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The art of throwing spinning balls

Einstein de Haas effect Barnett effect
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For more information

Matsuo, Mechanical generation of spin current, Frontiers in Physics 3, 54 (2015)
Also Comment by Kowvalev, Nature Nanotechnology 3, 710 - 711 (2008).




Slonczewski’s picture: angular momentum conservation

The art of throwing spinning balls

“Local” magnetization “conduction” spin

The torque exerted by
the conduction spins
on the magnetization
is given by the balance
between incoming and
outgoing spin current

dM

/M — guBs,i constant

dM_ ds
1 ac B g

\

N

% Spin current transverse to M

— == J damx|(Ji* — Jou)xm|

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



The art of throwing spinning balls

Current-driven dynamics
oym = —yomxXH,¢r + amXd m + 1ymX(pxm)

Easy axis

amxom

T mX(pXm) Wy

—}/OmXHE /f
Lao.erOj;MnO/SrTiO; | 13.35//
Her | P A~170x170 A2 ] ~105 A/cm? o1 /
Thermally activated switching . - ~
Y
amX atm > Tl | mxXx (pxm) M relaxes towards Heff Sun, Journal of Magnetism and Magnetic Materials 202, 157 (1999)
amXd;m < tyymX(pXm) M switches towards -H 4 7 M/ :; J~108 A/
amXd;m = 7 ymX(pXm) M precesses about Hg sft=2rm T | 42K
2 0 2

Myers, Science 285, 867 (1999)
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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 junctiog\

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

Js ~S4+ 85
0:50:S4 = =S X(JsXS4) 4l
0:84 X SyX(85,%XS5)

Slonczewski, Physical Review B39, 6995 (1989)




Principle of spin transfer torque

The spin continuity equation

Insight from s-d model Ehrenfest’s theorem
s-d exchange between localized and itinerant spins
= o ~ T N d(A) aA
| - \i‘ “Itinerant” spins t
oS Local moments
. 2A -
rg exchange, anisotropy etc. at(a> =-V. (_ {& "}) + — <a-xsl>
5 guB 24
0:(8;) = (S;)xB ——(GXSJ
Kinetic ene’fgv Crystal I;Otential Spin—(:rbit coupling etc.
o Sourcle of nonequilibrium spin density
“particle” Spin densisy s = l (b\-) ) a)" =—V-Js—- T—sxm Spin precession time
4 L. 248
Reduced M M 1 I R
educed Magnetization M = “/D Sl> d,m = _I.ylmxB s _f dOsxmsxXM A A
T

Spin transfer torque T = —f dOsxXm = —mxX (f dQ[V . ]s] Xm) (in units of s1)
T




Spin dephasing and spin current absorption (Tutorial)

Quantum mechanical model

_ ‘ ‘ nonmagnetic ferromagnetic
Wave function for a given spin & T s G50
[ dks, (%)’
l/JéV s [eikxx + rde—ikxx]eilc-p reflected transmitted 1) dxss,(x)f)
, : ek
l/JF — t_pl(k¥x+K-p) 0; ™~ .
o - ‘o w / K= k,:/\/z
incoming

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

7] N ) 5 k= 1, kF—109kF—042A
Y = cosilpT |T) + smzt/zl |1)

T = —mX(f dQlv - J.] xm)— dM ]g'lmterface

A
. . “ . 1 \
In metals, the spin torque is mostly “dampinglike i)
S
magnetization ]3’ ( K)
T = r”mx(p.\)fm)" ’
polarization K = kp

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



I Spm Transfer Torque and Spm Pumpmg

Transfer of angular momentum

Spin pumping




Spin mixing conductance

Basics of circuit theory

L R ]p = g(ﬂL - .uR)
2e? 2e?
HL HR 9 =A_h'z|t,nm|2 =Ezanm_ Irnml2
nm nm
Interfacial conductance (Q'.m?)
Generalization of Ohm’s law
L R JE | = 2Regitmx (ukxm) — 2Regl*mx (uf xm)
uk, uk ne nt —2Imgltmxpuk + 2Imgl*mxpuf

