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Xapnan FO. 1. BiuB cTpykTypHu Ta KOH(Iirypaiii ¢epoMarHiTHUX IUIaHAPHUX
HAHOCUCTEM Ha iXHI MarHiTOAWHAMI4HI BIacTHUBOCTI. —KBamidikariiina HaykoBa
mpails Ha MpaBax PyKOIUCY.

Hucepramiss Ha 3700yTTS HAyKOBOTO CTyIeHsS JoKTopa ¢iumocodii 3a
cnemianbHicTioO 104 — di3uka Ta acTpoHOMia. — [HCTUTYT MarHeTusMy imeni B.I.
bap’sixTapa HamionanbsHoi akagemii Hayk Ykpainu, Kuis, 2024.

OCHOBHOIO Memol0 NOCIIKEHb, MPOBEACHUX y JAWCEpTaliiHii poOoTi, Oyi0
BU3HAYCHHSI BIUIMBY KOH(]Iryparllii Ta CTpyKTypu (pepoMarHiTHUX HAHOEJIEMEHTIB Ha
iXHI MAarHiTHI BJIACTMBOCTI Ta BCTAaHOBJEHHS METOMAIB KEPYBaHHA TaKUMU
XapaKTepUCTHKaMH, SK 4YacToTa ()epOMarHiTHOrO pe30HAHCY, 3aKOH Jucmepcii
CIIHOBUX XBWJIb, IIIMPUHA PE30HAHCHOI JIIHI Ta MarHiTHA aH130TPOITis.

3a3HadyeHl CTPYKTYpi € CJIEMEHTHOIO 0a3010 MJisi CTBOPEHHS Y CBITJIIOMY
MalOyTHbOMY TPHWJIAJIIB €JIEKTPOHIKHM, 3aCHOBAHMX HAa MPHUHIIMIIAX MAarHOHIKH, sKa
IIPOIOHY€E BUKOPUCTAHHSI CIIIHOBUX XBUJIb - KOJEKTUBHUX MarHITHUX 30Yy/IKEHb - IS
3amucy 1 3uuTyBaHHs iHGopmMartii. Bukopucranns criHoBux xBuJib (CX) 703BOIUTH Ha
KUIBKO MOPSIKIB 3MEHIIUTH TEIJIOBI BTPATH 1 3HAYHO IT1JIBUIIUTH IIBUJIKICTH 3aITHCY
iHpopmanii. Y poOOTI pO3MISIHYTO BIUIMB KOH(Irypaimii HaMartHiuyeHocTl Ta
aH130TpoIii (OpMH MarHiTHUX HAHOEJIEMEHTIB a TaKOX MapameTpiB JBIMHUKOBOI
CTPYKTYpH B Mar”iTHux cruiaBax 3 edexktom mnam’ati Gopmu (MCEII®) nHa ixHi
MarHiTOJIMHAMIYHI BJIACTUBOCTI, 30KpEMa Ha JTUCIEPCiiiHE CIIBBIAHOLIEHHS CIIIHOBUX
XBUJIb. BUKOPHUCTOBYIOUM KJIACHYHI METOAM MATEMaTHYHOI (I3UKU JJisi PO3B’S3KY
piBastHHS Jlangay—Jlidmmuis (JIJI), Oyno moOymoBaHO TEOpETUYHI MOJEN1 JUIsl OTIHCY
HU3KH  EKCIEPUMEHTAIbHUX €(eKTiB, BHUABIEHUX 3a JIOMOMOTOI0 MeToja
dbepomaruitHoro pezoHancy (OPMP).

Hucepraiiitna poOoTa CKJIAJa€eTbCs 3 ST po3auTiB. Y BceTymi BUKIaneHO
apryMEHTAIllI0 aKTyaJIbHOCTI OOpaHOi TeMH, BU3HAUYEHO OCHOBHY METY Ta 3aBJaHHS
JOCTIKEHHSI, a TaKOXX OKpecjIeHO OO0’eKT 1 mpeaMer BuBYeHHS. Kpim Toro,
MIPEICTABIICHO KIIOYOB1 HAYKOBI MOJIOKEHHS, IO B1100paKat0Th HOBU3HY OTPUMAHMX

pe3yNbTaTIB, MIJKPECIECHO OCOOMCTHUN BHECOK 3/100yBada y BHUKOHAHI pOOOTH, SIKi



BUHECCHI Ha 3axWcT. TakoX HagaHo iHGoOpMaIliio mpo ampolaiiro HayKOBHX
pe3yabTaTiB Ha KOH(EpEeHIsIX Ta Mpo 3B’S30K JAUCEPTAIHHOIO JOCTIIHKEHHS 3
HayKOBO-JOCIITHUMH POOOTaMH.

