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AnaHoTanus

Momnokpucrammmaeckue mwiactuaku BaTiOg Oblim uMIiaHTUpOBaHbl OBICTPHIMU MOHAMU
Co™ ¢ BBICOKMME mO3aMu ¢ menio (bOpMUpPOBAHMS MymbTH(EPPONKa. DIeMEHTHEIH COCTAB,
MOpPdOIOTHS TOBEPXHOCTH, ONTUYECKHE W MAarHUTHBIE CBOMCTBA MMIIJIAHTUPOBAHHBIX TLIACTH-
nok BaTiO3 wmccnemoBanuch MerofaMu CKaHUPYOMEH 37€KTPOHHON MHUKDPOCKOIWUM, ONTHYe-
CKOI CIIEKTPOCKOIWMH M WHIYKITMOHHOW MarHuTOMeTpuu. llocie MMIIaHTAnu MCXOTHO TIPO-
3padHble ITACTUHKYA TUTAaHAaTa 6apus mpruoOpeTaioT CepoBaTHI OTTEHOK, YTO CBA3AHO C Pajin-
AIMOHHBIM TTOBPEXKIEHINEM UX KPUCTATINIECKON CTPYKTYPBI, M XaPaKTEePHBIN METAINIeCKUN
6J1eck, 00YCJTOBJIGHHBIN IIPENUNATAINE NMIIAHTUPOBAHHOM TTpuMecH B (hOpMe HAHOpa3Mep-
HBIX YACTHI, MeTa/mmdeckKoro kobambra. C pocTrom mo3bl mMmianTtanum mmactuaku BaTio s
MPOSBJIAIOT TIOCTEI0BATEIHHO CyIePIapaMarHuTHBIN U (HepPOMATHUTHBIN OTKINKH MTPU KOM-
HATHOI TeMIiepaType ¢ MAarHuTHON aHM30TPONNEH, XapaKTepHON 119 TOHKOW MarHUTHOI TIJIeH-
ku. [Tocmemyromuit TepMudeckuii oT:kur B armocdepe BO3/IyXa BeIeT K BOCCTAHOBIECHUIO KPU-
CTAIINIeCKON CTPYKTYPHI, I0IaB/sieT (DepPOMArHETH3M U OKPAIIUBAET UCCIeIyeMble 00Pa3IThl
B KesrroBaThie ToHa. [loce orskura mpu Temmeparype Beimie 450 ° C Ha MOBEPXHOCTH TIACTH-
nok BaTiO3 wmabmomaercs dbopmupoBanue pa3sButoro pesbeda B BUAE BO3BBIINIEHHOCTEH U
yray6siennii HAHOMETPUIECKUX PAa3MepOB, YTO 00YCIOBINBAECT 3HAYNTEILHOE CHUKEHUE OTPa-
JKATEIBHON CIIOCOOHOCTH 00PA3IIOB B yILTPa(hUOIETOBOHN 06/1aCTH CIIEKTPA.

KiroueBbie ciioBa: MyabTudeppOUKY, NOHHAS MMILIAHTAINS, CETHETOIJIEKTPUKM, Mar-
HUTHBIE HAHOYACTHUIHI, MATHUTOIIEKTPIUIeCKnil 3 dexT.

BBenenue

B Hacrosiiiee BpeMsi HaGIIOAETCS 3HAYNTEIBHbIA WHTEPEC K CHHTE3Y W MCCIeI0Ba-
HATO MYAbTHGEpPOnKoB. MynbTudepponkn — 3T0 MaTepuasbl, 0013 af0He OTHOBPe-
MEHHO KaK I1b€303JIEKTPUYECKUMHU, TaAK W MArHUTOCTPUKIIMOHHBIMU CBOACTBAMH, CIIO-
COOHBIE MPOSABIATH CHIbHBI MarHuTosnekrpudeckuit apdexkr (MII) [1]. Baanmuas
CBSI3b MEXKJIy 3J€KTPHYECKUMU W MATHUTHBIMU XapaKTepUCTHKaMU B MYJIbTHdEppon-
KaX MPOUCXOJNT 3a CUeT N3MEeHEeHNs] MEXaHNYECKHUX TTapaMeTpoB (PacTsyKeHNs, CXKaThs)
[PH OTKJIMKE MaTepuasa Ha 3JeKTpHYecKoe (WM MarHutHoe) mose. JIns HarisHoCTH
CKAa3aHHOE MOYKHO IIPEJICTABUTH B BHJE CJeayiommeid hopMyIbL:

