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Outline

@ Field description, Green's function method
9 Spin current

© Spin 'conservation' law

e Spin relaxation

e Spin transport equation (semiclassical)

@ semiclassical vs. quantum

0 Spin pumping + Inverse spin Hall effect
e Maxwell's equation in spin transport

© Monopole in spintronics
@ summary
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Classical particle to a field
@ Classical particle

e p=mv

2
e Hamiltonian [H == + V(r)}
2m

@ Quantum particle : Only one particle
e p — hV  Uncertainty principle
pxr — xp = [p, x| = —ih
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@ Quantum Field : Many particles
@ Annihilation and creation operators
a(r,t) and af(r,t)
o Particle numbern =afa [n,af] =1
e p— af(—iiV)a
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Field description

@ Bose field

e Commutation relation
[a,a'] = aa’ —afa =1
ticle state : |n) (aT)n|o>
e n-particle state : |n) =
P vn!

@ Photon, phonon, Spin wave,- - -

@ Fermi field

@ Anticommutation relation

{c,c’} =ccl +cfe=1,a%>=(a?)2=0
o states: |0),|1) = c'|0)
e Electron

n=0,1,2,---
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Field description

@ Interaction
@ Photon emission in solid

'
(4
Electron state changes excited — ground state

B

e Interaction Hamiltonian g: coupling constant o aromd™
H._, = /d3rg (cgceaT + clcga)
@ Time evolution of state | ®)

e "Schrodinger's equation”
h2 %) = H|®)
1h— =
ot

e Solution S /@/Jiﬂ\é/
@ () = Te™ 7 Jo #WHE) @ (0))

@ (t)) = e~ 7| @ (0))
(Time-independent H)



Physical observable

@ Observable Quantum and thermal average
Ce

1 _ ~ to €
o) = > > e PPa(a(t)|0]a(t))
«a to=ip
1 T LT~ _AFT 1 TN
= Z(a|6_ﬁHeﬁHtOe_ﬁHt|a) = Z(ale_BHOH(t)la)
(07 «
O: Operatoi A Electron density cfe, spin density cfoec...
On(t) = etHtOe~Ht : Heisenberg representation
e BH : Boltzmann weight 8 = I<:B+T
a: label of energy eigenstate
@ Path ordering

1 i 1T~ [N
0(t) = 7 Y(elToe™H o #HO()|a) PR

 CE GGG,
t,-ip ’

Tc: Path ordering along time contour C
Systematic equation (Dyson's equation)



Physical observable

@ Electron charge p = (cfc)
Ce
p(t) = L Yo (alTee H o WHet (t)e(t) | o)
t.-'p

@ Extension to different time Path-ordered Green's function

G(r,7) = —i; Z(a|TCe_%fC dTlﬁc(T)cT(T')m)

(0%

= _i«Tce—%fc d"lﬁc(‘r)cT(T’))) = —i«TCCH(T)CL(T/)»

) Cs
T, 7€ C : te

B g ; ° .
ci(t) = eHtce*Ht : Heisenberg G

operator g TG



Keldysh (non-equilibrium) Green's function
@ Ordering of the operators on C t%tm
0 C(-
Cs
G(r,7') = —i(Tcen(r)eh(T)) [ty cores
—i(Teu(®)efi () = G't,¢)  (r,7" € C)
Time-ordered .
—i(Teu(®)efi () = G, ¢)  (r,7' € Cr)
Anti time-ordered
—if{cf(t)en(t)) = G<(t,t') (1€ C,, 7 € CL)
Lesser (particle density)

—ifen(®)eli(t)) = G>(t,¥) (1€ C,7’ €CL)
Greater (hole)
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Keldysh (non-equilibrium) Green's function
@ Ordering of the operators on C t%&tm
0 C,.
Cs
G(r,7) = —i(Toen(T)eh(T)) 1, coeo
—i(Ten(t)ch(#)) = G, t) (1,7 € Co)
Time-ordered .
—i(Ten(t)ch(#)) = G, t)) (1,7 € Cr)
Anti time-ordered
—ic(F)en(®)) = G<(t,¥') (T € C,7' € C)
Lesser (particle density)

