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Hucepramiiina po0OoTa MNpHUCBSYEHA PO3pOOLI  METOIMKH  CHUHTE3Y
HAHOPO3MIPHHUX (DEepUMarHiTHUX MaTepiajiiB 31 CTPYKTYpOIO TpaHaTy Ta IIIiHEel
OpyU CHUHTE31 METOAOM OCAaKEHHS 3 BOJHHMX pO3YMHIB Ta po3poOll
MarHiTOKEPOBAaHMX KOMITO3HIIITHUX PE30HAHCHUX €JIEMEHTIB, SIKi CKJIQJAarOThCA 3
HEMAarHiTHOTO BHMCOKOJIOOPOTHOTO JI€JEKTPUYHOrO0 pPe30oHaTopa Ta MarHiTHOI
IUTIBKK Ha OCHOBI CHHTE30BaHMX MArHITHUX HAHOYACTUHOK W MOXYTh OyTH
BUKOPUCTAaHI B SKOCTI HEB3aEMHHUX €JIEMEHTIB (BEHTWl, LHMPKYJISTOPH,
¢azoobepraui), y cuctemax Oesnposignoro 3B’ sa3ky: GSM, Wi-Fi, 5G, B pagapHux
CUCTEMaX.

B gucepramii Oyno cuHTe3oBaHO (EpUTOBI  MaTepiaad  METOJ0M
CIIBOCAKEHHS 3 BOJHUX PO3YMHIB mpu mocTiitHoMy 3HadeHH1 pH. Ilpu cunTesi
depury 3i crpykryporo rpaHary Y3AlFe;Oi;; BHKOPUCTOBYBaINCH YOTHPH
METOJMKH, TIOB’s13aH1 3 TMOPSAIKOM OCAJPKCHHS T1IPOKCHIIB BIJIMOBIAHUX METaiB.
[Ti wac mepIroro CHHTE3y MPOBOIMIOCH OJJHOYACHE OCaPKCHHS Tiapokcuis Fe, Al,
Y nipu BU3HaueHOMY 3HaueHH1 pH, sik ocakyBad BUKOPUCTOBYBABCS PO3YHUH iTKOTO
HaTpy. 3HaueHHd mapamerpy pH cepenoBuia peakTopa YTPUMYBaJIOCh Ha
NOCTIHHOMY PiBHI, IPOTE MIAOMPATIOCh 1 3SMIHIOBAJIOCH 1HAUBIAYAIBHO JJIsI KOKHOTO
0Ca/PKyBaHOTO MeTajly Ha KOXHIM CcTafli OCa/KeHHsS IiJ Yac BCIX YOTHUPHOX

cunTtesiB. Ilig yac apyroro cuHTE3y Oca/pKyBaiM TIIPOKCHUI 3aji3a, MICHIs [bOro



OJIHOYACHO OCQKyBaJd TIIPOKCHAM aNIOMIHIIO Ta iTpito. TpeTiit cuHTe3
IIPOBOJIMBCS 32 YMOBH OJHOYACHOTO OCaJDKeHHS rinpokcuaiB Fe ta Al, mortim
ocaKyBaBcs Timpokcua Y. UeTBepTHil CHHTE3 TPOBOIMBCS aHAJIOTIYHO TPETHOMY,
alle B SKOCTI OCaJKyBada BHUKOPHCTOBYBaBCS po34MH amiaky. IIpoBeneni
MOPIBHSUIBHI JOCIIIKEHHS BJIACTUBOCTEN CMHTE30BaHUX HAHOYACTUHOK (hepUTIB 31
cTpykrypoto rpanaty Y3AlFe,O1,, moka3aHo BIUIMB MOPSIIKY OCAKCHHS METAJIIB B
npoleci CUHTEe3y Ha IIBUIKICTb (POPMYBAaHHSA KPUCTAIIUYHOI CTPYKTypu (epury,
BJIACTMBOCTI HAHOYACTHMHOK Ta  TEXHOJOTIYHICTh TMPOIECY  OCaKCHHI.
JlocmiKeHHsT OTpUMAaHUX YaCTHHOK TMOKa3aju, Mo BKa3aHi Momaudikarii mpormecy
CHUHTE3y CHJIbHO BIUTUBAIOTH HAa KOEQIIeHT (iabTpallii, B SKOTO 3aJIEKHUTh 4ac
npoiiecy ¢iabTparii Ta BIAMHUBKA YaCTHHOK Bijx HeOaxkanux ioHiB Na'. Ilpu
0JTHOYACHOMY OcajpKeHHi TigpokcuaiB Fe ta Al koedimienT dinpTparii 3pic BTpudi
y TOPIBHSHHI 3 BHIAJIKOM OJIHOYACHOTO OCAJKEHHsS BCiX MeTajiB. BinMuBaHHS
YAaCTUHOK ITPOBOJMIIOCH JIJII YCYHEHHsI HOHIB HATPilO0 B MPOAYKTI, OCKUIBKA BOHH
301IBIIYIOTh BTPaTH HA BHCOKHMX YacToTax. YaCTHHKU, OTpUMaHI B YETBEPTOMY
CHUHTE31, HE MICTATh HOHIB HATPIIO, OJHAK MPU BUKOPHUCTAHHI aMiaKy B SIKOCTI
0CaJ)KyBaua MOXJIMBE YaCTKOBE PO3UMHEHHS OCaiy, MOPYUIYETHCS CTEXIOMETpis
NPOAYKTY. Tako 3HMKYEThCA KOeDIIEHT (IbTpaIllii.

