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Phenomenology of spin waves

F[M]= I{—M(r,t)~B(r,t) + Mﬂo[VM(r,z)]Z}dr and |M(r.¢)|=M,

Landau-Lifshitz (LL) . SE[M]
. I M=-yMxB; B=——7—
equation of motion: oM
M ot (pam g Bl
Plane wave ansatz: =M, (2+m ™) m i
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Exchange spin waves in thin films

Linearized LL equation for |m,|< M, :
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Spin wave packet

®, =, + Dk’

Magnon quantization and spin
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single magnon transverse amplitude

m,=-giy =S, =1 magnon spin
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Magnetic film (Kittel formula, £=0) Magnon quantization and spin (Kittel mode)
/(™) :—MZB+M£M'i and M (r.1) = M, \/T ‘1’] when B -0 linearily polarized
0 mr
C|~| VB+2K |=
K>0 easy (x,y) plane [’”J ; ( ) when K — 0 circularly polarized
M=-yBy xM i
T (02K, —M:B+£Mf =he w=1y[B(B+2K)
eff M 4 MO z? MU
o+y(B+K) K m B+K B+K o B—0
Yoo m_=—yh -8, = = hen
-K L_B+K | m JB(B+2K) JB(B+2K) |1 K0
/4
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Holstein-Primakoff transformation (single spin) Heisenberg model with anisotropy
N . L B008) Charles Kittel, . . o o & R
H=-M-B=hyS-B = hyBS. Quantum Theory of Solids, Single spin .Hfh;./BS}.+KS; ~(H+K)a'a+(K/2)(aa+a'a")+const.
[ss] =5 §-8=5(5+1) 1963 quasi-particles are not conserved! £ = heob'h -+ const.
Bogoliubov-de Gennes transformation: 5 =ui—v'a' = BBk
Mapping the spin problem on a Boson problem: |¥)=1S.5.)=|S.n) 0=r\B(B+2K)
) quasi-particle dispersion
With [4.a"]=1and [.4]=[a".a" ]=0: =ﬁ(”*) 5.0)
& _ _ 1 faa, 1 a'a E=hw,(n-5)
§ =S 4i8, ==l-55 ~\/E(1 . ]
o o Lo | aa 1 . aa higher-order terms in
§ =518, N =55 “ st 1- 45J expansion introduce
P — - interactions between
S.=8-aa |H:fu/)“(a‘a—5) with wn:yBl madnons
- : superconductor anisotropic magnet
11 12



2024/5/14

Magnon magnetic moment

Band edges of anisotropic ferromagnets

5 o d¢, 0K .
For Xy, =ey, and % = (1) then i=<1//,.|—‘%|1//i> " P
o4 oA o
Zeeman interaction: ’ , (C) in-plane
- s A oA 0€, =0 because field
X =H,—-mB, = m= (1//1, |— 1//1,) =——" and anisotropy
0B, 6BH torques cancel
Example: exchange magnons o T
&y =h}/B+Ak2:>mk =—%z—g‘u3 dB__B-2K
OB
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Band-edge magnon spin (GB et al., 2023) Contents
4 For B>2K: i
2#_0 ors= =gy BK » Magnon spin
u A Py i i
A JB(B—2K) » from ml_cromagnetlcs
- Diverging magnon spins > from Spm models
2 ®) Kittel cause er]l:]a!nced magnon o Magnon dipolar Chil‘ality |
conductivities. + Gated spin communities
- However, magnon
1 S approximations breaks
=L (A) down
©) >y out-of-plane
0 in-plane !
1 2 3 4
B/|K|
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Chirality in chemistry and transport Magnetodipolar interactions
H
n < QB — magnetic vs. electric P . S
monopoles (Wikipedia)
H O\ 1/ 3
o ‘@ e
O B .
4
k% p =V-M magnetic charges
v Pu(r)
R\ B,(r)=V yp ‘rir,dr' Coulomb’s Law
DOI: 10.1002/evI3.31 quantum Hall effect o
magnetic wire, spin ice
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Magnon dispersion of a &= 5 pm YIG film Magnetostatic surface waves (Damon & Eshbach, 1959)
Wavenumber g (10 rad/cm)
ho, =ho, +2Dk" o) 2+ & 8 10 12 v dr' koM,
=7B \MW @*H 3 b e
o - ) E, =-B,-M,
a 9.01 Forward Volume Spin Waves H,
g 85
]
g 80 q n
'S
75 k
Backward Volume Spin Waves
7.0 , ' ' , ' ‘ ' M .
0 10 20 30 40 50 60 70 . .
© Bozhko, Hillebrands Dimensionless wavenumber g-d chiral propagation
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Magnetostatic surface waves Magnetic conveyor belt
=+ Topological protection of half-space DE modes: Yamamoto et al. (2019) Thermography:
Class Cl semimetals: H, = i, + 5,0, + C,o by An et al. (2013)
Electrons Classical waves
Symplectic structure @ = dp A dg Theory:

