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» BACKGROUND
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Spin Pumping

A standard (experimentally established) way to generate spin current
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M(t): LLG Eq.

K. Ando et al., Nat. Mater., 10 (2011) 655

Points

v’ The exchange interaction
The key to spin pumping.

o—@

v' Ferromagnet (resonance, i.e. FMR)
—> Spin battery.
Brataas et al., Phys. Rev. B, 66 (2002) 060404 (R).

v’ Interface;
Spin-flip

v Microwaves (quantum fluctuations);

Driving force and resonance
- Out of equilibrium.




Inverse Spin-Hall Effect

Indirect detection of spin currents

v’ Inverse spin-Hall effect <

Spin current = charge current

Spin-orbital
interaction

—> v Spin-Hall effect

Charge current = spin current



Inverse Spin-Hall Effect

Indirect detection of spin currents

v’ Inverse spin-Hall effect <

Spin current = charge current
- Voltage drop: V

Spin-orbital
interaction

—> v Spin-Hall effect

Charge current = spin current



Experiment

E. Saitoh et al., Appl. Phys. Lett., 88,182509, (2006).
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Experiment

E. Saitoh et al., Appl. Phys. Lett., 88,182509, (2006).
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SYSTEM:
Metal/Ferromagnetic Insulator

M(t)

Fig cited from [Zuti¢ et al., Nat. Mater. (2011).] M



SYSTEM:
Metal/Ferromagnetic Insulator
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MAIN PURPOSE

Spin current generated in the metal/Fl junction

» Classical but non-perturbative theory

=> Scattering matrix formalism T\L Spin-mixing conductance

Y. Tserkovnyak et al. g
Rev. Mod. Phys. 77, 1375 (2005). (constant)
Phys. Rev. Lett. 88, 117601 (2002).
Phys. Rev. B, 66 (2002) 060404 (R).

> Quantum but perturbative theory | xui«onzs

Scott A. Bender and Yaroslav Tserkovnyak

- Kubo formula (Linear response theory): Y 9 A A
Microscopic approach (Spin Hamiltonian) H=-J [d rp (r) $S (r)



MAIN PURPOSE

Spin current generated in the metal/Fl junction

» Classical but non-perturbative theory

=> Scattering matrix formalism Twl' Spin-mixing conductance

Y. Tserkovnyak et al. g
*  Rev. Mod. Phys. 77, 1375 (2005). (ConStant)
Phys. Rev. Lett. 88, 117601 (2002).
Phys. Rev. B, 66 (2002) 060404 (R).

Correspondence ??

g = w—a [drpw s

- To find quantum-mechanical effects arising from spin-flip processes
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KEY POINT

v “Quantum” spin = discrete v' “Classical” spin = continuous

g7 B8 pedas.

-1/2 1/2 “Spin-flip process” 1/2 1/3 1/4 1/5 1/6
- Essentially the quantum-mechanical effect: | +> = | +>
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MAIN PURPOSE
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» Classical but non-perturbative theory
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Classical but non-perturbative theory

Scattering matrix formalism
Y. Tserkovnyak et al. Rev. Mod. Phys. 77, 1375 (2005).

T '
dy:normal metal-film of thickness T /¢ :Single-magnon energy S

g' = g”r + ig”l.: T=0 spin-mixing conductance

/ A p: spin density (spin accumulation)
p = p'n' = 2p/D {

/ D: density of state per spin and unit volume
M P+ — H—

u': Electrochemical potential difference
n: magnetization

spin-current density i = —hpdy

, 1
{ = (ol o)




» Quantum but perturbative theory

Kubo formula (Linear response theory)

arXiv:1409.7128,
Scott A. Bender and Yaroslav Tserkovnyak



Magnon = Spin-Wave

v" Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins

Ferromagnetic Heisenberg model (J > 0)

Ground state; S;* = S

S N N

[Y. Kajiwara et al., Nature 464 (2010) 262]



Magnon = Spin-Wave

v" Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins

Ferromagnetic Heisenberg model (J > 0)

Ground state; S;* = S

R\g 7}.,/ <4 f f me

§’b ﬁ’% Spin-wave (collective mode)
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Holstein-Primakoff transformation; magnon

s?=s Magnon S.?=¢—q.Tq,

W T
a;’a; + _cX . ~ ~ -
i‘ @ Sit =S¥ +iSY = a; = (§7)7
-y Si?<S .
with [Cll', a]-l_] = 61]
[Y. Kajiwara et al., Nature 464 (2010) 262]




Magnon = Spin-Wave

v" Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins
Ferromagnetic Heisenberg model (J > 0)
=S

v Spin-wave spin (i.e. magnon) current
is also measurable by ISHE.
Ground state; S;% =
1355 g e e

[Y. Kajiwara et al., Nature 464 (2010) 262]

<G>

Spin-wave (collective mode)
: . 3

Holstein-Primakoff transformation; magnon

s?=s Magnon S.?=¢—q.Tq,
W E —
ia‘ « @ Si” =S +iSY = a; = ()7

S?<S

with [Cll', a]-l_] = 61]

[Y. Kajiwara et al., Nature 464 (2010) 262]



Spin Hamiltonian
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Spin-flip Mediated by Magnons

H~DY Ukkolhylro(l—i/s)
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Elastic scattering
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- Spin-flip mediated by magnon
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Classical but non-perturbative theory

Spin current
density “ ,'L X 1n

'N, 1] Spin-mixing conductance at zero-temperature Y. Tserkovnyak et al. Rev. Mod. Phys. 77, 1375 (2005).

g? (constant)

Quantum but perturbatlve theory

Spin current * i (“ W / % N
density 1 — A ' M

@ o)

(n~ magnetization of Fl)
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Spin current
density

Classical but non-perturbative theory

HiGea

’N, Spin-mixing conductance at zero-temperature
gz T (constant)

Y. Tserkovnyak et al. Rev. Mod. Phys. 77, 1375 (2005).

Spin current
density

Quantum but perturbatlve theory
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Classical but non-perturbative theory

Spin current
density “ ,'L X 1n

Y. Tserkovnyak et al. Rev. Mod. Phys. 77, 1375 (2005).

’N, Spin-mixing conductance at zero-temperature
gz T (constant)

Quantum but perturbatlve theory

Spin current
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(AQ): magnon gap)

Quantum but perturbative theory —
T 4qtq

Spin current
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(h£2: magnon gap)

“Temperature”
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CONCLUSIONS
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v' The correspondence between the “classical non-perturbative theory” and the “quantum-
mechanical perturbative one” on the interfacial spin transport between a metal/Fl
junction has been clarified.

v The spin-mixing conductance gN governs interfacial spin transport.
- The classical non-perturbative theory based on scattering matrix formalism is valid.

v’ Inelastic scattering, which describes the spin-flip processes mediated by magnons,

characterizes the temperature dependence of spin currents and gives the quantum-
mechanical contribution.
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