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HaHo-copoH30H2ulH OHUsI02, myyHuli2 Xa80pbIH IMYUI233HO X3P32/13X 6ONOMXK

PE®EPAT

LUnHKNaX yxaaH, TeEXHONOrMmH caHTan 6anryyncad SST_2018/22 TOOT rapasHui
paryy “HaHO-COPOH3OHIMMMUH OHUJOr, TYYHUWT XaBAPbIH 3MYUNTII3HA XIPIrnax
6onomx” cyypb cyaanraaHbl Tecen LUYA-uinH ®unaunk, TEXHONOMMINH XYPIINIAH O33p
2018-2020 oHA, XapankCcaH. TecnumH 30punro Hb XoNuUMor MmeTarnn aryyrncaH COPpOH30H
HaHO MaTtepuarnblH 0OTOOA TOrTUbIH 3y TOITOSl, COPOH30H LUMHX YaHapbIr KBaHT
MEXaHWKUINH OHOMNOOpP BOOH aTOMbIH OYTUMAH PEeHTreH andpaky, HUN ynaaH TysaHbl

CNEKTPOMETPUIAH apraap cyanax siBaar oM.

COpOH30H LWMHX YaHapTal HaHO MaTepuarnbir aHaraax yxaaHa xaBApblH XanyyH
3MYMMrad, COPOH30H pe3oHaHc 3ypar (MRI) OHOWMAOroo, 3MWUAH 3MYMAT39,
He3okcnpnboHyknenHsl xydnn (OHX) 60n0H acninH HapuMBUYUNCaH Arrax LWWHXNITI3
33par YMrnanyyaaap awurnax 6anHa. Top gyHgaa depputyya (MFe204, M = Mn, Ni,
Co, Cu, Mg, Zn, Fe r.M.) Hb XOnbL, 3fIEMEHT aluurnacHaap COPOH30H LUMHX YaHapbIr
Hb eepuuiK, AQynaaH sanrapyynax Yagamxunr yavpaax 6ongor ydmp epreHeep

cygnargax 6anna [1, 2].

TecnuitH XypasHA X3P3arKYYIICaH cyganraaHbl axnblH XypasHa 6ua gapaax yp

AYHryyouur rapraH asnaa. YyHz:

» OHMNH OONOH YypBYY LWNMHEN OYTUMWH TOoXwWongong deppuT HIrgAUNH
3NEeKTPOH 6yTal, COPOH30H LUMHX YaHapbIH OHOMbIH cydarnraar ryiuaTracHaap
MarHm 60noH TeMpuiH aTtomyyabliH ©Oanpnan TeTpasgp 60noH okTasap
Garipnang XopxaH cyyxaac TYYHUM COPOH30H LUMHX YaHap Xy4Tan xamaapu
Gariraar TOOL0OJIOH rapras.

» Temep aryyncaH eppuT HIranyyauur rapraH asax XUMWWH CUHTE3UWH
rOPUMbIr  TOFTOOX a@XNbIlr TYMUATraB. 30Mb-reNMNH apraap rapraH ascCaH
MgFe204 093X Hb KyO wnuHen O6yTouTaN, AMap HAraH Xonbl OGanxrym
LOBIPLUNIT OHOBPTIN, KPUCTaANNUTBLIH X3AMX33 TOXUPOMXKTON (~50HM), AynaaH
AynaaH anrapyynax Yagamx eHgep (42°) 6ans.

» LUoaBap marHuiH gepputuiiH kpuctann oytuumH A 6onoH B asa topyyaan
OpWMX KaTUOHYyObIr COPOH30H OONIOH COPOH30H OyC LWUHX YaHapTan
9NEMEHTYYA33P XONbUSOX 3amMaap KaTWOHbI TYranT, OyTau, LWKMHX YaHapbIr

yovpaax cyganraar sisyynas.
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» [oapx cypanraaHbl axnyyaaz YHOSCNOH XaMMMnH eHAeH AynaaH snrapyynax
Yyagamx Oyxun deppuT HaHO MaTepuanbir XaBApblH 3C A33PX TYPLUMNTLIT
rynuaTtraB. bua cyganraaHgaa XyHUN ymamH Xy3yYHUN XaBOpblH 3CUAT COHIOH
aB4 Mg, gNiy,Fe,0, COPOH30H LUMHX YaHap Byxui HaHO PeppUTUAr amnrnaH
9CUMH ambpax YagBapblH YHINr33r XMnnaa.

» ©epcauiniH yrcapcaH COPOH30H OPOH YYCrard Texeepemxeep xananT yyCcrax
3CUVH ypranTbir AapaHryimk 6anraa acoxumnr cyanaH y3axag ouaHuin raprad
aBcaH heppuT HaHO Geem Hb Hela acuiH yprantbir 16.8% -nap gapaHrymnmk

6ams..

TecnuinH yp OYHra3p 3p4sM LNHXUNTIAHUIN 3pA9M LUMHXUNTI3HNIA eryynan — 15,
M3PraXXnUMH HOM — 1, TAHUH MIAXYMH HOM — 1 X3BIYYIDK, 3PA3M LUNHXUITI3HUN
UNTraN 9-nnr XananuyyncHaac 4-u1r ofoH YICbIH Xypang untracaH 6anHa. MeH 1
cygnaad “MarHm ©60noH 33cuiH beppuUT HIrAnyyaunH COPOH30H LUMHX YaHapblH

OHOMbIH cyaanraa” caaBa3p U3MKUIAH MarMcTpbiH 33p3ar xaMraannaa.

Tynxyyp yr: ®eppuT; wnuHens OyTau; xonbl,; Kpuctann 6onoH monekyn 6yTau;

CTEXMOMETPUIMH Xapbuaa; DFT Toouoonon; xaBapblH 3C
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H3r. COPOH30H HAHO MATEPUAIJIbIH OHUJOI

1.1. WnuHen deppuT HIrANYYA

TempuniH uncan Fe203 6ycag meTannblH WCOMATAN HArA3H YYCracaH XUMMMH
HArgAMUr eppuT raXK HIPMaHA. PeppuT HArgnIMnUr Kpuctann OyTudsp Hb LUNUHEn-
deppuT, rpaHaT-geppuT, rekca-pepput, OpTOo-PeppuT AKX aHrmnHa. daraapT
WNunHen-peppuT Hb Kpuctann Kky6 Topton, ortopryiH rpynn Fd3m, MFe20a4, (M-xoép
BaneHT Byxuin MeTans MoH) rACAH EPEHXMI TOMbEOTON, rpaHaT-eppuT Kyb ByTauTan,
ortroprynH rpynn la3d, MesFesO12 (Me-raspblH XOBOP 3SIEMEHT) ePOHXMUIA TOMbEOTOMN,
rekca-peppuT Hb rekcaroHanb TopTon, ortopryiH rpynn P63/mmc, MeFe12019
E€POHXNN TOMbEOTON, OPTO-PeppUT Tepen Hb PoMOBO KpucTans TOPTOW, OrTOPrymH

rpynn Pcmn, MeFe3O4 epeHxuii TOMbEOTON HAranyya 6anaar.

LUnuHen 6yTau Hb A2TB3102~ (A, B Hb MeTann MoHyyad, O XY4YUITePerymitH NoH)
rAC3H epeHxnin TombeoTon banaar araag MgAl,0, MuHepanblH HAP33P “LWNUHEN” raX
HOPNaXa3. byTumMnH xyBba 8 TOMBLEOHbLI HAMKTAMW, 3rayl TOPOHAOO HUAT 8 X 7 = 56
WMOHTON. XyunnTteperiymiiH nonyyg (pagunyc orponuooroop 0.13HM) Tang TeBneceH ky6
Garipnang 6arynargax, XxapbLUaHrym Xukur meTann noH (paguyc orponuooroop 0.07
— 0.08HM) Hb T3Ar33pPUINH XO0POHAOX 3ang 6arpnana (3ypar 1.1). OHS 3al Hb 2 AH3
Oanpgar. AxHUNX Hb TeTpasgp Oyty A Bavpnan, aH3 Ganpnan Hb OynaHryygag Hb
XYYUNTOPOrYUnH WOHYYAd CyycaH AepBeH TanTblH TeBa GanpnaHa. Xoépaox Hb
okTasgp 6yoy B Garpnan, aHa 6aripnan Hb GynaHryygag Hb Xy4MnTeperdunH NoHyyn,

CyyCaH HanMaH TanTblH TeBg 6anpnaHa [3].

3ypae 1.1. ®eppum H3201uUlH Kpucmarnn bymay
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LWnuHen GyTUMAH LWIMHX YaHap 3ran TOp AOTOPX KaTMOHbI TYraNTa3C MXIIX3H

xamaapantan Ganpar. (AZ)Fel”)™ (ARl )0, epeHxuit TOMbEOTON LUNuHen

OyTuMrH Byx 6onomMxuT Ganpnanyyn MeTans MoOHoOop AYYypraragarryn, Tetpasagp (A)
6a okrasgp (B) Gavpnang woHyyn xonungoH 6anpumvHa. TyyHuiA  xapbuaar
WHBEPCUIMH NapameTp rax HIpnagar 4 XaMXUrgaxyyH TogopxonnHo. Yr napametp 0<
0 <1 ytra aBHa. Tyxawn6an, 3eBxeH A ©GavpnanbiH 1/8, B GanpnanbiH 1/2 Hb
ayypraracaH 6arHa (XycHart 1.1). MFe204 epeHxun TOMBEOTOM OyTuuiH, ByX
mMeTannbiH MoH M?* Hb A Gaiipnang, Fe3* Hb B Gaipnang (6 = 0) 6ariBan aHa GyTuniAr
SHMNH (HOpManb) WNUHEN raHa. YpByy wnuHen (6 = 1) ragart Xoép BaneHTt oyxuin
M2* nonyyn B 6anpnang, xapuH rypsaH BaneHT oyxuii Fe3* nonyya A, B Gaiipnang
xyBaargaH 6avpnagar. MFe204 (M=Fe, Co, Ni) Temep, kobanbT, HUKeN eppuUTyya
Hb ypBYY byTauTan 6ereepn 6yra deppmncopoH3oH oM. LLnnHen 6yTauTan Hargnyyannr
peHTreH 60M0OH HENTPOH AndpaKkUblH apraap cyanaxag UX3aHX ToxXuongong AyHAblH
oytou 0< & <1 axurnarggar Tyn 3HMMUH 605OH ypBYY OYTLMIAM OHLIIOM HeXLen rax

y34ar.

XycHazam 1.1. MO-Fe,O3 gheppumutiH mop daxe memarisl UOHYYObIH my235im

Banpnax noH

Bonomxur Banpnax
Banpnan OHrumH YpByy
TOO TOO
WNuHen WwnuHen

TeTtpasgp A) 64 8 8Mm2* 8Fed

32 16 16Fe3* 8Fe3*
Oktasagp (B)

8Mm3*

®eppuT MaTepuanbiH COPoH30H OyTuunr 3ypar 1.2-T y3yynaB. EpeHxuingee AB,
AA, BB xapunuaH yrinunanyyg Hb 6yra ceper WWHX YaHapTan 6angar 4 9H3 Hb HAraH
39par Tmnm Banx 6onomxryn oM. AB xapunuaH ynnunan Hb XxaMrmmH xyytam 6a 6yx
A MOMeHTYyA Hb XO0pOHA00 napannens 6ereeq B momeHTyyaTam acpar napannesnb
banx 3yn Tortronton. CoFe20s4 Haranaac 6ycag Oyx heppuUTUNH MOMEHTYYAbIH
KpuctannorpaduiiH 4nrnan Hb <111> 6anx 6a 3H3 Hb 3ran TOpPbIH AnaroHanb garyy
racaH yr. CoFe204 HArAnNMMH XyBbd MOMEHTYYA Hb Ky6 TopbiH <100> 4nrnantan

napannens 6anaar.

Cyypb cyganraaHbl TOCNUIAH Tannax 2018 — 20210H n



HaHo-copoH30H2ulH OHUsI02, myyHuli2 Xa80pbIH IMYUI233HO X3P32/13X 6ONOMXK

NiFe204 HaranmiiH Ni-unH XyBba, OyTaL Hb

ypyy Ni?* woHyyn B 6anpnanp, Fe®*

A Gaspnan

@
B Gasmpaan

moHyya Hb A, B 6Gampnang ToHUYY

XyBaargaH GavipnaHa. Wiimasc  Fe®*

MOMeHTYy, yctanuaag, Ni-iH MmomeHTyyA
HAAT MOMEHTbIr BypayynHa (2us). OHAI3C

Y39X34 YpBYY WNWHEN (PEeppuUTUNH XyBb[,

AvBaneHT WOHbl MOMEHT Hb COPOH30H
3ypae 1.2. ®eppum

XaHanTbIr MN3IPXMnIHa. MeH Mn peppntnnH
MamepuarsibiH COPOH30H 6ymay,

XyBb[l YpBYY OVLL 4 HUNT MOMEHT Hb S raXx

rapgar 6a aH3 Hb Mn?*, Fe®" anb anb Hb 5us MoMeHTTOM Tyn A, B -O X3pX3H

TapxcaHaac yn xamaapaH Sus 6anHa. XapuH Zn ¢eppuT Hb 3HIMAH 6yTauTan, O

MOMEHTTOW Zn?* noHyyn A Ganpnanbir ayypraH 6anpnaxa (XycHart 1.2). Uima AB

XxapunuaH ynnynan 6anxryn.

XycHaam 1.2. ®eppum H32051yyOuliH COPOH30H MOMEHMbIH ymayyo

Depput MnFe,O, FeFe,O, CoFe;O; NiFe;O, CuFe;O, ZnFe;O4

XOMXKC3H
5 4 3 2 1 0
Ms
ToouooncoH
4.6 4.1 3.7 2.3 1.3 0
91!

Ceper BB xapunuan yinunanasp B 6aripnan gaxe Fe3* noHyyn aHtunapannen,
HUNT MOMeHTIy 6onHo (3ypar 1.3). QHA33C ZN Hb aHTUGEPPOCOPOH3OH MaTepuan

raX y3ax 6onox 6a aHa Hb 3eBxeH 9K-33c Bara TemnepaTypT 1 MAM LUMHX YaHapTau.

3= . 3= - = - _ -
Fe xarsonm 1/2 Fe" xaruors 1/2 Gonon Fe™ -uiH
(Terpaanp) Oyx katHOoE (0xTa31p)

’ AAKA A KA BB
YYVYYY

Fe Sug Fe™ Sug Fe' :dug

3ypae 1.3. A 6osoH b 6alipnan daxs meMpuliH COPOH30H MOMEHMUUH

YuananuiH xamaapari
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BB xapunuaH ywnnunan maw cyn 6Gereen 6araxaH pgynaaHbl 3HEprun Y
MOMEHTYYAbIr aHTUnapannen xarcaxag caag 6ongor. A, B 6Gawpnan paxb

MOMEHTYYA Hb aHTMnapannen 6anaar 6a yyHuiur XycHart 1.3. -T xapyynas.

XycHazam 1.3. 3apum cheppumuliH Xyeb0 UOH mapxasim 60s510H HUlM COPOH30H MOMEHM

TeTpasgp OkTtasagp Huat momeHT
Knwass | bytay Matepwuan
A 6anpnan B 6arpnan (Ms/Monekyn)
NiFe204 Fe3* Ni2* Fe3*
YpByy | Too wwupxar 5 2 5
1 2
Yurnan — — —
Zn?* Fe3* Fes*
ZnFez0q4 0 5 5
2 OHMMH 0
«— —
MgFe204 Mg?*, Fe3* Mg?* Fe3*
3 1
ypByy Yurnan — —
0.9NiO Fe,03 Fe3* Ni2* Fe3*
Too wwnpxar 4.5 1.8 4.5 1.8
YpByy
Uurnan — — —
0.1zn0O
Zn% Fe3* Fe3*
Fe,O3
4 1.0
XaMxa93 0 0.5 0.5
SHMIH Uurnan — —
Too wwnpxar 4.5 7.3
2.8
Yurnan — —

MarHunH depput MgFe204-unr CoHupxb€. Mg Hb OypaH ypByy OuWw yump
AMBaneHT MOoH 600X Mg?* MOH Hb HUIT O MOMeHTTOM Gaaar. Yunp He Mg?* noHbl 0.1
Hb A Banpnang 6angar 6a nHracHaap A Garipnan gaxs MoH 0.9x(5) us = 4.5us 6onox
6a xapuH b 6arnpnanbiix 1.1x(5) us = 5.5us 60K HUAT MOMEHT 1us BOMHO. OHI Hb

TypwnarsiH yTratanm (1.1 ys) Taapaar.
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Llanp aryyncaH xonumor (eppuUTyyaunH XyBbZ H3r COHUPXOSITON 3YWN Hb
COPOHIXKUNTIYIA ZN?* -UNH HOIMANT Hb COPOH30H MOMEHTbIT UX3craaar. YYHUIAT (XYCHArT
1.3.) 4 gax xmwasH aax 10 mon% Zn cdepput aryyncaH 90 mon% Ni —MinH xonmmor
hbeppUTUIAH HUNT MOMEHTOOC XapXX GomnHo. 0 MOMEHTTON ZN?* -UiAH NOHYY[ L3B3p Zn
—NH beppuTninH agun A Garpnang oydcoHoop A GanpnanblH MOMEHT cynapd, Zn
deppuTuiiH Fe3* noHyyan xyuta AB xapunuaH yununanasp B Gaiipnan gaxb
MOMEHTTOM napannefnlb MOMEHTTOM O6O0fHO. WHraCcHa3p HWMAT MoMeHT uaBap Ni
depputnind xyeb 2.0us 6anpar, xonumor eppuUTunH XyBba 2.8us GOk ecaer.
Xapas unm bangnaap 10 mon% tytampg 0.8us —aap ecex 6ansan LaBap Zn depput

10us MOMeHTTOM Barxaap xapargax banHa.

@eppuT WINWUHEN HAr4SIMAH COPOH30H LUMHX YaHap Hb WOH BypuiH COPOH3OH
MOMeHT, A, B Bavpnan gaxe WOHyyAblH TYranT, XapuiilaH YRIYanasac xaMmaapHa.
bugHuin cypanraaraap xonumor kpuctann 6ytay 6yxun MgixCuxFe204 HargnuinH
COPOH30H LUMHX YaHap Hb MgFe204 6a CuFe204 Har TepnunnH wnuHen oyTay Oyxui

HAranaac apc anraatan 6angar (XycHart 1.4).

XycHazam 1.4. ®eppumyyd 03ax copoH30H 6oroH bycald ecezdsyyd

0K 20°C
TopbIH Hsirr T.
Hargan  napawmeTp, 0o Mo os Ms
(r/lcm®)
a (Hwm) (amy/r) (amy/cm®) (amy/r) (amy/cm®)
MnFe2Os 0.85 5.00 112 560 80 400 300
FeFe.Os 0.839 5.24 98 510 92 480 585
CoFe;O, 0.838 5.29 90 475 80 425 520
NiFe204 0.834 5.38 56 300 50 270 585
CuFe,Os 0.8372 541 30 160 25 135 455
MgFe.O4 0.836 4.52 31 140 27 120 440
a=0.588
BaFe;04 5.28 100 530 72 380 450
c=2.32
Fe 0.287 7.87 222 1747 218 1714 770
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1.2. ®eppuT HaHO MaTepuarnbiH AynaaH anrapyynax y3argan

®epput MFe,0, (M = Mn, Ni, Co, Cu, Mg, Ni, Fe) copoH30H HaHO GeemMcuiH
(MxaBUNaH 5-100 HM X3MXK33TOM) COPOH3OH LUMHX YaHap HaAHO BOOMCUIH X3MXK33,
xanb3paac xamaapar OHLJIOMTON y4np XUMKU, OU3NK, BUONOTMIAH LLUMHXKITAX YXaaHbl
OFTNION O93P WX33X3H COHUPXON TaTax GamHa. TyyH33C ragHa HaHO XAMXXI3CUMH
opunmp copoH3oHa Ganpar koapumtmB Xyd (Hc), xaHanTblH COpoH3XmnT (Js) 6a
COPOH30H M34paX YaaBap (X) 33par XaMXWUrgdXYyH Hb COPOH30H HaHO 6eemMuiiH
XAMXK393, Xanbap, 6yTay 33praac xy4Tan xamaapd bangar. JHIXyy ©BOPMEL, COPOH30H
LLUMHX YaHap, XWKUT XaMX39, 610 HULTIN Baraan 33par Hb TOAr33pumnr Tyxamnban,
COPOH30H pesoHaHcbiH gypcnan (MRI)-niiH Togocrory 6anansir camxpyynax, aM1MiH
00AMCbIH HaHO X3MXI3T 3eerd 60nrox, LaxunraaH COPOH30H SHEPrunr AynaaHbl
3Heprug XyBuprax, COpOH30H Yunrnyynard 6a 6mo magpary 6ogmc 6onrox 3aprasp 6mo-
aHaraaxblH canbapT Tepen OypunH 3opuynantaap epreHeep awwurnax GonoMx

onrogor [4].

OpuuH yeq xaBapbIr aMUnNax AH3 OypuiiH apryya xaparnax 6arnraa 6onosuy, 6ycag
9PXTOHA TAMTAN YyYpYYynaxrymrasp ISMUUNI3d XUAX Yp AYHTOM apra XxapaaxaH
HO3rgaaryn GarHa. Tarean xaBApblH XanyyH amumnraa Oywy “hyperthermia” Hb
COPOH30H HaHO GeemMuir eBYHUI TONOMTOL XYPraX, eHAep AaBTaMXkTal XyBbcax
COPOH30H OPOHIOOp YWINYUACH33P, AynaaH sanrapyymk 6Oycag apyyn  acaj
Heneenenrym 3eBx6H XaBAPblH 3CUWAr ycTragar A3BLUMATAT apra toMm. JQH3 aprag
COPOH30H eppuUT MaTepuanyyabir X3p3arnaX >XMWKAr OMeTan amMbTAblH XaBapbIr
aMXunTTam amMunimk barraa 60n0BY XyHUN BrMen Xxaparnaxag XxaHranTTam XaMKI3HUM

AynaaH anrapyyrk Yagaxryn gyrargantan Tan unapcaH [5-7].

©OMHe XMWTAC3H cyfanraaHbl Yp OYHIYY4A33C y33xag MgFe,0, deppuT HAraan He
Oycan eppuT HIrOANyyaATan xapblyynaxaj XyBbCax COPOH30H OPOHA XaMIUWH MnX
aynaaH anrapyymk 6ancad (3ypar 1.4). TyxanH HOranunMH Agynaad ganrapyynax
Yagamxng 6eeMuiiH Xamxaa, Mopdosoru, Kpuctann 60510H COPOH30H ByTLI3C ragHa
TeTpasaap 60noH okTasap 6anpLumn gaxb MOHYYAbIH TYrAMAT 33P3r Hb YyXan HeneeTan

60onox Hb eMHeX cyaanraaHyyaaap TOrTooracoH 6anHa.
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80— 1
l - Mgl".0304
) 2 - CuFe,0O4
r 3- NiFCgOAu
o 60— 4 - FeF?g().;
o 5 - MnFe,04
e 6 - SrFe;0,
S 7 - CoFe->04
s
2 40-
—
5
6
20 — .

0O 2 4 6 IIO l]2 ll4 ll6 118 20
Xyrauaa (cek)

3ypaz 1.4. Deppum mamepuaryydbiH OyaaH snzapyynax 4adamx

Xonumor wnuHen eppuTUnH TOXMoNAaosna xXoép 6a TyyHI33C 033 KaTUOHbIT
aryynax Gereep, TyxalH MaTepuanyygblH LWMHX YaHapbIl €epuyrieH camxkpyynax
oonomxwunr onrogor 6anHa. MgFe,0, Haranuir Ca, S, Cu, Mn, Si, Ni anemMeHTyy43ap

XONbLUJIOH LUMHX YaHapbIr Hb camxpyynax cyganraanyyn xmirgaag 6anna.

1.2.1. HeenuunH 6onoH BpayHbl penakcay

NxaHXx Toxmongong HaHO GeeMCUNH COPOHIXKUAT XUFOSPCIH TIP YMrnanyyass
LUMHX YaHap Hb YPramxk gasyy bangar 6ereeq aaraap umrnang HaHo6eemc aHM3oTpon
LUMHXTOM I3 y343r. X3paB 36BXOH HAr 4Mrnan wunyy gasamram 601 Har TOHXMArT
aHM30TPON X sipbaar. Har TOHXNArT aHM30TPON LUMHXTANW HaHO 6eeMCUNH XyBbA
AynaaHbl 3HEeprumH Hemneereep caHamcapryn 6angnaap COPOHIKUATBIH YMrnan
COHIOH GanpLumMxbIr 3pMan33H “caBnaHa’. 3H3 MPOLECC Hb HArgyrasapT, COPOH30H
MOMEHTbIH YUIM3n eepynergex, XxoépayraapT, 66eem eepunH TIHXNAra3 TONPOH 3Prax
rACoH 2 TepnunH MexaHu3maap sisarggar. Tograspunr Heen (Néel relaxation) 6a
BpayH (Brownian relaxation) npouecc rax HapNaHa. JH3 caBnax ApeKTUNH oyHaax
Xyrawuaa Hb penakcaublH Xyrauaa rax Hapnargaar t-aap TogopxonnorgoHo [8):

T=74€Xp i . (1.1

kBT

OHO 10— cydanx balicaa Mamepuanaac xamaapax moammor xyaauaa. SH3 XaMxKu203xXyyHul

ymea Hb 10°-10"2 cek. Ea=KV Hb dynaaHbl a3HepauliH mycrnamxmadizaap 0aex COPOH3XUIIM
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seacdax 3HepauliH caad b6yry aHu3ompon 3Hepau, V- HaHO 6eeMuliH 33713XyyH, Kg-

BonbumaHbl mozmmori, T-memnepamyp.

