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dZGHdzt + ] L teff Wdze OOO2). BO2HOE (mifqgdet ¢ls 1.

MCMdzt 1G4S jJ etcdISCCH HI n MtsdzL sdz Bsdzsdz BEZMOH

0K 20 C
Utste! o L WGl € T,
11 GHL f OtcOd3j Go Mo Os Ms
o(degg (F°DB) , NCE>
( Be ( @/ (1 B/ (¢ Bz /o)
MnFe, O, 0.85 5.00 112 560 80 400 300
FeFe, O, 0.839 5.24 98 510 92 480 585
CoFe; O, 0.838 5.29 90 475 80 425 520
NiFe,O4 0.834 5.38 56 300 50 270 585
CuFe; O, 0.8372 5.41 30 160 25 135 455
MgFe, O, 0.836 452 31 140 27 120 440
a=0.588
BaFe;O,4 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 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

12. Ajteted s dzO dzts ' BB IojiAezfOGdz W itz 6 10U zdzHizOdz

A § totelld™®Q (M = Mn, Ni, Co, Cu, Mg, Ni, Fe) tstcts dzL ts dg E dz@3igty 2 dz
(ot oyl0 6z fzds S Byt i lst 2) f6stets deEedgsffdRdds oy @REO @
Tl dBltel i) TOBOOLH OC GliadE® st dkdyad T dEdyd dey dz
seldtsdz Hilt dRilflid Moddeitd OOy BO2 &ZO.
stoyd 3H Mbtesdsl sdgH B O2 HEG, SCAO deOydlds ddz  fERItoB @@L Y d dz
MstetsdzL sdz d3gt Hic1 7 YOHO Ote (dpftstcts dze 6 dB % dz@YR a1+ - |
TRy UidzB 1, BHlSiy LitElif) Suylsi?2 SOROOELY BO2
hfdey YOdzOte, Ydyde "t dyi41, BB dzd2ylk1 2 BO2HOO
Mstesdl Sdz t6] L 15 dzO dzf ~dd? da listdsHdDifien MR [E)) O2 ¥ oz 2 dzO R
BiSHAM" dzOdets "1 d3y 4 1 Is yYCernedodag O®Ezzemtshtgts dzl tsdz 1 dzj t6 @ ¢
1 dzgj c6dH mnkzoadtteOnR, Mtttsdz sdz ydedzinadzt ¢y -0 Bdfts
OZOCOOL" &z MOdE Otcls kEwLEd BlHEd2d L StedlkdzOds 00
5 e [d].

Jteyddz W jH " OaHtr ¢ {+ ddydzt » WwWdzL B lidasfod s OstdafigCzn
1 ton st dgH Gl Blst &z EytekkzdzOren2et i te + d3dyd dze ¢ ¢ A d
dz2t 1t GHL L N2 BO22dO. vl Goldz ROOHt dz ~mOdzEEZzdz 1+ O
Mtstotsdal sdz dzOdets BEERJ2E Eoyded?2 cEbdzsdBlsStsH RlltEH
MotesdzL sdz Botsdze Sste Iz 2@ rapd dfndis Otz zdzy B EZMOH ¢
dze dze E zE zG 12 LEOREdZ ~nOQoHW dz { Md2¢ EMSeOHOG |
MostcsdzL sdz W jtotcdls BOjtedOdzEEzHT ¢ "4 tel gdzt y Y dy
OBy ddzlsls©2 + di3yddzy BO2E60O00O BBdtsSeoYy ~lldd?2 BJJjH =l
HZz ZOO @t tzexO - GAHR HEZISOGH Odzs[®?]. IsOdz d dzt et dz

pd3dzZE {2 cHM1 dz MizH Odze OOzl + HEDA) IWdZGtdItdIdHIY {dg G H1 dz ¢
BEMOH W jtetedls dzt cHzI NRBY 2 fiEDEdzytedz ZBEPRelz GO
HE ZOOdz W dz@ Otz i dote O B)O G WER dz  dzt HeHIREHdEZ O te Iz 2 dzO 7
YOHOMBRY dH B EE d3di5sde W AsidAzig 4y Is O dzdn Bids=izaids dz B 11 syt + M
sjlstcOl Hte Btsdzcdz BCIsO1 Hic BO2teh ddz HOR! dodzzlzH ' o
Btsdzsn de# E RAZE- MEH Odze GOz OOt IstsclsstsecHMisdz
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

80— 1
l - MgFC:O4
) 2 - CuFe,0O4
r 3- NiFCgOAa
€ 40- 4 - FeFe;04
Q. S5- Mnl<0304
E | 6 - SrFe;0,
& Z 7 - CoFe;04
s
= 40-
—
5
6
20 b— ’

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

1EOe ] okdls kO jtedOdkkzkH dz HE ZOOdz W dz¢ Otekz Iz dzO

ms dzd B¢ MU idtedg Sl A S dzH sz RVt B O IsH ol dgt L
OGkzzdzOR BEGEEH [Iskr02dz O] t6d Cdelnddzeddz hfif@i2yy totz
Bisdzsd3y 2 ¢ BRdzOISA0EE dzt ¢ H dalX D ¢ tRYAY 'Q dzj d3j dzls i H 1 L to
T YyksdyOdam' ¢ d@ mMO2yttkkkOR MkzHOkREsOOdzEH =

