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0:6I.I.vUI XAP AKTEPHCTIIKA P AEOThl 

AKT)'3JlbHOCTb TeMbl 

B nocne.o:uee BpeMH 6om,IIIOH mrrepec npOHBJIHeTCH K 6HCJIOHHblM c-rpyK'I)'paM 

TiffiO2 B CBH3lf C B03MO:>KHOCThlO lfX IlplfMeHeHlfH B yc-rpottCTBax Hatto- If 

MHKp03JieKTpOHlfKH, q>OTOKaTaJilfTHtfeCKlfX 3JieMeHTOB, a TaK:>Ke B .HettTPOHHOH If 

CBeTOBOH OnTHKe. HanpHMep, npe.o:naraeTCH HCil0Jlh30BaTb 6ttCJIOlf Ti/TiO2 B 

KOHTaKTax MeTan-.o:mneKTpHK-nonynpoBO.UHHK .llM CMOS-MttKpocxeM [I], a TaK:>Ke B 

KatfeCTBe 3JieMeHTOB pe3HCTHBHOH onepaTHBHOH naMHTlf (ReRAM), IlOCKOJibKy lfX 

conpOTlfBJieHne MO:>KHO nepeKJIIOtfaTb o6paTHMO c IlOMOUihlO IlplfJIO:>KeHHOl'O 

3JieKTpHlfeCKOl'O IlOJIH [2]. KpoMe Toro paccMaTPHBaeTCH B03MO:>KHOCTb C03,UaHHH 

YCTJ)OHCTB q>OTOKaTanHJa Ha OCHOBe 6HCJIOH Ti/TiO2 If lfX KOM6HHal:.{lfH C .upyrnMlf 

MaTepHanaMH [3, 4]. IlpHMepoM lfCilOJlb30BaHHH 6ncnoeB Ti/TiO2 B CBeTOBOH OnTHKe 

HBMIOTCH IlOKpblTHH ceneKTHBHO OTPa:>KalOUilfe CBeT C onpe.ueneHHOH ,UJllfHOH BOJIHhl. 

Cnou Ti B TaKOM IlOKpbITHH HrpaeT pOJib OTPa:>KaTeJIH, a ,UJilfHa BOJIHbl OTPa:>KaeMoro 

CBeTa HBJIHeTCH pe3yJihTaTOM CBeTOBOH lfHTepq>epeHl.{lflf, npOHCXO,UHUien B o6naCTH 

npo3pa11Horo cno11 TiO2 [5]. 

OT,UeJibHhlH lfHTepec npe.uCTaBMeT lfCilOJib30BaHlfe 6HCJIOeB Ti/TiO2 ,UM 

ycoBepIIIeHCTBOBaHHH noMpmyromHx cynep3epKanhHhIX IlOKphITlfH HeUTPOHHott 

OnTHKH. MeTo.U OTPa:>KeHHH HeUTPOHOB OT non11pmy10mux cynep3epKan HBMeTCH 

O.UHHM HJ HaH6onee pacnpoc-rpaHeHHhIX cnoco6oB nonyqeHHH ny11KOB 

nonHpH30BaHHhIX HettTPOHOB If ux nocne.uyromero attanma. TaKHe cynep3epKana 

npe,n'.CTaBJIHIOT co6ott MHOl'OCJIOHHbie CTJ)YK'IYPhI, COCTOHUilfe H3 11epe.uy10muxc11 

MarHHTHhIX If HeMarHHTHhIX HaHocnoeB (06b111Ho CoFe/TiZr, Co/Ti lfJilf Fe/Si). 

Pa3BlfTlfe HailblJilfTeJibHhIX TeXHOJIOl'lfH Il03BOJllfJIO ,UOCTlftfb ,UOBOJibHO 60JiblIIOH .O:JIH 

npoH3BO.lllfMhI~ CoFe/TiZr cynep3epKan yrnoBou npHeMHOtt cnoco6HoCTH: m = 2.5, 

npH ypoBHe cpe.utteu no cneKTpy noMpmyromeu 3q>q>eKrnBHOCTlf 97,5%. O.uttaKo .un11 
,llaJihHeHIIIero IlOBbIUieHlfH IlOMPH3YIOUieH 3q>q>eKTlfBHOCTlf Heo6xo,UlfMO no,UaBJIHTh 

OTPa:>KeHHe HeUTPOHOB c He:>KenaTeJihHhIM ttanpaBneHHH cnnHa OT HecoBepUieHCTB 

KOTOpbie Hem6e:>KHO B03HlfKalOT B c-rpyK'I)'pe cynep3epKan. 

