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Ferromagnetic metal

J/r;{ a i /

o Magnetization M(= £2S)  (Localizied spin ) d electron

@ Finite electric conductivity Itinerant s electron

@ sd interaction
Between conduction electron spin s and localized spin

Hsd = —Jsd5~ S

Strong = Electron spin follows S perfectly Adiabatic limit



Ferromagnetic metal under electric current
o

@ Uniform magnetization = No new feature Sf 1 T 4

@ [Non uniform magnetization ‘ = Non-trivial transport

@ Today's subjects
@ Rotation of conduction electron spin

’ Spin Berry’s phase

= Spin electromagnetic field

@ Rotation of magnetization

’ Spin-transfer torque

= Magnetization dynamics


file:figures/berryphase_anim.gif

Spin electromagnetic field
Volovik'87, Stern'92, Barnes&Maekawa'07

Adiabatic limit
@ Electron spin rotation
= Phase €?
Q= /Cdr- A
@ Spin magnetic field @ Spin electric field (dynamics)
(p:/st-BS o= — /drE
@ Faraday's law is satisfied
V x E, = 9B
ot )

Electromagnetic field coupled to spin




Phase induced by localized spin

@ Strong sd exchange interaction
@ Electron spin || localized spin

@ Electron wave function
U(r) Ur)

t — 7 69) = cos 8| 1) + esin &] 1)
@ Overlap
(0'¢'|0¢) =1+ (1 — cos0)dp =

o Effective vector potential ¢ = dr- A

n(r) n(r




Phase induced by localized spin

o Effective vector potential induced by sd interaction
A, = 1(1— cos6)d¢

@ Gauge interaction

HA:/d3rAS-jS

Js(= Pj): Spin current (P: Spin polarization)

o Two effects
e Current-induced torque on magnetization  Spin-transfer torque

LSA:Sx(jS-V)S:> §$=(s-V)S

1)
B =
eff 5

e Spin motive force on electron  Effective electromagnetic fields

1
Es = —VA o+ 0:As = —5n: (h x V;n)

1
B, =V x A, = szkeijkn- (Vjn x Vn)




Magnetization dynamics under current-induced torque

5=

V)S

@ Spin-transfer torque = Sliding of magnetization structure



Magnetization dynamics under current-induced torque

S:('SV)S

@ Spin-transfer torque = Sliding of magnetization structure



Magnetization dynamics under current-induced torque

S=(j,-V)S+ua(Sx5)

@ Spin-transfer torque = Sliding of magnetization structure

e Damping (friction)  Transverse torque = Screw motion



Magnetization dynamics under current-induced torque

§=(i - V)S+a(Sx 8 +K (Sxe)

! | Je j

@ Spin-transfer torque = Sliding of magnetization structure
e Damping (friction)  Transverse torque = Screw motion
o Anisotropy energy K (S,)? = Intrinsic pinning



Magnetization dynamics under current-induced torque

S=(, V)S+a(Sx 8 +K (Sxe)+B[Sx (j-V)S]|

Spin-transfer torque = Sliding of magnetization structure
(at —Js- V)S =0

Damping (friction)  Transverse torque = Screw motion

Anisotropy energy K (S,)2 = Intrinsic pinning

Spin-orbit, spin relaxation of electron = Transverse torque 3



Magnetization dynamics under current-induced torque

S=(j, V)S+a(Sx 8 +K (Sxe)+B[Sx (j- V)S| + Tpin

@ Spin-transfer torque = Sliding of magnetization structure

e Damping (friction)  Transverse torque = Screw motion

o Anisotropy energy K (S,)? = Intrinsic pinning

@ Spin-orbit, spin relaxation of electron = Transverse torque 3

@ (Extrinsic) Pinning



Magnetization dynamics under current-induced torque

S=(j, V)S+a(Sx 8 +K (Sxe)+B[Sx (j- V)S| + Tpin

@ Spin-transfer torque = Sliding of magnetization structure

e Damping (friction)  Transverse torque = Screw motion

o Anisotropy energy K (S,)? = Intrinsic pinning

@ Spin-orbit, spin relaxation of electron = Transverse torque 3

@ (Extrinsic) Pinning



Domain wall dynamics under current

o5 <« Intrinsic pinning

@ Threshold current

. 2
Jo = easiipKL)\

@ Stable operation

Insensitive to defects, external field
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@ Threshold current

. Vi
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@ Strong spin-orbit interaction

for low j. large B

=
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Domain wall (DW)

Domain wall MRAM (NEC)




