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Kenesoconep:kalye OKCUIBI SIBISIIOTCS BaXKHEHIITNM KlaccoM (DYHKIIMOHAIBHBIX MAaTEPUAIOB Y HAXOIST
camoe pazHoobOpa3zHoe puMeHeHre. OJHUM U3 EPCIIEKTUBHBIX SIBJISIETCS] UCITOJIb30BaHUE UX B OMOMEe M -
LIMHCKUX TEXHOJIOTHSIX B KaUeCTBE KOMITIOHEHTOB CUCTEM BU3YJIM3allUM, TOCTaBKY JIEKApCTB, MATHUTHOM
runeprepMuu u T.4. [IpencraBaeHbl pe3ybTaThl 9KCIIEPUMEHTAIBHOTO UCCIeN0BaHUSI HAHOKPUCTAJLTNYE -
ckux yacTull rpaHaTta Y;Fe;0,,, MOJIy4eHHBIX METOAOM DIMIMH-HUTPATHOTO TOPEHUS C MOCIeAyIoIIei
TepMUuuecKoit 06padoTkoii. [IpuBoasITCSA pe3yabTaThl UCCIEAOBAHUS IBOJIOLIMY KPUCTAJUTUYECKOMN 1 Mar-
HUTHOM CTPYKTYpbl HaHOUacTul Y3FesO, B 3aBUCMMOCTM OT TeMmneparypbl cuHTe3a. KoMiiekcHoe uc-
clieJoBaHUE TPOBOIWIOCH METOJIaMU PEHTTEHOBCKOM NU(PaKTOMETPpUM, CKAaHUPYIOIIE 3JeKTPOHHOM
MMKPOCKOTIMM U MeccOayIpOBCKOI CIIEKTPOCKOTIUM. BhIsIBIeHAa B3aMMOCBS3b pa3Mepa HaHOYACTHII
Y;Fes04, 1 coBeplleHCTBA X KPUCTAUIMYECKOI CTPYKTYPBI C HaOII01aeMbIMA MAaTHUTHBIMU XapaKTepH-

CTUKaMM.
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BBEAEHWE

Depput urrpus Y;FesO,, co cTpyKTypoii rpaHata
(YIG) xopolo n3BecTeH KaK BeCbMa IIPpUBJIeKATEIb-
HbIIA MaTepuas JUisl MPaKTUYECKOro MPUMEHEHUS B
CBUY-TexHuke, dazoBpalaTessix, CIIUHTPOHUKE U
ap. [1—6]. Bo3MOXHOCTh MPaKTUYECKOIO MpUMEHe-
HUsI (PeppuUT-TpaHATOB OOYCJIOBIIEHA PSIoM 3(ddeKk-
TOB, TIPOSIBJISTIOIIUXCS B MATHUTHBIX, 3JIEKTPUYECKUX,
OTNTUYECKUX, DJIEKTPOMATHUTHBIX U MarHUTOOIITUYE-
CKMX cBoMcTBaX. MHTEpECHBIM U MPAKTUYECKU BaXK-
HbIM 3¢ dekToM B Maibix yactuuax YIG sBisercs
MarHUTOTEpMUYECKUl 3 bhEKT, 00yCI0BIMBAOIINI
BO3MOXHOCTb UX NMPUMEHEHUS B OMOMEIMIIMHCKUX
TexHoJorusix [9—12]. OcobeHHOCTU (PYHKIIMOHAb-
HOTO TTOBEJAEeHUSI MaJIbIX YacTUll (hepPUTOB-TPAHATOB
TaKXe HCIOJb3YIOT B IOJUMEPHBIX KOMITO3UTHBIX
Matepuanax [6, 14].

ComtacHO KpucTaiorpapuyecKuM IpeacraBiie-

HusiM [15] YIG otHOcuTCs K 1ip. Tp. la3d. B xy6uue-
CKoOIi amemeHTapHoOM s4eiike YIG BoceMb (DOpMYyiIb-
HBIX €AMHULL. ATOMBI TPEXBAJIEHTHOTO KeJie3a 3aHU-

MaloT mo3unu 24d n 16a. OHU OKPYKEHBI aTOMaMU
kuciopona (964) ¢ rerpasapudeckoit (d-1o3uLn) u
OKTadpUYECKO (a-To3uLun) cTpykTypoil. CTpyk-
Typa YIG umeet Tpu THUIIa KUCJIOPOIHBIX OJIUIAPOB:
terpasapsl [FeO,] u okrasapsl [FeOg4] nonepemeHHO
COCIUHSIIOTCSI OOIIMMU YTJIaMU U UMEIOT 001Iue ped-
pa ¢ ponmekasnpamu [YOg], oOpasysi TpexMepHbIi
kapkac. Katmonsl kene3a(lll) oOblYHO 3aHMMAIOT
TeTpadApUUeCKHe U OKTa3IpUIECKue MO3ULIMUA B CO-
oTHoueHuu 3:2. HecoBepllleHCTBA U UICKaXKEeHUSI pe-
1IETKW, Hampumep nedUIIUT aHUOHOB KMCIOpOJa
WJIM KaTUOHOB METAJIJIOB, MOTYT IPUBOAUTbH K ITOHU -
KEHUIO CUMMETPUU BJIEMEHTApHOM SIYeiiKU OT KyOu-
YecKoil o0 pombosmpudeckoit. deppuMarHeTU3M
YIG Bo3HMKaeT n3-3a aHTU(EPPOMATHUTHOM CBSI3U
MEXIy IBYMSI MAarHUTHBIMU MOApPEIIeTKaMu KaTuo-
HoB Fe’", pacrnonoxXeHHbIMU B TETPA3APUYECKUX U
OKTasapuyeckux rno3uuusx. CujibHOe CyrepoOMeH-
HO€ a—d-B3auMOJIEMCTBME MPUBOJUT K aHTUIIApa-
JIeJIbHO1 HaMarHMYeHHOCTU TonpeleTok M, u M,.
OnHako MarHUTHEIE cBolicTBa YIG o4YeHb UyBCTBU-
TeJIbHbl K U3MEHEHUSM JIOKAJTbHOIO MAarHUTHOTO U
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CTPYKTYPHOTIO OKpPYKEeHM y3710B peieTku [16]. Pac-
npeaejieHue KaTUOHOB MOXET ObITh OCHOBHOIM TP~
YMHOM M3MEHEHUSI HAMarHUYEHHOCTU HACHIIICHUS
YIG HemocpencTBeHHO 3a cyeT deppuMarHeTu3Ma
CUCTEMBbI WJIM ONOCPEIOBAaHHO Yepe3 OOMEHHOE B3a-
MMOJICMCTBYE. YMEHBIIIeHUe pa3MepoB dyactul YIG
TIPUBOINT K TOSIBICHUIO pa3MepHBIX 3¢ dekToB [17,
18]. Kputuueckuii pasmep yactull YIG, HIKe KOTO-
pOTO IPOSIBIISIIOTCS pa3MepHbIe 3(PEKTHI, COCTABIIS -
eT ~190 HMm.