121. 1 jjdzd2dz Bsdzsdz 4 6Ok dy 18] ZOS MOy

Rml dzgn Istsh d s daiesaalfn qd20dzshtstetsdzl y ddzls Yy dceH tefml dz
hddey YOdzOte dz' Ntecd i dzy {HH@ol 2 e BYR2GHID cdzHB EdECEdEHB E E A3
hddeylst 2 G4 HNLHLGEG. MmMitelsos LEosRmREdz dzt ¢ ydeodz oz
OdzdL Bt G4y Wig! HOE. 11 ¢ Isi dgBdziEatisndO daf LNtelots s
HEZ dzO O dz' 1 dgjtecd2dz dge ZEEGEEt MOdZOBMOtes Il 2 BO2
Mtsdzees@2 toh d A" ¢ ffp@3 diD dz@zdzt f totsyj M dz dzt GH Il G
Bsdzd dzls™ dz ydedzt &z e etcydzEGHER, ~BSY tGHEZGOOtIS, BEE
GiMmidz 2 beEtedzd2dz d3j - Oded L 3001t (NBIOEaxaiidd)Ee © v 1 H G !
1 tc O Bdawnian relaxation) f tetsy J HMmdzs dzz. Cdzt MO &zOn L W W Jj ClIsd
Az OYoOO d@y de jrdCGy OO ¢ {1 HO OB tdsdi” HetsHiHR! 8): dzts ¢ H s dats

a g

t = texpe—& 1.1

6T (-4

¢ B

C dzl@i fzH Odzy BO2E OO KOL,jtedOdkOOM " OBOOELOR ktcldBsd -
klsc O10810%2f j €E~~KVdz! HE&ZOOdy 1 dzjtecd2dz skmdzOdy 02 ¢ 00t
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

W OBH | dzjtecd2dz MOOH B I i o/ daiisHsHeds2 dz | keizt 7 C Cdg,
sd YykOdy IsEEjsdfsids Ols iz tc .

¢ dizd ®o OO WdL d¢ nl @I deHL allllded 2 @G nd o d3dy BO2
ISEREEtE d3y dz2 lkRO2dz WdLdS klser e ~Od&Ed2dz BC
LBy ddzsd2dz r k26 Oy OOdEORO dzls OzH et s tots dzh BE O ywOdzH O
Ly ddzsd2dz RkzdOyoO0OdzOlMU dzPilzte B O Odaytstsy dzts@ H
(B dztsC dzslsiEfidsed® B O2HOdz G4 ) dzt todzd GHL 7 ISBHESGA B2
notstetsdzHisE HEZdHOY AkZEeOYyoO0O "t dyddzsd? d>0kzc0oyo-
BORoOdz "idddzsd2d Yo yoOH MmMtste dzlssd dzis™ dz Owkded - € I
BO2c0O0 W dzlis € ldde @R IEH O d ¢ dzO Y YOHOR OO G OH dzO
HEZzdzH OydzOG HMOdz Tisteds dzLnts dgy di3fs d3jB dslslzdzts . R2d3 IsE dze
mMdMmisd d3d 2 dzf Oiz@fijticte tsdzL tsdz  ISE dzE © G1 Y dzt todzt HY G .
O3 de dzOGcHOR Is E dze o BO2HOdZH dr <"1 dByit41c1ite dzed
nzeOYyoOO VvHBEOKI Z1 BEP2HGEId2G6 dBL HL RL H ddzlIlHY a6 2.
100 MJs., rkeo! MOR Whtdbkdy €dz, sttt dgddg Ddzl o2 dz MY J
107-10°fmj € . B 02 dzO.

S

11

11

mizo !t MOr Mtetsdzl sdz StesdzH B O2 OO0 MtstesdzL S0z BE
ts te ts dz, BeEdz EEtcd2dz HEslsSBBH Mstotsdal sdz tstetsdzd d 2 dz
1 dzj el dzO®dec Otgd@@zts "1 31 1 fMls fMtstosdel sdz BOIsj ted Od
L1 cdpd dzntstetsdzL sSdz BE E d3 H tslsdists Riz iyt to EatzidAs dz E dgts|dizE G H &
Miteegln 1 jddzd2dz ftesyj M Bodsd ¢ BEEXR EEtd? d
ftesyj Minlss?2 kv @oOdeh o Migds Ssddd2d HOslsO®RY O
EEtYRZECHEGYOO dz@ MtstetsdzL sdz B E B dgf2 diz H)zleOmn D O to 5
(relaxation time)-O O B OGO B 02 dz0O.

