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AHOTAIIA

IIlnana FO. 0. CuHTe3 Ta BIaCTUBOCTI HAHOPO3MIPHUX YacToK 1 core/shell
cTpykTyp Ha ocHoBi (La,Sr)MnOs; — Ha nmpaBax pykonucy.

Jluceprarrisi Ha 3400yTTS HAYKOBOT'O CTYNEHS KaHIWJaTa XIMIYHMX HayK 3a
conemianbhicTio 02.00.01 — HeopraniuHa Ximis. — I[HCTUTYT 3arajipHOl Ta
HeopraniuHoi xiMmii iM. B. 1. Bepnaacskoro HAH VYkpainu, Kuis, 2018.

JluceprariiitHa poOoTa MPUCBAYECHA CUHTE3y HAHOPO3MIPHUX (hepOMarHiTHUX
MaTepiajiB 31 CTPYKTYpPOIO MEPOBCHKITY, CTBOPEHHIO KOMITO3UIIIHHUX CTPYKTYp Ha
iX OCHOBI Ta BHUBUYCHHIO BJIACTUBOCTEH (CTPYKTYpHHMX, MArHITHUX TOIIO) IS
MOXJIMBOCTI BUKOPHUCTAHHS B MEIUIIMHI, 30KpeMa B POJi IHIYKTOPIB MarHiTHOi
rineprepmii.

Brepire cuaTe30BaHo HaHouacTku MaHraHity (La,Sr)MnO; ocamkeHHsIM 3
po3uMHy gieTuneHnrikono. Merogom SIMP *H ta ¥C cnekrpockorii nokazaso, mo
B MpOIIECi CHUHTE3y MPOXOAATh PEaKIlii KOMIIJIEKCOYTBOPEHHS MK MOJIEKYJIaMU
JIETUJICHTJIIKOJIIO Ta KaTIOHAaMU METAJIIB, a MICIs JI0JaBaHHS O HUX PO3UHMHY JIYTY
B JIETWJICHIJIIKOJNI BiI0yBa€ThCs 3aMiHA HITPATHUX TPYyN Ha TIAPOKCUIBHI B
30BHIIIHIA cdepl KOMIUIEKCIB. B pe3ybpTarti mipoii3y ojep:KaHuX KOMILIEKCIB MpH
200°C dopmyeThest amopdHUI TPEKypcop, a Ui YTBOPEHHS KPUCTATIYHUX YaCTOK
noTpibHa JonaTkoBa TepMooOpoOka. Merogom P®OA BcTaHoBiIEHO, IO
KpUCTAJIIYHA CTPYKTypa TnouuHae QopmyBatucs B oaHy cramiro npu 600°C, 1
noBHicTIO popmyeThest ipu 800°C.

IIpyu ocamxeHHI HAHOYACTOK MAaHTaHITY 3 OOEPHEHHMX MIKPOEMYJIbCIH Ha
OCHOBI Pi3HUX MOBEPXHEBO-aKTUBHUX PEUOBUH MPOIEC MPOXOJAUTH B OOMEKEHOMY
npoctopi (HaHopeakTop). [lokazaHo, M0 MiChs CUHTE3y YTBOPIOETHCS aMOp(HUi
npeKypcop, a Uil OJepKaHHS KPUCTAJIYHUX 4YacTOK IOTpiOHA J0JaTKOBa
TepMooOpoOKka. BcTanoBneHo, 110 Ha BIAMIHY BiJl OCaJ)KEHHS 3 BOJHOTO PO3UUHY,
YTBOPEHHS KPHUCTAIYHOI CTPYKTYPH € OJHOCTQJAIMHUM IIPOIECOM, SIKUM
nounHaeThes mpu 600°C, 1 moBHIcTIO hopmyeThes Tipu 800°C.

[Ipy cuHTE31 YaCTOK MaHTaHITY 30JIb-T€llb METOJAOM BHUKOPHUCTOBYBAJIU

HITpaTH BIAMOBIAHUX METANIB, SIK Telib-(POpMYIOUil areHTH — JTUMOHHY KHUCIIOTY Ta



eTuieHrmkonb. Cunte3 mpoBoaunau npu pH ~ 9. Bnepie nociimkeHo XiMiuH1
MIEPETBOPEHHS, K1 BiIOYBAIOTHCS TP 30J1b-T€NIb CHHTE31 HAHOYACTOK MAaHTAHITY
(La,Sr)MnO; mertomom SAMP H cmekrpockomii. Beranosieno, mo B mporeci
CHUHTE3y MiXK MOJIEKYJaMH JMMOHHOI KHCIOTH Ta 10HAMH METAJliB yTBOPIOIOTHCS
KOMIUIEKCH, B SIKHX 10HH METaliB 3B’f3aHl 31 CIUPTOBUMHU TpyNaMu JIMMOHHOI
KHUCJIOTH, a TaKOX KOOPJMHOBAaHI 3 KapOOKCHUIBbHUMH rpynamu. [lpu monaBaHHI B
peakIiiiiHy CyMilll ETHUJICHIJIIKOJI Ta HarpiBaHHI BIJOYBA€TbCS YTBOPEHHS
CKJIQJIHOTO TOJIeCTepy, B pPe3yibpTaTi Mmipoidy SKOro ¢Gopmyerbcs amopduuii
npekypcop. Kpucraniuna cTpykTypa MepoBChKITYy TOUMHAE YTBOPIOBATUCS B OJHY
ctazito mpu 600°C 1 moBHicTIO hopmyeThes ipu 800°C.

3a pesyabTaTamMu MIKPOCTPYKTYpHUX nociikenb (TEM-mikpockoris)
BCTAHOBJICHO, 0 METOJ] Ta YMOBH CHHTE3Y BIUIMBAIOTh Ha PO3MIpH OJEpKAHUX
HaHOYacTOK. Po3paxoBaHo, M0 yC1 YacCTKH MarOTh CEpeIHl JlaMEeTpU B Jiana3oHi
20—-40 ©m. Pe3ynbTaTM MAarHiTHUX JOCHIDKEHb TIOKa3alM, IO MAarHiTHI
BJIACTHBOCTI, 30KpeMa HaMarHiueHiCTh, CYTTEBO 3ajJieXkaTb BIJl PO3MIpiB
CHUHTE30BaHMX HaHOYacToK. [Ipum KiMHaTHIA Temmepatypi ycl HaHOYaCTKU
(La,Sr)MnO; xapakTepu3ylOThCs HE3HAYHOI KOCPLIUTHBHOIO cuioro. IlokasaHo,
mo e(EeKTUBHICTh HArpiBy HAHOYACTOK MpU Jii 3MIHHOTO MAarHITHOTO TIOJIS
3MEHINYEThCSA ~ MPSAMOIPOMNOPILINHO 13  3MEHIIeHHSIM iX  HaMarHi4eHOCTi.
BcraHoBieHO, 110 TeMIIepaTypa HarpiBy yCiX CHHTE30BaHHMX YacCTOK Yepe3 MEeBHUN
gac /1ii 3MIHHOTO MarHiTHOT'O MOJISl CTa€ MOCTIHHOIO. 3a pe3yJibTaTaMU KOMIUJIEKCHUX
JOCIIDKeHb TI0Ka3aHO, IO Kpaiiow e(EeKTUBHICTIO HarpiBy B 3MIHHOMY
MarHiTHOMY TIOJIi XapaKTepHU3yIOThCS HaHouyacTku wmaHraHity (La,Sr)MnOs,
CHUHTE30BaHI1 30JIb-T€JIb METOJIOM.

Ha ocnHoBi nHanowactok (La,Sr)MnOs(core) Tta cummiit (IV) oxcuay
SiOy(shell) 6ymo po3pobiieno core/shell crpykrypu ckmamy (La,Sr)MnQOs/SiO;
METOIOM TomapoBoro HaHeceHHs SIO; Ha MoOBepxHIO MaHraHiTy. Ha mepriomy
eTarl TMOBEPXHI0 4YacTok ¢yHKIoHami3yBasim -OH rpynmamMu, a Ha HacTYIMHOMY
ocakyBanu Ha HUX map SiO, HKeperaoM sIKOTo BHCTYIAB TETPACTOKCUCHIIAH. 3a

nanumu TEM pospaxoBano, mo cepeani po3mipu (La,Sr)MnQOs/SiO; craHoBIATH
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40-45 um, a TtoBmuHa obOomoHku SiO; (shell) ~5um. Bcranosneno, 1o
HAMarHiuyeHiCTh TaKUX CTPYKTYp 3MEHIIYETbCS TMOPIBHSHO 3 BUXIJIHUMHU
HAaHOYACTKaMH, IO MOKe€ OYTH TMOB’S3aHO 3 HACTYMHUMH YUHHHUKAMHU: a)
3MEHIIIEHHSI KOHIIEHTpalii Mar”itHoi ¢a3u B OAMHUIII 00’emy; 0) 3a paxyHOK
MOBEPXHEBUX €(PEKTIB, CIIPUUMHEHUX HASBHICTIO HA MOBEPXHI MArHiTHUX YaCTOK
HEMAarHiTHOTO Iapy. 3a JaHUMH JOCHIKeHb €(PEeKTUBHOCTI HArpiBy B 3MIHHOMY
MarHiTHOMy TOJi Tmoka3aHo, 1o core/shell crpykrypum HarpiBaroTbecst 10
TeMIepaTyp, HeOOX1AHUX JJi1 MarHiTHOI rineprepmii (43 — 45°C). MakcumanbHa
TeMIiepaTypa HarpiBy 4epe3 MEBHHUM MPOMIKOK Yacy CTa€ HE3MIHHOIO, 110 MOXKE
JI03BOJIMTH aBTOMATHYHE PETYJIOBAHHS TEMIEpaTypu HarpiBy Ta, K HACIIAOK,
3armo6iraTd MOLIKO/PKEHHIO 3J0POBUX TKAaHWH TPU TPOBEACHHI MAarHiTHOI
rineprepMii.

Oprano-Heopraniuni ~ core/shell cTpykrypu Ha OCHOBI HAaHOYACTOK
(La,Sr)MnO; 6y0 po3pobiieHo 3 BUKOpUCTaHHAM mojicopOary 80, L-niposiny Ta
MOJIIETUJICHIITIKOMII0O B poJii  opraniuyHoi oOosionku (Shell). Meromamu Y-
cnektpockornii Ta JJTA moka3zaHo HasBHICTb OpraHIYHOI OOOJIOHKM Ha TOBEPXHI
MaHrauity. 3 gaHux TEM-Mikpockomii po3paxoBaHO CepeAHi  po3Mipu
HAHOCTPYKTYD, siKi cTaHOBJATH 20 — 30 HM. BeTaHoBieHO, 110 BIAHOCHO MEHINA
arjoMepailisi  crocrepiraetbcsi s HaHowactok  (La,Sr)MnOsz, mokputHx
000J10HKOI TosTicopOaty 80, 1 Takl CTPYKTYpPH HArpiBarOThCs MPH il 3MIHHOTO
MAarHiTHO MOJIS 10 TEMIIepaTyp, HEOOX1THUX JJIsi MarHiTHOI rineprepmii (43 —45°C).

Brepmie 6yno moka3aHo MOKIMBICTH TUIABHOTO KepyBaHHS TEMIEPATYPOIO
¢dazoBoro nepexoay (Touka Kropi) B By3bKOMY Jiama3oHi TEMIEPATyp 3a paxyHOK
MIPOBENICHHSI JOJIATKOBUX 3aMillleHb B miArpatkax Manrany (Mn — Fe) ta Jlantany
(La-Nd, Sm).