Iepmumii po3gin gucepramii Mae 3a METy O3HAMOMUTH 4YWTadya 3 SBUIIEM
(epOMarHiTHOrO PE30HAHCY Ta MOHATTAM CIIHOBUX XBWIb. HaBeleHO pIBHSHHS
Jlannay—Jlipmmuist — OCHOBHE pIBHAHHSA JJS ONUCY MArHITHOI JAMHAMIKH, SKE,
30KpeMa, BUKOPUCTOBYETHLCS JIJIsI 3HAXOKEHHS TUCIIEPCIHHOTO CITIBBITHOIIICHHS JIJIS
CIIHOBUX XBWJIb. PO3MIISIHYTO 3arajlbHUil BUTJISJ TOBHOI €HEprii (pepoMarHeTuka,
OOrOBOPEHO BHECKH JUIOJIb-AUMOIBHOI, 3€€MaHIBCHKOI Ta OOMIHHOi B3aeMOJIH, a
TAKOX MAarHITOKpUCTaIYHOT aHi3oTpomii. OKpiM TOro, mpejcTaBicHAa HHU3Ka
NPUKIAAIB po3B’sa3Ky piBHAHHS Jlanmay—Jlipmmns s cucteM 3 pi3HOMaHITHUMU
aHi3oTpomier (GopMu Ta THUNOM MArHITOKPUCTATIYHOI aHI30TPOIIii; BHUBEICHE
JTUCHEPCiiiHE  CMIBBIAHOMIEHHS JJIs BUMAAKY OJHOPIAHOTO  (epOMAarHiTHOTO
PE30HAHCY, CTOSAYMX MO TOBIIUHI TUTIBKU Ta O1)KYUYHX CIIHOBUX XBUJIb.

Jlpyruii po3aiji NprCcBSYCHO JOCIIKCHHIO BIUIMBY THIY OOMIHHOI B3a€MOIIi
Ha TPaHUISIX ABIMHUKOBHX KOMIIOHEHT B CIUIaBax 3 epexroM mam’sti GopMu Ha ixHI
MAarHiTH1 BJaCTHUBOCTI.

Y migpo3gini 2.1 TEOpeTHMYHO TMOSICHEHO EKCIEPUMEHTAIbHI pe3yibTaTH
MarHiTHOTO PE30HaHCY B eniTakciaJIbHUX TOHKHX TUTIBKax
Nig0MnsegSn;;4Cos53/MgO(001), 3rimiHO 10 SKMX OJHA PE30HAHCHA JIiHIA, IO
CIIOCTEPITAEThCSI B AYCTEHITI, PO3MUICTUIIOETHCSI HA TPH JIiHII B MapTEHCUTHIN (asi.
Po3BuHYTHI1 TEOpETUYHUH MIIX1]] TOKA3aB, 1110 JTOJAATKOBI PE30HAHCHI JIiH1T 3yMOBJIEHI
ciabkuM aHTU(EPOMArHiTHUM 3B'SI3KOM (PEpOMArHiTHUX JIBIMTHUKOBUX KOMITIOHEHTIB
yepe3 JMBIMHUKOBI rpaHulll. L[s ocOOMMBICTH NEMOHCTPYE CHUIIBHY MOIIOHICTH MIXK
CyOMIKPDOHHUM JIBITHUKOBUM MAapTEHCUTOM 1 IITYYHUMU aHTU(PEpOMarHITHUMU
HaArpaTKamMH, 110 JO3BOJISIE BUKOPUCTOBYBAaTH Taki MaTepiaii B  SKOCTI
CaMOOPIaHi30BaHWX CUHTETUYHHUX aHTU(EPOMATrHETHUKIB.

