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RPTU Spin physics in Kaiserslautern
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Magnonics in Kaiserslautern

Together with the groups “Applied Spintronic Phenomena” (Prof. M. Weiler) and
“Magnetism” (Prof. B. Hillebrands)
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RPTU Outline

= Basics of spin waves
» Classical spin wave theory (micromagnetic model)
« Spin-wave detection, manipulation and generation
= Magnon signal processing and computing
* Linear magnonics for
« Signal processing
* Logic devices: interference-based approaches

* Nonlinear magnonic elements
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RPTU Our field: magnonics

Carrier of information:
charge of the electron

* Magnonics is subfield of Spintronics: use of spin to create functionalities
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RPTU Ferromagnetic spin chain

Spin-Stave=r\dxai thiighe Mgy dochang ehievgengyve vector

Dispersjon pefation:
E=hf =4J S(1-cos(ka))[12J_Sa’* k*

Trereteeteees

magnetization:
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RPTU

Coherent dynamics: spin waves and magnons

MAGNON quasi-particle :
= Energy

@ M x dM 8=hw=%p2
v ST dt
= Quasi-momentum

(| L

4 r=tyq
_A"M X H .
S . Masfs[i

m=hM/ (4.,

= Spin (in Planck’s constant)
S Los=1

\ —
\M=_Y(MXBeﬁ)+%(Mx%l
q ! M \ = Lidtihe

\ \ (Yttrium Iron Garnet, Y;Fe:0,,)

\ \ ~ 500 ns !

Example: only exchange interaction considered
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RPTU Magnetostatic spin-wave description

Spin wave: (weak) excitation of the magnetization M from its ground state described by:

Landau-Lifshitz-Gilbert torque equation H &7M(deM/dt)

Includes (non-local) interactions " — (M x u,H )

1 dMFt) . =4 o - dM(F1)
————===-M(r,t)XB_(r,t)+— M ,t)x ————+T,
T ()% By (P04 M0 o
\ Y I\ Y A oy Befs = toHetr
Precession Viscous damping

Additional torque due to

. e ) spintronic effects
Maxwell equations (magnetostatic limit): ,Magnetostatic modes”

VxH=0 for kgy >k, =wlc, j=0

Photon
t Valid for wave vector k>500 rad/m for

V- (H+M)=0 typical ferrite (YIG, e=10, 10 GHz)
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RPTU Effective field B 4=p,H. .«

1AMy dM(r f)
ly| i e t)l M( % ( Her

\
\
N

o/ M, (MxdM/dr)

_(MX:uOHeff)
B l“o ==V, 8( ) e: Magnetic energy density

t)+j GF.7)- M(r)df’3+—;74 AM+§ s 5 M
¥

0x
S
; Antisymmetric
Dipolar interaction Syrnmetnc D |y hinskii—
Heisenber zyaloshinskii
described by Green’s 9 Moriva
function G exchange h Y
interaction _exchange
interaction
Contribution to the spin-wave Geometry )
dispersion relation dependent, f ~k f ~k
] complex
(ferromagnetic ground state): contribution
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RPTU

Linearization of the Landau-Lifshitz-equation

1 dM(#,t TP
m :7 )=_M(r,t)><Beff(l”,f) Neglect damping

M(F,t)= M (F)+ (7 1)
B (F.\)= B (F)+b(F.1)

L dmt) _ g B+ 61, xB(t)+n(t) < B,
ly | di
Nonlinear

contribution

Small perturbations of the ground state

Low amplitude spin-waves/non-interacting magnons: neglect the nonlinear
contribution

However: Nonlinearity is intrinsic, pronounced nonlinear effects can be
realized in any spin-wave system => see later
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RPTU

1 dm(t - . - . -
1) mTi)z_MOXBO-i_MO xb(t)+m(t)xB, Linearized Landau-Lifshitz-Equation
2) Mx LVMEM—z—éa—A:[ =0 Rado-Weertman boundary condition: at the
M M, dn interfaces, the interface torque must vanish

\

Interface anisotropy energy

3) Continuous components from Maxwell’s equation: H ||interface, B L interface

In general, a numerical solution of the linear equations is needed,
e.g. to solve for the spin-wave eigenmodes in magnetic multilayers

=>Numerical tools/eigenmode solver for complex geometries:
TetraX, MagnumNP

B. Hillebrands, Phys Rev B 41, 530 (1990).



RPTU Dipolar spin waves in thin films

oo
N
1
<
w
wn
2
%‘

B, . Magnetostatic Surface Spin
1 Waves (MSSW)

Forward Volume
Magnetostatic Spin Waves
(FVMSW)

Frequency [GHZz]

Backward Volume
Magnetostatic Spin Waves
(BVMSW)

Dispersion relations:

« strongly anisotropic
* notlinearin |K|
* Finite gap at k=0

d: film thickness
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RPTU Dispersion relations of spin waves: tunability

M ol x
Hefr = Hext + Haip + Hexc + Hm—e + - 10

. ﬁext: External field shifts entire dispersion

= . . : . . BVMSW 6, = 0°
" Hgjp: Dipolar field leads to anisotropic dispersion q
. . . . . . . H(e’xt
relations (wave vector, field direction), chirality 4 Zq e,

. ﬁexc : Exchange field leads to f « k? (symmetric) 2-

and f o« k (antisymmetric exchange)

Frequency f (GHz)
[=)]
|

Dipolar spin waves

n=0 1 2 3

YIG film 1um
Volume SW §_=90°

MSSW 6 =90°

FYMSW @, =90°

—

" Hy,_e : Magneto-elastic field, strain-based effects,
enables coherent magnon-phonon coupling

0 10 20 30

Wavenumber q (rad (um)™)

P. Pirro, et al., Advances in Coherent Magnonics,
Nat Rev Mater 6, 1114 (2021).
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RPTU Backward volume magnetostatic spin wave (BVMSW)

3.5»—_“ MSsSwW @ E

Frequency (GHz)

Phase- and group velocity are antiparallel
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RPTU Magnetostatic surface spin wave (MSSW)

3.5'—_“ MSsSwW ? h

equency (GHz)

]; 1 M | 7: Non-reciprocal effects
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RPTU Dipole-exchange dispersion relations for films

Film thicknesses influences the volume modes due to quantized exchange energy

10

Volume mode

f (GHz)

f (GHz)

Surface mode
(MSSW)

2 # Surface mode

Volume modes

20 30 40 50

0 10 20 30 40 50 0 10
K (rad/um)

K (rad/um)

Thin films: “Dipole” surface
mode in the gap of
exchange volume modes

Thick films: Hybridization of
“dipole” surface mode
with exchange volume mode

k1M, 10 mT
21.10.2025 Slide 17
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RPTU Example: spin-wave scattering

10 ns spin-wave pulse =1000 nm, f=3 GHz, k= 20 rad/um

time= 0 (ns)

/ '\

Spin-wave excitation  Notch defect

f (GHz)

0 10 20 30 40 50 MO ] H 0

K (rad/um)

Scattering from surface to volume modes leads to spin-wave reflection, wave vector change ...
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RPTU Damping of spin waves

Landau-Lifshitz-Gilbert torque equation B 0
1AM
[yl dt

—M(F,1)x B, (7.1)

Exponential spin-wave amplitude decay time t:
m(t) ~ m exp(~t/7)

-1

aa)k | Note: Not all damping processes can be
T= -a~wk S

P oo,

dw included into Gilbert damping
H “Vliscous damping” (for linear spin waves)

Maximum lifetime for spin waves in the GHz regime:
Tmax = 700ns High quality Yttrium lron Garnet (YIG) (bulk samples under certain conditions up to 10 ps)

Ferromagnetic metals with lowest damping D. Stancil A. Prabhakar:

<
T =10mns (e.g., Heusler compounds or CoFeB) ,Spin waves®, Springer
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RPTU  «Go|d standard” material: Yttrium Iron Garnet (YIG, Y;Fe0,,)

= Room temperature ferrimagnet (T.= 560 K) Cherepanov, Kolokolov, L'vov,
) The saga of YIG, Phys. Rep. 229, 81 (1993)
= Cubic crystal

= Low magnon and phonon damping

Y
8 octahedral iron atoms (spin 5/2 up)
F ea+ 12 tetrahedral iron atoms (spin 5/2 down)

Magnetic moment of a unit cell is
20 Bohr magnetons pg at T=0 K

= Unit cell — 80 atoms
3” YIG wafer

SRC “Carat”
Lviv, Ukraine

YIG: Electrical insulator

with low spin-orbit coupling Longest known spin-wave lifetime

LPE grown YIG films with very low damping down to 10 nm thickness:
C. Dubs, Phys. Rev. Materials, 4, 024416, (2020).

YIG bulk crystal
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RPTU Magnon versus (MW) photon dispersion relations

Magnons in a YIG film Photons in different media
7 DIPOLAR- |
DIPOLAR WAVES EXCHANGE |
N N
6| B}
5 ’ surface mode 5
g 51 — > N
8‘ -\ EMR Vi ﬂ g
o iz on
w 4- frequency g @
] backward volume § e
k mode <
3{ Bo> 5
f.j 1 1 1 1
1'02 ' 1'03 ' 1'04 ' 1'05 o 0 1 2 3 4 5
In-plane wavenumber k (rad/cm) Wavenumber k (rad/cm)

Magnons: about 103-10° higher wavenumbers for the same frequency range:

= Miniaturization is facilitated
= Magnons travel much slower than photons: direct time resolved investigation possible
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RPTU Energy scales for dipole-exchange magnons

104-§ _________________________________________________________________________________________ ]
room temperature 1 0
10° - _
X
N 310" =,
T 107+ <
50 E
“— 13 dinol dipole- X 410° 0
10 E ipole exchange exchange
3 410"
0 k
10 BEC
| AR | LR | L] | LA | L
10" 10° 10 10° 10°
k (rad/um)

= Magnons used for experiments with coherent waves ( f < 100 GHz) have energies well below k;T at room temperature.