MaTrdHUTHBIE CBOfICTBa MeXaHU4YeCKue CBOfICTBa
M3I93 = X

MexXaHHIecKHe CBOHCTBA — 37eKTpPHUYecKne CBOHCTBA

Mynbrudepponku, NpOSBISIONINE BhICOKHE 3HaYeHns MO, B MepCrneKTuBe MOTYT
OBITH UCIOJIb30BAHBI JIJIsI CAUTHIBAHNSA HH(MOPMAIINY C UM POBHIX YCTPOUCTE, XPAHAIINAX
OosbIIre 00 bEMBI JAHHBIX.
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3Becrno [1], uro Hanbosee BLICOKNME 3HAMEHNE BeIHIHHBI MDD nocTuraiorcs B Ha-
HOKOMIIO3UTHBIX MYJIbTU(MEPPONKAX, OCHOBAHHBIX HA AUCIEPCAN HAHOYACTUIL MATHUT-
HBIX METAJIJIOB B PAa3JIMYHBIX CEIHETOIJIEKTPUYECKUX Marpuiax. B Hacrosmeii pabore
C TIEJIBIO TIOJIYUEHUs YKEIAeMOr0 HAHOKOMIIO3UTHOTO MYJIbTH(MEPPOUKA MOHBI MATHUT-
HOTO KO0OAIbTa OBLIN UMILJIAHTHPOBAHBI B CEIHETORIEKTPUUIECKYIO MATPHUILY TUTAHATA,
bapusa BaTiO3 ¢ BBICOKMMM T03aM#, TO €CTh C KOHIIEHTpAIINEi, 3aBEIOMO MPEBHIIIa-
folei mpeaes pacTBOPUMOCTH MpHUMecH KoOanbTa B ThTanare Oapus. [lomydaemas B
pe3yabraTe UMIJIAHTAIMY KOMIIO3UTHAS CUCTeMa HecTabuiibHA B BUJIE AUCIIEPIrAPOBAH-
HBIX MOHOB [IPUMECH U PEJIAKCUPYET C 00PA30BAHUEM B ODJIYI€HHOM CJIOE TIOJJIOXKKHU HO-
BOIt HaHOpa3MepHOil (ha3bl B hopMe HAHOYACTHUI] METAIIUNIECKOTO KobaIbTa. Huxke Mbl
MIPEJICTABJISIEM PE3YIbTATHI UCCIIETOBAHNS BIUSIHUS UMILIAHTAIINA TPUMECH KODAIbTa 1
MOCJIEIYIOIIEr0 TEPMUYIECKOTO OTXKWUTA HA MOAU(DUKAINIO CTPYKTYPHBIX U (DU3UIECKUX
CBOWCTB THTaHaTa OapHs.