Topological

T. Yu et al. (2019)
edge states Q No upper band

Not discussed here Subclass CI* proposed in this article s 5
= Small group velocity Yu et al. (2019) g g
= Dephasing by weak disorder T e
= Efficient backscattering to opposite surface in films Kittel mode Damon-Eshbach mode
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Thick vs. thin magnetic films 2-terminal magnon transport
X, 1 2
B,M
o) / — /
M
% AT BN T e Can s A AR R
‘ ‘2 g
m, | =3
o3
= S
i [ Pu 21
S (o, 0,)= S (o,0,)
k_. N 12 2
k y ~
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2-terminal magnon transport

2-terminal magnon transport
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Non-local magnon Transport

Contact 1: microwave stripline at frequency o s
Contact 2: inductive detection at frequency o n(@.0)

V. Vlaminck and M. Bailleul (2008)
H. Wang et al. (2020), De Wal et al. 2023)
Contact 1: electric injection by SHE

! C I‘Slz(wl,wz)‘zdw,dwz
Contact 2: electric detection by ISHE L. Cornelissen et al. (2015)

X. Wei et al. (2022)

Contact 1: microwave stripline at frequency o

2
v i I‘Slz(w,wz)‘ dw,
Contact 2: electric detection by ISHE

L. Sheng et al. (2023)

Three terminal devices (“magnon

A.V. Chumak et al. (2014)
transistors”)

Baumgaertl & Grundler (2022)
T. Yu et al. (2023)

Spin wave spectroscopy in thin films
w =100 nm
s =10 nm
X (b)
s
NSL1 NSL2
: © i I
Cot

H. Wang et al. (2020)
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Wang et al. (2020) Chirality by classical electrodynamics B
0ls n
.\W \\1 >\1/ f K< =
2 o [ lr . ,
N / j< /‘\X\ ‘%‘\ Stray magnetic fields:
N heloﬂ(mn N - [ " .m‘u:{w‘ 0 008 0. W‘... _k B hk - JL‘JV'Mk
Exchange oo,V . o 4 e
z THAOTOLY T. Yu et al. (2021)
\W’ W/ 5\1/ by = B B = 2
a ™ surface 1 bul
o /l\< //l\\ //l\ by = b~y =0
Tao Yu et al., Chirality as generalized spin—orbit interaction in spintronics,
flak) Physics Reports, 2023.
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Spin transistors

le
Gate

Spin-orbit
coupling

=D
Magpnetic |
contact J

Datta & Das (1990) B

Magnetic
contact

Bauer et al. (2003)
Chiba et al. (2013)

Brataas et al. (2000) Cornelissen et al., 2018
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2-terminal magnon transport
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Chiral magnon transistor

source BM drain
V.
g /'Lg’i;gf 7_\' fe G e T Sy

S,, =S,, without gate

33

34

Metal gate on magnetic film

Hl:(\‘)

K |

W Y
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Eddy-current Chiral damping (Bertelli et al.,

X

2021)

metal

i(r)
Hix) <9

W Y 2 7
p= < Joule dissipation
(0] o

M
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Eddy-current Chiral damping (Bertelli et al., 2021)

X

2.5 40

metal . 524 0§
i(r) g 202
= £ 2 3 "E
Hix) 9= £ 0
c:> ’ distance (um)

«—— gold stripline

0 20
distance (m)

Meissner effect [Yu et al. (2022)]

X

i(r)

super-
conductor
London penetration
Hix) <= l
— Kk

W Y
o stray fields are screened by
M

diamagnetic eddy currents
without extra damping
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Superconducting gate [Yu and GB (2022)]

24151050 051 152 B

Superconducting gate [Borst et al. (2023)]

normal Cy (%) super C, (%)
0 2 4 0 2
r=1o7k HE_ r7-s55k HEE_E
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Thermal magnon transistor (Tao Yu et al., 2023)

K, (0.0 nm™")

2 Law (Tao Yu et al, 2023)
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2" Law (Tao Yu et al., 2023)

&y
@ Yy

2" Law (Tao Yu et al., 2023)

YIG 73/ (V/ /
o]

43

44

Non-local Peltier effect (Tao Yu et al., 2023)

YIG VV/Q /

pawl

ratchet

3-terminal quantum Hall effect at high fields

T,, =T, +AT/2
In absence of gate 3 (or
chiral damping):
S? =-K,(T,~T,)
kT’
T 3
In presence of gate:

J@ = —KAT

s
1D edge channel 1O K AT

(skipping orbits)
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Heat current rerouting

J1—>3 < J1—>2/ 2

N=] —e—

5 —e—

Ty=30K
AT=SK

=

10 —=—
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1. Magnons are well known but keep
generating surprises such as having
diverging magnetic moments.

2. Nearly perfect chirality is built into
magnonics without spin-orbit
interaction,

3. Eddy currents in metal caps induce
chiral damping and freuquency
shifts,

4. Superconducting contacts generate
magnon gaps and may be used. 0 -~
create high-quality magnon barriers
and wave guides.

5. Chiral damping by eddy curre
be used for heat management of 1

magnonic circuits,
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