= Quantum magnonics (low number of thermal magnons in the system) requires cryogenic temperatures (mK).

The 2017 Magnetism Roadmap, J Phys D Appl Phys 50, 363001 (2017).
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RPTU

Magnons in different ground states

Magnon dispersion relation in a
magnetic domain wall

Reconfigurable magnon transport
inside a Néel domain wall

052 GHz —a— 015 mT
—— -0.05mT
50
—*— 0.05mT
= 40 = —o— 023mT
o @
S 304 2 15
& £ P
g 20 i=nsevac ~ 2 E 101 6
E T 05 o
10 £ 5] | ax
a E 001 .
< g " AH
0 8 2057
® & -0
50 zZ -02-01 0.0 01 02 03
Magnetic field (mT)
— 40
N
o =
O 30+
[
< 20+
(=] e
104 0 2 4 6 8 10
Position across waveguide (um)
0
F. Garcia-Sadnchez et al., PRL 114, 247206 (2015). K. Wagner et al., Nature Nanotech 11, 432 (2016).
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RPTU Outline

= Basics of spin waves
» Classical spin wave theory (micromagnetic model)
» Spin-wave detection, manipulation and generation
= Magnon signal processing and computing
* Linear magnonics for
« Signal processing
* Logic devices: interference-based approaches

* Nonlinear magnonic elements
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RPTU Detection of spin waves

—

= Brillouin light scattering spectroscopy (BLS) Dipolar and

dipolar-exchange
spin waves

* Inductive microwave techniques = .
(usually GHz regime)

= Time resolved magneto-optical Kerr effect (MOKE)

= Spintronic effects: spin pumping, inverse spin Hall effect,

rectification effects (AMR, TMR)

= Neutron scattering "
exchange

spin waves
= |nelastic tunneling spectroscopy and electron loss spectroscopy (THz regime)
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RPTU

Generation of spin waves

Thermal spin waves Alternating magnetic field

Inductive Microwave antennas (Oe-field of dynamic current)
Direct excitation: fyi = fow

Parametric excitation fyy = 2 - fow

T. Bracher, P. Pirro, B. Hillebrands. Physics Reports 699, 1-34 (2017).

Spintronic effects: spin transfer torque, spin Hall effect...

Auto-oscillations and/or spin-wave amplification
Spin-wave waveguide

| w v w L v w id L w 'n '
@ Spin torque auto-oscillator Ms

)

A. Hamadeh, et al., J Appl Phys 132, 183904 (2022).
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RPTU Brillouin light scattering spectroscopy

Brillouin light scattering process (BLS)

Example: Anti-Stokes process = inelastic scattering of photons from spin waves:
scattered photon —
+p f f;cattered L~ f L * f
o] B L
kL + q kscatteredL = kL *q

(Scattering mediated by same magneto-optic effects like MOKE)

magnon
) f a :@ 120 Elastically scattered
> q = Stokes part i
> ight
S 90-
L > Spin wave
mmdentﬁphoton Z’ 601 frequency
fLa kL ..qc_-l anti-Stokes
'J) 301 part
- 1
m O : : : : : : :
BLS intensity is proportional to the 20 15 10 -5 0 S5 10 15 20
spin-wave intensity Frequency shift (GHz)
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RPTU Wavenumber resolved BLS

Wavenumber g (10* rad/cm)
0 2 4 6 8 10 12
10-0 N 1 N N 1 N 1 N 1 N 1 N

|
/

9.51

9.0+

8.5

Frequency (GHz)

8.0

7.5

7.0

Frequency resolution
0 10 20 30 40 50 60 70 .
Dimensionless wavenumber g-d Vs — 2G oger Sln(®|| )
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RPTU Wavenumber resolution experiment

Wavenumber g (10* rad/cm)
0 2 4 6 8 10 12
10-0 N 1 N N 1 N 1 N 1 N 1

/
/

9.51

9.0+

8.5

Frequency (GHz)

8.0

7.5

Max wavenumber 2.36%105 rad/cm
Wavenumber resolution 2x103 rad/cm

7.0

Frequency resolution
0 10 20 30 40 50 60 70
Dimensionless wavenumber g-d
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RPTU

BLS frequency shift (GHz)

Thermal spectrum of 6 um thick YIG film

6

54 / g

4 T .

3 Magnons }onons
2 Backward Volume Spin Wave

1

0

-1

2 Wavelength A

W 300 nm 300 pm

5} . - "—-.‘| ‘M,‘h‘_’

20 -15 10 05 00 05 10 15 20

Wavenumber g (x10° rad/cm)

Gow = 24, cos(@q)

Probing laser beam

Pinhole

nterfe rorﬂ‘?\ -

“"

Beam splitter

Objective




RPTU Brillouin light scattering microscopy (HBLS)
Interferometer

Investigation of magnetic
micro- and nano-structures

Laser

4 N\
Spatial resolution better than 400nm

= Loss of wave vector resolution

\. J

Spin wave detection up to k=20 rad/um
(can be enhanced by optical resonances)

T. Sebastian et al.,“Micro-focused Brillouin light scattering: imaging spin waves at the nanoscale”
Front. Phys. 3:35 (2015)
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RPTU Excitation of dipolar spin waves

Input microwave signal

Magnetostatic surface spin waves
measured with
Brillouin light scattering spectroscopy

Alternating magnetic field

8.51 MsswW

%
o) 4
N L I
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RPTU Backward volume magnetostatic spin waves (BVMSW)

Excitation of BVMSW

@ 1 measured with
MSSW

Brillouin light scattering microscopy

©
o
T
1

o¢]
w
T

Alternating magnetic field

R T. Schneider et al.,
M © PhysRev B 77, 214411 (2008).
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RPTU Control of spin wave propagation

>
(&]
[
()
>
(on
o
L
o
A Bl > BO
'
Wavevector

Wavevector k:

k

varallel d€fined by input frequency and dispersion

Dispersion shifted vertically by change in magnetic field

Philipp Pirro (pirro.physik.mptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 34



RPTU Motion of a spin wave packet
in varying field

Hint 1 > Hint 2 > Hint 3

propagation propagation (q,<q,)
reflection

Change of the wave vector depending on the local field
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RPTU

Real-time observation of spin wave propagation

from laser

DC conductor

—> SW-pulses created by

microwaves and
/ detected by
light scattering with

time and space
resolution

MW antenna

y

External field

Laser
beam

DC conductor provides
a local
field inhomogeneity

to interferometer
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RPTU Spin wave pulse propagation

from laser

DC conductor V position of the dc conductor

4L - ]

HW antenna

—p>

[— ¢
JE—

External field

Laser
beam

— i~

Time resolved BLS
intensity

to interferometer

positive current —_—

Field \/

magnetic material: YIG

dip in field acts like potential barrier

Potential barrier: reflection and tunneling

S.0. Demokritov et al., Phys. Rev. Lett. 93, 047201 (2004)
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RPTU Outline

= Basics of spin waves
» Classical spin wave theory (micromagnetic model)
« Spin-wave detection, manipulation and generation
= Magnon signal processing and computing
* Linear magnonics for
« Signal processing
* Logic devices: interference-based approaches

* Nonlinear magnonic elements
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RPTU Magnonic data processing

Current focus in magnonics

= |nterference effects
= Nonlinearity
= Wave guiding

Information coding
Computing concept
Circuit design

= Total energy consumption
= |ntegration

= Scalability

= Production

= Low damping
= High frequencies
= Easy fabrication

=> Magnon Computing is by nature very multidisciplinary
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RPTU
Physical/technical side

— Communication: How to transfer data
from Ato B

Storage/ Computing/

: Communication
Memory Logic ‘Sender —» Propagation — Receiver

= Mainly electromagnetic:
high speed + low attenuation
of photons

Signal transfer

— Sl dgelecsdis = Different solid state solutions
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RPTU

Communication requires spatially moving dynamics => waves (sound, light, spin ...)

A=4, exp(k - % — wt)

Wave equation

Interference phenomena

Speed of the wave packet:

_do _ of
Ve =% T Mot

Group velocity defines
speed of energy/information
propagation.

Linear dispersion relation => Group velocity
* isequal to phase velocity
* isindependent of frequency/wave vector

Example: Dispersion relation of
light waves in different media

8-

Frequency f (GHz)
1

1 2 3 4 5
Wavenumber k (rad/cm)



How “fast” is my communication?

1. Delay time t of the signal is given by the group velocity v of the wave.

2. Data transfer rate R of the communication is given by the
instantaneous bandwidth A f g of the signal and the signal processing devices:

R x Afpg

=> high bandwidth Af g needed for high-speed data



RPTU Magnonic systems for signal processing and computing

Linear systems

Linear SW propagation ok x
* RFtime-delay units M&MEM £ . RP7
* * * * l]11ec TECHNISCHE
* RFfilters, isolators —-vvv-—s T P o
unded by the =)

European Union THALES

tunable via the applied

magnetic fields (Hq, H>) www.mandmems.eu Y/

a polifab poytecNico
MILANO 1863
+CNR

High frequency Tunable miniaturized

Standalone magnonic device -
SW delay lines time delay units

f A CoFeB
waveguide

/@2

Maghetic Fllix
Cangentrators

for 5G, 6G
21.10.2025  Slide 43
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Linear systems
(Input-output relation independent of RF power/magnon intensity)

= Phase delay unit

shifts (only) the phase ¢ of the signal by a shift A¢ (which should be constant
over the bandwidth Af)

= Time delay unit

delays a signal by a time delay At (all frequency components in the bandwidth
should have the same delay to avoid signal distortion)

= Filter
removes a selected frequency range from the spectrum



RPTU 1. “Stationary” magnonic devices

One big advantage of magnonic devices is their reconfigurability using different external fields.
For simplicity, let us first understand how a magnonic devices works at a fixed external field.