1. SKCHepI/IMEHTaJIbHaH JacTb

[MommoxkkaMu /111 SKCIIEPUMEHTOB 0 HWOHHOW WMILIAHTAINN CJIYKUJIA MOHOKPH-
crammunueckue (001)-OpueHTHPOBAHHDBIE MPOMBIIIJIEHHBIE TJIACTUHKYA TUTAHATA Oapus
BaTiO3 rommmnoit 0.5 mm (Crystec GmbH, Tepmanug). Ilnacruaku BaTiO3 Obuin
UMILIAHTHPOBAHBI noHamMu Kobasbra ¢ sueprueit 40 k3B ¢ no3amu B nuanazone D =
= (0.5+1.5)-10'7 mon/cm? . MnanTanus TpOBOIRIACH HA HOHHO-TY9eBOM yCKOPHTETe
NJIY-3 B ocrarounoM Bakyyme 10 ~° Topp mpu nocTogHHOI ILIOTHOCTH MOHHOIO TOKA,
pasnoit 8.0+ 0.5 MmxA /cm?. Tocieayiomas Tepmutdeckast 06paboTka (0OTUT) 06pa3Ios
mpoBOaMIach B MydebHOM Mmeun ¢ KBapIeBbIM JeprkaresieM 00pas3ioB B armocdepe
Bozyxa. OTKUr ocyInecTBsiicsa B rederre 30 MUH B HECKOJIBKO CTAJWH TIPU TeMIIepa-
typax 350 °C, 450 °C, 750 °C u 950 °C c 1esnbio AeTaabHOrO UCCIIEIOBAHUS BIUSHS
TeMIIepaTypbl OTKUTA HA CBOMCTBA MCCaeayeMbix 00pa3ios. g pacdyera rayOnHbBI 3a-
JIETQHUST W KOHIIEHTPAIINY MMILIAHTUPOBAHHON MpUMeCcH KOOAJIhTA B O0JYIEHHOM CJIOe
BaTiO 3 ucnosp3oBanack KomnbioTepHas porpamva SRIM 2008 [2], mo3sossttormast Mo-
JIeTUPOBATH TPOIECC BHEIPEHUsT OBICTPHIX MOHOB B TBEPIBIE TEJIA. JJIEMEHTHBIH COCTaB
u MOpdOIOrus MOBEPXHOCTH MMILTAaHTHPOBAHHOTO cyiosi BaTiOg Obuin ucciesoBaHb
Ha CKaHupymomeM 3jekrporroM mukpockone (COM) “Zeiss” EVO-50XVP B BbicokoBa-
KyyMHOM peknuMe. ONTUYecKrne CHeKTPhI OTPAYKEHWs W TMOTJIOMIEHNsT 00Pa3IoB ObLIN
zanucanbl Ha crnektpodoromerpe Hitachi 330 B OamkHeMm yabTpaduOIETOBOM U BH-
JIUMOM Jmanasonax jjuH BojH csera (ot 200 mo 840 mm). MaruuTHble W3MepeHUs
MPOBOJMJIACH HA IKCIEPUMEHTATBHOM KOIPIUTUBHOM CIEKTPOMETPE TpU KOMHATHOM
TeMmreparype ¢ passeprkoit marautaoro moss g0 500 mTa. IIpu obpaborke pesysbra-
TOB MArHUTHBIX U3MEPEHU IuaMarHuTHbI BKIad oT nomioxkku BaTiO s Gbun BbraTen,
a BeJINYNMHA PErnCTPUPYEMOTrO MArHUTHOTO MOMEHTa, ObIjIa MpUBeIeHa K 00beMy MOJIH-
GbUIIPOBAHHOTO CJIOST B UCCJIEIyEeMOM 00pAasIIe.

2. Pesyabrarsl u ux obcyxkgeHue

Corsacuo pacueram (puc. 1) cpeauuil npober nonos Kobasbra ¢ sxeprueii 40 k3B
B matpurie BaTiO3 (p = 6.0 r/cm?) pasen R, = 20 uM, a Tosmuua MogudUINPOBaH-
HOTO MOBEPXHOCTHOTO CJIost — Besimanaa nopsaaka 40 am. C pocToM 03Bl HMIIIAHTAIITT
KOHIIEHTPAINs KOOAJIHTA MOHOTOHHO PACTET ¥ B MUKe (DYHKIIUU PACIPEIETeHNS TOCTH-
raer peqnunHLI 60see ueM 30 ar. % npu MakcumMaabHON mo3e. Takas BBICOKASA KOHIEH-
Tparusg KObOaIbTa MOXKET [IPUBECTH K MPEIUIUTAIIMN IPUMecH B (DOpMe HAHOPA3MEPHBIX
YaCTHUI METAIJINIECKOT0 KODaIbTa.

Kak cnenyer uz ananuza manasix COM, nocsie repMutdeckoro oTRura mpu 1oy, =
= 450 °C u BBIIIe W3HAYATIHHO TJIAJIKAS MOBEPXHOCTh MMILIAHTHPOBAHHBIX 00PA3IIOB
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Puc. 1. TnyGuanbie podbman pactpefenenns KOHIEHTPANU KoGaaIhbTa, UMITAHTHPOBAHHOTO
B marpuny BaTiO3 mpm mosax: (1) — 0.1-10'7, (2) — 0.5-10'7, (3) - 1.0 - 10'7, (4) -
1.5-10'7 won/cm? ¢ yuerom pacmbuienus (koddbdunument pacrbiterus S = 2 aToM/moH);
(5) ray6unnEIi podus pactpenenenus mpu qoze 1.5-10'7 won/cm? 6es yuera pacrbiterus

