Spin motive force in the presence of spin-orbit
interaction

Gen TATARA, N. Nakabayashi™, A. Takeuchi*

RIKEN Center for Emergent Matter Science (CEMS)
+Tokyo Metropolitan University
* The Tokyo University

-

RIMEN  CEMS

KITP 2013/10/17



Collaborators:

N. Nakabayashi (Tokyo Metropolitan Univ.), Y. Sasaki (TMU)
A. Takeuchi (Tokyo Univ.), K. Taguchi (Nagoya Univ.), H. Ueda
(OIST, Okinawa)

K.-J. Lee (Korea Univ.)




Electromagnetism for charge and spin
@ Electromagnetism
VXxE+B=0 B W
V X B = pj+ enk @;m @B
JHan = ou(E X B) o -
@ Spin electromagnetism Ferromagnetic metals Volovik’'87

@ Drives conduction electron spin
@ sd exchange interaction

V X Es + Bs = 0
V X Bs = usj + EstEs <—59 (429 —
JHan = osu(E X Bs)

@ FEs : Spin motive force, Bs : Spin Berry’s phase
Berger’86,Stern’92,Barnes&Maekawa’07

@ Real field Detectable by electric measurements
js = Pj in ferromagnetic metals P ~ O(1)



Spin electromagnetic field

@ Es from motion of domain wall, vortex V ~ puVo Eg < vgw

200 1T 600 =
=

I
3
T
o
L

400

Amplitude of
experimental SMF (V)

200

Wall velocity (m/s)
wu 8
S 3
T T
P
ke
Q
@
L
(Au) abeyjon paonpul-|

ol v 0
0 10 20 30 40 50 60 70 50 60 70 80 90 100
H, (Oe) Frequency, f,, (MHz)

Domain wall Yang’09 Vortex Tanabe’12 — @
@ Skyrmion lattice pg, ~ 4nQ2cmoc Bg
6 - - - -

B//<110>, TS
B//<110>, FS
BI<111>, TS
Bl<111>, FS

B=250mT
6 ]

(hQ cm)

xy
oy

4 W 26210K 14

Ap
APy /AP,
udp /1Py

2 Y ol « 27225K 12
v g . 27.435K

1 . 27.610K
o + 27:820K |

0 i
276 28 284 288 292 o 3 3
T(K) i/l

¢ 8
Topological Hall effect Bs Voltage , Es o Vskym
Neubauer’ 09 Schulz’'12




Spin electromagnetic field
Volovik’87, Stern’92, Barnes&Maekawa’07
Adiabatic limit

th N\ (4 @ Electron spin rotation
0\10 <l = Phase €%

K p = / dr - Ag
~ ‘ /’J' 1 -
_ . ‘ As = 5(1 — €0s0)0¢
@ Spin magnetic field @ Spin electric field (dynamics)
(p:/dS'Bs Qb:_/dr'Es
S c
@ Faraday'’s law is satisfied
OBs
V X Es -
ot |

Electromagnetic field coupled to spin




Topological spin electromagnetic field (Adiabatic limit)
o Effective U(1) gauge field Adiabatic limit

1
Ag = 5(1 —€0s0)0,¢

@ Spin electromagnetic fields

1
Esi = —V;AL o+ 0:AS, = —yn (2 X Vin)

1
Bs,i = (V X A:)z = Z Ze,’jkn . (an X an)
Jjk
Bs: Spin Berry’s phase
Es: Spin motive force

Eg and Bg couple spin structure and electron transport




Effects of spin-orbit interaction

@ Inverse (and direct) spin Hall effects
@ Spin-orbit = No longer in the adiabatic limit
@ Spin relaxation effects
@ Spin relaxation effects on Eg
@ Spin relaxation 3 Duine PRB’08
n:-(nXVin)=pPn-(nX(nxVn)) =pp(nNVin)
@ Onsager relation Saslow PRB’07, Tserkovnyak PRB’08
@ Rashba effects
@ Weak sd Transport (Diagrams) Takeuchi&GT J.Phys.Soc.Jpn’12
@ Strong sd  ”“Chiral derivative” Kim PRL12
@ Strong sd Transport (Diagrams) GT PRB’13, Nakabayashi&GT'13