—ifen(®)eli(t)) = G>(t,¥) (1€ C,7’ €CL)
Greater (hole)

@ G<(t,t): One-particle observable (Electron density) Useful!
@ Retarded and advanced Green's functions

G (t,t) = —if(t — t') ({ch, (), cun(®)})
G3(t,t') = i0(t' — t)({ch, y(t), cun(t)})



Free electron Green's function

h2v?2
@ Hamiltonian: Hyg=—— —€f
2m
. : o] i
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e Solution:  cu(k,t) = e_%e’“tc(k,o) Ep = ﬁ;’f: = Gi7
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Free electron Green's function

h2v?2
@ Hamiltonian: Hyg=—— —€f
2m
. : o] i
e Heisenberg equation: acH(kz,t) = —£[H0,cH]
e Solution:  cu(k,t) = e_%e’“tc(k,o) Ep = h;:: = Gi7

We can calculate anything!

@ Free Green's functions

g (6 t) = il(cl, f()ern(t))

= ie_%ek(t_t')fkdk K e = ; Fermi distribution
’ ePer + 1

g5 (W) = fe(gh(w) — gp(w)) = 2mifid(hw — €)  Equilibrium

gi(w) = — = [gi(w)]"

hw — €, + 20



Perturbation expansion : Attack difficult problem!

@ Hamiltonian: H = Hy +V V': interaction Unsolvable
@ Interaction representation Remove solvable part (Ho)

OH(t) — [Te%ft dthHU(tl)] OHO(t) [Te—%ft dt1VH0(t1)]



Perturbation expansion : Attack difficult problem!
@ Hamiltonian: H = Hy +V V': interaction Unsolvable
@ Interaction representation Remove solvable part (Ho)
OH(t) — [Te%ft dthHU(tl)] OHO(t) [Te—%ft dt1VH0(t1)]
O, (t) = et HotOp, (He iHot  solved

Vi, (t) = e oty (t)e—#Hot unsolved



Perturbation expansion : Attack difficult problem!

@ Hamiltonian: H = Hy +V V': interaction Unsolvable
@ Interaction representation Remove solvable part (Ho)
OH(t) — [Te%ft dthHU(tl)] OHO(t) [Te—%ft dt1VH0(t1)]
Om,(t) = en oty (t)e~#Hot solved

Vi, (t) = e oty (t)e—#Hot unsolved

@ Path ordered representation

G(r, ) = —i{Toe™# Jo Vi ey, (1)l (7))



Perturbation expansion : Attack difficult problem!
@ Hamiltonian: H = Hy +V V': interaction
@ Interaction representation Remove solvable part (Ho)
OH(t) — [Te%ft dthHU(tl)] OHO(t) [Te—%ft dt1VH0(t1)]
Om,(t) = en oty (t)e~#Hot solved

Vi, (t) = e oty (t)e—#Hot unsolved

@ Path ordered representation
G(r,7') = —i{(Toe i Jo mVioey, (r)cly, (7))
(*] Expansion w.r.t VH0 Perturbation expansion

G(r,7") = —i{(Tcemy (T)eh, (7))

(T [ dnaVinm)en (r)eky (1) + -+

Dyson's equation

_|_




Perturbation expansion

@ Hamiltonian: H = Hy +V V': interaction
@ Interaction representation Remove solvable part (Hyg)
On(t) = [Te%ft dt1 Vi (1)) Oy (¢) ﬂ'e—%ft dt1Virg (t2))]
O, (t) = e oty (t)e~ i Hot solved

Vi, (t) = en oty (t)enHot unsolved

@ Path ordered representation

G(r, ') = —i{(Toe i Jo M Vito ey ()l (7))
(*] Expansion w.r.t VH0 Perturbation expansion
G(r,7)=g(7,7") free Green's function
(— i)?