Input Output Dispersion relation (schematic)
W d
k
YIG +« = Jf: :
Propagation distance d
Phase delay: A¢(f1) = ka% -d (A can be >> 27) iNz > k

Time delay: A7(f;) = (A can be >> 2m)

ve(ky)  0f/0k(ky)

Filter function? Bandwidth Afp ? Efficiency of energy transduction?
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RPTU Applications of RF delay units

Tunable Directional antennas, e.g. for massive MIMO (“Multiple Input Multiple Output”)

New MagsiveAPAAfor ¢
- S5'™-generation sy
5 ’)) (5G) base stations 7

Tunable miniaturized phase delay units
(better: time delay units)

Antenna
n
- =)
Analog Digital Hybrid Analog/Digital = .
Beamforming Beamforming < Beamfo?r?\:r?gg AS o vg At
Antenna
n+1

-

) ) Many RF antennas with different time delays
IEEE signal processing
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RPTU Excitation of spin waves using microwave antennas

General idea:

* A microwave of frequency f propagating in a wire-like conductor is creating
AC electron currents of the same frequency

* According to Biot-Savart’s law the AC currents create AC magnetic fields which can excite
the spin waves if their direction has a perpendicular to the static magnetization

Cross section
of a single wire:
(“stripline antenna”)

In z direction, the wire is usually considered as
infinitely extended

Conductor (orange): Au, Cu, Al, superconductor...

Magnonic waveguide
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RPTU Calculation of antenna fields

In the magneto-static approximation, Biot-Savart’s law can be used to calculate the dynamic
fields of the microwave currents:

1,04 hy
© J — h,
L
] qr_u 0,54
c
= L dkdl £ J
2nr £ 50
(¢0] )
©
N
Integration for a rectangular antenna cross section £ -0,5
with width 2a and thickness 2b: o) |
P 1 B ll (b—y)*+(a—x)* +b—y an [ 2= =
((xy) = —g——|la x)[z ! ((by)2+<ax)2) a—x " (by) 101
—b— _ 1 b_ 2+ o 2 _ -l v _I M 1 v 1 v 1 N
~ 2 (_"b_x )]—(—a—x) [E‘“ ( ((_a_yi)zf (fb_Xi)z) 30  -20 10 0 10 20 30
b—y (—a—x) —b—y (—a—x)” X (“m)
+ atan - atan ,
—a—x b—y —a—x —b—y
* Here, I is the total current running in the antenna width: 2a = 1.15 pm,
« Similar expression for the field in y direction thickness: 2b =0.22 um
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RPTU Excitation efficiency of microwave antennas

The excitation efficiency of spin waves is calculated based on the general connection of the dynamic
magnetization with the dynamic microwave field (external field) and the dynamic dipolar field of the spin
wave via the susceptibility tensor:

mdyn — X(hMW 4+ hd)

= Results depend on the geometry (Surface waves, Backward Volume, Forward Volume...)
= Efficiency of excitation is always proportional to the Fourier transform of the microwave field
along the propagation direction (and also on the mode profile across the waveguide)

o/ z

] N "
m’y (ky) o< hz,y ' hy(kx)- X
> \
Waveguide mode dependent factor Fourier transform of the excitation field

T. Schneider, A. A. Serga, T. Neumann, B. Hillebrands, M. P. Kostylev, Phase reciprocity of spin-wave excitation by a microstrip antenna,
PRB 77, 214411 (2008).

V. F. Dmitriev, B. A. Kalinikos, Excitation of propagating magnetization waves by microstrip antennas, Sov. Phys. J. 31, 875 (1988).
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RPTU

= Spatial extend of the antenna field defines the “effective linear momentum” which can be
provided by the antenna to create linear momentum (p = hk) of spin waves

= The wave-vector-dependent excitation efficiency is mainly given by the Fourier transform
of the antenna fields

Normalized antenna field

1,04

-
[=]
1

o
[}
1

o
o

0,81

0,61

f=)
[é)]
1

1
N
f=]

1

0,44

of antenna field

0,2

&
o

-10 0 10 20 30

“The narrower the antenna,
the broader the spectrum”

67{1"Wa

Normalized Fourier transform

0,0
X (pm) 0

4 6 8 10 12 14 16
k, (rad/pm)

Fourier transform of both field components is the same!
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RPTU Antenna type examples

1 (b — Stripline

1,59 ( ) —— U-shape (b)
@ ] —— Coplanar
S 1,0 P
_?'-c )
S o 051
é e |
o & 0p0-
28
N E .05
o @©
e ]
5 -1,0
Z 4

_1,5_

4 2 0 2 4
X (um)
- U-shape Coplanar waveguide
Stripline P P g
(CPW)

Due to the alternating current directions, the out-of-plane field of U-shape and CPW is much better confined
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Coplanar waveguide (CPW)

o S s i B é&sil)': 0.010 | o e e LA e e s e o

. ] F ]

0.05 E [ HAEH |

— Im(S11) { r — Im(S21) ]

: 0.005 - 1
~ 0.00 = [
= = L
S _0.05 S 0.000 F
- — S

— o

? _0.10 v [
—0.005 T
-0.15 ] [

IR TR SN S N S S S NN S S S - _0‘010 k Far A | PR o 5 PR i

7.0 7.2 7.4 7.6 7.8 7.0 7.2 7.4 7.6 7.8

f (GHz) f (GHz)
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RPTU Antenna types

Wave-vector spectrum Unwanted electo-magnetic crossstalk Signal Transmission
1.0 — —7r v v v r v r v 1 v 7 ; ‘tri")“n'e j —-10 El;‘ ('];' LA B IR R B B B R N L L S R R NI L R | ? —10 r
[ — U-shape - ~20 | —— U-shape 3 o
0.8 - — CPW 8_30 F —— Stripline u"\é _
T | = % =-30
§0.6 - =40 A7 =
w [ 0 ] 0
= 8-50 HE 840
€04 | 5 ] 8
st £ —60 3 §-50
02f =70 3 =
[ i —60
I —80 ]
0.0 J < 1 1 1 1 n —90 6 TR VAN RSN S VO VI TURY SN ST WY VT ST W T W7 N SN TN 7O VAN INY CUN (AN T VRN RO I L SR =70 L ]
0 2 4 6 8 10 2.5 5.0 5 10.0 12,5 15.0 175 20.0 6.00 6.25 650 6.75 7.00 7.25 750 7.75 8.00
k (rad/um) Frequency f (GHz) Frequency f (GHz)
lpum
. . ’u
Stripline U-shape Coplanar waveguide -
(CPW) 4um
1{
. . - m
» CPW offers lowest e.m. crosstalk (in this example also the best transmission) K
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RPTU Spin-wave transmission

100nn YIG
P = —20dBm
Transmission spectrum Magnitude and phase
0.100 5 Tror T Ty T '5 1.00 0 r T T T T T T T T T T T T T :
: ] =5 0
0.075 F s = ]
0.050 E 1050 )
C 1 2 N
S 0.025 E 10.25 2 ) -
< C 4 L o @
— o ) & = — (%)
= 0.000 F < 0.00 -2 = A g
g b e 5 i
E-0025 | 1-025 8 = —30 &
- ] o jaod a
- 2 = [
—0.050 F ~0.50 & g
C ] £ =
—0.075 F - 075 S —40 >
—0.100 d T R RS I T AR R T R T S R ST ] —1.00
5.0 5.2 5.4 5.6 5.8 —0
Frequency f (GHz)
Hm
Z—» » Transmission spectrum defined by antenna (and dispersion realtion)
pum
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RPTU Instantaneous Bandwidth

P = —20dBm
Beyr = 166mT
0 3 a4 F €t L & & a0 3 &t o T 3 F 1
—— 100nm YIG i
g 200nm YIG il _
o — 400nm YIG i 3
2 —— 800nm YIG - >
—~—40 5§ k)
A =
< \ >
& —60 S
b i £
i )
-80 F -
! 1 L 1 1 1 1 1 1 1 ! 1 1 1 ! | 1 1 1 1 ! i i
6.6 6.8 7.0 1.2 7.4 7.6 20 P é 1= ; g% é
f (GHZ) Wave vector k (rad/pm)

> Steeper dispersion relation increases frequency bandwidth for same antenna (same k —spectrum)
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RPTU solation / Non-reciprocal excitation of the surface wave (k 1L M)

= —20dBm 0

Frequency f (GHz)

-k s » Directed flow of energy: lower losses
» Magnonic delay line is also a RF isolator

Philipp Pirro (pirro.physik.rptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 56



Non-reciprocal excitation caused by the break of time reversal symmetry + excitation by both
antenna field components (in-plane and out-of-plane)
=> NOT connected to the spatial non-reciprocity of the Surface Wave (MSSW)

Most antennas excite only the Surface Wave using both components, that’s why the other
modes (Backward Volume or Forward Volume) are (usually) excited reciprocally.

Non-reciprocal dynamic mode profil “Helicity” of magnetization precession

N2
+k

— fan — HOLTTO

ey OO ©
~ ®s, N *




RPTU Magnonics as isolators for quantum applications

General idea: use intrinsic magnonic Control RF electronics of superconducting
non-reciprocity to isolate superconducting guantum processor: RF isolators needed
Qubits on-chip against thermal noise.

