atm 0;m B Ems ﬁmm F
Generalized forces (eV) Spin transfer torque Magnetic precession
( s ) ij ji
—aMW Lsm (m) = Lms (_m)
1 h N
Js=7-= |2Regl*mxd,m + 2Img*d,m|
mwe

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



The spin battery (Tutoooorial!)

The spin battery concept Consider a precessing magnetization
m = cos 0 z + sin 8 (cos wt x + sin wt y)

ll: f f h hw
—_gdc — =Tl i:n2
e, 215 e Reg, sin“ 0 z
h hw 4 _
= §]§C=——Regr sin 260 (cos wt x + sin wt y)

16w

FMR as a source of pure spin current Jiao, Bauer Physical Review Letters 110, 217602 (2013)

Brataas Physical Review B 66, 060404(R) (2002) 5 GHz.
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Wei et al., Nature Communications 5, 3768 (2014)



Some experiments on charge pumping
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Saitoh et al., APL 88, 182509 (2006)
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Vaz et al., Nature Materlals 18, 1187 (2019) Cornelissen, Nat. Physics 11, 1022 (2015)
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[I. Current-driven magnetization dynamics
a.  Switching

b.  Self-sustained oscillations

Domain wall motion




Stability diagram and critical switching current

dem = —yymXH ¢ + amXd m+ aymX(xXm)
Heff = Hx + HKmxx — Hdmzz

Field + uniaxial anisotropy ~ Demagnetizing field
PO my‘z x e —iwt elm[co] te —iRe[w]t

f amxo,mg { a

ﬁasy axis
aymx(pxm) Stability conditions
—yomX(H + H H
I Yo ( + K) mx:1}[mm>0:)a]<—ay0[H+HK+_d]
—YomXH , Hard axis (demagnetization) 2
| Hd
Z mx=—1,Imw>0=>a]>ay0[—H+HK+7]
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Stability diagram and critical switching current

Thermal activation

H
P - AP = q; <—ay0[H+HK+7d]
Resistance fluctuation

Hy
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Stability diagram and critical switching current

Simulation of macrospin switching
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Lee et al., Nature Materials 3, 877 (2004)



Strategies to optimize the critical switching current

Torque efficiency
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[I. Current-driven magnetization dynamics

Switching
Self-sustained oscillations
Domain wall motion
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Beyond current-driven switching

Microwave Power

N

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

Swept signal
' generator

Field (kOe)
Field (kOe)

\/ +20dB Intermediate

o

-5 Current (mA) 15 -5 Current (mA)

—4 log(P/P ) 3 0.0 AR (©p
Kiselev, Nature 425, 380 (2003)




Current-driven self-oscillations




Current-driven self-oscillations

4 ' ;—: ! i y 18 7 L
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£ lss5mA 2l i 2nd
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7 8 9 :
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Rippard et al., Physical Review Letters 92, 027201 (2004) . . . I+ . . '

J.V. Kim, Spin-Torque Oscillators, in Solid State Physics 63 (2012) Kiselev et al., Nature 422480 (2003)



Current-driven self-oscillations

Synchronization between nano-oscillators

T

PSD (nV2 Hz")

Mancoff, Nature 437, 393 (2005)
Kaka, Nature 437, 389 (2005)
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Current-driven magnetic domain wall motion

Spin torque in magnetic domain walls

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) ier EPL 2004...
Grollier, Comptes Rendus de Physique 12, 309 (2011)

magnetization M..

In other words, “M, applies an exchange
torque on s. Inversely, s creates a reaction
torque on the wall.”

L _1Ph
ex—SeMS]c

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

Parkin, Science 320, 190 (2008); Nature Nanotechnology 10, 195 (2015)




The basic of field-driven motion

A reminder about field-driven domain wall motion
permeability of vacuum

toH T Tf Yo = |]’|H:)/'

d ® Yo H K mxmx X gyromagnetic ratio
® @ —ayomX (mxH ):ession around the demagnetizing field
o

—ayomx(mxH)
Relaxes towards the applied field

y(m\/fv\. ‘
Yo kM —YomXH = _y mxH @

Ind®ces &retession towards Neel configuration

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

As soon as the field torque exceeds the demagnetizing damping: precessional motioA8