Current-induced torque

@ Non-equilibrium conduction electron spin polarization s
| T=Judsx S

A’12\~ Ej=0s=1T1

@ Calculation of non-equilibrium spin density

q q
“Lop Lod

K+ 1

° (,,,294/ N oS

2 2 2
kg o5 k+d ovg
q

k4 o3



Thermally-induced torque

VT=ds=T1

o Luttinger's 'gravitaional Hr = /a’3'r€‘~1I
potential’ ¥

o Equilibrium torque needs to be € : Energy density

carefully subtracted VY ~
Kohno,Hatami,Bauer’'14

@ Vector potential formulation of thermal effect (7)

HT = /d3rA7- -jg ) 1
_ S:—/d3r—V-jg
Jg : Energy current T
Entropy change
T




Recent topics : Interface effects

@ Rashba spin-orbit interaction  Inversion symmetry broken

HRZiER~(VXO')

ER: Rashba field

o Large force on domain wall = Efficient motion

@ Experiment Miron’10,'11

@ Pt/Co/ALO layer no inversion symmetry
@ v=1400m/s 100 times larger
@ j. =102 A/m? same order

@ Rashba turned out not to be dominant

Obata& GT'08,Manchon&Zhang'09




Recent topics : Interface effects

@ Rashba spin-orbit interaction  Inversion

HRZiER-(VXO')

symmetry broken

ER: Rashba field

o Large force on domain wall = Efficient motion

@ Experiment Miron’10,'11

@ Pt/Co/ALO layer no inversion symmetry
@ v=1400m/s 100 times larger
@ j. =102 A/m? same order

@ Rashba turned out not to be dominant

@ Spin Hall torque Emori'13

Spin Hall effect in heavy metal (Pt) layer
= Large torque v > 100 m/s

Obata& GT'08,Manchon&Zhang'09




Recent topics : Interface effects
@ Synthetic antiferromagnetic system  Coupled two domain walls
Saarikoski,Kohno,Marrows, GT'14
Weak non-adiabatic force, p/o = 0.5
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@ Interlayer coupling removes random extrinsic pinning
Two walls help each other to depin

[Fast wall motion at low current by artificial structures ]




Electron transport in ferromagnetic metal

@ Rotation of magnetization
Spin-transfer torqueI

= Current-induced magnetization dynamics

I I Magnetic memory (MRAM)

@ Rotation of conduction electron spin
Spin Berry's phase

= Spin electromagnetic field



Electron transport in ferromagnetic metal

@ Rotation of magnetization

Spin-transfer tor ueI ) L .
P q = Current-induced magnetization dynamics

E I Magnetic memory (MRAM)

@ Rotation of conduction electron spin
Spin Berry’s phase

= Spin electromagnetic field



Spin electromagnetic field

\‘;“;i ¢

o Effective vector potential
A = 1(1—cos6)a¢

o Effective electromagnetic fields

1
ES = —VA;O +atA§ = —§n' (n X V,'n)

1
Bs =V x Ag = szke,-jkn- (an X an)




Spin electromagnetic field
@ Spin magnetic field

h
B, ;= %ijeijkn- (Vin x Vn)

Chirality (non-coplanarity)
RS2 °
% \'*\%%\':".'{7! o Frustrated magnets, Magnetic

skyrmion
~ 0.8 T for 30 nm size
@ Spin electric field

h .
E = 5 (% V;n)

@ Non-coplanarity in space-time

: AN @ Moving structures  Eg v
b Domain wall, vortex, skyrmion
~ 0.1 V/m for 10 nm DW @ v=4 m/s
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Current generation from magnetization dynamics

e E; from motion of domain wall, vortex V ~ uV, E; x v
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Monopole in adiabatic spin Berry’s phase

h .
E, = ~ 5 [n-(nx V;n)]
h
B, = 4—ee;jkn~(an X Vin)

@ Satisfy Maxwell's equations with monopole

V X E;+0:Bs = j, \.ﬁ//
Gy ,—ﬁ

V.-Bs = Om i
iz 27 i% >
Jm = — h-(ankan) // ‘
4e I
h
Pm = ;eZVm- (Vjn x Vin) Topological monopole

o (Hedgehog)



Coupling to electromagnetic fields
Effective interaction Hamiltonian Kawaguchi,GT'14

Hint :g /d3r(2seTE' As + 2SeTZE‘ Es + bB . Bs)

7: Electron elastic lifetime
@ A, is physical field Large sd splitting
@ First term : Spin-transfer effect

o B = By : Frustration m

light

Emlsswon of light
=) opologxcal Field

i
Coherent SEMF ‘ dn§ructure

[Electromagnetic excitation of spin electromagnetic fields (7)j




Current generation from magnetization dynamics

@ Spin Berry's phase
Gradient of spin VS = Effective gauge field, Es, B

R
N

Ho=X-(px o)

@ Spin-orbit interaction

e Directly couples spin and electron motion
o Current generation ?
e Modification of spin Berry's phase ?
Kim'12, Takeuchi’12,Nakabayashi'14, Takashima, Fujimoto'14