AnvBaa U3MK XIMXKUTOIXYYHUNT XIMXKWXK Oanraa XoMKMnTunH Garax
TOXOOPOMXK Hb TyxaH PU3UK YTrbir XaMrMinH 6ara xyrauaang XaMXKMK aMXuX Tm
XOMXUNTUAH  Xyrauyaatam 6Gampar. CaBnanTblH XOOPOHAOX AyHAaX xyrauaa
XOMXUNTUAH  XyrauaaHaac wux 6amBan Tm<<T HaHO ©eemMC L0OXOorgCcoH
(bnoknoracoH) Tenes Ganaan raXx HApPNara4ax ToAoOpXow TenesT opHo. CaBnanTbiH
XOOpPOHAOX AyHOa4y Xyrauaa XIMXWNTUAH XyrauaaHaac OfloH AaxuH Gara Tm>>T
OariBan XaMXWNTUWH SBLUAA COPOH3XUNTbLIH SH3 OYPUNH YUrNan TOrTOX amMXUXTyn
Oaviraa (nykTyay TeneBYYAUWI aXurfiaX 4Yagaxaac ragHa Xyraudaaraap
ayHgadnargcaH COPOH30H MOMEHTbIM  XaMXKmk ©onHo. Mnm  Tenes Gananbir
CUCTEMUNH Cynep MNapacoOpPOH30H TOemNeB X HIP3Lar. XaMXUNTUAH Xyrauaa
axurnargax TeneB 6Ganpgang MX XOMXKI3radp Hemneenger 4 3apuM X3MXKUITTUIAH
Xyrauaa sgmap XamxaaTan 6angrmir Magaxag nnyyaaxryn. TOrrMon COPOH30H OPOHL
100 cek., XyBbCax COPOH30H OPOHrMiHX 101 - 10 cek., MéccbayapuitH cnekTpockonT

107-10°cek. HanHa.

XyBbCax COPOH30H OpOHA Oavraa COpPOH30H 6eeMUNH XyBbd ragHbl COPOH30H
OPOH, MEH ©epWNH O0TOOA COPOH30H OPOHIMMWH XapurilaH YWNYNanunH yp OYHA
3Hepru (gynaaH) snrapHa. HaHO XaMXX33CT COPOH30H MaTepuang AynaaH anrapax
Yy33r4an Hb COPOH30H 6GeeM JOTOPX COPOH30H MOMEHTLIH YNMN3N eepynergex 3proH
caprax HeenuiH npouecc 60OMOH yr 6eemM eepuinH TAIHXArad TOMPOH 3prax bpayHbl
npoueccTon ysinaaH YYCH3. [agHblH XyBbCax OPOHMMWH JaBTamkaaCc XamaapaH
eepunergex xyrayaa Hb COPOH30H 6OOMUIH AOTOOA OPOHIUH PraH CIPrax xyrauyaa

(relaxation time)-aac 6ara 6aviHa.

1.2.2. COpOH30H HaHO 6eeMUNH anrapyynax agynaaH

HaHo GeeMUIMH X3aMX33 UXCIX34 penakcaublH Xxyrauaa WMX3cH3. LUnmkuntuiH
Xyrauyaa v = tm yeq xapransax Ts-TemnepaTypbir Cyrnep NapacopPOH30H XaamnTblH

TemnepaTyp rox HOprag g Aapaax TOMbLEOroop TOAOPXONSTHO:

T,=— M __ (1.2)
ke In| m

In
B
0
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HaHo 6eeMuiiH XaMX33 MXCIX34 Cynep NapacoOpPOH30H LUMIMKUATIA Laapanaratan
keT gynaaH nx 6onHo. HA33C Ts Mx Ganx TyTam 6EEMUNH XaMXKI3 UX BariHa ragrnnr
A33pX TOMbEO Xxapyyrk 6anHa. HaHo GeemcuiH xapunuad yununan Borenb-

dynyepunH 3areap €coop gapaax 3ym Torrontom [9]:

T=17€Xp (1.3)
{ B(T )J

OHO: To Boeenb-®ynyepulH memrepamyp.

1.2.3. AHu3oTpon 6a COPOH3OH M3AP3IX YaaBap

COpOH30H HaHO 6GEeeMC COPOH30H OPOHMUAH YWNYMAN33P COPOHIKUNT IPraH
XyBbCaH eepuneraex npouecco OpX ynMaap uaxunraaH COPOH30H 3HEprumr
AynaaHbl aHeprn 6onroH xysupragar [10]. COpOH3XUNT 3praH eepunergex y3araan
rmctepesncuriH angargan (eppoCopoH30H HaHO 6Geemc) Ga COPOH30H M3APaxX
YagBapblH angargan (cynep napacopoH30H HaHO 6eemMc) racaH XoEp Teprieep
aBargaHa. ['uctepesncunH angargan Hb COPOH30H OpOHrMMH adanawny (Hac), MeH

KoapumnTtuB xyd (Hec = 2K/uoMs) -33c xamaapHa.

X3p3B XyBbCax COPOH30H OPOH |1 COPOH30H MOMEHT ByXui eppOCOPOH30OH HAHO
0eemp ymnunaxag COPOH30H TeneB MeTa TeneB Oangang oplwuHO. YYHUN OyHA
COPOH30H MOMEHT YUINIAM33 ©6pUrieH 3prax aHeprn (3eemaH aHeprn) Hb +uouHk
yTraac -uopuHk 60K 2uoHk X3aMX33HUI SHEPru AyrnaaHg XyBupHa. XyBUWH AyraaH
anpargan Px Hb 4uouHkf®* Byoy 4uoMsKfp™ rax TogopxonnoraoHo. dHa, @ 6a p Hb
HaHO 0 MWWH >XWH, HArT. HaHo GeemuiH HeenunH penakcaubliH Xyrauaa 7Tn
aHU30Tpon aHeprnap, bpayHbl penakcaubiH Xyrauaa s Hb rmapoAMHaMUK 33M19XYYH 6a
OpYHbl 3yypamTrah YaHapaap, 34ra3punH HMMN6ap addekTmB (1) Xyrauaa gapaax

TOrLLMTIANYYA33P TOOOPXOMMOrA0HO.

KVI\/I
TN =70 €XP T | (1.4)
B
3V
B :—Hn, (1.5)
k
B
Tt
lzi_{_i 6y|.oy T:ﬂ
T TB TN TB +TN
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M kT KV
r=—> | B exp M (1.6)
27/0K VM kBT

3HO, To- Mo2mMOIT XaMxu203xyyH, otposyoo2oop 10° cek, K — aHusomporn moammor, Vy -
beemuliH 33113xyyH, ks -bombymaHbi moammorn, T-memnepamyp, n- 3yypammealH

KoagbgbuyueHm, Vy- 66emuliH 2udpPoOUHaMUK 33I1IXYYH.

XyBbCax COPOH30H OpOHA ¢heppuT HaHO BGeemwinr opyynaxag snrapax 4dagan

(aynaaHbl Xxamxa3) P gapaax unapxumnnasp ToA0pXOMNOrgoHO:

_ (WHwT)?
b= [2TkgTpV (1+w?212)] 1.7)

OHO, - 666MULH COPOH30H MOMEHM, H- COPOH30H OPOH2UlH Xy4/i3e, wW- OPOH2UlH eHUe2

dasmamx, p- HaHO MamepuaribiH Hs2m.

Cynep napacopoH3oH 6GeeMuitH XyBbA 93MaxyyH VH Garacaxag 7s Xyrauaa
TYYHTO/ Wyya nponopuvoHanaap Garacax yyup T Xyrauaa 36eBXeH I
X3MXKUIO3XYYHI3P TOOOPXOMMNOraoHO. OH3 TOXMOMAON KOMMNEKC M3APaX YaaBapbiH

Gaviryynary y” napaax ToMbE0Oroop 6uunrasHa:

2

Ho i

le:gg T[ ot 2} (1.8)
B' 1+ (w7)

OHO33C fapaax UNapXUnnunr raprad a4 6onHo [7]:

"H 2 242
mu~y'H
P=ru ;("H2 fp_lz 0 ac 2 {7 Hacr . (2.9)
0+ ~ac 3pk T 2
PrB [1+(27zfr) }

OUSCT Hb [AOYrHOH X3mnaxaf, cyneprnapa COPOH30H MaTtepuarnbiH XyBbd Ms
XAMXUIAdXYYH ux ytratam, K gyHgax ytratan 6aviBan XaMrlH TOXMPOMXKTON FaX

Y33 B60SIHO.

1.3. [OynaaH sanrapax y33arasvur cyanax apra 3ym

COpoH30H MaTepuanblH XyBbCaxX COPOH30H OPOHA AynaaH gnrapyynax
yagamxur XyeunH LLuHraax Yapgan (XLWY-specific absorption rate-SAR) racsH
XAIMXKUTOIXYYHIIP TOAOPXOMMAOr. OH3 Hb O3KUAH HINK MacC faxXb LUMHIIICAH
aHepru (BT1/r) tom. XWY -r papaax yHacaH 3 apraap togopxoungor. YyHa: OdynaaH

XAMXKUNTUNH apra, COPOH30H X3MXUNTUNH apra, AHanuTuk apra.
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OXHUN apraj, COPOH30H MaTtepuarnbir XyBbCax COPOH30H OPOH OpYYyrnaH anrapax
AynaaHbIr XaMXKaar. JHA sanrapax gynaaH 60noH TeMmnepaTypblH 6CenT XOOPOHAbIH
xamaapnaap XWY —r Toougor [9]. XapnH X0€p Aaxb apraj COPOH30H XAMXKMITIIC
A39KUNH COPOH30H XaHanTblH yTra GOMNOH rMcTepesncuiH angarafibir TOOL0OSTK
ongor [11]. CyynuiH 6ytoy rypas gaxb aprag XWY —r TooL00n0oxga00 COPOH30H OpHbI
XYY, AaBTaMX MeH TyxavH MaTepuarnblH LOMUNH XOMXK33, rMOpOAMHAMUK XIMXKII,

aHM30TPON TOFTMON 33P3r LWNHX YaHapyyaaap Hb Togopxoungor [11].

[a3px apryyaaac aynaaH XaMXunTuUrH apra Hb XaMrmiH TYraamMas Xaparnargaar.
XYBUIMH LUMHI339X Yagarn rax Hop TOMbEO Hb LiaxmunraaH COPOH30H AOMNMMOH (X3T aBua)-
Hbl YNnunang 6yn 6MONOrMnH 34 3CUIAH HANK 33MN3XYYHA LUMHIAX YaanbIr MN3PXUAITHS.
bugHuin aBy y3ax 6yn TOxmongong Oyry COPOH30H MaTepuanblH XyBbL 3HI
XAMXKUTO3XYYH COPOH30H MaTtepuariblH HA3NK Maccaac anrapax gyrnaaHbl vagsibir

nnapxunnua. Mnmg XLWY —bir gapaax TOMbEOroop TOAOPXOUSHO:

XIIY = %% (1.10)

OHO, c-HaHO Mamepuarsn azyyrncaH Komnoud WuHa3HUl XxyesulH OyrnaaH 6bazmaam (yCHbI
AT
xyebd ¢ = 4.18 K /(r - rpan), o “memnepamypbiH xy2ayaaHbl ©ep4nenm, m — COPOH3OH

MamepuarsibIH Macc (2/mi).

HaHo copoH3oH 6eemeec yycrax gyrnaaHbl TOO XAMX33r XYBUNH LLUMHI33X Yaanaac
ragHa XyBUnH aynaadn angargan (specific loss power-SLP), racaH XaMXurgaxyyHasap
TOAOPXOMNHO [12]. XamKux HANK Hb BT/kr 6anHa. XyBuiH gynaax angargan (XOA)-sir

fAapaax xapbLaaraap Toouoongor [13]:

XJA = <42 (1.11)

m At

COpOH30H runeptepm ounrontblH XypaaHng XWY (1.10) 6a XOA (1.11) wxun
XAMXKUIA3XYYHYYA 6angar. XOA onnronT Hb eHAep AaBTaMXWNH OONTMOH XYHUIN buen
XOPX3OH LUMHIMA3rAax B3 ragrmir togopxonngor yunp CopoH30H runeptepm canbapt
X3parnargax Ham 6yry xapbLaHryn 6ara gaBTaMXKUAH OOSNTUMOHbI XyBbA, TOOMNNOH
TOXMPOMXIYW, Heree Tanaac “AynaaH LWWHMRANT' F3C3H OWNroNT 3H3 canbapTt
Toxupgorryn. XWY XamXurgdxyyH Hb HOPMYMOFACOH MaccCbiH XyBbA sinrapy 6yn

YagblH XaMXKI3r (Xy4) Uiyy Ux HapumBunanTan nnapxmingar 6arnHa.
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XOEP. CYOANTAAHbI APTA 3YA

2.1. ®eppuT HAaHO MaTepuan rapraH aBax apryyn

OpuunH yea ceppuT HaAHO MaTepwan rapraH aBax OJSIOH TOPSIMNH CUHTE3UNH
apryya awvrnargax 6arnHa. YyHO XMMUIAH TYHagackunT, 30Mb-refb, XaTyy TeneBuiH
ypBanblH apra, rugpotepmari, 3MeKTPOXMMUIH X MAT OSIOH apryyd 6un. 94raap Hb
Oyrg eep eepuinH fasyy 60n0H cyn Tanyyatam [14]. OHa TecnuinH Xypaang oug xatyy
TeneBUNH ypBanbiH apra 60NOH 30Mb-reNb apryygbir awurnad cyaanraatbl

,D,SS)KVVD,I/IVIF rapraH aBCaH.

2.1.1. XaTyy TeneBuWH ypBanbliH apra

XaTtyy TeneBuiiH ypBariblH apra Hb XMMUIH ypBanmkyyabir mexaHuk apra (ball mill)-
aap HyHTarnaH Xonux 3amaap MOoNuKpUcTans maTtepuanbir rapraH aBax HWUIT99H
HUWTNAr CUHTE3UWH apra oM. YT ypBan siBargaxblH Tyng MXOBYSIAH Mall eHaep
TemnepaTypbIr awurnagar. Xatyy TeneBuH ypBang Heneenex Xy4uH 3yWnc Hb
ypBarmxyyablH XMMUAH 60M0H MOPMOSIOrMIAH LWWNHX YaHap, TYYHUMIA OOTOpP ypBariblH
NO3BXKWM, ragapryyrunH Tandan, xaTyy TenesBunH Temnepartyp, apanT, OpYUH 39par
ypBanbIH Hexuenyy4 oM. XaTyy TeneBuWWH ypBarnblH aprblH aByy Tan Hb SHMUWH

bereeq O33XKNAT X XAMXKIIraap rapraH aBax 6onomxron om [15].

MgO, A1203 Fe203

3TaHoa

ball mill —"'l

MaTaanT

l

[ ®eppur |

3ypaz 2.1. Xamyy meneguliH ypearsblH NpoUecculiH cxem

2.1.2. 3onb-renb apra

3onb-renb aprbiH gaByy Tan Hb epTer 6ara, KpUCTamKUITbIH XAMXX33 HAraH Tepern,
L2B3PLUMNT canTamn rapraH aBax 6onomxron tom [16]. 3onb-renb apraap martepuan

rapraH aBaxag “3o5nb” 60510H “renb” racaH X0€p hasbIir AaMXKUH OIKUIAT rapraH aBaar.
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“30Mb” Hb O33KMNH LUMHIAH OPYMH Jaxb KONoua yycmar oM. HyHTar 93Xunr 3011b-
renMnH apraap rapraH aBaxag Metann MoHbl HUTpaT BOMNOH ycaHad amapxaH yycaar
FMUUWH, HUMOIrHUI Xy4un 33prunur MeTtann MOoHyyablH Xxonboryoop awwurnagar.
MeTann HuTpaTt 60noH unTpaThiH Xapbuaa 1:x 6angar (X Hb MX3HX Toxmongong 1 —
3). [laBxap HAPC3IH, NOHTYMXKYYIICAH yCaHA HUTpaTyyablr yycraHa. ¥Yr HuTpaTt 60510H
HUMOIrHMI XYYNUAr ycaH4 yycraxgaa eHgep rpagycTt TacpanTryn xyTrantranraap
yycMman ©0mroHo. YCHbl MOMeKkynyyn yypwwk ayycaxag yycman 3yypamTranm renb

Xan6apT opHo [17].

Ynmaap renunr eHgep TemnepaTtypT wartaacHaap 433X 63naH 6onHo. 3onb-renb
NPOLECCbIH CXeMUIT 3ypar 2.2-T y3yynaB. HutpaT 60n0oH meTann noHyyapiH xonbory
XOOPOHAbIH Xapblaa Hb 66eMUINH XaMX33 60MOH COPOH30H LUNHXK YaHapT Heneenaer

Bonoxbir cyganraaraap Torroorooq 6anHa [18].

Hurtpar Humooramii xyumi

MN:CA=1:x y

Ycan yycmadn

AMMOHHITH Xy*H1 _p‘ '.........................;

Yycman

Xomnx ~90°C i

Mlaraaar

A4

DeppuT

3ypae 2.2. 3o5b-2erb NpoyecculiH cxem
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2.2. byTuunH cypanraaHbl apra 3ym

PenmeeH OJQudgppakuybiH apza (XRD): PeHtreH TysaHbl audpaky (XRD) Hb
MaTepuanbliH asblH aryynra, Kkpuctann OyTal, XMMUNH Hanpnara, U3MK LUINHX
YaHapbIH Tanaap A3NrapaHryn Ma433Nan erger TexHuk oM. CyganraaHsl axung ¢TX
ninH Shimadzu 6panaunH CuKa aHog Byxun Maxima_X XRD-7000 gudpaktomeTpunr

alumrnacat.

HelimpoH capHunbiH ap2a. HenTpoH Hb 60OMC Aaxb aTOMbIH TYHA OYMXK LIOMTIN
xapurnuaH ynnuumngar yump xeHreH uem Li, H rax MaT peHTreHasp ToOopXOMNoxX
OONOMXIyn aneMeHTyyaunr cygnax onomxuir buganHg onrogor. HentpoHorpaduiiH
ereranunr GOMNOBCPYYySiCHaap KpucTann TOp AdaxXb aTOMbiH LGOMWWH TYranTuuir
ASNIAP3HIyM TOOOPXONNIOX OGONOMXTON. HEWTPOH Hb COPOH30H MOMEHTTOM Y4mp
aTOMbIH USMWAH OOMOH 9MNEKTPOHbI CMUMHTAN XapwuiiuaH YUAYUImK  KpucTanmbiH
COPOH30H OYTUMIMH Oyp 3ypruvr TOOOPXONNAor aByy Tantan. OH3 TOCIUAH XYPI3HL4
Ay6Ha gaxb LleMuiH WnHXnnrasaHmm HaracaH nHetutyTt (WWHW)—-minH IBR-2 peakTop
A93p eHaep anrax Yagsap 6yxui HenTpoH andpaktomeTp (Pypbe andpakromeTp) -

WIAr awmrnaH kpuctann 60510H COPOH30H BYTUUIH cydanraar ryviudTracaH.

3ypae 2.3. OnoH ynceiH LlemulH LLuHxuneasHul Ha2dcaH MHemumymudH HelmpoHbi

usukulH nabopamoputiH ©HOep sineax Yadeap byxuli @ypbe dughpakmomemp

Xam sizaaH mysiaHbl cniekmpockon (UV-Vis): XaT draaH TysiaHbl CNEeKTPOCKOMN Hb
A39KNA, LWMHIACOH 3CBAN AaMXUH OHIePCOH XaT AraaH Tyda 3CBaN Y33raax roprnuimH

canaHrmna aoJsirnoHbl ypTbllr XOOCOH 099XKTaN XapbuUyylaH XamMXaar aHalimTuk apra oM.
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CypanraaHbl axung Shimadzu 6paHgunH UV 2550 cnekTpodoToMeTp aluurnaH

X3IMXKUMTUIT ABYYNaB.

Hun ynaan mysiaubl cnekmpockon (FTIR): Hun ynaaH TysiaHbl CrEKTPOCKOM Hb
opraHuk, nonuMmep, 3apuMm ToXuWongong opraHvk ©Oyc MaTepuanblH aryynrbir
TOLAOPXOMNOX0A alumnrnagar aHanuTuk apra tom. CyaanraaHbl axung 4oONrMoHbl ypTbiH
500-4000 cm?t myxua Shimadzu 6paHaminH IR Prestige-21 cnekTpomeTp aluurnaH

X3MXUNTUIT ABYYNaB.

2.3. XyBbCaxXx COPOH30H OPOH YYCIraX TOX00peMX

COpOH30H HaHO MaTepuanaac gynaaH snrapax y3aranvir cyanax sopunroop oua
SXHUI 33IMKUL XYBbCaX COPOH30H OPOH YYCraX TOXeepeMXWir eepcaee yrcapu

cyypunyysncaH.

Tepmomerp

Ycan xoproar &
P Trxauiin 610K ]

33¢ opoomor

3ypae 2.4. a) budHuli yecapcaH xy8bcax COPOH30H OPOH yycaax mexeepemx, 6) BHXAY-0
yliri08apnacaH eHOep OasmamXuliH UHOYKUULH XanaasimbiH MeXeepemMmX, 8)

mexeepemxuliH 6ydyysy 3ypae
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©HOep OaBTaMXUAH MHAOYKUMAH XanaanTblH TOXOOPOMXUAH 3apYMM Hb ©HOep
OaBTaMXWWH XyBbCaX MYWONWWH ypcranbil 33C OPOOMIroop AamXyynaH MHOYKUWUWH
ryngan yycgor (eddy current). QHaxyy xyBbcax rynanviH HeneeHun ynmaac gynaax
YYCraaar Tyn xanaanTblH 9H3 aprbir MHAYKUMAH XanaanT rax Hapnagar. HayKumimnH
XanaanTt Hb 33C OPOOMIMWH TEB X3C3AIT XaMIMMH WX XydTan ssarggar. bugHun
yrcapcaH XyBbCax COPOH30H OPOH YYCrax TexeepemX Hb 71 KIU-WAH gaBTaMKXUnr
yycrax 6aricaH 6ereeq Temep aryyncaH HaHO COpPOH30H 60AMCbIH AynaaH anrapax
X3AMXKUATUNAT YCaH OPYUHA TacanraaHbl TeMnepaTypT XAMXUITTUNAT XUXK NYULITIICIH.
[o3XyyaANnH XyBbCaxX COPOH30H OPOHA Anrapyymk Oy gynaaHbir TEPMOMETP
(ankoronb) 6OMNOH X3T ynaaH TysiaHbl KaMepblH TyCnamXTanm XaMxcaH. MeH uaawabiH
HapunByuricaH cypdanraadyygag awwurnax sopunroop Xartag ynceiH HAIMINGSI
KOMNaHug, YWIABSPMAC3H eHOep [AaBTaMXUWH Texeepemx awwurnargax 6anHa.
3apyuMblH XyBbA AO33pX TexeepemxTan wkun 6onosdy 370 kI XypTanx eHaep
AABTaAMXUNH MY>XUA TYPLUUNT ABYyniax 60OMXKTON oM. YrcapcaH XyBbCax COPOH30H
OPOH YYCIaX TOXeepeMX, XOMXWUNTUWH epeHxun byayysuunr 3ypar 2.4-4, YHACSOH

napameTpyyauir XycHarT 2.1-4 y3yynas.

XycHazm 2.1. Xysbcax COPOH30H OPOH YyCa3aX mexeepemMXulH napamemp

Texeepemx 1 Texeepoemx 2

YHAC3H napameTpyya

HAIMINGSI
OpOOMIMiH OpOOACHLIH TOO 7 7
OpoomrunH gotoon anameTp (Mm) 65 65
HOaBTamx (kMu) 71 370
Yapan (kBT) 25
YcaH xeprenT (n/MuH) 7-8 -9

2.3.1. CopOH30H OpHbI cyaanraa, TOoL00

YrcapcaH COPOH30H TOXEOOPOMMKWUINH YYCroX COPOH30H OPHbIT OHOMbIH XyBbA
TOOLI00MNOH 3arBapynax 30punroop Aapaax TooLIoOT XUIK ryiuaTranaa. ConeHonauniiH
XyBb/[, COPOH30H OPHbII TOOLIOONOXbIH TyNA 3Xn334 CONeHOWAbIH HAr OPOOACHIr aBY

Y3B3J1 COPOH30H OpPHbI MHAYKL, Hb JO0PX TOMbEOrOOP UN3PXUINAra3Ha.
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la?
B = Ho
2r3

(2.1)

XapuH opooacoop rymx rynanunH yycrax COpoH30H OpHbl MHAYKLUbIr buo-Casap-

JTannaceblH xyynuap:

la? N Ia®N dx
deuo 3 dxx—=“0 3
2r 2 2L (L —x)? + a?) />
- tola*N fL dx
2L Jo (L =x)2 +a2)*2
2L WiExaz (L-D24a?
pola’N
B = I [cosY; — cosV,] (2.2)

raXx ONYnraoaHa.