Y. He, J. Liu, C. Zhao, R. Huang, G. Dai, and W. Chen, Control System of
Superconducting Quantum Computers, J. Supercond. Nov. Magn. 35, 11 (2022).
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RPTU

Frequencies of competing phonon-based technologies

Miniaturized filters/phase shifters/time delay units in today's RF applications: Surface and Bulk Acoustic Wave systems

SAW

Output Transducer

Input Transducer

Piezoelectric Substrate

BAW filter structure

Philipp Pirro (pirro.physik.mptu.de)

Market / Application
Military L-Band S-Band C-Band

Automotive

WiFi 2.4GHz

4G High Bands

5G Mid Bands

Micro RF Filter Technologies

Single Cryst )
Poly Crystal BAW
BAW

FOM-Power Performance

Frequency (GHz)
Chen, P.; Li, G.; Zhu, Z., Micromachines 2022, 13, 656, https://doi.org/10.3390/mi13050656

SAW /BAW:
= No tunability
= No solutions above 10 GHz
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RPTU Frequency bands available for magnonics

A Frequen
FR | | Peak capacity, High-precision sensing, rSUb‘THZ el
THz Communication-on-chips 6G  130-174.8 GHz, 92-114.25 GHz YIG
A 90 GHz e
FR2 Micro coverage, high- ORWEYS. | = o5 E— k = Orad/pm
capacity, localization |5G/6G 24-52 GHz, 57-71 GHz g [ —— kLHerr, k = 10rad/pm
= S ——— 24GHz O [ —— k|| Hefr, k = 10rad/pm
|mp0 rtant for Medium coverage | ‘Upper Mid-band 3 /,:‘\20 F
Al FR3| | and capacity ’  5G-Advanced/6G 7-24GHz | s 5
cost-efficient CEBESKECealy \ -  ——— ——————— ) roms | 2 ook
6G Mid-band g ol f
> I
Urban Marco & 46156166 15,18,21,23,26GHz | 5 5
Micro coverage [ T ‘ 3 %10 E 4
5G/6G 5-7.1 GHz TR
T e e E S e S S 1GHz = r
Broad | [(acisere6 600, 700, 800, 900 MHz | - ]
coverage & sttt E
e e ~ 500 MHz . ]
L PRCE 470-604 MHz | 0
- _ 0 200 400 600 800
) () .- cm— Magnetic field poH, mT
&g A% & 5 e
FR | | Application o 0
Rural Urban Dense urban  Hot spot Local area Indoor Urtra-short
=7 J >3000m 1000 m 300 m 100 m 30m 10m <01m

=> magnonic applications based on YIG are well suited for FR3 (7-24 GHz), no miniaturized solutions on the market
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RPTU

2. Tuning magnonic devices

Example: Dispersion relations of dipolar-exchange spin-waves in an 800 nm thick film of Yttrium Iron Garnet (YIG) with in-plane

magnetisation:

woH = 200 mT _ Magnetic field dependence of frequencies
o T T T T T T ] g . - :- el Orad/“m
’ Damon-Eshbach = il o= Sheacljm
J | — || Heff, k= 10rad/um
_80 1 surface mode 20 F
T ] & I
2 & 1
4 15T «w 15 +
& I - ]
(= L c - 4
870l Chanee field £, " Frequency band ]
g 8 glo - (k=0-10 rad/pm)]
6.5 - ]
R 5F ]
60 1 1 1 1 1 L 3 ) | @ 4
0 1 1 1 1 1 1 1 1 1 1 1 1
00 25 50 75 100 125 150 175 podward-Volume J 560 150 e —
Wave-vector k (rad/pm) M i field uH T
mode agnetic field poHexr (MT)

Previous lectures:
Dispersion relation of magnons depends on

propagation direction, saturation magnetization,
film thickness, magnetic field.....

frmr = V\/l/l‘oH (HoH + poMs)

(effective) magnetic field

saturation magnetisation

y ~ 28%,%1{ =0-1T, ugM, = 0.175 T (YIG) (2.2 T for Fe)

Philipp Pirro (pirro.physik.rptu.de) Italian School on Magn

etism, Perugia
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RPTU Tuning transmission frequencies

Field dependence Thickness dependence
0 ——————1—+———T1——T T O = v v v
E ] r e 100nm
_10 :_ - Y O Ll SREF “TEEY CRTY CIrY _5 r ’ 209””\ ]
20 E L A 415nm %
—e= kb —~ C LRS00y
5 F % “10F % 799nm - Af A0 LRt Ty .,‘::_‘ 5
>-30 ¢ ~ L - 3k 9tA. g
c s C KA TEIE e
3—402- ' J-15F £ i E
5 E I A a A . ""‘--.‘_
c—50 C | 9_20 L ®. “"-' Al
kel r = L ¢ °® ‘o .
t i ‘ S i ® . (3
3_60 C ] g L @ ® ‘o, ¢ ]
£ v 1 025 © : 1
3 2 ] < r 9-..0..9. ]
—70 ] r el g ]
External field imT; ] _30 N
—-80 r = C =@ ]
27 420 ] X ]
_90 L FE—" UMY TR T N TN TR TN WS T Y TR I T W1 R L _35 | T SN TR (NN TR TN TR N SR SO SN NN SN SN SR (N TR TR SN NN SO SO S MY
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Frequency f (GHz) Frequency f (GHz)
» Signal tunable over broad frequency range » Insertion losses <10dB achieved
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RPTU Example: Tunable signal transmission in time domain

400nm YIG _
P = —20dBm Frequency domain Time domain
:”'I”II'”I'”IIHI'”I'”I- [ —144.5mT:
0.15 | - 40 - — 172.9mT -
010 F . 5
3 : ] S 20
& - ] ©
= 005 . &,
= oo - FFT, S
n r ] 2 0
2 oo )
= [ ] =
%/—0.05 : E_ —20
& i ]
—0.10 F ]
C ] —40
—-0.15 F 3
: : u | L L L 1 L L L 1 1 1 1 1 1 L L 1 L L L
5800 6000 6200 6400 6600 6800 7000 7200 . 20 491__ 60 80 100
Frequency f (MHz) ime (ns)
> Induced time delay by changi | field Legie = QU
nduced time delay by c anging external fie @- >
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RPTU

Example: Filter the signal from an STNO using spin waves
Only STNO

_ STNO filtered by magnonic filter
“spintec

a

-a
'Amplifier
- \
P ... A

(3

L1rf \H d
output \H

£/ SEER
\E

peCtrum
Analyzer

Bi1 ‘= 21 fT"IT, I ? 3 mA

By =38mT, /i3 =12 mA
5 Bii =21mT, ;3 =3 mA 5.00 5 2.5 . .87Lr1nT, y = et ;
== T T T - [— |
- ; 2.0rc 1 4.75,b - ’E min max
= S - 4N 2 2.0f
T e § 1sf RAW STNO o 450 £ ue
) 38 2 S 425t R
= = S Sspectrum = 3¢ P
g T <10 g .00 » '
o 2= > (] / ] 5 1.0f
3 3 2 > 375 2% g = ]
g - 5 L g g 5 i
£ S £ 350 / ,3 8os ‘k
— - E (o]
= . . . 3.25¢ s -
205" 0 3.0 35 4.0 4.5 5.0 - ‘ . ‘ ‘ " e AsMl
% (HT] Frequency [6HZ] 00 s L Lt 40 42 44 46 48 50 52 54

B> [mT] Frgqueqcy [Gl:lz]

Filtered spectrum of STNO
as function of magnet position

Hybrid magnonic spintronic system for tunable broadband signal filtering and microwave generation, A. Koujok, A.
Hamadeh, L.Martins, F. Kohl, B. Heinz, U. Ebels, P. Pirro. Arxiv2510.04976

Philipp Pirro (pirro.physik.rptu.de)
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RPTU Lumped circuit model to predict impedance and performance

/ Bowc(r,f) 100 experimental % - experimental
L L/ /4 w5 S
: g 40 g
& E 25
Electric properties of the antenna N 20 - (d) /\/
L(:Rg L, o vinr T2 13.4 136 13.8 13.2 134 136 138
! Akl f [GHz] f[GH2)
50 50
experimental e_xperimental
Vl(t) E 25 k E 25 —simulated
Coupling to = -~
_ spin waves N 0 N 0
O— @ E
25t -25
(f)
-50 -50
132 13.4 13.6 138 13.2 13.4 136 13.8
i f [GHz] f[GHz]
Prediction:
approx. 5dB loss with 1 pm thick YIG possible, = Very good quantitative agreement between experimental
limited by Gilbert damping and Ohmic resistance of CPW and modeled impedance without any fitting parameters
Model by

Adam Papp, Gyorgy Csaba,
Rébert Erdélyi (Budapest) R. Erdélyi, et al. ,Design rules for low-insertion-loss magnonic transducers”, Scientific Reports 15, 9806 (2025)

compare: F. Bruckner, et al., Micromag. Sim. And Optimization of SW Transducers, arXiv:2501.16553 (2025)
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RPTU Commercial magnonic components

Yttrium-lron-Garnet tuned RF oscillators
(YTO) produced by Rohde & Schwarz.

