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Yttrium Iron Garnet Y;G* Fe,(4) (Fe30,2)),

4 a

80 atoms & 20 magnetic
d moments/unit cell

- electrical insulator (band gap 2.8 eV)

- Curie temperature 550 K

- low acoustic damping

- high magnetic quality factor Q=10°

- large Faraday effect (by doping)

- tunable magnetic anisotropy (by doping)

Spin waves (magnons)

am
Landau-Lifshitz equation: a -yMxB

Linearized solution (exchange magnons):
1=2r

Planck (Rayleigh-Jeans) ) =
distribution:

Sublattice model for ferrimagnets

HBOBONHREE

Acoustic (FMR) mode in eff. magnetic field:

Optical (AFM) mode in eff. exchange field:

| 1\ NV LI/ Y/

oo —T T T T

Energy transfer, ev

agf2m

Acoustical and optical magnon dispersion relations in magnetite, as
determined from inelastic neutron seattering by Brockhouse und Watanabe
(IAEA Symposium, Chalk River, Ontario, 1962).

Atomistic spin simulations (J. Barker)
Classical Heisenberg spin model:

Stochastic Landau-Lifshitz-Gilbert equation:

Jog = -30.0 meV
Ty = -10.1 meV
Jp = -2.9 mev
a = 0.002

Output: 5,(¢) for a large system and time interval.

Temperature dependence and chirality
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Magnon-polaritons

photon

magnon

Spin mechanics

Magnetic anisotropy couples magnetic and lattice order

Dynamics

- thermalization of lattice and spin
- magnon-phonon drift
- hybridized states (Kittel, 1958)

Magnon-polarions

Kittel (1958)

Riickriegel et al. (2014)
Kamra et al. (2015)

@, = spin wave gap

0

Pump & probe spectrosocpy

Femto- n ical excitation

Excitation by — Inverse Faraday effect
— Heat

Detection by — Faraday or Kerr rotation

Ogawa et al. (2015)
Satoh et al. (2012)
Hashimoto et a/. (unpublished). © Ogawa

Snapshots

3.45ns

Theory

Experiment
(Ogawa et al., 2015)

N

6.2nsxv,

6.2nsxv,

Shen & GB (2015)
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Current-induced spin accumulation by XMCD

Kukreja et al., PRL (2015)
[Also: Li et al., PRL (2016)]

Spin-accumulation and spin-current

& spin-flip diffusion length
p diffusion constant
7, spin-flip relaxation time

Spin accumulation AHE
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closely related to
spin Nernst effect

D. Hou et al. (2016)

Spin Nernst effect

S. Meyer et al. (2016)

‘]s,SH = aspin Hall Jc ‘VT:U
J,

5,5N = aspin Nernst Jc ‘vv:o

O _ [-0.5  experiment
o -0.9 theory

spin Nernst

spin Nernst
magnetothermo-
power

Scattering in metals
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Spin and heat accumulation
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1, — g, spin particle
accumulation

7, =T, spin heat
accumulation

Spin temperature and heat accumulation

Dejene et al. (2013)

¢,,(300K) = 60 nm ¢,,(77K) =150 nm

Weakly interacting limit

Distribution functions in Al at low 7:

E

Pothier et al. (1997); 0 ——fB 1
Pierre et al. (2000)

Magnon scattering in insulators
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Standard Spin Seebeck model

Spin pumping/torque
~

n

Magnon/phonon transport Spin diffusion and spin-
charge conversion

V =C(T, 04,0y, 0, )T, - Tp) Gs, [ doo @) I =, (K, 0)
k

RE-IG

GdIG

\ YIG

Electroceramics:
Materials, Properties,
Applications, by A.J.
Moulson & J. M.

Herbert (Wiley, 2003).

