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3D magnonics

Inverse-design 
magnonics

High quantity of elements + new physics

Any type of computing, incl. neuromorphic
ChatGPT4: 
“magnonic computer that looks like a human brain”
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Nanoscale magnonic networks
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Roadmap on spin-wave computing
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ü 116 authors
ü 61 sections
ü 57 figures
ü 530 references
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Spin waves for novel information systems
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3D magnonics
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Why 3D magnonics?
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Motivation befind 3D magnonics
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Number of data 
processing units Access to new physicsNo problems 

with heating

10x10x10 nm3 unit
1x1 mm2 chip, one layer: 1010 units
1x1x1 mm3 chip: 1015 units

Wang, et al., Nature Electronics 3, 765 (2020)

Otálora, et al., Phys. Rev. Lett. 117, 227203 (2016)
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Engineered nano-volcanoes
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Microwave spectroscopy of 3D 
nanomagnets

Nanodisks with crowns [depleted-precursor writing regime]

Designed nano-volcanoes
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3D case: “Drum modes” in nanovolcanoes
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Nonuniform demag. field !
Dobrovolskiy, et al., APL 118, 132405 (2021) 
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Mode profiles in nanovolcanoes
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MuMax3 simulations

§ Low-frequency modes: volcano crater
§ High-frequency modes: ring around crater

Dobrovolskiy, et al., APL 118, 132405 (2021) 
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Mode profiles in nanovolcanoes
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Lamb-Camarena, et al., Nanomaterials 13(13), 1926 (2023)

Challenges:

–>   Quality of 3D Nanomagnets

–>   Limited choice of materials
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Nano-scaled directional coupler

Wang, et al., Nature Electronics 3, 765 (2020)
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Non-reciprocal magnonic directional coupler

𝐿 = !
∆#
= !

#!"$#"
,    𝐿%# ≠ 𝐿$#

At a special frequency where 𝐿$# = 2 × 𝐿%#
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k-resolved BLS results
YIG(100)/CoFeB(40) film YIG(100)/SiO2(5)/CoFeB(40) film
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Fabrication of the non-reciprocal coupler 

Sample: YIG(100nm)/NM(5nmm)/CoFeB(40nm)
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3D magnonic directional coupler

𝐿 = !
∆#
= !

#!"$#"
,    𝐿%# ≠ 𝐿$#

At a special frequency where 𝐿$# = 2 × 𝐿%#

Andrii Chumak

Much stronger coupling!
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Bulk and Surface Modes in 3D Nanomagnonic Networks 
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• two-photon-lithography (TPL) 
• 3D nanonetworks conformally coated with a Ni shell 
• plasma-enhanced ALD
• BLS measuremetns of thermal spectrum

Challenge:

–>   Spin-wave excitation and detection
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Spin-wave dynamics in gyroid nanostructures 
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• unit cell of the investigated gyroid 
sample measures 50 nm

• volume fraction of approximately 
10% (4 nm node)

• block copolimer
• micromagnetics and FMR
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Coherent spin waves in a 3D ASI
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• two-photon-lithography (TPL) + thermal evaporation 
• 50 nm-thick Ni81Fe19

• 4 layers
• BLS measuremetns of coherent magnonsChallenge:

–>   Shadowing effect 

–>   Localised spin-wave source

–>   3D spin-wave detection
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3D spin-wave mapping
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• SAF: CoFeB 50 / Ru 0.5 / NiFe 40 / Ru 4 (nm)  
• time-resolved magnetic laminography
• the full 3D landscape of coherent propagating spin waves 

was reconstructed
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3D magnonics

Inverse-design 
magnonics

High quantity of elements + new physics

Any type of computing, incl. neuromorphic
ChatGPT4: 
“magnonic computer that looks like a human brain”
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Inverse-design concept
Conventional experiment (direct design)

📕 D. Sell, et al. Nano letters 17, 3752, 2017

📕 A. Piggott, et al. Nature Photonics 9, 374, 2015

📕 F. Callewaert, et al. Scientific reports 8, 1, 2018

Excitation signal
(freq, amplitude)