One-dimensional model

Jriven Motion is only

i i ent
Domain wall profile Curr Wan(er break Jown
W = 4(0,m)? — K, n allowed above o)
Exchange Perpendiaﬁ:r. anis (pYCC63510nal mOthﬂ regl
. : : : -
m = (cos ¢ sin @, sin ¢ sinv;T0S 0 T
chirality  velocity width ) 9 @ yOHKmxmxx
(x—wvt)/A d
0(x,t) = 2 arctan eS*—vt)/ ®
=@(t),A=.,/A/K
At /KL amxd,m P
How does the torque look like? ayo Hyem, mx (mxx) 9 P . ;
T= T”mx(pxm) amxexm
b]axm b]axm ‘ l
AH AH
What does it do:/' Berger’s field b, < Yol b, > Yo > K
PH’B Aat(p — - ZSb]

IPh m sin2¢p = — 17=bj
HpA 29
] eM Aat(p -0 Hey 5€M . 0]’0 K




One-dimensional model

How to break the compensation between the adiabatic torque and the dipolar energy!
dem = —yymXHqg + amXd,m — b;0,m + fbymxo, m

H
9,0 = aYo K
i _ _YOHK
A 2

S
sin2¢ + (f — a)b]Z

S
sin 2¢ + 2 (1+ ap)b

Below Walker breakdown \

Driven by the
non-adiabatic torque

Above Walker breakdown\

d;p # 0
’U=b]

Driven by the
adiabatic torque

Non-adiabatic torque

400 600 800 . 1000

u (m/s)
Thiaville, Europhysics Letters 69, 990 (2005)
Zhang, Physical Review Letters %?0 127204 (2004)

0 200



Experimental observations

Domain wall motion in permalloy \

M, = 800 emu/cm3,a = 0.005
A=50nm,P =04

Transverse wall
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Vortex wall
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Klaui, Physical Review Letters 95, 026601 (2005)

Domain-wall velocity (m s
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Pt/Co: Giant negative mobility \

Moore, Applied Physics Letters 93, 262504 (2008)
Moore, Applied Physics Letters 95, 179902 (2009)
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Miron, Nature Materials 10, 419 (2011)







A tale of spinning balls

SPORTS




A tale of spinning balls




A tale of spinning balls

Heinrich Magnus
1802-1870
J.W.M. Bush, The aerodynamics of the beautiful game, 2013.
In Sports Physics, Ed. C. Clanet, Les Editions de I'Ecole Polytechnique, p.171-192.



Spin-orbit in a nutshell

Electron’s momentum

~ eh
7‘[50 — 2m262f V X I’)/

Spin Potentlal gradient

0,V : -
In atoms, VV ~ r :> HSO — fsoa- * L

r
In crystals, the spin—orbit coupling inducef)a momentum-dependent effective field

TMBk

With inversion symmetry E\ Without inversion symmetry
= 8555%"‘39& x k Hr = —a06 - (z X K)

~ Berry cu‘tu‘ \

Spin Hall e

pin galvanic effect

—

D’yakonov, Perel Phys. Lett. 35A, 459 (1971) Ivchenko JETP Lett. 27, 604 (1978)
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Spin Hall effect

‘\-—-ﬂl®
Michel D’yakonov Vladimir Perel’

Because of Mott spin-dependent scattering,
a pure spin current can be generated,

transverse to the injected current

F Y YYVYVVYY eR
m L -
v \'] F

: VsH
F m//
D’yakonov, Perel Phys. Lett. 35A, 459 (1971) [/A A A A A A AL A
Hirsch, Physical Review Letters 83, 1834 (1999)
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Three main mechanisms for spin (and anomalous) Hall effects

Berry curvature \

Robert Karplus
The wave function’s Berry curvature

Joaquin Luttinger

induces an anomalous velocity

1 asn e ExD
Vn =55k TR
o he? 2Im(n |9, m)o(m|dy|n)g
xy — 0N (En _ Em)z n
nEm

The Hall current is intrinsic and
associated with interband transitions

gxy ~ Const.
ny
pxy ~ pxx
O'xx

Karplus, Luttinger, Physical Review 95, 1154 (1954)

Side jump

AN

Luc Berger
Scattering against spin-orbit coupled

impurities induces an anomalous velocity
~~ 1 ar ~
D= 7 O H o + €500 XV Vi, (1)

The Hall effect is extrinsic, the Hall angle

is proportional to the scattering rate

m*eso
GS] = ﬁ hZTO

Oxy ~ Const.

