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Pedepar:

1. Incepranifina po60Ta IpUCBIY€HA PO3pOO6Li METOJUKY CUHTE3Y HAHOPO3MipHUX (PEPHMMArHITHUX MaTepialiB 3i
CTPYKTYPOIO IPAHATY Ta IIIiHeJli IpY CUHTE3i METOLOM OCA/IKEHHSI 3 BOJHUX PO3YMHIB Ta pO3poOLi
MarHiTOKepOBaHUX KOMIIO3UIIMTHUX PE30HAHCHUX €JIEMEHTIB, sIKi CKJIaJIaloThCsl 3 HEMArHiTHOTO BUCOKOJIOOPOTHOTO
IieJIEKTPUYHOT'O PEe30HATOpa Ta MAarHiTHOI IIJIiBKM Ha OCHOBi CUHTE30BaHMX MarHiTHUX HAHOYACTUHOK i1 MOXYTb
OyTU BUKOPUCTAaHI B IKOCTi HEB3aEMHUX €JIEMEHTIB (BEHTUJI, LUPKYAATOPH, (a3o06epTadi), y cUCTeMax
6e3npoBinHoro 38'a3Ky: GSM, Wi-Fi, 5G, B pagapHux cuctemax. B guceprauii 6ys10 cuHTe30BaHO GepUTOBi
Marepiaiy MEeTOJOM CIIiBOCAI)KEHHS 3 BOJHUX PO34YMHIB I1py nocTiiiHOMY 3HaueHHi pH. [1pu cuHTesi ¢pepury 3i
CTpyKTypolo rpaHaty Y3AlFe4O12 BUKOPUCTOBYBAJIMCh YOTUPU METOJIUKHY, TIOB'SI3aHi 3 IOPSIAKOM OCaIKEHHS
riIpOKCUIB BiAIIOBITHMX MeTasliB. [IpoBeneHi NOPiBHSIIbHI LOCIIIKEHHS BJIACTUBOCTEN CUHTE30BAHUX

HAaHOYaCTUHOK QepuTiB 3i CTpyKkTypolo rpaHaty Y3AlFe4O12, nokasaHo BIIJIMB OPSAKY OCA/I)KEHHSI METAJIIB B