B [19—21] noka3aHO, 4TO CUHTE3 XMMUYECKU U
dazoBo-uncThIX 00pa3noB YIG saBiseTcs TOBOJBHO
CJIOXHOI 3a1ayeii. DTOT Mpollecc 3aBUCUT OT MeToa
W YCJIOBUII MpPOBEIEHUS CUHTE3a, B YaCTHOCTU OT
Temriepatypel. Yacto Habmomaemoe (a3oBoe pac-
cJIoeHUe TIPU CUHTE3€ U 00pa3oBaHUE Jaxxe HEOOb-
IIOro KojudecTtBa IpuMeceit okcuaa xkenesa(lll)
o-Fe,O; unu oprodpeppura urrpus YFeO; npuBonst
K BO3HMKHOBEHMIO HECTEXOMETPUU 1IeJIEBOM (ha3bl
Y1G niau oOpa3oBaHMIO €€ CMEIIaHHO-BaJICHTHBIX U
MeTacTaOMIBHBIX cocTosTHUM [22, 23]. B pesynbraTe
CHHTe3a HaOJogaeTcss oOpa3oBaHUE MPOMYKTOB C
IIMPOKOM BapMAaTUBHOCTBIO KaK 10 COCTaBYy YACTHII,
TaK ¥ II0 UX pa3MepaM, YTO OXMAAeMO MPUBOIUT K
CYILLIECTBEHHOMY M3MEHEHMWIO MarHUTHBIX CBOMCTB.
B nmpakTnyeckux IIpUIOXEeHUSIX OOpa3oBaHUE Ie-
(eKTOB CTPYKTYpPHI U (pa30BOif HEOTHOPOTHOCTH MO-
JKET CYIIECTBEHHO MOBJIMSTh Ha (DYHKIIMOHATbHbIE
xapaktepuctuku Y1G. JlepbekToo6pasoBanue B YIG
TaK:Ke MCITONB3YIOT IS HAIIPaBJISHHOIO U3MEHEHUS
¢GyHKIMOHAIBHBIX CBOICTB. Hampumep, ycuieHue
BIMSIHUS Oe(PeKTOB Ha moBeAeHUe YIG B MarHUTHOM
MoJIe peaau3yeTcsl HaIllpaBJICHHBIM 3aMeIeHUEM 10
MO3ULINN PENKO3EMETBHOTO 3JIEMEHTa U CO3JaHUEM
nedopMany peleTKy, IPUBOISIIE K U3MEHEHUIO
MarHUTOKPUCTAIUTMYECKOM aHn3oTporuu [24, 25].

Cnoco6 u ycnoBus noiryaeHus YIG ompenensor
CTPYKTYpPY, MOP(GOJIOTHUIO, pa3Mepbl I OMTHOPOAHOCTh
pacnpenesaeHus Mo pa3Mepam Jyactulil. B HacTosiee
BpeMsI MaJible YacTULIbI YIG moy4yaroT pa3sHbBIMU Me-
TOJAMU: COOCAXAEHUEM, TUAPOTEPMATbHBIM CUHTE-
30M, 30JIb-T€JIb-CUHTE30M, UMITYJIbCHBIM JIa3€PHBIM
ocaxaeHueM U T.1. OTHUM U3 METOIOB MOJYYCHUS
yactull YIG ¢ MUHUMAaJIbHBIM KOJIUYECTBOM MPUME-
ceit npyrux ¢as sIBAsIeTC METOJ paCTBOPHOTO rope-
HUS, B YACTHOCTY NIMLIMH-HUTPATHBII CUHTE3, T103-
BOJISTIOLLIMIA TIPELIM3MOHHO PETYJIMPOBATh COOTHOIIIE-
HUE pearecHTOB W J00MBaThCS WX TOMOTEHHOTO
pacrnpeneaeHUs B peakKIIMOHHOM pacTBope. MeTon
OCHOBAH Ha CaMOITOAACPKUBAIOIIEMCS TIPOTEKAHUM
9K30TEPMUYECKOMN peaklIMy B PEXXKMUME TOPEHUS MEX-
Iy OKUCIUTENIEM (HUTPAT-UOHAMM ) U BOCCTAHOBUTE -
JieM (OpraHM4YecKrM TOIJIMBOM, HAmpuMmep TJIULIM-
HoM). BbIOOp moaxoasiiero opraHu4eckKoro ToruiMBa
ABJISIETCSI KPUTUUECKUM TTapaMeTpoM [26], TTOCKOJTb-
Ky OHO OTBeYaeT 3a KUHETUYSCKUE U TeTiopusnde-
CKue mapaMeTpbl MpOTeKaHUs Mpoliecca, YTO AaeT
BO3MOXHOCTb KOHTPOJIUPOBATh CTPYKTYPHBIE Y MOP-
doormyeckre XapakTepUCTUKM NPOAYyKTa. YcCTa-

KHNCEJIEBA u np.

HOBJIEHO, YTO HauboJiee YUCThIE N0 XUMUUECKOMY
1 ha3zoBoMy cocTaBy HaHo4YacTUIlbl YIG ¢ KOHTpoO-
JIUPYEMBIM pa3MEPOM MOTYT OBITh CUHTE3UPOBAHBI
METOIOM PACTBOPHOTO FOPEHUSI C UCTIOJIb30BAHU -
€M B Ka4Y€CTBC€ OpPraHMYECCKOIO TOIJIMBa IJIMOMHA
(C,H5NO,).