©epcaninH yrcapcaH COPOH30H TOXOOPOMXUNH napameTpyya 60510X opoOMrnmH
paguyc a=3.15 cm, ryngan 1=15 A, opooacblH Toor N=7 opJiyynaH COPOH30H OpHbI

MHOYKUWIAr conHonabiH (9, = 9, = 0) xyBbg Toouoonnoo (3ypar 2.5).

E6

0.05
0.04 4

0.63

/ 001

3ypae 2.5. a — coneHoUdbIH yyca23X COPOH30H OPOH; 6 — coneHOUAbIH COPOH30H OPHbI

UHOyKY 3aliHaac xamaapax xamaapari

OpOOMIUIAH ronga YYCaX COPOH30H OPOHT Japaax Xapbliaaraap TOOLIOOSICOH.

3
H = Nla?/2(z* + a?)2 (2.3)

OHA: N- OpOOMIMINH OPOOACHIH TOO, |- ryinAan, a-opoOMIMAH paguyc, z- Z-TIHXMAr

093PX OPOOMIMWH TEB XYPTANX 3aur TyC TyC UN3PXUUNHI. buaHum yrcapcaH xyBbcax
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COPOH30H 33C OPOOMIMINH oS4 YYCIX COPOH30H OPHbI XAMX33r (2.3) TOMbEOroop

Toouoonoxon 1.006 kKAm™ rax Togopxonnoranoo.
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NYPAB. PEPPUT HAHO MATEPUAJIbIH OHOJIbIH CYOANTAA

CyynuuH xunyygag Xupasasa [19] HapblH cygnaadvg MarHuiH oeppuTuinH
AynaaH anrapyynax LWWHX YaHapT Cu-UNH MOH X3pX3H Heneesrk Bavraar cygancaH
Gereen Cu?t WOHBLIr XOMbLOMCHOOP AynaaH snrapyynax 4agamx ecex Oyir
TOrTOOCOH GarHa. OH3 HArAAUNH TyXan X34 X3A49H CydanraaHbl axIryyd XOBMar4caH
G6anpgar 6onoBy Mg,_,Cu,Fe,0, -WAH OYTUMAH e©epuYNenTunH Tyxan Maw Oara
cygnargcadH 6awpar [20, 21]. Tuim ydypaac ©uag Ouo-aHaraaxblH X3pPIrnaaTon
xonb6ooTonroop MgFe,0,-vir Cu-aap XONbUOCOH H3ra4an 605I0H UTpU TeMpPUINH
rapHeT (YsFesO12) maTepuanyyabliH oHon 60noH 6yTUMWH cyganraar xuinnaa [22].
PeppuTyyOuNH KpuUcTansn, 3nekTpoH OO0NOH COPOH3O0H OyTuuUr HEWTPOH 605IoH
PEHTreH ANPaKkTOMETpP, PEHTIeH TysiaHbl LUMHIA3NTUIAH CNEKTPOCKOMbIr aluurnaH
XUMK, KBAHT MEXaHUKUMAH apraap 9MneKTpoH OOMOH COPOH30H OYTUWMWMH OHOMbIH
cypanraar xumB. CyganraaHbl axmnblH 30pUNro Hb (beppuT maTepuanbiH AyraaH

anrapyynax Yyagamxuir 6yTuaac xamaapyynaH Tannbapnax ssgan oM.

3.1. OHOnMbIH TOOLOOHLI apraynan

AB,0, r3C3H epeHxun TOMbEOD Byxmin Hopmarb WwnuHenb 6yTauTan MgFe204-niiH
noHyya anamoHa(A) 6a nupoxnop(B) racaH Asg topyyaan 6avpnax (3ypar 3.1)
banixaap coHroH H®O-g [23, 24] TynryypnacaH xaBTram AONMMOHbI NCeBOO
noteHumanoir (PWscf) [25] coHroH aBy epretreceH rpagueHTtblH (GGA) aprbir
awwurnadH QUANTUM ESPRESSO [26] 6ary, nporpammaap Toouoor rynuaTraB. oH
Ga BaneHTbIH 3NEKTPOH XOOPOHAbIH XapwiuaH YWNYnan Hb ynbTpacodT nceBao
noTeHUManaap WnNapxuiinaraaar. Arasp aneMeHTYyA ragaan Aasxpaangaa: 0(2s?,
2p*), Mg(2p®, 3st,3p%7%), Fe(3s?, 3p®, 3d%°, 4s'),Cu(3d®>, 4st, 4p°°)
opbutanuyg OnekTpoHoOp AyYyprargaar. XapwH [JOMArMOH  (PYHKL, Hb  XaBTram
AOSTTMOHOOP UNAPXMNNArAaxX 6a KMHEeTUK aHeprnnH Aaag xasraapsir 40 P6 (Pnabepr)
Garxaap aB4 COHroH aBcaH. ATOMbIH 6yTaL, noHbI Baripnan, TopbiH NapamMeTpyyannr
TOAOPXOMMOXbIH TynA aTtom 6ypuinH ynaargan xyuuir 0.05 aB/A 6onton ontumuaall
xuB. Fe(3d) 6ornoH Cu(3d) TeneByyasn 9NeKTPOHYYAbIH XY4Tan Koppendaunax
adppekt wmnapper 6a Xabbapn + [amMunbTOHMaH [33p CyypwuiicaH Conuniuon
XOOPOHAbIH COPOH30H 3adhdekTninH napametp (J,) 6onoH XabbapabiH napameTp U =
7,53B-00p TYyC TYC COHIOH aB4 UHBAPWAHT LUyramynax aprbir almrnas. J,-Uir wyraman

XapunuaH YWUNYnanunH aprbir aluriadH TOOLOOMMK COPOH30H MOH Oypuinr 13B
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QHEPIrUTaN rax y3aB [27]. ATOMbIH AONTMOH doyHKUmiir (GGA + U + J,) 6anxaap COHroH

aBCaH.

BuaHuii aBY y33x 6y ByTaL, Hb Tan TeBNECeH Ky0 6yTauTan 6a TyyHWI aran TopbIr

[vkapTblH KOOpAUHATBIH XYP33HA Aapaax Gananaap oypcrae.

a =—-a ; A = —a ; A3 = <A
2 2 2
1 1 0

MarHuiH eppuUTUH HOpManb LUNUHEN Yye n[3X MarHu 60NoH TeMpuiiH

aToMyyablH Ganpnan TeTpasap G0MOH OKTasdp CyypbLUUA CyyHa raarvir Tyc Tyc
Xapyynas.

) 1 [0 ) 1 (2 1. . .
ng =sa O (4)5 ng =—a 2 =_(a1+a2+a3)
1 8 O 2 8 2 8
= 1 1 1 - - - - 1 5 1 N — N
Tre, = za| 5 | =2 (9d; + dy +d3) (6); Tre, = za| 1] =2 (d; +9ap +d3)
8 \g/ 8 8 \c/ 8

1 A\ 1, 1 (3 5 . .
Tres =g\ 5 =§(a1+a2+9a3)(8); Tre, =g |5 =§(a1+a2+a3)

1

3ypae 3.1. (A) duamoHd (B) nupoxnop 83d mopyyd.
Toouoor xunxaaa MarHuiiH beppuTbiH XyBb Aapaax X0EP TOXMOSASbIN aBY Y33B.
1. (Mgi-sFes)[MgsFe;_5]04
« §=0(Mg)T¢[Fe,]°*0, » Hopmanb wnuHen

« 5§=1 (Fe)T[MgFe]°0, » uHeepc wnuHes ByT3LUTIN TOXMONANYYA A33P

TOOL,00r TYC TYC XUNB.
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(A) 6onoH (B) oag Topyya Aaxb COPOH30H MOHYYA Hb TeTpaaap 6a okTasagp racaH

KpucTann opoHA Tyc Tyc 6arpnaHa rax y3ax gapaax TooLoonnyyabir ryiuaTras.

3.2. MgFe;0,-VNH OHOSbIH TOOLIOOHbI YP AYH

Bug kBaHT MexaHuKunH aprbir oeppocopoH3oH (FM) 6a aHTMdeppOCOPOH30H
(AFM) TeneByya A33p kKy6 MgFe,0, dasblH XyBbJ CMUHUA TyWnLparnbIir TOOLOOJSIOH

Aapaax yp AYHr rapraH aBas.

Hopmanb wnuHen 6ytay 6yxun (Mg) 4[Fe,] 504 HITANMAH COPOH30H LUMHX YaHap
Hb MMPOXIIOP A34 TOPOH AaXb TOMPWIH rypBaH BaneHTTanm MoH Gonox Fe3t-asp
TogopxonnorgoHo. COpOH30H MOHYYAbIH CMWH Hb B 094 TopblH OynaHryyaan cyyx
OGerees;, COPOH30H WMOH Hb T3HUYY TOOroop XyBaargaH cyyHa. TuiMaac
aHTMGEPPOCOPOH30H TeneByyaunH MexenTt Hb AB,0, TOMbEO Oyxuh Hopmanb

lwnuHen eytTunnr angargyynaar 6anHa.

Hopmanb wnuHen 6ytay Oyxun (Mg)[Fe;]g0, -UMH OHOMbIH TOOLIOOHbI Yp
[YHr33C COPOH30H MOMEHTYyA Hb Fe3' MOHbI CNWH [33W YMIMACOH  yea
M(Fel):4,03ﬁ, XapuH Fe3* MOHbI CMUH [00L YUIM3C3H yes, M(Fez):—4,35a’;ﬁ TYC
Tyc rapaB. MeH uHBepc wnuHen 6yTay 6yxuit (Fe),[MgFe]g0,-niiH yep Fe3* MOH Hb

LI©6H TOOHbI Mg-MI?IH COPOH30H WMOHTOW XONMNAOH CyyXx Oa MHBEPC LUANHENNIH YHOC3H

o o o B
TON6BWUNH 3HEPrN Hb HOpMarb LWNMHEN BYTaLUTaN YEUNnHX33C 179,12 %—oop HAOMArgax
bauB.

Hopmanb, xarac nHeepc, OyTaH nHBepc wnuHen toxuonanyygaa FM, AFM/FIM
TeneByyd XOOPOHAbIH 3HeprunH 3epyy AE —umir tyc 6yp ToouoonoB. MarHuiH
deppuTbiH HOpMarnb LWNMHEN TOXMONAOMbIH YHACSH TeneB Hb xarac ©0noH GyTaH
WHBEPC YEUMHX33C WNYY TyH Ccyyx 6ancaH Hb HOpManb LWNUHeNb 6yTay wunyy
TOrTBOPTOWI UNapxunmmk 6GarHa. TopblH napameTp (a) ©OMOH COPOH30H LUMHX
YaHapblH XyBba M(Fe,;), M(Fe,) -WAH OHOMbIH TOOLOOHbI Yp AYH TypLunarbiH

[28],[29],[30] axnblH Yp AYHTaK Unyy Toxmpy 6ans.
XapuH OYTOH MHBEpPC LWNUHEN TeneBuWH TOMPUNH COPOH30H MOMEHTYY. Hb
— i - _ i Y
M(Fel)—3,99aTOM , M(Fep) = 4,35aTOM rapaB. Jare3p yp AYH Hb HEWTPOH

AndpakumiiH cypganraaHbl yp gyHTan toxupy 6anHa. FM 6onon AFM/FIM Ttenesyya

XOOPOHAbIH SHEepPruiH 3epyy Hb HopManb LWnuHen ©OONMoH MHBEPC LUMUHEN
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ToXxuongong Tyc Tyc AE = 15,56% OonoH AE = 16,28% banHa. (Fe),[MgFe]lz0,

vea AFM TeneB 3agapy CINHYYAUNH YAUTTI3N XOOPOHAbIH SHEPTMNH 6epyYnenT 4333

B o .
yurnang 0,512 % BaiiHa.

MeH MgFe,0, HArANUNH TONEBUNH HAITbLIr HOpMarnb wnuHen Toxuongong DFT
6onoH DFT+U apryygaap TooU00MnCOH yp AyHr (3ypar 3.2)-T y3yynaB. Xap eHreep
HUANG3P TONeBWUNH HAMT, HOFOOH eHreep Xyuduntepery O(2p), 6op eHreep MarHu
Mg(2p), ynaaH eHreep Temep Fe;(3d), xex eHreep Temep Fe,(3d) noHyyabir Tyc 6yp

TOMAOJIM3B.

TensuitH HArT (Tenes/3B)

-8

0
E - E_(3B)

Mg(2p)

TDOS

O(2p)

Fe,(3d)

Fe,(3d)

3ypaz 3.2. (Mg)4[Fe;]| 50,4 H320nulH (a) DFT 60s0H (b) DFT + U apeyydaap mooy00scoH
HopMaJsib wruHen yeulH Hulnbap 6omoH opbumane menesulH Hazm. (Tag aHepau Hb

epmu mysuwiuHe UNapXUUiHa.)

(Mg)4[Fe;]g04 —MWH HOpMans GOMOH WHBEPC LWNWHEN TOXVUONAnyyAblH XyBb[
TONeBUNH HArTYyabir Ganryynaxag HopManb LWNUHEN yed aHTudeppoCOpOH30H
TeneBTan Banraa Hb (3ypar 3.3a)-aac xapargax 6anHa. Y4up Hb HOpManb LUMNMHEN
ven Mgt (Fe?*Fe3+)0, Byloy TOMPUIH X08p eep BaneHT Gyxwii MOHYyyA OKTasap
Garpnan g39pad xapunuaH TOHUBIPTIN cyyx Bavraa yunmp TeneBuiH HAMM CUMMETP
rapcaH 6aiiHa. XapuH uHBepc wnuHen Toxuongong (Fe?+)te (MgFe3+)0¢to, Gyioy
TOMPUNH MOH TeTpasap Gavpnang cyyx banraa marHUiH WMOH okTasap Gavpnang
cyyx banraa TemMpuiH noHTon Gampnanaa conunHo. YyH33C LanTraanaH Tetpasgp
Garipnang cyyx Temep oktasgp 6anpnang cyyx 6anraa temep Tyc 6ypuiiH CrviH 3cpar
yurnantan 6ok ynmaap (3ypar 3.3b)-g xapyyncHaap cummeTp 6ara 3apar angargax

cyn deppncopOoH30H adhdekT erd banHa.
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(a) OHrMIH

i (b Ypayy |

TenBuiiH HATT (Tones/3B)
[N
o

8 4 0 4 8
E-E, (sB)

TDOS O(2p) Mg(2p) Fe (3d) Fe,(3d)

3ypae 3.3. (Mg) 4[Fe;] 504 H320nulH () Hopmanb 6onoH (b) uHeepc winuHen yeulH DFT +
U mooy00HbI HUtll 6a opbumarbs mesieguliH Haem. (Taeg saHepau Hb hepMu MesuwiuHe

UIT3PXUUITHS).
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3.3.  YszFesO12, Y3AlsO12 HargnyyaunH oHOMbIH cyaanraa

Y3Fes012 (YIG), Y3AlsO12 (YAG) HaranyyounH 3neKkTpoH OyTumiH OHOMbIH
cypanraar Quantum espresso 6ary nporpamMmblH Tycnamxrawraap rynuaTras.
Kpuctann 6yTumiiH XyBb 9HAXYY XOEp HArgan He la3d ortopryiiH rpynn, m3m LaraH

rpynn-g Xxapbdaanargaar.

Ky6 6yTau, 6yxun YIG HaranumitH TopbiH TOrtMon He 12.376 A 6a aran Top 6yp Hb
24 wunpxar Y3, 40 wupxar Fe3t, 96 wwupxar O umoHyygaac HunT 160 aTtomaac
OypA3Ha. Y3* MOH Hb ¢ X3CarT barpnax 6a 8 xyuunteperdniH aTomaap XypaanyyncaH
8 eHuer 12 TanTtai onoH TanT, 40 Fe3* noHyyabiH 16 Hb a byloy okTasap XacarT, 24 Hb

d Gyroy TeTpasgp xacryyg Tyc Tyc 6avipnaHa (3ypar 3.4).

YAG xyBbfa Y 60r0H O aToMyy/ Hb 3ran TOpbIH TOrTMon Hb 12.004 A, Y 6onoH O
aToMyyablH GarpnanbiH xXyBba YIG-uiiH atomyyabiH Ganpnantan agun, xapuH AlS*
NMOHyyabiH 16 Hb a Byly oKkTasgp xacarT, 24 Hb d Byly TeTpasgp xacryyg Tyc TyC

GarnpnaHa.

® a-Fe
@ d-Fe

@O €
QcY

3ypae 3.4. a — Y3Als012 H9201ulH 32351 mop, 6 — YsFesO12 92951 mopd balipnax a, ¢, d
xacayyd.

XaTyy GueniH OHOMbIH cyAanraaHbl TOOLOOHA HAMTbIH PYHKLUMOHAN OHOMbIM ©preH
awwurnagar 6ereeq TooUOH 600X XMMU, TOOLOH 6040X PU3MKT XaMIMMNH TYraamMarn
X3parnargaar apryyabiH Har oM. bng ToouooHOOO XxaBTram LOMTMOHbI KMHETUK
aHeprumnr 90 P, 6punnnoH 3oH aaxb k uarmnH Topbir 3x3x3 xapbuaaTtan banxaap,
LUQHIryyaMnH TYrONTUIAM 3NEKTPOHbI cyypblunn MayccbiH Tyrantaap 0.02 P6 H6anxaap

aBliaa.
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Y1G HaranumH COPOH30H LUMHX Hb @ XacruiiH Fe3* noH, b xacrunH Fe3* xoopoHaox
XapuridaH ynnynanaac rapy npaar. XapuH YAG HaranuuH xyBb COPOH30H COPOH30H
WnHX YaHap ©OGanxryn. Wnmg YIG HIrgnMnH  TOOLOO  TYMUITIAXA33  CMMHbI
KOHpurypaummr TooL,coH 6on YAG HaranumH Toouoor rynuaTraxgaa CrH TOOL0Oory i
rynuaTracaH 6onHo. Y, Fe, O atomyyablH p, d opbuTanuya gaxb 9NEKTPOH Hb
Aamxkyynang oposiiox 60fIOMXTOM Hb TOOLOOHbI Yp AYHrA3C xapargax 6ams.
Y3FesO12 HOranunUH XyBbA MeTann WWHX YaHapTan xapuH YsAlsOi2 Hargan xarac

Aamxyynard LWnHX YaHapTtan 6ans.

OnekTpoH OyTuunH Toouoor MaTemMaTuK TOOH TEXHOMOMMNH XYPIISIOHITNAH
TOOLOOMNMbIH TEBUMH Cynep KOMMbIOTPYYA alurnaH napannenuap TOOLOOJSICOH.
HartelH cyHKunoHane oHon awwurnad YIG, YAG HaranyyouniH TONeBUWH HArTbIr

TOOLIOOJICOH Yp AYHr 3ypar 3.5-4 y3yynaB.

CIHH up
cnud down |

50 4 Y‘xAlsolz

304

20
40 -

10

w 304

DOS
e

20

_' T T T
20 -80 -60 -40 =20 0 20
E (oB) E (oB)

3ypae 3.5. a - YAG H320nulH meneeulH Haam, 6 - YIG H320uliH criuH 033wad

605104 doow oo xapcaH moxuosdnyydad mooyCOH MesneasuliH Haem.

AToMyyabiH opbuTtanuac xamaapcaH TeneBUMH HArTbiIH TOOLLOOHOOC xapaxag Y,
Fe, Al, O-unH atomyygblH p, d opbutannyn Qaxb 3MEKTPOH Hb LaxuiraaH
Aamxkyynang oponuox 6010MXTOM Hb Xxapargax 6ans. YIG HargnunH xyBba MeTann
LWMHX YaHapTan xapyH YAG Hargan xarac gamkyynard WuHx YaHaptam 6anms. DFT
TOOLIOOHOOC rapCaH T3HLUBIPXUATAL OPCOH TOPbIH MapameTpyyauiH awurnaH
TemnepaTypaac xamaapcaH COPOH30H LWMHX YaHapblH Toouoor MoHTe-Kapro aprbiH

Tycrnamranraap rymuaTras.
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TeMpUNH aTOM XOOPOHAbIH XapuriuaH YUn4nasiMmr TOOLOH COPOH30H LUMHX YaHapbIr
TOOL0OMOXA00 XaMIMWH OUp  XepLll OpLMX TOMPUWH aToMyyOblH XapwuiilaH

YMN4nanasp ToouoosicoH (3ypar 3.6).

3ypae 3.6. Fe-Fe-ulH xapunuaH yan4nanulH cxem. LLynyyH wyeamaap olpbiH Xxepuwiute,
macapxal 3ypaacaap 2 Oaxb OUpbIH Xepwyydulia unapxulisnas. aa, dd, ad Hb xapaarnsaH
Fe®-Fe®(okmaadp-okmasdp), Fe'-Fe' (mempaadp- mempaadp)6onoH Fe®-Fe' (okmasadp-

mempaadp) 6alpnanyyd Oaxb xapunuaH yundnanyyoutie myc myc unmeaHa [31].

YIG CUCTEMUNH COPOH30H LUMHX 4YaHap Hb [en3eHbeprurH 3arBapaap Malu caviH
TannbGapnargoar 6erees COPOH30H XapwiuaH YANYNanNuur gapaax adgpdekTns

COpPOH30H NammnnToHMaHaap TannbapnaH aB4 y33x 60HO.
H = H* + HY¥

3HA
1 1

OHA aHxgary 60M0H X0€paory XxaMrmmH OMp OpLUMX aTOMYYyAblH COPOH30H XapunuaH
ynnunanuir HY*, HS* TaMaarnaraarasp Tyc TyC MNapXxminaB. MeH 3Haxyy TOOLOOHS,
Fe*3 noHbl cnuH KBaHT Toor S=5/2 y3coH Gereep COPOH30H XapwunuaH YAMYNIuinr
unapxmnimk oyn J napametpyyaumnr DFT ToouooHbl yp AyHraac “four state energy
mapping method” apreir awwuvrnad raprax ascaH [32,33]. Tarwwutron (3.1)-unr
awwurnad MoHTte-Kaprno (Parallel Tempering Monte Carlo) apraap [34] Toouoor 4x4x4
XaMKa3Tanm supercell goap asyymx YIG cuctemunH Temnepatypaac XxamaapcaH

COPOH30H LUMHX YaHapbIl raprax aBasb.
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3ypae 3.7. 0-20 Tecna moammos copoH30H opoHO Oaxb YIG cucmemuliH meMnepamypaac

xamaapcaH COPOH30H WUHX YyaHap 6a Kiopu memnepamypbiH xamaaparl.

MoHnTe-Kapno Toouoor 2000 anxamTanraap rymuaTracaH Gereepn 5.6 A [oTop

HUNTA33 5 ©6p COPOH30H XapuruaH YIunian oncoH 6a saraspuinH J napameTpyyaumnr

XYCHarT 3.1-4 y3yynaB.

XycHaam 3.1. J napamempyyd. (aHxd0aza4 60510H x0Epdoay xamaulH olp opuwiux
amomyyOdbiH yin4dnanuia 1NN 6a 2NN mam03s2519233233p myc myc Urapxulisas)

COpOH30H xapunuaH J (aB)
ynnunan
INN Fe' - Fe° 0.007448
INN Fe' - FeT 0.000364
INN Fe° - Fe° 0.000084
INN Fe° - Fe° 0.000040
2NN Fe' - Fe° 0.000156

Cyypb cyganraaHbl TOCNUIAH Tannax

2018 — 20210H
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3ypar 3.7-4 YIG CUCTEMUNH COPOH30H WWHX YaHapbir 0-20 Tecna TOrtmon
COpoH30H opoHa (DC magnetic field) MoHTe-Kapno apraap TOOLIOONCOH Yp AYHr
y3yynaB (XycHart 3.1). Yp AyHraac y3Ban, bugHum Toouooroop oncoH YIG cucteMuninH
COPOH30H LWMHX YaHap, XyBUAH AynaaH GartaaMXuiH yTryya Hb TYPLUMATBIH YpP
AYHT3N carH Toxmpy Barraa Hb xapargax 6arHa [35]. TooLoOoHbI Yp AYHIA3C Xapaxas
TOrTMON COPOH30H OpPOH Mxcaxad Kiopwu TemnepaTyp garaaj LwyramaH xamaapnaap
ecex banraa Hb xapargax 6aviHa. ©epeep xan6an TOrTMOM COPOH30H OPOH BGOJOH

Kiopu TeMnepaTyp X00pOHAO0O LYYA LyraMaH xamaapanTtar 6050x Hb axurnargnaa.
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3.4. [OyrHanTt

(Mg) 4|Fe;] 504 HAronMinH OHOMbIH TOOLOOHBLI YP OYHr33C MarHn 60M0H TOMPUNH
aTomMyyabliH Garpnan TeTpasgp 6onoH oktasgp Oarpnang X3pxaH fax cyyxaac
TYYHWUI COPOH3O0H LLMHX YaHap Xy4Tan xamaapd 6anraar xapyymK TYPLUUTbIH Y OYHT
baratranaa. Hopmanb WnMHeN TOXMONAOosbIH YHACAH TeneB Hb xarac 60noH OyTaH
WHBEPC YEeUMHX33C WNYY TyH Ccyyx OancaH Hb HOpManb LWNuHenb 6yTau unyy
TOrTBOpTOMr MNapxunmk 6ame. COPOH30H MapamMeTpyyauvH yp OyH Hb HEWTPOH

Aandpakuaap TO4OPXOWSCOH Yp AYHIYYAT3N cariH ToXmpy 6ans.