Input Geometry (design) Output

Inverse design

Excitation signal
(freq, amplitude)

Input Geometry (design) Output
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Magnonic demultiplexer
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Input waveguide 

300 nm f1+f2

Output 1

f1

f2

300 nm

300 nm

Output 2

Yttrium Iron Garnet (YIG):

Ms = 1.4×105 A/m

A = 3.5 pJ/m

a = 2×10-4

thickness = 100 nm

Cell size: 20 nm

Bext=200mT 1 µm

1 
µm

Design Region

10
0 

nm
100 nm

x

y

z

f1=2.6 GHz, l1=2µm
f2=2.8 GHz, l2=1µm

Andrii Chumak

Wang, Chumak, Pirro, Nature Commun., 12, 2636 (2021)

02.05.24
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Inverse design algorithm
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Wang, Chumak, Pirro, Nature Commun., 12, 2636 (2021)
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Inverse-design (de-)multiplexer
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Wang, Chumak, Pirro, Nature Commun., 12, 2636 (2021)
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Nonlinear spin-wave switch
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Inverse-designed nonlinear
spin-wave switch works!

Andrii Chumak 02.05.24

Wang, Chumak, Pirro, Nature Commun., 12, 2636 (2021)
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Nonreciprocal magnonic circulator
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Advantages compared to 
inverse-design photonics

1) Scalability 
(10 nm was shown)

2) Pronounced nonlinearity

3) Natural nonreciprocity

Andrii Chumak 02.05.24

Wang, Chumak, Pirro, Nature Commun., 12, 2636 (2021)
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Nanoscale neural network using non-linear spin-wave interference
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Papp, Porod, Csaba, Nature Commun., 12, 6422 (2021)
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Nanoscale neural network using non-linear spin-wave interference
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Papp, Porod, Csaba, Nature Commun., 12, 6422 (2021)

Challenge:

–> Limited computational
power/memory
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Experimental Demonstration of a Spin-Wave Lens Designed 
with Machine Learning 
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Kiechle, et al. IEEE Mag. Lett. 13, 6105305 (2022)
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Experimental Demonstration of a Spin-Wave Lens Designed 
with Machine Learning 
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Kiechle, et al. IEEE Mag. Lett. 13, 6105305 (2022)

Challenges:

–> A perfect match between experiment
and numerics is required

–> Simulations are time and energy consuming
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Experimental inverse-design unit

Zenbaa, et al., arXiv 2403.17724 (2024)
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Experimental inverse-design unit
18 𝜇m thick YIG
350 mT OOP biasing field  

Zenbaa, et al., arXiv 2403.17724 (2024)
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Connector

49 DC 
loops

Connector

YIG wafer
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First run

Fabian Majcen,
Claas Abert,
Noura Zenbaa
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Propagating spin wave spectrum

Kmin = 3.55 
rad/cm

Kmax = 0.111 
rad/𝜇m

18 𝜇m thick YIG
350 mT bias field  

Zenbaa, et al., arXiv 2403.17724 (2024)
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Direct Search optimization

46
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Notch filter
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Notch filter

Attenuation power ratio =
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Two-port demultiplexer

𝑓'

𝑓&

𝑓'

𝑓&

𝑓' range is 5.15 
to 5.155 GHz

𝑓& range is 5.18 
to 5.185 GHz
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Two-port demultiplexer
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Tenured Senior Scientist position to be 
announced soon

Intermag 2024

• Experimental magnonics
• Group of Nanomagnetism and Magnonics,

Faculty of Physics, University of Vienna
• Tenured (after some period)

Please write to: andrii.chumak@univie.ac.at
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3D magnonics has great potential for 
guiding and processing information

Merging 3D magnonics with inverse 
design opens new opportunities

Thank you for your attention!
Challenges:
• Quality and choice of nano-materials
• (Localised) SW excitation and (3D) detection
• Limited computational power/memory