SSE of Gadolinium Iron Garnet

Gepréags et al. (2016)

Glitches in the SSE (Kikkawa et al., 2016)

Magnon-polarons & SSE

T. Kikkawa & E. Saitoh: experiments m
K. Shen & B. Flebus: Boltzmann theory

incl.
magnetostatics
& defect
scattering




Magnon-polaron occupation

Planck distributions

\
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Cross versus touch (Kikkawa et al. 2016)
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Magnon-polarons in YIG (Kikkawa et al., 2016)

Interface response matrix

7-mlﬂm TNlﬂs

spin conductance

- J,
- J,
spin Seebeck effect |
[JSJ _ Ha)/ 26’}
T, T
|heat conductance |
Xiao et al. (2015) |spin Peltier effect |

Duine et al. (2015)

Spin Seebeck/Peltier diffuse regime

Flipse et al. (2014),
Daimon et al. (2016):

SPE governed by £,,,,.

mp

Kehlberger et al.
(2015); Boona et
al. (2015), Kikkawa
et al. (2015) :
governed by #,,.

© Heremans & Boona
(2014)

RT (Duine et al., 2015; Cornelissen et al., 2016)

thermal wave length 4, =./47A/(k,T) ~1nm

thermalization length o ~ T 2% 21-10nM RT
heat relaxation length Ly~ T ~1-10nm

spin relaxation length ¢, ~1/+/a ~1-10pm

d. <2 wave interference
i : Yan

d. </, non-interacting magnons et al. (2016)
A <d, Boltzmann equation
C o Ar < A diffusion equation

Wi d.<t( /0 constant distribution
Arilm < e < Lps b ) } Cornelissen
Loprlm < diffuse bulk transport et al. (2016)




Electrical magnon injection

Self-oscillation vs. magnon injection

Kajiwara et al. (2010) Cornelissen et al. (2015)

Collinear spin configuration

Spin current conversion

" If 0

Spin current conversion

")

" If#0

Small angle spin transfer

magnon injection

magnon detection




Magnon injection

=1

h My spin current not absorbed but
-tew-v)-] ®

s Ze s
G, ~ jrel spin conductance
~0.1g™ YIGatRT

e conserved at interface

Xiao et al. (2015)
Duine et al. (2015)

Magnon based logic in a multi-terminal YIG|Pt nanostructure

Control © Injector 1 Injector 3] Detector 2
1

1
1 1
1
1

Ganzhorn et al. (2016)

4-strip majority gate
Input: (15111113)
Output:

Long distance magnon transport

Cornelissen et al. (2015)

“Magnon drag”

Li et al. (2016)
Wu et al. (2016)

Magnon diffusion equations

Cornelissen et al. (2016)

\ at room temperature

\ since (,>(,,

Magnon diffusion

Cornelissen et a/. (2016)




How to interpret magnon spin currents?

Low temperature

Cornelissen & van Wees (2016)

= Magnons become non-
= interacting and ballistic
mw at (not so) low T ...

However:

Ballistic (but not quantum) magnons

Atomistic spin model (P. Yan, 2016)

Heisenberg
spin model

lattice
temperature
profile

stochastic
LLG equation

O classical FDT

Linearized LLG equation

Fluctuating diffusion equat‘ion/ trigonal matrix

P,,, amplitude of
free magnon & at site 7.

temperature matrix

Equilibrium magnon distribution

£ - ME)=DE)L(E) )
ol

k,T
e . « f/z] (E)= z__

NDf

2 kT

ha,

magnon density: Prp = Zk:‘Pk,n
<sk> =k,T




Non-equilibrium steady state

1 . .
Prtn = = Un}) magnon density at site n
o (wy + wy)
=2 PuPuksTix— T 5
; ™ @ (w +wi ) + (W —wp)”
Tu=T magnon temperature constant to leading
KK —
order in « for antisymmetric (linear) 7,.
T

7I-attice(X)
——————————— 7—magnon(/\/)

X

PMan =

Transverse SSE and chemical potential

chem. pot.

SSE

Take-home messages

(1) Ferromagnets # ferrimagnets at
temperatures possibly much below 7,

(2) Magnons can be strongly coupled to
phonons and photons.

(3) Phonons can be important for magnon
transport.

(#) The magnon chemical potential describes
the spin accumulation in magnetic
insulators not only in the diffuse regime.
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