Charge current pumped by magnetization
@ Spin pumping + Inverse @ Spin pumping + Inverse @ (Ga,Mn)As Chen’13
spin Hall Saitoh’06  Edelstein Sanchez'13

microwave

v
Nig;Feq

9.5 GHz NiFe

Ag

AgBi
interface

@ Uniform ferromagnet

® Ferro/Ag/Bi @ Strong spin-orbit
@ Ferro/Pt @ Rashba spin-orbit at o M=
@ Spin-orbit in heavy Ag/Bi interface
metal O M= j, =s=j

o M=j,=j

® 4yV © mW microwave
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Spin pumping and inverse spin Hall effects

@ Spin pumping

microwave .jS = g¢ tanh fjls <S X S>
Nig e,

gy : Mixing conductance  Spin flip at interface

@ Inverse spin Hall
H
Pt

NigiFess V = On 9 S

d - Ospr : Spin Hall angle  Spin-orbit interaction

+V S J.i'.,
° [V: fsHEEng; tanh 24‘;5 (S x S>j

@ Useful but incomplete description

Esie

e Two phenomenological parameters  Osyg, g4
@ Spin current is not defined uniquely  Not conserved current

@ j # Osypjs in a simple theoretical model  Takeuchi,GT'10
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Spin pumping and inverse spin Hall effects

@ Relation between observables

NigiFess _ o

s o M =j
+1 A ah A\ o Calculate current and motive force
1E\ 4
@ Feynman diagram
Ha = / drj. - A,

T A=
J ‘%’ A, Js : Spin current

A, ~ M,V M : Spin gauge field
@ Conventional picture
SO



Simple view of charge pumping
Takeuchi’'12, GT PRB’13, Nakabayashi New J Phys'14

e sdinteraction  n: Magnetization

o Rashba & Random Spin-orbit interaction

H= (—%Vz — GF) + Agq (n . 0') +aR - (p X 0') —+ spin relaxation

@ Diagram calculation

o Force F= 22 <%ft>

o Pumped current j  with Hall
contribution




Rashba-induced spin electromagnetic field

GT'13, Nakabayashi&GT, New J Phys.'14

@ Result
o1
j=—V x Bg + 0,Er
S
F= quR + qs(v X BR)
@ Rashba-induced spin electromagnetic field Linear order in ap,
m ; .
Er = —a[aa X (h+ Br(nx n))]
m Br : spin relaxation rate
Br = -2 [V X (an x n)]

o ER & Bg : Effective spin electromagnetic fields
Er ~ 2kV/m, Bgr ~ 0.2kT  Not charge electromagnetic fields

@ Arise from Rashba interaction and spin dynamics
Generalized spin Berry's phase



Effective spin electromagnetic field

@ 'Maxwell’s equations’

VXER+BR:jm
V-By =0
V. Eg=-

S

V x Br — €susEr = sj

@ j,=PBrV x (ag x (nx n)) Monopole current

[I\/Ionopole induced by magnetization dynamics and spin relaxationj

Jm 1S NOt spin current



Effective spin electromagnetic field

@ Current pumping by magnetization dynamics in Rashba system

o nxn jm

V % ER :.im
Jou = BrRV X (ar x (nx n))

e M — Monopole current j,, = j
o Effective electromagnetic fields satisfying Maxwell's eq. + monopole

@ Spin current is not necessary

EEIectromagnetic description of spintronics}

{Spintronics without spin current (?!)}
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Summary
@ sd exchange interaction in ferromagnetic metals W }
A

B,
o Effective vector potential for spin ‘&\;{: 9%%

o gt
e Current-induced torque, Spin dynamics ! 0.' } ir
@ Spin Berry's phase .\\‘ ‘.‘ “ %"

@ Spin-orbit effects
@ Novel driving mechanism of magnetization structures
e Spin relaxation torque (B)
e Rashba spin-orbit interaction Interface, Multilayers
@ Modification of spin Berry's phase Spin electromagnetic field
e Spin-charge conversion
e current generation by spin relaxation monopole 'V X Eg = j,,
References
@ Nakabayashi, GT, New J Phys, 16,015016(2014).
Tatara, Nakabayashi, K.-]. Lee, Phys. Rev. B87,054403(2013).
Takeuchi,Tatara, J. Phys. Soc. Jpn. 81,033705(2012).
Kawaguchi, GT, J. Phys. Soc. Jpn. 83, 074710 (2014).
Tatara, Takeuchi, Nakabayashi, Taguchi, J. Korean Phys. Soc. 61, 1331 (2012).
GT, Kohno, Shibata, Phys. Rep. 468, 213 (2008)
BIERFTHS(2014)

Post doc positions : gen.tatara@riken jp