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

Brataas, The European Journal of Physics B 22, 99 (2001) . . . . . .
B Phusics R 427, 157 (2006) All the spin physics (spin precession, relaxation,
rataas, thysics Beport 424, dephasing, scattering, magnetic texture etc.) is

contained in just two coefficients



Spin mixing conductance

L R
Ll ‘ ROSER
Spin flow > e Ms 38 \\/ \f  ul. bt
L R
/ ]S,_L \ ‘ ]SJ. \
Drift-diffusion Drift-diffusion
Reflected mixing conductance of various materials What if the spin current is not fully absorbed?
10201 I "' Transition metals | i 2] .
E , NS n ] 1.0
WP _ ‘() Q” ) OL ,‘O O ] - | Ru
< DO ) ] Partial reflection § os)
= Fe,0s, also YIG M / \ ° n
10"} A 3 2% AN ™
T el 5y IR
] % r
i (b) 1 Spin flip scattering 02 5 Os'\.
1070 "5 100 150 200 250 300 “\ 0.
T(K) Y

Czeschka, Physical Review Letters 107, 046601 (2011) Qiu, Physical Review Letters 117, 217206 (2016)



Spin transfer torque and spin pumping

Spin transfer torque

Spin current

2

Torque on M

\Se

Magnetization dynamics

Spin current

r

Torque on s

3

Magnetization dynamics

Spin pumping




Onsager reciprocity

Free energy

F(§u€))
VA

0:¢; —0¢, F

Generalized current  Thermodynamics force

Anomalous Hall effect

(f\ T\ ~ ~ / QA a
()= G o) ()
Uy Oyx Oyy/) \E,

-1if &, is antisymmetric under time reversal

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




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) + 2Imglimx p,
Landau-Lifshitz equation 0:M = |y|MXxdy W@#B /)] s

Generalized currents (1/s) Spin injection Spin pumping

(A]S ) AJ s _ Lss  Lsm (eﬂs)
-a e 0;m [:ms Emm F
Generalized forces (eV) Spin transfer torque Magnetic precession
( Hs ) ij ji
—E)MW Lsm (m) = Lms (_m)
il R

Js = yP — [2Regl'mxa,m + 2Img!a,m|

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




The spin battery (Tutoooorial!)

The opiht battery concept Consider a precessing magnetization
' fff m = cos 0 z + sin 6 (cos wt x + sin wt y)

hw
E> E gc = E Reg';l Sil’l2 0z

; = g = Ten Regil sin 26 (cos wt x + sin wt y)

FMR as a source of pure spin current Jiao, Bauer Physical Review Letters 110, 217602 (2013)
Brataas Physical Review B 66, 060404(R) (2002)
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Saitoh et al., Appled Physical Letters 88, 182509 (2006)

Rojas-Sanchez et al. Physical Review Letters 112, 106602 (2014)
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Wei et al., Nature Communications 5, 3768 (2014)



Quick escape in spin-orbitland




Spin-orbit physics at interfaces

Spin Hall effect Inverse spin galvanic (Rashba) effect || Dzyaloshinskii-Moriya Interaction
W3D = D3Dm s (V X m)

Ve = 8hk81$( + s x k

z % _ A . = — — I | R | | N ~n '
T“‘II)X(YXIII) HR oo (Z X k) Sz X ], d :
y a\ Ivchenko, Pikus, P. Zh. Eksp. Teor. Fiz 27, 604 (1978) Yu, Nature 465, 901 (2010)
Edelstein, Solid State Com. 73, 233 (1990) W2D — Dsz . [(Z x V) % m]

Top Layer

2DEG
Js
V. Vi
Insulator

M
Vg

T=7mXx [(z X E) x m]
T=71.mx (z X E)

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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Magnetic Insulators Non-centrosymmetric magnets Antiferromagnets A
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[I. Current-driven magnetization dynamics
a. = Switching

b.  Self-sustained oscillations
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Current-driven switching and excitations

. "I 133K
atm = —)/OmXHeff + amxatm + r”mx(pXm) Lag 47519 33MnO/SrTiO; - 1
A~170x170 A% ] ~10° A/cm? o1 /
Easy axis Thermally activated switching i / :
I (uA)

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

M A~
T mx(pxm) e e T~ J~105 A/em.
i m 10} = 4
7 .
_yomXHelf Q‘Z:;-zon:_" 4.2K
2 0 2

Mpyers, Science 285, 867 (1999)

o “Tir.
LA
guf |V, T4 {  Magnetic excitations
amxd,m > tymx(pxm) M relaxes towards H S 1 co—
St wal 1 J~10°A/cm? @4.2K
amxd,m < tymx(pxm) M switches towards -H w4V
amxd,m = tymx(pXm) M precesses about H. o ww _
Lsoi, Physical Review Letters 80, 4281 (1998)