Ha ocHOBI CHHTE30BaHMX YaCTMHOK OTpUMaHa epuToBa Kepamika. 3aBIsIKu
BJIACTUBOCTSIM CHHTE30BAHMX YACTHHOK (EPHUTIB CTAJ0 MOKIWUBUM CITIKAHHS
kepamiku 3a Temnepatypu 1350-1400°C, mo na 100-150 °C Huxue Bij Temiieparyp,
AKl, SIK TPaBWJIO, BHUKOPUCTOBYIOTH NpPH CIIKaHHI (PEpUTOBOI Kepamiku 13
CTPYKTypolo TpaHary. Lle m03Boisie 3HU3UTH BUMOTH (BKJIIOYAIOUYH IIIHY) O
HEO0OX1THOTO 00IaHaHHS JUIs CIiKaHHs. Bei cCMHTE30BaH1 KepaMiuHi 3pa3ki MarOTh
BUCOKY TYCTHHY, CXOXl1 €JeKTpo(i3MuHI MMapaMeTpu, OJHAK 3a IIUPHHOIO
dbepomarniTHoro peszoHancy (OMP) HaiikpanuMu € 3pa3kd, BHUTOTOBJIEHI 3
YaCTUHOK, OTPUMAHMX CHUHTE30M 3a METOJUKOI0 3 Ta 4. 3rigHo 3 pe3yibTaTaMH
JOCTIKEHb Ha CKaHYIOUOMY €JIEKTPOHHOMY MIKPOCKOI HAaWOIbII PIBHOMIPHMIA
pPO3IOJIINT aTOMIB METajiB BUSIBUBCS JJI1 KEepaMiKd BHUTOTOBJIEHOI 3 YaCTHHOK,

OTPUMAHUX CHUHTE30M 3a MeToaukoro 3. [Ipu 1poMy JOCHIIKEHHS MarHITHHX



BJIACTMBOCTEH CB11YaTh, 110 HAMAarHIY€HICTh Ta KOSPLUUTUBHA CHUJIa I YCIX 3pa3KiB
KepaMiKd Majio BIJPI3HAETHCA, HE3BAXKAIOUM Ha PIZHUINI0O B HAMarHi4eHOCTI
yacTUHOK. /laHa 1H(popMallist CBITYUTD, IO CTPYKTYypa rpaHaTy mpu TepMooOpoOii,
ckopimie GpopMyeTbCs MPU BUKOPUCTaHI YACTHHOK CHHTE30BAaHUX 32 METOJUKOIO
Ne3.