(Te /C dry Vit (1) e (7) chy, (7)) +

Dyson s equation



Perturbation expansion
@ Example : Potential scattering : V = [d3r v(r)cle
G(r.r") = g(r,7) + [ drig(r,m)o(m)g(m, )
C

-|-/de /Cdﬁg(T,Tl)v(Tl)g(Tl,Tz)v(Tz)g(Tz,T')+"'

@ Physical quantity (lesser component) C=C, +C_
Cs
G<(t,t') = G(tr € C_,, 7 € C.) t S
Cs
= g< (t, t') o C=Cy# Gt Gy

+/d7'1 g(reC,m)v(m)g(m, 7'€CL)
c
_+_ 000



Perturbation expansion
@ Example : Potential scattering : V = [d3r v(r)cle
G(r.7) = g(ry7) + [ drig(r,m)o(m)g(m, )
C

+/d7'2 /Cdﬁ g(7, 11)v(11)g (11, T2)V(T2)g(T2, T') + - - -

@ Physical quantity (lesser component) C=C, +C.
Cs
G<(t,t') = G(tr € C_,, 7 € C.) t S
Cs
= g< (t’ tl) t,—ip C GGt G

n /dﬁ g(reCy, m)0(m1)g(r1, T'ECL)
C
+ 500

=g<(t,t)+ / dt1v(t1)[g" (t, t1)g<(t1,t') + g<(t, t1)g*(t1,t')] +- -+
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@ Example : Potential scattering : V = [d3r v(r)cle
G(r.7) = g(ry7) + [ drig(r,m)o(m)g(m, )
C

+/d7'2 /Cdﬁ g(7, 11)v(11)g (11, T2)V(T2)g(T2, T') + - - -

@ Physical quantity (lesser component) C=C, +C.
Cs
G<(t,t') = G(tr € C_,, 7 € C.) t S
Cs
= g< (t’ tl) t,—ip C GGt G

+ / dri g(1€C_y 11)0(T1)g(r1, 7' EC)
C
+ 500

= g<(t,t')+/ dtyv(t1)[g" (¢, t1)g= (t1,t') + g=(t,t1)g° (t1, )] +- -

Expressed by free Green's functions  Calculable

(Fully quantum equation )¢> Boltzmann equation



Green's function and observable

@ Green's function

G(T,t, T,at,) = _i«TCCH(T)CTH(T,)»

[Space time propagation amplitude]

including any interaction
@ Physical Observable
o (cf(r,t)c(r,t))  Particule number
= Lesser component
at equal time and position



Green's function and observable

@ Green's function

G(r ', t) = —i{(Toen(T)eh (+)) /%\éf%\g

[Space time propagation amplitude] ot Tt

including any interaction
@ Physical Observable Tt
o (cf(r,t)c(r,t))  Particule number
= Lesser component
at equal time and position



Green's function and observable

@ Green's function

G(r,t,7",t") = —i{(Toeu(T)el () )\%f\ﬁ’,

[Space time propagation amplitude] ot Tt

(r',t') = (r,t)
including any interaction

@ Physical Observable Tt
o (cf(r,t)c(r,t))  Particule number
= Lesser component | G<(r,t,r,t)
at equal time and position
(r'st') = (r,t)

[Observable is calculated by estimating electron Ioop)




Spin current : simpleset case

@ Definition  Without spin-orbit

35 = =i (lo® Vue) =

—%(Vw — V,-/)MG< ('l“, t, ’I"’, t) |7-I:r

@ Driving field  Electric field E = —A  A: Vector potential
E=fd37°A-j=%fd3rA-(cT€c) >M%
@ Scattering by impurities  Point-like > -----

o Elastic lifetime

SN
—_—

o Electron diffusion Multiple scattering



Application to Spin current : simpleset case

@ Solution of Dyson's equation

m=CO



Application to Spin current : simpleset case
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Application to Spin current : simpleset case
@ Solution of Dyson's equation

gl -
N .
0 A —
JSH_%_+WO+
g° ¢

Vertex correction
e? an ,
z oz —i(q-x—Qt) .
Jsi = 1271'm2 /27'r Ekq € Ej NA;(q,9)