IIPOLIECi CUHTE3Y HA MIBUIKICTb (POPMYBAHHS KPUCTAJIIYHOI CTPYKTYPU (PE€PUTY, BIACTUBOCTI HAHOYACTUHOK Ta
TEXHOJIOTIYHICTb ITPOLeCy OCaIKeHHS. [JOCTiIKeHHSI OTPUMaHUX YaCTUHOK I10Ka3aJsy, 110 BKasaHi mogudikarii
IIPOLIECY CUHTE3Yy CUJIbHO BILIMBAIOTh HAa Koe(illieHT QinbTpaliii, Bif, SIKOTro 3aj1eXuTh yac npotecy ¢inbTpaii Ta
BiJMMBKM YaCTMHOK BiJl HEOKaHUX [IPOAYKTIB peakuill (oHiB Na+). [Ipu ogHOYacHOMY OcaJKeHHi rinpokcumis Fe
ta Al koedinienT ¢inbrparii 3pic BTprdi y HOpPiBHSIHHI 3 BUNaIKOM OLHOYACHOTO OCA/I)KEHHSI BCIX METaIiB.
BigmuBaHHS YaCTMHOK IIPOBOJMIIOCH 1711 YCYHEHHS MOHIB HATPil0 B IPOAYKTi, OCKiJIbKY BOHU 30iIbIIYIOTh BTPaTU
Ha BUCOKHUX 4acToTax. Ha OCHOBiI CMHT€30BaHUX YaCTMHOK OTPMMaHa (pepuToBa KepaMika. 3aB[ISIK1 BJIACTUBOCTIM
CHHTE30BaHUX YaCTUHOK (epUTiB CTAJI0 MOXKJIMBUM CITiKaHHS Kepamiku 3a remneparypu 1350-14000C, mo Ha 100-
150 oC HuKue Bif TeMIepaTyp, SIKi, SIK IPaBUJIO, BUKOPUCTOBYIOTb IIpH CITiKaHHI GepUTOBOi Kepamiku i3
CTPYKTYypOIo rpaHaty. lle 103BoJisie 3HUBUTH BUMOTU [0 HEOOXiHOro 06J1aiHaHHS 1J1s1 CIliKaHHs. Bci cuHTe30BaHi
KepaMiuHi 3pa3ku MaloTb BUCOKY I'YCTHHY, CXOXi €1eKTpoQi3uyHi NapamMeTpH, OJHAK 3a IIMPUHOIO (PEPOMArHiTHOro
pesonaHcy (PMP) Halikpalmmy € 3pa3Ky, BUTOTOBJIEH] 3 YACTUHOK, OTPUMAHUX IIPU OTHOYACHOMY OCalKeHHI
rinpokcuzis Fe ta Al (meTonuku 3, 4). Haii6inbi piBHOMipHUM PO3IIOiJ aTOMIB METasliB BUSBUBCS [J1s1 KEpaMiku
BUTOTOBJIEHOI 3 YaCTUHOK, OTPMMAHUX CUHTE30M 33 METOIUKOI0 3. [1py IbOMY AOCJIIPKEHHSI MarHiTHUX
BJIACTUBOCTEN CBifyaTh, 1110 HAMarHi4eHiCTh Ta KOEPUUTUBHA CUJIA [JI YCiX 3pa3KiB KepaMiky Majlo Bifpi3HAEThCH,
HE3Ba)XAal0UM Ha Pi3HULII0 B HAMArHi4eHOCTi YacTUHOK. Jlana iHdopmallist CBiIIuTb, 1[0 CTPYKTypa rpaHaty Mnpu
TepMOO0OpOOL, CKopile GOPMYyeThCS IPU BUKOPUCTAH] YACTMHOK CUHTE30BaHUX 32 MeToauKo1 N23. Metonom
OCaPKEHHSI 3 BOJAHUX PO3UMHIB O6yJI0 CUHTE30BaHO (pepuTH 3i cTpykrypoto mninesi Nil-xZnxFe204, x = 0; 0,25; 0,5;
0,75; 0,8; 0,85; 0,9; 0,95; 1. JocmimKeHHs T0Ka3ay, 0 HAUBUILy HaMarHiyeHiCTb MalOTh YaCTUHKU QPEpUTy CKIIany
Ni0,5Zn0,5Fe204. 3 BUKOPUCTaHHSM CUHTE30BaHUX YaCTMHOK (epuTiB 3i cTpyKTypolo mmnidesi Ni0,5Zn0,5Fe204
0yJI0 BUTOTOBJIEHO MarHiTOKEpOBaHi KOMIIO3U1Ii}Hi pe30HaTOPH y BUIJIAZ] pe3oHaTopa Ha ocHoBi BaTi409-ZnO
PE30HATOpa 3 HAHECEHOIO Ha TOPELb ILIiBKOIO, IKa CKJIaAa/IaCh i3 HAHOPO3MiPHUX YACTUHOK (PEPUTY Ta
dorononimepy. [TniBKK nosiMepusyBanucs mif, fieto yabrpadionerosoro (YOP) csitna. [IpoBoguiacek ontumisaris
TOBUIMHU MarHiTHUX IUTiBOK. Briepie gociimskeHo enekTpodi3uyHi BIaCTUBOCTI OTPUMAHUX KOMITO3ULIIMHUX
esieMeHTiB. [TokasaHo, 110 0Ai6HI CTPYKTYPU Bifj3HAYAIOTHCS MOXJIMBICTIO KEPYBaHHS PE30HAHCHOIO YaCTOTOIO
BHACJIiJIOK BIJIMBY 30BHILIHBOTO [TOCTIHOTO MAarHiTHOTO MoJis ((pepOMarHiTHUI pe30HAHC) IIPU 30€PesKeHHi
IOCTaTHbO BUCOKOT'O 3HAYEHHSI IOOPOTHOCTI KOMIIO3ULiIIHOTO PE30HAHCHOTO €JIEMEHTY. 3MillleHHs CKJaziae
nopsiaxy 71 MI'n Ha yacTorTi 6;1m3bKo 11 I'T'1 mpu 3MiHI HaPy>KEHOCTi MarHiTHOro 1noJs B aianasoxi H = 0-3500 E.
JJOOPOTHICTb PE30HAHCHOTO €JIEMEHTY 3 MarHiTHOIO IUIiBKOIO 3HU3UJIACh Y IIOPIiBHSHHI 3 pE30HAaTOPOM 6€3
MarHiTHoi miiBky Big, 6100 go 1700 Ha yacToTi nopsAnKy 12,77 I'Ty,. JocmimKeHHS ToKas3aiy, Mo OTPUMaHi
KOMIIO3UILIifiHi pE30HATOPU € HEB3AEMHUMU €JIEMEHTaMU. byJi0 3MiiICHEHO MOJIE/IIOBaHHS BUMiPIOBAJIbHOI KOMipKY
Ta KOMIIO3ULIITHOTO pe30HaTopa 3a gonomororo Ansys HESS. BusHayeHo, 110 Ipy ONTUMAJILHOMY ii pO3MillleHH] y
BUMIpIOBasIbHil KOMipLi (Y TOYLi MaKCHUMyMy MarHiTHOTO I10JIs1) MOKJIMBE JOCSITHEHHS MTPSIMUX BTPAT nopsigky 0,2-
0,8 nb, npu LIbOMY HEB3AEMHICTb CIIEKTPY Ilepepaui eHeprii Ha yacTotax @MP smmaeTbes Benukoro (Big 34 nb).
[TokaszaHo, 10 HEMATrHITHU JieJIeKTPUYHUI PE30HATOP KOHLIEHTPY€E €HEPTilo B 00’€eMi MarHiTHOI I1J1iBKY, BHACJIIIOK
4yoro Masa 3a 06'eMoM dhepuToBa IJIiBKa [IOYMHAE B Pa3y CUJIbHIIIE BIIJIMBATU HA BIACTUBOCTI CUCTEMH, B SIKil
3HAXOAUTHCSI KOMIIO3ULIMHNY PE30HAHCHUI eleMeHT. TOMy MO>XHA TOBOPUTH IIPO CUHEPTeTUIHNIN e(DEKT, IKII
MIPOSIBJISIETHCS IIPU POOOTI CKIA0BUX KOMIIO3UIiITHOTO PE30HAHCHOTO eJIeMeHTA. Y MOPiBHSIHHI 3 iHIUMU
HEB3a€EMHI eJIeMEHTaMU OTPUMaHi pe30HaTOpY MAIOTh TaKi [TepeBaru sIK IpOCTOTa BUTOTOBJIEHHS, INMPOKI

