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The art of throwing spinning balls
Einstein de Haas effect Barnett effect
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MatsuolMechanical generation of spin current, Frontiers in Physics 3, 54 {2015)
Also CommentKgvaleWNature Nanotechno®gidOi 711 (2008).




The art of throwing spinning balls

S| o n c zp&etwrs: langwWas momentum conservation
M — s, = constant
9Up Z

ALocal 06 magnet ifreoadudctia@ospin

11 dM ds

1 Ezg#BE

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

betweerincomingand /&

outgoingspincurrent
% Spin currentransverse M
dM .
—=T=] domx|[(J&* — J9¥)xm] 2

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



The art of throwing spinning balls
Currentdriven dynamics

0ym = —yomXH s + amXo,m + 7 ymX(pxm)

Easy axis

amxdm

T mx(pxm)

—]/UmXHe”
LaysSheMnoisiTio, | 1338/
Herr | P A~170x170A2 J~10P Alcm? o /
Thermally activated switchir. =~
Yren
amxd,m > T mX (pxm) M relaxes toward‘ieff Sun, Journal of Magnetism and Magnetic Materials 202, 157 (1999)
amxd;m < tymx(pxm) M switches towardsi M T~ -10 Al
amxd;m = gymx(pXm) M precessexboutH 4 E stt=2m O 4.2K
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Myers, Science 285, 867 (1999)
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a. [ransfer of angular momentum
b. Spin pumping




Principle of spin transfer torque

Spin torque in magnetic domain wa}s\ Spin torque in magnetic tunnel juncth\s

5 . . N Si rBeoelarized electrons impinge on
i A an electroncrosseghe wall, its spin s magnet B, surely S, must relax toward
follows closelythe direction of [é] the local ’
magnetizatioM .0 /
Js ~Sa+Sp

0.50:S4 = =Sy X(JsXS4)al
0:S, X S, X(85,XS5) 5

Berger, Journal of Applied Physics 49, 2156 (197§ SlonczewskPhysical Review BER95 (1989)

Berger, Journal of Applied Physics 55, 1954 (1984
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Spin dephasing and spin current absorption (Tutorial)

Quantum mechanical model

. . . nonmagnetic ferromagnetic

Wave function for a given spsn [ dics. ()
KS, (x)
] —q i1 transmitted 4
wé\f — [elkxx +re kax]euc p reflected ,{ing(x) )

F _ i(kSx+i- i ~ TF
Yy =tse Uex 2 \% / k=kp/V2

incoming

Incoming electron with a given spin directionxa (plane

0 0
Y = coszz/)T |T) + smztpl |1)

krp =1,k = 1.09, kF—042A

T = —mX(f aqlv - J,l Xm)— dM, ]é_lmterface
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|l n metal s, t he danpingikét or que i s

magnetization

T =tymX(pxXm
I (P\ ¥

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



The concept of spin mixing conductance

Basics of circuit theory

L R ]p = g(ﬂL - ﬂR)
2e? , ., 2e° ,
m I, 9=E2|tnm| =Ez6nm_|rnm|
nm nm
Interfacial conductanq@/~.m?)
Generalization of O
L R Ji = 2RegNmx (ukxm) — ZReg”mx(u’;xm)
uk, uk ul, uk —2Imgimxput + 2Imgl*mxpu’
A This relation establishes a direction connection
BrataasThe European Journal of Physicz2B09 (2001) A between 'Fhspln c.:urrent.ind thesp;goaccumula.tlon
BrataasPhysics Repof®7, 157(2006 All the spin physics (spin precession, relaxation,

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



The concept of spin mixing conductance

- Bs = Py Tyen)
sJ_ - ZReg mx(ﬂLxm) _ ZReg”mx(ﬂ Xm) Z( rl o
—2ImgHmxpt + 2ImgHtmxpf gl = e’ zt’lmt’f{;ﬂ