Yo {kikigi—g,aghg,a
o=+

2
= Z kik;’g;‘,_%,0924_%,GQL/_%’U;QZ;+%,U/niUi Fo’o” (qﬂ Q)

k’o’




Application to Spin current : simpleset case

@ Solution of Dyson's equatlon

Jsu w W\A/O
Vertex correction

. [2 5 L TR )

>0 {kikigk—g,agwg,a
o=+

Jji,=—
S5 271'm2

=F Z kik;g]rc_f ggk+q ,,gk, O./Q;ac/+%’o./nivizraa’(Q7 Q)]

k’o’

=| 0JE; + Vip{
0 =e(Dyvy — D_v_) = o4 — o_: Spin conductivity
pd(r) = [dPrxo(r —r')(V - E)(r’) Spin chemical potential
~ spin density xo(r) = : Diffusion




Spin current : simpleset case

@ Solution of Dyson's equation
= (D=~ (D
e? dQ .
.z oas —i(g-z—Nt) .
Jsi = T orme /271' % e ZJ: 24;(q, )

Z 4 {kzk]gz_%aagz‘l‘%aa
o=+

’r a r a 2
+D_ Kkikig g 0904 9,09k 3,091 3,070 Toor (4, 2)

k’'oc’

=| oQE; + V;pu?

9 =e(Dyvy — D_v_) = o4 — o_: Spin conductivity

pd(r) = [d®*rxo(r —v')(V - E)(r’) : Spin chemical potential
~ spin density Xo(r) = ;Z= : Diffusion

47r

g,




Spin current : simpleset case

@ Solution of Dyson's equation

7= (D= (O

Local current

Diffusive current
e? dQ2 ,

.z oas —i(g-z—Nt) .

1= e [ DT 040 0)

Z 4 {kzk]gz_%aagz‘l‘%aa
o=+

’r a r a 2
+D_ Kkikig g 0904 9,09k 3,091 3,070 Toor (4, 2)

k’'oc’

=| 0JE; + Vip?

o
u

e(Dyvy — D_v_) = o4 — o_: Spin conductivity
(r) = [d®rxo(r — v')(V - E)(r’) : Spin chemical potential
~ spin density Xo(r) = ;Z= : Diffusion

47r

0
3
0
S




Spin current : with spin relaxation

@ Spin-orbit interaction
@ Quantum relativistic coupling
e Spin relaxation

o <>
Hyo = —5 [d*1(Vvso) - [eT(V —2iA4) x o]



Spin current : with spin relaxation

@ Spin-orbit interaction
@ Quantum relativistic coupling

e Spin relaxation
G <> .
Hy = —% [d3r(Vvso) - [¢T(V —2iA4) X o(]
@ Include more diagrams

T

3 A
Jsi = Q
a




Spin current : with spin relaxation

@ Spin-orbit interaction
@ Quantum relativistic coupling
e Spin relaxation

o <>
Hy = —% [d3r(Vvso) - [¢T(V —2iA4) X o(]
@ Include more diagrams

g! -
. A
Jszi:+ww©+

ga .i
+ ++




Spin current : with spin relaxation

@ Spin-orbit interaction
@ Quantum relativistic coupling
e Spin relaxation

o <>
Hyo = —3 [d*1(Vvso) - [eT(V —2iA4) X o]

@ Include more diagrams

g! -
. A
Jszi:+wvw©+

ga .i
+ ++

:‘UsEi =F Villfs‘

ps(r) = /d3r x(r —7r")(V - E)(r') Spin chemical potential

1 _r _r
x(r) = — (0'_,_6 “4 —o_e ‘5*) Spin diffusion with decay
A7rtr



Spin 'conservation' law

@ Continuity equation of spin field operators

X

A~

s = z<[fI\, ctlo®c — c.c.>




Spin 'conservation' law

@ Continuity equation of spin field operators

PN

5 =1 <[f{\, cllo®c — C.C.>

:>]s'a+v-j3=7'a\

T =4 <cT[o X (Vvso X %)]C>



Spin 'conservation' law

@ Continuity equation of spin field operators

PN

5 =1 <[ﬁ, cllo®c — C.C.>
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Spin 'conservation' law

