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Ziadny

Udelené patenty/podané patentové prihlasky, vynalezy alebo uzitkové vzory, ktoré su
vysledkami projektu

Pocas realizacie projektu sme vyrobili prototypy vortexovych MFM hrotov.

Najvyznamnejsie publikacie (knihy, ¢lanky, prednasky, spravy a pod.) zhrnujice
vysledky projektu — uved'te aj publikacie prijaté do tlace

Pocas realizacie projektu sme publikovali 15 medzinarodnych publikacii, najdolezitejSie su:
1. Feilhauer, J., Saha, S., Tobik, J., Zelent, M., Heyderman, L.J. and Mruczkiewicz, M.,
2020. Controlled motion of

skyrmions in @ magnetic antidot lattice. Physical Review B, 102(18), p.184425.

2. Mruczkiewicz, Michal, and Pawel Gruszecki. "The 2021 roadmap for noncollinear
magnonics." Solid

State Physics. Vol. 72. Academic Press, 2021. 1-27.

3. Bublikov, K., et al. "Vortex gyrotropic mode in curved nanodots." Journal of Magnetism
and

Magnetic Materials (2021): 168105.

4. Vetrova, lu V., et al. "Investigation of self-nucleated skyrmion states in the
ferromagnetic/nonmagnetic multilayer dot." Applied Physics Letters 118.21 (2021): 212409.
5. Krylov, S., Vetrova, I., Feilhauer, J., Fedor, J. Dérer, J., Soltys, J., and Cambel, V.:
Improved durable vortex core MFM tip, J. Magnet. Magn. Mater. 555 (2022) 169357.

6. Feilhauer, J., Zelent 14.28, M., Zhang, Z., Christensen, J., and Mruczkiewicz, M.
Unidirectional

spin-wave edge modes in magnonic crystal, APL Mater. 11 (2023) 021104.

7. Tobik, J.: Dynamical symmetry breaking in magnetic systems, Phys. Status Solidi RRL 17
(2023)

2200459.

8. S&epka, T., Feilhauer, J., Tébik J., Krylov S., Kalmykova T., Cambel, V., and Mruzkiewicz
M.
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Control of closure domain state circulation in coupled triangular permalloy elements using
MFM tip, J.

Appl. Phys. 134, 213902 (2023).

9. Szulc, K., Graczyk, P., Mruczkiewicz, M., Gubbiotti, G. and Krawczyk, M., 2020. Spin-
wave diode and

circulator based on unidirectional coupling Phys. Rev. Applied 14, 034063

10. Zelent, Mateusz, et al. "Skyrmion Formation in Nanodisks Using Magnetic Force
Microscopy Tip."

Nanomaterials 11.10 (2021): 2627.

11. Szulc, Krzysztof, et al. "Nonreciprocal spin-wave dynamics in Pt/Co/W/Co/Pt
multilayers." Physical

Review B 103.13 (2021): 134404.

12. Feilhauer, J., Tobik, J., Soltys, J., and Cambel, V.: Numerical characterization of
magnetic vortex

probe imaging for magnetic force microscopy, [IEEE Trans. Magnet. 59 (2023) 6500210.
13. Vetrova, ., Feilhauer, J., Cambel, V., and éoltys, J.: MFM tip with a ferromagnetic disk-
shaped

apex for large domain scanning, IEEE Trans. on Nanotechnol. 22 (2023) 634-640.

14. Makartsou, U., Moalic, M., Zelent, M., Mruczkiewicz, M., and Krawczyk*, M.: Control of
vortex

chirality in a symmetric ferromagnetic ring using a ferromagnetic nanoelement, Nanoscale
15 (2023)

13094-1310127.

15. Zelent, M., Moalic, M., Mruczkiewicz, M., Li, X., and Krawczyk, M.: Stabilization and
racetrack

application of asymmetric Néel skyrmions in hybrid nanostructures, SciRep. 13 (2023)
13572.

Uplatnenie vysledkov projektu

Vysledky nie su v su€asnosti priamo aplikované v priemysle. Projekt bol zakladnym
vyskumnym typom projektu, takZze vyuzitie vysledkov bude aplikovanie poznatkov ziskanych
tymto projektom pre dalSi vyskum. Jednym z ddlezitych vystupov projektu je totiz unikatna
vzorka s magnonickym kry$talom tvorenym s tesne spriahnutymi magnetickymi elementami.
Takyto krystal posluzina dalSie skumanie v magnonike alebo inych oblastiach fyziky.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Dosiahli sme niekolko délezitych vysledkov, ktoré suviseli s ciefmi projektu. Hlavnym ciefom
bolo Studovat robustné spinové viny pre buduce magnonické aplikacie. Pod robustnou
spinovou vinou rozumieme vinu imunnu voci defektom, ktora sa Siri v jednosmernych
nanokanaloch. Projekt bol rozdeleny do 4 pracovnych balikov so zameranim na rézne
aspekty. WP1 bol zamerany na vyskum jednosmernej spinovej viny v topologickych
magnonickych krystaloch. WP2 bol zamerany na jednosmerné SW v dvojvrstvovych alebo
dvojkanalovych systémoch. WP3 bol zamerany na teoretické a experimentalne metédy
potrebné na realizaciu preprogramovatelného umelého ,spinice” a WP4 bol zamerany na
aplikaciu poznatkov v konkrétnom funkénom magnetickom prvku, ako je didda alebo
cirkulator. PoCas realizacie projektu sme urobili najvyraznejsi pokrok v praci na WP1, WP3 a
WP4. Vysledky ziskané poCas prace na WP2 neboli uspokojivé z hlfadiska