Y3FesO12 HargnMinH OHOSbIH TOOLOOHbI XYBb[ TYYHUA COPOH30H LUMHX YaHap Hb
TOMPUIH aTOMyy[aac XapXaH Xy4Tan xamaapy baviraar, ToMep-TemMepuiiH aToMyyablH
xapunuaH ynnunanunur MoHTe-Kapno apreiH Tycnamxranraap To40pXOnnoB. SAraap
napamMeTpyyaunH Tycriamxranraap TemnepaTtypaac xamaapcaH TOrmMosi COPOH3OH
OPOH Aaxb XyBUNH AynaaH 60M0H COPOH30H MOMEHTbIM MYy HapuBYnan cantanraap

TOOOPXOUNSIOO0.
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AeprPeB. ®PEPPUT HAHO MATEPUAIJIbIH BYT3U, LUIMHX YAHAPbIH
CYOAITAA

4.1. MarHuuvH cheppuUT HIrQNUMH cyaanraa

MarHuiiH doeppuT Hb XONMMOT LUNMHEN ByTauTan 6eree Fes* noH GonoH Mg?* noHyya
Hb TeTpasap GonoH oktasap Ganpnang TapxaH cyypbwgar. Mg?* MOHyyd COPOH30H
LWIMHX YaHapryn 6onoe4 MgFe204 Hb COPOH30H LLMHX YaHapbIr Xxapyynaar Hb TyXanH
MaTepuarnblH COHUPXONTOM LWMHX YaHap oM. TyyHUA dynaaH sanrapyynax LMHX
YaHap Hb rapraH aBax apra, 0eemMuUiH X3MXI3HIIC XIPXIH Xxamaapy Oynr

TOOOPXOWNOX cyaanraar ryuuaTracaH.

XumuliH cuHme3uliH 30/1b-2eJIUlH apa2a. XVUMWANH CUHTE3WIH 30Mb-TeNUIH apraap
MgFe,0, (beppuT MaTepuansIr rapraH aBaxgaa MarHUMH HuTpaT (>99%), TeMpuiH
HUTpaT (>99%), HAMBArHUN Xyunn (>99.5%) — MrUr TOQOPXON MONUWH Xapbuaaraap
XOJSIbXX COPOH30H XyTryyp 33p 60-80°C TemnepatypT refb XanbapT opyynax XypTan
6 uar xanaax 12 uarmiH Typw 100°C — T xaTtaas. YyHun gapaa 1100°C — 1 3 uar
WwaTaax [gynaaHbol OonoBcpyynantag opyyfnaag asHgaa Xeprex TtacanraaHbl

TemnepaTypT Xyprax 3amaap rapraH asnaa.

XumuliH cuHme3uliH xamyy meJsie8uliH ypeasibiH apeaa. MgFe,0, HyHTar epput
Haranuur AnoHbl Hunxama XoTblH TEXHONOMMMH YHOSCHUI XYPI3NaHA XaTyy TeneBuiiH
ypBanblH apraap Ta3pamaary annapartaap UMpkoH 6embener awumriaH 3TaHOMbIH

OPYUHA HAHO HyHTar PEPPUTUNH OIBKUNT rapraH aBcaH [36].

4.1.1. Kpuctann 6yTuMnH cypanraa

3onb-renuinH apra OOMNOH XxaTyy TeneBWWH ypBarblH apraap rapraH aBcaH
MgFe,0, O033XYYOUAH TacanraaHbl TemnepaTypT X3MXC3H pPeHTreH AudpakublH
cnekTpuunr 3ypar 4.1 —n y3yynaB. XoaMXUnTUnH yp OyHr PutBenbavinH apra awurnand

GonoBcpyynanT Xuimx OByTUMIAH NapaMeTpyyaunr TOOOPXOMIoo (XyCHarT 4.1).

PeHTreH audpakublH CRekTpunH Oonoscpyynantaac y3axag MgFe,0,
TepnuiiH ky6 wnuHen (ICCD 00-088-1941), ortopryiH rpynn Hb Fd-3m kpuctann
OyToUTaN, sAMap HAreH Xxonbl a3 unpaaryn U3BIPLIMNT canTan Od33X 60MoxX Hb

xapargax banHa.
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a) : 3onb-Tensb b) Xatyy/Tly-biH apra
XaMKUNTHIAH yTra XOMKUNTUIAH yTra
—— ToowooncoH yTra —— ToouooncoH ytra
— 3epyy — 3epyy
= —— [lukwitH baitpnan = —— [ukwitH baitpnan
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3ypae 4.1. a) Sonb-eenb apeaap 60510H 6) Xamyy merneesuliH apeaap 2apaaH agcaH

MgFe,0, 033XXyyOuliH peHmaeH OugpaKkubiH criekmp

TypwunTblH Yp AYHrA3C AyHOAX KpUCTannuTbiH Xamxaar [debaun-LUeppepuitH

TArwmTranunr awmrnad (311) xaBTranH xXyBbA Aapaax Xxapbliaaraap TooL00m0xon ~

50 HM bawnHa.

Do KA
~ PBcosO

(4.1)

OHO: K - xanbaputiH gpakmop (0.9), A - donauoHbl ypm, B - uHmeepan epaeH (FWHM).

PeHTreH andopakublH XSMXUNTUANH yp AYHr awurnad 305b-ren apraap raprad

aBcaH MgFe,0, HargnVnH aran TopbiH Kpuctann oyTuuir DIAMOND nporpammaap

GaviryyncaH.

3ypaz 4.2. MgFe,0, H3201UlH 32371 MOpPbIH Kpucmarn bymay,
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3ypar 4.2 —g y3yyncHasap MgFe204-Hb 3ran TopoHA00 56 atomTan 6ereep LaHX3P
eHreep 8a Tan byloy TeTpasgp 434 OPOH TOp A33p cyyx 6anraa MarHMH atoMyyabir,
ynaaH eHreep 32e Tan 433p Cyyx Gaunraa xyuyunteperymiH aTomyyapir, Liap eHreep

16d tan 6ytoy okTasap 494 OPOH TOP A33p CyyxX banraa TeMpUNH atomyyabir TyC TyC

AYPCNaB.

XycHaam 4.1. MgFe,0, 6ymuudH napamempyyo

lapraH aBcaH apra 3onb-ren XaTtyy Tenes
TopbiH Tortmon (A) 8.382 8.374
KpnctannuTbiH XaMx33 (HM) 58 54
Bparr dakTop (%) 2.88 2.03
YKnHnacaH daktop (%) 14.3 10.4

4.1.2. Monekyn 6yTuMiUH cypanraa

Hwun ynaaH TysaHbl cnektpocdotomeTp (FTIR) —H xamxuntuinr MgFe,0, Haranumr
KBr-biH HyHTartan 1:10 maccblH xapbuaatavraap xonbx 400 — 4000cm?t  myxua
XSMXKUNTUAT XUIB. XOMXUNTUAH yp AyHreac xapaxag 400 — 1000 cmt myxua
MeTanmblH WWHMdNTUAH xan6an3an yycgar 6a 9H3 Myxua Kpuctann OyTay gax
aTomyyp (MeTann — Xy4mntepery XOOpOHAbIH ) -blIH XOOPOHAOX 3al eepyneraceHeep

YYC3X Bal€HTbIH Xano6ans3an NUISPC3H.

3onb - Mene

XaTyy TensuiiH ypBanbliH apra

Haptpyymaat (%)

' T . 2

T T v T T x T T v T T

4000 3500 3000 2500 2000 1500 1000 500
=

JlonruoH 100 (cm’ )

3ypae 4.3. MgFe,0, 033XUlH HUI yrnaaH mysiaHbl CIeKMpPOMempuUH XaMXUnmudH yp OyH
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OHAXYY BaneHTbIH X3N0ananuinr v ycrasap 1amaarnagar 6a eHagep gaBTaMXUWH
xon6oo 6omnox (vi) - 580cm myxug TeTpasap 434 OpOH Top A33px Mg?* CanaaxyiH
33parTal  KaTUOHbI  X3nban3an, xapuvH 6ara gaBTamxuiH xonboo 6onox (vz2) -
418cm™ Myxua okTasap O34 OPOH Top A33px Fe3* ncangaxyiH 33partoit KaTUOHBI

xan6an3an axurnargcad (3ypar 4.3).

LWUnHraanTuimH xanbananasac xamaapyysrk kpuctann 6yTay aax tetpasagp 60soH
OKTasAp A34 OPOH TOp 433p Cyypblumk Bariraa metann — Xy4mntepery XOOpOHAbIH
XONB0OOCHIH XY4Mir gapaax TarlmTranasap ToouoosmK [37] yp AyHr XyCHarT 4.2 —T

Y3YYnaa.
f =4n%c®v?u (4.2)

o - mi+m
3HO: ¢- 23pnuliH Xypd, v- A0MI2UOH MO0 CM™, U- 3MXM23C3H Macc= # Mi- KamuoHbl

1Mz

Macc, mz-aHUOHbI Macec.

XycHaam 4.2. Kpucmann 6ymay 8ax amomyyObiH X00poHA0X xor1600¢ Xy4yHUU

MOoOoU0O0HbI Yp OyH

301b- Xartyy
["apraH aBcaH apra
renb Tenes
TeTpasap A3X UOHbI LWWHMAANT V1 (cMm?) 568.14 551.64
OkTapasgp A3X MOHbI LNHIM3NT V2 (cMY) 406.98 402.41
TeTpasap Aax xonbooc xyu fr (x10° anH/cm) 2.36 2.22
OkTapasagp Aax xonbooc xyu fo (x10° anH/cm) 1.21 1.18

4.1.3. [lynaaH anrapyynantbiH X3aMXUNT

MgFe,0, (beppvUT O039XKUMH OynaaH sanrapyynax npouecchir XyBbCax COPOH30H
OPOH YYCragar TOXeepeMXuiiH Tycnamxkranraap cyanas. CopoH30H aaaxyyaunr 50
Ml X3MXKI3TAMradp 1 MM HOPMAN ycaHA XUMK AynaaH snrapyynanTtbiH XaMXUNTUNr
rynuatranaa. 3ypar 4.4 —T 023X OOMOH ycHaac xamaapcaH TemnepaTypblH

©6epYUNenTUIH yTryyabIr Xxapyynas.
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3ypaz 4.4. MgFe,0, H320MUUH Xy8bcax COPOH30H OPHbI HEJ166206p YyCIX memrepamyp,

XyeauaaHbl xamaaparl

OHO23C y33X34, TOAOPXOW XyrauaaHbl Aapaa

(~17-20 MMWH) [A33KYYOAUNH

TeMnepartyp TOrTBOPXMX, TemMnepaTtypbliH XaMIMnH nx 6y|-0y XaHalnTblH yTra Hb 30J51b-

refib apraap rapraH aBcaH J9aXUNH XyBbf 42°C xypy GancaH 6on xaTyy TeneBuiH

ypBanblH apraap rapraH aBcaH O33xHun xyBba 33°C 6anB. YT yp OYHr33p TOMbEO

(2.10) —wwir awwmrnad XWY —bir togopxornos. XY yTryyabir TOOLOONOX04 3051b-ren

—5.25 BT1/rp, xaTyy TenesunH apra — 3.15 B1/rp rapcaH.
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4.2. 33CUUH heppuUT HIrANUKH cyaanraa

3acuiiH cpepput CuFe20s4 — MMAH XyBbAd XaMIMH WX aHxaapan Ttataar cyn
COPOH30H heppuUT MaTepmanbiH HAr lOM. 33CUINH heppuT Hb YPBYY LUNUHEN BYTaLTIN
Gereen Cu?* kaTMOHYya OKTasap XacarT Gavpnaaar. CuFe204-UAH HAM OHLJIOT LLIMHX
YaHap Hb 3H3 HArgan Hb 141/amd opoH 3anH GynarTan TeTparoHanb WnnHen Gereeq

380° - 450° TemnepatypT Ky6 cummeTpTan 6ok xysupgar 6anHa.

XumuiiH cuHme3s. CuFe,0, COPOH30H HaAHO MaTepuanbIr 30fb-refiMiH apraap
CUHTE3N3H aBcaH. CuHTesnnr asyynaxgaa 39cunH HuTpat Cu(NO3)2*6H20 (99.0%),
ToMpuiH HUTpaT Fe(NO3)3*9H20 (>98.5%), HMMbGarHum xyuun CeHsO7 (>99,5%)—
YYOAUAH MOMWUAH Xapbuaar 1:2:4 Garxaap COHIOH aB4Y HOPM3N ycaHg YyCracHbl
Aapaaraap ammoHbl rugpoken NH4OH(HsNO) (>99,5%)-uinr yycmansiH pH-uir 7
oonTon Hamx erceH. ["apraH ascaH yycmansir 60 °C-4 8 uaruiH TypLu refib XanbapTan
OonToN Hb COPOH30H XyTryypaap XonuH yypuyynHa. YyccaH renuiar 100 °C-g 12
uarmMH Typw xaTtaaHa. YyHun gapaa 900 °C, 1100 °C -g 3 uar waraax HyHTar

A93XYYAUNT rapraH aBcaH 6a Tyc 6ypuir A, b 033X rax HapnaB.

4.2.1. Kpuctann 6yTumMnuH cypanraa

3onb-renuinH apraap rapraH aBcaH CuFe,0, 039XUINH TacanraaHbl TemnepatypT

X3MKCOH PeHTreH AndpakLbIH CnekTpuir aypar 4.5-T y3yynas.

- —ICDD
——1100°C

T 1 I ”1 o | ll ——900°C

e K ‘LLLAJ A_Jl 2

3puum (a.H.)

T T T

010 20 30 40 50 60 70 80

20 (°)

3ypae 4.5. CuFe,0, 033KuliH peHmaeH dugbpaKkubiH yp OyH
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XaMXUNTUIAH Yp OYHT PutBenbaunH apra awwurnad 6onoscpyynant Xumxk, OyTumiiH
napameTpyyaunr Ttogopxomnnoo (4.3-p XycHarT). bonoscpyynanTblH Yp AYHA
CuFe,0, 033X Hb l41/amd ortopryvH rpynn 6yxun TeTparoHanb OyTautanm ©Gauis.
HamanTasp CuO —biH (2.3 Xn1H.%) a3 capHUIbiH OHUIMMIAH 26 = 38° opuMMA UN3PCIH.
WaTtaanTelH TemnepaTyp WUXCAX34 PEHTreH AudpakublH MUKUAH ©preH Hapumncax
Ganraa Hb 093X TemnepaTtyp UXCIX Tycam WIyy KPpUCTarumkuk Ganraar nnapxmmmk
6anHa. KpuctannutblH xamxad 1100°C TemnepatypT 25.8 HM —33c 31 HM BOK 6CceH
0a aran TOpbIH 33MN3XYYH TANC3H BarHa. [J33KunH Kpuctann byTunnr TogopXonncoH

YP OYHI XYCHArT 4.3-T xapyynas.

XycHaam 4.3. 3aculiH peppum 033KyyOuliH peHmaeH OugpakubiH yp OyH

Kpucrann-
ATom
WataanteiH TopbIH XyyunnrteperdnimH XUNTBIH
XOOPOHbIH Rexp  X°
Temnepatyp Tortmon (A)  koopauHaTt . X3MXKI3
3am (A)
(Hm)
5.8287(a) (O) 0.0142 1.91685
. a :
! (A-0)
1100° 31.9 444 232
2.3945
8.6637(c) z(O) 0.2559
(B-O)
5.7976(a) (O) 0.0131 192476
. a :
’ (A-0)
900° 25.8 458 241
2.38016
8.7243(c) z(O) 0.2514
(B-O)

4.2.2. XyBbCcax COPOH30H OpOHA AyfaaH anrapyynax TypwvnT

COpoH30H MaTepuanblH OynaaH anrapyynax y3aranuiH — KOHUeHTpauaac
XxamaapcaH xXamxuntuir A 60noH b A33axuniH xXyBbg, ycaH opunnHg, 50, 75, 100 mr/mn
Hexuena Asyynas. TemnepaTypbliH ©cenT 60NOH KOHUEHTPaUUnH XxaMmaapnbir 3ypar
4.6-0 y3yynnas. XaMXKXUNTUAH yp OYHraaC xapaxag 16 MUHYTbIH Japaa O93XKYYAUNH
AynaaH anrapyynant XxamrmnH ux ytragaa (35.4 °C) xyp4, TOrTBOpXwx Gannaa.

KOHLl,eHTpaLI, MXCIX TyCaM dAlnrapyynax ayfiaaHbl XaMXX33 UXCIXK GanHa.
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3ypae 4.6. [J33xyyOuliH ycaH op4yuH Oaxb KOHUeHmpauaac xamaapcaH dynaaH

AnzapyynanambiH XaMKxunmuiH (a) A 83ax 60510+ (6) b 03axuliH yp OyH

MeH A 6ornoH b gsaxyygunr pmusmonorniH yycman (7 pH) 60noH ycaH opuvHA

XAIMXUNTUAT ABYYIDK YP OYHN XapbuyynaH cyaannaa (3ypar 4.7).
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3ypae 4.7. A, b 333xyyduliH ycaH op4uH 60510H bu3uoioauliH yycmarn daxb

KOHUeHmpauyaac xamaapcaH OyrnaaH snzapyynanmasid XavmxunmudiH (a) 50 ma (6) 75 ma (8)

100 me 333, OHO PY-¢husuonoauliH yycmarl
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dusnonoruH yycman gaxs A 60noH b 43axxyyauiiH XyBb4 XxanantbliH Temneparyp
32.5 6onoH 30.4 °C 6yloy ycaH OpYHOOC MUYy Xarmk 6anB. QHIXYY XOMXKUATUNH yp
AYHraac 6ma opyumH 60MNOH KoHueHTpauaac xamaapcaH XYLU-H yTryyabir TorwmnTran

1.10-bir awmrnad A 60noH b A93XMINH XyBbA, TOLOPXOWSICOH XYCHIIT 4.4-T y3yynaBs.

XycHazam 4.4. TemnepamypbiH eepysnenm 6050+ YXLL —ulH yp OyH

[oax KoHueHTpaum UXL (Bt/r) Temnepatyp (°C)
(mr) Yc [0) Yc (0)

A 50 1.61 1.6 31.5 32.3
75 1.36 1.39 33.2 34.2

100 1.22 1.26 354 36.5

b 50 1.16 1.06 29.8 304
75 0.96 0.98 31.3 32.2

100 0.94 0.92 33.1 34.3

Yr OpYHOOC XxaMaapcaH O33XYYAUVH AynaaH anrapyynantbiH XaMXKUNTag 3epyy
axvrnargcaH 4 YaanblH XYyBUWAH LUMHIOdATUMH YTryyd Hb XOOPOHAOO Gapar WxXun
GancaH Hb gynaaH snrapyynanTt Hb OpYHbl pH —aac unyyTanraap OpyHbl AynaaH
barTaamxaac xamaapd oywur xapyynx 6anHa (Yc — ¢ = 4.18 K, dnsmonorniH yycman -
¢ = 4.06 X).
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4.3. 3a3c-marHuuH xonumor (Mg,_1Cu,)Fe,0, H3ranNuUuH cypanraa

©MHex cyganraaHg eppuT MatepuanbIr rapraH aBax XMMUNH CUHTE3UIH FOpUM
TOrTOOX aXIbIr NYAUITrAC3H. OHI XICAIT MarHuiH eppuTUnH oktasap Ganplumng
opwux A KaTUOHbIr Cu?* xornbl, anemMeHTasp (Mg,_,Cu,Fe,0,, x = 0.2, 0.4, 0.6, 0.8,
1.0) xonbuomK BYTaL, WMHX YaHapbIr cyaanraar ryWuaTracaH Yp OYHI X3ManuyyrHa.
OH3 XOMbL} 3NEMEHT Hb MOHbI PAAMNYChIH XyBbA oMponLoo (fvg = 0.72 A, rcu = 0.73 A)
YYMp KpUCTanmn TOPbIH Faxur yycraxryi. YyHaac ragHa Cu?' MOH Hb OKTasap
OanpLumng cyypbLUMX UNyy apMana3anTan 6angar (torrBopTon GyTUMNH aHeprn Bara)
yunmp MgFe204 kpucTannbiH okTasap G6anpwmn gaxs Mg?* MOHbIF Xamk CyypbLUMHa.
NHracHasp Mg?* (us = 0) COpOH30H ByC 3MEMEHTUNI COPOH3OH LUMHX YaHapTai Cu?*
(us = 2) MOHOOP XOMNbLOMACHOOP AB XapurnuaH yRnynanMiH MOMEHT UXCIK COPOH30H
LUMHXX YaHapbIr HAMArayynax oM. byTuunH Tombéo: (Mgi-sFes)aA[Mgs-xCuxFe2-s]s02, X
=0.2,0.4,0.6,0.8, 1.0.

XumuliiH cuimes:. Mg,_,Cu,Fe,0,, X = 0.2, 0.4, 0.6, 0.8, 1.0 maTepuanbIr 30b-
renMnH apraap CUHTE3M3H rapraH aBy, OyTaL, WMHX YaHapbIr cyanas. MarHu HutpaTt
Mg(NO3)2*6H20 (>99.0%), 3acuiiH HuTpaT Cu(NO3)2*6H20 (99.0%), TeMpUIAH HUTpaT
Fe(NO3)3*9H20 (>98.5%), HumbBarHnn xyumn CeHsO7 (>99,5%) —yyOuUNH MONUIMH
xapbuaar 1:2:6 6anxaap COHrOH aBY H3PM3I yCaH YyCracHbl gapaaraap aMMOHbI
rmgpokeng NHsOH(H3NO) (>99,5%)-unr yycmanbsiH pH-unur 7 6001TON HOMX ©rceH.
MapraH aBcaH yycmansir 60°C-4 8 uarninH TypLl renb xan6apTan 60AT0N Hb COPOH30H
XyTryypaap xonuH yypuwyynHa. YyccaH renuir 100°C-g 12 uarmiH Typw xaTaaHa.
YyHun gapaa xapransaH 500°C, 700°C, 900°C, 1100°C -g 3 uar waraax HyHTar

A3KYYAMIUT rapraH aBcaH.

4.3.1. Kpuctann 6yTuunH cypanraa

®eppuT TOPNUIAH WnuHen eyTauTtan kpuctann Mg, _,.Cu, Fe,0, (x= 0, 0.2,0.4, 0.6,
0.8, 1) HAranMMH peHTreH andpakubiH X3aMXUNTUAH yp ayHr (3ypar 4.8)-4 y3yynas.
PeHTreH audpakubiH apraap O6ypanasxyyHUAr TOOOPXOWMIIOXOn4 33CUMH XOJbLbIH
Xamxka3 x =0, 0.2,0.4, 0.6 ytratan banxag Kyb 6yTayTan wnuHen ¢as yycax bancaH
6on x = 0.8, 1.0 ytratam 6oncoH yen audpakubiH nuk (260 = 41.3° ) xyBaargax

Oaviraa Hb LUMH3 TEPNUIH TeTparoHan CuFe,0, ha3s yycax BGanraar xapyyrmk 6anHa.
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3ypae 4.8. Mg, _,.Cu,Fe,0, H320UlH peHmeaeH dughpakubIH XaMXKXUIMUUH yp OyH

Yr ceppuT maTepmanyya Hb 3ran yypaHasas 56 atomTtanm Gereepn 3ypar 4.9-4
PEeHTreH ANpakubiH XIMXUMTUWH Yyp AYHr awwurnaH MgFe,0, 60onoH CuFe,0,
HAr4AMAH 3ran TopbiH Kpuctann 6ytumnr VESTA nporpammaap 6anryymk y3yynnaa.
Xex eHreep 8a Tan bytoy TeTpasgp 434 OPOH TOp A33p Cyyx Byn aTtomyyabir, HOrOOH
eHreep 32e Tan 493p cyyx Ganraa xyuymnteperdninH atomyyablir, 6op eHreep 16d tan

Oyloy OKTasap 434 OPOH TOp A33p Cyyxk Gairaa aToMyyapir TyC TyC AYPCIaB.

a)

3ypae 4.9. a) MgFe>O.—uliH kpucmann 6ymay, 6) CuFe-O. —ulH Kkpucmasnn 6ymay
Mgl—xCux)Fe204 HarANUAH peHTreH andpakubiH Yp AYHraac Cu?t XonbLblH XaMX33

Gaiiraar TOOOPXOMNCOH. MQ2* KaTWOHbI MOHbI pagnyc Hb (TeTpasgpt 0.57 A 6a
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oktasgpT 0.72 A) xonbl, Cu2* KaTMOHbl WOHbLI paguycTan (TeTpasgpT 0.57A 6a
oktaagpt 0.73 A) oponuoo yunp TopbiH napameTpT 6ara XamMmxaaraap UX3CCIH Hb 6a

yr peHTreH audppakubiH Yp AYHT XYCHArT 4.5 —a xapyynas.