Stability diagram and critical switching current

dem = —yomXH ¢ + amXd,m+ aymX(xXm)
< Heff = fix + HKmxx — Hdmzz

famxatm/"' -
, n$ﬁasy axis
=

Field + uniaxial anisotropy ~ Demagnetizing field

my , x e lwt = elm[w]te—LRe[w]t

Stability conditions

H
mx=1,Imw>0=>a]<—ayo[H+HK+7d]

Hard axis (demagnetization)

H
= mx=—-1,Imw>0=>a]>ay0[—H+HK+7d]



Stability diagram and critical switching current

H
P—>AP=>a]<—ay0[H+HK+Td]

H
AP—>P=>a]>ay0[—H+HK+7d]
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Stability diagram and critical switching current

Simulation of macrospin switching

1.0 SDM
7 = 'm”’ g o8] e
Ha: e ﬁ .,,..,, ’if % 06_" Stage | ‘él Stage |l i Stage Il
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Lee et al., Nature Materials 3, 877 (2004)



Strategies to optimize the critical switching current

Torque efficiency Current threshold
PI"B aMsd 2e Hd -
_ . 4 Hg
Y= emdls I T TP (h)“"(HK+ 2 +H)
- P e e | 104
" nAs
10-50 emu/cm?
5nm Ru 0K
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10nmRu
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Beyond current-driven switching

Res1stan

Microwave Power

2
Co(40)/Cu(3)/Co(10)
Bias 140 dB 7 Swept signal g
. Y7 generator
h::‘ ‘LOI(? Mixer \__\é’
o & ggt-iroo MHz : L%) ----
H - \ gizc?dZB Intermediate
\{ detector , o
d.c. . 0 5 . _
-5 Current (mA) 15 -5 Current (mA) 15
—4 log(P/P,) 3 0.0 AR (Q) 0.2

Kiselev, Nature 425, 380 (2003)



Current-driven self-oscillations

Frequency (GHz)

i |
87 HH,=4) |
;-n-—
. .
- 3rd L
harmonic |
2nd
6 harmonic
T
Fundamental
0 | D
| | | |
1.2 1.3 1.4 1.5 1.6 1.7
.

“ Kiselev e’t al., Na{ture 425, 3802003)




Current-driven self-oscillations

Phenomenological theory
{6,;7‘ = —( —ol +alrd)r
at¢ — _((1) + er)

{ = d,r=-T(1—={+qr*)r

c(t) =r(t)ele®

{>1= re = C—_l
(<1=71,=0 0 ="7
T — T v 2 T - —TF -
6.5mA N75 E N 7.8 -0.23 GHz/mA
= j I 'lm
e 7.5 miA | 97 0 QO 75k En /
@ <7 ] L 65mA = oy ]
Z Y % 7.2 4
£ \ 4 61 (mAg 13 o g9l &
L 5.5mA s 15 55mA 5T B
"g 8.5 mA § 7.5 mA gurrent (mA)
B & 45mA 5 45mA
E L < 85\mA /4.0 mA
| 4.0 mA | 0
6.0 7.0 8.0 9.0 ) 7 ' 8 ' 9

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



Current-driven self-oscillations

Bullets and droplets

AW A

204 Nonlinear *bullet" -

The dispersive nature of a wave (exchange) is
— 7] compensated by a nonlinearity (anisotropy)

o)
I
e
& s 40
= Experiment (Ref. [5]) o=
il 1% =30 s
z . . s : E
H Experiment 0 20f5 20
65 - .
g 10 ¥ S wews || S mY%
& e 10 =
° 5 8
2 g 10 & )
g | %74 . . 15 30 45 60 75 90 2
g = Nonlinear “bullet’ Appliad fiskd angle 8 [deg] 0
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Applied magnetic field H,_ (kOe) Applied field angle 6_ [deg]

Slavin and Tiberkevich, Physical Review Letters 95, 237201 (2005)
Bonetti et al., Physical Review Letters 105, 217204 (2010)
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Hoefer et al., Physical Review B 82, 054432 (2010)
Mohseni et al., Science 339, 1295 (2013)




Current-driven self-oscillations

Synchronization between nano-oscillators

Hyungens, Horologium Oscillatorium, 1673

Mancoff, Nature Nanotechnology 437, 393 (2005)
Kaka, Nature Nanotechnology 437, 389 (2005)
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Current-driven self-oscillations

8 0.4 | Hoerp = + 5.1 kOe 3.2mA
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Dussaux, Nature Communications 10, 1038 (2010)
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Ruotolo, Nature Nanotechnology 4, 528 (2009)
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b.  Chiral walls
. Vortices and skyrmions
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Current-driven magnetic domain wall motion

Spin torque in magnetic domain walls

120 R e Tt e

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. InVeI'SClY, § creates a reaction
torque on the wall.”

i 1.Ph ]

e SeMy
Berger, Journal of Applied Physics 49, 2156 (1978) Pt ot
Berger, Journal of Applied Physics 55, 1954 (1984) A .