MOJKJIMBOCTI MiHiaTIOpu3alii Ta CyMiCHICTD 3 [1JIaHaPHOIO TEXHOJIOTIEIO.

2. The dissertation is dedicated to the development of the synthesis technique of nanosized ferromagnetic
materials with the structure of garnet and spinel by the method of coprecipitation from aqueous solutions and to
the development of magnetically tuned composite resonant elements consisted of a nonmagnetic high-quality
dielectric resonator and of a magnetic film based on synthesized magnetic particles. This elements can be used as
non-reciprocal elements (circulators, phase shifter), in wireless communication systems: GSM, Wi-Fi, 5G, in radar
systems. Ferrite materials were synthesized in the dissertation by the method of coprecipitation from aqueous
solutions at constant pH. In the synthesis of ferrite with the structure of the garnet Y3AlFe4012 four approaches
were used, this approaches were related to the order of deposition of the corresponding metals hydroxides.



Comparative studies of the properties of synthesized ferrite nanoparticles with the structure of the garnet
Y3AlFe4012 were carried out. Studies of the obtained particles showed that named modifications of the synthesis
process strongly affect the filtration coefficient, affecting a time of the process of filtering and washing of particles
from unwanted products of reaction (Na+ ions). With the simultaneous deposition of Fe and Al hydroxides the
filtration coefficient increased threefold compared with the case of simultaneous precipitation of all metals.
Particle washing was performed to eliminate the sodium ions in the product as they increase the loss at high
frequencies. Ferrite ceramics were obtained on the basis of the synthesized particles. Due to the properties of the
synthesized ferrite particles it was possible to sinter ceramics at a temperature of 1350-14000C, that is 100-1500C
lower than the temperatures that are usually used in the sintering of ferrite ceramics with garnet structure. It
allowed to reduce the requirements to the necessary equipment. All synthesized ceramics samples have a high
density, similar electrophysical parameters, but according to the width of the ferromagnetic resonance (FMR) the
best samples made from particles obtained by simultaneous deposition of Fe and Al hydroxides (approach 3, 4). The
most uniform distribution of metal atoms was for ceramics made from the material synthesized by the 3rd
approach. In this case the investigations of magnetic properties indicate that the magnetization and the coercive
force for all ceramic samples differ little, despite the notable difference in the magnetization of the particles. This
information indicate that the structure of garnet during heat treatment was formed faster when when the particles
synthesized by the approach N23 were used. Ferrites with the spinel structure Nil-xZnxFe204, x = 0, 0.25, 0.5, 0.75,
0.8, 0.85, 0.9, 0.95, 1 were synthesized by precipitation from aqueous solutions. Studies showed that the highest
magnetization have ferrite particles of composition Ni0.5Zn0.5Fe204. Using synthesized ferrite particles with a
spinel structure Ni0.5Zn0.5Fe204 magnetically tuned composite resonators were fabricated in the form of a
BaTi409-ZnO-based resonator with an end face film consisting of nanosized ferrite particles and a photopolymer.
The films were polymerized by ultraviolet (UV) light. The thickness of the magnetic films was optimized.
Electrophysical properties of the obtained nonlinear elements were first investigated. It is shown that such
structures has the ability to change the resonance frequency due to the influence of an external constant magnetic
field (ferromagnetic resonance) while maintaining a sufficiently high value of Q-factor. The resonance frequency
change reached the value of 71 MHz at a frequency of 11 GHz with a change in the magnetic field strength in the
range H = 0-3500 E. Q-factor of the resonant element with a magnetic film decreased compared to a resonator
without a magnetic film from 6100 to 1700 at the frequency of 12.77 GHz. Studies showed that the obtained
composite resonators are non-reciprocal elements. The measuring cell and composite resonator were modeled
using Ansys HFSS. It is determined that with its optimal placement in the measuring cell (at the point of the
maximum of the magnetic field) it is possible to achieve direct losses of 0.2-0.8 dB, while the non-reciprocity of
the energy transmission spectrum at FMR frequency (from 34 dB) remains large. It is shown that a non-magnetic
dielectric resonator concentrates energy in the volume of a magnetic film, causing a small volume of ferrite film to
affect significantly stronger the properties of the composite resonance element. Therefore, we can talk about the
synergy of a work of the composite resonant element components. Compared to other non-reciprocal elements,
the resulting resonators have such advantages as simplicity of manufacture, extensive miniaturization capabilities
and compatibility with the planar technology.
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