CuHTE30BaHO Cepito HaHOYACTOK cuctemu Lag 77Sro 2sMny. Fe,Os.5 (y=0; 0,02;
0,04; 0,06; 0,08, 0,1) 3omp-renr MeTomoM. Merogamu MeccbOayepiBChKOi
CHEKTPOCKOIIii Ta peHTTeHO(a30BOr0 aHai3y BCTAHOBIICHO, 11O TIPU YACTKOBOMY
3aMillleHH] 10HIB MaHraHy I1OHaMM 3aji3a OCTaHHI BXOISATh y KPHUCTAIIYHY

CTPYKTYpY B cTyneHi okucHenHs Fe*'. TlokazaHo, o i3 3011bIIEHHAM BMICTY 3a1i3a



00’eM eJIeMEHTapHOT KOMIPKHU 3pOCTaE, 110 BKa3y€ HA TE€TEPOBAJICHTHE 3aMIlLIEHHS

n+* g3t

MEHIIMX 3a po3MmipoM 1oHIB M OutpmmMu  ioHamu  F 32 CXEMOI0
Lag773*Sro.23>*Mno773*Mno 23.y**Fe,®** Os.p.  3a pesynbpraTamMm  MarHiTHHX
BUMIPIOBaHb BCTaHOBJIEHO, IO 13 30UJIBIIEHHSIM BMICTY 3ajli3a HaMarHi4eHiCTh
HAHOYACTOK 3MEHINyeThes. [Ipy KiIMHATHIN TeMIeparypi HaHOYACTKU 13 BMICTOM
3am3a 0,08 Ta 0,1 XapakTepu3yrOThCs HU3BKUMH 3HAYCHHSMH HaMarHi4€HOCTI
(<1 e.m.0./1), 10 XapaKTEPHO /IS ITApaMarHiTHOro cTaHy. HaHo4acTKH i3 BMiCTOM
Fe 0; 0,02 ta 0,04 xapakTepusyloTbcsi TeMiepatyporo Kiopi, sika 3HaXOIUThCS B
Jiarna3oHi HeoOX1IHUX IS TineprepMii Temnepatyp. [lokazano, 1o 31aTHICTh Fe-
3aMilIEHUX HAHOYACTOK HarpiBaTucs B 3SMIHHOMY MarHiTHOMY TOJI1 3MEHIIIYEThCS 13
30LIBIICHHAM BMICTYy 3alli3a y iX ckiami. 3a pe3yibTaTaMH KOMIUIEKCHHUX
JOCIIKEHb BCTaHOBJIECHO, 10 Fe-3amileHi HaHOYACTKHM MaHTaHITy B Jiana3oHi
3amimenb Big 0 1o 0,04 Fe MOXyTh TO3BOJIUTH 3 BUCOKOIO TOUHICTIO KE€PYBaTH
TEMIIEpaTypoIO0 HarpiBy, TOMy € NEPCHEKTUBHUMHU IPH BUKOPUCTaHHI iX B poJil
IHAYKTOPIB MarHiTHOI rineprepmii.

CHHTE30BaHO cepito HaHOUYACTOK cucTeMu Lag7xLNySrosMnOs; me Ln — Nd,
Sm, a y=0; 0,01, 0,04; 0,06;008 3ompb-renp meromgoM. MeToaoM
peHTreHo(ha30BOro aHai3y BCTAHOBJICHO, IO i3 30inbmeHHsIM BMicTy Nd abo Sm
00’eM eremMeHTapHOi KOMIpKHU 3MeHIyeThes. Lle Bka3ye Ha Te, 110 B AaH1i cuctemi
Mae Miclie i30BaJIeHTHE 3aMilleHHs Oinbpmmx ioHiB La®" Menmmmu 3a posmipamu
iomamu Nd** a6o Sm**. 3a pe3ynpraTaMu MarHiTHUX BUMipIOBaHb BCTAHOBJIEHO, 1[0
i3 30iabIIeHHssM BMicTy Nd a6o Sm 3HavyeHHsS HaMarHiYeHOCTI ISl HAHOYACTOK
MaHTaHITy 3MEHIIYIOThCS. J[JI BCIX YaCTOK CHCTEMHM CIIOCTEpPIraloThCs HE3HAuHa
KOEPLIUTHUBHA CHUJIAa Ta MaJll 3HAUEHHS 3aJIMIIKOBOI HAMAarHIY€HOCT] MPU KIMHATHIN
TeMIepaTypi, 1Mo CBIIYUTH MPO iX CymneprapamMarHiTHy MoBeAiHKy. TemmepaTypa
Kropi ycix HAaHOYACTOK TaKOK 3MEHIITY€EThCS 13 301bIeHHsIM KitbkocTi Nd abo Sm,
OJIHaK y BCbOMY KOHIIeHTpalliiHoMy aiama3oHi Ln Bijx 0 g0 0.08 BoHa 3HaX0AUThCS
B Jllalla30H1 TeMIlepaTyp, 3aJ0BUILHUX JJII MarHiTHOI rineprepMii. BetaHoBieHo,

10 e(peKTUBHICTh HATrPiBYy B MAarHiTHOMY IOJI JiJIs HAHOYACTOK Lag 7.xL.NxSro3sMnO;

MOHOTOHHO 3MEHIIYEThCsA 13 30uIbiIeHHsaM BMicTy Nd ado Sm. 3a pesynbratamu



KOMILJIEKCHUX JIOCHIIP)KEHb MOKAa3aHO, 110 MPOBE/ICHHS 130BAJICHTHUX 3aMillleHb B
niarpati gantany iHmmMu ioHamMu P3E (Nd, Sm) B mexax Bim 0 mo 0,08 mae
MOJKJIMBICTh TUIAaBHO MiAJIAIITOBYBAaTH Ta KOHTPOJIOBATH TEMIIEpaTypy HarpiBy
MaHTaHITy B 3MIHHOMY MarHiTHOMY ITOJI1 B Jiana3oHi TeMIepaTyp, HeOOX1JHUX JJIs
rineprepmii.

Ha ocHoBi marnitHux ©HaHo4actok (La,Sr)MnOs; Ta 0,1%-ro BomHOrO
pO34YMHY arapo3u po3po0JeHO MAarHiTHy pIAUHY Uil NPOBEACHHS MEIAMKO-
OioyoTiyHNX BUIIPOOYBaHb B €KCIEpUMeEHTax iNvitrora invivo. JocnimkeHHs psry
010JI0TIYHHX XapaKTEPUCTHK B €KCIIEpUMEHTaxX IN Vitro Oyiro mpoBeaeHo B [HCTHTYTI
mikpoOionorii Ta Bipycosorii im. [I. K. 3abomotrnoro HAH Vkpainu mnin
kepiBHUUTBOM K. 0. H. XKomnoGak H. M. IlokazaHo, 110 HAaHOYACTKH MAaHTaHITY
XapaKTepU3yrThCs BITHOCHO HU3BKOIO TOKCHUYHICTIO, BIJICYTHICTIO T€HOTOKCHUYHOI
Iii Ta TPOSBISAIOTh HE3HAYHY AHTUOKCHUAAHTHY Ta aHTHUBIPYCHY aKTUBHICTH. Lle
BKa3ye Ha Te, 1110 po3p00JIeHI HAHOYACTKU MOKYTh OYTH BUKOPUCTAHI B TIOJIBIIINX
JOCT/DKEHHSAX B pOJII 1HIYKTOpPIB MarHiTHOi Tineprepmii. BumnpoOyBanHus
HaHoyacTok LSMO B pomi iHIyKTOpiB MarHiTHOi rimeprepmii MPOBOAMUIIUCS B
[HCTHUTYTI  eKCIIepMMEHTaJIbHOI ~ TATOJIOTIi,  OHKOJIOTii 1  paaiobioiorii
iMm. P. E. KaBeubkoro HAH Vkpainu k.M.H. ByOHOBchkoio JILM. Sk Mozenb
BUKOPUCTOBYBAIM MyXJIMHY KapliMHOMa ['epeHa, Ky NomnepeaHbO MPUBUBAIU /10
JIBOTO 1 MpaBOro cTerHa Ounoro mrypa. B myximHy mpaBoro cTerHa BBOIWIA
MarHiTHYy piIMHY Ha OCHOBI HAHOYACTOK MAaHTaHITY Ta MiAIaBayu ii YOTUPUKPATHIN
Jii Mar"iTHoro mosist Bnpoaosxk 30 XB 3 iHTepBajoM 2-3 NHi, a MyXJIMHY JIIBOTO
CTeTHa 3aJumanyd 0e3 3MiH. 3a pe3yJbTaTaMd MPOBEACHUX JOCIIIKEHb
BCTAHOBJICHO, 1110 BUKOPUCTAaHHS MAarHiTHUX HaHO4acTOK maHraHity LSMO, sxi
BBOJISITHCS B MyXJIMHY, B TIOEJHAHHI 3 JII€F0 3MIHHUM Mar”iTHUM IOJIEM J03BOJISE
3MEHIIIUTH Ta 3yTUHUTH PICT OHKOJIOTIYHUX MYXJIMH, a B Py BUTAJIKIB IPU3BOIUTH
70 ToBHOI 3arubem myxiauHu. Lle mo3Bonse posrmsiaaty HaHodacTku LSMO sk

NEPCHEKTUBHI 1HAYKTOPH MarHiTHOI TinepTepMii.
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Kaw4yoBi cjoBa: d¢epomarHiTHI HaHOYACTKH, MaHTaHIT, CTPYKTypa
nepoBchKiTy, core/shell crpykrypu, mopdororis, MaraiTHi BIACTHBOCTi, MATOMI
BTPaTH MOTYKHOCTI

SUMMARY

Shlapa Yu. Yu. Synthesis and properties of nanosized particles and core/shell
structres based on (La,Sr)MnO3z; — Manuscript.

Thesis for a Ph.D. degree in specialty 02.00.01 — Inorganic chemistry. —
V. | Vernadskii Institute of General and Inorganic Chemistry of the NAS of Ukraine,
Kyiv, 2018.

Thesis is devoted to the synthesis of nanosized ferromagnetic materials with
the perovskite structure and composites based on them, and study of their properties
(structural, magnetic etc) for possibility to use them in medicine, particularly as the
inducers of magnetic hyperthermia.

Nanoparticles of (La,Sr)MnO; manganite were synthesized for the firs time
by precipitation from diethylene glycol solution. Data obtained by *H and *C NMR
spectroscopy showed that complexation between diethylene glycol molecules and
metal cations took place during the synthesis. After further adding the alkaline
solution in DEG to the reaction mixture nitric groups were replaced by hydroxyl
ones in the outer sphere of the complexes. As a result of pyrolysis of the obtained
complexes at 200°C, an amorphous precursor was formed and the additional heat
treatment was needed to obtaine the crystalline particles. It was established by XRD
analysis that the crystal structure began to form in one stage at 600°C and was
completely formed at 800°C.

During the precipitation of manganite from reverse microemulsions based on
various surfactants, the process flew in the confined space (nanoreactor). It was
shown that an amorphous product formed after synthesis and to obtain the crystalline
structure, the additional heat treatment was needed. Compared with the precipitation
from aqueous solutions, formation of crystalline structure was one-stage process that

started at 600°C and crystalline structure completely formed at 800°C.
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Aqueous solutions of metal nitrates were used for sol-gel synthesis; citric acid
and ethylene glycol were added as the gel-forming agents. Synthesis was carried out
at pH ~ 9. Chemical transformations that took place during the sol-gel synthesis of
manganite (La,Sr)MnOs nanoparticles was studied by *'H NMR spectroscopy in the
first time. It was established that citric acid molecules and metal cations formed
complexes during the synthesis, in which metal ions were bonded to the alcohol
groups of citric acid and coordinated with the carboxyl groups. After addition of
ethylene glycol to reaction mixture and further heating the complex polyester was
formed, and after it pyrolysis an amorphous precursor was obtained. Crystalline
perovskite structure began to form at 600°C in one stage and completely formed at
800°C.

