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Hucepramiitna podoTa MpUCBIYEHA BUPIIIEHHIO HU3KM BAKIIMBUX 3aB/IAHb
B 0071acTi (P13UKH MarHeTU3My — 3’ sICYBaHHIO 3aKOHOMIPHOCTEH 3MIHU CTATUYHUX
Ta IMHAMIYHUX MarHiTHUX XapaKTePUCTUK HAHOYACTUHOK (hepUTIB-LITIIHENEH Ta
KOMITO3UTIB Ha X OCHOBI B 3aJIE’KHOCTI B1J 1X XIMIYHOTO CKJIaay. 3a JOTIOMOTOIO
HIMPOKOT0 apCeHally E€KCIePUMEHTAIbHUX METOAMK, Cepel SIKUX BiOpaliiiHa
MarHiTOMETpIsl, KaJOPUMETPUYHI BHUMIPIOBAHHSA, €JIEKTPOHHA MIKPOCKOIMIIs,
PEHTIeHOCTPYKTYPHUN aHa13, IPOBEJICHO JI€Tali30BaHE JOCIIIKEHHS peaTbHUX
aHcaMmOJIIB MarHiTHUX HaHoyacTHHOK (eputiB-mminened (N1,Zn)Fe,O4 1
komno3uTiB CoFe,04/Fe;04 Ta Fe;04/CoFe;O4 31 cTpyKTYpOIO s11p0/000JIOHKA,
MarHiTHuX HaHo4yacTHHOK NaFeO,, siki y 00’€MHOMY CTaH1 € HEKOJIHEapHUM
aaTudepomarneTukoM. Ha OCHOBI aHamizy OTpMMaHUX EKCIIEPUMEHTAIBHUX
JTAHUX Ta MPOBEJICHOTO YHUCEIHLHOTO MOICTIOBAHHS 3p00JIEHO BaXKIIMBI BUCHOBKH,
K1 BKa3YIOTh MOKJIMB1 METO/IA pO3pOOJIEHHSI HAHOMATEPiajiB 3 ONTUMI30BAHUMHU
Ta KEPOBAHMMH MAarHiTHUMH XapaKTEPUCTHUKAMH, TEPCIEKTHBHUX IS Pi3HUX
TEXHIYHUX Ta MEAMYHUX 3aCTOCYBaHb, TAKUX SIK IHIYKTOPHU TEILIa Jisi MarHiTHOI
rinepTepMii.

Y nepwomy po3oini nucepTtaiiiiHoi poOOTH OOTOBOPIOIOTHCS 3araibHi
BJIACTUBOCTI MarHiTHUX HAHOYACTUHOK Y KOHTEKCTI O10MEIMYHUX 3aCTOCYBaHb.
OOIpyHTOBYIOTBCS HEOOXiHI BHUMOTH JJii CTBOPEHHS HaHOMaTepialdiB 3
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TEIJIOBUMU XapaKTePUCTUKAMU Ta METO/IIB BIUTMBY JJIsi OTPUMAHHS NTapaMeTpiB,
10 BiJIMOBIJIal0OTh MOCTABJICHUM 3aBJAaHHSIM.

OcobnuBa yBara mpuilIeHa HAaHOMaTepiajgaMm MJii BUKOPHUCTAHHSA Yy
MarHiTHii rineprepMmii. Ha ocHOBI orisiay poOIT poOJISITBCS BHUCHOBKH IIPO
BUMOTHU JI0 PO3MIpYy TaKMX HAHOYACTHHOK Ta iX BIAMOBIAHOI aucHepcii, mpo
HeoOXimHicTh  mepeOdyBanHs  (epo(dpepu)MarHiTHUX  HAHOYACTHHOK B
OJIHOJJOMEHHOMY CTaHl Ta TMpO TMHUTaHHA OIOCYMICHOCTI  MAarHiTHHUX
HAaHOYACTHHOK.

Y macyMmky 3po0jeHO BHCHOBKHM PO TEMEPIIIHIA CTaH JOCIIIKEHb
BJIACTUBOCTEH MAarHiTHUX HAHOYACTUHOK JJIsi OlOMEIMYHHUX 3acCTOCYBaHb, a
TaK0X c(hOpMyJIbOBaHO METY POOOTH Ta HAYKOB1 3aBIAAHHS, HA PO3B’I3aHHS IKUX
Oyu cpsIMOBaHI JIOCHIIKEHHS, 110 MPECTaBICH] Y JaHii poOoTi.

Y opyeomy po3oini npoBeieHO AE€TalbHUN OMUC YMOB BUTOTOBJICHHS Ta
METOIIB MOCHIIKCHHS aHCcaMOJiB HAHOYACTUHOK Ta HAHOKOMIIO3UTIB, SKi
BUBYAJIMCS BIJIMOBITHO /10 TIOCTABJICHUX 3aB/IaHb.