Rashba-induced spin electromagnetic field

@ Strong sd coupling Agq + Rashba interaction agr

H = /d3rc [( Vz-l-eF)—l-ASd(n-a')—;aR-(% ><a>

@ Diagram calculation Nakabayashi&GT,arXiv:1308.0152
@ Result
@ Electromagnetic field description works Linear order of agr

V X ER+BR:0 m .
. , Egr = ——(ar X n)
V X BR—ER[LRER:}LRJ eh

juan = or(E X Br)| Bp = ﬁh[v x (ar X n)]
e

@ Spin vector potential Linear order
m
AR = _7h(aR X n) Kim’12, Nakabayashi&GT,arXiv
e



Total effective electromagnetic field
@ Ferromagnetic metals
@ Charge + Spin electromagnetic fields

Eefs = E + Es, Es = Es,top + ER
Besf = B + Bs, Bg = Bs,top + Br

@ Ampere’s law

o .
o V X (B + Bs) - a (GIIIE + GSI*I’SES) == l‘l’J



Total effective electromagnetic field
@ Ferromagnetic metals
@ Charge + Spin electromagnetic fields

Eefs = E + Es, Es = Es,top + ER
Beff = B + Bs, Bg = Bs,top + Br

@ Ampere’s law

o .
@ V X (B+ Bs) — o1 (enE + espusEs) = pj

OF
® |V XB—epu— =p(j+ M)
ot
(sEmF) _ 1 _ 9Es
J = “(VXBS es,usat>
= —%(V X Bs) + osEs (wr K 1)

Electric current induced by spin electromagnetic field



Rashba-induced spin electromagnetic field
@ Rashba-induced current

1
j(SEMF) — —;(V X BR) + osER
1 m
=——(VX (VX (ar Xn))) + —os(ar X n)
u eh

@ Dynamic part
@ Spin pumping + Inverse spin Hall by
Rashba (?)
Jz = aRjg,z: js,z x T
O Present model is not directly applicable
@ Rashba interaction
@ Uniform system (Rashba and sd coexist)

Junction is argued by including electron diffusion



Rashba-induced spin electromagnetic field

@ Where is essential spin pumping contribution ?
@ Include spin relaxation

m
Er = — [(ar X n)
eh



Rashba-induced spin electromagnetic field

@ Where is essential spin pumping contribution ?
@ Include spin relaxation

m
Ep = [(ar X 1) + Br[ar X (n X n)]]
BrSpin relaxation rate

g

™ rsar X [ 4 Br(n x 1)]
eh

j (SEMF) _ _

@ Looks more like Spin pumping + Inverse spin Hall
Js,z = gr(n X 1) + g5 0 grp > osBR

@ No undefined quantity



Rashba-induced spin electromagnetic field
@ Rashba-induced spin electric field

Eg = % [(ar X 1) + Br[ar X (n X 1)]]

U

@ Emergence of spin damping monopole from spin relaxation
Takeuchi, J. Phys.Soc Japan '12

E
. _ N A
Jm = BrV X (ar X. N) _ [
N = n x n: Spin damping vector Jo &) . !

@ Non-conservation of spin (dissipation) = Monopole (?)
@ No topological meaning (?)
@ But is physical

[n X 7|= jm = V X Eg = jm = |E|

Monopole current converts spin damping to electric voltage




Summary

@ Strong sd + Rashba spin-orbit system
o Effective electromagnetic field description

@ Beautiful
@ No undefined parameters
@ More works necessary (junction, diffusion)
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Qualifications
IPA applicants must be (or soon to be) holders of master's
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RIKEN to participate in the Joint Graduate School
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escarch experience afiercarning thir maser's degree. The
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Duration
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Residence in RIKEN campus housing for the duration of
che IPA's stay at RIKEN is free of charge. When campus
housing i unavailable, RIKEN will pay a housing
allowance of up t0 70,000 yen per month for off-campus
housing.(The IPA must pay his or her own uiley costs.
‘The roundrip transporcation berween RIKEN and the
IPA’s home country will be paid by RIKEN,

For Postdoctoral Researchers

n Postdoctoral Researcher

jons
In principle, applicants should have no more than 5 years
of post doctoral research experience.

uration
Inprincipl,the contract period s for  maximum of 3 years.
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