WP. Pri rieSeni WP1 sme vacsinu cielov zrealizovali. Konkrétne sme v teérii a experimente
demonstrovali niekolko metdd na riadenie chirality jednej zakladnej bunky magnonického
kry$talu a teoreticky sme demonstrovali topologické vlastnosti jednosmernych spinovych vin
v takychto kryStaloch. Vyvinuli sme spbsob vyroby magnonického krystalu s vysokou
dipolarnou vazbou medzi jednotlivymi bunkami v zakladnom stave. Tieto vysledky nam
umozniuju pokragovat’ v experimentalnom vyskume dynamiky spinovych vin v tomto type
magnonickych krystalov. PoCas prace na WP2 sme demonstrovali a skumali zaujimave
vlastnosti §irenia spinovych vin v dvojvrstvovych systémoch. Osobitna pozornost bola
venovana nereciproénym vazbam. Dalej sme skdmali moZnosti experimentalnej realizacie
tohto typu Struktur. Zistili sme, Ze simultanne riadenie vymennych parametrov (DMI) a
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anizotropie je tazké a odchylky od vzorky ku vzorke su velké. Pocas prace na tomto cieli
sme zlepsili citlivost nastavenia merania FMR a integrovali rotacny stolik, ¢o satiez vyuzilo
na magnonické krystaly Studované vo WP1. Vo vztahu k WP 3 sme vyvinuli dolezité
teoretické modely, ktoré popisuju riadenie stavu magnetizacie s prihliadnutim na dynamiku
magnetizacie. Toto a tiez skisenosti z WP1 nam v budicnosti umoznia vyrobu ASI s
ovladatelnou magnetizaciou. Dalej sme vylepsili charakteriza&né techniky, ako je napriklad
vortex-core MFM hrot. Vo vztahu k WP4 sme vyznamne prispeli k popisu nereciprocného
$irenia spinovych vin a pouzili sme ho ako stavebny prvok magnoniku: diédy alebo
cirkulatora. Ukazali smetiez, Ze hybridné systémy mézu byt pouzité na prekonanie
skyrmionového Hallovho efektu neziaduceho v kontexte racetrack aplikacie a su vhodné na
prepravu skyrmionu po priamej drahe pomocou impulzov elektrického pradu. Dalej sme
zverejnili plan, ktory sa zameriava na vlastnosti nekolinearnych magnetickych stavov pre
magnonické aplikacie. Prispeli sme k aplikacii projektu COST CHIROMAG. Celkovo uz bolo
v medzinarodnych €asopisoch publikovanych spolu 15 publikacii suvisiacich s projektom.
Zistenia projektov otvaraju cesty pre viaceré vyskumné témy s vysokym potencialom vplyvu.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

We have obtained several important results that were related to the objectives of the project.
The main aim of this project was to study robust spin waves for future magnonic
applications. By a robust spin wave we mean a wave immune to disorder, propagating in
unidirectional nanochannels. The project was divided into 4 working packages with focus on
different aspects, WP1 was focused on the investigation of unidirectional spin wave in
topological magnonic crystals. WP2 was focused on unidirectional SWs in bi-layer or bi-
channel systems. WP3 was focused on theoretical and experimental methods needed for
realization of reprogramable artificial spin ice and WP4 was focused on application of
findings in concrete functional magnonic element, such as diode or circulator. During the
realization of the project, we made the most significant advancements in WP1, WP3, and
WP4. The results obtained during the work on WP2 were not satisfactory from the point of
view of reproducibility and experimental control, therefore strongest focus was put on other
WPs. In the work on WP1 we have realized most of the objectives. Namely, we have
demonstrated in theory and experiment several methods to control the chirality of the single
unit cell of magnonic crystal, we have demonstrated theoretically the topological properties
of unidirectional spin waves in such crystals. We have developed a fabrication method of the
magnonic crystal with high dipolar coupling between the unit cells in the ground state. Those
results allow us to continue the experimental investigation on spin wave dynamics in this
type of magnonic crystal. During the work on WP2, we have demonstrated and investigated
the interesting spin wave propagation properties in the bi-layer systems. In particaular
attention was paid to nonreciprocal coupling. We have investigated further, the possibilities
for the experimental realization of this type of structures. We have found that simultanous
control of exchange parameters (DMI) and anisotropy is difficult and variation from sample
to sample is large. During work on this objective, we have improved the sensitivity of FMR
measurement setup and integrated a rotational stage that was applied to magnonic crystals
studied in WP1. In relation to the WP3 we have developed important theoretical models that
describe the control of magnetization state by taking into account the magnetization
dynamics. That, along with the experience from the WP1, will allow us to fabricate the ASI
with controllable magnetization in the future. Further, we have improved the characterization
techniques, such as vortex-tip MFM. In relation to the WP4, we have made significant
contributions in describing the nonreciprocal spin wave propagation and using it as a
building block of magnonics: diode or circulator. We have also demonstrated that hybrid
systems can be used to overcome the skyrmion Hall effect, which is undesirable in the
racetrack application context, and is suitable to transport a skyrmion along the straight track
by electric current pulses. Further, we have published a roadmap that focuses on properties
of noncolinear magnetic states for magnonic applications. We have contributed for
application of the COST project CHIROMAG. Overall, a total of 15 publications related to the
project were already published in international journals. The findings of the projects opens
paths for several research topics with high impact potential.
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