1.22. uStotsdsl Sdm ©HaOdas? dz V¥ dz6 Otez Z zOR H EZ ZzOOdz

| Odzs BEE BBJ2 dzfF & thpyz@E fgeryl 2 ¢ Oy O Oz o dnils d 2 dz
TEcOHEAn Il | R Otc OGP HKY j tOLiiy [ OEBBLsdL sdz - OOds!
sj B j Okt €1y deltedzl {H HOLOOR ki VEEssE ISBH

T,=— M (1.2)
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

1 Odes BEE®R2dz Rl fgE Y § OHB s B8dz "d dOdEHH dzO 6 Ols 02
keTHEZ z0O0dz dr~ B dzdfts. BOMRH! UsfirlsOd3 BEE @32 dz -4 d3y i ¢
H1 4 ton stsd3! vy 5 [ Otclzlz dzy B O2 dzO. 1 Odzs BEE 32 dz
ANedzyjted2dz L Ocoa Ot Y MsSK[9H OtcOOR L2 Istsclstdsts?

_ 4 B,
t= 6expm . (1.3)

C dzHlo) B¢ jrdzdzyjted2dz Isj o5 j 6Ok ts.

1.23. ¢ded L sls@®Yf Mtstets dzL thdz I HHOtD to

4 St dzidd®dizs B R dzL S dz B iHEcdH 2pls tc 6 dzL ¥ ¢ dds
nlzeo! MOdz EEtYdzE CHEENZ B PRHHzd OO0dz MtstetsdzL sdz ¢
HiEz zOOdeg dzjtadcddc sdz r Iz FLQJ. tetds@Hs@A ¥ B ddis E to Y dZEIBIHIEGH 1 dz
cdmisjtejLdmMd2dz OZHOGCHOdkZ (WJjtttosMitosdsl sdz  dzO dzts
YOHO Ote" dz OdzH OcHEED Misfplistizl tsdz dzOdets B E E d3f) ¢ 1 i
W OGEHOMRO. JdmlsjtejLdmMd2dz OdzH OG H Odz (Heid,  figs tats daL t
Ctst eydIs@leo=2K/EoMs) - + ] ~ OO O 6 dzO.

mitgt 9 nlkze! MOR MsisEHazisEHazsdgtsdE dzs BN ~d2 WJtttets
BEEM®RH II2dydt 4t H Mtstesdzt sdz SEdzeo d3J IsO Ise dze o
Mstetsdzl sdz s3] dzls yYdcdzt dzt 1 ( E £ jog@apde dat+mos WY 1 dzj t
Flsc GexEfifd B tsdBpoe Hrt d3y 1 4 dzgd?2 1 dzjtccd HEEZOOddZH rREko dtsc
OdzH OGRH@ztiteoe Hf B ZsdE)MsKfYeg 1 ¥ IstsHitcn 52 dzisB @tEadzts. € dzt
ZzOdzs B EE &30 2 dz. 1 )Pdlalr E dfizvdg Is j J tdzd &E@& Oz ¢ Gy O O
Odzd L Slstets i ton e tmdta]j dzO NP c®dg OO  HictsH d dzOdsd € + L dzd
SteydzZ LEZttORIScO2 YOdOwOOt, { HEIRGAIOADO dadQidBO.
s1 gh dlscgt1 dzllllHL 1 tc IsSSHBter 52 dzs G H tsdzts

- élKVNI 14
NT 8RR T (4
¢ B
3V,
_""H
o =—=" | 1.5
B T (1.5)

¢
1 WL ppea=_BN
! N g+

1
b
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

& B axp-aM | (1.6)

CdzHy- stselsdiitsdz R4 By d G H 1 - CCHR’ ) sR jic@dastsls iststfic  IsMe € Is df3ts dz,
B bbtbaBd 2 dz 1 Lkezi-IntER day B3O dz s STdsly Aty dp, e Olalz te Z Ztc O Bls ¢ O2 dz
Cs1 WWdydVy eebbbdi3EXdetotsH  dzOd3d $ 1 L dzt =~ CC da.

mzeo !t MOr Mbtetsdzl sdz BStetsdzgH W j etedls dzOdzets B E E d3d 2
HEZ&ZzOOdzr )PHBIOOR ddzt ter 2 dzdzt { tc SBHBWR B2 dZSG H 5 dz

7 A
) . 1.7)

o)

dzHY; B Hobbd3d 2 dz M ts te s dzL Hs fipts tdstis dig Hallz, S te ts dz¢ (iRMals dec@Rdds cHxdzy HE
0o s OO dzts BOIsj ted Odzr dz dzv 6 Is .

I

ulizf jfiOcOMstctsdzL Sdz BEE d&3d 2 dvn B P& O fy A QEID QA dz
s dzlst 2 h zEH f @tis  tsSec@ya @sfigkADhiz OF iz ¢ Py © O e o 7 E dz
L BYdGHL alllldet L to ISBHStcAtS2 dZBGHBdzts. G dzt Istsa ( tsdzH
BO2CLkEEZORROOS Itsdi ¥ sétstste BdyYdceH dzt :

11

ma
c":nb & wt

: 1.8
3kBT gq_.,. (Wf)z (1.8)

o)

GH!1 1) HOLBOOS ddl o d2 @2 ¢ cOcOd Osy B sdds

1 PG ‘Mz 2p12H2, ¢ |

N (1.9)

P=p g ‘i

Cyt Mmls dz! H Il G dzintzlf jrtd (@PEcEOsSKz. sdz B3OIsj tedBdzr dz  ~ &
L BBy dGHL allll dz KdHrkz ddaldg @ IOB D2 B ORD A dds S AfHEts d3y Is ts5 2
| L iBtS dzdzts .