=> Bulky, power-hungry due charge current based
magnetic fields

YiG osoillator
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RPTU “Magnetic Field generation problem”

Strengths of Magnonics
= Tunablity via magnetic fields
= Low power loss inside the magnonic domain

Standard experimental approach:
= Use an electromagnet to provide the bias field

=> Large energy consumption (Joule heating) outside the
magnonic domain

Nanosc.se * %

MEMEMS TS

Funded by the
European Union

Electromagnet

Challenge to create energy-efficient devices:
How to provide magnetic fields in an energy efficient, compact and scalable manner?
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RPTU

Type 4

P =

Insertion loss /L (dB)

Permanent magnet biased device
—25dBm

—10 . . O By =166.8mT

20 F i A Bew =194.4mT
- : . : —— Permanent magnet

| I
£ oW
o o

T

|
o
=
T

]

|
o
=}
T

|
-
=

T

|
s}
S
T

' 3mm NdFeB magnetic cube

A T T positioned below DUT
8.0 8.5 9.0

6.0 6.5 7.0 7.5

Frequency f (GHz) =
Field homogeneity of NeFeB magnet is completely sufficient, | - l
no additional losses due to NdFeB excitation s
MEMEMS
—_——\ ———

Funded by the
European Union
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RPTU (Moving) integrated permanent magnets

On-chip integrated SmCo permanent magnets

~ Waveguide
Permanent
,anicr'omagnets

HoHyx (MT)

131 = No magnet
—— Antiparallel
124 —— Parallel
p
N o
I
O 10
C'f'l N POLITECNICO
Consiglio Nazionale P il

MILANO 1863

delle Ricerche

Permanent magnets on a laterally
M. Cocconcelli et. al,., Tuning magnonic devices with on-chip permanent

: moving MEMS

micromagnets, Phys. Rev. Appl. 22, 064063 (2024). . . .

M. Cocconcelli et. Al., Self Biased Integrated Magnonic Device, arXiv.2502.03186 (MICFO electronic mechanical Sy5tem)
Philipp Pirro (pirro.physik.rptu.de) Italian School on Magnetism, Perugia
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RPTU Oversimplified concept: Phase / time delay unit

s e ) —

frequency (GHz)

Magnonic Waveguide

Input antenna Output antenna

0 5 10 15 20 25 30
wavevector (radfum)

Philipp Pirro (pirro.physik.mptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 70



RPTU Oversimplified concept : Phase / time delay unit

6.00 -
-—- Ho .

575 1 — HO+Hmod /

Magnonic Waveguide

Input antenna Output antenna

= Modulation of spin-wave wavelength between the antennas
=> phase and time delay are tuned

= No influence on the input/output antenna => constant
o amplitude

5.50 A ’

5.25 i

5.00 ~ -

frequency (GHz)

4754 1
I

4.50 1/
I

4.25 4

\ 4.00 : : . . .
0o 5 10 15 20 25 30

wavevector (rad/um)

Situation is much more
complicated than sketch..

J ... since V X §Stmy =0
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RPTU Fully integrated tunalbe magnonic-MEMES device on PCB

Micromagnet position

Board

S BhNOGO®ABNO

Displacement micromanget in um

o
N B R R R

0 5 10 15
voltage in V

= Micromagnet on cantilever MEMS (piezo)
=> Tunable distance to magnonic chip by voltage,
no charge currents needed

MEMS chip on top

T Magnonic chip
of magnonic chip
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RPTU Reconfiguration via MEMS displacement of the biasing magnet

SW transmission for different micromagnet positions

—23pm 11um M&M EMS
-50 —21ym  9um (—'*‘V‘“'—
% ——19um — 7um N )
< -60 —17pm ——5um
@ ~——15um ——3um
S.70 ——13um
5
Tm
-90 F
57 ‘ _ _ . _ _ _ TENCHIEJRISCﬂE
; UNIVERSITAT
frequency in GHz MUNCHEN
Change of the SW phase for different mlcromagnet positions
| —23um 11um
0 —21ym  9um
°<: ——19um —— 7um
—~-100 ——17um ——5um
~ ~15um ——3um
n ~——13um
X -200
<

-300

Input antenna Output antenna

5.8 5.9 6 6.1 6.2 6.3 6.4
frequency in GHz

Philipp Pirro (pirro.physik.mptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 73



RPTU Outline

= Basics of spin waves
» Classical spin wave theory (micromagnetic model)
« Spin-wave detection, manipulation and generation
= Magnon signal processing and computing
* Linear magnonics for
« Signal processing
» Logic devices: interference-based approaches

* Nonlinear magnonic elements
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RPTU Wave-based computing

Spin wave

electric current

——-
) “@® <@
“® <®
+| —
I
Variable Scalar Vector (A, ¢, f, k)
Transport Driven by potential Driven by wave propagation Novel circuit design
gradient
Logic Semiconductor based Interference phenomena Simple realization
transistors of logic functionalities

Philipp Pirro (pirro.physik.mptu.de) Italian School on Magnetism, Perugia 21.10.2025
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RPTU Wave-based computing

Use wave packets instead of particles (electrons) for encoding of fata

Scalar (binary), Boolean logic

electric current
——
)e. <©

<@ <@

Advantages of wave-based computing:

= Possible use of both phase and amplitude (as
vector state variables)

= Straightforward implementation of logic via
Interference (majority gate, other logic gates...)

= Low minimal energies (quasiparticles)

majority gate

= Parallel computing (f,, f5, f5,---)
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RPTU Reviews about magnon computing

r@- 3 ' Hhan \ \LLLECERT
/9 ‘\ 3T \\ ik WAy
> A H £
<) > : T e
Z e
C;v-> i ] E E j-%ce
; g = : : = g -2 Result ‘7
) '«'“‘“‘““ ._> > ?,:?{;f"ic ’ Dist::lce to ant:?\na (um) ° % j_w
G} I Source ) - & 134 135 136 137 138
| T :Z“‘:"h:ed sw Frequency (GHz)
} — £ g ...:i":::fﬁﬁgﬁ -gWe*ci‘?“°"°"l>;!sw i Input: — 000 — 700 — 00 Oogl
[ Logic ‘0" — Parametric generation only I, — Rt — 0K — O — 7o
? —> 38
G} Y1Y' h i ,,,r/”' gg
G} L s 31l TR Wi | gg \\ € spltter1 '::::id”g‘::::l’
I— " 2 o N . " " = A A B S C
T 00 0
Gate magnon density (mW)loo ; 2 } g
Splitter 2 ol 10 1
A= Output 'S’
|wn/’¢. N ——— Output ‘'C"
Bo1 Output 'I'
SW intensity (a.u.)
G. Csaba, A. Papp, and W. Porod, :
Perspectives of Using Spin Waves for Computing and Signal P. Pirro, V. I. Vasyuchka, A. A. Serga, and B. Hillebrands,
Processing, Advances in Coherent Magnonics,
Phys Lett A 381, 1471 (2017). Nat Rev Mater 6, 1114 (2021).
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RPTU Reviews about magnon computing

Tutorial with focus on Hybrid CMOS-SW systems

Digital
computation:
Hybrid Spin-
Wave-CMOS

systems

Amplitude
normalizer

Neuromorphic
and Reservoir Spin Waves
Computing

Microwave
Holographic Signal
Memory Processing

Quantum
Applications Magnonics

A. Mahmoud et al.
Introduction to Spin Wave Computing,
J Appl Phys 128, 161101 (2020).
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RPTU

Review about magnon computing

Comprehensive review about spin-wave computing

Advances in Magnetics
Roadmap on Spin-Wave Computing

A. V. Chumak®!, P. Kabos“2, Life Fellow, IEEE, M. Wu™3, Fellow, IEEE, C. Abert™!, C. Adelmann®3,
A. O. Adeyeye™, J. Akerman’, . G. Aliev™8, A. Anane’, A. Awad’, C. H. Back™!°, A. Barman'!,

G. E. W. Bauer” 1213, M. Becherer™” !4, E. N. Beginin!5, V. A. S. V. Bittencourt'S, Y. M. Blanter™ 7,
P. Bortolotti®, I. Boventer’, D. A. Bozhko™'3, S. A. Bunyaev™!%, J. J. Carmiggelt'?, R. R. Cheenikundil®’,
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A.V.Chumaket al.,

Advances in Magnetics Roadmap on Spin-Wave Computing

IEEE Tran. on Magn. 58, 0800172 (2022).
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Magnonic
unconventional
computing

Neuromorphic computing,
holographic memory,
inverse-design magnonics,
nonlinear phenomena,
Ising machines

3D building blocks for magnonic Low-energy manipulation and
networks amplification of spin waves

3D YIG nano-structures, Ni nano-tubes, FEBID and VCMA, multiferroics, ferrite-ferroelectric and
FIBID, 3D AS]I, 3D interconnects and magn. crystals ferrite-piezoelectric hybrids, magnon fluxonics

2D building blocks for magnonic networks

Conversion, superconductor hybrids, resonators, curved waveguides, controlled anisotropy, STIRAP

Magnonics at the nanoscale

YIG, Co,sFe;s , ASI, bias-free nanomagnets, simulations, AFMs, NV magnetometry
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RPTU Interference: counter-propagating
spin-waves in NiFe microstuctures
9 R B

A

Hz)

frequency f (G

0 1 2 3 4 5 X

D=14 ym

t
® 3 ~ne3
> — e
3
. —n=5
% A - 2=7
5 0’1-\‘\\ s H
= W Coherence length of spin waves
] = W, is sufficient even in metals to
1357 5 00H Lk , build wave based microscaled
n= © Vhai 8
BLS-Intensity (a.u.) e S I ! \ devices/
0o 05 1 w IHE

\
10
P. Pirro, et al., PSSB, 248, 2404 (2011) )
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RPTU Magnon majority gates: General idea

.. Control
Majority gate -
0

0 0 0
A Output 1 0 0 0
=

B AND 0 1 0 0

C 1 1 0 1
=

0 0 1 0

Inverter J 1 0 1 1

N2 =>Ad=n OR 0 1 1 1

| ] 1 1 1 1

0: $=0 1: d=n

A. Khitun, etal., J. Phys. D. 43, 264005 (2010)
= Simple realization (spin-wave combiner)

= Replaces about 26 transistors in CMOS
= Majority gate + inverter are building blocks for full logic functionality: direct access to
AND, OR, NAND, NOR and Full Adder gates with reduced complexity
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RPTU Side note: Interference of co-propagating waves

If the spin-waves are coherently excited and propagate without any loss (keep the amplitude) and dephasing (keep the
phase), the linear superposition in a single-mode waveguide is:

Assume:

Input: Reflection-less superposition NOT plane waves...