Y mpemvomy po30ini BukiageHo pe3yabTaTH CUCTEMAaTUIHUX JTOCITIIKCHb
MarHiTHUX 1 KaJIOPUMETPUYHUX BIACTUBOCTEH aHCaMOJI1B HAHOYACTUHOK HIKEb-
nuHkoBoro gepury Nij..Zn,Fe,O4 B mmpokomy aiana3oHi koHmeHTpaiii 0 < x <
0,8. ExcriepuMeHTanbHO MIATBEPIKEHO, IO 32 YMOB Jiii 3MIHHOTO MarHiTHOTO
10Jis1 €PEKTUBHICTh HATPIBY MAarHITHUX HAHOYACTUHOK CYTTEBO 3MEHUIYETHCA 32
HAOMKEHHS X TeMIiepaTypu 10 Touku Kropi, 110 103BoJIsi€ po3pOoOUTH CUCTEMH,
K1 YHEMOXJIMBIIIOIOTh TEPErpiB IIbOBOI 00JacTi HarpiBaHHs. BusnaueHo
Jllana3oH KOHIIEHTpalii, B MEKax SKOr0 MapaMeTpyd MAarHiTHUX HAaHOYACTUHOK
3aI0BOJIBHSIIOTh ~ BUMOTAaM,  HEOOXIIHMM  JUIg  iX  3aCTOCYBaHHS  y
CaMOKOHTPOJIbOBaHIH rineprepmii..

Y uemeepmomy po30ini 3anporNOHOBAHO TMPOIEAYPY MOTITHOIEHOTO
aHaJ3y MarHiTHUX MapamMeTpiB HAHOYACTHHOK, a TAKOXK BUKJIAJACHO pe3yJIbTaTh
JOCIIIIKEHb KOMIIO3UTHUX HAaHOYACTHUHOK 3 apXITEKTYpOIO SAp0/000J0HKA, 5Kl
CKJIQJAI0ThCSA 3 MarHiTHO-TBEPJUX 1 MarHiTHO-M SKUX MmaTepiaiiB. PesynbraTy,

BUKJIQJICHI B I[bOMY pO3JAUI, HAJAlOTh HIAIPYHTS I8 PO3YMIHHS BIUIMBY
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apXITEKTypH sIpo/000JOHKAa Ha HAaMarHi4eHIiCTh Ta €(PEKTUBHY aHI30TPOIIIIO
koMmIio3uTHUX HaHodacTHHOK CoFe,O4/Fe;O4 Tta Fe;04/CoFe,O4, Ta HaBemeHi
pe3yabTaTH TOBOPSATH MPO BUCOKY €(PEKTHUBHICTH IOTO CIIOCOOY BHUTOTOBIICHHS
MarHiTHUX HAHOYaCTHUHOK 3 METOI0 KepOBAaBAHHS MarHiTHUMHU IapaMeTpamu JJis
PI3HUX TEXHOJOTIYHHUX Ta 010MEINYHHUX 3aCTOCYBaHb.

VY n’amomy po30ini BUKIAICHO PE3yIbTaTH MarHITHUX 1 KAJIOPUMETPUIHUX
JOCITIKeHb aHcamOr0 HaHodyacTHHOK NaFeO,. 3a3HaueHo, 1110 00’ €MHI 3pa3Ku
NaFeO, € HekoniHeapHUMH aHTHU(EpOMArHETUKAaMU 3 HEXTOBHO MaJIOIO
PEe3yIbTYIOUOI0 HAMAarHi4eHICTIO, OJIHAK MPU TMEPeXoJil 10 HAaHOMACIITAOHUX
PO3MIpIB Il MaTepialid IEMOHCTPYIOTh BIJTHOCHO BEJIMKY HaMarHI4eHICTh, SIKa €
NOPIBHSHHOK 3 HAMarHi4eHICTIO (EpUTIB-IIMIHENEH. 3’SICOBAHO MEXaHI3MU
SHEpPreTHYHUX BTPAT 3a YMOB JIii 3MIHHOTO MarHiTHOro mnoss. Ilokazano, 1o
MarHiTHi HaHo4yacTMHKM NaFeO, € mnepcrneKTMBHUMHU JIsi BUKOPUCTAHHS B
MEJUIMHI, 30KpEMa B SIKOCTI KOHTPAaCTHUX Ar€HTIB Y MAarHiTHIA pPE30HaHCHIN

ToMorpadii abo TEIIOBUX 1HAYKTOPIB Y MarHIiTHIN TinepTepmii.