MeTtonom TBepaodazHOro CUHTE3y CHHTe30BaHO KepaMiky BaTisOq—ZnO.
[losicnena mpupoja 301TIbIICHHS TEMIIEPaTypHOi CTaOiIbHOCTI W JOOPOTHOCTI Y
Oaratoda3zHuX cucTeMax Ha OCHOBI TeTpaTtuTaHaTy Oapito. [Ipu cuHTe31 B cucTeMi
BaTis09—ZnO ytBoproerbes nBi ¢daszu: BaTisOg1 BaZn,Ti4011, 32 paxyHOK pi3HMII
3HaKy TEeMIIepaTypHOro KOe(IilI€HTY IIENeKTPUYHOI MPOHUKHOCTI BiIOyBa€eThCA
00’eMHa TepMOKOMIIEHCaIllsl KOe(IIEHTY MJieIeKTPUYHOI MPOHUKHOCTI 1, SK
HACNIJIOK, TeMIlepaTypHa cTadumi3alis AieeKTPUYHOI NPOHUKHOCTI. Takox
nojgatkoBa ¢asza BaZn,Ti4O1; Mae Oi1bIll BUCOKY JOOPOTHICTh, HI’K OCHOBHA, Yepe3
10 MiABUILYETHCS JOOPOTHICTH BCIE€T CUCTEMU B LIJIOMY.

MeTonoM OcCaJKeHHS 3 BOJAHMX PO3YUHIB OyJIO CHHTE30BaHO (EepUTH 3i
ctpykrypoto mminem Nij«ZnyFe,O4 x = 0; 0,25; 0,5; 0,75; 0,8; 0,85; 0,9; 0,95; 1.
JlochikeHHsl MOKa3any, 1110 HAaWBUILY HaMarHi4eHICTh MalOTh YaCTUHKU (QepuTy
ckiany NigsZngsFe;0s. 3 BUKOpUCTaHHAM CHHTE30BaHUX YAaCTHHOK (DEpPUTIB 31
CTpyKTyporo tmmiHeni NigsZNgsFe;04 Oyno BUTOTOBJIEHO MarHiTOKEpPOBaHI
KOMITO3HUIIIAHI pe3oHaTopu y BHIVISII pe3oHaTtopa Ha ocHOBI BaTi,Og—Zn0O
pe3oHaTOpa 3 HAHECEHOK Ha TOpEIlh IJTIBKOI0, SIKa CKJIaJaiach i3 HAHOPO3MIpHUX
gacTUHOK (¢epury Ta ¢oTononaimMepy. I[LTiBKM mMomiMepu3yBaiucCh IiJ JI€I0
ynbTpadionerosoro (Y®P) csitia. [IpoBoamiack onTumizallis TOBIIMHA MarHiTHUX
IiBoK. Bmepmie  gocmipkeHo  eneKTpodi3uyHi  BIACTUBOCTI  OTPUMAHMX
KOMITO3UINIMHNX eeMeHTiB. [lokazaHo, mo momiOHI CTPYKTYpH BiJI3HAYAOTHCS
MOJKJIMBICTIO KEpyBaHHS PE30HAHCHOIO YaCTOTOK0 BHACIIIOK BILTUBY 30BHIIITHBOTO
MOCTIHHOTO MarHiTHOro moJist (dbepoMarHiTHUM pPE30HAHC) MpU 30epeKeHHI
JIOCTaTHRO BHUCOKOTO 3HAYEHHS JOOPOTHOCTI KOMIO3MIIIITHOIO pPE30HAHCHOTO
eJIeMEeHTy. 3MileHHs ckiaaae nopsaky 71 MI'm Ha gacroti 6iu3bko 11 ' nmpu

3MiH1 HaIllpy»eHOCTI MarHiTHoro noss B Aiamazoni H = 0-3500 E. JloO6poTHicTh



PE30HAHCHOTO €JIEMEHTY 3 MArHITHOIO IUTIBKOIO 3HHU3WJIAch Y MOPIBHSAHHI 3
pe3onaropoM 6e3 marHiTHOI mwiiBkH Big 6100 1o 1700 na yactoTi nopsaxky 12,77
ITm.