Two waves of
equal amplitude
and phase

Aoutz\/iAin

Energy conservation

Assume:

single-mode waveguide

Two waves of
equal amplitude
in anti-phase

Many magnonic systems are not single mode=> there is more than one spin wave mode at the working frequency
=> Increased complexity
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RPTU Experimental realization

Macroscopic majority gate Experimental setup

YIG sample: oscilloscope
= -thickness 5.4 um
= - waveguide width 1.5 mm Geometry BVMSW
. . Frequency 6.035 GHz
Produced by Carat, Lviv, Ukraine Magnetic field 142 9 mT
T. Fischer et al., APL 110, 152401 (2017)
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RPTU Superposition of all channels

Real time observation of the resulting spin-wave interference via fast oscilloscope:

40
s > 000
| > 001
20
=R > 010
3 o4 o 011
2 | > 100
S s 101
20 .
5T B - T - 110
44 ¢ 8 ) £ % T & 5 0: 3 o 11
bl g_? “} § v % f ’?_z, [ The phase of the
80 s (-75.3 output signal is defined
R R R SR R R 2 el
000 005 010 015 020 025 030 by the majority of the
time [ns] input phases +/

amplitude ratio: 75.3/24.7=3.05, expected: 3 T. Fischer ef al,, APL 110, 152401 (2017)
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RPTU Hybrid CMOS-Magnon computer Bl

GANo. 101070417

=\r—
ChaIIenge: S PIDER
. . . —J/\=—
CMOS (TSMC): Reliable and efficient
Analog Periphery Integrated Circuit of CMOS-RF-Magnon Magnonic majority gates
"""""""" ® transduction it 3000 100 >0 ——oon

Integration via RF Interposer technology

Result ‘0"

O r N WS

ot
o
Ry
o
o
o
o
o
o
o g
o 2
o g
o z
o
o
K3
o
o
o
o
.
K3

e Result 1’

F I

.o ' | » p N : \' i S W

-

3.70 13.75 13.80 13.85 13.90 13.95
Frequency (GHz)

Re(Transmitted Power) (a.u.)

Magnetic  |nductive
waveguide transducers

Multi Project Wafer prototype
(WP4)

- ¥ Attenuator

Network /)-Phase shifter

Analyze’
G. Talmelli, et al.,

LM eC A4 Akronic RPTU @ Z Fraunhofer 'i:;U Delft THALES Sci. Adv. 6 (2020) eabb4042.

SIVA
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RPTU Outline

= Basics of spin waves
» Classical spin wave theory (micromagnetic model)
« Spin-wave detection, manipulation and generation
= Magnon signal processing and computing
* Linear magnonics for
« Signal processing
» Logic devices: interference-based approaches

* Nonlinear magnonic elements
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RPTU Nanoscale magnonic networks

(f) Spin-wave caustics

| idi PRL, -
rs. Satus Solidi P iy
[‘)h{:\. \900695(2020) 2

(h) Inverse-design
magnonic demultiplexer

" B,® Magnonic demultiplexer
£ =26 GHz Output |

Input —_—

Output 2
/=28 GHz Output |

Input

B L

Output 2
Nat. Commun. 12,2636 (2021)

Applications
* Wave-based information processing
* Unconventional computing

Q. Wang, G. Csaba, R. Verba, A. V. Chumak, and P. Pirro,
Nanoscale Magnonic Networks, Phys. Rev. Appl. 21, 040503 (2024).
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RPTU

Energy consumption in a prototype magnonic device:

Energy/Power o
1 Signal Input Signal Output
Electrical domain (CMOS) Electrical domain (CMOS)
0.1-1 mW 0.1-10 mW (amplifier)

Logic/Data processing

Spin-wave domain

nW (alJ/Bit with ns operation cycle)

»

= Most energy is consumed for moving the signal between the electrical and the spin-wave
domain

- “All-magnonic logic” reduces conversion losses and gives access to low power computation

= |mprove conversion efficiency in nanostructures (Spin-orbit torques, Voltage controlled
anisotropy, magneto-electric and —acoustic coupling...)

Acknowledgements: IMEC team, Leuven and G. Csaba, Budapest



RPTU Structuring of magnonic nanostructures

Integrated magnonic circuits need low damping nanostructures with high magnon lifetime:

3 = Cr = Ti
B
P — .
GGG GGG GGG GGG
Resist Spin Coating E-Beam Lithography Development Material Deposition
BRIy
? Cr-Etch
—p> —p> —>
Com | o= B W vie
GGG GGG GGG GGG
Resist Lift-Off lon Beam Milling Chromium Wet-Etch Final Structure

. . B. Heinz, PP et al., Nano Letters, 20, 4220 (2020).
v" YIG nanoelements with feature sizes down to 50 nm ( )

Other techniques: Si-ion irradiation: J. Bensmann et al., Nat. Mater. (2025) 10.1038/s41563-025-02282-y
Laser irradiation: V. Levati et al. arXiv.2409.17722
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RPTU  Mmicro-focused Brillouin Light scattering of YIG nanostructures

Triggering . . .
| L Spin-wave unpinning on the nanoscale
| Puse || Photodtector timetrace
generator
pinned unpinned
Spectrum
Pee 1 um waveguide 50 nm waveguide

Fabry-Pérot -
interferometer| = : Width of waveguid Width of waveguid
RF | £i§§§§§ f??f??%

generator
@lelelelsieiale el

2%

2D-Intensity ma o oD o e

™

1

—

Normalized m
o
Normalized m,
=)

| 1
-500 0 500 -25 0 25
Width of waveguide w (nm Width of waveguide w (nm)

W Propagating
spin wave

©
c
=
2
=
©
=
o
(@]

Q. Wang, B. Heinz, PP, et al.,
Phys. Rev. Lett. 122, 247202 (2019).

B. Heinz, PP et al., Nano Letters, 20, 4220 (2020).
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RPTU Prototype of integrated circuit: Half adder

Standard element of binary data processing

InputA InputB ,S$“ ,C“ Standard realization:
Splitter 1
0 0 0 0 “A 7 ns L
0 1 1 0
1 0 1 0
1 1 0 1 “g @—O “gr

“« n wu ” Splitter 2
Sum” “Carry \

AND gate: nonlinear system
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RPTU Dipolar coupled waveguides

Micromagnetic simulation:

B Yttrium Iron Garnet
— w o (YIG) :
) t=50nnm
Excitation region . Ms=1.4x10° A/m w =100 nm
A=35pJ 0 =100 nm
..... a= 2x104

Coupled oscillators

From: Wikipedia
Using Mumax3: A. Vansteenkiste, et al., AIP Advance 4, 107113 (2014)
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RPTU Spin-wave dispersions in coupled systems

Frequency (GHz)
Frequency (GHz)

0.0 0.02 0.04 0.06 0.00 0.02 004  0.06
Wavenumber k, (rad/nm) Wavenumber k, (rad/nm)

m;

Symmetric (s)

Coupling I T
length: Ak

Analytics: R. Verba, A. Slavin
R. Verba et al., Phys. Rev. B 85, 014427 (2012)
R. Verba, Ukrainian journal of physics 58, 758 (2013)

Antisymmetric (as)
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RPTU

Encoding in amplitude:

Inputl Input2 Output
0 0 0
0 1 1
1 0 1
1 1 V2

Encoding in phase:

Inputl Input2 Output
0 0 0
0 T -
T 0 -
T T T

Linear superposition:

O
O
L
L

Nonlinear signal transformation by
nonlinear spin-wave transmission

>SS
>SS

O

. NOR Y

Truth table of AND gate:

Inputl Input2 Output

O O
Q @)
Q O
® ©
L 4

!
J

R R, OO
R, O RO
~ O OO

No simple linear realization
of wave-based AND gate
which can be easily
implemented in a magnonic
network



RPTU From linear to nonlinear magnonics

» Landau-Lifshitz equation split in static and dynamic parts:

Static parts dynamic parts
dmd(t) / ‘)d% d\s
= o (Mo x h(t) + m%(t) x Ho -Hm*(t) X h(t)ﬂ'

Small for low amplitudes

* Spin waves are the eigenmodes of the system if the product of the
dynamic amplitudes can be neglected=> good approximation for low amplitudes

What do we do if this approximation is not valid anymore?