11

13. [EzOOdz " dzc OWwOA Il H & ZOR OLEO L Il 2

dststotsdal sdz B3OS jted Odzr dz R~ ko' MORA MstesdaL sdz  tsto
YOHOBY d26 mlzeod2?2dz ZLvfzdespedifi& absoPtio® date-SAR) ¢ 1 iyt dz
Al BYJdGHL Alllldet 1 6 IsSHBtGR B2 dzZH 56 . ¢ dzt dz’ HY 4 ) d=
L dzj )8 BMZYG HOWGOOR lldgHMi dz 3 OttcOPzZEBdstcH t
nd d3 d dzls d Rudis gL Gs dz -+ d3y 0 ddOfR]dz O tc @@ ¢ O
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

Chdzed? Ot OH Mtstedsl sdz B3OS § tod O dz'z &z dZOHD W g8 © P
HEZz zOOdzr ¢ W dagy Widas . OtcOr HEZXZOOdz BB dztsdz Is pi3iflzg tcOls Iz
T OROO d&ZOOitg MsASWS[YH M Okddz sVt HOR! OLEOH MGk
H1 1 3d2dz Motesdzt sdz n OdzOdzlsr dz klsc O Btsdzsdz cdMmis] -
skzHBH. dllndzd2dz Bkt 2 cktcOoicHBOESYBBEZBRHBRY Mists s dzL
ally, HOo8 IlsOd3Y BE dz Isiiz myE2del] 230 IS J mEg@ade'd dzOd3d € = 4 A3y
Odzd L sbssStEdBsdz L1 tct 6 hddey yYOdzOwtlkH OOt dz'@ IStSH ST

11 ®BeckzEHOOM HEEZOOMd "t BB ddzisd2d Otte® d rn O
mizod2dz hddzged 4 m d@OEDIsHz'd3' yOr d &z OO0 dz ftstetsdzt sdz H ¢
2 dzydB 2 Bdtsdzsed2dz { H { d2dz dzt ¢ 1 L dzt 2101l dzH
1 dHdzd 2 OQoy L1y Blz2 Istsn d s dzH s dzH Bkzs 2 MmMtstctsd
L BYJGHL nllllde Mistetsdzel sdz dBOIsj ted Odz" dz dat 6 dBOMMC
ddzt cr qREZAGMZ YIi' ¢ HOtOOHBCisisdg - Is® wizs :

11

s 1¢ —— (1.10)

e

dzHC;zO dalBOls j e Oz OC bk &ZMOdz CtsdzdzsdH h ddzgt dzgd?2 Slkzoe d2d
o OHIR W I T~ T —Isj s jtcOkter dz R k¢ OyOm izt btz tetadzls |
GO jted Odz dz BOMM ( &/ Rz .

1 Odiss tots dzL SEzE IERER = HSHAO Gdzrdzy + + ¢ - zo dR@#E h d dz6 !
COHBRO 2 dz HEXZOOdZ OZHOGHORL Py peci i dz Fodkkgde vV

sSHGGR §2)dzEsy d B dzt ¢ dz mHdsd Xz 1B ORAMEE; Gdze OC H O dz
HOELOOR FOk! YyOOCPBt bty dH &¢

11

s - —— (1.11)

utstetsdzL sdz 6 J telsj ted3 tMzZA(BSIDISE @z M(ldd) d >pafidz

L BBYdGHL alllldzllH BO2HOG. M ¢ BS2dzetsdzls dz E dzH E t6
Ltgnl dz Nddzct | Gistsh sl SiZyusde=caz. sdz e Jjtels] tod3
nl ol GAzzO B! Blz¥ £ =~ Otc! PDAdecP R O&F O1 SHize d sdzg'dz ~zo ! H
Stsrdtesddy el 2, dzeHGIE A2 O OlsiO d2OfCdEs it dels 52 dzg tsdzls  + dat f
SsrdHtSGG I 2. MZY al dYJGHL allll dz dg dzts te 3y dzts G H i
YOHWZ dz ~@ @3y YY) cddziln dnm dzOted 2 op@ZDdB ©O2 ddzt ton d 2

11

11
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

m{rt. sworéf 106013 o6t1¢6 1nNs

21. Ajttedls dzOdzs O jtedOdz ¢ Otec Odz Oo OF Otckln

Jteyddze nNjH Wjittedls dOdets BOjtedOdz cOtecaOdz Oo
OtcczkzH Oh dc dzOc H @y 3 IDRaADH O M|l dzls dz! | s BzEpisdzdz Is E dz
Ftco Odzr dz Otcc ©, cdHEBljtedzOdz, 1 dzj Sltesnddizd2dz G 1 rF
BIIGH EEt EEted?2dz H RRPB. Sdes dzlsfplpdzd B @zdzm 11 tct 4 dzH B
SEedrd 2 dz Olzicolz OGO BE ziezlz 1OdzzlzH" G Ohde dzOdz i
Hi L) I HHQMREOdz Oo MOdz.

