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Spinwaves and soundwaves for applications
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Soundwaves for mobile communication

Spinwaves for information processing

$4.5 billion (2020)

Chumak et al J. Phys. 

D: Appl. Phys. 50,

244001 (2017)

P. Pirro et al., Nat Rev 

Mater 6, 1114 (2021)

Acoustic filters

(data: GPS filter

Epcos B9080, 

footprint 2 mm²)



Why magneto-acoustic waves?
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Control spin-waves 

with 𝑘SW ≠ 0

~cm

Demokritov et al., Nature 

443, 430 (2006)

Bozhko et al., Phys. Rev. 

Lett. 118, 237201 (2017) 

Miniaturize non-reciprocal 

microwave devices

𝑓 ≈ GHz



Brief history of sound and spin
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𝑓ME = 𝑏1 𝜀𝑥𝑥𝑚𝑥
2 + 𝜀𝑦𝑦𝑚𝑦

2 + 𝜀𝑧𝑧𝑚𝑧
2 + 2𝑏2 𝜀𝑥𝑦𝑚𝑥𝑚𝑦 + 𝜀𝑥𝑧𝑚𝑥𝑚𝑧 + 𝜀𝑦𝑧𝑚𝑦𝑚𝑧

Dreher, MW et al., Phys. 

Rev. B 86, 134415 (2012)

Phys. Rev. 110, 836 (1958)

𝑚𝑧 ≈ 1 ≫ 𝑚𝑥, 𝑚𝑦

𝜇0𝑯ME = −∇𝒎𝑓ME ≈ 2𝑏2

𝜀𝑥𝑧
𝜀𝑦𝑧
0

𝑏2 ≈ 10 T
𝜀 ≈ 10−3

𝜇0𝐻ME ≈ 10 mT

Magnetoelastic free energy contribution:

𝑴
𝑯𝟎||𝒛

𝑯ME

𝜕𝑴

𝜕𝑡
= −𝛾𝜇0𝑴×𝑯eff 𝑯eff = 𝑯0 +𝑯ME +⋯

Pure strain Shear strain



Brief history of sound and spin
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FMR ↔ Soundwave ↔ E-Field

e

h

Phys. Rev. Lett. 3, 83 (1959)



Brief history of sound and spin
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1 2

Surface Acoustic Wave (SAW)

Macroscopic: Earthquake

Microscopic: Mobile communication

Interdigital transducer (IDT) Spinwave ↔ Soundwave ↔ E-Field
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Brief history of sound and spin
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𝑓SAW ≈ 100 MHz ≪ 𝑓FMR ≈ 1 GHz

Δ𝐸-Effect: c=c(M)

Ni (1µm)/ LiNbO3

Static M rotation

𝑯0

M oop

M ip

Ganguly et al., JAP 

47, 2696 (1976)

Thick Ni film with

perpendicular magnetic

anisotropy
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Brief history of sound and spin
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Feng et al., JAP 53, 

177 (1982)

𝑓SAW ≈ 600 MHz

SAW absorption mimics low-frequency susceptibility 𝜒||

AC susceptibility (kHz)

600 MHz

SAW generates magneto-elastic “tickle-field” h

In-plane anisotropy Ni (0.2µm)/ LiNbO3

𝑃 ∝ 𝜒||



Brief history of sound and spin
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1 2

𝑓SAW ≈ 1 GHz = 𝑓FMR

Acoustically driven magnetic resonance

MW et al., Phys. Rev. 

Lett. 106, 117601 (2011)
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Symmetry of the magneto-acoustic interaction
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Dreher, MW et al., Phys. 

Rev. B 86, 134415 (2012)

𝑓ME = 𝑏1𝜀𝑥𝑥𝑚𝑥
2 + 2𝑏2 𝜀𝑥𝑦𝑚𝑥𝑚𝑦 + 𝜀𝑥𝑧𝑚𝑥𝑚𝑧

𝜇0𝑯ME = −∇𝒎𝑓ME

𝝉 = 𝒎× 𝜇0𝑯ME

𝒎
𝜇0𝑯ME



Symmetry of the magneto-acoustic interaction
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Dreher, MW et al., Phys. 