VY migpo3aini 2.2 excnepuMEHTaIbHO CIIOCTEpPEXEeHa TIraHTChbKa MarHiTHa
aHI30TPOIIis YETBEPTOro NOPAAKY y ABiiHMKOBaHii emiTakcianpHii mriBni NiMnGa. Ti
nosia Oyyia TMOsACHEHa (EpOMarHiTHUM 3B'SI3KOM MIXK BaplaHTamMHu JIBIMHUKIB 3

CWIHBHUMHU OJHOBICHUMHU MArHITOKPUCTATIYHUMHU aHI30TPOMISMH, CHPSIMOBAaHUMU



OpPTOTOHANILHO, 32 YMOBH, KOJIH MOJ€ MDKJIBIMHUKOBOTO OOMiHY MOPIBHSIHHE 3 TIOJIEM
aHi3otporii. BusiBiienuit eekT riraHTChbKo1 JBOXOCHOI aH130TPOIIIT Ma€ TaIeKOTJIsITHI
HAyKOB1 Ta TEXHOJIOTIYHI HACIHIJKH, Taki SK MPUCTPOi mam’sATi 3 JeKiIbKoMa
BUPO/DKCHUMH MAarHITHAMH CTaHAMH, MOJXJIUBICTh CYTTEBO 3MEHIIUTH KPUTHYHI
CTPYMH B IIEPEHECEHH] CITIHY TOIIIO.

Y TperboMy po3aull MOOYJOBAaHO TEOPETUYHY MOJAETh (HepOMarHiTHOrO
PE30HAHCY B MPOCTOPOBO HEOTHOPITHUX EIMITAKCIaMbHUX IUTIBKaX 3 €(hEeKTOM mam’sTi
dopmu, B SIKUX BIIOYBa€TbCs (pepoenacTUYHUM (a3oBuil mepexia. 3ampornoHOBaHA
TEOpeTHYHA MOJIENh 0a3y€eThCsl Ha Teopii MapTeHcUuTHOTO iepeTBopenHs (MII) Jlannay
Ta CTATUCTUYHIN MOJIENI.

VY migpo3aiai 3.1 nokazaHo, 1110 aHOMaJIbHO CHJIbHA TEMIIEPATypHA 3aJI€KHICTh
napameTpiB KPUCTAIIYHOI IPATKH MAPTEHCUTHOI TUTIBKA IPUBHOCHUTH CYTTEBUI BHECOK
y TeMIIepaTypHY 3aJIEKHICTh PE30HAHCHOTO 3HAUYEHHS 30BHIIIHBOTO MarHiTHOTO TOJIA.
bitbm TOro, TMOSICHEHO 3BYKEHHSI PE30HAHCHOTO ITKY, SK€ EKCIIEPUMEHTAIBHO
CIoCTepirajiocs MpH OXOJOKEHHI IUTIBKM Jenio Hux4de Temiepatypu Kropi. YV
niapo3aiai 3.2 mokazaHo, 1110 MPOCTOPOBA HEOTHOPIAHICT MaTepialy MPU3BOAUTH 10
JUCTIEPCii JIOKATBbHUX TEMITepaTyp MapTEHCHTHOTO TEPETBOPEHHS, IO CHPUUYUHSE
Bapiallito JOKaJbHUX 3HAaY€Hb MarHiTHOI aHi30Tporii. Ll Moaens 103BosIs€ TOSICHUTH
pi3Ke PpO3IIMPEHHs JiHIi (PEepOMArHiTHOr0 pe30HaHCY, IO CIOCTEPIraeThCsi B
EKCIIEpUMEHTax IpU HU3BKHX Temmeparypax. Po3poOneHuil miaxig Moxe OyTu
BUKOPUCTAHUW JUIsl aHami3y IHIIMX MArHITHUX JaHUX, TaKUX SK MarHiTHa
CIPUNHSTIIUBICTD, €Tl MarHITHOTO TCTEPE3UCY 1 T.1I.