Reflected mixing conductance Transmitted mixing conductanc

Reflected mlxmg conductance of various materi.
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ZwierzyckiPhysical Review B 71, 064420 (2005)
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Spin transfer torque and spin pumping

Spin transfer torque

L Spin current
¢ﬁ> ‘7 ] iy

Torque on s
Spin current ﬁ
@ Magnetization dynamics
Torque on M Spin pumping

Magnetization dynamics < l; fl ,
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Onsager reciprocity

Free energy
F (8 ¢))
VA
d:¢; —0¢,F

Generalized current Thermodynamics force
Anomalous Hall effect
"\  \ ~ / pa N s p
Oyx Jyy E,

-1 if Ei isantisymmetriazinder time reversal

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

12

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 e, = —2RegHmx (usxm) + 2ImgHmx g
LandauLifshitzequation M = |y|Mx3yWXug/d)]s
Generalized current$/§) Spin injection Spin pumping
(A]S ) A]s _ Lss Lsm (eﬂs)
Opm oom) \f. . L..)\F
Generalized forces\) Magnetic precession
( “Hs ) ij _ i
—aMW Lsm (m) - Lms (_m)
1 h

[ZReg mxao,m + ZImgllatm]

Js = 41 €2
Brataa<t al., inSpin CurrenédsMaekawaValenzuel&aitoh and Kimura (OUP, 2012)




The spin battery{utoooorial')

Consider grecessinglagnetization
m = cos 0 z + sin 6 (cos wt x + sin wt y)

The spin battery concept
=t

j‘ZE—D el.

FMR as a source of pure spin current
Brataa$hysical Review B 66, 060404(R) (2002)

(b) 1k,

h
E]?C =

h
z]?c =

Jiao, Bauer Physical Review Letters217602 (2013)

—RegMsin?6z

Regl sin 26 (cos wt x + sin wt y)

—
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Wei et al. Nature Communications 3768(2014)
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(b) z

Some experiments on charge pumping

=

dX”/dH (arb. units)

. V(uv)
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Saitoh et al APL 88, 18250Q200@

a 125

10.0
751
50t
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Noel et al., Nature 580, 483 (zozoyaz et al., Nature Materials 18, 1187 (20@8jnelissen, Nat. Physics 1022 (2015
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Il. Currentdriven magnetization dynamiggsi.s:
a. Switching e B
b. Selfsustained oscillations

c. Domain wall moti




Stability diagram and critical switching current

dem = —yymXH ¢ + amXd m+ aymX(xXm)
X Heff = Hx + HKmxx — Hd'mzz

Field + uniaxial anisotropy Demagnetizing field
- my x e twt = elm[co]te—LRe[w]t

’ amxd,mgf, .
,-" ’ .{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 (demagnetizatic %I
" =< 7 mx=—1,Imw>0=>a]>ay0[—H+HK+7d]
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Stability diagram and critical switching current

Thermal activation

H
P - AP = q; <—a:y0[H+HK+7d]
H, Resistance fluctuation
AP > P = a; > ay [_H +Hg + 7] due tosuperparamagnetis
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Stability diagram and critical switching current

Simulation ofmacrospirswitching

Lee et al.,
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Strategies to optimize the critical switching current

Torque efficiency Current threshold
P#B ansd 23 Hd B
a ; . S H H, H
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|. Currentdriven magnetization dynam
Switching
Selfsustained oscillations

Domain wall motion




Beyond currendriven switching

Microwave Power

2 2
Co(40)/Cu(3)/Co(10)
Swept signal o o
geneelto? 9 g
X Mixer =
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25-100 MHz L?—_’ [
Y 1208 Intermediate
f3 detector 3
d.c. 0 7 0 : .
-5 Current (mA) 15 -5 Current (mA) 16
4 log(P/P,) 3 0.0 AR (@ 0.2

KiseleyNature 425380 (2003)



Currentdriven seloscillations




Currentdriven seloscillations
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Rippard et al., Physical Review Letter®22201 (2004) L+