211. MOlsbBEmE 2 dz Ztco Odz' dz Oted O

MOlsziEzoldR dz Ztco Odz'ndi dRBEEHLZ HT ¢ 3] »~ @akdhill)- Otce O
O0Otc dzz dzls Oc dzOdz A tsdiaff X tcd QORI tcd Odz" ¢ c@dce @z O
dzd2Ilsdzt ¢ MddzalsjL d2dz Otec O & &B. VG bktoOdz wWoOGEHO
s i3 j cOB®kBEGCezOH OG. EMOPBzlz Ztse @dzH  dze dze E dzZE 7 A 1l Y
PtcoOdzyzlzH dz Addd2dz Btsdzisdz dBsteW sdzsd d2dz h ddey
dHli oanddz, GOHOWGEZEZGAD dz?2 BZOWzp G¥ | tDOEREEZ BOWO A,
PtcoOdzr dz dze mr yr @it reolf@3dz L tco OdzH @ o Biec lsdadz dz L da
BEGEHELH Y d2crnl d3ylt 1 clii1tc 60Ot ®d15ho Orn Btodztdy Iss?2

MgO, AI203 Fe203
3TaHoa
ball mll —"'l
ll]aT_aa:rr
[ Peppur |

1 2t @E MOIskzlz Is Hdzhbe o 2fdis drygjofiEhyief 2ddz - j d3

212 1 t5dx j dz2 Otec O

1 Bdej dz2 Ote" dz HOokk IsOdz dz2 EtelseEce BOGO, GCtodfr
Yyt ol teh ddzs mMO2 Is OR ts dzidxlis® OF6].Q as@& j dzr Otec OOt d3OIs J
GOt Odz DE@FOEEGF dF ! M1 W OBSY & HOMB ddz H1 L yd2c¢ G Ot
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

A sdrdz HL L Yd2dz hddect Cas etz df fipdzs@ @n ¥ d3. 1| Zdzs O H L
Gjdzd2 dz Ot OOt COttcOdz O OR OH Iz R tzd z@rd3@ ts ¥2O dz dz Is |
G dzd y d dz, dzd d3B 1 ¢ dedReikj AsiOwizfinz Jusidizdz HiS O hRdtsEdarAHEOE .

[ jlsOdzdz ddlstcOls Bdsd MHdBLABdd ¢BEEY 6 GHikdH 1
3. [ Ooan0Otc dzt ot dz, dtsdzge 2y N1l dzmt dz EMOdzH dzd Istc Ol
dzd 3B L G dzdi2? Go I dzH k¢ Of H B O fi) & Gze@siAns CAOEBHSIOM s O O
B3Oz Bsdetsds. uvidr ddjSkzdazkzuy Ekthdy HEzEfR
niodzB 4 to lf17)s to dats

LdZBOOt ¢ j dzd2 ¢ E dzH E O Olfy) flaBPjctc @ls Iz tg Is BN @S jozz'B ts dzdzts
tesyj M dz MR 2R 21EL WIEdzOE. 1 dlstcOls Btdsd dgjlsOdd
SstetsdzH ' dz R Otc! YOO d B bRy dedas 8zt e dzy | OdeBuAs
BSdzsn' 6 MEHOEZCEOOBODEA IsSGIststsE SE5H

=,

11

Hurtpar Humooramii xyumi

MN:CA=1:x y

Ycan yycmadn

AMMOHHITH Xy*H1 e s %

Mlaraaar

A4

DeppuT

126@8) sdej &z fsyj Mhd2dz Mo j &
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| Odfipstesdzl sdze 2 dz Sdzydese, CCdzd26¢ R OoHE' d2 { o3

22. 1 lilsyd2dz MEHOkZeOOdZ OtteO® L 2

tJdalscgjdz HJWEEEEYXRR): ( J dzlscjdz kW Ods HdW OGS y
BOIj ted GdDLdz dz O cWztlzcfifg <O 10dsi2 ~nddi3d 2 dz dzO02 tcdzOG O,
YodzOter dz IsOdzOOte HL dzG 1 ted dzG Il 2 wdgl HHO dzcd® Oddz' E GO E]JGUZHIS J/
d 2 8himadzuB tg{ dzHQuURad® dztsH BMBEXNEA2X XRD-7000H d W e OSC Istsd3d Isted 2 «
Oh d ¢ dzO M O dz.