XycHaam 4.5. Mg,_,.Cu,Fe,0, H320n1UlH peHmeeH OugpakybiH yp OyH

TopeiH AviameTp (A) XyynnTteperdmmH Arom
[aax XOOPOHAbIH  Rexp
Ky6 TeTparoHarnb HORRAPIREI Sanl(B)
1.8969 A-O
MgFe,O 8.375613 - 0.25643
greats 2047780 +°7
1.8991 A-O
M Cug,)Fe,0 8.379821 - 0.25578
(MgogCugz)Fe;04 2 0473 B-O 5.88
1.9133 A-O
M Cug4)Fe,0 8.385837 - 0.25712
(Mgo.6Cuga)Fe;04 2 0403 B-O 4.15
1.9013 A-O
(Mg sCuo Fes0,  8.3819 5.8793(a) 02568 1.9135 A-O
u e . .
Jo2%Hoa)te2Ts 8.5131(c) 20401B-0 %
5.8287(a 0O) 0.0142
CuFe,0, - @ /) 4.44

8.6637(cC) z(0) 0.2559

4.3.2. Monekyn 6yTuuinH cyaanraa

Mg,_,Cu,Fe,0, (x= 0, 0.2, 0.4, 0.6, 0.8, 1) H3ar4nUNWH HWUN ynaaH TysiaHbl
CNeKTPOPOTOMETPUINH XAIMXUNTUIT KBr-biH HyHTartam 1:10 maccblH XxapbLuaaTanraap
xonbX 400cmt — 4000cmt xamxkmntunr xunB (3ypar 4.10). OHIMNH WNUHENWIAH 3ran
TOpPbIH X3n1063n33n Hb TeTpaaap (A) 6onoH oktasagp (B) 434 opoH Top A33pXx meTann
XYUYUNTOPOry XO0OpPOHAbIH BaneHTbIH Xxanb6ananaac xamaapaar 6a 400-600 cmt myxuna
HOpManb WnMHeNn TepnuH ByTal yycax Ganraa Gereen aHIXYY MYXUL XOEP ron
xon6ooc yycaar [38]. YyHAO LWMHIAaraax engep AaBTaMXuiH xonb6oo (vi) ~580cmt
MYXXWA TeTpasaap 434 OPOH TOP A33PX 2+ UCIANOIXYNH 33PATAN KaTUOHbI X3n6an3an
XapuH 6ara gaBTamxuH xonboo (v2) ~418cm1 myxua okTasgp O34 OPOH TOp A33pPX

3+ NCANA3XYNH 33P3rTan KaTUOHbI X3n63an3an 6um 605nCcoH.
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3ypae 4.10. Mg, _,.Cu,Fe, 0, H320nUlH HUN yriaaH mysiaHbl XaMXUIMUUH yp OyH

Hun ynaaH TyAaHbl X3MXWUINTI3P MeTallJibilH UOHbl Bali€HTbIH Xxan6an3an Hb

AOJSITMOH TOOHBbI UX MYXPYY WMk 6anHa (3ypar 4.11a). OHS Hb TeTpasgp 60noH

OKTasap Topyyaan cyypblwmk 6anraa aHMoH BOMOH KaTMOHbI XOOPOHAOX 3aM 33CUMH

XOSbUbIH X3MXK33HI33C Xamaap4y eepunergceHTan xonbooton 6a TIAr33p aHWOH

KaTUOHYYAbIH XOOPOHAOX X0N600C Xy4 ©6pUNeraceHTan xonbooTom oM.

TeTpasgp GONOH OKTasap 43X aHUMOH KaTWOH XOOPOHAbIH XONBGOOCLIH Xy4 Hb

MeTansblH BaneHTbliH Xanbananaac wyramaH xamaapantan 6aracax 6anHa (3ypar
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3ypae 4.11.

Okma3adp mop daxb xorbooc xy4

a) Tempaadp 6010+ Okmasdp mop Oaxb WuH2335im, 6) Tempaadp 60510H
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XycHaam 4.6. Mg,_,Cu,Fe,0, H320nulH mempa3dp 60510H 0Kmasop 03X UOHbI WUH233/1M

6os510H mempa3adp 60510H 0OKMaadp A3X UOHbLI XOI600C XyHHUU MOOUOOHbI Yp OYH.

Tempa3adp 0ax Okmapaadp dax Tempa3adp 03x Okmapa3adp 03x
X UOHbI WIUH233IM  10HbI WUH233M xonbooc xy4y xornbooc xyy
vi (emt) v (cm™) fr (x10° duH/cm) fo (x10° duH/cm)
1 418.55 580.27 6.216 11.959
0.8 416.62 572.57 6.159 11.620
0.6 412.76 567.07 6.045 11.410
0.4 410.83 559.35 5.989 11.101
0.2 405.05 557.42 5.821 11.025
0 402.41 551.64 5.734 10.797

4.3.3. lynaaH sanrapyynanTbiH cyaanraa

33C-MarHurblH - XonbLOOC XamMaapcaH 3 e6ep O93KUIH aynaaH dnrapyynax

NnpoLecchIr ycaH opynHa cygnas. [lynaanbl Xamxxuntuur 2 mn ycaHg 50 Mr 423X aBaH

XyBbCax COPOH30H OPOH YYCrax Texeepemxeep cyaancaH. [3aXyyauniH XyBbA

TemnepaTyp xaHanTbiH yTragaa 17-20 muHyTag xypy 6amB. TemnepaTyp XaHanTblH

yTryya x=0, x=0.6, x=1 03axyyaunH xyBba xapransaH 40°C, 42.4°C, 30.8°C 6GarwcaH
(3ypar 4.12).
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3ypae 4.12. 3aculiH sineaamau agyynamx 6yxul 033xxyy0 a — memriepamypbiH

XyeauaaHaac xamaapcaH eepyqnenm, 6 — 33culiH a2yynamxaac xamaapcaH xananm.

[ynaaHbl SMUYNNrasHUM yeq XaBOpblH 3CUWT yCTraxblH Tyng temnepatypbir 42°C —T

30 mMuHyTbIH Gapux Wwaapanaratan 6angar 6ereeq MeH 3pyyn 3C34 HEONEENOXrynH
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Tyng 46°C-aac xatapy 6onoxryi. MaHan cygancaH gaaxyyamnH xyeba x=0.6 Oytoy
(Mgp4Cupe)Fe,0, 033K XaMrMAH UX AyrnaaH anrapyymk 6ancaH 6ereeq xaBOpbiH
3CWIr yCcTrax TemnepaTypTan OMponuoo aynaaH anrapyyrncaH. YYHUIAr YANn4mmk 6ym

COPOH30H OPHbI XY4rarnir yaupaaH 6aracrax saamaap 6yypyynax 60n0oMKTOW.

CypanraaHg awwurnacaH gaaxyyg 6onox x=0, x=0.6, Xx=1 A39XyYAUNH XyBbA
XWY-r (4.3) TOoMbEOroop TOOLIOOSMK y33Xa xapransaH 9.6 Bt/rp, 11 B1/rp, 5.5 B1/rp

rapcaH.
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4.4. XeHreH uaraaH-tempunH Mg (Al Fe,_,)04 H3rANUNAH cyaanraa

©OMHex cyganraaHg MarHuiH eppuTuiH A KaTUOHbBIT XOSMbLOSICOH ©0n 3HaxXyy
X3CArT B KaTMOHbIr COPOH30H BYyC 9NeMeHTaap Xonbuormk OyTay ©onoH aynaaH
anrapyynax LWMHX YaHapT Hereenex Heneesnnuir cygarncaH oM. XosbL, 9NeMeHTIap
AlP* MOHBIr COHIOH aBcaH Hb MOHbI paanyc orMponuoo (rre = 0.55 A, ra = 0.535 A),
COPOH30H LUMHX YaHapryii, Heree Tanaap MgAl2Fes Hb 3HMMIAH WwWnuHen 6ytoy AlR* noH
Hb OKTasap Ganpumng cyypbLUnX 3pMan3anTtan 6yry XONMMOr LLNMHEN33C anraaTan
OyTauTan oM. ByTuninH ToMbEO Hb (MQ1-sFes)a[MgsAlFe2-sx]s02, x = 0.2, 0.4, 0.6, 0.8,
1.0.

XumuiiH cuHmes. MgAl,Fe,_,0, (x=0.0, 0.2, 0.3, 0.7, 2) HyHTar xonumor cepput
HAranNuur 3onb-refib aproir awmrnad 6antras. 100 mn Hapman ycang Mg(NOs)2*6H:20,
Al(NO3)3*9H:20, Fe(NO3)3*9H20  Hargnyyauur  TOOOPXOW  CTEXEOMETPUMH
XapbLaaTanraap yycrax HUMO3rHUM Xydusi OONOH 3TUNEHIMNKONTOM TOOOPXOW
MONMUNH XxapbuaaTanraap xonbXx 200°C-T rypBaH uar xanaax renb xanbapTan
6onrocoH. PeppuTUNH aHxgardy OyTumir 6uin BGOMroxblH Tyrna rapraH aBCcaH resb
xanb6aptan gaaxur 400°C TemnepaTypT HAr uar wartaaH OpraHuK Haranyyguur
3annyymk araaptan opumHg 400°C-1200°C myxmg HIr uar waTtaax HyHTar

093XKYYOAWNT rapraH aBas.

4.4.1. Kpuctann 6yTuunH cypanraa

PeHTreH gudpakubiH XaMXXuntuur augpakubliH eHuer 20-80°, xoononH xyyaan 40
kB, ryngan 20 mA, Cu Ka waupar awurnaH TacanraaHbl TeMnepaTypT XUMK rynuaTras.
XaMXUNTUAH yp ayHr PutBenbguiiH apra awwurnad 6onoscpyynant Xumk OyTumiH

napameTpyyaunr TooOpXonnnoo (XycHarT 4.7).
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PeHTreH ,D,I/Id)paKLl,blH XOMXUNTISC KPUCTAJIJIbIH UOHbI TYI3J1IT33C XaMaapH4 NMUKUIAH

3apuUMMIH BaracanT 60M0H NUKUIH WWIMKUAT axnrnargax 6anHa. 3H3 Hb KpUcTanmbiH

3ran TOPbIH XaMX33 eepunergceHTan xonbooton om (3ypar 4.13).
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3ypae 4.14. MgAl, Fe,_,0, (x=0, 0.2, 0.3, 0.7) Ha20nyyduliH Pumeensd apzaap

bornoscpyyricaH ciekmpyyad.
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XycHaam 4.7. MgAl, Fe,_,.0, (x=0, 0.2, 0.3, 0.7, 2) H320nuliH peHmeeH OughpakmoepaMmbie

PumeenbduliH apaaap 6onoecpyyricHbl Oapaax Kpucmarn 6ymuyulH napamempyyo

X AKyG’ A

Tetpasagp (8a) Top

KaTtuoHsbl Tyrant

OkTtasapgp (16d) Top

0.0 8.3849+0.0012

0.2 8.3529+0.0032

0.3 8.3429+0.0018

0.7 8.2913+0.0003

(Feo.s1Mdo.19)a
(Feo.s1Mdo.19)a
(Feo.s1Mdo.19)a

(Feo.72Mdo.28)a

(Fe1.10Mgo.s1)s
(Fe1.10Mgo.76Al0.13)8
(Feo.06Mgo.81Al0.21)8

(Fe0.47Mgo.78Al0.78)8

PeHTreH audpaktorpammblr PutBenbaunH apraap 60noBcpyyncaH yp AOyHraac

Xapaxag TOpblH napamMeTp 6yypl-| KpuUcTansblH 3raJji TOpblH 33J13XYYH baracax 6anHa.

TopgopxouncoH MgAl,.Fe,_,0, HyHTar QeppuTUAH TOPbIH MapamMeTpurH YyTrbIr

HAranuMH CTEXEOMETPUINH XapbLaa (X)-33Cc xamaapyyncaH yp ayHr (3ypar 4.15) -4

Y3YYnaB. XeHreH LaraaHbl TeTpasgp O34 OPOH TOp A33PX KaTUOHbI TYranTWUIAH

KOHLEHTPAaLUMNH X3MX33HI3C XaMmaapy TOPbIH NapaMeTpUiiH Xamxaa Hb Byypy GainHa

(ra = 0.535A) < ree = 0.554).

8.40-(b)

8.36 1

8.32 1

Topsa Torrmoi, A

8.28 +—

- -@- - 3onb-renl

0.8

3ypae 4.15. MgAl,Fe,_,. 0, KpucmariibiH MOpbIH napamemp

4.4.2. lynaaH anrapyynanTtbiH C

yaanraa

Mg(Al, Fe,_,)0, (hbeppuUT OOKUAH AyraaH anrapyynax npouecchir XyBbCax

COPOH30H OpOH YYCradar TOexXeepeMXWiiH TycnamxkTaivraap cyanaB. COPOH30H

A2yyannr 50 Mr XaMXxaaTanraap 1 Mn HApMan ycaH XMnxK gynaax anrapyynanTbiH

XOMXKUNTUAT T'YULITIOM393.
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3ypae 4.16. Mg(Al, Fe,_,)0, 033XyyOuliH sinzapyynax dynaaH 6osioH XLLUY xeHzeH

UuacaaHsbl KOHL(eHmpaL(UUH XOMXXI33HI33C XaMaapcaH Xxamaaparil

3ypar 4.16 —4 Xonbl, 3NIEMEHTUNH KOHLEHTpaunac xamaapcaH TeMmnepaTypbiH

©6pPYNeNTUNH YTryyabir Xapyynas. QHA33C y33X3 TOAOPXOM XyrauaaHbl gapaa (~17—

20 MUH) O29XKYYOUMMH TemnepaTtyp TOrTBOPXWXK, TemnepaTypblH XaMrMiH ux Gytoy

XaHanTblH yTra Hb 30S1b-refNb apraap rapraH aBcaH A33unH xyBba 42°C xypy 6ancaH

6on xaTyy TeneBuiiH ypBarbiH apraap rapraH aBcaH g33xHun xyeba 33°C 6anB. MeH

TYPLNNTBIH YP AYHr33C TOMbEO (4.1) —bIr awmrnad XWY —r ToqopXonncoH.

XWY —biH yTryyabir Toouoonoxon MgFe,0, A39XnnH XyBba — 5.25 BT/rp, XeHreH

LaraaHaap XorsibLOSICHOOP KOHLEeHTpauaac xamaapy — 3.70 B1/rp, 3.01 Bt/rp, 0.71

BT/rp rapcaH 6ereeq 3H3 Hb XOHreH LaraaHbl XONbLOOC XamMaapy COPOH30H LUMHX

YaHap OyypcaHTan xonbooToN oM.

XycHaem 4.8. MgAl, Fe,_,0, (x=0, 0.2, 0.3, 0.7, 2) H32011uliH Xy8UUH WUH233X Yalribi2

moouy00JsICOH yp OyH

[aax

XWY (B1/rp)

MgFeZ 04_
MgAly,Fe g0,
MgAly3Fe; 70,

MgAl,,Fe; 30,

5.25

3.70

3.01

0.71
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4.5. [OyrHanTt

CypanraaHbl axmnblH XYP39HA XUMWWH CUHTE3UAH TOPUM TOFTOOXOOpP LI3B3P
MgFe204, CuFe204 Hargnyyauur XamrmnH TYraaman Xxaparnargaar (rapy  ux,
LOBIPLUMAT ©HAOP .M) XMMUNH CUHTE3UIH 305b-ren 60MoH XaTyy TeneBuiiH ypBasbIH
XOEp aprbir awumrnaH rapraH asaB. MIHroxag 3onb-refiMiH apraap rapraH ascaH
MgFe204 039X Hb KyO WwnuHen OyTauTan, ssMap HAraH xornbly 6anxryn L3aB3apLwmnT
OHOepPTAN, KPUCTANIUTbIH X3MX33 Toxupowmktonm (~50HM), pgOynaaH Aaynaad

anrapyynax Yagamx eHgep (42°) 6ams.

Xonbl, 3MEMEHT aluurfaH COPOH30H LWMHX YaHapbilr Hb ©epyYurk, yaupaax
3opunroop MgFe204 Hargnuinr Cu?* anemMeHTaap XOIbLOMK, OYTaL WNHX YaHapbiH
XamaapsibIr TOOOPXONSOB. 33CUIH XOmbLblH XaMx33 x=0.8 xypax yen TeTparoHan
CuFe,0, a3 yycax Ganraar TOrroosnoo. OH3 Hb TETPA3ApP 43X TOMPUKH aryynamx
XaHranTTam XamxasHa xypax yen (manawm toxwmongong Cu aryynra 0.8 xypax) kyb
OyTud3C TeTparoHanb pyy asblH LWWMKUAT XMAAar 6Gonoxbir y3yyrmk 6anHa.
Kpuctann 6yTuninH Hapuneuuncan cyaanraaraap Cu2* xonbupblH ynmaac eppuUTUinH
3ran TOPbIH 33M3XYYH 6ara XamKaaraap TANCHI3P XonboocCkiH Xy4 ByypcaH, COPOH30H
MOMEHT Hb OKTasgp A3g 6yTusac TeTpasgp 6yTol pyy WWMMKC3H Oyloy TOpPbIH
XYUYUITIAMMAH  X3MXKI3 MXICCIH, TeTpasgpunH Oanpumn [33p TOMPUWH MOHYyA
uyrnapcHaap ypByy wnuHen OyTay yyccaH ©Gonoxeir Togopxownos. [ynaaH
anrapyynax Yagamxkunr xamkmxag x=0.6 033XKWMAH XyBbAd XaMruiH eHaep Aynaad
anrapyynant 6onox 42.6°C xypcaH 6eree XY —r togopxonnoxon 11 B1/rp 6ytoy

L2B3p MarHUnH deppuT A3axaac (9.6 BT/rp) engep 6ancaH.

MeH XMMWNH CUHTE3NNH 30MNb-reNIMNH apra awwurnad raprad ascaH MgAlxFe2-xO4
HAraNUWH cyganraar xvnnaa. OHA X —minH yTreir 0, 0.2, 0.3, 0.7 —oop aBcaH 6ereep
pPeHTreH AudpakublH apraap OyTumMiH napameTpyyd OONOH KaTMOHbI TYraNTUNAr
TOAOPXOMMCOH. X6HreH LiaraaH XorbLblH XaMXK33 MX3C3X yen TopbiH Tortmon 8.38 A
—aac 8.28 A xypton 6yypcaH 6ereeq XeHreH LaraaHbl aTOMblH XyBb[ OKTa3ap
Oavipnang cyypblwwmwk 6ancaH. Yr A33XyyOuiH OynaaH anrapyyrnax Yagamkumnr
TOOOPXOWMNOXOA XOHreH LaraaHbl XOfibL, HAIMIr4axag anrapyynax gynaaH 6yypd
GancaH 6ereeg x —umH yTra 0.7 B6anxag maw 6ara 6ytoy 26°C xypy, XY Hb 0.71
BT/rp xypTan 6yypcaH.
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OHaXyy cyaanraaHbl axnblH XypaaHg 71 kl'y, —H gaBTam OyXui COPOH30OH OPOH
YYCrax TOXeepemMXwir yrcpaH pAynaaH gnrapyynax YagamxuiH cyganraar
rynuatracaH. Xamxkuntuir 50, 75, 100Mr —aap COHroH aBy AyraadH anrapyynant
A3KUNH  X3MXKI3HISC XOPX3H Xamaapxbir cyanaxaj O3KUWH KOHLUEHTpauumr
eepunncHesp Anrapyynax gynaaHbsir yaupgax 6onomxkron b6ereeq sanrapax gynaaH
A9KMMH KOHLEHTpauaac nponopunoHan xamaapantan 6onoxeir TorrooB. MeH
XAIMXKUINTUAT OPYHOOC Xamaapyyrnax cyanax 30punroop yc 60roH usnMonorninH
yycMang XWWH xapblyyrnaxaz XOOPOHAOX 3epyYy Hb OpYHbl AynaaH 6artaamxaac

xamaapy 6ams.
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TAB. PEPPUT HAHO MATEPUAIbIH X3P3rna3

CyynuiH >Xunyyasg xasApblH 3CPar XanyyH SMUMMradHA 30pUYIK XyBbCax
COPOH30H OpHbI Hereereep AynaaH snrapyynax Yyagamx eHgep matepuansir cyanax
aXMN IpUNMTIN aBargax 6anHa [39]. QH3 aprbiH HAr 600X rMNepTepPM 3MYUITaI3 Hb
XOPT XaBApblH 3CUINH OPYHbI TEMMNEPATYPbIr O3ILUMYYIDK YCTrax 30punroTon tom. XopT
XaBApblIH 3CYYA Hb 3pYYI 3CTaN XapbLUyynaxag 6yTau, Mopdosioru, ynn axunnaraaHol
XyBbZl MaLl UX eepynente opcoH 6anaar. YyYHUI HAr XKULWA3 Hb: XanyyHa MaapaMTrnm
Oyloy TacBap MyyTan Banx WWHX YaHap oM. TUAMIIC rMNepTepM aMUYUNI33 Hb MAC
3acarn, XM/ 3MYUNrag, LauparmiH SMUYNradTan xapbLuyynaxag rax Henee barartan,

bue maxbonoa apcaan Garatam racaH gasyy Tantam [40].

5.1. XopT xaBApPbIH ©HOOTMUH TOO BapuMT

[anXninH XaMXa3HA XOPT XaBApblH yriMaac Hac 6apx 6yn XxymyycuiiH Too »un 6yp
nxaccasp OarHa. 2019 oHbl Too BapumTaap Hac 6aparcabiH 6 XyH TYTMbIH HAF XOpPT
XaBApbIH yriMaac XopBOOI OPXMCHOOC 34r33puiH 70 rapyn xyBb Hb Oyypan 60m0oH
AYHOAXK XODKUNTAN OpHYYyAbIH nprag 6anHa. 1990 oHg xaBapblH ynMaac Hac 6apcaH

XYHUI TOO 5.7 cas 6ancaH 6on 2021 oHg 10 cas 6ok nxaccaH barHa [41, 42].

MoHron opHbl xyBbA xung ayHmkaap 5000 rapyr XyH XOpT xaBapaap eBAeX,
3000 rapym xyH Hac 6apx 6anraa 6a HUNT xaBOapTam raXK OHOLUSOrACOH eBYTeHUn 70
rapym XyBb Hb XOXYY Ye433 3MHIMArT XaHACaH raCcaH XxapamcanTan Too M3433 6anHa.
MoHron ync Hb xogooa OONOH 3N3rHMik XOpT XaBApaap eB4YNercaunH Tooroopoo
A2NXnMna Tapryyk 6arraa 6on ynaaH XxoononH xasgpaap 5-p 6anpaHg 6anHa. Mnmg
XOPT XaBApbIr 6BYNENUAH 3PT Yen Hb OHOLUSIOX, SMUN3X GONMOMXUIT HAIMIrgyynax,
OONOMXUT LUMHS apra, TEXHONOIMM XenkKyynax, HABTPYYNaX LWaapanara uJyxnaap

TaBurgax oanHa.

XopT XxaBAap Hb XYH TOPONXTHUN XyBbA LUMHA ©BYMH BULL, 3PT yen 4 XOopT xaBgap
eBYMNH Bancaap 6amxkaa. SHrMMH onnrontToop 605 XopT XaBaap Hb XYHUN BUeniiH anb
HAr X9CArT X3BWUWH 3CUNH OPOHA YYCC3H raxk acyy4d 3yW TOrTOmrym ecd, Onpox
npouecc oM. XaBapblH 3C Hb LyC 60510H numd Bytoy TyHranrmiiH ypcranaap AaMmkuH
ovennH Bycag xacryyasg Ttapxgar 6a 3H3 eBYMH Hb MyTauua OPCOH reHaac 6ok
YYCA3MMIAI ©HOeerMIH LUMHXMNAX yxaaH HoTnooa 6GarHa. MagHblH Maw ONoH XyYuH
3YWNUIAH Heneereep reH MyTtauua opox 6a yr reHUnr aryyncaH ac XopT XaBApblH 9C
GONOH XyBMpY MaLl XypATan ecy ynmaap opraHn3mbIH TOHLUBIPT 6argan angaraaqa.