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

ensors




The basic of field-driven motion

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

/
it | Tty Yo = Iy
9 ® Yo H K mxmx X gyromagnetic ratio
® ) —ayomX(mxH ):ession around the demagnetizing field

—ayomX(mxH)
Relaxes towards the applied field

ayoHg 771,_\,m>/L~)‘;(\)/ﬁixH > mxl’ @
—Yo

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 motion




One-dimensional model

Domain wall profile Dipolar energy (favor Bloch over Néel)

./V
w y(axm)z — K, m2 + K;m?

Exchange Perpendiaﬁ:r. anisotropy 600
m = (cos @ sin@,sin¢ sinf, cos ) 2 LD v 510" Aa’
chirality ( velocity width £40 o j=10x10° Aam®
0(x,t) = 2 arctanaSx=utl/A o j=15010° Al
ion is only i
¢ =)A= i Current-driven M(ﬁt( L reakdown
er prea
How does the torque look like? aﬂowed above Wa e)
: snal motion regim ] -
T = ‘r“mx( (precessmna - “ j=15x10° Alem’
'E 100 . —° 3 2—0
% J=10x10" Abm
) R 8 . 2
What does it d(:/' Berger’s field 0 ' . ' =10 Aam
P /,tB Aat @ = . 1 Ph Li and Zhang, Physical Review Letters 92, 207203 (2004)
m

Aat(p =0 ex 8 eM



One-dimensional model

How to break the compensation between the adiabatic torque and the dipolar energy?
oem = —yymXHqg + amXxo,m — b;0,m + fbymXo,m

H

3.0 = a)’o K

vi= _YOHK
A 2

S
sin2¢ + (f — a)b]Z

S
sin2¢ + Z(l + af)b,

Below Walker breakdown \

. drp = 8
ok S
> sin2¢ =ﬁz (1 - E) b,
=—b
v L
Driven by the

non-adiabatic torque

Above Walker breakdown\

d:p 0
U=b]

Driven by the
adiabatic torque

Non-adiabatic torque

1200
1000 F

800

)

w b
S~

£ 600 F
= i
400 |

200 F

200 600 800 1000

u (m/s)
Thiaville, Europhysics Letters 69, 990 (2005)
Zhang, Physical Review Letters 93, 127204 (2004)
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The origin of the non-adiabatic torque

1 1 1
0;s ==V:Js ——sXm— —mX(sxm) ——s
Ty %, Tsf
Spin current Spin precession Spin dephasing  Spin relaxation
Zhang, Physical Review Letters 93, 127204 (2004) f Tk " TA
Pug _ T T, Ter
b] = M I, T =T = (1 = ﬂf)b]axm == b]ﬁmxaxnﬂ _’s] T;P 1Sf
S P — &
Spin drift velocity Js = _P]_Cm |:> f dQJ, = — uB]Cm P | -+ &2
e eM; Non-adiabaticity parameter
(a)
%‘ ol A, (nm)
Js = —bym — D0ys =
Spin diffusion 3 —0.8
=15 1.0
E ¢ 0.5 (Numerical)
T = (1—£B)b;dym — fbym X dym :

4 /142119163 [m X axm] 5 10 15 s

Domain wall width (nm)

Akosa et al., Physical Review B 91 094411 (2015)



Experimental observations

Current-driven domain wall motion in permalloy

M, = 800 emu/cm3,a = 0.005

Quasi-static current

3r (b) o +J | t800
A=50nm,P =04 =X s
118 )
~ [ 3
Transverse wall “ ol 2003
A22R ’\’\‘\‘\\f\v\ RRA R RN SR ey <3 %g
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A3 ALRAAR KA R LA KRN SRR e 1ls 400R
%ﬂ%.ﬁj’}T\}'\“; TR R Rttt F - : b6
A=A AAAT IR A AR R AR KR meeeR R O [ - ~ ]
S AAASI AAAP AT } KR A St S R R -100-50 0 50 100 -100-50 O 50 100
oAl AL AR R nee AR R H, (Oe) H, (Oe)
st Nt 7 TR een Ao Hayashi, Physical Review Letters 97, 207205 (2006)
Vortex wall Nanosecond pulse
PPN i R R AR RN R RS
A ) ) L e RRRR R R R R e e
B SRR i Ve B T TR SN S SN
AA =N L L VL SRR R RSt
AAA—N\ Y \,\.\,\,\T;} AR
AAA—sL L VY YA LI SCPRE RN
A ANy \, ARV a/”]‘ 7‘ AL S
AAPPIRSE L IANNNT PP PR SR ]
Klaui, Physical Review Letters 95, 026601 (2005)