According to the results of microstructural studies (TEM-microscopy) was
found that the method and conditions of synthesis effected on the particles sizes. It
was calculated that all particles had the average sizes in the range of 20 — 40 nm.
The results of magnetic studies showed that magnetic properties, particularly,
magnetization significantly depended on the sizes of synthesized nanoparticles. At
the room temperature all (La,Sr)MnQO3z nanoparticles were characterized by the
negligible coercive force. It was shown that the heating efficiency of nanoparticles
decreased with the decreasing their magnetization. It was established that the heating
temperature of all synthesized particles became stable after a certain time of the
action of an alternating magnetic field. As a result of complex studies it was shown
that nanoparticles synthesized via sol-gel method were characterized by better
heating efficiency in an alternating magnetic field (SLP = 38 W/g).

Based on the (La,Sr)MnO3 nanoparticles (core) and silica dioxide SiO; (shell)
core/shell structures (La,Sr)MnOs/SiO, were synthesized via “layer-by-layer”
deposition of SiO, on the manganite surface. Firstly, the particles surface was
functionalized by -OH groups with further deposition of SiO, layer.
Tetraetoxysilane was the source of SiO,. According to the TEM-data it was
calculated that the average sizes of (La,Sr)MnQO3/SiO, were 40 — 45 nm, and the

thickness of SiO; shell was ~5 nm. It was established that the magnetization of such
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structures decreased compared with nanoparticles that can be connected with next
factors: 1) decreasing the concentration of magnetic phase in the volume unit; 2)
surface effects caused by presence of the non-magnetic layer on the surface of
magnetic nanoparticles. Results of heating efficiency studies showed that core/shell
structures heated up in an alternating magnetic field to necessary for magnetic
hyperthermia temperatures (43 —45°C). Maximal heating temperature after some
time became unchanged that may allow automatic controlling the heating
temperature and preventing the damage of healthy tissues during the magnetic
hyperthermia treatment.

Organo-inorganic core/shell structures based on (La,Sr)MnO3; nanoparticles
were synthesized using polysorbate 80, L-prolin and polyethylene glycol as the
organic shell. Presence of the shell on the surface of manganite was shown by IR
spectroscopy and thermal analysis. According to the results of TEM microscopy, the
average sizes of nanostructures were calculated and they were in the range of
20-30 nm. It was established that less agglomeration was observed for
(La,Sr)MnO; nanoparticles coated by polysorbat 80, and such structures heated up
under the action of an alternating magnetic field to the temperatures necessary for
hyperthermia treatment (43 - 45°C).

It was shown the possibility of fine-tuning the Curie point in the narrow
temperature range by the additional substitutions in the manganese (Mn — Fe) and
lanthanum (La — Nd, Sm) sublattices in the first time.

Nanoparticles of Lag77Sro2sMniyFeyOs.s (y=0, 0.02; 0.04; 0.06; 0.08; 0.1)
were synthesized via sol-gel method. By means of Mossbauer spectroscopy and
XRD analysis, it was established that additional substitution of manganese ions by
iron ions the last ones embedded into the structure in the state Fe**. It was shown
that the cell volume increased with the Fe content growth that pointed on the
heterovalence substitution of smaller ions Mn** by larger ions Fe* according to the
scheme  Lag77%*Sro23**Mno773*Mng 23.,*'Fe,** Os.n.  Results  of  magnetic
measurements showed that growth of the iron content in nanoparticles lead to the

decreasing their magnetization. At the room temperature nanoparticles with Fe
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content 0.08 and 0.1 were characterized by low values of magnetization (< 1 emu/g),
that was typical of paramagnetic state. Nanoparticles with Fe content 0, 0.02 and
0.04 had the Curie point in the range of temperatures necessary for hyperthermia. It
was shown that the capability of Fe-doped nanoparticles to heat up in an alternating
magnetic field decreased with the growth of Fe content. As a result of complex
studies it was established that Fe-doped nanoparticles of manganite in the range of
Fe from 0 to 0.04 could allow fine-tuning the heating temperature and they are
promising for application as the inducers of magnetic hyperthermia treatment.
Nanoparticles of Lag7xLNnxSro3sMnOs, where Ln — Nd, Sm, and y = 0; 0.01;
0.04; 0.06; 0.08 were synthesized via sol-gel method. XRD data showed that the cell
volume decreased with the growth of Nd or Sm content. It pointed on the isovalent
substitution of larger La* ions by smaller ions of Nd** or Sm®*. Results of magnetic
measurement showed that increasing the Nd or Sm content lead to the decreasing
their magnetization. All nanoparticles of this system had negligible coercive force
and small values of residual magnetization at the room temperature that pointed on
their superparamagnetic properties. Curie temperature for all nanoparticles also
decreased with growth of the Nd or Sm concentration. However, in all concentration
range of Ln from 0 to 0.08 it was in the temperature range, suitable for magnetic
hyperthermia. It was established that the heating efficiency in an alternating
magnetic field for nanoparticles Lag7-«LnxSro3sMnOz monotonously decrease with
the growth of Nd or Sm content. Results of complex studies showed that isovslent
substitutions in the lanthanum sublattice by ions of other rare-earth elements (Nd,
Sm) in the range of 0 - 0.08 gave the possibility of fine-tuning and controlling the
heating temperature in the temperature range necessary for hyperthermia treatment.
Magnetic fluid based on magnetic nanoparticles (La,Sr)MnO; and 0.1%
aqueous solution of agarose was prepared and further biomedical studies in vitro and
in vivo were performed. Biological characteristics of manganite in vitro were studied
in D. K. Zabolotnii Institute of Microbiology and Virology of NAS of Ukraine under
the guidance of Dr. Zholobak N. M. It was shown that manganite nanoparticles did
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not have genotoxic effect, had low toxicity and some antioxidant and antiviral
activity. Therefore, they could be used in further studies in magnetic hyperthermia.

Testing nanoparticles of (La,Sr)MnO; as the inducers of magnetic
hyperthermia was performed in R. E. Kavetskii Institute of experimental pathology,
oncology and radiobiology of NAS of Ukraine under the guidance of Dr. Bubnovska
L. M. Guerin carcinoma previously injected into the left and right legs of white rat
was used as a model. Magnetic fluid based on manganite nanoparticles was injected
into the tumor of right leg and it was subjected to the effect of alternating magnetic
field for 30 minutes with break of 2-3 day, and the tumor of left leg was unchanged.
Results of provided studies showed that the application of magnetic nanoparticles of
manganite LSMO injected into the tumor and in combination with the action of an
alternating magnetic field allowed decreasing and after certain time stopping the
tumor growth, and in numerous cases it lead to the complete destroying the tumors.
It allows recommending LSMO nanoparticles as promising inducers for magnetic
hyperthermia treatment.

Keywords: ferromagnetic nanoparticles, manganite, perovskite structure,

morphology, magnetic properties, specific loss power.
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BCTYII

AKTyaJbHICTh TeMH. 3HAYHMI HAyKOBHM IHTEpeC /O HAHOYACTOK
(dbepoMarHiTHUX MarepiajliB 3yMOBJIEHUH MOXIIMBICTIO X BUKOPHCTAHHS B POl
IHAYKTOpIB MarHiTHOi rinmepTepMii. [Ipu aii 3MIHHOrO Mar”HiTHOrO MOJS Takl
HAHOYACTKM TMOBHHHI HarpiBaTucsa a0 Temmepatypu 43 —45°C, npu SKUX THHYTb
OHKOJIOTTYHI KMTHUHUA. OAHAK JJs YCHIIIHOTO BHUKOPUCTAHHS BOHHU TOBHMHHI
3a/I0BOJIBHATH IUIOMY PsIy BHMOI: Majll po3Mmip, ciabka arjiomMeparis,
cymneprnapaMarHiTHi BJIaCTUBOCTI, 010J10T1YHA CYMICHICTb 3 )KUBUMH OpTaHi3MaMu Ta
3aTHICTh €)EKTHUBHO HATPIBATHCS MIPH A1l 3SMIHHOTO MarHiTHOTO TOJIS JI0 3aJaHUX
TeMrnepatyp (MaTyu BUCOKI 3HAYEHHS MUTOMUX BTpat eHeprii SLP).

3 1i€I0 METOI0 aKTHUBHO BHUBYAIOTH (PEpUMArHiTHI HAHOYACTKH MarHETUTY
(FesOg4) 31 cTpYKTYpOIO MIMiHEI, OJHAK BOHH MAalOTh CYTTEBHI HEIOJIIK — BUCOKE
3HadeHHs Temmeparypu Kiopi (~ 585°C), 110 npuBOAUTE 10 HEKOHTPOJIHOBAHOTO
HarpiBy 1 TEperpiBy 3A0pOBHX TKaHMH. TOMy akKkTyaJbHUM € TOIIyK
aTbTEPHATUBHUX MaTepialiB 3 TEeMIEpaTyporo (ha3oBOro IMnepexoay B Jlama3oHi
Temneparyp, HeoOximuux s rineprepmii (43 — 45°C), OCKiIIbKM MAarHiTHI
HAHOYACTKU OyayTh HarpiBaTHUCS B 3MIHHOMY MAartiTHOMY IIOJi, KOJHM BOHHU
nepedyBalOTh B MarHiTHOMY CTaHI, II0 MOKE 3a0e3Me4YUTH HarpiB 10 3aJ1aHoi
TEMIEPATyp, YHUKHYBIIM MEPErpiBy 310poBUX TKaHUH. OcoOMMBUN 1HTEpeC
IPEICTaBIsIOTH reTepo3amimieHi Mmanranitu (La,Sr)MnO; (LSMO) 3i ctpykTyporo
MEPOBCHKITY, TIEPEBAro0 SKUX € 3aJieXKHICTh TeMieparypu Kropi Bij XiMIYHOTO
CKJIaJy 1 MOXJIMBICTh 3MIHIOBAaTH Ta KOHTPOJIIOBATH ii B Jiama3oHi TEMIeEparyp,
HEOOX1THUX JJIS TiIepTepMii.

CtpykTypa Ta BIacTUBOCTI HaHOYAcTOK MaHraHity (La,Sr)MnOs uytnusi 1o
YMOB Ta METOJIIB CUHTE3Y 1 I OJICP>KaHHS B HAHOPO3MIPHOMY BUTJISII MTOTPIOHO
IPOBOJUTU 1X CHHTE3 13 pO34MHIB. [lepCreKTUBHHUMHU € METOAU CHUHTE3y 3
BUKOPUCTAHHAM HEBOJHUX CEPENOBHUII Ta OPraHIYHMX pEYOBHMH, IO MOXKE
JTIO3BOJIUTU OJIOKYBATH B3a€MO/I1i M1 1HIAUBITyaIbHUMU YacTKaMH, Ha BIAMIHY Bij

HAHOYACTOK CHHTE30BaHMX y BOJAHOMY cepenoumli [1]. B miTepaTypi mpakTudHO
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BIJICYTHI JaHi IIOJI0 OJeP>KaHHS MAHTaHITy OCa/KEHHSM 3 HEBOJIHHUX CEPEIOBUIIL.
O06oB’s13k0Ba  TepMOOOpOOKa aMOp(HOTO Ocady AN YTBOPEHHS KPHUCTAIIYHHX
HAHOYACTOK MAaHTaHITy HE Ja€ MOJJIMBOCTI MOBHICTIO YCYHYTH MpoOieMmy ix
ariaomMepaiiii. ToMy 10CHTh BaKJIMBUM 3aBIaHHIM € po3poOka core/shell crpykryp
HAa OCHOBI1 M@HTaHITY 1 OpraHIYHHUX Ta HEOPTraHIYHUX MOJIIMEPIB.