XopT xaBgpblH acunr 6yn 6onrogor ron reH Hb oHkoreHecuc (Oncogenesis) reH M.
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YT reH MmyTauma opX eepyneraeH 3CUir MaLl OfIHOOP Hb XyBUaH ONLWPYYIK XaBApbIH
XOMXKI3HA XYProH3. OCparaspasd 9SHAIXYY XAHANTryh 3CUWH XyBaaranbir xaBgap
AapaHryrinard (Tumor suppressor genes) reH 30rcoox 3acsapsiagar. [[axa3s aHaxyy
XaBAap gapaHrymnard reH mytauua opox maragnantan. QH3 TOXMONAoNA XaHanNTrym
ecy Byn acunr 30rcoox, 3aceapnax 6onomxryn 6ongor. XaBgap gapaHrymnary reH

OHKOreHecuc reHTan xapbuyynban mytaumg opox maragnan 6ara 6awvgar.

Huit xaBapbiH 90-95% Hb Xyp33anaH Oy OpunH, XyBb XYHUI aMbparibiH X3B Masr,
XOONMONT 33praac wWantraancaH reHUnH raxraac yycgar 6on ynacoH 5-10% Hb
yaaMLLcaH reHaac 6onHo. XopT xaBgap yycraxag Tamxu 25-30%, 6ypyy xoonnont 6a
Tapranant 30-35%, xanaBapT eBYnH 15-20%, uaupar, ctpecc 6G0noH xeaenreeHumn

aytaranaac 10% xypTanx xyBuap Heneenger 6anHa.

5.2. XopT xaBAPbIH 3MYUNTI3HUNA apryyn,

XYH TepesixTeH XOpT XaBaapTah aHX Hyyp TYSK, TaHUH M39XK, SMYMIXUNAT
opongox 60ICHOOC eHeer XyPTan Mall OfIOH TOPINNH AMYMUITI3HUIN apryya YYCaH 6un
6ok xenkceep 6anHa. TyxaH eBYTeHUI BrennH Gangan, xaBapbiH Tepen 60M0H ye
wartyygaac xamaap4y TOXMPOX XaBAapbIr yCcTrax, baracrax, ecentuir ygaawpyynax,
OBUTOHUN OUENNr TOrTBOPXKyynax SMYUNII3HYYA33C coHrogor 6GanHa. WHraxgaa
NX3BYSIOH ©BYTOHA Y3YYII9X ceper Heneer baracrax xaparnax Oyn aprbiH yp awwrnmr
HOMArAyynaxXumH Tyng X34 XO49H aprumnr XOcnyyrnaH Xaparnagar. ©Heer XxypTan
XOrKyyrk 6anraa sMuMnrasHUM apra, TEXHONOrmy eBUYTeH[ y3yynax ceper Hereer
apunraxk 3eBXeH XaBAapTan X3CArT YWIUMan y3yynaxunir YHOC3H 30punro 605roH
axunnax 6anHa. XaBApblH 3MYMArdar JOTOP Hb MIC 3acan, XMMU 3MYUITaI,

LauparmnH aMUYNNrad, XxanyyH aMunmnrad rax 33praap xyesaaHa.(3ypar 5.1)

Mbsc 3acan
VYnamximant apryyz[)< Xumu
Lanpar

(XaB,I[prH IMYIHJITI?D

JlapXi1aaHbI SMUHIT33

- L enuiia SMUMIrId

Opuns yeniis apryyn I'nneprepM SMYHIIIDD
doTonunaMIK
T'opMOHBI 5MYIIIT3

3ypae 5.1. Xas0pbiH amM4ui2asaHul mepnyyo
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M>sc 3acan: OHonbIH XyBbA LyCHbI (remaTonorn) xaegpaac 6ycag 6yx xasgpbir Mac
3acrnblH aM4YIaX BONOMXKTON raX y3gar GancaH 6onoByY ambapang buenargaarryn.
XaBgap Xagun XKUT XaMKaaTan 6ancaH 4 Togopxon Hexuena XyHun uewniiH Bycapg,
X3CarT Tapxgar. Mac 3acan OypaH xunx apcaanTan, Bycag XacarT TapxcaH 6amx

mMaragnan eHgep 0arx 33par TOXMONAONA XMMUAH SMYMNTa3r AaBxap aluvrnaaar.

XumMuliH 3mMyune2aad: XUMUAH 3MYMAT3d Hb XaBApblH 3CUMWAM yCTrax 30pUIiroTown
aMUMNIA3 oM. XaBapblH Tepen 60noH oHuorooc xamaapd 100 rapyn TepnuviH
XaBApPbIH 3CUITM AapaHrynnax am, 6anaManunr SMYMrasHa xaparnax 6anHa. axa9a
XUMUAH SMYUITIS Hb 36BX6OH XaBAPbIH 3CUNT yCTrax TeaUnUryn XyHnn bnennH xypaax

XyBaargax ecaer apyyn 3cyyaAs4 ceper Heree y3yynax, ycTrax ceper TanTai.

Lauypae mysiaHbl am4un233: Llaypar Tysa aMuunras Hb MOHXYyynard uauparviH
Tycrnamravraap XOpT XaBApblr aMynax apra toMm. LlauparmnH amMymnraar aHaraax
yXaaH, 3MYUIrasHg 30puyrcaH Tycram barax Texeepem, LyramaH XypAaacryypbir
awurnad aran 6eeMcuUrH TOOOPXOM ypcranbir ypbAyusiiaH TOMAOSJIMACIH XACArT
TycraHa. OJIEMEHT X3CryyYOUWH ypcranbiH HeMeeH A4op TYPAIMrnn xopton acumH OHX
OyTou Hb 9pranT Oyuantrym yctgar 6ereef 9H3 Hb UaawdblH XyBaargaxaac
coprmnngar. LlauparmnH  SMYMMrasHUM  30pUNTO, TyXaMH ©BYTOHWW OHLOrooc
XamaapyynaH anbda uaupar; 6eTa uaupar; ramma Laupar; peHTreH Tysia; HEUTPOH
yaupar; NpoTOHbl uaupar; nNu-me3oHbl Laupar 33prunur epreH awwurnagar 6ereef
aMuunragHun 6ycap apryygtanm xocrnyynax Hb anbar. LlemuninH aran xacryyguiH
ypcran Oywy uaupar TysiaHbl Hemneereep xaBApblH 3cuinH [OHX 6yTay Hb 3BOSpY
ycTaar yump 9CUMH LaalfblH ecenT, xyBaarganT 30rCOoHO. XOpT XaBOpblH acyyn
NO3BXTAN, UNYY XypaTan XyBaargax Ganaar yump uaupar TysgaHbl MOHYNOoNA apyyn
3, 3C33C UNyy epTeMTrnn, MMI3C XypaaH mexaer. XopT xaBapbiH acuH OHX-nnuH
OyTay Hb LauparnnH aMYNNradHUi ABLaa TYYHUI 6CenT, XyBaargang caag yypyynaar

YCHbI Liaupar nasBxxkus, 3CMNH LUTOMNasMbiH 66pYnenTuiiH yriMaac xypaaH 3BA3PHS.

3opunmom 3Myus233: IHIXYY IMUUNTISHUIN apra Hb XMUMUNH AMUYNIITISTIN TOCTIN
OonoBY 36BXeH TyxauWH XaBOapT Heneenex acpar 6ueT, reHyya, YypryyobliH
Tycnamxravraap XxaBOpblH ©CenT, XyBaargan, TapxanTtbir 3orcoogor. 9arasp
MOMEKYNT Hargnyya Hb 3SCUMAH ©cex, XyBaargax [AoXuMor xaax acBan Oyyp
axunnaraaryn 60nroxooc ragHa a3pyyn acyyaunir wnyy ygaaH ambgpax Hexuen
Oonomxoop xaHragar. XapamcanTtanh Hb 3H3XYy aprbir Oyx TepnunH XxaBapbir

aMuNaxag awwuvrnax éonomxryn Gamraa oM. Yr aMUMAradHMIA apra Hb MOHOKSIOHAnN
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acpar 6ue GOMOH XMXKUT MONMEKYNT HAranyyaumH Tycrnamkrauraap 3apum TepriviiH
XOXHUN, YYLIMMHbI XaBaap 33pruir amunax 6onomxkron Ganraa oM. ©BUTeHUn bueq
opyyncaH acpar GueTyyn XaBOpblH 3CUMMH ragHa Tang 3CBAaN 3CUWH OTop Tang
Ganpnax acuir yxyynax xopT 6oguc snrapyyrmk yctragar 605 >KWKAr MONekynT

HAranyya XaBApbIH 3CUIAH ©CeX, YPXKMX NPOLEeCChIr Xxaaaar.

HapxnaaHbl amyunesa: [apxnaaHbl MUY Hb ©6BYTOHUWN €6PUNH AapxfianbiH
CUCTEMUNH NO3BXMIT HAIMIrAYYK XaBapblH 3C BONOH XanaBapsbIr ycTragar aMUYnnraa
oM. WMHraxgss xangBap OONOH XaBApbIH 3CUMWAT  UNPYYNGAr XSAHANTbIH - L3rMnAr
NMO3BXXKYYIDK XaBAPbIH 3CUWr yctragar T- 9CMWH TycnamKrauraap axuinnaraarym
6onrogor. 2018 oHa AHY-biH X.I1.AnnucoH (James P. Allison) 6omnoH T.XoHxo0
((Tasuku Honjo) Hap “OapxnaaHbl 3aCyyAWWH caaTnyypbIr gapaHrynsicHaap XopT
XxaBaap eBYHMUT aMUnNax 6osomx” HaaNTa3p HobenunH warHaneir AHaraax yxaaH,
PU3MONOrNinH canbaprt XYPTC3H GanHa.

(https://www.nobelprize.org/prizes/medicine/2018/summary)

domoduHaMuK 3aM4uned3d: OH3 apra Hb (OTOXMMMUWH YypBanblH Yyen Yycasr
XYUUNTOPOrYMNr awmrnaH XaBOpblH 3CUAr ycTraxag YHOICNaaar. OHS ypBang
oponugor 6ypanasaxyyH xacryyg Hb 6ueuninH ag acag Ganpar, rapnvnH Yynyunanasp
NMO3BXIKOAIN  XYUMNTOpery, TYYHUNAH [IpfvMAH  3HEPrUir MaapaxX, AamxKyyrnax
YagBapTau Tycram boamncyyo—goTtoceHcnbunmsatop (photosensitizers) tom. apnuniH
Herneereep xy4yunreperd na3BxTan bangang opXx Yynmaap XaBApblH 3CYyA34 cepreep
Heneenger. 3pnninH 3X YYCBIPT TOAOPXOM AONTMOHBLI YPT BYXUi nasepsbir awmrnagar.
doToAMHAMUK AMUMATIS 2-3 OPYMM J0S100 XOHOT Yprarmkungar 6a uaupar tysa, Xmmu

©O0NOH M3C 3achblH AMYMTIITIN XOCnyyrx oonpor axaa.

leHuliH amMyun23a: AnnBaa XopT xaBaap Yycax wantraan Hb AHX gotop asargaar
MyTaumTanm xonbooTOM rAC3H OHOIM CYYIIMNH yen xenknxk barraa 60noBY reHuiH Koa
XaaHa, faraaj 9BA3ra4a3r B3 rofar Tanaap apasaMTag TyH 6ara magaanantan banHa.
"eHNNH KoL 3BO3PCHIIP XOPT XaBaap YYCAIr racaH oHonoop 6051 XopT xaBaap ragar
0on AH3 BYPUINH SPXTHYYASL YYCAIM HAM TOPIMNH 6BYMH BYC XapWH HAr epeHXun 3yin
Tortnoop aeargaar 200 TepnviiH eBYHYYOUNH €POHXUIN HAP raX y3aar. XyHun GneniiH
Xaa Har X3C3arT HAr 3C Hb MyTauu OPOHIyYyT TyXaWH 3C AMap 4 XAHaNTrynurasp matwl
XypAaH XyBaargaxk 9xoricHa3p xasgap yycgar 6amHa. Cyanaayvg x343H MsiHraH
reHUNH MyTauUnr UNPYYJICOH TOOUNIYA TEHUWH KOAbIM 9BA3raaxag xypragar 80 opunm

XYYUMH 3YUNUnr Hapnaag 6ariHa.
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5.3. TunepTepmM aMUYMIraaHUN 3apYuUM

OHIMAH acyyd xapbuaHryl engep 46°C TemnepaTypT ambipax 4YaaBapTtan
Ganpar. ©BYTEHMN XaBOapTal XACrMMH 3C, XxaBpapTam 3pxTaHr 41-46°C rpagyc
XYpPTon TycraW apraap xanaax 3SMYMdXMWTr XanyyH aMuunrad Oywy runeptepm
AMYUUIIII K HIPMIAHI. XarnyyH dMUYUITI3HUI ABLa HAHO COPOH30H TeMep aryysncaH
ooauchir xaBgaptam TyXarWH X3CarT TapuypblH TycrnamkTtan opyynHa. [apaa Hb
©BYTOHMII XyBbCaxX COPOH30H OpOHA opyynaxag (aaBTtamxk 500 kl'u) 6ogmc Gyxumn
X3CarT paynaaH gqnrapd Temnepatyp 42.5 (UenbcuinH rpagyc) —aac A93ww
TemnepaTypTan 60noxo xaBapblH 3CUAH ©CenT Oyypyd, SMUYUNIa3 yp AYHTaN 6onHO
(Bypar 5.2).

Xa/IyyH 2"MYIIIT? —

CopoOH30H HAHO OOJIHCHIT OHeJ TAPHHA
{
AC coponzon opon

XaBﬂpHH X3C3I'T COPOH30H HAHO 60aHC Xa1HA

—>
100 \ ‘\\

® JTunozom

& Scpar ome

B XaBapEH 3Cpar 3M
@ Copo=nzon 6omHc

3ypae 5.2. XanyyH am4uneas xulix 3apyum

XaBapblH 34, 3C Hb 3pyyn acunr 6oason metabonuam (60AUCHIH CONUIILIOO)
eHAep, LycaH XxaHramx ux, XypaaH ecex ypXaar yump cygac baratan apyyn aaTan

xapbLyynaxag xanyyHoir jaax yagsap 6aratan 6angar.
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5.4. ®eppuT HIrANMAT XaBpPblH 3MYUNTI3HA TypLUCAH cyAanraa

5.4.1. WyramaH 3c

LWyraman acyyg (cell lines) Hb aHaraax canbapT Top AyHOaa xaBApblH cydanraa,
SMUMH TYPLWWNTYyOa4 ©preH Xaparnargaar in vitro cuctem oM. TOXMPOMXKTOM
HeXLerna ecreBeprioceH XaBApblH 3CYYA Hb XOPT XaBAPbIH MEHETUK LUMHX YaHapbIr
Xagrarmk vagaar Hb in vitro Hexueng XaBApblH cyganraar Xvunx 60noMXMIAr Onrox
Ganraa tom [43]. CyganraaHg xaparnacaH Hela wyramaH 3¢ Hb XYHUI yMarH Xy3YYHUI
XOpT XaBApaac rapantan anuten ac 6ereen xaMrumH aHx 1951 oHg XeHpuTa Nake
(Henrietta lacks) ragar HapTalm SMIrTanMH XaBAPbIH 3C33C aAnrax nabopaTopunH
Hexuenn ypryyrcaH wyramaH 3¢ oM [44]. ScunH buonorny mapraxuntan XKopx en
3pO3MTHUN cydaraaHbl TannaHg 3HAXYY 3C Hb 24 uaruiH goTtop 1w ac 2w 6ok
xyBaargax 6ancaH 6a ambapax Yagsap mMall canTam yXoWrym MeHXUNH 3¢ BanCHbIr
TOAOPXOMNCOH. TYYHUN3H XaBAPbIH 3CYyA4 Hb 3pYYySn 3CTaM xapbuyynaxag 6yTau,
Mopcdponoru, ynn axunnaraaHbl XyBb4 Mall X eepynenTeHa OpcoH banaar 6a yyHuin
HAr XKWL Hb 3pYYN 3CTaM Xapbluyynaxag XanyyHg M3ap3aMTrvi, TOBCIP MyyTaWn
banpar. bugHnin 6aNTraCcaH WyramaH 3CUNH XAHaNTbIH O33XUAH MOPMONOrMnH yp

OYHr 3ypar 5.4-g, y3yynnaa.

150C28 é

\ wontn

3ypae 5.3. Hela acuiH mopghonoau

OHAXyYy cyganraaHbl axnaap rapraH aBcaH Mg, gNij,Fe,0, beppuT COPOH30H
HaHO 6eeMur TOXMPOMXKTOW Hexueng ypryyncaH Hela aceg ywnnunyynaH
KOHUEHTpauuiH anraatan 6angnaap UMTOTOKCUK Oyloy ambg 3cag yypyynax xopyy

YaHapbIl Hb CyaarcaH.
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5.4.2. 133X 63nTran 60510H 3CUNH ecreBep

A33x 63n1mean. XUMUAH CUHTE3UIH 30Mb-TeNUNH apraap Mg, gNi,,Fe,0, epput
A9KMIT rapraH aBaxgaa MarHUnH Hutpat (>99%), TeMpuiH HUTpaT (>99%), HUken
HUTpaT (>99%), HUMBArHUI Xyunn (>99.5%) — Nr TOOLLOOSICOH MOMWIH XapbLaaraap
aB4Y COPOH30H XyTryypbiH yrnunan gop 100°C-unH TemnepatypT xanaax ren xanbapt
opyynaB. YyHun gapaa 1 uarunH typw 400°C — T gynaaHbl 60n0BCpyynanT XUnx,

900°C — T 2 uar waTaax KpucTanmkyynnaa.

¢ ypeax ypzax Hexues. OcuinH ecresep (cell culture) ragar Hb acuUr XMmMman
OpYMHA in Vvitro Hexuen ambApyynax, ecreBeprexumnr XanHa. ©creBeprnexmmH eMHe
3XI1934 3CUNI 3433C LWyyn canraH aB4y 9H3MMWUAH 6a MexaHwK apraap TycraapriaH
aBHa. YyHUA Oapaa Tycraapriax aBCaH 3C TOXMPOMXKTOM Hexueng ypxux (OypaH
Tapxax-reach confluence) ye watbir aHxgard ecreBep raHa. QH3 yeq acuur uaatl
yprax xaHranttanm 60n0nuooroop xaHraxblH Tyng U3B3p ©CreBpunH-opumH (growth
medium)-Ton LWKWHS caBaH4 CanraH-ecreBepnex (subculture) (gamxyynax-passage)
X3parTon. OCUMH WyrambIl  XyBUPraX Xsa3raaprymrasp XyBaargax 4dagBapTan
©onrocoHr 6anHrmMnH acunH wyram (continuous cell line) raHa. 3cMr TOXMPOMXKUT
caBaHp, LUMHI3H OPYMHA ecreBepneger.

10% FBS (fetal bovine serum),

100U/ml penicellin, 5% CO.. 37°C
100ug/ml streptomycin -

. .1 LA
5 5 )

-
- ”~
{ B

: | A o ’-.—("‘::;'?
S ¥ e

RPMI-1640 Tax33meiE opIsH 30nv yypr xasTan, 3*10° m 3¢

3ypae 5.5. Oc¢ ypeax Hexuen

OCUH Tepneec xamaapaH ecreBepuH Hexuern eep eep 6amgar 4 3CUIH
30XMOMOJST OPYMUH TOTTCOH X3M X3MX33HA TOAOPXOM aryynamkranm 6amHa. YyHa: HOH
Waapgnaratam TaX33nunH 6oamc (aMMH Xy4ur, Hyypc yc, amuH O9M, 3paac),
©CONTUMH XY4YuH 3ynn, gaasap, xun (Oz, CO2), OpYHbI PUBUK-XUMUIAH TOXMpYyYynary
(pH, ocmoc gapanTt, xam) rax mMaT. MIxaHx ac xaTyy Oywy xarac xaTyy ragapryyq
Haangax ypragar (Haangaar-adherent acsan gaH ye ecresep -monolayer culture) 6on

3apyM 3C BCreBpUNH OpYMHA XOBX (UMAO3M ecreBep xeBmer -suspension culture)
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ypragar [45]. bug TypwntaHgaa COPOH30H HaHO GeeMUNr XYHUA yManH Xy3YYH
xaBapblH Hela wyramaH ac (HeLa ATCCR CCL-2™) naap TypuicaH. Scuiir 10% FBS
(fetal bovine serum), 100U/ml penicellin, 100ug/ml streptomycin 6yxun RPMI-1640
TIXIANUNH opumHA 5% CO2, 37 °C byxun Hexuena ecresepneceH (3ypar 5.5). YyHui

Aapaaraap 2 egep Tytama TOKISMMNH OPUMHT CONbX GamB.
5.4.3. CypanraaHbl apra 3ym

HAdynaan sineapyynanmsbiz modopxolnox. COpPOH30H HaHO 6eemMuiH XyBbCax
COpPOH30H OpHbI Hereereep Anrapyyrnax AynaaHbil €epCAUNH yrcapcaH XyBbcCaX
COPOH30H OPOH YYCrax TOXeepeMXWUWH Tycrnamxrtauraap OyptraB [46]. Pepput
COpPOH30H Geemeep YMNYNYYIC3H 3CUUT XyBbCax COPOH30HA HAr yaaa 20 MUHYT

YURYNyyImK Typinntaa rynudTrocaH.

Lumomokcuk udaexulizc modopxolsiox. 3Ic3[ Y3YYNaX UUTOTOKCUK WAOIBXUNT
TopopxonnoxblH Tyna Bicinchoninic acid assay (BCA assay) awwvrnacaH 6a emHe
cygnargax GarncaH wxun TepnnnH COPOH30H HAaHO BEBMUNH LIMTOTOKCUK WOIBXUNT
TOAOPXOWNCOH cydanraaHyyn Aasp Ttynryypnad 50mkr/mn, 100mkr/mn 60m0H
150MKr/MN KOHUEHTpauyyaaap yunynas [47]. Tyc KoueHTpauyyaaap acyyaumir 24 uar
ynnuuncHun gapaaraap 1X PBS (Phospate-buffered saline) yycmanaap acyyaron
X0Nnboraoorym cyn COpOH30H HAaHO BGeeMur yraaxk aBaB. YraacHbl fapaaraap 2 egep
TyTam T3IXKI3NMMH OPUMHI conbXk OancaH bereen 1-3ac 6 gaxb e4pyYAS4 SCYyauNnr
LyrnyynaH aB4Y 3CUMNH nu3aTt Aaxb YyprunH xamxaar Pierce™ BCA protein assay kit
awurnaH ymnasapsiardMinH 3aaBpblH garyy TOAOPXOWMOH Aoopx OyayyBd 3yprunH

aaryy YYprumH xamxaar Toouos (3ypar 5.6).

SOMKI/MA COPOH30H 39K 37°C -1 30 muH
Cranpmapt a3k N
CA» wg +1 MII cTaHapT yycMal ©CroBep XHUX
b |
e — e

.}

Cnextpodoromerp

3ypae 5.6. YYPrunH xamxaar Togopxonnox éyayysey sypar
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KonoHu yycantuur togopxomnox: KrnoHOreHUMH LUMHXUIITS BYoy KOMOHU YYCaxX
LUMHXKUIIFAS MK HAPNSA3M Hb 3CUMAH aMbf YNA3X LUMHXWUATS OM. OHA Hb AaH 3CUNH
amb[, YIA3X, KONOHM YYCraX HOXeH YPXXnX Yagsapbir yHanaar [48]. bug 6 yypT xaBTaHg,
500 ac/yyp XaMX33TaW 3C33 TapbX 24 uar ecreBepfieB. ©CreBeprnieceH acyyauur
rapraH aBcaH (heppuUT COPOH30H O33X33p 7 XOHOr YyWnuynyyncaHuni pgapaaraap 4%
dopmanbgerngaap 30 MuHyT acyyauunr cukcaunax, 0.4% tryphan blue 6yaary
6oancoop acyyauur bygax, rapnunH MmkpockonbiH 40 6onoH 100 gaxuH ecrenteep

XapX 3yprur aBcaH.
5.4.4. Yp ayH 6a xananuyynar

Kpuctann 6yTuunH cypanraa: 3onb-refiuiH apraap raprad ascaH Mg, gNig,Fe,0,
A9KMIH TacanraaHbl TEMNEpPaTypT XAMXKCAH PEHTreH AndpakublH CNEKTPUIAT 3ypar
5.7-T y3yynaB. ®a3biH aHanu3aap GuaHnn rapraH aBcaH 433 Hb SIMap HAraH HAManNT

a3 banxryn uasap MgFe,0, (ICDD 00-088-1941) 023 60510XbIIr TOOOPXOMMOB.

= :°bls R,=3.10
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3ypaz 5.7. Mg,gNiy,Fe,0, H320nulH peHmeeH Ougpakmoepammble Pumeenbo
apaaap 6onoscpyyncaH yp OyH. YnaaH — XaMxXunmulH ezez20en, xap — Pumeesnbd
apaaap MOOUOOJICOH CrEeKmMp, USHX3P — X3IMXUIMulH 60/I0H mOoOoOUOOIbIH

criekmpudH sineaa, 60coo 3ypaac — bpazauliH nukulH 6alpwiibiz myc myc 3aaHa.