Philipp Pirro (pirro.physik.rptu.de) Italian School on Magnetism, Perugia 21.10.2025
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RPTU

* The theory developed for nonlinear magnonics is a nice illustration for the magnon quasiparticle picture,
since it uses the concepts of “second quantization”

* Magnon occupation is described by magnon operators, similar to the ladder operators from quantum
mechanical theory of harmonic oscillators

QM Harmonic oscillator:
= Energy levels are spaced by the same energy
difference AE = hw
= Excitation of a quasiparticle with the energy Aw is
associated with a transition from occupation state
|n > to state [n + 1 > => described by ladder
operator b*
= Annihilation of a quasiparticle is associated with a
transition from occupation state
|n > tostate [n £>
= described by ladder operator b
Total magnon number N = b*h
(“Spin-wave intensity”)




RPTU Magnon-magnon interactions

Number of magnons/waves involved Eigenmodes (Harmonic oscillator)

(linear dispersion relation) Four-magnon-
l Ilnte ractions

¥
Ubeb) =S 2 =2 L) L ® o g }

/

Linear excitation
(e.g.via MW fields)

“Nonlinear magnonics”
Three-magnon-
Interactions

Three-magnon splitting Three-magnon confluence Four-magnon scattering
€,,p > D €.,
. /. 2 pz Sl’pl .\A N 813p1 .\/. 39p3
€ P, €,p, ® €,,D, ® o €50,

Energy and momentum conservation need to be fulfilled for all these processes

P. Krivosik, C. Patton, Phys. Rev. B 82, 184428 (2010)
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RPTU Nonlinear magnonic effects: examples

= Nonlinear shifts

-Nonlinear frequency shift (for fixed wave vector) “One mode is changed because
-Nonlinear wave vector shift (for fixed frequency) of its high amplitude”
€, D LN €5, P,
* Magnon-magnon interactions . , €0, @ /\. 84 s Py
_Magnon scattering Sevgral mod.es mttiract because
of high amplitudes “Four magnon scattering”

-Magnon instabilities

M. Mohseni, et al. Phys. Rev. Lett., 126, 097202, (2021).

= Parametric instabilities
-Parallel parametric amplification “High dynamic external fields couples
to the dynamic m-components”

T. Bracher, P. Pirro, B. Hillebrands. Physics Reports 699, 1-34 (2017).
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RPTU Nonlinear shift in the Hamiltonian formulation

Simplest form of magnon nonlinearity:
If only a single magnon mode by, is significantly excited, an increase of its amplitude changes the frequency or the wavevector
of the spin wave:

Nonlinear shift coefficient

Situation used to b.1?) = f... + N. -|b.]? e .
construct the f(l kl ) flln k | kl (wave vector k is fixed in the experiment)
nonlinear
N N k
dlcrgﬁt;?enral —> k(|bk|2) = klin + v— . |bk|2 (frequency fis fixed in the experiment)
K Similar to change of refractive index in

Q. Wang et al , nonlinear optics

Nature Electronics Gro”F’ P

43, 26400 (2020). velocity

Nonlinear shift N, of a spin-wave mode is given by the “nonlinear four-magnon self-interaction”

W Ny = Xkk kk
k ./ ®

“Mode scatters with itself”
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RPTU  Nonlinear wave vector shift: nonlinear directional coupler

Nonlinear directional coupler: fixed SW frequency is used

Ny = Xy ki is negative in this case A Bo ‘ ¢
(in_p|ane magnetized, Meff > O) ) W ‘

— hy=2mT

nonlin _ nonlin . . .
— hy=4mT AT =il ¥ B - Ex1tat10n region
C\l_ 2.4 d z 1 ‘ |ﬁ T ‘ ‘ [I \‘
& f., =2.282 GHz ! i
D = 8 ity 48 i T
PN e Coggtogh. e
P ; P AK M =milg," oupling lengt
T Antisymmetric i X 2 2N a0 500
+ & made k(bgl?) =
£ 2 21- Ny, )
=8 Kin +— - | bl
|l 8 Symmetric Ug
— L | mode
N—x Coupling length L. changes due to nonlinearity:
> VA
\—/ 18 LC f— —2
g . 1 : : :
0 10 20 Ak(l b kl )

= High nonlinearity in wavevector for low group velocities
= Trade-off between needed SW amplitudes and speed of nonlinear devices Q. Wang, et al. Science Advances, 4, 1701517, (2018).

Q. Wang,, et al., Nature Electronics 3, 765-774, (2020).
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RPTU Nonlinear directional coupler

N bimlérae ae gégmo n
Input == =i — = Output 1 L

: N

= 5L,

> Output 2 L=45L

Normalized
output power

10 = Strong nonlinear change of the coupling length for low
gg frequencies/ low wavevectors(low group velocities)
;;?a = Redirection of the spin-wave signal to other output due
32 ¥ to changed coupling length

— hy=2mT
® — p=4mT

T T T T T T T
23 24 2.5 2.6
Frequency, f(GHz)

Q. Wang,, et al., Nature Electronics 3, 765-774, (2020).
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RPTU Working principle

Inputs | Outputs
A|lB|S|C
1]0[1]0 \rezirs

TR — S= 1 0.968><Pi,,
A= ouput's o3 23
—> sszzzEE - L T e T = — x4

Rpgme?”  GPEEIE Ty 33‘9
I = =0 0.019%P,
— J"‘* I Output “C” \g_ % s == fg
B="0" L) o ]
0 25 5
Inputs | Outputs Frequency f (GHz)
A|B|S|C .

TN O 1 1 0 — S=“1’-’ 0.908XP,,,
A="0 ' ouput’s' g3 2
s o~ I;ix‘-‘.z.‘-.l‘-.:=:~ g; 0 x4

“7 T = 1 ““““““““““““““““ TR
— ssssss?” N o Output “C” \g_ % sl fg
B = n1u wn "é' 0 |
0 2.5 5
Inputs | Outputs Frequency f (GHz)
A|B|S|C

= 1111071 — Irezagn =
Gl Output “S” ® = R0 0308 el
—> EEEEEE) I ETE e — > O 1/3

a'l.,.’ F WEE -l-t'.' g =. 0 <4 |
P e i 5
—p mzmmms®’ _ Output “C” \g_g C=%1"| 1.058xP, fg
B="1" Spin-wave intensity (a.u.) DE 00 o5 L
HE A i
0 1 Frequency f (GHz)

Philipp Pirro (pirro.physik.mptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 102



RPTU

d antenna

U-shape

S ——

e

Nonlinear spin-wave directional coupler: experiment

Nanoscaled directional coupler (YIG)

Waveguide 1

[1.32 um

Waveguide 2

Stabilization
marks — N f >
1pum

Frequency, f(GHz)

Q. Wang, PP, et al., Nature Electronics 3, 765774, (2020).

Italian School on Magnetism, Perugia
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3.8
SN eeees Low power
~
m~. S ——— High power
~ ~
~ “ N N
3.6 N « N
N N N
I~ N N f=352 GHz
i \ <
3.4
£
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f!x
o
3.2 T
0
mZ

Antisymmetric (as)
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RPTU Nonlinear directional coupler: experiment

)

“Low power’

BLS
intensity (a.u.)
----- Low power o & Se &
. P, =2 dBm =
—— High power ‘ g
T & 5
8 hN P z
C} N o2
- N s f=3.52 GHz
TRRRRRE SRS St
g' ~ N ~ N RT Q
3 N N A ~
g \ N
[T N ~ A ~
™~ ~
~ .
% \ NN “High power” SR
. %:" _i:" S N intensity (a.u.)
P NP - » RN b ~ : = i =
< > € » ~ ~ S ;\ ¥} )
32 T T T | T > > 3 PS = 10 dBn] 5, -4
- - . e - s
0 3 6 9  |e8
{ |z
5 =
Aknonllnear > Aklmear . :
BLS intensity (log.)
. , | |
= chzonlmear < Llcmear Low High

Microfocused Brillouin light scattering measurements

Q. Wang, et al., Nature Electronics 3, 765774, (2020).
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RPTU Neuromorphic computing: magnonics?

A
AT How to shape complex
] : transfer/activation functions f
<,:° using only spin waves?

=>Spin-wave nonlinearity

Ain

Activation function for neuron

X; \
X2— — - n
:2 out‘f (Zl Wixi)
Pt
Xn
Input (?utput
spin waves Spin waves
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RPTU

General idea: create a magnon source/amplifier (active element) which is
very nonlinear in magnon output vs. magnon/RF input

General ingredients of nonlinear magnon excitation approach:

= Coherent driving field “pump” (RF, spin torque auto-oscillator) which is off-resonant
for the linear magnonic system

= Magnonic system with strong nonlinear shift T, based on magnon-magnon coupling

T f4 = Use nonlinear shift provided
« .\/. k nonlinear * by forced oscillations
k 0/\‘0 K pump * incoming magnons
linear

to make the pump excitation resonant

Nonlinear shift => Nonlinear photon-magnon coupling

AF(R) = Telby |

v
k



RPTU Nonlinear magnon excitation

Nonlinear magnonic system A: YIG waveguide in Forward Volume Geometry

Under antenna: S.catte; ed laser
Spi'ryvave k= g rad/um to 1n;er erometer
—00 \\\ ) b
N \ = % = Pure YIG (out-of-plane
\&{ AN / @t&ﬂﬂa N @'rogqpe J . p .
Ll e | saturated): Positive nonlinear

shift coefficient Ty, (Mg > 0)

= Large antenna that excites only
k = 0 in the linear case

Frequency

=]
i k—30 (rad/pm) -
: v A—200nm
! ky IHM= 330 mT

> 44 nm|

Wavenumber k&

Q. Wang, PP, et al., Sci. Adv. 9, eadg4609 (2023).
Q. Wang, PP, et al., All-Magnonic Repeater Based on Bistability, Nat. Commun. 15, 7577 (2024).