Rev. B 86, 134415 (2012)

𝑓ME = 𝑏1𝜀𝑥𝑥𝑚𝑥
2 + 2𝑏2 𝜀𝑥𝑦𝑚𝑥𝑚𝑦 + 𝜀𝑥𝑧𝑚𝑥𝑚𝑧

𝜇0𝑯ME = −∇𝒎𝑓ME

𝝉 = 𝒎× 𝜇0𝑯ME

𝒎
𝜇0𝑯ME



Symmetry of the magneto-acoustic interaction
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𝑣SH = 4075
m

s
𝑣R = 3105

m

s



Symmetry of the magneto-acoustic interaction
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t=510nst=390ns

Küß, MW et al., Phys. Rev. Applied 15, 034046 (2021)

𝑓 = 3.5 GHz

𝜇0ℎ ∝ 𝜀𝑥𝑧 cos (2𝜙0) 𝜇0ℎ ∝ 𝜀𝑥𝑥 sin𝜙0 cos 𝜙0



Symmetry of the magneto-acoustic interaction
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Symmetry of unknown SAW-mode 

can be determined

𝑓 = 3.5 GHz

Küß, MW et al., Phys. Rev. Applied 15, 034046 (2021)

SHSH*
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Magneto-acoustic coupling
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Rayleigh-SAW:
𝑓 ≈ 7 GHz

Origin of amplitude non-reciprocity? 

Are magneto-acoustic waves chiral?



Magneto-acoustic coupling

Mathias Weiler

20

𝜀𝑥𝑥 =
𝜕𝑢𝑥
𝜕𝑥

𝜀𝑥𝑧 =
1

2

𝜕𝑢𝑥
𝜕𝑧

+
𝜕𝑢𝑧
𝜕𝑥

𝜇0ℎip = 2 𝑏 𝜀𝑥𝑥 sin𝜙0 cos 𝜙0

𝜇0ℎoop = 2 𝑏 𝜀𝑥𝑧 cos 𝜙0
Rayleigh wave

Elliptically polarized driving field 

𝒎

𝑘SAW

𝑘SAW
𝒉ip

𝒉oop

𝒎

𝒉ip

𝒉oop

Good coupling Poor coupling
Case closed?



Magneto-elasticity and magneto-rotation
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𝜀𝑥𝑧 =
1

2

𝜕𝑢𝑥

𝜕𝑧
+

𝜕𝑢𝑧

𝜕𝑥
→ 0 in thin film limit

𝜔𝑥𝑧 =
1

2

𝜕𝑢𝑥

𝜕𝑧
−

𝜕𝑢𝑧

𝜕𝑥
≠ 0 in thin film limit

𝒎

𝒉ip
Maekawa, Tachiki, AIP Conference 

Proceedings 29, 542 (1976)

Anisotropy axis modulation

𝜇0ℎMR = −
1

2
𝜇0𝑀eff𝜔𝑥𝑧 cos 𝜙0

Magneto-rotation

𝜇0ℎ𝑜𝑜𝑝 = 2 𝑏 𝜀𝑥𝑧 cos 𝜙0 → 0

(does not require magneto-elastic medium!)

𝒎

𝒉ip

𝒉MR



Magneto-rotation

Mathias Weiler

22

Xu et al., Science Advances 6, eabb1724 (2020)

(only) magneto-rotation or 

(also) magneto-elasticity?
𝜇0ℎMR = −

1

2
𝜇0𝑀eff𝜔𝑥𝑧 cos 𝜙0

𝜇0ℎME = 2 𝑏 𝜀𝑥𝑧 cos 𝜙0

𝑓 ≈ 6 GHz



Finite element modeling of strains
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LiNbO3

CoFeB

Cap

𝜀𝑥𝑧 ≠ 0 in CoFeB

LiNbO3

𝜀𝑥𝑧=0 for free LiNbO3 surface

z



Quantitative Analytical Model (Rayleigh SAW)
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From FEM

Küß, MW et al. PRL 

125, 217203 (2020)

𝑏𝑥𝑥 = 𝑏1
𝜖𝑥𝑥,0

𝑢𝑧,0 |𝑘|
𝑏𝑥𝑧 = 𝑏2

𝜖𝑥𝑧,0

𝑢𝑧,0 |𝑘|

P. G. Gowtham, JAP 

118, 233910 (2015) 

𝐺0 =
1 − 𝑒− 𝑘 𝑑

|𝑘|𝑑

Dipolar

Exchange

DMI

Anisotropy

Damping

Model considers:



Quantitative modeling
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𝜔𝑥𝑧 =
1

2

𝜕𝑢𝑥
𝜕𝑧

−
𝜕𝑢𝑧
𝜕𝑥

Magneto-rotation:

𝜀𝑥𝑧 =
1

2

𝜕𝑢𝑥
𝜕𝑧

+
𝜕𝑢𝑧
𝜕𝑥

Magneto-elastic:

Küß, MW et al. PRL 125, 217203 (2020) 𝑏𝑥𝑧,MR = −
1

2
𝜇0𝑀eff𝜔𝑥𝑧

𝑏𝑥𝑧,M𝐸 = 𝑏2𝜀𝑥𝑧

CoFeB

CoFeB/Pt
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Sound-spin-waves
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Casals et al., Phys. Rev. Lett. 124, 137202 (2020). 