2pm . EHT =20.00kV  Signal A = SE1 Chamber = 6.07e-004 Pa
I 1 WD = 6.0 mm Photo No. = 1455  Mag= 30.31 KX  Spot Size = 500

KoTH

Puc. 2. Mopdomnorus nosepxuoctu mnactuakn BaTiO 3, mmmaanTupoBanuoit Ko6aJIbTOM € 10~
30it 1.5-10'7 I/IOH/CM2 7 3aTeM MOABEPTHYTOH oTxury Ha Bo3myxe npu 1’ = 950 ° C B Teuenne
30 muH

npuobperaer pa3BUTHIN pesbed, COCTOSINNI W3 BO3BBIMEHHOCTEH U yriayOaeHuii cyo-
MUKPOHHBIX pa3MepoB mopsaaka 0.2-0.3 MM (puc. 2). DaeMenTHbIi anaau3 (3/1eMeHTHAS
kaprorpadus) NOKa3bIBAET, YTO KaK CTPYKTYypoobpasyionue 3aementbl Ba, Tiu O, rak
U BHEJPEHHAs MPUMeCh KODaIbTa PABHOMEDHO PACIPEIEICHbBI TI0 MIOBEPXHOCTHA 00pa3Ia
HA CyOMHUKDOHHOM MAacImTade, TO eCTh HeT OCHOBAHUII TOJiaraTh, 9TO HAOIOZAeMBbIi
penbed 00yC/IOBJIEH MpeIunuTanreil Kodaabra B 00beMe 00/IyIeHHOTO CJIOS TUTaHATa,
bapmns.

Nonnas nMmnianTamnus npuBesia K CyIeCTBEHHOMY M3MEHEHHUIO ONTHIeCKUX CBONCTB
turanara 6apus. 13 ananusa ciekTpos norsiomienus (puc. 3) BUIHO, YTO OCIe 00J1yde-
HUsl TOTJIONIATEIbHAS CIIOCOOHOCTh IJIACTUHOK BO3PACTAET, ITO CBA3AHO C PAIMAIUOH-
HBIM MTOBPEXKJICHUEM KPUCTAINIECKON CTPYKTYPBI 00Iydaemoit moamoxku. [locaemnyro-
asi TepMuYdeckasi 00paboTKa BeIeT K BOCCTAHOBJIEHUIO KPUCTAJINIECKONU CTPYKTYPHI,
YMEHBIIEHUIO MOTJIOMEHNS U OKPAIUBAHUIO TIJIACTUHOK B 2KEJITOBATHIE TOHA.
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Puc. 3. Ourugeckue criekTpbl norJiomenus /i ucxoauoit mnactuaku BaTiO 3 ; miactunku, num-
MTAHTHPOBAHHON KoGambsToM ¢ mo3oi 1.5- 107 morn/cm? (Co:BaTiO 3) u 3aTem mogsepriyToii
ormxkwury ma Bo3ayxe ipu 450 ° C (Co:BaTiO3 A2) u 950 °C (Co:BaTiO3 Ab) coorBercTBeHHO

45
—B— NCXOAHbI BaTiO3

40 —e—Co:BaTiO,

—A—Co:BaTiO, A2 (T,=450°C)
—&—Co:BaTiO, A5 (T =950°C)
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Puc. 4. Onrugeckne ciekTpsl oTpaxkenns s ucxomuoi miaactunakn BaTiO s ; nnactunakm, nu-
MIaHTHPOBaHHO#H KobamsToM ¢ m030it 1.5-10'7 won/cm? (Co:BaTiO3) u 3aTem moaBeprayToit
orxkury na Bozayxe upu 450 °C (Co:BaTiO3 A2) u 950 ° C (Co:BaTiO3 Ab) coorBercTBeHHO

CpaBauBas cuekTpbl orpaxkenus (puc. 4), HabJI0JaeM DPE3KOe CHUXKEHHE OTpa-
JKaTeIBHOM CnocoOHOCTH 06pasia Tocae 3aKII0YUTEIbHON cTagun oTKura (o0paserr
Co:BaTiO3 Aj5), uro cBszano ¢ (opMUpOBaHHEM PA3BUTOrO pejibeda Ha MOBEPXHO-
CTH TJIACTWHBI, TOKA3AHHOTO HA PUC. 2.