1 42tesde MQAkdAtels O stetsde dz2 B BHJ g Il B - 5 Y@y s dg'e dBls
nOtcddzyOdz N2dzyddzni ¢ LEydteH n&Eidib E dgt 9y E tlg] dzls ¢ j dzl 1 (&
Bz eIl 2 L dzj a3 dzlsiinHd?2¢6 MkH &zOR BjsXstels dFD &tc @i H
EGE GH dfsXas szfigtinrzO Otc Ctod Mis Odzdz tetstoyE RPZ ¢tz O Is 6 T36izls
Hi1 dzG1 ol dzgc 1l 2 IssHtstorn. B2z Istetisdizsdgy st tosdzL sdz  d3ts O
Ostsd3r dz YeE B2 dz BBdzsSdz { dzj € Istetsde MYy  dzlst 2 n Oto(
MstesdzL sdz Blilsyd2dz HIlte L Ztck @ &sOdBiUsHdeHsT dz 2 AH SG1 dBIe
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

AdLdtsdzsed2dz 22fd3Odz HOR! ¢ Btsdztsdz J HL 4L YUINHJ!
32.5 Bdzsdz 30. 4 Au BRk¥ Ek kMQ@de 8@y dzsts iy df dizlsid 2 &
HIldzG 4 + Btecpadez B tsdzisdz € tsdzy dzls iev@ i OArs criEkdgOhGEfcldncO dalz
1.10-" ¢ Oh dceedOdis elpt 1 4 d 2 delsEdScn 52 dzZltsdzlsh M pdell cids 94 . 4

MC Ty dzt cllss jAdY j to O IsHaHste \iezbbtiztizts dz ifAzz Cte H Cdz

r44y stsdzyj dzls Yymzl sy ¢ vd B @izt
(BB v f AU v f AU
¢ 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

LE BLydssh & OdkOOd NOHAZO® dz M dze @R & 2 dz0 dzler tedg 115 ¢
Oy dce d&zOEHMOdz Yy YOHdzr dz "zad2dz hddaeti + dflsiffraz ks
BO2MOdz dz HE®ZOOdz W dzg @it BB @iy Is dzl & t5tztn dzH & 20 O dz
BOGCOOM 00 S 0BO0OKLY OHUHNE 16 O o\ia dps desa2dd@z b & ) ds
w T181¢ ).
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43. 1 1BOcdzd2 dz - sl dy=F gk d2t cHARZd2 dz2 MEzH OdzE OO

p BozENZ H O dzcWOjOesid Is BOIs j e d O dz'Rd| @ telr G desej @ 2 dz ¢
kselststsn Oy dzr 6 GHN2Yyilseifmidz Cdat Rifgicl BOGdd
stehdn ¢ CQEGsdr @ ¢ dzj @jdz6 6"0@® , x =0.2, 0.4, 0.6, 0.8,
10)ftsdz ytsdzy @Gdzk! yOdz®te' ¢ fkzH Odz¢ OO S « i Ay ildi ke ¢ d
Cdet ntdz y | dEja3j IO Hdplz M dz = z(evd =H0.72A feuts @2 7RAE

Eudt SCtdmlsOdda IStter dn Icd g @ dzOuit fifjos d2 cEiElls 01 H to
BO2th ddzH Mkkte! h d8 dBAARIH(OEE dglo ditsisdzl9! B 11 Isy)y 2 dz  dz
2 ydMgFe204 € ted fyls Ocdzdzr dz t5€ Is GHUOEMg> @ hed B Odzy Mzt h
Rd&zG! Mig?i(m=0)Mtstetsdzl sdz Bzfy 1 dzj B desd2 ¢ MG dzL s5dz
M=2)dcdkstt ntd ABE @ipdEay®dz 1| 2 dzydz dzd Ads tedsszR jsdds  d
hddey YOdzOter ¢ dadzdzdl dsrylg P dig tslEVigEFed)A[MgaxCuxFe2-dsO2, X
=0.2,04,0.6, 0.8, 1.0.

md d3d 2 dz  fdodd j6L6™0Q) , x = 0.2, 0.4, 0.6, 0.8, 1.0 B3O j tcd Odz- ¢ L tsdz
GJdzd2dz Ot OOt Mmddals j Bdrisdz yc O tgfdt dz ypEzOdiaf 5 tc @k H dzO:
Mg(NO3)2*6H20 ( >99. 0 %) , LCGUMG:pGH AA9IB0RPBE dzgtc 2 dz dzd Istc O I
Fe(NO3)3*9H20 (>98. 5%) sHsO0lZfABE%)d viztf @ d T de y gizdzdC? dz
n Ot Yyooe 1: ZiptstdzGHs@2 AODALe dat ed3tztz B DR@ROGC RR e OEARE
G dHtcts S MOHHINOY (>99,5%)-d2 6 Ekmd@dze dz7 pHtsdzlstsdz dzt d&3y
] Otcc Odz O MO dzdzHz iIBRROWD ced 263 Iskzteh G jdz2 "1 dzBt tglst 2
nlzlsclzlztc ORtclz & tshdirflz dzdzO . ni figH dd 26 j 2@ @ 2 diOasdz.tch - (
Nildzd?2 HOLOO &g CHA0O@] B 010 H0 3 YOE h OO0y dzt
HL{ L YIlHH2G6 60t Odz O9 MOdz.
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

5ClOLHEls 0. 7Cu EPLEBI ydsd' ©OHJEMSD?2| (Bt
5ClsOI07%l) G2etdyss kydt Stst' d § OOk sE® B OGO
Fej dzZlsed¥izacOC yr dz lltc Hllidec -~ Oiicfg dzdz®ls . 4 . 5
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vster ddidE yd dzls E tg | L
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