𝑓 = 500 MHz

Liensberger, MW et al., IEEE 

Mag. Lett. 10, 5503905 (2019).

FR-MOKE

𝑘𝑆𝐴𝑊 = 𝑘𝑆𝑊

We do not excite FMR 𝑘 = 0 but spin waves
1 2



Non-reciprocal microwave devices

Mathias Weiler
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Non-reciprocal spin wave dispersion

Moon et al., PRB 88, 184404 (2013)

Nembach, MW et al., Nat Phys 11, 825 (2015)

No DMIWith DMI

How to improve non-reciprocity of 

magneto-acoustic devices? 



Non-reciprocal spin wave dispersion
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7 GHz

𝑘𝑆𝐴𝑊−𝑘𝑆𝐴𝑊

𝑓 ≈ 7 GHz



SAW-DMI spectroscopy
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Spin-wave frequency non-reciprocity due to DMI

Küß, MW et al. PRL 

125, 217203 (2020)

PRL 118, 147201 

(2017)



Magneto-elastic waves in bilayers
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Dipolar coupling



Single layer
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Single layers
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CoFeB(5)/Pt(3) Py(20)/Au(5)

magneto-elastic

magneto-rotation

𝜇0ℎip = 2𝑏𝑥𝑥 sin𝜙0 cos 𝜙0

𝜇0ℎoop = 2𝑏𝑥𝑧 cos 𝜙0

Küß, MW et al., Phys. Rev. 

Applied 15, 034060 (2021). 



Bilayer expectations
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Küß, MW et al., Phys. Rev. 

Applied 15, 034060 (2021). 

Bilayer spin wave dispersion: Gallardo et al., Phys. Rev. Applied 12, 034012 (2019).



Bilayer experiment & simulation
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SimulationExperiment

Küß, MW et al., Phys. Rev. 

Applied 15, 034060 (2021). 



Optimizing non-reciprocity
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Achievable SAW insertion

loss 𝐼𝐿0 < 4 dB [APL 110, 

073105 (2017)]

Non-reciprocity

Δ𝑆 > 35 dB

Magneto-acoustic insertion loss

Δ𝐼𝐿 ≈ 1 dB

Küß, MW et al., Phys. Rev. 

Applied 15, 034060 (2021). 
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Non-linear magneto-acoustics
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Microfocused Brillouin Light-Scattering

Magnon signal at 𝑓SAW ≈ 6 GHz



Non-linear magneto-acoustics
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𝜇0𝐻 = 6 mT 𝜇0𝐻 = 2 mT

Geilen, MW et al., 

arXiv:2201.04033 (2022)

𝜇0𝐻

Theory: R. Verba, Institute of

Magnetism, Kyiv, Ukraine



Summary
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Magneto-acoustic interaction due to

• Magneto-elasticity

• Magneto-rotation

Acoustic spin-wave spectroscopy

• High wave-vectors

• High sensitivity

Küß, MW et al. Phys. Rev. Lett. 125, 

217203 (2020)

Strong non-reciprocity

• Miniaturized device with low 

insertion loss

• Established technological 

platform

Küß, MW et al., Phys. Rev. 

Applied 15, 034060 (2021) 

Symmetry of magneto-acoustic interaction

can be controlled by choice of SAW-mode

Küß, MW et al., Phys. Rev. Applied 15, 

034046 (2021)

Open positions 

(PhD & postdoc)

Nonlinear magneto-acoustics (Geilen, MW et al., arXiv:2201.04033 (2022))
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Extracted strain components
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• Good agreement

• Magneto-elastic symmetry can 

be used to determine strain 

components

Unknown mode SH*

has shear horizontal 

symmetry
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Achievable SAW insertion

loss 𝐼𝐿0 ≈ 4 dB [APL 110, 

073105 (2017)]



Fit results
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Küß, MW et al. PRL 

125, 217203 (2020)



Broadband SAW spectroscopy
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Küß, MW et al. PRL 

125, 217203 (2020)



Sample layout
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Küß, MW et al. PRL 

125, 217203 (2020)



Proposed applications
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R. Verba et al., Advanced Electronic Materials 7, 2100263 (2021). 

Isolators Circulators



SAW filter
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