Ha puc. 5 npencrasienbl SKCriepuMeHTAIbHBIE KPUBbIE HAMATHUYEHHOCTH I 00-
pas3noB TuTanaTta bapus, UMILIAHTUPOBAHHBIX C PA3JUYHBIMEU 103aMu. BuaHo, 910 ¢ po-
CTOM JI03bI UMILJIAHTAIIAN TIJIACTHHKY MPOSABJIAIOT MMOCIEI0BATEIBHO CyepIapaMarunuT-
HbIl ¥ (DepPOMArHUTHBIN OTKJMKKA TPU KOMHATHOW Temmeparype. [Ipu makcumaiib-
HOM /103€ MMIJIAHTAIINN HAMATHUYEHHOCTh HACBHIIIEHNS JOCTUTAET 3HAYEHUs, PABHOTO
0.35-10% A /m. IlpuauMas Bo BHUMAaHKE, 9TO HAMATHHIEHHOCTh HACBIIEHUA 00'beMHOTO
kobambTa cocrapager 1.4 -10° A/m, MokHO rOBOPUTH 0 (DOPMUPOBAHUN TPAHYIAPHOI
mwienku Kobanbra B obsydernnom ciaoe BaTiO3 ¢ hakTopoM MeTanindeckoro HanoaHe-
s nopsaka 40%.

OKCIIEPUMEHTAIHHBIE KPUBBIE HAMATHUYINBAHUS B CJIyYae CynepnapaMaraiuTHOTO OT-
KJIMKa B 00pasiie ObIIN CMOJIEINPOBAHBI ¢ HCTOIb30BanneM GopMysbl Jlanxkesena [3],
a B caydae (peppOMArHUTHOIO OTKJINKA ObLITa MCIOMb30BAHA SMIUPHIECKass (hopmya,
upejuioxkentas B pabore [4] ays dpeppomaruuTHoro rucrepesuca. PesysbraTsl Moesu-
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Puc. 5. Kpusble mamarawumsanus miactuaok BaTiOg, uMILUIaHTUPOBAHHBIX € J103aMWU:
1) 0.5-10'7;2) 1.0-10'7; 3) 1.5-10"" mon/cm?. Baech CHMBO/IBI COOTBETCTBYIOT SKCIIEPHMEH-
TAQJIBHBIM JTAHHBIM, & CIJIONIHBIE JIMHUW — PE3yJIbTAT MOIEJINPOBAHNS KPUBBIX THUCTEPE3NCA

Tabur. 1
Jlncniepcuble mapaMeTphl NOHHO-CHHTE3NPOBAHHOM TPAHYISPHON MIEHKNA KOOAIHTA, MOJIyIeH-
HbI€ U3 aHa/In3a U MOJAETHUPOBaAHUA IKCIIEPHUMEHTAJIbHBIX KPUBbIX HaMalrHUINBaHUA

Howmep kpusoit Cpeanuii quamerp Konnenrpanus nanouacrur Co
(moza) manowacTui kobambta (mv) | B o6aywermom cioe x 1017 (1/cm®)
1(0.5-10'7) 5 7.7
2 (1.0 - 10'7) 5.5 23
3 (1.5-10"7) 8.6 7.5

poBanus cenenbl B 1abu. 1. Kak Buano u3 tabuuupl, cpeauuii auamerp dacrui (d)
BO3PACTAET C POCTOM 03bI MMILIAHTAIIH.

VCTaHOBJIEHO, UTO TEPMHUYECKH OTXKUT HA BO3IyXe MpU TeMIeparypax bojee dem
450 °C, nomamsieT HABEJEHHBINH UMILIAHTANUEl KoOaabra (hbeppoOMarHeTH3M W OTO-
JKIKEHHBIE TTPU BHICOKUX TEMIIEPATYPAX TJIACTUHBI TPOSBJISIOT TUAMATHATHBIE CBOHCTBA.
Jlamubiit 9 @eKrT creayer cBA3bIBATH ¢ OKHCJICHHEM HAHOYACTHUIT KOOATbTA MPHU BBICO-
kux Temneparypax. Obpasymoruiics OKCu/I KODATbTA ABIseTCs aHTH(EPPOMATHETHKOM
¢ HU3Ko# Temmnepatypoit Heens.