Bigomo, o temneparypa Kropi mis manranity (La,Sr)MnO; 3a5exuTs Bij
CITiBBiJHOIIEHHS KinbKocTi 10HIB Mn®*/Mn*'| sxe B cBOIO uyepry 3anexuTh Bij
crynens 3amimenHs Jlantany Ha Ctponmiii [2]. s GLibIn TOHKOTO peryitoBaHHS
temmnepatypu Kiopi B gianasoHax, HEOOX1AHUX JJIs TiepTepMii, MOXKHA TPOBOIUTH
JOJJaTKOBI 3aMillieHHs B miarparkax Jlantany ta Maunrany. OaHak B JiTeparypi
BIJICYTHI BIJIOMOCTI 3 IIbOTO IMHUTAHHS, 1 TOMY BOHO JIMINAETHCS AKTYaJbHUM 1
notpedye AeTanpHOrO BUBYEHHS. [l MpoBEeNeHHS MEIUYHHX JOCIiIKECHb
BOXUIMBOIO 33J]a4€i0 € Po3poOka O10CYyMICHMX CTaOLIbHMX MArHiTHUX PIIUH Ha
OCHOBI CHHTE€30BaHMX HAHOYACTOK Ta KOMIO3UIIIHHUX CTPYKTYP.

B 3B’M3ky 3  BHILEBUKIAJICHUM CHHTE3  cJa0KoariioMepoBaHUX
MaJopo3MipHUX HaHodacTOK MaHraHity (La,Sr)MnQOs, momyk muisxiB MIaBHOTO
KepyBaHHS TeMIrepaTyporo (pa3zoBoro mepexojay, po3podka cTabiIbHUX MarHiTHUX
PiAMH, a TAKOXK JOCIIHKEHHS BIIACTUBOCTEH OJIepKaHNX MaTEPialiB € BAXKJIMBOIO Ta

aKTyaJIbHOIO MPOOIIEMOIO.

3B's130K po00TH 3 HAYKOBHMH NPOrpaMaMu, IVIaHaMH, TeMaMu. Pobora
BUKOHAHa BIJIMOBIAHO JI0 IJIaHIB HAYKOBO-AO0CIIIHUX POOIT [HCTUTYTY 3arajibHOT Ta
Heopraniunoi ximii iM. B. I. Bepnancekoro HAH VYkpainu: morosip Ne 300E
“CuHTe3 1 BIaCTUBOCTI HaHOPOo3MipHHUX "core/shell" cTpykTyp ckiIagHuX OKCUIIB Ta
CTBOpPEHHSI Ha iX OCHOBI HOBUX (yHKITIOHATBHUX MarepianiB” (2013-2017 pp., Ne
nepxkaBHoi peectpartii 0113U003112); morosip Ne 7/14 “CunHTe3 1 BIACTUBOCTI
(dbepuMarHiTHUX HaHOCTPYKTYpP 1 X MOXXJIMBE BUKOpUCTaHHs B meauiuHi 1 HBY
texHimi” (2014-2016 pp., Ne nepxkaBHoi peectparii 0114U002690); norosip Ne
34/15-H «CuHTe3 1 BIaCTUBOCTI HOBHX T€TEPOCTPYKTYP HA OCHOBI (pepOMArHiTHHUX

IIMPOKO30HUX HAIIBIPOBIIHUKIB, 10HHUX IPOBIJHUKIB Ta OpraHO-HEOPTraHIYHHUX
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CIIOJIYK 31 CTPYKTYpOr0 nepoBChKiTY» (2015 — 2019 pp., Ne neprkaBHOi peectpartii
0110U004515);  yxpaino-cnoBaupkuid  goroBip «CuHTE3 Ta  TMOPIBHSHHS
BractuBocTelt HaHouacTOK Fe3O4 ta (La,Sr)MnO3 1 MarHiTHUX piAvH HA X OCHOBI»
(2017 — 2019 pp.); norosip Ne4.4/17 «Po3pobka 0I0CYMICHHUX HOCITB MEAHMYHOTO
NpU3HAUYEHHS HAa OCHOBI HAHOPO3MIPHUX MAarHITHHUX MarepialiB, BYIJICIIO Ta

nepiro» (2017 — 2021 pp., Ne gepxkaBuoi peectpariii 0117U001913)

Mera Ta 3aBaaHHs JocCHigxkeHHs. Meroo pobOTH € CHHTE3
ciabKoarjioMepoBaHUX CyleprapamMarHiTHUX HaHo4yacTok MaHraHity (La,Sr)MnOs;
31 CTPYKTYPOIO MIEPOBCHKITY Ta OCIIPKEHHS 3MIHU BJIACTHBOCTEH HAHOYACTOK MPHU
IPOBEJCHHI JOJaTKOBUX 3aMillleHb B miarpatkax La ta Mn; po3poOka Ha OCHOBI
Hanoyactok (La,Sr)MnO; core/hell crpykryp 3 opraHiuHMMHM Ta HEOpraHIYHHUMHU
000JIOHKaMH Ta CTBOPEHHS 010JI0TT1YHO CyMICHMX MAarHiTHUX PiJWH JJi1 BUSICHEHHS
MOXJIMBOCTI BUKOPUCTAHHS 1X B pOJI1 1HAYKTOPIB MarHiTHOI rinmepTepMii.

J5is nocATHEHHS MOCTaBICHOI METH MOTPIOHO BUPILIUTH Psif 3aBAAHb:

1. CunresyBaru kpucrtaiiuni HaHowactkw (La,Sr)MnOs; 3i cTpykryporo
NEPOBCHKITY ~ TphOMa  pI3HUMU  MeTogamMu  (OCa/DKCHHSM 3 PO3UYHHY
JIETHJICHTIIIKOJIO, OCAJDKEHHSIM 3 OOEPHEHHUX MIKPOEMYJIbCii Ha OCHOBI PI3HUX
noBepxHeBo-akTuBHUX pedoBuH (Triton X — 100, Brij-35, CTAB) i 30mb-reinb
METOJIOM) Ta JOCIIIUTH 1X CTPYKTYPHI 1 (PI3MKO-XIMIYHI BIIACTHBOCTI.

2. CrBoputu KommosuuiiHi (core/shell) HaHOCTpyKTypn Ha OCHOBI
dbepoMarHiTHUX HAHOYACTOK (COre) MaHTaHITy Ta OpPraHiuHMX 1 HEOpPraHIuHHUX
peudoBuH (shell) Ta nocniguTu ix Mopdosoriuni Ta Pi3UKO-XiMIYH1 BIACTUBOCTI.

3. CunresyBatu kpuctamiuni HaHodacTku (La,Sr)MnQOsz 31 cTpyKTyporo
NIEPOBCHKITY 3 YaCTKOBHUM 3aMillieHHsIM Manrany Ha @epywm Ta Jlantany Ha Heonum
(Camapiii), IOCHIIUTH BIUIMB TaKuWX 3aMillleHb Ha CTPYKTypHI Ta (¢i3uyH1
BJIACTHBOCTI HAHOYACTOK.

4. Po3poOuTu 610JI0TYHO CyMICHI MarHiTH1 PiJJMHA Ha OCHOB1 CHHTE30BaHUX
HanovacTok (La,Sr)MnOs; i core/shell HaHOCTPYKTYp Ta JOCTIAUTH MOKIMBOCTI iX

BUKOPHUCTAHHS B MEUIIMHI, 30KpEMa, B pOJI1 1HAYKTOPIB MarHiTHOI rinepTepMii.



23

00’exktnn pocaimxkenb. Hanouactku LapSriMnOs, [Lag7xLNny]SrosMnOs
(Ln — Nd, Sm) Ta La;«SrkMn;.,Fe,Os, core/shell crpykTypu Ta MarHiTHi piguHA Ha

1X OCHOBI.

Ipeamert pocaixkenHst. CHHTE3 HAHOYACTOK MAHTaHITY Ta JAOCIIIKEHHS 1X
CTPYKTYpHHUX Ta (13UKO-XiMiuHMX BiiactTuBocTed. CTBOpeHHs core/shell cTpykTyp
Ta Mar”HiTHUX PIJMH Ha iX OCHOBI 1 JOCHIJKEHHS 1X BJIACTUBOCTEH 3 TOUYKU 30Dy

MOKJIMBOT'O MCIMYHOI'O BUKOPUCTAHHA.

Meroan pocaimxkeHHsas. MeTonaMyu XIMIYHOTO aHamiizy (TUTPUMETpIs)
BU3HAUYAIM KUIbKICHUM CKJIaJ OJepKaHUX CIOJYK 3a MeTajlaMu. 3a pe3yjibTaTaMu
pentrenodazoBoro anamizy (P®A) miaTBepmkyBanu (a3oBUA CKIad Ta
PO3paxoByBaJM MapaMeTPH €IEMEHTAPHOI KOMIPKH JIJIsl KpUCTAIIYHUX HAHOYACTOK.
MetonoM saepHO-MarHiTHOro pesonancy (AMP) (*H, BC, ¥La) nocnigxysanu
XIMIYHI TIEpETBOPEHHS, sKi BiIOyBajluMcs B TMpolieci CUHTE3y. MeToaom
1H(ppadyepBOHOI CHEKTPOCKOMIT BU3HAYAIM HAsBHICTh (PYHKIIIOHAJBHUX TPYyN Ha
MOBEpPXHI MarHiTHUX HaHo4yacToK. MetomoM MeccOayepiBChbKOi CIEKTPOCKOIIT
BU3HAYAIM CTYIiHb OKMCHeHHS Depymy. Meromamu tepmiuHoro anamizy (JTA)
BU3HAYAJIM BTPATy MacH MicJig TEPMOOOPOOKH Ta KIJIbKICTh OPraHIYHHUX CIIOJIYK Ha
MOBEPXHI YaCTOK. 3a JOMOMOTOI0 MPOCBIUYIOUOi eleKTpoHHOT Mikpockorii (TEM)
JToCTipKyBai Mop(oJIoTiro Ta po3Mmipu HaHodacTok i core/shell crpykryp Ha ix
OCHOBI. MeToamMu Mar”HiTHUX BHMIPIOBaHb JIOCTIKYBaJdd OCHOBHI MarHiTHI
BJIACTUBOCTI (HAMAarHiYeHICTh, TemImeparypa OJoKyBaHHs). TakoX MNpPOBOAMIN
OLIIHKY €(EeKTUBHOCTI HarpiBy MAarHiTHUX pIJIMH Ha OCHOBI CHHTE30BaHHUX

HAHOYACTOK B 3MIHHOMY MarHiTHOMY IOJII.

HaykoBa HOBU3HA oOjep:KaHUX pe3yJabTaTiB. Brepiie CcuHTE30BaHO
cimabkoarioMepoBaHi HaHoyacTku ManraHity (La,Sr)MnO; ocakeHHSIM 3 pO3YHHY
TieTUJICHTIIKOM0. JIOCTI/PKeHO XIMIYHI TIEPETBOPEHHS, SKi BiIOyBalOTHCS B
nporieci cuHTe3y. [lokasaHo, IO TakWi METOJ CHHTE3y J03BOJSE OTPUMATU

ciabKkoarjioMepoBaHi cylepriapaMarHiTHi HAaHOYACTKHA MaHTaHITY, SKi €()EKTUBHO
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HarpiBarOTbCSI B 3MIHHOMY MAarHITHOMY IIOJIl JI0 HEOOXIJHMX ISl TimepTepmii
Ttemriepatyp (43 —45°C).

[IpoBeneHO  TOpPIBHSJIBHY  XapaKTEPUCTUKY HAHOYACTOK  MAaHTaHITY
CHUHTE30BaHUX 3 MIKPOEMYJIbCI 3 BUKOPUCTAHHSIM Pi3HUX MOBEPXHEBO-aKTHBHUX
pedoBuH. BcTaHOBIIEHO 3a/IeKHICTH MiXK OY/JOBOIO TOBEPXHEBO-aKTUBHOI pEYOBUHU
Ta po3MipaMM OJepKaHMX HaHo4acToK. Bnepme wmerogom SIMP (*H, 3C)
JOCIIDKEHO XIMIYHI TEPETBOPEHHS, sIKI BIOYBAaOTHCA IPH 30Jb-T€lIb CHHTE3I
HAaHOYaCTOK MaHraHiTy. [loka3aHo, 11O BHUKOPUCTaHHS METOJIIB CHHTE3y 3
OpraHiYHUMHU PEUYOBHMHAMM (I1€TUIICHIJIIKOb, TUMOHHA KHUCJIOTa, CTHUJICHTJIIKOJIb)
JI03BOJISIE OJIEPKYBaTH OAHOGA3HUN KPUCTATIYHUA MPOAYKT B OJHY CTaIll0 MpU
BITHOCHO HU3bKIT TEeMIeparTypi. CuHTe30BaH1 HaHOYACTKHU €
ClIabKOarJoOMEepOBaHUMH, CyNEpIapaMarHiTHUMUA Ta €(QEKTUBHO HArpiBalOThCS B
MarHiTHOMY TOJi 110 3aanux Temmeparyp (43 — 45°C).