Philipp Pirro (pirro.physik.rptu.de) Italian School on Magnetism, Perugia 21.10.2025 Slide 107



RPTU Nonlinear magnon excitation

fRF f N
, | Frequency ]
,-\10 E f= 5.8 (GHZ) ’1’015;‘1:—651.’) (?\?I}'%?I/\/l\,\\\/\w nonllnear
5 | /=59(GHy) ., T
s | /=6.0(GH .
S 0 g (5.9 GHz) linear
2 N RN T A U TP
= ! ;
- 1
o ' By (5.8 GHz ) .
C§ = Stﬂb( - . )\’,Ww\;‘ > k
1 |
a : /‘ ‘/P“p Nonlinearly shifted resonance frequency:
i S fUbl®) = fim + Tie - 1bl®  |by]? = 1 - cos?(8)
1004
0.1 ! 10 Condition of stable high amplitude state:
Power (mW)
. , o = €0S(Ostan) = 1 — (frr — fo)/Tk
Output spin-wave intensity is
independent of the input power Q. Wang, PP, et al., Sci. Adv. 9, eadg4609 (2023).
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RPTU (Leaky) integrate-and-fire neurons

inputs  Weights

Excitability/ Neuron activation:
activation
function
Oj = O'j(Exiwi]- + 6]) - )
._. l activation
* Nonlinear activation function a; x@/ 6
threshold
* Variable neuron threshold 0,
_ o Input Leaky integration Output
* Integration functionality Zx;wj; “
N
« Over inputs x; from different neurons -3
= 2
* Over inputs x;(t) over time (spikes) & ] ©
=
* Additional properties of neuron output <
* Leakyness: 0j(t) decays over time —> —>
Time t Time t Time t

* Cascadibility
=> |Integration over several pulses in time requires pule-to-pulse interaction
21.10.2025 Slide 109

Italian School on Magnetism, Perugia

Philipp Pirro (pirro.physik.rptu.de)



RPTU

Ga substituted
YIG
nedrd

et

octahedral

Uniaxial out-of-plane anisotropy

uOHul = 941 mT
Film thickness t = 59 nm

lloMs ~ 20 mT

oMt ~ —74 mT —

Multi neuron structure based on Ga:YIG

~—

Frequency f; (GHz)

~

L —— GaYlG
— YIG

n

—_
T

Group velocity vg, (Hm/ns)

(=]

0

0 20 30 40 50

Wave vector k. (rad/um)

(10J70) nm

Ga:YIG shows positive nonlinear shift when
saturated in the film plane: Ty &< —Mgrr > 0

See also T. Bottcher et al., Appl. Phys. Lett. 120, 102401 (2022)
D. Breitbach, et al., Appl. Phys. Lett. 124, 092405 (2024)
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Multi neuron structure

b |
BLS-Fabry-
A Pérot
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Photon-
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BLS| time- !
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RPTU Nonlinear excitation function

Continuous excitation of N2 at 1.69 GHz

[ upsweep

1 - Downsweep

v

" Ga:YIG film 56 nm

----------

S oco=
> o wo

BLS intensity (arb. u.)
o
(V)

e
-

45 -40 -35 -30 -25 -20 -15
Excitation power P, (dBm)

= Shift of the resonance towards excitation frequency leads to
nonlinear power-dependency of the excited SW signal

All-magnonic neurons for analog artificial neural networks
D. Breitbach, PP et al., Arxiv 2509.18321
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RPTU Nonlinear activation function O

Sweeping intensity of incoming stimulus

0.8 + Trigger pulse power P

& 0.6 - - 10.50 — 10.75
- 11.00 — 11.25
— 12.25

TijJAu
(10}70) nm

0.2 -

BLS intensity (ar

o
-
| T

L - L h
500 1000 1500
Time t (ns)
Sigmoid function

1.0 4 "";_%_}':;‘..’

o

ot

All-magnonic neurons for analog artificial neural networks 0.2 0.4 06 08 1.0
D. Breitbach, PP et al., Arxiv 2509.18321 Input spin-wave intensity (arb. u.)

e
=]
L

Frequenc
1 q y + 15-ns-short-pulse from N1
2_20 GHZ [ PR | F P ———

1.69GHz 4----==nmmmmmm- { 1-us-long-pulse from N2 Jrmmm e

o
'
Il

Output spin-wave
intensity (arb. u.)
o
o

o
N
1

= = = Sigmoid fit

Philipp Pirro (pirro.physik.rptu.de) Italian School on Magnetism, Perugia 21.10.2025

Slide 112


https://arxiv.org/abs/2509.18321
https://arxiv.org/abs/2509.18321

RPTU Neuron triggering

s 1.0 Long pulse power P, (dBm)
o 084 — 27
= — 29
Ga:YIG film 56 nm S 069 _ 5,
> JE— “
20ad T 3 Leaky
s — 34 ] integrator”
: 2 — -3.8 with tunable
Ti|Au £ 0.2 — 44 .
(10J70)nm w 1 : memory time
|
[11] _/
0.1+
0 500 1000 1500
Time t (ns)
M
£
‘s 10001
£ Memory time
>
©
T R R e 2 100, tunable by two
BYGHz F--mmmmmmmmmmnm { 1-ps-long-pulse from N2 J-mmmmmmm e : OrderS Of
Time o .
. £ 10 magnitude
All-magnonic neurons for analog artificial neural networks 0.40 0.45 0.50
D. Breitbach, PP et al., Arxiv 2509.18321 Long pulse power PLong (mW)
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RPTU Multi-Neuron Triggering Ny + N3 — N,

1.2
- 1 Trigger pulse delay At (ns)
=]

- 0.8 — Ons
EO.G — 50ns
£
‘» 0.4
c
3
=
2 0.2
m

I v T v T v
0 500 1000 1500

Time £ (ns)

= Depending on the input
delay N1 & N3, a
different output by N2 is

Integrated intensity (arb. u.)

Delay At
Frequency l:____...-’l—; 15-ns-short-pulses from N1 & N3 Observed
OOl I — L = Neuron activation only
1.69GHz -----==-=------- { 1-ps-long-pulse from N2 )=m==m=mmmmmmmn-n ) '
Time 1 i : when input signals are
Trig;é(:' dela?;o}gt (ns.1)00'0 correlated

—> AND Gate for “Correlation test”, can be used for stochastic computing
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RPTU Magnonic neuron application in neural networks

Hard tricti * A hardware feasible 3 101 ]
araware restrictions . .
convolutional neural network S ol ﬁ"'&'
* Custom activation function adhering to these restrictions > &
; . 2 0.6- j
* Max. 10x10 fully connected neurons = sparse achieves: g 5"
. . . . 5 0.44 *
* Weighting by linear SW interference: |wy.x| =1 ¢ (97.15 + 0.016)% accuracy on fg' /,;
.. . . ° 0.2+ ;
* Interference is in amplitude, while neurons are MNIST é o BLSintensity
=== Numerical Model
H o H H ” 0.0 . . . . .
trlggered- by |nte.n5|ty _ * (87.60 +0.01)% accuracy on 00 02 04 06 08 10
- Negative amplitudes also activate neurons fashionMNIST Input intensity I} (arb. u.)
Row-normalized Confusion Matrix on MNIST Test Set
04 00% 00% 00% 00% 01% 04% 02% 04% O01%
1.04 14 05% 02% 00% 00% 02% 01% 0.0%
08 O
2 4 05% 96 9% 05% 02% 04% 07% 04% 04% Q E
0.8 ‘: 2 g
- 3400% 01% 03% ENE 15% 01% 03% 05% 01% . Q =h
§0.6. %4— 02% 00% 08% . 0.0% 01% 05% 0.6% OGQ g.
§ %57 02% 00% 00% 08% 00% [ELESEN 06% 03% 04% g
<C 0.4+ 0.4
6407% 01% 05% 01% 02% 04% 00%
. cpe o 0.24 — MNIST 7401% o0o% 11% 0% 01% 00% 00w [
All-magnonic neurons for analog artificial neural ‘ fashionMNIST 0.2
8{01% 00% 08% 01% 04% 02% 01%
networks 0.0f——F——F———
. . g4 00% 01% 03% 00% 09% 16% 00%
D. Breitbach, PP et al., Arxiv 2509.18321 0 20 40 60 80 100 : 00

Training epoch S 4 a m T w6 o o@ oo
Predicted label
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RPTU Conclusion

Spin waves are interesting candidates for wave-based
* signal processing in the GHz range

. ...
—p EEEEEY * _ Output “C"
B=*1"

Spin-wave intensity (a.u.)
|

0

Prototypes of micro- and nanoscaled spin-wave logic elements can be fabricated,
full spin waves circuits with CMOS-integration are under investigation
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Examples of spin-wave device architectures

RPTU

Non-volatile clocked spin
wave hanomagnet pipelines

Magnon Transistor

Majority Gate

sw sw

sw repeater2 repeater3

repeater 1

C-S converter x

Fischer etal., APL 110,

152401 (2017) Chumak etal., _

Nat. Commun. 5, 4700 (2014) S.Dutta, A. Naeemi
(Georgia Institute of Technology, USA)
Analog Magnon adder
e Magnonic half-adder
um

A=T Output ‘S’

A -_\J—-.-'--"-
Cutpye d . "
- N —— Output ‘C’
0] s utpu

> Output ‘I’

Input Resonator Output
+

1 4 55
£ 12 44 2 a i B="1 i i
. i 1 SW intensity (a.u.)
Lk an - =l

Q. Wang etal., Nat Electron 3, 765 (2020).

Amplitude

time t

T. Bracher, P. Pirro,
J. Appl. Phys. 124, 152119 (2018)
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RPTU Examples of spin-wave device architectures

Pattern recognition
Spinwave Ising machine

Magnon-Scattering Reservoir
F ’ G only linear dynamics

1 Excited
s | ( magnons

T
Frequency, f

Frequency, /

| Scattered H with magnon scattering

( magnons di

ifferent average

output spectra

AB*
Pt
A A H ‘ h
i ]

Frequency, f

A. Litvinenko, et al. Comm. Phys. 6:227 (2023)

. | A. Papp, W. Porod, G. Csaba,
;.glézrbzeoré:t al., Nat. Commun. 14, Nat. Commun. 12, 6422
(2023). (2021)

Holographic Memory Factorization Problem Neuromorphic networks

F.Gertzetal, Y. Khivintsev et a.,

IEEE Magn. Lett. 7, JAP 120, 123901 (2016)
3200204 (2016)
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