3akJiroueHne

NmnmanTaimst HOHOB KoOaabTa B MOHOKpucTajandeckue miactuakn BaTiO s ¢ BoI-
COKHMMH JI03aMHU MPUBOIUT K (POPMUPOBAHUIO B MOBEPXHOCTHOM CJIO€ OOJIy9eHHO# 1MojI-
JIOKKHU (DEPPOMATHUTHON TpaHyIsipHOil mwieHku kobambra. Cpeaauii [uaMerp rpamy
KODaJIbTa COCTABJIAET BeauduHy mnopsiaka 5-8 uMm. PakrTop 3amnosinenus: 00JIy9IeHHOTO
CJIOSI METAJIINUECKUMU HaHOUACTUIAMHU KoOaibTa onerusaercs B 40%. IMocnemyronmii
BBICOKOTEMITEPATYPHBIM OTYKUT HA BO3IyXe TIOIABJISIET HABEIEHHBIN MMIIJIAHTAINEH KO-
basbTa (peppoMarHeTH3M U OKA3bIBAET CUILHOE BAUSHEE HA MOPMOIOTHIO MOBEPXHOCTH
umnaarupoBanabix mwiactud BaTiO 3. Ha noBepxuoctu obpasyercs pa3BuThliii peabed
cyOMuKpoHHOTO MacmTaba. PopMupoBaHre Pa3BUTOTO perbeda B UMILTAHTHPOBAHHBIX
M TIOCJIE/IOBATEIHLHO OTOXKKEeHHbIX TracTuHKax BaTiOg obycioBanBaeT pe3koe CHUKe-
Hue K03 hUIMEeHTa OTpAKEHUs TIACTUH B yABTPA(DUOIETOBOM IUATA30HE JJTUH BOJIH.

Pabora BpImonnena mpu moaaepKKe TpanTaMy IBYXCTOpPOoHHeH mporpaMmbl PODU
(Ne 10-02-91225_CT-a) — TUBITAK (Ne 209T061) u Munucrepcrsa o6pa3oBaHus u
nayku Poccuiickoii @enepanuu (rockonrpakr Ne 02.740.11.0797).
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Summary

N.I. Khalitov, Yu.l. Gatiyatova, V.F. Valeev, R.I. Khaibullin, S. Kazan, A.G. Sale,
F. Mikailzade. Surface Layers Investigation of Co-implanted BaTiO3.

Monocrystalline BaTiO 3 were implanted by cobalt ions with high fluence to create multi-
ferroic material. Element composition, surface morphology, optical and magnetic properties of
Co-implanted BaTiO3 were analyzed by scanning electron microscopy, optical spectroscopy,
and inductive magnetometry. After the ion implantation the transparent samples of BaTiO 3
became grey due to the radiation damage of their crystal structure and acquired a characteristic
metallic luster due to the precipitation of implanted impurity in the form of metal cobalt
nanoparticles. With the fluence growth the magnetic response of BaTiO 3 samples changed from
superparamagnetic to ferromagnetic. Further thermal anneal in the air atmosphere leaded to
the reconstruction of crystal structure, suppressed ferromagnetism and coloured the samples
in yellow. Magnetic measurements made it possible to define cobalt particle size and their
concentration. Ferromagnetic response disappears after the anneal at T = 450 °C due to the
oxidation of the cobalt nanoparticles.

Key words: multiferroics, ion implantation, ferroelectrics, magnetic nanostructures,
magnetoelectric effect.
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Kazau Cunan (Kazan Sinan) — xaugmaar Gpusmko-MaTeMaTHIeCKUX HAYK, ACCHCTEHT
ornesienns dbusnkn Texmonormaeckoro macruryra I'e63e, Typrms.

Cane Acus I'onca (Sale Asiye Gonca) — myaqmmii Hay9HBI COTPYAHUK OT/IEICHUST
dusnkn Texmosornaeckoro nucruryrta ['e63e, Typrms.

Muxkannsane ®aunk (Mikailzade Faik) — xanmnnar dbusnko-MareMaTndecKux Hayk,
mpodeccop otnenenns pusnku Texnomorndeckoro nacturyta 'edse, Typroms.

E-mail: fmikailzade @yahoo.com