Briepmre Oyiio mokazaHo MOKIIMBICTh IJIABHOTO KEPYBAHHS TEMIIEPATYPOIO
¢dazoBoro mepexoay B BY3bKOMY TEMIEpPAaTypHOMY Jlama3oHi 3a pPaxyHOK
IPOBEJCHHS J0AATKOBHUX 3aMillleHb B miarparkax Jlantany (na ionu Heomumy Tta
Camapiro) Ta Manrany (Ha ioHu Pepymy). BcTaHOBIICHO 3aI€XKHICTh TEeMIEpaTypu
¢dazoBoro nepexony AJii HAHOYACTOK BiJ JIOKATBHUX CTPYKTYPHHX AedopMaliiii Ta
KOHLIEHTpaLiiHOro chiBBigHOmEHHs ioHiB MN*"/Mn®*. TTokaszaHo, 10 y By3bKOMY
niana3oHi KoHreHTpamiii Fe, Sm, Nd HaHO4acTkM €pEKTHBHO HArpiBalOTHCA 0
HeoOx1qHuX Temmeparyp (43 —45°C).

Po3pobneno psg  core/shell manoctpykTyp 3 Ha OCHOBI HaHOYAaCTOK
(La,Sr)MnOs; 3 opranivaumu (mmomicop6ar 80, L-mportiH Ta NOTieTUIICHTITIKOIb) Ta
Heopraniunumu (SiO;) pevoBmHamu. [loka3aHo, MO TakWid MiAXiJT JTO3BOJISIE

3MCHIIYBATH aFHOMCpaHiIO MK HAaHOYaCTKaMH Ta pOBMipI/I HaHOYaCTOK.

IIpakTHyHe 3HA4YeHHH OJep:KAHUX pe3yJbTaTiB. Bu3HaueHo yMoOBHU
OJIepKaHHS cJ1a0K0arJIoMepOBaHUX, KPHUCTATIYHUX, OJTHOJJOMEHHHUX,
cyleprapaMarHiTHUX HAaHOYACTOK MAaHTaHITy 13 CTPYKTyporo J1e(opMOBaHOTO

MEPOBCHKITY, SKI €EKTUBHO HArpiBarOThCS MPH JI1i 3MIHHOTO MAarHiTHOTO IOJIs
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(MaroTh BUCOKI 3HAYEHHS MUTOMUX BTpar eHeprii SLP) 1o 3amanux temmeparyp
(43 —45°C). Po3po0iieHo MarHiTHI PiIMHA HAa OCHOBI CHHTE30BAaHUX HAHOYACTOK,
Kl € O10JOriYHO CYMICHUMH 3 JKMBHUMHM OpraHi3MamMH 1 MOXYTb OyTu

PEKOMEHI0BaH1 JIJI1 BAKOPUCTAHHS B POJI1 1HIYKTOPIB MarHiTHOI TinepTepmii.

OcobucTuii BHecOK 3100yBaya. [locTaHOBKa ME€TH Ta OCHOBHHMX 3aBJIaHb
po0OOTH, OOTOBOPEHHS OAEpP>KAHUX PE3yIbTaTIB Ta iX IHTEpIpeTalis BUKOHAaHI
aBTOPOM CIIUJIBHO 3 HAyKOBUM KEpPIBHUKOM JA.X.H., mpod., akagemikom HAH
VYkpainu binoycom A. I'. OcCHOBHI eKcliepUMEHTajbHI JaHi, $Ki OMHUCaHI B
TUcepTaliiiHii  poOOoTi, oJepkaHo Oe3mocepeHhO  aBTOPOM. BuBUeHHS
CTPYKTYPHUX OCOOJMBOCTEN CHHTE30BaHWX HAHOYACTOK BUKOHAHI CIIJIBHO 3 K.X.H.,
c.H.c. Cononanom C. O. JlocnikeHHs Ta IHTepIIpeTalis MarHiTHUX BJIaCTUBOCTEN
BUKOHAHA CHIIBHO 3 A.¢.-M.H., npod., ToBcromurkinum O. I. BunpoOyBanus
MarHiTHUX PIIMH SIK 1HAYKTOPIB MAarHiTHOI TinepTepMii MpoBeneHO B I[HCTUTYTI
eKCIIEpUMEHTAJIbHOI MAaTOoJIOrii, OHKojOorii 1 paaiobionorii iM. P. €. KaBeupkoro
HAHY x.Xx.H., c.H.c. ByOHOBCBHKOIO JI. M.; MeIMKO-01010T14HI TOCITiIKEHHS IN VItro
npoBeieHo B [HcTUTyTI MikpoOiosorii Ta Bipycosorii iM. JI. K. 3a6onotHoro HAHY

I1JT KepiBHUITBOM K.X.H. JKomob6ak H. M.

Anpo0auisi_pe3yJbTAaTiB_jJAucepTalliiiHOI _po0oTu. OCHOBHI pe3yJbTaTH

pobotu nomnosinanmucs Ha koHpepermisx: 2015 IEEE 35th International Conference
on Electronics and Nanotechnology (ELNANO) (Kyiv, 2015); IV Mixunapoana
koHpepeHiis «CydacHi npobiaemu (izuku KoHaeHcoBaHoro ctany» (Kwuis, 2015);
Ukrainian conference with international participitation «Chemistry, Physics and
Technology of Surface» (Kyiv, 2016); V HaykoBa kodepeniiis «Hanopo3mipHi
cuctemu: OyaoBa, BIacTUBOCTI, TexHoJorii» (Kuis, 2016); International Conference
of Oxide Materials for Electronic Engineering — fabrication, properties and
applications (OMEE) (Lviv, 2017); International Conferences on Nanotechnology
and Nanomaterials (NANO-2015, NANO-2016, NANO-2017) (Lviv, 2015 and

2016; Chernnivtsi, 2017); koH(DepeHIIisAX MOJIOIUX BUCHUX [HCTUTYTY 3arajibHOi Ta
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HeopraniyHoi ximii iM. B. I. Bepnaacekoro HAH VYkpainu (Kuis, 2015, 2016 ta

2017 p).

Ilyoaikanii. OCHOBHI pe3yJbTaTu AUCEPTaIlii ONMyOJIKOBAaHO Yy 8 CTaTTAX y

(axoBHUX HAYKOBUX BUJIAHHSAX (6 13 HUX BXOJSATH 10 MIXKHAPOJHOT HAYKOMETPUYHOT
6a3u ganux SCOPUS) Ta B 13 Te3ax 10moBijie Ha MIDKHAPOAHUX Ta BITUU3HSIHUX

KOH(EepEeHIIIsIX.

Crpykrypa podoru. /lucepTaiiiiina podoTa cKiIaaeThCs 3 aHOTAIlli, BCTYILY,

II’SITU OCHOBHMX PO3/1JIiB, BUCHOBKIB Ta CIIHMCKY IIUTOBaHOi JiTepaTypu (242
HaliMeHyBaHH#). 3araabHuil 006car poOoTH cTaHOBUTH 184 cTOpiHKH, 10 MICTATH 20

Ta0auIb Ta 64 PUCYHKH.



CHUHTE3, CTPYKTYPA, BJACTUBOCTI TA MOXJ/INBI
3ACTOCYBAHHSA MATHITHUX MATEPIAJIIB I3 CTPYKTYPOIO
IMEPOBCBKITY (JlitepaTrypHnii orJisii)

1.1. XapaxkTepucTHMKA OKCHIHMX MarHiTHUX MaTepiajiiB

PO3/1T 1
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MaxkpockoriyHi Tisia, 34aTHI HaMarHi4yBaTUCS i BIUIMBOM 30BHIIIHBOTO

MarHiTHOI'O MOJIsI, Ha3UBaOThCs mMacHemuxkamu [3-5]. Cuia B3aeMoii ped4OBHHH 3

MarHiTHUM I0JIEM KUTbKICHO OIIHIOETHCS BEIMUMHOIO MarHiTHOI CIPUHHSATINBOCTI

u = M/H, ne M — HamMarHi4eHiCTh PEYOBHHH i1 €10 MarHiTHOTO mojs (A/m), H —

HaIpYy>KEHICTh MarHiTHOTO MoJist (A/M). 3aJIe)KHO BiJl TOBEIIHKY B MAarHITHOMY MOJII

BCl PEUYOBMHHU MONUISAIOTH Ha ClIa0OMarHiTHI, B SKUX L NOpUOIU3HO piBHE 1

(mamMarHeTMKM Ta TMapaMarHeTUKH) Ta CHJIbHOMArHiTHI ((epoMarHeTukud Ta

(dbepuMarHeTMKM) 3 BUCOKUM MO3UTUBHUM 3HAUEHHSIM MarHiTHOT CIPUAHSATIMBOCTI

u[4,6,7].

Pucynok. 1.1

maTepianis [12]
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— Cxema opieHTanii MarHiTHUX MOMEHTIB aTOMIB PI3HHUX

DepomacHimHumMu HA3UBAIOTHCS TaKi pEUOBUHH, B IKUX BHACIIJIOK OOMIHHOT

B3a€MOJIIH CITIHU €JICKTPOHIB OpPIEHTYIOThCS mapanensHo (puc. 1.1). B pesynbrari
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TaKO1 Y3TrOJ[>KE€HO1 OpIEHTAIlll CIIIHIB BUHUKA€E MAKPOCKOITIYHUN MarHiTHUM MOMEHT,
SIKU MOKE ICHYBaTH HaBiTh 0€3 30BHIIIHBOTO MarHiTHOTO mmostst [8-11].

depomarHiTHI BJIACTUBOCTI CIOCTEPIralOThCA TMPU TEMIEpaTypax, HIDKUYE
memnepamypu Kiopi (T¢), a mnpu T>Tc ¢epoMarHeTuk mEpPexXoauTh B
napamarsitauii cran [8, 13, 14]. Ilpm Temmeparypax, Hmk4e Touku Kiopi,
dbepoMarHeTMk TMOJIISAETbCS Ha Majl o0JlacTi  OJHOPIIHOI  CIOHTAHHOI
HAMarHi4eHOCTI — MacHimHi domeHu. 3a BIACYTHOCTI Mar”iTHOTO TIOJIS MarHiTHI
MOMEHTH JIOMEHIB OpIEHTOBAaHI B MPOCTOPI TaKUM YHUHOM, IO PE3yJIbTYHOUUN
MarHiTHU# MOMEHT BChOTO (pepomMarHeTuka aopiBHIOE€ Hymto. [Ipu HakiamaHHi
Mar"iTHOTO MOJsl (pepOMarHeTUK HaMarHi4yeTbcsl 1 HOrO MarHiTHUH MOMEHT CTa€e
BigMiHHKMM Bifg 0 [15-17].

[Iportec HamarHiuyBaHHs (EepOMArHiTHOrO Marepiajlly MijJ BIUIMBOM
30BHIIIHBOTO MArHITHOTO TIOJISi 3BOJUTHCS JO POCTY THX JIOMEHIB, MAarHiTHI
MOMEHTH SKHX CKJIQJal0Th HAWMEHIINI KyT 3 HaIPsIMKOM TOJS, 1 0 3MEHIIICHHS
pPO3MIpIB 1HIIMX JOMEHIB (TpoIleC 3CYBY TpaHHIb JOMEHIB); 1O TOBOPOTY
MarHiTHUX MOMEHTIB Yy HaNpsIMKy 30BHIIIHBOTO moss (mporiec opienraritii) [16].
MarHiTHe HAaCHYCHHS JIOCATAETHCS TOMl, KOJM PICT JIOMEHIB MPUIUHUTHCS 1
MarHiTHI MOMEHTHM BCIX CIIOHTAHHO HaMarHiu€HUX MIKPOKPUCTATIUHUX AUISHOK

BUSIBJISITHCS OPIEHTOBAaHMMH B HanpsMKy mouist (puc. 1.2).