MCMdzt 4£6sO "Q 6 60 dzt GHAzd2dz IsjlstcOL Hits
Btsdztsdz IsjIstcO1 Hic Btsdzsdz tsCISOL Hte

Bodzsdz tsSCIsO1 Hitc H-

Hin ddBdzr ~rBdzBBtSM =~ C

Ud IOl HIE [ CIsOteO! H UJ bteOL Hto J¢sOtOLl Hto

x dBd hddee gmdy hgdg R SdB S T sdB BERY
vi (i v2( Y3 fr (x10°H d dz) ) fo (x10%H d dz)) ) c
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
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MZ ¥G(43)Issisetiste Issytsisdzyy 1964 38 te]l 150 16650 datf t© dz
G Otec O dz.
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

44, ME dzGE dz Ys@cefeRoz-wi g F dz2t CHEZd2 &z MkzH OdzE OO

D d3AzEfifz H OdzG OO dzgH BOGdzd 2 dz W jtetedIlsd2dz ¢ S Olsdtsdz
Nl MiBelsOdisdy ¢ Mbsdl sd2 BEf Btz Gy dssds dn side daf
WG Otz dzOR h ddzy YOdzOtels dzE dzE E dzmtSidz dap dzedezjtrggdaRlst
AP dsder ¢ Mbdzetsdz Oo MOdz tiEry tsfss d20.55 8,04 o @585 A3 2 to
MstetsdzL sdz h ddzy YO dzO tdvAlFes dztize € dz6 d B @dZOPE dzisdz B 2¥ Iz
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1.0.
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1 OdfipstetsdzL sdze@ 2 dz sdgydzse, ISCCdzd2¢6 R OoaHter dz 1 d3n

M C ) dzt 4e7Ish "@ GOQ O (x=0,0.2,0.3,0.7,2)dzt cHdzd2dz toj dzlscjdz HAW OGS st
tdlso jd Hd2 &z OLE OOt BEdss Mk d&ifd' HOLOOS CtdfhlsOdz

sOlsdtsdz Isugt dzls
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viltOBaEstt [ ClOi6dsss
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OhdedzOdz nN2dzHnet tedzt e yd2dz L OOoter dz HOGREkEZ IstsHtSteR
HOGEkZE EkZEkZtced?2 dzgtshilafpg! Y66 6Ilststs
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[ BdzssHztcd B Hac® 0O o3cC/ gy § das e ©d)? ElzOmiase e tc L i 1 H >
N2 dzydzidiide ddlgd detcsMCsfr dz 40 Btsdkzsdz 100 HORddz EMCGE
BEEMR { fMist Itz BE H fipsdz B ts dzts 7 '()6lz tdexdd). tebtg RoticAfp@ idas
BEE BPEctsdzl 5dz YOdZzOGOOM NI KL dzst 2 L Otedd3 74 Ml
BO2cIOB®tcd d2 dz = )FBte -2ty (iphestezt 0 ) . s afp|dIGIHTIRIGH
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CRdzGCdzt 1 GC2 (AW dzgOdzls) | ) C CHE 6@ 2pdss ddtE(d@ teltsOiC XY *
50B3¢c/ d3dz Cls@y | e @y MistctsdzL sdz  daPlas 1B E dzd3f dze
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R OZOOG)OGTENMIIRHd2 ¢ AW dOdzisd?2dz + Ml Il HIEMIRTHEBAXES Yz dzO

MCMdzt B2 Md2dz Etced2dz ~nt d3yt 4 dzgd?2 Isssytstsde C

44y DHEIL PHER DPHER® DPHEL DPHEE DHEGB

Mmv dzO(dgls dsdz)  0.389 1.007 0.904 1.205 1.776 1.957
MmO dzO O(dstf @3dz) 0.408 0.824 0.716 0.747 0.901 1.075

MmO dzf(@dzcdz)  0.293 0.801 0.602 0.665 0.731 0.813

skteh Jddzls™ df jlted il MtetsdzL sdz dzgOdets BEE A BIl a2 4 fi
Sz tststc dzgl 6 EZHOO 20 &Bd dzinlch kzdzdsilzitel) Al Qe HI dz
Ctsdzyj ddde QnR dzyd dzfft dz Bsdzseoy rko! MOR Mtiodal tsdz
N2 dzydzil ILdgilide 2 dz2 EZtee Odzls 11 2 dzydzil Il zdz0O6 O Lzigcis g B 4
Al odgy it HiEzdsH -P@ts H OGO %B O2 6 00 dz 1Mt H BO2EO0O
stetsdz 1NN Mei A sSE-REEtE @3 E E t EHEEGHEdz =~ OdzOdzls
EHOO"N gzB®@2 cO00C R Otlkzlzdz4l, mIORABCY.If 1 ztcOG 5
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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).
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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
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Q (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;0,/MgO is significantly reduced in CuFe,O;/MgO., the presence of the substitutional Cu

* jons 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]. Fe;O4
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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PEPPIICOPOH30H HAHOMATEPUAJIBIH JIY/IAAH
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CIITVA, Quauk, MmerHoA02UTiH Ty PIINIH,
Mamepuan cydaranvin carbap,
YMYHC, Xopazasonutl WuHICAIT YTAGH UHHCEHEPHAIAUTIH CYPLYYLD