@ Continuity equation of spin field operators

PN

5 =1 <[f{\, cllo®c — C.C.>

:>\s'a+v-j3=7'a\

T =1 <CT[0' X (Vwso X %)]C>

@ Spin current is not conserved
= for charge

@ Spin relaxation torque T
o Arises from spin-orbit (spin flips scattering)
@ Spin source and sink
Generation and absorption of spin current

Essential for spintronics



Spin relaxation

@ Spin relaxation torque T
84+ V. g =T«

@ Whatis 7T ?




Spin relaxation

@ Spin relaxation torque T
]s;a +V.jo=T"

@ Whatis T ?
@ Inhomeneous spin VS

:‘6[5 X (3-V)S] ‘ 3 torque 2—'4’-',?,55

@ Current-driven domain wall motion




Spin relaxation

@ Spin relaxation torque T
]s;a +V.jo=T"

@ Whatis T ?
@ Inhomeneous spin VS

‘u...‘;'

=|BIS x (- V)S]| B torque =238~
~

@ Current-driven domain wall motion GT,Phys.Rep.(2008)

e Inhomogeneous external field Nakabayashi,PRB(2010)

T e ok Y S

1 1
= ’)’(V . E) ¥y= (D415 —D_75_) = <£2 2 >

s+
a Vex
(*] Sp ectio
J @




Spin relaxation

@ Spin relaxation torque T arises from inhomogenuity
2+ V. je=T"

@ Whatis T ?
@ Inhomeneous spin VS

: ST -
=|BIS x (- V)S]| B torque =238~
~
@ Current-driven domain wall motion GT,Phys.Rep.(2008)
e Inhomogeneous external field Nakabayashi,PRB(2010)

T e ok Y S

1 1
= ’)’(V . E) v = (D+T5+ = D_TS_) ~ <£2 = 72 >

s+
a Vex
(*] Sp ectio
J @




Spin 'conservation' law

é+V'J5:T

Microscopic approach
@ Each term is defined and calculable  fully quantum

@ Continuity equation is automatically satisfied



Spin 'conservation' law

é+V'J5:T

Microscopic approach
@ Each term is defined and calculable  fully quantum

@ Continuity equation is automatically satisfied

if calculation is correct



Spin transport equation (semiclassical)

Valet-Fert approach
@ Spin dependent distribution function fi (r, p)
@ Transport equation

- o = @0 B) DT = 3 Py (for ) — £ (o)

P, : Scattering probability

. dfo
® Driven part f1 = f° + % (10 — Ho + go)
o : Spin-dependent chemical potential
Jdo - Spin current contribution
@ Approximation of scattering term
Ho — H—
P—a,a'(f—a'(vl) - fo’(v)) = =~
75 - Spin flip time
@ Spin current (due to spin accumulation)
. Ho — H—0o .
Vojs= =g Js= Vs

S

Tsf



Spin transport equation (semiclassical)

Valet-Fert approach Valet&Fert'93
@ Spin dependent distribution function fi(r,p) o = +: spin
@ Transport equation  Boltzmann equation

- o = @0 B) DT = 3 Py (for ) — £ (o)

P, : Scattering probability with & without spin flip
. dfo
@ Driven part fy = f° + ¢ (Mo — Ho + 95)
e Spin-dependent chemical potential Spin accumulation
go : Spin current contribution
@ Approximation of scattering term
Ho — H—
P—a,o-(.f—a'('v/) - fo’(v)) = =~
7+ : Spin flip time
@ Spin current (due to spin accumulation) Diffusive
. Mo — Mo .
Vjs = %Js = Vs
ZS
[Phenomenological parameters : py, 9o, Tsfr Ms)--- J

Tsf




Spin transport equation (Semiclassical vs. quantum)

@ Valet-Fert equation

Diffusion equation for us | VZus = %
S

Semiclassical transport equation is needed to solve for unknown s



Spin transport equation (Semiclassical vs. quantum)