IToate BizcyTHE Ciaadke moae CHibHe noJie HacuueHns

o

Pucynok 1.2 — Cxema opieHTalii CIiHIB y JOMEHaxX Npu Jii 30BHIIIHHOTO

Mar"iTHoro moJjs [18]
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Onniero 3 ocoOnauBOoCcTeM (PEepOMarHiTHUX MaTepialiB € 3aJeXKHICTh
HAMarHiuye€HOCTI BiJl HAMpYy>KEHOCTI 30BHIIIHBOTO 3MIHHOTO MarHiTHOro moss [9,
19], 1 ust 3a7eKHICTh HOCUTH HENIHIHHUI XapakTep. Sk BUIHO 3 puc. 1.3, movaTkoBe
HaMarHiuyBaHHs ¢epomarHeTuka BijnOyBaeTbcs 1o kpuBiki OAD. 1ls kpuBa
CIOYATKY CTPIMKO 3pOCTAE, a MOTIM HAOIMKAETHCS 10 ACUMITOTH, SIKa HA3UBAETHCSA
HamaeHiveHicmio HacudeHHs. J1ail Ko MarHiTHE Moje MOHOTOHHO 3MEHIIY€EThCS,
TO HAaMarHi4eHICTh 3MIHIOEThCS 1O IHINN KpuUBIH (B HampsSMKy, BKa3aHOMY
cTpimkamu Ha puc. 1.3). Skmo mompoBa 3ayiexHICTh HamarHiuenocti M(H)
noOy/IoBaHa B yChOMY Jlialla30H1 MPUKJIAJACHOTO MarHiTHOTO MOJisA, TO Taka KpUBa
Ha3UBA€TbCS nemiero 2icmepesucy. (OCHOBHUMM ii XapaKTEPUCTUKAMHU  €:
1) sanuwrosa indykyis By (3anuiikoBa HaMarHi4eHiCTh) — HAMArHi4YeHiCTh, Ky Ma€
(dbepoMarHiTHUI Martepial Mpu HaIpy>KeHOCTI MarHiTHoro mouis piBHik 0 [20]; 2)
KoepyumugHa cuia He — 3Ha4eHHs HanpyKEHOCT1 MarHiTHOTO TOJIs, SIK€ HEOOX1THO

IPHKJIACTH JJIs IOBHOI'O po3MarHidyBaHHs pepomaruitHoi peuoBunu [10, 14, 21].

D

MNB

Pucynokx 1.3 — IlowaTkoBa KpuBa HaMarHiuyBaHHS 1 TETJS TICTEPE3UCY IS

¢depomarniTHOi pedoBuuu [10]

®epoMarHiTHUMU BIACTUBOCTSAMH XapaKTEPHU3YIOThCS METalu (HaMpHUKIAL,

Fe, Co, Ni, Cr Tomro) Ta iX cIuiaBu, a TaKoK OKCHAHI crionyku [11, 14, 22].
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3anedcno 6i0 GenUYUHU KOEPYUMUBHOL CUlU ¢hepomacHimui mamepianu
nooLIsIIOMb Ha MacHimomeepoi ma maznimom siki [23].

Maenimomeepoumu € Marepiany, 10 MalOTh BUCOKY KOEPIMTHUBHY CHITY
(Hc=10°-10°A/m) [23]. BoHM HaMardiuyloThcsi 0 HACHYEHHA Ta
MEePEMarHiuyIOThCS y BIIHOCHO CHJIBHMX Mar"iTHUX mojsix. [licins HamarHideHHS
Takl MaTepiayid 3aJMINAIOTHCS MOCTIMHUMU MarHiTaMd 4Yepe3 BHCOKI 3HAYeHHS
KOCPLUUTUBHOI CWJIM Ta MarHiTHOI 1HAYKIIi. TakuMu maTepiajaMu €, HalpuKiIai,
rekcaroHanbHi  ¢geputu [24]. BoHM mepeBaXHO 3HAXOIATh  IPAKTUYHE
BUKOPHMCTAHHS IIPY BUTOTOBJICHHI MOCTIHHMX MarHitiB [25-27].

Maenimom’saki MaTepiany XapaKTepU3YIOTbCS HU3BKOI KOEPIUTHBHOIO
cunoro (He=1-1000 A/m) [23]. BoHm HaMarHidyroThCS IO HACHYCHHS Ta
MEepEeMarHiuyloThCsi Y  BIJHOCHO  clHaOKuxX  Mar”iTHux  nomsx.  Ilicms
NepeMarHiuyBaHHs BOHM HE TPOSBISIIOTh MAarHITHUX BJIACTUBOCTEH, OCKUIBKU
CKJIAJJAIOThCS 3 XaOTUYHO OPIEHTOBAHUX HAMArHI4YeHUX 0 HACUUEHHS 00JIacTeu.

DepomacHimui mamepianyu MONCYmb MAmMu pisHy KPUCMALIYHY CMPYKmMypy
reKcaroHaibHi (Hampukiaj, 6apii rekcapeputr M-tumy), KyOiuHi (pepomMarneTuku
31 CTpYyKTypaMu IIIiHENI Ta TpaHary), TeTparoHaibHi ((hepoMarHeTHKH 3i
CTPYKTYpOIO TIepoBChKiTy) [14, 28, 29].

OcraHHIM YacoM OCOOJIUBY yBary JOCHIAHUKIB IPUBEPTAIOTH (PepOMarHiTHI
Matepiasii HaHomeTpoBux posmipiB [30, 31]. Bigomo, mo mnpu mnepexodi A0
HAHOPO3MIpPIB 3MIHIOETHCA P PI3UYHUX 1 XIMIYHUX BIIACTUBOCTEN MaTepiany [32,
33]. 'onoBHa mpuYKrHA BIIMIHHOCTI HAHOMATEpiaIiB Bil 00’ €MHUX IOJISATAE B TOMY,
110 BOHM MalOTh BEJIMKE 3HAUCHHS B1THOIIEHHS OBEPXHi 10 00’ eMy. UuM MeHIINN
pO3Mip HaHOKJIACTEpa, TUM OLIBIINIA BIUIMB BJIACTHBOCTEH MOBEPXHI B MOPIBHAHHI
3 00’¢eMHMMHU BJIaCTHUBOCTSIMH. DyHJIaMeHTaabHI BJIACTUBOCTI PEUYOBUHH Y
HAHOCTaH1 ICTOTHO 3MIHIOIOTHCA Yepe3 MOPYIIEHHS KOPesLii B3aEMO/i CITIHOBUX 1
OpOITAIBHUX MOMEHTIB €JICKTPOHIB Ha MOBEPXHI KPUCTAIB.

Oco0MMBO CHIIBHO 3MIHIOIOTBCS BJIACTUBOCTI (epu- 1 (pepoMarHiTHUX
MaTtepianiB. MartHiTHuii MOMEHT aToMiB 00’€MHOTO (hepoMarHeTHKa BHACIIOK

CHIH-0pOITaIBHOI B3a€EMO/I11, MAarHiTHOI aHI30TPOMIi CTa€ MEHIIMM BiJ] CYMapHOTO
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MOMEHTY HECKOMIIEHCOBAaHUX CITIHIB aToMa. 3MiHa 3B’S3KiB aTOMIB HaHOYACTOK
IPUBOJUTH 10 3HAUHOTO 3POCTaHHS CEPEAHHOI0 MAarHITHOIO MOMEHTY OJAMHOYHOTO
atoma. lleit edexT 1CTOTHO MIABUINYE MAarHiTHY MPOHHUKHICTh BiJMOBIAHUX
MarHiTHUX HAaHOKOMITIO3UTIB 1 3yMOBJIIO€ PsiJl IHIIKX €dekTiB. TaKuM YMHOM, BILJIUB
HAHOCTPYKTYPHU Ha XapaKTEpUCTUKU (EpOMArHeTHKIiB Ay>K€ BiIUYTHUH, 30KpeMa
BILIMB pO3MipiB HaHO3epeH [34].

MarHiTHi 4YacTKM TpH TEpPeXoJ]l JI0 HaHOPO3MIpIB € IEePEeBaKHO
OJIHOJIOMEHHUMH, TOMY II0 (OPMYBAHHS JIOMEHHHX CTIHOK CTa€ €HEPreTUYHO
HeBurimHUM [17]. OCKIIBKH pO3MIPH YacTOK 3MEHIIYIOTbCS HHKUE PO3MIPY
OJIHOJIOMEHHOCTI, TeTUI0B1 (pIyKTyalii OyyTh BIUIMBATU HA iX MarHiTHUA MOMEHT,
1 BOHM MIPOSBIIAITUMYTh MapaMarHiTHy MOBEAIHKY 3 TIFaHTCHKUMU MOMeHTaMu. [1pu
IIbOMY BHHHKAE SIBUIIIE CylepriapaMarHeTu3My, 1 KOEpPIIMTHBHA CHUJIa TAKUX YaCTOK
ctae piBHa (. 3MiHA BHYTPIIIHBbOI KOCPUUTUBHOI CUIU H¢ 3alexKHO BiJ po3MIpy
4acTOK mpourocTpoBaHa Ha puc. 1.4. Bume kputuydoro posmipy Ds yactku €
0araToJJOMEHHUMHU 1 KOEpPIUTHBHA CHJIa 3POCTAa€ 31 3MEHIICHHSIM iX pPO3MIpIB.
Huxue Ds yactku € ogHomomMeHHUMH. Ko po3mipu 4acTOK Jajii 3MEHIIYIOThCS
HwKue Dp, BOHU CTalOTh cynepnapamacHimiHumu 3 HECTIMKUMH MarHiTHUMU

MOMEHTaMH Ta HYJIbOBOIO KOESPIIMTUBHOIO CHIIOO [35].

£ OpHonoMeHHi
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Pucynok 1.4 — 3anexHicTh 3MIHM KOEPLUUTUBHOT CHIIHM BiJl PO3MIPIB KPUCTATIB IJIs

yacToK (hepoMarHiTHUX Matepiaiis [36]

MarsiTHi HAHOYACTKH, SIKI MOXYTb NPOSBISATH CyleprapaMarHiTHi

BJIACTHBOCTI, MAIOTh 3HAYHUI MOTEHIlIa] BUKOpUCTaHHSA B MeauiuHi [37-40], 1o



32

MOB’SI3aHO 3 MOJKJIUBICTIO AMCTAHI[IHHOTO KEpyBaHHSA iX BIJIACTUBOCTAMU IpU
HaKJIa/IaHHI 30BHINTHLOTO 3MIHHOTO MarHiTHOTO 1o [41, 42]. Ha choroHimmHin
JIeHb CHUHTE30BaHO 0314 PI3HOMAHITHUX MAarHiTHUX HAHOYaCTOK Ha OCHOBI
MeTaJliB Ta OKCUIB 3aji3a (dheputiB). OKCUHI HAHOYACTKH BOJIOJIIOTH CIA0ITUMU
MarHiTHUMHU BJIACTHUBOCTSIMH, HI’K HAaHOYACTKH HAa OCHOBI METaJliB, OJTHAK BOHU €
CTIMKIIIMMHM 10 OKHUCHEHHS 1 MalOTh 3HAYHO BMIIY 010JI0TIYHY CyMicHICTh [43-45],
TOMY OLITBII MPUIATHI ISl MEIUYHOTO BUKOPUCTAHHS.