DKCIIEpUMEHTAJIbHOE MCCIEAOBAaHUE pealbHBIX
HaHodacTul YIG co cl1oXHOI MarHUTHOM CTPYKTY-
poii 1 OOMEHHBIMM B3aUMOACUCTBUSIMU BechbMa (-
(EeKTUBHO MpPHU HMCIIOJIb30BAHUM METOIOB, UyBCTBU-
TEJbHBIX K JIOKaJbHOMY OKPYKEHUIO aTOMOB, KpU-
CTAJUIUYECKOM, JIIEKTPOHHOM U CIIMHOBOM CTPYKTYpE,
pasmepHbIM d(dekTam. S Fe MeccbayapoBcKas Y-pe-
30HAHCHAsI CIIEKTPOCKOITHMSI B COYETaHUM C IIOPOIIKO-
BOM peHTreHogudpakimeili 00ecrIeYnBaOT CaMOCO-
[JTACOBAaHHBIC KPUCTANIMYECKUE, DIIEKTPOHHbIE U
MarHUTHBIC JaHHbBIC, CIIOCOOCTBYIOIIYE BHISIBICHUIO
0CcOoOeHHOCTe PYHKIIMOHAJIFHOTO OBEICHMS HAHO -
yactull YIG B 3aBUCHUMOCTU OT COBEpIIESHCTBA MX
KPUCTAJUIMYECKON CTPYKTYphl M XapaKTEepUCTUYEC-
CKHX pa3MepOB.

IMpemwtaraemast paboTa TMOCBSIIEHA U3YYEHUIO
SBOJIIOIINU KPUCTATDITMYECKOM W MAarHUTHOU CTPYK-
Typbl HaHOKpUCTAIMYecKuX yactull YIG, cuHTe3un-
POBaHHBIX METOAOM TJIUIIMH-HUTPATHOTO TOPEHUSI C
MOCJICYIONIei T TepMUIECKO 00pabOTKOM IIpU pas3-
JIMYHBIX TEMIIEpATypax.

MATEPHAJIBI U METObI

Cunmes obpaszyos. cxomHbIMU peareHTaMm CIIy-
XKUY rekcaruapaT Hutpara uttpus Y(NO;); - 6H,0
(99.0%), Honarunpat Hutpata xenesa(l1l) Fe(NO;); -
-9H,0 (98.0%) v rmuuH C,HsNO, (99.5%). Ucxon-
HBIE peareHThl PacTBOPSIN B ITUCTHIINPOBAHHOMN
BOJIe TIpU TepeMeluBaHuU. [1oydeHHBI pacTBOp
HarpeBajd OO KUIICHHS, YTO COIPOBOXIAIOCH aK-
TUBHBIM MCITapeHueM Bopnbl. [locne ymameHUsS oc-
HOBHOI YaCTU pacTBOPUTEJISI OCTaBAJICS rejieoopas-
HBII MIPOIYKT, KOTOPBIN 3aTeM CaMOBOCILIAMEHSIIICS
1 CTopajl ¢ 06pa3oBaHUEM IEHOOOPA3HOTO BHICOKO-
MOPUCTOro IIOpollIKa Oyporo nBera. XUMHUYECKOE
ypaBHEHHUE peaKIiM, IIPOTEeKAaIOIIeil TIPH 3TOM IIPO-
1ecce, UMeeT BUIT

9Y(NO,), + 15Fe(NO,), + 40C,H,NO, =
= 3Y,Fe.0,, + 80CO, + 100H,0 + 56N,.

ITpu 3TOM KOJIMYECTBO MIMIIMHA, UCTIOIb3YyEMOE JJIs
MIPOBEACHUSI CUHTE3a, OBbLIIO B3SITO B M30BITKE B COOT-
BETCTBMM C DIULUUH-HUTPATHBIM COOTHOIIEHUEM
(G/N), paBubiM 2.0. 3aTeM 00pa3nbl U3METbYAIN U
MMpoKaJMBaJIU Ha BO3ayxe Npu Temneparypax oT 800
no 1200°C ¢ marom 100°C. ITomydyeHHBIE 0Opa3libl
ob6o3HavyeHbl coorBeTcTBeHHO YIG 800, YIG 900,
YIG 1000, YIG 1100, YIG 1200.

Memoobt uccredosanus. MopdoloTuio moTydeH-
HBIX OOpAa3MOB MCCICTOBAIM METOIOM CKaHUPYIO-

1)
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Puc. 1. COM-uszo6paxenus yactuil YIG, cunresupoBanHbix ipu 800 (a, 6), 900 (B, r), 1000 (m, e), 1100 (k, 3) u 1200°C (u, ).

et anekTpoHHOo Mukpockonuu (COM) Ha cKaHU-
pyIoIIeM 3JIEKTpOHHOM MUKpocKolie Tescan Vega 3.

PeHnTreHoBckyo AudpakTOMETPUIO TPOBOIUIN
Ha nudpakTomerpe Panalytical Empyrean ¢ MemHbIM
anonoM (A= 1.54 A, pexxumbl paGotsl [ = 40 MA, U=
= 40 kB). IudppakrorpaMmbl 06pa310B peTUCTPUPO-
Bann B TeoMmeTpun bparra—bpeHTtano ¢ marom
0.026° B nmanazoHe yriioB 5°—120° ¢ Mconb30BaHU-
eM Ni-dmirsTpa Ha TudparupoBaHHOM ITyYKE U IBYX-
KoopauHaTHoro aetektopa Pixel3D. ®da3oBblil co-
CTaB OIIpEeae/sIu ¢ ToMollbio TporpamMMmbl High-
Score Plus (PANAlytical) 1 6a3bl JaHHBIX CTPYKTYp
ICSD. YToyHeHue CTPYKTYPHBIX MapaMeTpoOB Ipo-
BoAMAU MeTonmoMm Putenbma. PacrnipeneneHue va-
CTUII TIO pa3MepaM HaxOAWJIM MyTeM aHajin3a Mpo-
¢buis TMHUM U Ioc/IenyIoleil 00padoTKOM IMOTyYeH-
HOTO paclpeieseHusl ¢ TTOMOIIbIO JJOTHOPMaTbHOM

GYHKIINN.