O'xy
pxy ~
C"x;»c

pxx

Berger, Physical Review B 2, [14559 (1970)

Skew scattering \

Nevill Mott
The scattering probability on spin-orbit
coupled impurities is also spin-dependent
P]Z(;((Z) ~ niV03NFfsoo'cra' - (k'xk)
The Hall effect is extrinsic but the Hall
angle is independent of scattering time
21-[ kfz;‘fso

Oss :ﬁ?T

NFVimp

Oxy ~ Oxx

Pxy ~ ?38 Pxx
XX

Smit, Physica Review 24, 39 (1958)




Spin Hall effect

Experimental detection of spin Hall effect

Diffusive theory of spin Hall accumulation
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Stamm, Physical Review Letters 119, 087203 (2017)
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Spin Hall effect

Nonlocal detection

B,

Ry (MQ)

Valenzuela and Tinkham, Nature 444,076 (20006)
Kimura et al., PRL 98, 156601 (2007)




Rashba-Edelstein effect

A toy model for interfacial spin-momentum locking

Consider an atomic chain with p-orbitals hoopi
P.Px hopping

Slater-Koster parametrization

Vzz = (V5 + V) cos kya
Vor = iV, — V) sinkeya

|p2)

0/ €k
Bottom p,

Ly |px) The diagonalization brings three eigenstates. For instance
z 1
go(k) = 8]21 |0) = (—Vax|D2) + Voz i)
. Va2 + [V 2
The orbital moment of this state reads
2V,..V,
(0|L|0) = (0|L]0) = Zx 722 y sin 2k, a y
(V‘7+V7 |sz|2 + |sz|2 kya

Symmetry breaking promotes orbital mixing, and non-vanishing orbital moméiht

See G. Manchon et al., Physical Review B 101, 174423 (2020)



Rashba-Edelstein effect
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Rashba-Edelstein effect

V! V!

Socy =T =DmMx Sec yx M
Ivchenko & Pikus, Pis'ma Zh. Eksp. Teor. Fiz 27, 604 (1978)
Edelstein, Solid State Com. 73, 233 (1990)

Tellurium GaAsQW TM-surfaces Ag/Bi surfaces
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Orbitronics: the new frontier?
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Orbitronics: the new frontier?

Orbital Rashba effect in W and V (d orbitals only) - Slater-Koster parameterization
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See G. Manchon et al., Physical Review B 101, 174423 (2020)

(b)

10 [\

o %Spin density x 50
R e s, O

/ Spin density

-k
o

2 \/ == 3

I Vanadium

Position (monolayer)

| /\,/ e/
x~‘~\/

I Tungsten

45

Position (monolayer)




Spin-orbit physics at interfaces

Spin Hall effect . Inverse spin galvanic (Rashba) effect || Dzyaloshinskii-Moriya Interaction
Vs = Onkey + sk X k Wip = D3pm - (V x m).

z ~ __ A . - - - ! . - “ ’ ,. :
T~mx(yxm) Hgr ~ —a6 - (z x k) Sxzx], I 3 y
y ’\ Ivchenko, Pikus, P. Zh. Eksp. Teor. Fiz 27, 604 (1978) Yu, Nature 465, 901 (2010)
Istein, Soli .73,233(1
/,/’» Edelstein, Solid State Com. 73, 233 (1990) Wory = Dopm - [(Z y V) 8 m]
. Fii 714

Insulator

FM

Vg
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e B
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See Haney et al.,, PRB 87, 174411 (2013) Manchon & Zhang, PRB 78, 212405 (2008) Moreau-Luchaire, Nat. Nano 11, 444 (2016)
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Spin-orbit torque in antiferromagnets

>

Baltz, Manchon et al., Review of Modern Physics 90, 015005 (2018)
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Spin-orbit torque in antiferromagnets

Staggered field on inversion partners\
Mn,Au

CuMnAs
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Miron, Nature Matérials 10, 419 (2011)

Chiral domain walls

The domain wall flows along the electron direction
The domain wall velocity is much larger than usual
Inversion symmetry breaking seem to play a central role
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Chiral domain walls
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Experiments confirm the presence of an internal field
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Chiral domain walls
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Compensated ferrimagnets
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Skyrmion dynamics

First observation of
stable skyrmion lattices
in bulk MnSi magnet
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Three interesting consequences
a.  Electrical control of antiferromagnets s

b.  Chiral walls and skyrmions o

Topological insulators



Layman’s vision of topological insulators

Quantum Hall effect
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spin Hall effect
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Three dimensional topological insulators
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Large spin-orbit torque at room temperature
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BONUS!!

Spin torque devices
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The many opportunities of spin transfer torque

Spin-torque building blocks
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Locatelli et al., Nature Materials 13, 11 (2013)



Field-driven MRAM

Magnetic random-access memories
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Spin torque-driven MRAM

Apalkov Proc. IEEE 104, 1796 (2016)
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Nano-oscillators and neuromorphic computing

https://commons.wikimedia.org
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Nano-oscillators and neuromorphic computing

A single nanooscillator as a reservoir emulator  Coupled nanooscillators for vowel recognition
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