@ Valet-Fert equation Valet&Fert'93

Diffusion equation for us | VZus = % Js = Vs
S

Semiclassical transport equation is needed to solve for unknown s

o Fieldtheory ($+V-jo=T )

Each term is directly calculable No phenomenological anzatz
‘js = UsEVMs‘ ‘T =~(V- E)‘

ps(r) = [dr x(r = r')(V - B)(r’)

x(r) = ﬁ U+87¢ —o_e i*)




Side jump and skew scattering

[Skew scattering]

/]\(]\ @ o pasist

00 A I

o0 /@é - }1’_/'\ *.
QORI T AL B

Scattering term Fy. Energy shift de



Side jump and skew scattering

[Skew scattering]

,,,,,,,,, T e
0, 43 w L
e 1 /_\ Y impuri
Scattering term Fy, Energy shift de

@ Different meaing in Boltzmann equation
f"‘(”'v)f:Fsc



Side jump and skew scattering

[Skew scattering]

,,,,,,,,, T e
0, 43 w L
e 1 /_\ Y impuri
Scattering term Fy, Energy shift de

@ Different meaing in Boltzmann equation
f"‘(”'v)f:Fsc



Side jump and skew scattering

[Skew scattering]

""""" @ S:::z!cke(
@@ 7o ) A}T /,”A\ ;n
[, L
ORI AN ) @
Scattering term Fy. Energy shift de

@ Different meaing in Boltzmann equation
f"‘(v'v)f:Fsc
@ Quantum : both need to be equally treated

Gauge invariance (Charge conservation) =2 Cancellation among diagrams

Wrong calculation = Decay of charge !



Application to recent spintronics topics

@ Spin pumping
@ Inverse spin Hall effect



Spin pumping

@ Spin current generation from spin dynamics

@ Machanism
Spin continuity equation
T = a(S x S)
S+V. Js=T Spin damping



Spin pumping

@ Spin current generation from spin dynamics

@ Machanism
Spin continuity equation

T = a(S x S)
S+V.-j=T Spin damping
= V:.js=-S+a(SxS9)
= [ 3¢ = a;S* + b; (S x 9)* J Silsbee '79, Tserkovnyak '02

(Spin dymanics emits spin current J




Inverse spin Hall effect

@ Spin Hall effect

Coupling between spin and orbital motion by spin-orbit interaction
o Converts into spin current

@ Inverse spin Hall effect

e Converts spin current into

= (Electric detection of spin current)




Spin pumping + Inverse spin Hall effect

Vo

=
NiFe
Spin pumping
@ NiFe + Pt Saitoh '06
(a) microwave %
-
£
:
5
S
3

magnetization

0

=
Pt

Inverse spin Hall

@ FMR|

Nig,te o

6=90°

1
100

H (mT

mEgaelEILII
Miy Fay

(Voltage signal from magnetization precession)




Spin pumping + inverse spin Hall effect

Model ) D
@ Slowly varying magnetization S

@ Weak exchange coupling
S and conduction electron  Perturbation theory

g farsir o

37

@ Disordered metal  Vertex correction
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Spin pumping + inverse spin Hall effect

Model _ D
@ Slowly varying magnetization S

@ Weak exchange coupling
S and conduction electron

Hsq = Jsa /d3rS(r) - (ctoe) WJ

37
@ Disordered metal  Vertex correction
Questions

@ Does js and j generated from magnetization dynamics?
@ Is j proportional to js ?  Inverse spin Hall effect?



Spin pumping + inverse spin Hall effect

Model _ D
@ Slowly varying magnetization S

@ Weak exchange coupling
S and conduction electron

Hsq = Jsa /dg’r'S(r) o (CTO'c) W?JS'

37
@ Disordered metal  Vertex correction
Questions

@ Does js and j generated from magnetization dynamics?
@ Is j proportional to js ?  Inverse spin Hall effect?