MeccbayapoBcKkHe CIIEKTPHI TTOJIyJaan Ha MecC-
6ayspoBckoM criekrpomeTpe MS1104Em, paGoraio-
1LIEM B PEXXUME MOCTOSIHHBIX YCKOPEHUI C TPEYTroJib-
HOI (OpMOIi MOIUIEPOBCKOII CKOPOCTU IBMKEHMUS
WCTOYHUKA OTHOCUTEIbHO TomtoTtutesisi. CheKTpbl
pPETUCTPUPOBATIA B T€OMETPUM TIPOITYCKAHUS C HC-
nonb3oBaHnueM usorona >’Co(Rh) B kauecTBe ncTou-
HUKa Y-usnydyeHusi. COeKTpoOMeTp KaTuOpoBaiu IO
o-Fe. O6paboTKy CIIEKTPOB OCYILIECTBIISIJIM C TTOMO-
b0 ImporpamMmel SpectrRelax [27].

MarsuTtHbIe CBOMCTBA M3MEPSITA HA MAaTHETOMET -
pe VSM7407 LakeShore B miosisax no 1.6 T. Maruur-
HBIII MOMEHT M HOpMHpOBaJIX Ha Maccy o0pa3lioB,
HaMarHM4YeHHOCTb HACBIIIECHUST OIpenelisiiu obopa-
0OTKOIT mTaHHBIX IpU OoJbIMX MOsIX M(H)-KpuBoii.

KPUCTAJIJIOTPA®U A
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BOKCITEPUMEHTAJIBHBIE PE3VIJIBTATbBI

I[To nanapiIM COM cuHTE3MpOBaHHBIE MPU pas3-
HBIX Temreparypax yactulibl YIG uMenu 61u3Kyto K
U30METPUYECKON MOPMDOJIIOTHUIO U Pa3IUIHOE pac-
npenenaeHue mo pasmepam (puc. 1). AHanu3 nzoodpa-
JKEeHMI ToKasal u3MeHeHrne Mopdoaoruu oopasion
OT BBICOKOIIOPUCTBIX arjioMepaToB HaHOYACTHUIL
(puc. la—1r) K MeHee MOPUCTBIM arperaTaMm 4acTHIL
cyOMUKpOHHOro pasmepa (puc. 1ag—1x). OCHOBHOIL
dazoii Bo Bcex obpasiiax Mo JaHHBIM PEHTTEHOIU-
¢dpakimoHHOTO aHanm3a (puc. 2a) ObLT KyOM4eCcKui

UTTpuii-Kene3nctoiii rpanar Y;FesO,, ¢ nip. rp. Ja3d.
W3 Bceit cepun 06pasiioB Toibko YIG 900 cogepxkan
pu3HaKku (a3oBoil HEOMHOPOMHOCTA — Cllabblie pe-
dnekcwl rematuta o-Fe,0; noMuMo 0ocCHOBHOI (ha3bl
rpaHarta. [lossBneHue 310l mpruMecHu B 00pas3iax Mo-
KEeT ObITh CBSI3aHO C HApYILIEHUEM pexXuMa TepMuye-
CKOM 00pabOTKM MPU CUHTE3E.

PaccuuranHas mocTosTHHAsI peleTK MOHOTOHHO
YMEHbIIIAJIACh C TEeMIIEPaTypoil oTXura ot a = 12.385 =
+0.002 A (YIG 800) no a = 12.375 £+ 0.002 A
(YIG 1200) (puc. 2B). CJIG,[[OBaTeJIbHO, KpUCTaJIIIN-
geckas cTpykTypa YIG ¢ pocToM TemItepaTypbl CHH-
Te3a cTaHOBMWJach OoJiee mioTHoi. [Ipu 3ToM B 00-
pasiiax HabJonaNCh JJOTHOPMAaIbHOE pacrpenelie-
HHe KpuctauToB YIG mo pasmepam (puc. 20) u
YMEHbIIIEHUE BEJIWYMHbI MUKPOHAIPSIKEHU B pe-
mietke (puc. 21). MakcCuMyMy JIOTHOPMaJIBLHOTO pac-
TpenesieHus] KPUCTAUIUTOB II0 pa3Mepy COOTBET-
cTBOBajio 3HaueHue D,,,,, paBHoe 35, 50, 83, 137 u
187 uMm nist o6paszuoB YIG 800—YIG 1200 cooTBeT-
ctBeHHO (puc. 2r). Camoe y3Koe paclipeaeeHne ya-
CTUII TIO pa3MepaM HabJloaloCch y o6pasiia, CUHTe-
supoBaHHoro 1pu 800°C (YIG 800). B o6pasuax, mo-
JIyYeHHBIX IIpH 00Jiee BEICOKUX TemmepaTypax (1100 u
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KHNCEJIEBA u np.
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Pasmep yactuil, HM

Temneparypa, °C

Puc. 2. PentreHorpamMMbl 00pas3iioB (a) 1 pactpeesieHre KpUCTALUTUTOB Mo pa3Mepam (0), TeMIepaTypHble 3aBUCUMOCTH Ta-
paMeTpa peleTKH a (B), pasMepa KpUCTALTUTOB D ., (T), MUKPOHATPSDKEHUI B pelleTKe 1 (1).

1200°C), mpucyTCTBOBAIM KPUCTAJIUTHI pa3MepoM
BIUIOTH 10 500 HM.