JlocnikeHHs, TPEeICTaBlICH] B 4eTBEPTOMY PO3/IiJii, 30CepEDKEH] Ha PO3TIISIL
BILTUBY KOH(DIrypailii HAMarHideHoCTl Ta PO3MarHiayo4uoro MoJisi Ha CIEKTP CTOSTYUX
CIIIHOBUX XBWJIb B MarHiTHUX HaHOEJIEMEHTax. Y miapo3aiji 4.1 excriepuMeHTaIbHO 1
TEOPETUYHO JIOCHIPKEHO CTOSAYl CIIHOBI XBWJII B MacHBl HIKEJIEBHX TPHUKYTHHX
Toukax. CnexkTpu (epoMarHiTHOro pe3oHaHCy OyJu OTpUMaHl B 30BHILIHBOMY
HACUYYIOUOMY MArHITHOMY IIOJI, CIPSIMOBAHOMY TEPIEHIUKYISPHO 10 TUIONMUHU
MacuBy. Po3poOieHui TEeOpeTHYHUN MiAX1JA JT03BOJISE OMUCYBAaTH CTOSAYl CITiH-
XBUJILOBI MOJM SIK Y TICPIICHINKY/IIPHO HAMArHiYeHUX MPaBUILHUX NpHU3Max, Tak i B

OJIM3BKUX JIO HUX 3pI3aHUX Mipaminax. 3 TPUKIAIHOI TOUYKH 30pY, JaH1 JOCIHIHKEHHS



BIJIKpUBAIOTh MOJKJIMBICTh 30UTBIIEHHS IIIJIBHOCTI 3amucy iHQoOpMaIllii, OCKUIbKU
aHI30TPOMIsl ~ MArHITHUX  BJIACTMBOCTEH  TPUKYTHUX  YAaCTUHOK  3YMOBIIIOE€
PI3HOMAaHITHICTh CIIH-XBHJIBOBUX MOJI.

Y migpo3aii 4.2  TEOPETUYHO  TOSICHIOETHCS  E€KCIEPUMEHTAJIbHE
CIIOCTEPEIKEHHSI HETPAJAULIMHOIO OJIHOYACTOTHOIO PE30HAHCHOIO BIATYKY IJIOCKHX
HWTHIPUYHUX TEPMAJIOEBUX HAHOEJIEMEHTIB, SIKUW JIOCSTA€ThCS TMPUKIAJAAHHAM
Mar”iTHOTO TOJISI MiJ MEBHUM KPUTUYHHM KyTOM BIJHOCHO HOpMaii 10 Touku. Lle
SBUILIE TOSICHIOETHCS 3JUTTSM CIIH-XBWJIBOBUX BJIACHUX MOJ IPU MEPEXOJl CIHiH-
XBWJIBOBOI Jucnepcii Bifg tumy "mpsiMi 00’eMHI XBHIL" 10 TUMY "3BOPOTHI 00'€eMHI
xBu" 1 Moke OyTM KOPHUCHUM JUJIsi CTBOPEHHS CHUCTEM 31 CHEKTPaJbHO BY3bKUM
MarHiTHUM [TyMOM.

Kniowuoei cnoea: cniHoBl XBuil, (EPOMArHITHUA PE30HAHC, MAarHiTHI
HaHOEJEMEHTH, IMHaMiKa HaMarHi4eHOCT1, MarHiTHA aH130TPOITisl, MArHITHI CILJIaBH 3
edexTom nam’ati GopmMHu, MApTEHCUTHE MEPETBOPEHHS, MPOCTOPOBA HEOAHOPITHICTH,

MarHoHika, CIIiHTPOHIKa.



ABSTRACT

Kharlan Y. I. The influence of the structure and configuration of ferromagnetic
planar nanostructures on their magnetodynamic properties.—Qualification scientific
work in the form of manuscript.

Thesis for doctor of philosophy degree in specialty 104—Physics and
Astronomy. — V.G. Baryakhtar Institute of Magnetism of the National Academy of
Science of Ukraine, Kyiv, 2024.

This thesis focuses on studying the control of magnetodynamic properties of
ferromagnetic nanostructures, which are the ground for developing of future electronic
devices based on magnonics. Magnonics proposes using spin waves—collective
magnetic excitations — for recording and reading information, as they do not involve
Joule heating and allow for significantly higher information recording speeds. The
work investigates the impact of magnetization configuration and shape anisotropy in
magnetic nanoelements, as well as the parameters of twin structures in shape memory
alloys, on their magnetodynamic properties, particularly on the dispersion relation of
spin waves. Theoretical models were developed using classical methods of
mathematical physics to solve the Landau-Lifshitz equation to describe several
experimental effects observed via ferromagnetic resonance methods.