A (V)
Thomas, Nature 443, 197 (2006)
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Burrowes, Nature Physics 6, 17 (2010)
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Experimental observations

Perpendicularly magnetized domain walls

Extrinsic pinning
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Koyama, Nature Materials 10, 194 (2011)




Experimental observations

Py: Enhanced nonadiabaticity in vortices

T T T
_ -1.00} 3 4 . 025fF } .
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Heyne, Physical Review Letters 105, 056601 (2010)
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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)
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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

300 —
Spin Hall torque pile g ) .
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Spin Hall efficiency Currentdensity b remi e
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V= =
J1+ Up/))? P ROyA  Thiaville, EPL 100, 57002 (2012)

Experiments confirm the presence of an internal field
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Emori, Nature Materials 12, 611 (2013)
Ryu, Nature Nanotechnology 8, 527 (2013)



Chiral domain walls

v(ms™)

Synthetic antiferromagnets Compensated ferrimagnets

Field-driven
GdFeCo

Maximum velocity at
angular momentum
compensation temperature,_

Kim, Nature Physics 16, 1187 (2017)
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Beyond one dimensional walls

Find a “Newton equation” for a rigid texture
arm = yomxa,‘,\VAV + amXd;m

“Thermodynamical” force

“Mechanical” force F = fdQVW = f dQVmiam_W

Vm; 0, W = (sin 6 /yo)[Vo(v - V)0 — VO (v - V)g]
+ (a/y0)[VO(v - V)0 +sin? 0 V(v - V)]

@ Hall effect!
___F+ vaoﬁ' 0

. Gyrotropic vector
Driving force

(field gradient or spin transfer torque) (7 = — l f dQsin @ (79 X V(p)

0 Dissipative tensor

1
B = - [dQ(Veve + sin? 6 VoV o)
0

Thiele, Physical Review Letters 30, 230 (1973)



Current-driven vortex motion

dem = yymXo,,W + amxo,m

Hall effect!

F+GXvesaD-v=0

Gyrotropic vector

1
G = —y—fdQsinG(VBqu))
0

il
Dissipative tensor D = — -y—f dQ(Veve + sin? 6 VoVe)
0

Driving force

F = [ dOVW = [ dQVm;0, W
Thiele, Physical Review Letters 30, 230 (1973)
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Vortex core dynamics

Current-driven vortex resonance
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Dusseaux, Nature Communications 1, 8 (2010)
See also Kasai PRL 2006; Pribiag Nature Physics 2007
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Enhanced non-adiabaticity due to vortex topology

Bisig, Physical Review Letters 117, 277203(2016)

Current-driven vortex switching

Yamada, Nature Materials 6, 269 (2008)




Skyrmion dynamics

First observation of
stable skyrmion lattices
in bulk MnSi magnet

90nm Yu Nature 465, 901 (2010)

MnSi. T<30 K Mithlbauer Science 323, 915 (2009)
b

300nm 200 nm
disks tracks

o

P 4 TN AR
Pt/Co/Ta  Pt/Co/MgO £}

Ta/CoFeB/TaOx (Ir/Co/Pt)g

Jiang Science 349, 283 (2015)
Chen Appl. Phys. Lett. 106, 242404 (2015)

Moreau-Luchaire Nature Nanotechnology 11, 444 (2016).

Boulle, Nature Nanotechnology 11, 449 (2016)
Woo Nature Materials 15, 501 (2016)
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Magnetic random-access memories

IBM magnetic core memories

Field-driven MRAM
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Spin torque-driven MRAM

Apalkov Proc. IEEE 104, 1796 (2016)
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Thermal stability and critical switching current




The many opportunities of spin transfer torque

Spin-torque building blocks

Detector (GMR, TMR) Binary memory Stochastic device Microwave oscillator
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Locatelli et al., Nature Materials 13, 11 (2013)



Nano-oscillators and neuromorphic computing

https://commons.wikimedia.org



Nano-oscillators and neuromorphic computing

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

Diode Microwave inputs
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