IMIpoduns Mmeccbay3pOBCKMX CIIEKTPOB, U3MEPEH-
HBIX IIpY KOMHATHOI TeMriepatype (puc. 3), TUTIMYEH
JUIST UTTPUI-XKEJIE3UCTOTO IrpaHaTa, HO MMEET OCO-
OEHHOCTU, CBSI3aHHBIE KaK C KPUCTAJUIMYECKOU U
MAarHUTHOM CTPYKTYpPOM, TaK U C pa3MepaMu CUHTE-
3MPOBAHHBIX 4YacTuL. MopaenbHyI0 paciui@poBKY
CIIEKTPOB IIPOBOMWIM HAa OCHOBAaHMUU W3BECTHOTO
dakra, uto peppumarHeT3M B YIG B oO11eM ciryyae
OOBSICHSIETCS CYIIeCTBOBAaHUEM JIBYX HEOKBUBAJICHT -
HBIX MAarHUTHBIX IIOAPEIIETOK, B KOTOPBHIX KATHUOHBI
KeJjie3a HaXoIsITCsl B okTasapuueckux (16) u terpa-
sapudecKux (24) oKpyXeHUsIX aHUOHOB KHMCJIOPOAa.
Meccbay3poBCKUii CIEKTP MOHOKPHUCTAJUIMYECKOTO
YIG pomkeH cogep>kaTh IMapuralbHbIC CIIEKTPhI, CO-
OTBETCTBYIOILIME HECKOJIBKNM OKTa3apudyecKuM (0-)
U TEeTpasapUIEeCKuM (7-) CTPYKTYPHBIM MO3ULIMSIM
Fe3* B kucinoponHoM okpyxeHuu. Koiamuectso nap-
LUaJIbHBIX CHEKTPOB MJISI KaXXIOro M3 OKPYKEHMIA
oIpeaessieTcs: 3aCeJEHHOCTBIO 3TUX MO3UIINI U 0CO-
OeHHOCTIMU (POPMHUPOBAHUS CBEPXTOHKOIO B3al-
moneiicteus. U3BectHo [28], uTo B YIG HabmonaeTcs

KOMOWHHUPOBAHHOE CBEPXTOHKOE B3aUMOICHCTBHE C
GOJIBIION BEIMYMHONM KOHCTAHTHI KBAIpYIHOJIbLHOTO
B3aMMOJECUCTBUS KaK IJIsI OKTa3ApUYECKOTO OKpPY-
xeHus Fe’t (e?gQ = —1.8), Tak u 1j1g TeTpasgpuye-
ckoro (e’qQ = —2.18). D10, O-BUAUMOMY, TPUBOIUT
K HEOOXOOUMOCTHU IIPUBJIEUEHUSI MOJAEIU IIOJTHOTO
raMUJIbTOHMAHA CBEPXTOHKMX B3aUMOICUCTBUMN IS
OIMMCcaHug MeccOay3IpOBCKOIoO CIEKTpPA.

IIpu mopenwvHO# pacmudpoBKe HA OCHOBAHUU
CTPYKTYPHBIX JaHHBIX MPEANOIarajiu, YTO B Pe3yiib-
TaTe CMHTEe3a 00pa3yeTcd da3a rpaHaTa C HEKOTOPbI-
MU UCKAXECHUSIMU KPUCTATIMYECKOW W MATHUTHOU
CTPYKTYPBI, YTO MOXET OOBSICHUTH HaOII0IaeMoe
KOJIMYECTBO Y YIIMPEHUE MapUUAIBHBIX CIIEKTPOB,
X TTapaMeTpbl U B3aUMOCB$3b. VICKaXKeHUs B CTPYK-
Type MOBOPAYUBAIOT TJIaBHYIO OCh TEH30pa TpaaueH-
Ta 3JIEKTPUYECKOTO TIOJISI OTHOCUTENIbHO HarpasJlie-
Hust [111]. TTpuumHOil Takoil nedopMalii MOXKET
ObITh Je(UILIMT MOHOB KUCIOpPOAAa WJIM METAJJIOB,
MPUBOISIINI K U3MEHEHUSIM JIOKAJIbHOU KOHGUTY-
pauuu cTpyKTypbl. Kpome Toro, ¢ yuerom MopdoJio-
TMU CUHTE3UPOBAHHBIX YACTHUI] B MOJIEJIN paciuud-

KPUCTAJIJIOTPA®USI Ne 3
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Puc. 3. MeccbayspoBckue criektpbl yactull YIG, uamepennsie ripu 300 K.

POBKM MaKCHUMAaJIbHO YYUTBIBAJIU BIMSIHUE pa3Mep-
HBIX 3(@PEKTOB, KOTOpPhIE MOTYT BBIpAXaThCcsI B
MOSIBJIECHUU JIOKAJIbHO-HEOAHOPOIHBIX COCTOSIHUI
Ha IIOBEPXHOCTHU, M UX 3HAYUTEILHBII BKJIA I IIPY Ma-
JIBIX pa3zMepax YacTHII.

B wurore moirydeHHasT MOIENb pPacIIU(GPOBKU
CTIEKTPOB COCTOUT U3 TPeX IMapIUabHBIX CIIEKTPOB

KPUCTAJILIOTPA®UA  Tom 68 Ne 3 2023

IUI OKTasIpUUYECKOro OoKpyxeHus Fe’™ u uernipex
NapuMajJbHBIX CIEKTPOB [UISI TETPa’apUIeCKOro
okpyxeHus Fe’' mia oobema yactui (V), a Takxke
JIBYX IOIIOJIHUTEIBHBIX HapIHaIbHBIX CIIEKTPOB, CO-
OTBETCTBYIOIIMX HE3KBMBAJICHTHBIM MO3ULIMSIM Ka-
toHOB Xkeje3a(Ill) B okrasape u TeTpasape Ha Mo-
BepxHocTH yacTull (S) (puc. 3). CBepXToOHKME Tapa-
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Puc. 4. 3aBUCUMOCTb CBEPXTOHKMX MAaTrHUTHBIX ITOJICH th IUISL ABYX IOAPEIIETOK (a) U MU30MEPHOTO caBura o (6), crereHu
VHBepcHuu (B) U KOJIMYECTBAa 0ObEMHOM U TOBEPXHOCTHOM (PpaKIIMK YaCTUIL OT TeMIlepaTyphl cMHTe3a (T).