PutBenbguiH apra awwurnaH  6onoBcpyynanT  XWK  KpucTann  oytuunir
Topopxoinoxoa Mgy gNiy,Fe,0, 039X Hb Fd-3m ortopryiiH rpynn, 8.376A TopbiH

TOrTMon 6yxun Ky wnuHen kpuctann 6ytauTtan 6annaa. JudpakubiH NUKI3C AyHOAX
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KpUCTannuTbiH Xamxaar [eban-LeppepuinH Tarwmtranuir awmrnad (311) xaBTranH
XyBb, TooL00Nnoxo4 58 HM Oyly gapaariiH 9C 433p TypLUMX cyaanraaHbl axung

TOXMPOMXTOWN HAHO XaMXaaTam 6anB (XycHarT 5.1).

XycHaam 5.1. bymuyulH napamempyydutH 6omnoecpyynanmeiH yp OyH

MapameTpyya Too xamxa3a
TopbiH Tortmon (A) 8.376
KpnctannuTbiH XaMx33 (HM) 58
Bparr dakTop, Rs (%) 3.10
ToXUPINbIH YHAN33, 2 0.46

CoOpoH30H MaTepuanbiH AyrnaaH sanrapyynantbiH X3MXunT: [apraH aBcaH
deppuT A3KMIAT 50 MIr/MN XaMXKI3raap HIPMII ycaHa XMWXK gynaaH sanrapyynanTbiH
XOMKUATUWAT  rynuaTranaa. 3ypar 5.8a-4 [O33KMWH - XyrauaaHaac XxamaapcaH
TemnepaTypblH 66pYNeNTUNH XAMXUATUNH yTra, XaMXuntuiH asuag FLIR Hun ynaaH

TydAaHbl KaMepaap aBCaH AyJiaaH danrapyynantbir y3yyJaB.

® —

Temueparyp (°C)
L

FLIR0905 jpg FURC2 720176603

0 2 4 6 8 10 12 14 16 18 20 22
Xyrauaa (MUH)
3ypae 5.8. a) Mg, gNiy,Fe,0, heppum H3201UlH Xy8bcax COPOH30H OPHbI
Hereezeep yycax memrnepamyp, xy2auaaHbl xamaapar
XOaMXUNTUAH Yp OYHr33C rapraH aBcaH O39XWUWH snrapyyrnax temnepaTtypblH
XxaMriumH ux 6yly xaHanTbiH yTra Hb 49.9°C Oyloy runeptepm X3parnaxag
XaHranTTah COPOH30H LUMHX YaHapbIr y3yyrpk 6ancaH yump ac O93px TypluunTaa

rYAULUITI3CIH.
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LUutoTOoKCHMK mpaaBxuur topopxounox: COpoH30H Geemeep YWNYNI3ryn 3CUnr
XAHaNTbIH 033X 6onroH ascaH 6a 50mkr/mn, 100mkr/mn, 150MKr/mMn KOHUEHTpaL
oyxun Mg, gNi,,Fe,0, HaAHO Beemeep Tyc TyCc 24 uar YWNYUNCIH ICUIAT 6 eapuUiH
TypLL ecreBepnecHuin gapaaraap HUAT yypruir BCA assay-aap xamxus (3ypar 5.7).
XAHanTblH  3CYYOUMWH  LUMHIS3MTUWH  yTraTam  xapbuyyraH SCUWH  yprantbir
Topopxovnoxod 150MKr/Mn  KOHUeHTpauTamraap YWNYUNC3H 3CYYOUWAH  YYPruiH
XAMX39 xAHanTTan xapbuyynaxag 35.5%-nap 6ara, 100mkr/mn 6anxag 31.3% -unap
6ara 6aricaH 601 50MKr/MN XaMX33Tan yea 3caa xopyy 6anx WnHX YaHap Hb 6ycaaac
xapbuaHryn bara oywy 15.4% -nap 6yypcaH 6ancaH (3ypar 5.9). Mima uaawabiH
cyfanraanp acag Xxopyy YaHap xamruirH 6ara 6anx koHueHTpay, 6onox 50mkr/mn-aap

SCYYOUT YANYN3H XyBbCaxX COPOH30H OPOHA, OPYYITK TypLUMnTaa siByyscaH.
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3ypae 5.9. Scyydule sineaamal KoHUeHmpauyydaap 24 yae yun4duscHuli Oapaacaap 6

e0ep eca2e86pIieH yypauliH XaMx332 wasizacaH batodarn.

HonooH eagpuiiH Typw 50 mr/mn koHueHTpay 6yxui HaHO Geemeep acyyaunr
YWNYNyynaH rapnunH mmkpockonbiH 40 6onoH 100 gaxuH ecrenteep 3ypruir aBy HaHO
6eeM aCcTan xapxaH xonboracoH 6onoxbir Togopxounos (3ypar 5.10). Pepput HaHO
GeeMUNH COPOH30H YaHapaac YY4SMTaW 3apuMM X3cryyd X0OpoHAoo 6GeerHepceH
Ganraa (3yprunH xap uaryya)-r xapx 6onHo (3ypar 5.10). Xwxur 6eemyyaounr acyyg
3anrucaH 6on Tom xacryya acunH membpaHbl ragapryys HaangcaH (adhesion) 6aviraa

Hb Xapargax banHa.
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3ypae 5.10. ScyyduliH HaHo 6eemeep 7 XOHO2UUH mypuwl yun4mnyyrncaH 60510H

yundnyynasayt (xaHanm) acyy0 23psiuliH MUKpockorbiH 3ypae (40X 6onoH 100X)

50MKr/Mn KOHUEHTpauTanm eppuT COPOH3O0H HaHO Geemeep 3CUIT YANYUITDK
XyBbCax COPOH30H OPHOOP YWYNYYynCcaH (xanaacaH) OOMOH  YWNYNYYN33rym

(xanaaraaryn) acyyauur xsHanTUH 3CYYOTan xapbuUyynaH cygannaa (XycHarT 5.2).

XycH3am 5.2. OculiH yypauliH XaMX33HUU MOOUOOHbI yp OyH

Oaax ©pnepl ©Opep2 ©Opnep3 ©Opep4d ©Opep5 ©Opepb

Xanant (mr/mn) 0.389 1.007 0.904 1.205 1.776 1.957
Xanaaryn (mr/mn) 0.408 0.824 0.716 0.747 0.901 1.075

XancaH (mr/mn) 0.293 0.801 0.602 0.665 0.731 0.813

TypwmnTbIH 3X3HA PEPPUT COPOH3OH HAaHO BeeM ByXUIN 3CUMIT XyBbCaX COPOH30H
OpOHroop Har ygaa 20 MWHYTbIH TypLll YUANYNYYNCcaH. Yp OYHroac xapaxapg WKun
KOHLeHTpauaap yUnynncaH 6050BY XyBbCax COPOH30H OPOH YYCraX TOXeepemxeep
YANUAYYACOH 3CYYOUMH ypranT YUAN4Ynyynaarym aCyyaTan xapbuyynaxag yyprumH
XaMX339 ayHokaap 16.8%-nap 6ara Gaunraa Hb acag Hanraa HaHO 6Ge&6M COPOH3OH
OPOH YYCrax Texeepemxeep 6e[eergeH XxananT YYCCOH33P OSCUWH  ypranTbir

yaaawpyymk 6aviraar xapyymnx 6anHa (3ypar 5.11, XycHarT 5.2).
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3ypae 5.11. 3ypaaaH ed0puliH mypuw scyydule uyenyyrmk HUlm yypae sifizaH xapbuyyricaH

b6atidan

5.5. AyrHanTt

buo cymanraaHgaa XyHUM yMaWH  XY3YYHWUW XaBAOpblH 3CUWI COHrOH aBud
Mg, gNip,Fe,0, COPOH30H LWNHX YaHap Oyxuih HaHO eppUTUIAr awmrnaH 3CUrH
ambapax 4agBapblH YHIMraar xumnas. Mg,gNiy,Fe,0, HaHO ©Geemuir 3 eep
KOHLEHTpaLuaap 9c3g YWNYII3H HUWT YYPrUNH X3MXKI3radp ambf 3CUNH XIMXKIAr
ToAopXxonncoH 6ereen SOMKr/Mn KOHLUEHTPAL, Hb LMTOTOKCUA, naaBx bara 6yiy amba
aCc3 Y3YYNaxX XOpyy YaHap xaMrunH baratam 6ancaH. Mnma uaawgbiH cyganraaHg
TYC KOHUEHTpPaUUNH ye O3X COPOH30H OPOH YYCrardy Texeepemxeep XxananTt YyCax
3CUIVH ypranTtbir gapaHrynmk 6anraa acaxumir cyanaH y3axag Hela acuiH yprantbir
16.8% -nap pgapaHryimk 6ams. OH3 Hb TyxaH HaHO ©eeM xaBApblH ACPIAr YNNYNAX

OONOMXXTOMIOOC ragHa uaaluna Hapune4naH cygnax 60noMXTonr xapyymk 6anHa.
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ARTICLEINFO ABSTRACT

Keywords: The influence of Cu doping on the MgFe,0, crystal and magnetic structure has been studied at various tem-
Ferrites peratures. A series of Mg, ,Cu,Fe,0, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) spinels have been prepared by a chemical

X-ray and neutron diffraction
High temperature

FT-IR

Hysteresis loss

solid-state reaction method. The diffraction pattems confirmed that the formation of the single cubic spinel
phase obtained for samples with a Cu content of up to 0.6. The second phase of a small amount of tetragonal
CuFe,0, phase was observed in the sample with x = 0.8. Cu doping increased and stabilized the magnetization
of MgFe,0, at a high temperature. The crystal phase of Cu doped MgFe;04 was not changed up to 753 K.

1. Introduction

Amongst the spinel ferrite families, magnesium ferrite (MgFe,0,) is
a soft magnetic n-type semiconducting material that finds applications
in the fields of heterogeneous catalysis, adsorption, sensors and mag-
netic technologies [1,2]. Numerous studies have been carried out on the
spinel ferrites which had the general formula (M, sFes)[MsFe, 510, due
to their chemical and structural simplicity. The divalent metal element
M (Mg, Zn, Cu, Fe, Co, Ni, or the mixture of them) can occupy either
tetrahedral 8a (marked A) or octahedral 16b [marked B] sites of a
spinel structure as depicted by the parentheses and brackets, respec-
tively [3-5].

The crystal structure lies between a normal and an inverse spinel
type that depends on the fraction of Fe?* -ions at the tetrahedral sites
[6]. MgFe,O4 has a partially inverse spinel structure with the pre-
ference of Mgz’ cations mainly on octahedral sites [7,8], while copper
ferrite (CuFe,0,) has an inverse spinel structure, in which all Cu**
cations occupy octahedral sites [9,10]. Substitution of copper for
MgFe,0, resulted in the enhancement of permeability as well as mag-
netization values [11].

In our previous work [12], we performed a detailed investigation of
the crystal structure of Cu doped MgFe,0, at room temperature. In the
present paper, structural properties of magnesium ferrite were explored
at various temperatures. In order to test the phase stability and observe
the structural evolution of the magnesium ferrite, some in-situ and ex-
situ annealing experiments were performed under different tempera-
tures, ranging from 298 to 753 K. Structural characteristics were stu-
died by x-ray and neutron diffraction. Formation of ferrite was also

* Corresponding author.
E-mail address: hishigee@ipt.ac.mn (I Khishigdemberel).

https://doi.org/10.1016/j.physb.2018.05.032

Received 16 April 2018; Received in revised form 15 May 2018; Accepted 21 May 2018
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0921-4526/ © 2018 Elsevier B.V. All rights reserved.

confirmed by using Fourier-transform infrared spectroscopy (FT-IR).
The main attention was paid to the evolution of the Mg; Cu,Fe,0,
under various annealing conditions.

2. Experimental

Mg, Cu,Fe,O, type powder was prepared by a solid reaction
method using MgO, CuO, Fe,O, powder as a starting material [13].
Phase analysis of the samples were carried out using an x-ray powder
difﬁ'actometgr, Shimadzu XRD-7000 with CuK, radiation and
A = 1.5406 A. Neutron diffraction measurements were performed on
the HRFD (High Resolution Fourier Diffractometer) instrument at the
IBR-2 reactor, Joint Institute for Nuclear Research, Dubna, Russia [9].
FT-IR spectra were recorded for all samples in range of 4000 cm ™' to
400cm™ ' on Shimadzu IR Prestige-21 spectrometer. The annealing
temperatures ranged from 298 to 753 K and the holding time for 2h
with a heating ramp of 10 °C/min. The hysteresis loss value in the AC
magnetic field was obtained using a B—H analyzer (HP5060A, Hewlett-
Packard, Co., Ltd).

3. Result and discussion
3.1. Phase analysis

Fig. 1 shows the XRD patterns of the Mg;..Cu.Fe,O, samples with
x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 which the peaks identified with Miller

indices. The data showed intense sharp peaks and revealed well-crys-
talline single spinel structures. The result of phase analysis of patterns
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First-principles study of magnetization reorientation and large perpendicular magnetic
anisotropy in CuFe,04/MgO heterostructures

D. Odkhuu,' T. Tsevelmaa,” D. Sangaa,® N. Tsogbadrakh,* S. H. Rhim,? and S. C. Hong>
! Department of Physics, Incheon National University, Incheon 22012, South Korea
2Department of Physics and EHSRC, University of Ulsan, Ulsan 44610, South Korea
3nstitute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar 13330, Mongolia
“Department of Physics, National University of Mongolia, Ulaanbaatar 14201, Mongolia

‘ (Received 20 March 2018; revised manuscript received 5 July 2018; published 10 September 2018)

Herein, using first-principles calculations we predict magnetization reorientation and large perpendicular
magnetic anisotropy (PMA) in spinel Fe;04/MgO heterostructure by replacing the octahedral Fe ions with Cu.
The substitutional Cu** ions prefer the octahedral site within the xy-plane layer in an inverse spinel structure,
which is associated with the Jahn-Teller tetragonal and xy-plane twisted distortions. While magnetization of
Fe;04/MgO is significantly reduced in CuFe,0,/MgO, the presence of the substitutional Cu®* ions reorients
magnetization from an in-plane to perpendicular magnetic anisotropy. More remarkably, PMA further increases
gradually with the film thickness of CuFe,Os layers in the CuFe>Os/MgO heterostructure. The underlying
mechanism for this large PMA is the interplay of the spin-orbit-coupled Cu d,,-d,>_,> states in the center
layers and the Fe d..—O p. hybridization at the interface. These findings point toward the feasibility of reducing
magnetization and enhancing PMA in spinel structures for spintronics applications.

DOI: 10.1103/PhysRevB.98.094408

L. INTRODUCTION

Epitaxial growth of ferromagnetic (FM) materials
on insulating MgO has been of interest for spintronics
applications such as spin-transfer torque and magnetoelectric
memory devices owing to their large magnetoresistance and
perpendicular magnetic anisotropy (PMA) [1]. Nevertheless,
there are still intense research efforts to reduce the critical
current density /. required for magnetization switching
of a free FM layer in magnetic tunnel junctions (MTJs)
while retaining thermal stability A. A is maintained by
the large PMA according to A = KV /kgT, where K, V,
kg, and T are anisotropy, volume, Boltzmann’s constant,
and temperature, respectively [2]. On the other hand, low
saturation magnetization M, favors the reduction of /.
through 7. = %%MSV(Hk +2nM;), where «, n, and Hj
represent the Gilbert damping coefficient, spin polarization
factor, and Stoner-Wolfarth switching field, respectively [3].
Most materials proposed for memory applications are soft
magnets, i.e., Hy < M,; thus, I, ~ M*V. The utilization
of low-magnetization materials [i.e., ferrimagnetic (FIM)
and antiferromagnetic materials] rather than FM materials,
preferably with the large PMA, in MTJs could thus provide an
alternative way to minimize /. and maximize A at the same
time [4,5] and also reduce stray fields in real devices [6,7].

Owing to these prerequisites, spinel magnetite (Fe3Oy)
and its doped alloys (MFe>O4, where M represents a metal-
lic element) have been recently regarded as promising can-
didate materials for spintronics applications [8-14]. Fe3O4
has a FIM ground state with antiparallel spin orientation
on tetrahedral to octahedral sites and undergoes a first-order
metal-to-insulator Verwey transition at 7y ~ 120 K, which is
mostly attributed to the long-range charge ordering of Fe’*

2469-9950/2018/98(9)/094408(9) 094408-1

and Fe** jons on octahedral sites [15]. Remarkably, in both
experimental and theoretical studies, the substitution of M
(M = Co, Ni, Mn, or Cu) atoms for the Fe sites has been
shown to improve and modify dramatically the magnetic
and electronic properties of Fe3O4 [16-21]. In particular,
copper ferrite (CuFe;04) exhibits intriguing physical prop-
erties [22-27], including a phase transition from tetragonal
to cubic upon temperature [28,29], which depends on the
degree of inversion parameter x in the stoichiometric formula
(Cu, >t Fe_ ) a(Cuj_,>TFer,, )50y, where A and B de-
note the tetrahedral and octahedral sites, respectively. The
inversion parameter is equal to zero for the inverse spinel
structure, and x = 1 when the spinel is normal. The degree
of inversion changes during the cubic-to-tetragonal transition,
where the redistribution of Cu atoms from A to B sites
alters the ground multiplet from triplet to doublet and thus
alters magnetic properties [30,31]. Nevertheless, experiments
revealed that the Cu®* ions occupy the octahedral sites of
the spinel lattice, leading to a structural formula close to
(Fet) 4(Cu**Fe*t) 30, and a Jahn-Teller distortion (¢/a>1)
[25-27]. In addition to these intriguing phenomena, the re-
newed interest in research targets seemingly resides in the
possible PMA, a preferable magnetization direction normal to
the film plane, and its tunability by the B-site M substitution
in Fe304, which remains unexplored.

In this paper, we predict the magnetization reorientation
and large enhancement of PMA in Fe;0,/MgO(001) films
by replacing the octahedral Fe with Cu. Using on-site cor-
rection for Coulomb interaction in density functional theory
(DFT+U) calculations, the ground states of the structural and
magnetic structures are first determined for bulk CuFe;Oy4
in both normal and inverse spinel structures. It is found that
the substitutional Cu®* ions prefer the octahedral site within

©2018 American Physical Society
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CIITVA, Quauk, MmerHoA02UTiH Ty PIINIH,
Mamepuan cydaranvin carbap,
YMYHC, Xopazasonutl WuHICAIT YTAGH UHHCEHEPHAIAUTIH CYPLYYLD

YaoupTtrai

FMaTYy aHcund 3000-2eAUTH AP2Aap CUMIMEINIH 2aP20H AECAH MAZHUTH
geppum (MgFes0,) nazdautin cyebcax copon3on opoHd 0Yaaak An2apyyiax
wadamotcuiiz 02IHCHUT TIMACIIHIIC TAMAAPYYAAH 06pcOUTin Yyecapy b6y maa-
CIN Ycarn Top2y’yp Oyruill COPOH3OH OPON Y'Y C2IT MOTEOPOMMCUL2 QUUZAAH
2ytiyameacan cydanrzaanvt yp 0y Heaasc myceanaa. aaocnuti xamatcaa 50, 75,
100, 125, 150 m2 yed dyaaan snzapyyaaamovi memmepamyp 34-ooc 54°C
roopond, dyraan sazapyyrar wadamoic (SAR) xapaansan 25.69 Bm/2p, 24.04
Bmy/ep, 22.97 Bm/ep, 20.75 Bm/ep, 17.29 Bm/2p baiizaae Tamoicuasmasp
mMo2maooe.

Tyaxyyp yec: Coponszon nanobeem, deppum, Tyewveaxr coOpoOH30H OPOH, HAOAbIH TY-
BUTH ULUH2IINM.

1 OPIIINJI

CyyuilH KUYV COPOH30H IMHHXK HaHap OyXuil HaHoOMaTepHAJILIN 6HO -
aHaraaxblH calbapT, TyXailinbasn XaBapbiH Xauayye sMuarirsd (hyperthermia)-j ammir-
JIaX THIVISIANAH Cyaliraa spuuMTail XerKimK baitna. XaBIpeIH XaIyyH SMTHIIIS-
HUI TOJI 3aPYHM Hb COPOH30H HAHO Ge@eMMiir 6yca SMIITH XaMT ©BUHHUN [OJIOMTO/T
XYPIazK, OHIOP JaBTAMKTail XYBbLCAX COPOH30H OPOHIOOP YILITWISX yI 600M Iy-
JlaaH slIrapyyJIcHaap XaBJpbIH cuiin ecent sorcaort opmmno|1-3|. dynaan sumra-
pyyIax qajaMzKrail HAHOCOPOH30H MaTePHATI Hb HXIBWIH (PePPUCOPOH30H IINHIK
qanap oyxuit M FeaOy4 Teprmita H3011yy/1 6aiigar. D arasp HIrJIIYY/I JI0TPOOC Mar-
unita eppur MgFesOy xkyb nmmnesns OyTsmTsil, jyjtaan sirapyyiax TajgaMk
uxTaii oniyror Matepuai oM [4,5]. Cynanraanst emnex axiyyaas (6,7 marnuiin

“s-myyaan: enkhmendb@mas.ac.mn
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Improvement of self-heating ability in AC magnetic field of
MgFe,0, powder prepared by Polymerization method
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Abstract

The spinel type MgFe,O, ferrite powder having self-heating ability in an AC magnetic field was prepared by polymerization
method in order to investigated the application for thermal coagulation treatment of cancer tissue. The single phase of cubic
ferrite structure was obtained for all sample synthesized with different CA/MN (Citric Acid / Metal Nitrate) conditions. The heat-
generation-ability was extremely improved at CA/MN=2.0 sample (AT = 168°C), however the heat-generation-property
decreased with increase in CA/MN ratio. Hysteresis loss value also increased at CA/MN=2.0 sample, it was suggested that the
heat-generation-ability of MgFe,O, powder prepared by polymerization method was depended on hysteresis loss value.

© 2019 Elsevier Ltd. All rights reserved.
Selection and/or Peer-review under responsibility of 6th International Symposium on Advanced Ceramics.

Keywords: MgFe;Os, Ferrte; Magnetic properties; Heat-generation-ability; AC magnetic field

1. Introduction

Thermal coagulation techniques, utilize the powdered magnetic material in an AC magnetic field, have been
studied to realize the new treatment method of cancerous tissue [1]. For the system of this therapy, the magnetic
particles encapsulated in a liposome can be placed on cancer tumor by drug delivery (DDS), after that the magnetic
material is heated over 42.5 C by external magnetic field. This therapy using an AC magnetic field provides less
damage to the patient, because there is no need to perform surgical operation or side effects due to the use of an anti-

*Corresponding author. Tel. : +81-897-37-7801
E-mail address: hirazawa@mat.niihama-nct.ac.jp

2214-7853 © 2019 Elsevier Ltd. All rights reserved.
Selection and/or Peer-review under responsibility of 6th International Symposium on Advanced Ceramics.
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Structure, Magnetism and Heating Properties in AC Magnetic Field of
Mg, _.Ca_Fe,0, Ferrites

Chunfeng B'? | Tegus 0", Tsoghadrakh N*, Sangaa D*
1 Inner Mongelia Key Laboratory for Physics and Chemistry of Functional Materials, Inner Mongolia Nermal University, Hohhot 010022

2 Department of Physics, National University of Mongolia, Ulsanbaatar 14201, Mongolia
3 Institute of Physics and Technology, Mongolian Academy of Seience, Ulaanbaatar 13330, Monguolia

series of Mg, _,Ca,Fe,0, ferrites was prepared by a solid-state reaction method. The crystal structure, the morphology and chemical com-

position , the magnetic properties of the ferrites were investigated by using XRD, SEM and V5M, respectively. The heating perfformance was
measured in an alternating magnetic field (25 kHz). The results show that the ferrites form the single-phase cubic spinel structure in the Ca con-
tent x between 0 and 0.3, while a tetragonal phase forms at x=0.4. The lattice constants, the coercivity and the grain sizes increase with x,
while the saturation magnetization changes nonli ly. The ion magnetization { M, ) hes a maximum of 16.37 A - m® - kg ! and the
heating property is maximum at x = 0.1. It turns out that appropriate amounts of Ca substitution for Mg could improve the magnetic and heating
performance of the ferrites, which have potential application and promising approaches for umor therapy.

Key words ferites, magnetic property, magnetic heating property, hysteresis loss
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CuFe;0y BOJIOH MgFe;0y PEPPUT MATEPUAJIBIH
YAJIBIH XYBVWH INIVMHTYJITUNH CYIJAJITAA
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IIIVA, Qusuk, mernoaozutin Ty pasisH,
Mamepuan cyoaranvin carbap

VYaouprramn

Xyevcaxr coponzon opond dyaaan sazapyyadaz wnunea 6ymaymati gep-
pum mepauiin COPOH30H HAHO MAMEPUAIbL2 TA6OPbIH IcpIe Taryyr (hyper
ther-mia) amunzaand rapaeasr 3opunzoop cydansic batina. Jyaraan saza-
PYYAAT WUHHC YAHAP HY MATEPUGABIH TUMUTH HATPAA2E, UOHYYObIH TAp-
TAAM, CNUMDBL WUAIA DOAOH TUMUTH apz2aac wyYyd Tamaapdaz. IHI aHcuAd
TUMUTIH CUHME3UTH 30.0b-2eAUTiH ap2a 60A0H TAMYY MEeACGUTIH YPEaIbiH
apeyydaap 2apzan accan MgFey Oy 60aon CuFey Oy deppum nazdauiin ga-
3bUH GHAAU3, Kpucmaan 6ymay, yseapuuamulic penmeen Jupparyvin ap-
2aap cyoras. TyyHuAoH TYELCAT COPOH3OH OPHDL HONOO2O0D 0IINCIIC H-
2apazx dyaaamviz 02904C 2aP2aH Q64T CUHMESUTH 20PUMOOC TAMAAPYYAAH
modoprotingg.