@ o :@i‘*ﬁi@ )
s =.,-\.@wswx@w@ @i i= ;j; =
DSOS

Calculation



Spin pumping + inverse spin Hall effect

@ Spin current (spin pumping)

Js(r) = V/d3a:'x(r —7') (S — (S x S))

—ig-(r—r’)

e I
d > N
’ € : : s :’""iLD
x(r—1r") = —Jsduz ————— Diffusion 1 ;
q

q2

@ Electric current (inverse spin Hall)

_ 16evAJ%err?
3h2V

= V x (8 x8)— —

ER: Rashba spin-orbit interaction

devAJ>*72

ferromagnet

r!

nonmagnet

Er x (§ x 8) — DVp

interface



Spin pumping + inverse spin Hall effect

@ Spin current (spin pumping)

Gs(r) = V/d3a:'x(1° —r)($-uSx ) e,
—iq-(r—r')
xX(r =) = —Jqv' S eT Diffusion W
. g

@ Electric current (inverse spin Hall)

16evAJ3err? . devAJ312 -
=2 ' v - ==~ ' F — DV
32V X (8 x S) 2y R X (S X S) p
ER: Rashba spin-orbit interaction interface

@ Spin-charge conversion ?

ji?é)\soeijkjf,j No

[Spin current picture is not good]

may be o.k. at very short distance



Effective electric and magnetic fields

Spin pumping + inverse spin Hall
@ Electric current generated

_ 16evAJ2err2
3h2V

devAJ?72
h2VvV

— V X (8x%x8)— Er X (8 x 8) — DVp

@ Effective electric and magnetic fields

1
J=—V X Bs+ ocEs — DVp,
7

N =S x8 spindamping

devAJ?T?
Es = —agEr X N ag = 22 T
och
Bs = —GiN 8 = 16evulJerr>
LGt i

3h2




Maxwell's equation in spin transport

Spin pumping + inverse spin Hall

@ Effective electric and magnetic fields

E; = —arER X N
Bs —BiN

@ Maxwell's equation

VXE5+Bs:_jm
V- Bs = pnm

V'Esz_—
V X Bs = pj + epE

o — devAJ?72
R= och?
. 16611;1)\J25F‘r2
fi = 352

Jjm = arV X (ER X N)—I—ﬂ.N
pm = —BiV-N
N=Sx§8 spin damping




Maxwell's equation in spin transport

Spin pumping + inverse spin Hall

@ Effective electric and magnetic fields

E; = —arER X N
Bs —BiN

@ Maxwell's equation

VXE5+Bs:_jm
V- Bs = pnm

V'Esz_—
V X Bs = pj + epE

o — devAJ?72
R= och?
. 16611;1)\J25F‘r2
fi = 352

Jjm = arV X (ER X N)—I—ﬂ.N
pm = —BiV-N
N=Sx§8 spin damping




Spin damping monopole Takeuchi '11

: . i } A
Angular momentum transfer Spin=-orbital .

J J

@ Spin damping N = S x $

[Decay of spin angular momentum} 5
1} Spin-orbit interaction
(Generation of orbital angular momentum}
@ Inhomogeneous damping

Spin angular momentum

X

<l




Spin damping monopole Takeuchi '11

: . i } A
Angular momentum transfer Spin=-orbital .

J J

@ Spin damping N = S x $

[Decay of spin angular momentum} 5
1} Spin-orbit interaction
(Generation of orbital angular momentum}
@ Inhomogeneous damping

Spin angular momentum

X

<l

Orbital angular momentum




Spin damping monopole Takeuchi '11

: . i } A
Angular momentum transfer Spin=-orbital .

J J

@ Spin damping N = S x $

[Decay of spin angular momentum} 5
1} Spin-orbit interaction
(Generation of orbital angular momentum}
@ Inhomogeneous damping

Rotational motion of electron
Spin angular momentum . .