METPhl IIapLUaJIbHBIX CHEKTPOB, MOJy4YeHHBLIE B
pe3yabTaTe MOACIbHON paciIn(pPOBKU, IIpeACTaBIIC-
HBbI Ha pUC. 4 B 3aBUCUMOCTH OT TEMIIEpaTyphbl CUHTE-
3a u pasmepa (D,,,,) cOOpMUPOBABIIUXCS YACTULI.

3HayeHUsT CBEPXTOHKUX MAarHUTHBIX MOJIEH 1JIsT 0-
Fe’™ nosuumit H,(o-V) n t-Fe** nosuunit H,(t-V)
s oobema yactull YIG 800, YIG 900 okazanuch
MEHBIIIE XapaKTepHOro 3HA4YEHUS IJisi OOBEMHOIO
YIG (puc. 4a). Kpome TOro, COOTBETCTBYIOIIME
CBEPXTOHKNE I10JI1, CBSI3aHHbIE ¢ KaTuoHamu Fe3t Ha
noBepxHocTu vactull H,[(0-S) u H,/(1-S), nmenu
MEHbBIINE 3HAYCHMU, OOBsICHSIEMbIE HECKOMIICHCU-
POBaHHBIMU CBSI3SIMU U CTPYKTYPHBIMU AeheKTaMu
Ha TIOBEPXHOCTU. YMEHbIIECHUE CPEIHUX 3HAYCHMIA
U30MEPHBIX CABUTOB (8) 171 a- Y d-TIo3uLinii 0Obsic-
HACTCA YINIOTHEHUEM U COBEPIICHCTBOBAHUEM KPHU-
CTaJUINYECKO CTpYKTypbl 4dactul (puc. 40), 4TO
MONTBEPXIAETCSI CTPYKTYPHBIMU JaHHBIMU PEHTIE-

HO(i)aSOBOI‘O aHaJin3a 110 YMECHBIICHHUIO ITapaMeTpa
PECIICTKMU.

Paznuuue B BestmunHax H, ,',f(o— V) nng mapuualib-
HBIX CIIEKTPOB 00beMa YaCTUIBl B OKTa3IpHYECKOM
noapelieTke OoJbllle, 4YeM B TeTpa’dapuyecKoOi

H ,’,f(t— V), n ymeHbIlIaeTcs C MOBBILLIEHUEM TeMIIepa-
Typbl cuHTe3a (puc. 4a). CnemoBaTelbHO, MOXHO
YTBEPKIATh, YTO YIOPSIAOYEHUE B OKTAdAPUUECKUX
MO3ULMAX UOCT TPyOAHEE, 4YEM B TETPASAPUICCKUX.
YcTaHOBIEHO, YTO BEJIUYMHBI CBEPXTOHKHUX MarHuT -
HBIX TI0JIeil IUIs1 MaplUaTbHBIX CIIEKTPOB 0ObeMa Ja-
CTULIBI B OKTA3APUYECKON TToApeIIeTKe MEHSIIOTCS C
TeMIlepaTypoit cuHTe3a He OoJjiee yeM Ha 10 kD, a B
TeTpadApUUECKOl MOApeIIeTKe OCTAIOTCS MpaKTUue-
CKU TIOCTOSIHHBIMU (puc. 3a). [Ipu 3ToM BenuumHa
CpEeIHEro M30MEPHOro COBUTra IMaplMalbHBIX CIEK-
TPOB IS 00ENX MOApeIIeTOK yMeHbIIaeTcss. M3me-
HEeHMe M30MEePHOIO CABUTA C TEMIIEPaTypPOM OTXKHUTa

KPUCTAJUUIOTPA®UA  Tom 68  Ne 3 2023
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Puc. 5. 3aBCMMOCT HAMarHUYEHHOCTH HACHIIIIEHUST 00pa3IioB B OOJIBIINX (2) ¥ MaJIbIX MOJISIX (0).

MpPaKTUYECKH B 2 pa3a GobliIe IS TeTPa3apUIeCKO
noapemerku (puc. 30). YMeHbIlIeHHe OOIIEero M30-
MEPHOIO COBUTA KOPPEJMPYET C YMEHbIICHUEM Ia-
paMeTpa pelIeTKA W YBEIUYEHHEM PEHTIeHOBCKOIA
TUIOTHOCTHY CTPYKTYpPHI TpaHaTa.

BesinurHbl CBEPXTOHKMUX MAarHUTHBIX MOJEN ISt
MapUuaJbHbBIX CIIEKTPOB IMOBEPXHOCTHBIX COCTOSIHU
aTOMOB XeJjie3a MpU MaJlbIX TemIlepaTypax OTXura
cocraBisior Hy(0-S) =45.0 £ 0.5 u H,[1-S) = 350.0 £
* 0.5 k3D, 4yTo B 000UX CIydasiX MEHbIIIE XapaKTePHBIX
3HaYeHU# IS 00erX KOOpAMHALIM Ha BEJIUYUHY
~25 kD. Takoit TOpsSIIOK YMEHBIICHNST CBEPXTOHKO-
IO IOJIsI XapaKTepeH sl ciiy4yasi 00pbIiBa OOMEHHBIX
CBsI3eli MpY HaIU4uU Je(eKTOB CTPYKTYphI THIIA Ba-
KaHCUM aTOMOB KeJie3a Win Kucjaopoaa. DTo usme-
HEHUE KOPPEIUPOBAHHO M3MEHSIETCS C TeMIlepaTy-
poii oTXura.

Poct 4acTul, TpyM TOBBILIEHUU TEMIIEPATYPHI
CHHTE3a COIMPOBOXIAETCS YMEHBIIEHUEM B CIIEKTPE
MapIAaIbHOTO BKJIaJa MOBEPXHOCTHOM COCTaBJISIIO-
meii. Hanmnune nedekTHOCTM B TeTpasapuYecKOi
MOApPENIETKE XKeJie3a COXPAHSIETCS BIUIOTh A0 Hanbo-
Jiee BbICOKOI TeMIiepatyphbl cuHTte3a (1200°C).