YaoupTtrai

DHITYY aoHCUAD 3000-2€AUTH AP2AAP CUHMEIAIH 2aP2aH ABCAH MAZHUTTH
geppum (MgFes0,) nazdautin cyebcax copon3on opoHd 0Yaaak An2apyyiax
wadamancutiz 099HCHUT TIMIACIIHIIC TAMAAPYYAAH 00PCIUTIH Yecapy 6ymas-
Can yean xopeyyp Oyrull COPOH3OH OPOH YYC2IT MOTOOPOMNCULZ AUUZALH
2ytiyomeacan cydarzaanst yp dyneasc myczanaa. Jazocnuti camorcas 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 JaBTAMMKTAl XYBbLCAX COPOH30H OPOHIOOP YILTWISX3L yI 6eoM JIy-
JlaaH slIrapyyJIcHaap XaBJpbIH cuiin ecent sorcaort opmmno|1-3|. dynaan sumra-
pyyIax qajaMzKrail HAHOCOPOH30H MaTePHATI Hb HXIBWIH (PePPUCOPOH30H IINHIK
vanap 6yxuit M FeaOy4 mepimitn Hary1yy 1 6aiar. D arssp ATy yiL JJ0TPOOC Mar-
unita eppur MgFesOy Kyb nmmnesns OyTSITSil, Jyjlaal sarapyyiaax dajaMk
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.
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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-
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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, ) 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

0 5IF

FEAE e, AT B A0 TS B 1Y) Mgk, O, 40 1A 7 4
Bt [8197 7 ( Thermal coagulation therapy ) o4y % FAi B B AT
FUIF R P ™ T T IS 6 97, Sl 2 56
Tl P o R D ot M A 1 SRR 5 A RS BLE R
LA o] P 0 e AL G O A S e S,
SLAESM I b £ HY R A AR, A 0 A AR A B R
107, HEFF B (] P Jol S H A 42 ~ 46 ¢ Z )" Bk
FASENE AL P00 SR IGSTY Ay ik P A 42
PE A A R TR A R AR, HASSE R
PRBURIEAT B, D AT T 98] 000 e kg 1 B A 1
JHHTSE L H RS2 B0 T

A g SR P TR 2 AT LRI R
K0 T o0 MR O 7 B T L TR G R R
BT RO TR 1 R A M A D58, gk 400 ™ R R 2
B A BAAE 1B Z AR B ( Neel relaxation ) 1A B st i
PR A T K B I 3 kR e R 3K

DR RCRSON ™ L o TR R A R R A o A
A% 1 g b 7 I b HA N B S R g Ak
S, B YR R I 2 el T A PR £ TR AE 1

Migke, O, B Al £ 32 48 i by v o1 6 590082 L i 5 S0
BRI ARSI LR A W 1
T, T LA S T A P )l 1 6T R
2 P LA TR S, AR 3T o B b R T AR A
A b o A B IR RN PR k35 5 A v
A AL VTR SR BT O S, D T AU P 1 24 70 ik DA
WA ARl R A DD B o o ot i,
I, M) SR H o oA A 5 0 S A R 17 R R N
Hirazawa 25" {230 5 25 45 R SR B A R MgFe, 0, 11 % £
PEAR IR, I F Rz 1) 26 30 5 7k O 4% 11 Mg, Ca,Fe, 0, H 3.
THBCR I 3 A R A, A Sl R . AT ARE 9
il A AR S A A AR 45 T Ca 844100 Mg, Ca,Fe, 0,
PRI R JFUFSE 148 4 G XERE OB A L b 1
BB I RE IR | A2 BLLL Ca B T-H0E Mg B TR0 il S
ety i

A H Yy MR SR (P2018-3612)

This work was i i Py 1 by the National University of M lia ( P2018-3612).

=1 tegusph @imnu. edu. cn

szkztc! MEZHOMLZEOOdZ ISEMmMdzd?2dz IsO2 dzOdz 20187 2021ts dz



| Odfipstesdzl sdze 2 dz Sdzydese, CCdzd26¢ R OoHE' d2 { o3

.\Oll). S
ur X

¢ N ”
(42X ®U3HK, TEXHOJIOIHIH
S XYPIOISHIHITH BYTI2I Ne 46 x a2

CuFe;0y BOJIOH MgFe;0y PEPPUT MATEPUAJIBIH
YAJIBIH XYBVWH INIVMHTYJITUNH CYIJAJITAA

B.9axvaug’, U.Xumurasmo6spana, H.2Kapramnau, 9.YsaHra,
J.Canraa

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: Al
Ferrite

substituted ferrite MgAlxFe2-x04 (x = 0.0, 0.2, 0.3, 0.7 and 2.0) are prepared by two
commonly-used methods: Sol-gel (SG) and Solid-phase reaction (SR). Structural studies are carried out using X-
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.
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, ,0,-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.

Spinel structure

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

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

Received 4 February 2020; Received in revised form 25 August 2020; Accepted 25 August 2020
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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)
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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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