BukopucTtanas B MEIWIMHI 3HAXOMSTh HAHOPO3MIPHI YAaCTKU MdAcHEemumy
Fes0q4 3i cmpyxkmyporo wnineni [46-51]. Ile 00yMOBJIEHO TX BUCOKOIO 010JOTTYHOIO
CYMICHICTIO Ta CTaOUILHICTIO MAarHITHUX mapameTpiB [52].

Tak, MOXHa BUIUIMTH JAEKUIbKA OCHOBHMX MOXJIMBHX HANpsMKIB iX
MEJUYHOTO BUKOPUCTAHHS:

1) Aopecna oocmaska nikie ma Oionociuno akmushux o6’ ekmis [49, 53-55],
OCKUJIBKY MarHiTHI HAHOYACTKU MOXXYTh PYXaTHUCS MPH J11i 30BHIIITHBOT'O MarHiTHOT'O
nosisi [56]. Ilpu aapecHiit gocTaBIll JiKapchKi mpemapaTy abo 610J70Ti4HI 00’ €KTH
3aXOIUTIOIOTHCS, MPUBHUBAIOTHCS a00 aACcOpOYIOThCS HAa MOBEPXHIO MAarHITHUX
HaHOYacTOK [57]. Taki KOMIIO3UTHI CTPYKTYPH MOTPAIUISIIOTH B XBOPY AUISHKY
opranizMy abo caMOBUIBHO a0 MpH [ii 30BHIIIHHOIO MAarHiTHOTO MOJs, a
JIKapChKUM Tpenapar BUBUIBHIETHCS MPH HarpiBaHHI (pepoMarHeTHKa 3MIHHUM
MarHiTHUM ToJieM a00 OMPOMIHEHHSIM CBITJIOM Jiazepa B OnmxHboMy [Y-11anasoHi,
SAKUN CcIa0KO TIOTJIMHAETHCS JKUBUMH TKaHWHAMH, ajie 100pe TMOTJIMHAETHCS
MarHiTHUMu HaHouactkamu [58, 59]. Icuye psa gocmimkens [55, 60-63], B saxux
HAYKOBIII TOBOPATH MPO YHUCEIIbHI epEeBaru BUKOPUCTAHHSI HAHOYACTOK MAarHETUTY
JUISL JOCTaBKHM JIKIB. Hampukiian, HaHOYACTKH, KOH IOTOBaHI TeParieBTUYHUM
npenapaTtoM METOTPEKCaTOM, MOXKHa JIOCTAaBJISITH JO PaKoBUX KIITUH. Taki
HAHOYACTKH MAIOTh BUIILY CHPUHHSATIMBICTS PAKOBUMH KJIITHHAMH, HIJK 37JOPOBUMU.
MeToTpekcaT MOXK€ BUBUIBHATHCS 3a pPaxXyHOK Hkdoro pH myxmmH Ta

BHYTPIIIHbOKIITHHHUX ()EPMEHTIB 1 BUKIMKATUME aroONTO3 PAaKOBUX KIITHH [62,

63].
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3 possutkoMm JIHK-texnomori#i renna tepamis, mnpu sakii JHK
(me3okcupubonykieinoBa kucimora) ab6o PHK (pubonykmeiHoBa Kuciora)
JOCTaBIISIOTHCA 10 HEOOX1THUX KIIITHH CTajla OJTHUM 3 HOBUX MIJIXOMA1B JIIKYBaJIbHOI
teparii [64]. IcHye Ge3mid crocobiB JTOCTaBKU TEHIB (MIKpOiH’€KIIii, JIMOCOMHI
TEXHOJIOTIi TOINO), OJHAK CHCTEMH JOCTaBKM TEHIB Ha OCHOBI MAarHiTHHX
HAHOYACTOK € TOTEHLINHO Ouibil e(eKTUBHUMU. Tak, HAIpHUKIIAJ, MarHiTHI
HAHOYACTKHU Fe30a, MOKPUTI noJjriaMmiJlaMiHaMu Ta oJiMepomM
MOJTIETHJICHTJTIKOMIJIEM, OYJTM MTPOTECTOBAHI SIK CUCTEMH TOCTaBKH reHiB [65]. Taki
CUCTEMH JO03BOJISIIOTh €(EKTUBHY JOCTAaBKY Ta 3aXHCT HYKJICIHOBUX KHCIOT. A
no/i0HI MpOBEACHI JOCHKEHHS BKa3ylOTh Ha MOJMBICTH YCHIIIHOTO
BUKOPHCTAHHS HAHOYACTOK MAarHETUTY B T€HHIN Tepartii.

2) wuimunHull Mouimopurne Oionociunux cucmem (MarHiTHO-pE30HAHCHA
tomorpadis(MPT) [50], 6Giocencopu [66, 67], mapkepu 6iomosekyn [68]) Torro.

Tak, MPT € Haa3BUYafHO KOPHUCHHUM JIIarHOCTUYHUM 1HCTPYMEHTOM JIJIsi
mequiman [50, 61, 69, 70]. BignoBigHo mo pi3Hux nuisxiB penakcamii, MPT-
300pakeHHsT MOxHA moAimuTy Ha T1 (vac mo37oBkHBOI pemakcarii) Ta T2 (dac
nonepeyHoi penakcaiiii). MPT KoHTpacTHI areHTH J0MoMararoTh MiABUIIATH
YITKICTh 300pa)K€HHS Ta JO3BOJIAIOTH Kpally I1HTEpIpeTalilo pe3ysbTaTiB
niarHocTuku [71]. 3a3zBuyait sk T1 areHTH BUKOPHCTOBYIOTHCS TapaMarHiTHi
xomiutekcu ["amomninito (Hanpukiaan, GA-DTPA) [72]. A sk koHTpacTHi areHTH T2
HalyacTilie po3risAatoThCsl Majli 3a po3MipaMH HAaHOYACTKU OKcHy 3aiiza Fe304
[70, 73-75]. Mexani3M nii MarHiTHUX HAHOYACTOK BHUIJIAAA€ HACTYIIHHUM UYHHOM:
npu Jii MPUKIAJCHOT0 MAarHiTHOTO TOJIA B CyHeprapaMarHiTHUX HaHOYacTKax
AKTUBYETHCS MATHITHHM MOMEHT, SKHM TPUIIBHAIIYE TIPOIECH MAarHITHOT
penakcaliii MNpOTOHIB BOJM HABKOJO ce0e, 3MEHIIYIOUYHd 4Yac CHIH-CIIIHOBOI
pemakcariii areaty T2. Taki 3MiHH TPUBOJATH 10 TOTEMHIHHS BIAMOBIIHOT 00J1aCTI
B T2-3Bakennx MP-300paxkeHHsx [72]. MaruiTHi HaHOYACTKH I1HTCHCHBHO
JOCTDKYIOTBCA SIK  MOXMUIMBI KOHTpacTH1 areHTH MPT mis  mokpamieHHs
BU3HAUYEHHS, 11aTHOCTUKH Ta Tepamii TBepAux myxiuH [76]. Takox yactku Fe304 3

po3mipamu 5 — 10 HM € eeKTUBHUMH NpH 11eHTHdIKAIIl MeTacTa3 JiM(paTHIHUX
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By3.iB [/7]. llle oHUM KJIIHIYHUM 3aCTOCYBaHHSAM Takux HaHodacTok B MPT e ix
BUKOPHUCTAHHSA U1 KUTbKICHOT OLIIHKH PO3MIpPiB MyXJIMH TOJOBHOTO MO3KY, a TAKOXK
JUTS. BUSIBJICHHS Ta JIOKaTi3aIlii OHKOJIOTIYHHUX MyXJIUH [ 78].

B To#i e uac, s mOKpalieHHs €(QEeKTHMBHOCTI Ta PO3IIMPEHHS 00JacTi
3aCTOCYBaHHS JTOCIHIKYIOThCS TaKOXK 1 1HII (DepOMAarHiTHI OKCUAM 31 CTPYKTYPOIO
mmiHen. Tak, mocmimkeHHs mokaszanu, 1o [79, 80] manouactkm MnFe,Oy4
BOJIOJIIFOTH 3HAYHO KpalllMMU XapaKTepucTukamu, Hixk FesO4 npu BUKOpUCTaHHI 1X
K KoHTpacTHUX areHtiB B MPT. A neryBanns nanouactok Fe304 aromamu Tep0Oiro
JT03BOJISIE HE JIUIIIE TOKPAIIMTH MarHiTHI XapaKTEPUCTUKH, & TAKOXK J1a€ MOKJIMBICTh
JOCITIKYBaTH (DITyOpECIIEeHTHI BIACTHBOCTI JJISi BUKOPUCTAHHS TaKWX YacTOK B
MPT-pgiarnoctumi [81].

3) OaHMM 13 HOBHX TNEPCHEKTUBHUX HANPSIMKIB MEIUYHOTO BUKOPUCTAHHS
TaKUX YacTOK € maenimua Zinepmepmis [51, 82-86]. lle nokampHU Harpis
OHKOJIOTTYHMX MyXJuH 10 43 — 45°C npu a1l Ha HUX 3MIHHOTO Mar”iTHOTO IMOJIs
[83]. TpaaumiiiHa rinepTepmisi € BiTHOCHO CEICKTHBHOIO JIO OHKOJIOTIYHUX ITyXJIHH
yepe3 MEBHI iX aHATOMIYHO-(1310J0T14HI OCOOJIMBOCTI, HANpPUKIAJ, HAasBHICTb
HErepMETUYHUX CYIUH, TIITOKCis, Moranui JiMmbaTudHuii ApeHax Toio [84]. OnHak
TpaJWIliiiHa TimepTepMis Mae pPsa HEAONIKIB: 1) ToraHo J0csraeThcs HarpiB
MIMOOKO PO3TAIIOBAHUX MYXJIMH; 2) HEPIBHOMIPHHMI HArpiB MyXJIMHHUX TKaHUH 1
YTBOPEHHS TPAJIIEHTYy TEeMIIepaTyp BijJ MOBEPXHI N0 sApa MyXJUHH BUKJIUKAE 3
OJIHOTO OOKY HEJOCTaTHIM HarpiB MyXJIMHU, 10 CHPUYHHSIE ii PICT, a 3 IHIIOrO OOKY
11e MPU3BOAUTH N0 POy MOOIYHUX €(EeKTiB, TaKUX SIK MEPerpiB Ta pyWHYBaHHS
3M0pOBUX TKaHuWH, omiku Ttomo [87]. Ili mpoOiaemMu MOXKYTh OyTH 3HAYHO
MIHIMI30BaH1, HAIPUKJIA, 32 PaXyHOK BUKOPUCTaHHS HAHOYACTOK JJIsl TIPOBEICHHS
BHYTPIIIHbOKMITUHHOI Tineptepmii [88-90]. Taki yacTku MOXHA JOCTaBISATU
LIJIECTIPSIMOBAHO B MMyXJIMHY, TOMY HarpiB, sIKUH 3/11HCHIOETCS 30BHIIIHIM 3MIHHUM
MarHiTHUM M0JieM, Oyze OUIbII PIBHOMIPHUM, YTBOPEHHS I'PaJIIEHTY TEMIEpaTyp B
MyXJIMHI MIHIMI3YEThCS 1 TAKUM YHHOM 1CHY€ MOXJIMBICTH KOHTPOJIIO TEMIIEpaTypu

B myxJuHi [91].
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Briepiiie MOXIHBICTh MPAaKTUYHOTO BUKOPUCTAHHS MarHITHUX HAaHOYACTOK B
poJIi iHIyKTOPiB MarHiTHOI rimeprepmii 3anpononysas A. Mopaas B 1993 porti [88].
OpnHak nans YCIHIIIHOTO 3aCTOCYBAaHHSI Taki (pepoMarHiTHI HAHOYACTKH MOBHUHHI
3aJI0BOJILHATH psidy eumoe [92]: maTu Maji po3mipu, OyTH cllabKkoarjioMepoOBaHUMU
Ta XapaKTEPU3yBaTUCA BY3bKUM PO3MOIIJIOM 32 pO3MipamMu; BOJOJIITH
cyneprnapaMardHiTHUMHU BJIACTUBOCTSIMU; €(DEKTHBHO HArpiBaTUCS MPH il 3MIHHOTO
MarHiTHOTO TOJIS JIO TeMIIepaTyp, HEOOX1THUX JJIsl IPOBEACHHS TinepTepMii, TOOTO
BOJIO/IITH BUCOKMMHU 3HAUECHHSMU MUTOMUX BTpat eHeprii SLP (po3cisiHa eHepris Ha
OJIMHUITI0 MAaCH MarHiTHUX HaHodacTok [92, 93]).