3HaueHue yria Y “MarHuTHOU TEKCTYpbl”, XapaK-
TepU3YIOIIETO HalIpaBiIeHHE CPEeIHEeTr0 MarHUTHOTO
MOMEHTA YaCTHUII IT0 OTHOIIIEHUIO K BOTHOBOMY BEK-
TOpY Y-KBaHTOB, cocTaBisieT 54.57° u cnabo Bo3pac-
TaeT g0 56°. XapakTepHbIe YIJIbI B OCSIX TpamgucHTa
BJIEKTPUYECKOIO TIOJSI IS KaXXIOTro M3 HE3KBUBa-
JICHTHBIX MOJIOXXEHUI MeHSIIOTCsI ¢1a00. [1J1s1 moBepx-
HOCTHBIX COCTOSIHUIT IIPOMCXOIUT HEOOIBIION pa3-
BOPOT IIaBHBIX OCEM TEH30pa rpagueHTa JeKTpruie-
CKOTO MOJsI, CBSI3aHHBIM C COBEPIIEHCTBOBAaHUEM
CTPYKTYpPHI TpaHaTa, YIULIOTHEHUEM U YMEHbIIEHIEM
KOJIMYeCTBa J1e(heKTHBIX COCTOSIHUIA.

Pacrnipenenenue Fe’' mo mompemrerkam (creneHb
WHBEPCUM X) OIPENEIIsUTN IO pe3yIbTaTaM MOMACb-

KPUCTAJILIOTPA®UA  Tom 68 Ne 3 2023

HOI pacimmndpoBKH MeccOaydIpPOBCKUX CIIEKTPOB 110
COOTHoOlIeHUI0: x = ny/n, = (S,/S){F/1D), tae f./f; =
= (.94 — BepOsITHOCTh OE30THATOUYHOTIO SIASPHOIO pe-
30HAHCHOTO MOMJIOLIEHUS Y-U3NYyUYCHUS IS d- U
d-1no3unuii mpyu KoOMHaTHOU Temnepatype [16]. s
BCEX CUHTE3UPOBaHHBIX 00pa310B HAOIIOJATIOCH OT-
KJIOHEHHUE CTEIIeHW WHBEPCUM OT TECOPETUYECKOTO
3HAYEHUS IS COBEPIIEHHOM CTPYKTYphl x = 1.5 ¢
yMEHbIIIEHUEM 3HA4YeHUSI MPU ITOBBLIICHUM TEMIIE-
paTypbl oTXura (puc. 4B).

MarHnuTtHoe noBeaeHue HaHouacTull YIG, uccie-
JIOBaHHOE IIpU KOMHATHOI TeMIiepaType, II0Ka3aHOo
Ha puc. 5. Bce o0pasipl AeMOHCTPUPOBAIA MarHuT-
HbIl THcTepe3uc. KoapuuTuBHAsS cuJia OTJIUYHA OT
HYJISI 111 BCeX MeTelIb TUCTepe3nca, a IoJjie HAaChIIIe-
Hug 6ompire 1000 B. 3HaYeHUS KO3PUUTUBHOM CHITHI
(H,), HaMarHMYeHHOCTH HachllleHud (/) u ocTatou-
HOIt HAaMarHM4YeHHOCTHU (/,) B 3aBUCUMOCTHU OT pas-
Mepa 4JacTull npuBencHb B Ta6a. 1. Kak BumHO 13
pe3yabTaToB O0OpPabOTKM TUCTESPE3MCHBIX HAHHBIX
(puc. 6), KO3pLMTUBHAS CHJIa 00pa3l0B HEMOHOTOH -
HO 3aBHCHUT OT UX CPEIHETO pa3Mepa. MakcuMaabHas
Ko3puUTUBHAasA cuna H, Habmonaercs mist YIG 1000.
DT0 00BSICHSIETCSI UBMEHEHEM MarHUTHOTO COCTOSI-
HUS YacTUIl. YBeJIUYEHUE CPEIHETO pa3Mepa YacTUL]
oOpa3slia IpUBOAUT K YMEHBIIIEHUIO MAarHUTHOM aH-
30TPONUM MOBEPXHOCTU. YacTulla MepeXoauT U3 o -
HOJOMEHHOI'0 B MHOTOIOMEHHOE COCTOSIHHUE, XapaK-
TEpU3YIOLIEeCs MEHbIIEN KO3PLUTUBHOM CUJIOM.

YMeHblIeHNe KO3PLUUTUBHOM CUILI IJjIs1 00pas-
oB YIG 800, YIG 900 moxkeT ObITh CBSI3aHO C HAJIM-
yueM ¢ppakluu cyleprnapaMarHUTHBIX YaCTHUII, UMe-
IOLLIMX HYJIEBYIO KOBPILIUTUBHYIO cuity. Kputuueckuii
nuametp D, (sp) 11 HaHovyactull YIG, npu KOTopoM
MPOMCXOAUT MEePexXol B cyneprnapaMarHuTHOE COCTO-
sHue, coorBeTcTBYeT 35 HM [30]. TakuM oGpazom,
3aMeTHOe cylieprapaMarHUTHOE ITOBeIeHUE MOXKET
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Tab6muna 1. CTpyKTypHbIE U MATHUTHBIE XapaKTEPUCTUKU
ob6paszuos YIG

O6pazeu | T,°C D L H.,D I
HM aMme/T aMe/T
YIG 800 800 35 24.2 49 12.5
YIG 900 900 51 25.0 62 12.5
YIG 1000 | 1000 83 27.0 74 12.3
YIG 1100 | 1100 137 25.7 20 5.5
YIG 1200 | 1200 184 26.3 15 4.7

Ilpumeuanue. T — temneparypa cuHtesa, D,,,, — Pa3Mep KpU-
CTAJUIUTOB, /, — HAMAarHUYEHHOCTDb HACBHILLEHUS, [, — OCTaTOYHAas
HaMarHW4YeHHOCTh, H, — KO3pLUUTUBHAS CUJIA.