~ effective magnetic flux
* = Monopole

&

Orbital angular momentum Eo 3




Spin damping monopole Takeuchi '11

o VN
Angular momentum transfer Spin=-orbital gy i
V.
J
@ Inhomogeneous damping Rotational motion of electron
Spin angular momentum ~ effective magnetic flux
x = Monopole

“SaEe

Orbital angular momentum




Spin damping monopole Takeuchi '11

o VN
Angular momentum transfer Spin=-orbital =
V.
J
@ Inhomogeneous damping Rotational motion of electron
Spin angular momentum ~ effective magnetic flux
x = Monopole

Orbital angular momentum T B3

@ Time-dependent damping

Spin angular momentum

“al s



Spin damping monopole Takeuchi '11

o VN
Angular momentum transfer Spin=-orbital =
V.
J
@ Inhomogeneous damping Rotational motion of electron
Spin angular momentum ~ effective magnetic flux
x = Monopole

Orbital angular momentum E %

@ Time-dependent damping

Spin angular momentum

“al s

Voltage



Spin damping monopole Takeuchi '11

i A A
Angular momentum transfer Spin=-orbital il
V.
J
@ Inhomogeneous damping Rotational motion of electron
Spin angular momentum ~ effective magnetic flux

x = Monopole

Orbital angular momentum

@ Time-dependent damping
Change of magnetic flux

= Voltage, current

— 1
~ Monopole current
!N. ) gw. ] - gw. ) Jm = N

(VXE:—B-ij)

Spin angular momentum

Voltage



Monopoles

Dirac's monopole Dirac'31
o String singurality

Grand unified theory monopole 't Hooft, Polyakov, '74
e Symmetry breaking SU(5) — U(1)
e E > 107 Gev

Hedgehog monopole Volovik '87

o Ferromagnetic metal  SU(2) — U(1)

PH = —€ixV3S - (VjS X VkS) S“f//_,

JHe = Eijks - (V;S X ViS)

Spin ice monopole Castelnovo'08
o Frustrated spin

o Fictitious magnetic charge (?)
o Not coupled to electromagnetism (?)

Momentum space monopole Nagaosa
o Anomalous Hall effect



Monopoles

@ Spin damping monopole Takeuchi' 2011
e Ferromagnetic metal
o Emerges from spin dynamics +
spin-orbit
o Skewed projection  SU(2) — U(1)

@ Monopole pumping
(a)
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@ Spin damping monopole Takeuchi' 2011
e Ferromagnetic metal
o Emerges from spin dynamics +
spin-orbit
o Skewed projection  SU(2) — U(1)

@ Monopole pumping
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Same system as spin pumping + inverse spin Hall !!



Monopoles

@ Spin damping monopole Takeuchi' 2011
e Ferromagnetic metal
o Emerges from spin dynamics +
spin-orbit
o Skewed projection  SU(2) — U(1)

@ Monopole pumping
(a)

Same system as spin pumping + inverse spin Hall !!
Different (better) explanation



Summary

Microscopic formalism for spin transport
@ Fully quantum calculation  Perturbation theory

@ Each contribution is directly calculable
No need for semiclassical transport equation

@ Spin relaxation torque g torque, spin injection, spin chemical
potential

@ Spin pumping + inverse spin Hall
Rigorous description of spin-charge conversion

@ References
G. Tatara, H. Kohno and J. Shibata, Physics Reports 468, 213 (2008).
4R AEY  O=9 RIBEROEFE(SEELE, HEF S —X,2009)
A.Takeuchi and G.Tatara, cond-mat arXiv:1104.4215 (2011).
K.Hosono et al., J. Phys. Soc. Jpn. 79 014708(2010).
A.Takeuchi et al., Phys. Rev. B 81, 144405 (2010).
N.Nakabayashi et al., Phys. Rev. B 82, 014403 (2010).



Summary

Microscopic formalism for spin transport
@ Fully quantum calculation  Perturbation theory

@ Each contribution is directly calculable
No need for semiclassical transport equation

@ Spin relaxation torque g torque, spin injection, spin chemical
potential

@ Spin pumping + inverse spin Hall
Rigorous description of spin-charge conversion

Monopole...? — A.Takeuchi (O-3)

@ References
G. Tatara, H. Kohno and J. Shibata, Physics Reports 468, 213 (2008).
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