The dissertation consists of five chapters. The introduction substantiates the
relevance of the chosen topic, defines the primary aim and objectives of the research,
and outlines the object and subject of study. It also presents key scientific propositions
showing the novelty of the obtained results, highlights the author's personal
contribution to the work proposed for defense, and provides information on the
dissemination of scientific results at conferences and their relation to research projects.

The first chapter introduces the phenomenon of ferromagnetic resonance and
the concept of spin waves. It presents the Landau-Lifshitz equation — the fundamental
equation describing magnetic dynamics — used to derive the dispersion relation for
spin waves. A general representation of the total energy of a ferromagnet is provided,
with discussions of the contributions of dipole-dipole, Zeeman, and exchange

interactions, as well as magnetocrystalline anisotropy. Furthermore, several examples



of solutions to the Landau-Lifshitz equation for systems with various shape
anisotropies and types of magnetocrystalline anisotropy are provided. The dispersion
relation is derived for cases including uniform ferromagnetic resonance, standing spin
waves across the film thickness, and propagating spin waves.

The second chapter investigates the influence of the type of exchange
interaction at the twin boundaries in shape memory alloys on their magnetic properties.

Section 2.1 explains experimental results of magnetic resonance in epitaxial thin
films of NissoMns6sSn;; 4Coss/MgO(001). These results show the splitting of a single
resonance line observed in the austenite phase into three lines in the martensite phase.
The developed theoretical approach revealed that the additional resonance lines result
from weak antiferromagnetic coupling between ferromagnetic twin components across
twin boundaries. This demonstrates a strong similarity between submicron twin
martensite structures and artificial antiferromagnetic superlattices, enabling the use of
such materials as self-organized synthetic antiferromagnets.

Section 2.2 presents the experimental observation of a giant fourfold magnetic
anisotropy in a twinned epitaxial NiMnGa film. Its appearance is explained by
ferromagnetic coupling between twin variants with strong uniaxial magnetocrystalline
anisotropies oriented orthogonally, provided the inter-twin exchange field is
comparable to the anisotropy field. The discovered effect has significant scientific and
technological implications, such as the development of multi-degenerate state memory
devices and reduction of critical spin-transfer current densities.

The third chapter develops a theoretical model of ferromagnetic resonance in
spatially inhomogeneous epitaxial films with shape memory effects undergoing
ferroelastic phase transitions. The model is based on Landau’s theory of martensitic
transformation and a statistical approach.

Section 3.1 shows that the anomalously strong temperature dependence of the
lattice parameters in martensitic films significantly contributes to the temperature
dependence of the resonance magnetic field. Moreover, the narrowing of the resonance
peak observed experimentally during cooling just below the Curie temperature is

explained.



Section 3.2 demonstrates that material inhomogeneity causes dispersion in local
martensitic transformation temperatures, resulting in variations in local magnetic
anisotropy values. This model explains the sharp broadening of the ferromagnetic
resonance line observed experimentally at low temperatures. The proposed approach
can be applied to analyze other magnetic data, such as susceptibility and hysteresis
loops.

The fourth chapter explores the influence of magnetization configuration and
demagnetizing fields on the spectrum of standing spin waves in magnetic nanodots.

In Section 4.1 one experimentally and theoretically studies standing spin waves
in arrays of nickel triangular nanodots. Ferromagnetic resonance spectra were obtained
in a saturating magnetic field perpendicular to the array plane. The developed
theoretical approach describes standing spin-wave modes in perpendicularly
magnetized prisms and truncated pyramids, offering potential for the increasing
information storage density due to the diversity of spin-wave modes in triangular
nanoparticles.

Section 4.2 explains the unconventional single-frequency resonance response of
flat cylindrical permalloy nanodots observed experimentally under a critical magnetic
field angle. This phenomenon is attributed to the merging of spin-wave eigenmodes as
the spin-wave dispersion transitions between forward and backward volume wave
types, which may benefit systems requiring spectrally narrow magnetic noise.

Keywords: spin waves, ferromagnetic resonance, magnetic nanodots, magnetization
dynamics, magnetic anisotropy, shape memory alloys, martensitic transformation,
spatial inhomogeneity, magnonics, spintronics.