JIIEMOHCTPHUPOBATh TOJIbKO obpaszen; YIG 800. Ipyroit
MIPUYMHOM, KOTOpasi OOBSICHSIET TaKoe ITOBEIASHUE
KO3PUMTHUBHOI CUJIBI, IBJIIETCS 00pa3oBaHUe clierka
JNe(ULIMTHOMN MO KUCTOPOIY CTPYKTYPHI TIPU YBEJIU-
yeHUuu TeMnepaTrypbl oTxura. IloarBepxaeHuem
3TOTO MOXET CIY>KUTb MOBEAEHNE U3OMEPHOTO CIIBU -
ra (puc. 40), cBUAETEIbCTBYIOIIeEe 00 M3MEHEHUU
3JIEKTPOHHOM MJIOTHOCTU Ha OKTa3APUIECKOI MO3U-
. BeposTHO, yacTuilel pazmepom ~ 100 HM Haxo-
JISITCS TIPEMMYIIIECTBEHHO B OTHOAOMEHHOM COCTOSI -
HUU. DTOT pe3ybTaT XOPOIIO COIacyeTcs C TaHHbI-
mMu [30]. Kpome Toro, oOpaslbl He SBISIOTCS
MOHOJIMCHEPCHBIMU, B HUX HaOJIOIaeTCs pacipee-
JieHue 1o pa3dmepaM. [ToaToMy Kaxablii odpasel| co-
JIEP>XKUT YacTUIIbl B pa3HbIX MUKPOMArHUTHBIX CO-
CTOSTHUSIX.

3HaYeHWsT HAMarHWYEHHOCTH HACBIIICHUS IS
BCex o0Opas3loB OKa3aJauCh MEHbIIE, YeM HaMarHu-
YeHHOCTh HachleHnsI 00beMHoro YIG (27.40 ame/r)
npu 292 K [3]. DTOT (hakT oOBSICHIETCS HATUIUEM
HEKOJUIMHEApHOI MAarHUTHOM CTPYKTYypbl Ha IIO-
BepxHoCcTU yacTull. Cieayer OTMETUTh HEMOHOTOH-
HOE MOBeICHUE MATHUTHBIX XapaKTEPUCTUK C YBEJIU -

HamarnuyeHHOCTB
KospuurusHas cuna, D HACBILLICHMST, IME/T
100 30
@ s © .
80 2 28 + g

60 26

40 24

20 22

D HM

max>

KHNCEJIEBA u np.

yeHueM pasmepa yactull D,,,,. JIOKaIbHbIA MUHU-
MYM HaMarHU4YE€HHOCTU HACBILIEHUS, HA0II01aeMbli
npu auametpe 138 HM, MOXHO OOBSICHUTh KaTUOH-
HBIM MepepacnpeaeaeHeM Io MoApelieTKaM a U d.
VBeauyeHue HaMarHMYEHHOCTU HACBILIEHUS IS
00pa3loB MOXET OBbITh CBSI3aHO C YMEHbBILIEHUEM 10~
JIU cymepnapaMarHUTHBIX 4acTull. Jpyroit mpuuu-
HOW YBEJIIMYECHUS] HAMarHWYEHHOCTU HAaCBILLICHUS
SIBJISIETCSI YMEHBIIIEHUE TOJU MOBEPXHOCTHBIX aToO-
MOB C HEKOJUIMHEAPHOM MAarHUTHOMW CTPYKTYpPOM I10
CPaBHEHMUIO C J10JIeid aTOMOB, ColepKalluXcs B 00b-
e€Me YaCTUILIbl. DTO TOATBEPXKAAET BBIBOJ, MOJYyUYEeH-
HBbIi M3 aHalu3a MeccOaydpOBCKUX CIIEKTPOB, 00
YMEHbIIIEHUM HEKOJJIMHEApPHBIX COCTOSIHUI Ha I10-
BEPXHOCTHU YaCTHUII.

3AKJIIOYEHHME

Hanouactuuel YIG pasHoro pazMepa ObUTA CUH-
T€3UPOBAHBI METOAOM IJIMLIMH-HUTPATHOTO TOPEHUS
C TIOCIeayIoNIei TepMOOOPaAOOTKOI IIpU pa3IuIHBIX
TeMIiepatypax. McciaemoBanne oCOOEHHOCTEN M 9BO-
JIIOIMU KPUCTAJUIMYECKOM M MAarHUTHOM CTPYKTYPbI
HaHOYACTUI] IIPOBEASHO METOJAaMM PEHTTeHOBCKOI
Iudpaknnun, mMeccOay3pOBCKOM CIIEKTPOCKONHUUA U
MarHuToMeTpuu. MonenbHasi paciiugpoBKa Mecc-
0ay3pOBCKMX CIIEKTPOB II03BOJIMJIA BBLISIBUTH HaIM-
Yyre TTOBEPXHOCTHOM M OOBEMHOM COCTABJISIONINX,
00yCJIOBJIEHHBIX HEPAaBHOBECHBIMU YCIOBUSIMU CHUH-
Te3a YaCTUII 1 pa3InIHbIMU pa3MepaMmu yactull YIG.
YcTaHOBIEHO, YTO TIPU MOBBIIIEHUN TEMIIEpaTypPhl
00paboTKM COBEPIICHCTBOBAHUE CTPYKTYPhI YACTHUILL
rpaHaTa IIpOMCXOIUT IPEUMYIIECTBEHHO Yepe3 yIIo-
psooYeHMEe MOAPEIIETKH Xejle3a ¢ OKTadApUIeCKUM
OKpyXeHUeM. PocT yacTull ¢ yBeJinueH1ueM TeMIiepa-
TYpBl OTXWIAa CONPOBOXIACTCS YMEHBIICHUEM
CTPYKTYPHO M MarHUTHO HEYNOPSITOYCHHBIX ITOBEPX-
HOCTHBIX 00JIaCTei, a TaKXKe YMEeHbIIIEHUEM MCKasKe-
HUI pelieTKu B 00beMe yactull. [loaunucrepcHOCTh

OcraToyHasgd HAMarHU4eHHOCTh, M€/T
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Puc. 6. 3aBucuMOCTH KOOPUUTUBHON CUJIBI (2), HAMarHMYEHHOCTH HachlleHUs (0) 1 OCTaTOYHOI HAMarHMYEHHOCTH (B) OT

pa3Mepa yacTuil NPy KOMHATHOM TeMIieparype.
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