J.V. Kim,Spidorque OscillatarsSolid State Physics 63 (2012) Kiselev et al., Nature 2480 (2003)



Currentdriven seloscillations

Synchronization between napsxillators

Frequency (GHz)

HyungensHorologiu@scillatoriupi673

PSD (nV2 Hz")

Mancoff Nature 437, 393 (2005)
Kaka, Nature 437, 389 (2005)
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a. Switching
b. Selfsustained oscillations

Domain wall motion




Current-driven magnetic domain wall motion

S omry
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Spin torque in magnetic domain wall

<X

Prin— - —

Thomas &Parkin in Handbook of Magnetism and Advanced Magnetic Matgrials
Beach, Journal of Magnetism and Magnetic Materials 320, 1272 (2008)
Boulle Materials Science and Engineering: R: Reports 72, 159 (2011) [r ni er E
Grollier, ComptesRendusde Physique 12, 309 (2011)

magne VIS0

In other words, M, appliesan exchange
torque on s Inversely,s createsa reaction

torqgueon the wallo
1 Ph
Hex

- geMs

Berger, Journal of Applied Physics 49, 2156 (197§
Berger, Journal of Applied Physics 55, 1954 (1984
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Parkin Science 320, 190 (2008); Nathienotechnolog{0, 195 (2015)




The basic of fieldiriven motion

A reminder about fiekdriven domain wall motion

permeability of vacuum

myH T tf Yo = |]’|ﬂ:)/v

9 @ yOHKmmex gyromagnetic ratio

—ayomx(mxH)

ayoHgm,my o~
—YomXH ®

@ é —ay,mx (mxH)zcession around the demagnetizing field

Relaxes towards the applied field

Ind!Icengcession towards Neel configuration

As long as the field torque compensates the demagnetizing damping: steady
As soon as the field torque exceeds the demagnetizing dgrgiegsionahotio?8

motion



Onedimensional model

Jriven Motion is only

Domain wall profile Current-
own
W = A(9,m)? — K, allowed above Walker breakc:
Exchange Perpendchu/I;r an (precessmnal mouon reglme
m = (cos @ sin @, sin ¢ sinv;T050) . @ d H
chirality velocity width 9 @ Yol gm, mMXX
0(x,t) = 2 arctan e5x—vt)/4 P

=@(t)A=.,/A/K
. | i Q= (P() / 1 amxaxm “
ike?
ow does the torque look like~ ayo Hyem, mx (mxx) 0‘.
T = T”mx(pxm) amxaxm
b,d e
jOxM b;0,m l
: H
What does it do’> Bergeros f gt b > [
PHB Ac’)(p ' 1p in20 = —25b v=">b
by = t h m sin2¢ = T J 29




Onedimensional model

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

voHy S Non-adiabatic torque
0:p =« sin2¢ + (f — a)b]Z
1200 T T r T
S YoHyr S .
—= - sin2¢ +—-(1+ ap)b, 1000 |
A 2 A .
800
Q)
£ 600
Below Walker breakdow\ Above Walker breakdovﬁ\ N
400
u 0rp = 8
S 200
Yo KSiIlZ(p=—(1——)b] Orp # 0
2 A a v —_— b WL Py - & o N 1 L
B ] 0 200 400 600 800 1000
v = _b] u (m/s)
: a _ Thiaville Europhysictetters 69990 (2005)
Driven by the Driven by the Zhang, Physical Review Letigp5193204(2004)
non-adiabatic torque adiabatic torque




Experimental observations

Domain wall motion in permall
M, = 800 emu/cm3,a = 0.00
A=50nm,P =0.4
Transverse wall
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Pt/Co: Giant negative mobility

Moore, Applied Physics Letters 93, 262504 (2008
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A tale of spinning balls
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A tale of spinning balls




A tale of spinning balls

Heinrich Magnus
18021870

J.W.M. Bush, The aerodynamics of the beautiful game, 2013.
In Sports Physied. C.Clanet Les Editions dé 6 E Eotytechniquegp.171192.