Tyazyyp yac: 3oav-zeav, xamyy meaesulin apza, deppum, permeen ud-
PAKY, TYGHCAT COPOHIOH OPOH, YAOABIH TYSUTH UUHZIIAM

1 OPIINJI

Onee/lep aHaraax yxaamJ XaBIPLIH 3CP3T XaJIyyVH SMUIVIIISH[ 30PHYIK
XYBBCAX COPOH30H OPHBI HOJIOOIeeD Jy/IaaH suIrapyyiax dajanvrk Oyxuil mare-
PHATTBIT Cy/IaX askKIJT SPUUMTSI sBariax Gaitna [1]. Xasapom scuiir 41-469C
TeMIIepaTyp XYPT3JI Tycrail apraap Xajaazk sMUXmir “XamyyH sMImirss” rax
HIPJIRI. 3ypar 1-1 XaIyyH S MUHIrSHAN APIBIN SJISTHIET XaBIPBIH 3 MIUIITI9HT
X3PAIVIAX €POHXUIT 3aPUIMBII Y3YYII3B.

“s-myyaan: enkhmendb@mas.ac.mn
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ARTICLE INFO ABSTRACT

Keywords: Alumi substituted ferrite MgAlxFe2-x04 (x = 0.0, 0.2, 0.3, 0.7 and 2.0) are prepared by two
Ferrite commonly-used methods: Sol-gel (SG) and Solid-phase reaction (SR). Structural studies are carried out using X-
Spinel structure ray and neutron diffraction, and FTIR techniques, and heat generation ability in the AC magnetic field is explored
by the specially designed device. Diffraction pattems revealed the formation of single cubic spinel MgAl,Fe,.,O4
ferrites for SG and additional MgAl,O4 phases at higher concentration of aluminum (x > 0.3) in SR samples.
Structural studies are carried out using X-ray and neutron diffraction, and FTIR techniques, scanning electron
microscopy (SEM) and heat generation ability in the AC magnetic field is explored by the specially designed
device. This study attempts to compare both chemical methods, and to correlate the properties with Al substi-
tution concentration. Diffraction patterns revealed the formation of single cubic spinel MgAl,Fe,.,O4 ferrites for
SG and additional MgAl,O4 phases at higher concentration of aluminum (x > 0.3) in SR samples FTIR was used to
confirm the spinel structure, the main vibrating modes were observed to shift to higher wave number with
increasing AI** concentration. The tetrahedral force constant (Ky) increases continuously with AI** concentra-
tion. The morphology investigations revealed the spherical morphology of particles with some agglomeration.

X-ray and neutron diffraction
Williamson and Hall method
SEM and SAR

The heat-generation ability was enhanced with decreasing Al concentration. Upon exposure to an external
altemation magnetic field of 70 kHz and intensity of 54.3 mT, specific power absorption rate (SAR) of the
M: ium ferrite al The heat generation ability of the MgAl Fe, ,04-SR ferrites are higher than those
of MgAl Fe, ,0,-SG samples. Moreover, doping element is affected to cation distribution between tetrahedral
and octahedral sites. For MgAl,Fe, ,O,, heat generation ability will be influenced by additional magnetic
properties and cation distribution. This will be distinguished by more detailed investigation for magnetic
properties.

1. Introduction

Recent years, the ferrites have scientific and technological impor-
tance due to their magnetic properties, and also a broad range of ap-
plications such as magnetic recording, ferro fluids, magnetic resonance
imaging, biomedicine, catalyst [1-4]. Moreover, some other work has
been reported in the application of nano-magnesio ferrite (n-MgFe,0,4)
for the removal of kinetics of adsorption process [5]. The general
chemical formula AB,0, is a technologically important class of magnetic
oxides, where A is a divalent metal ion (cation) and B is a trivalent metal

* Corresponding author.
E-mail address: lthishigdembereli@mas.ac.mn (I. Khishigdemberel).

https://doi.org/10.1016/j.solidstatesciences. 2020.1 06400

ion (cation). Ferrites at the nano level acquire the distinguishable
physical and chemical properties than their bulk forms [6]. These
distinguishable and remarkable properties lead to the applicability of
ferrites in different fields ranging from electronics industry to the
biomedical field [7]. Usually, in magnetically diluted ferrites, the ferric
ions are distributed among octahedral B site and tetrahedral A site lat-
tice positions. Many ferrites have been reported as heat generation
materials in the AC magnetic field. In the case of a ferrimagnetic ma-
terials having a large particle size (particle size: several pm), MgFe,04
has the highest heating ability of the various commercial ferrites of
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Study of Structural and Magnetic Properties of Spinel Zn Doped Cobalt
Ferrites
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Abstract. Herein, the spinel CoixZnxFe2O4 (x = 0, 0.2, 0.4 and 0.6) powder samples have been
prepared by the solid-state reaction method. We have carried out the measurements of crystal
structure, element analysis, material characterization, magnetic property and Curie temperature using
the X-ray diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS) and vibrating sample magnetometer, and the first-principles calculations within
the framework of the density functional theory (DFT). The EDS measurement indicates that the Co.
xZnxFe;O4 powder samples have been successfully synthesized and exhibited the cubic spinel
structures. Both the lattice constant and crystallite size increase with the Zn concentration due to the
larger ionic radius of Zn?' ion than the Co?' ion. The concentration ratio of the Co?' and Co®' ions
can be predicted by the distribution of cations between the A and B sites by the XPS measurement.
For the magnetic properties, the residual magnetization, coercivity and Curie temperature decrease
monotonically as the Zn concentration increases, while the saturation magnetization initially
increases and then decreases at the room temperature. For the Coo3Zno2Fe204 sample, the magnetic
saturation reaches the maximum value of 62.98 Am?kg™!, due to a large amount of the Co®' ions. The
adequate replacement of Zn ion for the Co site can improve the magnetic properties of spinel Coi.
xZnxFe>O4 powders, and effectively regulates the Curie temperature.

Introduction

The spinel-type cobalt ferrite (CoFe»O4) has high-frequency characteristics, including high
magnetic permeability (about 10> H/m) and high resistivity (10** Q-m) [1-3]. It has been widely
used in information storage and communication equipment, magnetic recording, biomedicine and
other industrial applications [4-8]. Moreover, these spinel compounds have attracted widespread
attention due to their advantages such as simple preparation and low cost of raw materials. The
preparation methods of the spinel CoFe;O4 sample include chemical co-precipitation method,
hydrothermal method and solid-phase reaction method [9,10]. The ferrite powder prepared by the
solid-phase sintering reaction has stable performance, which is suitable for industrial mass
production.

Generally, the AB204 is a chemical formula of spinel ferrites, where the A is divalent metal ions
with similar ionic radius in the tetragonal site and the B is the trivalent metal ions in the octahedral
site [5]. The distributions of the cations in A and B sites are that (the strongest in the A site) A«
Zn*', Cd*', Ga*', In®', Mn?', Fe’', Mn®', Fe?', Mg?', Cu*', Co?', Ti*', Ni*', Cr?'— B (which is the
strongest in the B site). Therefore, the distributions of divalent metal ion (M>") at the A site and the
trivalent Fe** ion at the B site are usually represented by the (M; /e, ) '[M.' Fe) ;17" O, , where the

1-8

d is the fraction to occupy the trivalent metal ion from the divalent metal ions at the A site to the B

Al rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#542741950, University of Melboune, Melbourne, Australia-14/09/20,13:42:46)

Cyypb cyganraaHbl TOCNUIAH Tannax 2018 — 20210H m



HaHo-copoH30H2auliH oHUI02, myyHuULli2 Xxa8OpbiH 3MYUI233HO X3P32/13X 6OTOMXK

Solid State Phenomena Subvmitted: 2020-11-05
FSEN: J662-9779, Vol 323, pp F46-15f Revised: 2021-05-03
dai A28 www soientific nety SSP 323 140 Aceepted: 2020-05-03
D 2021 Trans Tech Publications Lid, Switzer and Ol ine: 2020-08-30

Evaluation of the Influence of Ferrite Magnetic Nanoparticle
for Cancer Cell
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Abstraet. Magnetic nanoparticles for thermotherapy must be biocompatible and possess high thermal
efficiency as heating clements. The biocompatibility of MgasNio2Fe204 nanoparticles was studied
using a cytotoxicity colony formation assay and a cell viability assay. HeLa cells exhibited cytotoxic
effects when exposed to three different concentrations of 150 pg/ml, 100 pg/ml, and 50 pg/ml
manoparticles. Therefore, concentrations of 50 pg/ml showed the lowest eytotoxic activity and the
lowest toxicity to living cells. In vitro eytotoxicity of samples was then ivestigated by two methods,
colony formation assay and cell viability assay. The Hela inhibited cell growth as 16.8% during
heating by magnetic field generators.

Introduction

Magnetic nanoparticles can be applied in biomedicime because of their small size, stability,
easy functionalization and optical properties [ 1]. Thus, there are number of publications focused on
studying the toxicity and the effects of these nanoparticles on different human cells and living
organisms [2]. For example, the toxicity of MgFe:04 nanoparticles towards MCF-7 human breast
cancer cells was demonstrated [3]. NiFez04 nanoparticles caused a decrease i cell viability m some
types of human cells [4] and their cytotoxicity increases as the size of the particle increases [5].
ZnFe20s nanoparticles induced cytotoxicity and oxidative stress in some human cells in the dosage
range of 1040 pgmL ! [6]. On the other hand, CoFex0s nanoparticles showed no significant toxicity
effect on human cancer line cells at the concentration of 0.095-0.95 pgmL ' and cell viability
mereases in parallel with the concentration of the nanoparticles [7]. Previous studies have suggested
that the cytotoxicity of nickel ferrite nanoparticles arises in part from their effect on cellular energy
metabolism, as nickel fernte nanoparticles decrease mitochondnal function [8]. This application
allows the insertion of magnetic nanoparticles into solid tumors followed by exposure to an
alternating current (AC) magnetic field, which increases the temperature and subsequently kills the
cancer cells with fewer side effects on normal cells [9]. The eytotoxic properties of the spinel family
are varied and depend strongly on their elemental composition, surrounding coatings, fabrication
method, and the cell Ime tested. [10]. Cell lines are an o ovitro system widely used in medicine,
mcluding cancer research and drug testing. Under appropnate conditions, cultured cancer cells are
able to mamtain the genetic characteristics of cancer, which allows for cancer research [11]. The Hela
cells used m the study were epithelial cells derived from human cervical cancer and were the first
linear cells to be grown under laboratory conditions [12].

In the present paper, Ni doped magnesium ferrite nanoparticles were synthesized via sol-gel
method and the structures of these nanoparticles were charactenzed by XRD which is used to identify
the elements in the sample quantitatively. The cytotoxic effect of the samples against human cervical
cancer cells is investigated m order to realize the goal of transtorming cancer cell populations. The
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Heat generation in the AC magnetic field of fine Y;FesO;, powder
materials prepared by modifying co-precipitation synthesis
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Fine Y3Fes01; (YIG) powder with self-heat generation ability in an AC magnetic field was prepared by a modified
co-precipitation method and calcined at 600-1100°C. Using this method, a single phase of the YIG ferrite
structure was obtained at a low calcination temperature. The heat generation ability of the modified synthesis
sample with a particle diameter of ~120 nm in a AC magnetic field was significantly improved. The correlation
between heat generation ability and hysteresis loss was not confirmed for this sample, which suggests that the heat
generation of YIG ferrite powder might have been caused by another factor that differs from the magnetic loss.

©2021 The Ceramic Society of Japan. All rights reserved.

Key-words : YsFes0,,, Heat generation ability, AC magnetic field, Ferrite nano particle, Co-precipitation

1. Introduction

Thermal coagulation techniques that utilize an AC
magnetic field to generate heat have been investigated to
reduce the need for invasive surgical approaches in the
treatment of cancer."-® For this thermal therapy, fine mag-
netic materials such as ferrite nanoparticles that possess
a self-heating ability in an AC magnetic field have been
studied for application as a heating clement to damage
cancerous tumors. To date, FeFe,O4 loaded liposomes
have been investigated as candidate materials for this type
of therapy,® but were found to have insufficient heat gen-
eration ability. In addition, the heating ability of FeFe,O4
decreases with oxidation of the Fe(II) ion in the mag-
netite.” For the aforementioned reasons, considerable
research has gone into improving the self-heating ability
of potential material in an AC magnetic field; research has
especially been conducted on the synthesis of fine pow-
der material (<100nm) for application in drug delivery
systems.

In recent years, YIG ferrite powder, with high heat gen-
eration ability among various ferrite powder samples, has
been prepared by chemical synthesis.¥~'>) Furthermore,
we reported that when lanthanum was added, the heat
generation property of the YIG composite powder was

" Corresponding author: H. Hirazawa; E-mail: hirazawa@
mat.nithama-nct.ac.jp
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remarkably improved in AC magnetic fields.'® However,
these YIG ferrite samples had large particle diameters that
was caused by grain growth due to calcination over
1100 °C in order to obtain a single phase of the YIG ferrite
structure. In this study, we attempted to synthesize YIG fer-
rite nanoparticles prepared by a modified co-precipitation
method that investigated the work of Hosseinzadeh et al.
to clarify the heat generation behavior of fine YIG pow-
ders in an AC magnetic field.'”

2. Experimental procedure

Two types of YIG ferrite powders were synthesized: one
using a normal co-precipitation method and the other using
a modified co-precipitation method. All chemicals were
purchased from companies and used without further puri-
fication. In the normal co-precipitation synthesis, yttrium
nitrate hydrous [Y(NO;);-6H,0, 99.9 %, Kojundo Chemi-
cal Laboratory Co., Ltd.] and iron(III) nitrate enneahydrate
[Fe(NO3);-9H,0, =99.0 %, Nacalai Tesque, Inc., Japan]
were used as starting materials. These nitrates were dis-
solved in deionized water to prepare a mixed metal aque-
ous solution. The mixed aqueous solution was placed in a
hot water bath at 80 °C with magnetic stirring; then NaOH
solution (6mol/l, 140ml) was directly added drop-wise
into the mixed metal solution to form hydroxides. These
precipitates were filtered, washed with pure water until
pH < 10, and dried at 100°C for 24h. The precursor
powder obtained was then calcined at 600-1100°C for
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STUDY OF CATION DISTRIBUTION EFFECT ON Cu AND Cr DOPED
MgFe204 SPINEL FERRITE

B. Enkhmend, 1. Khishigdemberel, N. Jargalan, D. Sangaa

Institute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia

Abstract. In this work, we have carried out a comprehensive study on the impact of cation distribution
towards tuning the structural and molecular parameters and finally optimizing the heating efficiency of
the nanoparticles for magnetic hyperthermia application. Nanomagnetic spinel ferrite samples with the
gencral formula Mgo 1CugsCrxFe;.<O4 (x = 0.0, 0.2, 0.5, 1.0) which synthesized by sol-gel method, has
been studied by different methods. Characteristics structural parameters have been examined from X-
ray diffraction spectra by employing standard Rietveld refinement techniques. The vibrational study was
achicved using Fourier Transform-InfraRed (FT-IR) spectroscopy. Cation migration in the unit cell is
confirmed from the XRD peak intensity and FTIR study. The shifting of bands toward high frequency is
attributed to the decrease in the unit cell dimension as confirmed from XRD results and substitution of
lighter cations Cr** for Fe?" in the system. The heat generation ability of the synthesized samples was
studicd upon cxposurc to an cxternal alternation magnetic ficld of 75 kHz and 7.5 kA/m. Specific
absorption rate (SAR) of the ferrite samples calculated by calorimetric method.

Keywords: Ferrile, spinel structure, x-ray diffraction, Rietveld analysis, cation distribution and SAR.
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1. Introduction

Although significant advances have been made by nanoparticles for the
applications in magnetic hyperthermia, the optimization and related mechanism of
heating efficiency is nevertheless a challenge. The cation distribution effect plays a major
role in the heat generation ability for the spinel ferrite. The spinel ferrites with general
formula MFe2Oshave been used in many industrial applications. By adjusting the
chemical identity of the M>" cation, the magnetic configurations of MFe;O4 are tunable
to provide a wide range of magnetic properties (O’Handley, 2000). Some of the
applications of these materials are in permanent magnets, recording devices, electronic
and microwave devices, high frequencies device and catalyst for environment. In
addition, magnetic nanoparticles can be utilized for the magnetic hyperthermia treatment
of cancer. The magnetic nanoparticles are used as heat generators under an alternating
magnetic field.

In ferrites, the magnetic properties are mainly dependent on the type of metal ions
and their distribution between the tetrahedral (A) and octahedral (B) sites (Kumar et al.,
2017) Spinel ferrites usually contains a crystal structure with the space group, Fd3m,
having 56 atoms; 32 are oxygen anions with a close packed cubic structure, and the rest
are metal cations: 8 (of 64 available) occupying the tetrahedral (A) sites and 16 (of 32
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Pairing of 7 electronic state structures with functional or metallic atoms makes them possible to engineer
physical and chemical properties. Herein, we predict the reorientation of magnetization of Co on hexagonal BN
(h-BN) and graphene multilayers. The driving mechanism is the formation of the tetrahedral bonding between
sp* and d orbitals at the interface. More specifically, the intrinsic 7 bonding of 2-BN and graphene is transformed
to sp* as a result of strong hybridization with metallic d.> orbital. The different features of these two tetrahedral
bondings, sp* and sp?, are well manifested in charge density and density of states in the vicinity of the interface,
along with associated band structure near the K valley. Our findings provide an approach to tailoring magnetism
by means of degree of the interlayer hybrid bonds in two-dimensional layered materials.

DOI: 10.1103/PhysRevB.99.014419

I. INTRODUCTION

Two-dimensional (2D) materials, down to one or a few
atoms thick, have been still active in modern material physics,
including spintronics [1,2], spin orbitronics [3], and spin Hall
effects [4,5], owing to the intriguing properties associated
with their unique atomic and electronic structures. In particu-
lar, intense research efforts continue to seek possibilities for
engineering the physical and chemical properties of mono-
and multilayer graphene [6-8] to fulfill the technological
prerequisites, where attempts by decorating with functional
species or/and metals are prominent [9,10]. On the other
hand, the presence of graphene can also substantially alter
the electronic and magnetic properties of transition metal
(TM) atoms, which depends on the degree of hybridization
between the metal d and graphene 7 orbitals [11]. In these
contexts, the exploration in other archetypal 2D structures
such as hexagonal boron nitride (h-BN), which is a structural
analog of graphene with broken sublattice symmetry, emerges
as one of the central interests from both fundamental and
technological standpoints.

In spintronics, perpendicular magnetic anisotropy (PMA)
is of crucial significance, where its tunability is essential to
enhance the performance. Furthermore, combinations with
2D materials have possibilities for manipulating the mag-
netism and magnetic anisotropy of TM atoms in graphene
[12-15]. For example, an unexpectedly large PMA up to an
order of 100 meV was predicted in cobalt dimer-benzene
pairs [12]. Nevertheless, subsequent experiments have shown
that the individual Co atoms adsorbed onto graphene on a
Pt(111) exhibit in-plane magnetic anisotropy [13]. Interest-
ingly, it is further identified that the preferable magnetiza-
tion direction of Co adatoms on graphene depends on the

“odkhuu @inu.ac.kr
fsonny@ulsan.ac.kr

2469-9950/2019/99(1)/014419(6)

014419-1

underlying metallic substrate: magnetization is perpendicu-
lar in graphene/Ru(0001) and in-plane in graphene/Ir(111)
[14], where different graphene/metal interactions are respon-
sible, i.e., chemisorption in graphene/Ru, physisorption in
graphene/Ir [14], and graphene/Pt [13]. In recent studies,
through Cp.-Cod.> hybridization, the presence of fullerene
molecules necessitates magnetization reorientation of the un-
derlying Co films in-plane to perpendicular [15].

In addition to these remarkable findings, the promising
alternative for tailoring the magnetic anisotropy of TM atoms
seemingly resides in the use of even stronger bonding features
between the tetrahedral sp® and metallic 4 orbitals. In this
paper, the reorientation of magnetization of Co is predicted
on /-BN via sp?-sp? transition. The bond transition includes
hybridization with metallic ¢ orbitals, where the sp*-d;» hy-
bridization is crucial for the magnetization reversal. More-
over, the bond transition also accompanies the sign change
in Berry curvature, which may invite experiments to verify
using the spin Hall [4,16,17] and the inverse spin Hall effect
[18,19]. Further investigations demonstrate the reorientation
of magnetization in a similar phase transition involving carbon
sp® bonds from graphene layers [10,20].

II. COMPUTATIONAL METHOD

Density functional theory (DFT) calculations are per-
formed using Vienna ab initio simulation package (VASP)
[21-23]. The exchange-correlation interactions are treated
by the generalized gradient approximation formulated by
Perdew, Burke, and Ernzerhof (PBE) [24]. The long-range
dispersion corrections for the interlayer interaction were taken
into account within the semiempirical DFT-D2 approach sug-
gested by Grimm [25]. We used 2 x 2 graphene and /#-BN
cells in the lateral 2D lattice for all the calculations. More
details of our model geometries are provided in the following
section. We use an energy cutoff of 400 eV, a 21 x 21 x 1 k
mesh, and relaxation with force criteria of 10-2 eV/A. The

©2019 American Physical Society
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HAHOCOPOH30OH ®EPPUT MATEPUAJIAAP XAB/IPBIH
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HIIVA, @usux, mexnoaoeutin xypasasn, Mamepuaa cydaaavin carbap

2[IIVA, Buoaozuiin xypasasm, Moaexya 6uorozutin aabopamopu
YaoupTtrana

DHaTYy aoHcuad TYSLCar COPoH3oH 0poHd OYaaaH sa2apyyadaz wWnuHel
oymauymati Mgy sNigoFes Oy deppum coponszon namno b6eomutin amvd acad
Y3YYAIT TOPYY “AHAPOIH CYydanzaaz TYHUL Ymaln Ty3yyHul Tasdpuih ¢
(Hela cell) daap mypwue. Mgy s Nig o Fes Oy nano 6eomutie 150me/mn, 100m2/ma
60a0m 50 m2/mAa 23CaH 3 00D KOHUEHMPAUUAP ICI0 YTUAMAIH HUTM YYpeulin
TIMIHCII2IIP AMbO ICUTIH TIMMHCIFZ MOJOPToTUACOH 662000 50MmK2/MA KOH-
YeHmpayu 1o yumomorcud udaex baza 6y0y amvd IcI0 y3yyadT TOpYy “a-
Hap rameulin bazamail 6atican. Hiimd yaawdvin cydanzaand myc Konyenmpa-
Yulin y'e 02T COPOH30H OPOH y'y'C232* TOTOOPOMA’COOD TAAAMTL Y'Y CIHC ICUTIH
ypeaamuiz dapanzyiiae batizaa scazutie cydran y3xad Hela acutin ypeaamoie
16.8 % -uap dapanezyiiaoic bais.

Tyazxyyp yec: @eppum, Hela sc, kpucmann 6ymay, yumomorcux udaex

1 OPIIINJI

Cyyiuite KUIYYI3/ XaBAPBIH 3CPIr XaJIyyVH SMUIITSHI 30PHYIK XyBbCaxX
COPOH30H OPHBLI HOJIOOIeep JYIAaH sUIrapyyilax eHIep uajaMiK Oyxuil marepna-
JIBIT CyJTaX askKuUil SpuuMTil siBarjax Gaiima [1]. Dus aprem msr 6osox runep-
repm (hyperthermia) sMumirss Hb XOPT XaBJIPBIH 3CHAH OPYHBI TEMIIEPATYPHIT
(42 - 45°C) ecrexx ycrrax 30pwiIroToii oM. XopT XaBJPbIH 3CYYI Hb 3PYYJI 3CTIil
Xapbllyyiaaxaj oyTai, Mopdosorn, Vi aXKmnlaraaHbl XyBbJ Malll X ©eptJIe-
TOHI OpcoH baifiar 6a YYHHIT HAT JKHUIID Hb SPYYII SCTAH XapbIlyyIaxa] XalyyHL
M3JIPIMTIH, TIBC3p MyyTail 6aiigar. TuiiMssc runeprepM sMUMITrS Hb MIC 3aCall,
XIMH SMYIIIITY, HAIPATHITH SMIIIITISTI XapbILyyiiaxXal 3pyyil 3¢3/1 HOJIOeIOXIYi,
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