KurouoBi cjioBa: Mar"iTHi HaHOYacCTHUHKH, ¢a3oBi mepexoau, (heputu-
HIMiHeN i, OJOKOBaHWI CTaH, CyneprapaMarHiTHUN CTaH, OJHOJIOMEHHUM CTaH,
MEXaHI3MH JUCHUMAIlll €Heprii, MUTOMa MOTYXXHICTb BTpaT, KOMIIO3UTHI

HaHOMAardiCTuKH.



ABSTRACT

Zamorskyi V.O. Control of magnetic characteristics and hysteresis losses
in ferrite nanoparticles and nanocomposites. — Qualifying scientific work on the
rights of the manuscript.
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2023.

The dissertation is dedicated to solving a number of important tasks in the
physics of magnetism - to find out the patterns of changes in the static and
dynamic magnetic characteristics of ferrite-spinel nanoparticles and composites
based on them, depending on their chemical composition. With the help of a wide
arsenal of experimental methods, including vibrational magnetometry,
calorimetric measurements, electron microscopy, X-ray structural analysis, a
detailed study of real ensembles of magnetic nanoparticle ferrite-spinels
(N1,Zn)Fe,Os and composites CoFe;O4/Fe;O4 and Fe;Os/CoFe,O4 with a
core/shell structure, magnetic nanoparticles NaFeO,, which in the bulk state are
non-collinear antiferromagnet. Based on the analysis of the obtained experimental
data and the conducted numerical simulations, important conclusions were made
that indicate possible methods of developing nanomaterials with optimized and
controlled magnetic characteristics, promising for various technical and medical
applications, such as heat inducers for magnetic hyperthermia.

The first chapter of the thesis discusses the general properties of magnetic
nanoparticles in the context of biomedical applications. The necessary
requirements for the creation of nanomaterials with controlled and reproducible
structural, magnetic, and thermal characteristics and exposure methods for

obtaining parameters corresponding to the tasks are substantiated.
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Special attention is paid to nanomaterials for use in magnetic hyperthermia.
Based on the review of the works, conclusions are made about the requirements
for the size of such nanoparticles and their respective dispersion, about the need
for ferro(ferro)magnetic nanoparticles to be in a single-domain state, and about
the issue of biocompatibility of magnetic nanoparticles.

As a result, conclusions were drawn about the current state of research on
the properties of magnetic nanoparticles for biomedical applications, and the
purpose of the work and scientific tasks, which were aimed at solving the research
presented in this work, were formulated.

The second chapter provides a detailed description of the fabrication
conditions and research methods of the nanoparticles ensembles and
nanocomposites, which were studied in accordance with the assigned tasks.

The third chapter presents the results of systematic studies of magnetic and
calorimetric properties of the ensembles of Ni;..ZnFe,O, nickel-zinc ferrite
nanoparticles over a wide range of concentrations 0 < x < 0.8. It has been
experimentally confirmed that under the application of an alternating magnetic
field, the heating efficiency of magnetic nanoparticles significantly decreases
when their temperature approaches the Curie point, which allows the development
of the systems that prevent overheating of the target heating area. The range of
concentrations within which the parameters of magnetic nanoparticles meet the
requirements necessary for their use in self-controlled magnetic hyperthermia has
been determined.

In the fourth chapter, a procedure for in-depth analysis of the magnetic
parameters of nanoparticles is proposed, as well as the results of studies of
composite nanoparticles with a core/shell architecture, which consist of
magnetically hard and magnetically soft materials, are presented. The purpose of
the work, the results of which are presented in this section, was to understand the
influence of the core/shell architecture on the magnetization and effective
anisotropy of composite nanoparticles CoFe,O4/Fe;O4 and Fe;O4/CoFe,Os;

calculation, measurement and analysis of specific power losses under the action
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of an alternating magnetic field, as well as to find a method of the fabrication of
magnetic nanoparticles with controlled magnetic parameters for various
technological and biomedical applications.

The fifth chapter presents the results of magnetic and calorimetric studies
of an ensemble of NaFeO; nanoparticles. It is noted that NaFeO, bulk samples are
non-collinear antiferromagnets with negligibly small resulting magnetization.
However, when moving to nanoscale dimensions, these materials demonstrate a
relatively high magnetization, which is comparable to the magnetization of ferrite-
spinels. The mechanisms of energy losses under the conditions of action of a
variable magnetic field have been clarified. It is shown that magnetic
nanoparticles of NaFeO, are promising for the use in medicine, in particular as
contrast agents in magnetic resonance imaging or heat inductors in magnetic

hyperthermia.

Key words: magnetic nanoparticles, phase transitions, spinel ferrites,
blocked state, superparamagnetic state, single-domain state, energy dissipation

mechanisms, specific loss power, composite nanomagnets.