Ha cporoanimHuiii AeHb TOCHIIHUKK JOCHUTh AaKTHUBHO PO3TJIANAIOTH
MO>KJIMBICTh BHUKOPHUCTAHHSI HAaHOYACTOK MarHeTuTy Fe3O, B poii MOTeHIIHHUX
1HIYKTOPIB s rineprepMii [94-96]. Takuit iHTEpec 00yMOBIICHHI TUM, 110 JaHUN
MaTepiajl BOJIOJI€ HU3bKOIO TOKCHUYHICTIO Ta € O10JIOTIYHO CYMICHUM 3 >KHBHUMU
opranizmamiu [95, 97], a Takok Masi 3a po3MipaMl HAHOYACTKHA MOYKHA OTPUMATH B
KPHUCTaJTIYHOMY CTaHi BXKe Ipu Temrieparypi cuaresy [98-102].

Ane pocniimkenHs, nposeneHi apropamu [101], mokasanu, 1110 HAHOYACTKH
Maraetuty Fe;O4 MarTh psifi HEAOJIKIB 3 TOYKH 30PY BUKOPUCTAHHS B MarHiTHIN
rineprepmii. [lo-nepuie, Hanouactku FesO4 € HECTIMKUMU Ha MOBITP1 1 YaCTKOBO
OKCHHIOIOTBECA 10 MarreMity y-Fe,O3; ta retuty FEOOH, 1o Mmosxe mpu3BoauTH 10
3MIHM MarHiTHUX BJIACTUBOCTEN TaKuX 4yacToK. KpiM Toro e(heKTUBHICTH iX HarpiBy
Ipu il 3MIHHOTO MarHiTHOTO TOJISl B 3aJIE)KHOCTI Bl METOJly CUHTE3y MOXe OyTu
HU3BKOIO, 110 KIJIbKICHO OI[IHIOEThCS HM3bKUMHU 3HadeHHsSMH SLP [101]. 3 meToro
YCYHEHHS IIbOTO HEJOJIIKY CTBOPIOBAIMCS BiAmoOBimHI MarHiTHI core/shell
CTpykTypH 3 siapom Fes3Oa, mokputi marHiTHOMO 00os0HKO0 COFe;O4 [103], mio
3HAYHO YCKJIQJHIOE TEXHOJIOTII0 OJIep>KaHHsI HAHOYACTOK.

OcHOBHMM HENONIKOM HaHO4YacTOK F€304, 1m0 CTOiTh Ha MUIAXY
BUKOPHUCTAHHA iX B PO 1HAYKTOPIB MAarHiTHOI TilepTepMii, € BUCOKE 3HAYCHHS
temneparypu Kropi — Ttemmeparypu ¢a30BOTO MEpexoay 3 MarHiTHOTO B
napamarHitHuii cra (Tc = 585°C) [104]. Bapto 3a3Ha4nTH, 10 HAHOYACTKH OYIyTh

HarpiBaTucsi B 3MIHHOMY MAarHiTHOMY IIOJ1 TOJi, KOJU BOHHM 3HAaXOISATHCS B
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MarHiTHOMy ctaHi. ToMy BHCOKI 3Ha4€HHS [c OyayTh CIPUYUHATH HArpiB 4acTOK
JI0 BUCOKUX TEMITepaTyp, 0 CYyMPOBOKYBATUMETHCS TIEPETPIBOM Ta pyHHYBAHHSIM
3IOpPOBUX TKAHMH 1 MIPU3BEJE 10 3arudei opranizmy. B ibomy BUnaaky HeoOXiIH1
JI0ATKOB1 3aCO0U TEPMOPETYIIALIT, IKI BAMAararoTh OLJIBIINX 3aTpaT Ta 00J1aJHAHHS.

B 38’asky 3 ycim 6uwjesuUKiadeHumM aKmyaibHUM € HOWYK HOBUX
ATMEPHAMUBHUX (epOMACHIMHUX Mamepianis, AKi Oy0ymb mMamu memnepamypy
Gazoe020 nepexody 3 MASHIMHO20 CMAHY 6 NAPAMACHIMHULL, He0OXIOHY O
einepmepmii (43 — 45°C). Tomy ocobauey ysacy npusepmaionmsv 2emepo3amiuyeti
maneanimu aaumany La;SrkMnOs (LSMO), wo xkpucmanizyiomocs 6 cmpykmypi
0eqhopmosanozco neposcvKimy, i Moukow Gazo6020 nepexody AKUX MONCHA

Kepysamu 8 WUpOKOMY MeMnepamypHomy iHmepeali.

1.2. ®depomarniTHi MaTepiaium 3i  CTPYKTYPOW  MNeEPOBCHKITY
(La,Sr)MnOs3

1.2.1. Ocob6naueocmi Kpucmaniyunoi ma en1eKMPOHHOI CMPYKmMypu
MaH2aHImMig

Ha3Ba «cTpykTypa MepoBCHKITY» MOXOAWUTH Bij Ha3Bu MiHepainy CaTiOs,
KU KpHCTaTi3yeThes B KyOiunii cumetpii [105, 106]. Manranitu R1xMMnO;3; (R
— pigkicHo-3eMenbHMIl enemeHt, M — Ca, Sr, Ba Ta iH.) BIIHOCATBCA [0
HaWMPOCTIIINUX MpeCTaBHUKIB ciMelicTBa Pannnecnena-Ilonepa -
TEPMOJMHAMIYHO CTaOUIbHUX IHapyBaTuX mnepoBchbkiTiB [107]. Bonu wMaroth
pomOoeipuuHO AePOPMOBaHY CTPYKTYPY IEPOBCHKITY (mpocTopoBa rpyma R-3c),
ONMM3BKY O CTPYKTYpH KyOI4HOTO TEPOBCHKITY, 3 MapaMeTpaMu eIeMEeHTapHOI
xoMmipku a~ 5.6 A, ¢~ 13.6 A, y = 120° [108].

Ionn R®*" 1a M?* 3 Gimpmmm pagiycoM pasom 3 anioHamu O yTBOPIOIOTH

HAWTIUIBHINTY YITAKOBKY, 3aiiMaroun MO3uIlii 3 12-KpaTHOIO KOOPIWHAIIIEI0 aTOMIB

(kybookTtaeap) (puc. 1.5 (0)).
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Pucynok 1.5 — KpucraniuHa cTpykTypa MEpOBCHKITY: (a) — 10HM MaHTaHy B
OKTaeIpuuHuX mycrorax; (6) — iomm R®" Ta M?' yrBOpIOIOTH HAMIIiIBLHIIITY

yHakoBKy (KyOookTaenp); (B) — moJleIpuaHe 300pakeHHS CTPYKTYPH.

lorn Manrany MEHIIIOTO pO3MIpy, K1 MepeOyBaloTh B 10HI3AIlIHHOMY CTaHI
(Mn3* tak i Mn**), 3aiimarors oxraeapuuni nosuwii (puc. 1.5 (a)). Oxraeapu MnOg
3’€JIHYIOThCS BEPIIMHAMU, YTBOPIOIOYH TPUBUMIPHUN KyO14HUI Kapkac (KOMIPKY),
B KyOOOKTAa€IPMYHHMX ITyCTOTaX AKOTO 3Haxomarhes iomm R Ta M?*. CrilikicTs

OKCHIHUX MEPOBCHKITIB BU3HAYAETHCSA (haKmMOopoM moiepaHmuocmi t:

t = dA—O

- / V2ds_,

e d € BiANOBIAHMMY BiZICTAHAMM MiXk i0HAMH MeTaiy Ta KucHio (4 - R®" ta M?* a
B — ionu manrany). IlepoBcbkiTHa cTpyKTypa 30epiraerbes 3a ymoBu 0.8 <t <1.01
Mae KyOiuHy cumeTpiro (Pm3m), skiio kucHeBe oToueHHS He nedopmonane [109].

Jlns Garathox MmatepiadiB (B TOMY 4YHCHI 1 JUIsi MAHTaHITIB), 110 MarOTh
CTPYKTYpY IEpPOBCBHKITY, XapaKTEpHOIO € HAasBHICTb CTPYKTYpHUX Aedopmariid,
(i3udHa mpupoja SKUX 00yMOBIICHA SIEKTPOHHOK KOHpirypaiiero [110].

B ky6iunomy mnepoBcbkiTi LaMnO; ctpykTypHi aedopmariiii MOXyTh OyTH
cpu4uHeHi 3a paxyHok edekry SIna-Temnepa (puc. 1.6), ockinbku iom Mn®* ¢

BUPOJUKCHHMI 3a 0-opOiTaasimu.
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Pucynok 1.6 — Cxematuune 3o00paxeHHs aedopmarii Ana-Temnepa B KyOiuHIi

cTpykTypi LaMnOs.

Kpucraniune mosie 3 KyOI4HOIO CUMETPI€I0 PO3MICILUIIOE aTOMHUI d-piBeHb Ha
JIBOKPATHO Ta TPUKPATHO BUPOKEHI MIAPIBHI €q 1 tog. [lepimii 3HaxonuThes BUIIIE,

ToMy 4oTupu ejnekrponu Mn3*

3aliMaloTh pIBEHb lpg TMOBHICTIO, a €y — JIMLIE
gactkoBo [111]. [Ins okraeapa MnOg po3mieniieHHs: Mi>k HalHIKIUM tog-piBHEM Ta
HAWBHIIUM €4-piBHEM JTopiBHIOE A = 1.5 eB (puc. 1.7).

3rigHo 3 npasuiom XyHpaa s ioHiB Mn®* ta Mn*' BryTpimmbOaTomMHa
KOpEJIALis BCTAHOBIIIOE MapajelbHe pO3TallyBaHHs €JEKTPOHHUX CIIiHiB. Mn®" mae
erekTponHy KoH®Dirypamio 3d* (t*'e,") i crmin S = 2, Tomi sx Mn** — 3d? (t*") i
criH S = 3/2, BIAMOBIAHO MarHiTHI MOMEHTHU JOPiBHIOIOTH 41ug Ta 3us. B pesynbprari

1poro eHepris Mn** sanumaerses HesminHOM0, eHepris Mn®* sHmwkyeTbesa. Takum

uyuHOM, ioHM Mn**, Ha Bimminy Bix Mn**, 3HauHO HEOPMYIOTH KMCHEBHIT OKTAEIP

[113].
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Pucynok 1.7 — Enepretuusi piHi Ta op6itaini ionis Mn®" ta Mn*" B kpucraniunomy

10J1i KyOi4HOT Ta TeTparoHaapHOi cuMeTpii [112].

1.2.2. Maznimope3ucmugHi 61acmugocmi Man2animis

Binomo, mo uwuctuii wmanraHit LaMnOjz; mnposiBise anTHhEpOoMarHitTHi
BJIACTUBOCTI, a dYacTkoBe 3amimeHHsa La®" na Sr?* mepenbauae 3MmiHy Takux
BiactuBocTed Ha hepomarniTHi s (La,Sr)MnO; (LSMO) [112].

MaHraHiTH JaHTaHy-CTPOHLIII0 TPUBEPTAIOTH 10 ce0e BEJIMKY yBary TakKOX
yepes HassBHICTh B HUX €(heKTy KosiocalbHOro MarHitoonopy (KMO), sxuii mossirae
y 3HAYHIN 3MiHI €JIEKTPUYHOrO OMOpP