JlochmipkeHHsT TMOKa3ajd, IO OTPUMaHi KOMITO3UIINHHI pPEe30HATOpH €
HEB3aEMHUMH €JIEMEHTaMH. bylio 3A1CHEHO MOJIENIOBaHHS BUMIPIOBAIBHOI
KOMIPKHU Ta KOMITO3UIIIHHOTO pe3oHaTopa 3a gqornomoror Ansys HFSS. Busznaueno,
IO MPU ONTHUMAJIbHOMY ii pPO3MIIIEHH] y BHUMIpIOBAJbHIA KoMmipui (y TOYIIl
MaKCUMYMY MartiTHOTO IOJIsI) MOXKJIMBE JOCSTHEHHS MPsMUX BTpat nopsaaky 0,2-
0,8 nb, mpu 1bOMYy HEB3a€EMHICTH CIEKTPY Mepenadi eHeprii Ha yacrotax OMP
mumiaetbest Benmukow (Bim 34 nb). Ilokazano, 1mo HeMarHiTHUN JiEIEKTPUYHUN
pPE30HATOp KOHIIEHTPYE €HEPrito B 00’ €M1 MarHiTHO1 IJIIBKU, BHACIIIOK YOT0 Maja
3a 00’eMoM ¢epHuTOBa MUTIBKA MOYMHAE B Pa3u CUJILHIIIE BIUTUBATH HA BJIIACTUBOCTI
CHUCTEMH, B SIKii 3HAXOIUTHCS KOMIO3ULIIMHUN pe30HAHCHUH eJIeMeHT. ToMy MOXHa
TOBOPUTH MPO CUHEPTETUUHUMN e(DEKT, SIKUH MpPOsBISETHCS MPU POOOTI CKIAA0BHUX
KOMIO3UIIITHOTO PE30HAHCHOTO €JIEMEHTA.

VY TopiBHAHHI 3 IHIIMMH HEB3a€EMHI €JIEMEHTaMH OTPUMaHI PE30HATOPH
MalTh Taki TepeBard SK MPOCTOTAa BHUTOTOBJICHHS, IIMUPOKI MOKIUBOCTI

MIHIATIOpH3alli Ta CYMICHICTb 3 IJIAHAPHOIO TEXHOJOTIEIO.

Kiio4uoBi cj10Ba: oca/pkeHHsI 3 BOJHUX PO3YMHIB, CTPYKTypa TpaHaTy, HiKellb-
IUHKOBI  ()epUTH, KOMIIO3UIIINHI €JIEMEHTH, HEB3a€EMHICTh BJIACTHUBOCTEM,

dhepomarHiTHuM pe3oHaHc, TexHika HBY.
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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 Ys;AlFe,O1, four approaches were used, this
approaches were related to the order of deposition of the corresponding metals
hydroxides. During the first synthesis, the simultaneous precipitation of Fe, Al, Y
hydroxides at a certain pH was carried out, as a precipitate was used sodium
hydroxide solution. The pH in the reactor was kept constant but was individually
selected and varied for each deposited metal at each deposition stage during all four
syntheses. During the second synthesis iron hydroxide was precipitated at the first
stage, aluminum and yttrium hydroxides were precipitated after. The third synthesis
was carried out under the condition of simultaneous precipitation of Fe and Al
hydroxides, then Y hydroxide was precipitated. The fourth synthesis was carried out
similarly to the third, but the solution of ammonia was used as a precipitator.
Comparative studies of the properties of synthesized ferrite nanoparticles with the
structure of the garnet Y3AIFe,O1, 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 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.
The particles obtained in the fourth synthesis do not contain sodium ions, however,
when using ammonia as a precipitator, partial dissolution of the precipitate is
possible, the stoichiometry of the product is broken. The filter coefficient is also
reduced.

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 1350-1400°C, that is 100-150°C 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 including a cost of 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 approach 3 and 4. According to the
results of the scanning electron microscope, 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 Ne3 were used.

The BaTisO9—ZnO ceramics were synthesized by the solid-phase synthesis
method. The nature of the increase in temperature stability and Q-factor in
multiphase systems based on barium tetratitanate is explained. When synthesizing
in the BaTi;Og—Zn0O system two phases forms: BaTi,O9 and BaZn,Ti,O1;. Due to
the difference in the signs of the temperature coefficients of dielectric constant for
this two phases the volumetric thermal compensation of the dielectric constant
appears and, as a consequence, the thermal stability improves. The additional phase
BaZn,Ti401; also has a higher Q-factor than the main phase, which increases a Q-

factor of the whole system.



Ferrites with the spinel structure Ni;xZnsFe,O4, 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
NigsZnosFe,O4. Using synthesized ferrite particles with a spinel structure
NiosZnosFe,O4 magnetically tuned composite resonators were fabricated in the form
of a BaTi,Oq-Zn0O-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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