AHaJilf3 3KCnepHMeHTaJibHblX .uaHHbIX, npoBe,UeHHhlH B pa6oTax [6-9], IlOKaJaJI, 

tfTO ocHOBHOH BKJia,U B OTPa:>KeHHe HeUTPOHOB c He:>KeJiaTeJihHhIM HanpaBnettneM 

CilHHa «BHlf3)) BHOCHT: o6Jrat::Trr-c-WffleB<'!H--tHltMa'f'HHlfeHHOCTh,IO (MarHHTHO-MePTBbie 

cnon), B03HHKaromne Ha 1'it1il{HI~niE&X1MiHM~Ii,tq.iHI}eMarHHTHhIX. cnoeB, If 

OKCH,UHhitt cnoif, KOTOphIH opMHp~•llilf&iepxm,CTH n01{ph1m11 B npol.{ecce ero 
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KOHTaKTil C aTMOC<pepHI,IM B03.!()'XOM. B pa6oTe [9] 61,mo 3KCnepHMeHTllJlbHO 

npo.zi;eMOHCTpHpOBaHHO no.zi;aBneHHe OTpIDKeHllil HeMTpOHOB OT o6naCTeM c H)'IleBOM 

HaMarnnqeHHOCTbIO nyTeM .zi;o6aBneHne Ha rpaHnuy pa3Aena yn1,TpaTOHKHX npocnoeK 

THTaHa. 

OKCH.a;Hb!M cnoii, q>OpMHpy10mHMCH Ha IlOBepXHOCTH cynep3epKan B pe3ynbTaTe 

HX B3aHMO.ll;eMCTBHH C aTMOC<pepHbIM B03.D:YXOM, TaIOKe BHOCHT BKna.D: B OTpIDKeHne 

HeMTpOHOB co CilHHOM «BHH3». ~ yCTpaHeHHH OTpIDKeHHH HeMTpOHOB OT 

IlOBepxHOCTHOro OKCH.a;Horo CilOH npeAnaraeTCH C03AaBaTb Ha noBepXHOCTH 

noMpH3y10mero cynep3epKana 6ncnoii Ti!fiO2 c onpeAeneHHbIM cooTHoweHHeM 

TOillll.HH cnoeB THTaHa H ero .ll;HOKCH.a;a. B .zi;aHHOM cnyqae HCilOilb3YeTCH TOT <paKT, qTO 

THTaH HBMeTCH OAHHM H3 HeMHOrHX 3IleMeHTOB C OTpm~aTen1,HI,IM noTeHQHMOM AM 

HeMTpOHOB. EnaroAapH BOilHOBI,IM CBOMCTBaM HeMTpOHOB HX OTpIDKeHHe OT TaKoro 

6ncnoH MO)KeT 61,JTI, CBeAeHO K MHHHMYMY, Il03TOMY TaKOM 6ncnoii nonyqnn Ha3BaHHe 

aHTHOTpIDKa10mero. qT061,1 ccpopMnpoBaT1, aHTHOTpIDKa10m.nii 6ncnoii, 

npe.zi;nonaraeTCH HanMMTb Ha IlOBepXHOCTI, IlOMpmy10mero IlOKpbITHH yn1,TpaTOHKYIO 

(5-20 HM) nneHKY Ti, H3 KOTOpOH B pe3yn1,rnTe B3aHMO.ll;eMCTBHH C aTMOC<pepHbIM 

B03.!()'XOM, cpopMHpyeTCH 6ncnoii Ti/fiO2 C Tpe6yeMbIM COOTHOWeHHeM TOillll.HH 

KOMilOHeHTOB. 

Il;eJiblO AHCCepTaQHOHHOM pa60Thl HBMilOCI, 3KcnepHMeHTMbHOe HCCileAOBaHHe 

6ncnoeB Ti/fiO2 KaK nepcneKTHBHblX aHTHOlpIDKaIOW.HX IlOKpbITHM 3IleMeHTOB 

IlOMpH3aQHOHHOM OilTHKH. 

~ AOCTH)KeHHH u.enH nccne.zi;oBaHHH 61,mn Cq>OPMYilHpOBaHbl cne.a:y10mne 

3aAaqn: 

1. MccneAOBaHHe OKHCneHHH TOHKHX nneHOK Ti, nonyqaeMbIX MeTOAOM 

MarHeTpOHHOrO Han1,meHHH. 

2. l13yqeHne CTpYKTYPM 6ncnoiiH1,1x CHCTeM Ti/fiO2, nonyqeHHbIX nYTeM 

OKHCneHHH TOHKHX nneHOK Ti B aTMOC<pepe B03.a:yxa. 

3. l13yqeHHe 6ncnOMHI,IX CHCTeM Ti/fiO2, cpopMHpy10mHXCH npH OKHCneHHH 

nneHOK Ti Han1,meHHbIX Ha cpeppoMarHHTHbIM cnoii FeCo. 

4. 3KcnepnMeHTanbHM npoBepKa IlOAaBneHHH OTpIDKeHHH HeMTpOHOB co 

CilHHOM «BHH3» OT noMpH3YIOW.HX 3epKan C aHTHOTpIDKaIOID.HMH 6HCilOHMH 

Ti/fiO2. 

Hay'IH8SI HOBH3Ha pa60Tbl COCTOHT B CJ1e,1J;yrow;eM: 

IlpoBeAeHo KOMnneKCHoe nccneAOBaHHe CTPYKTYPbI 6ncnoeB Ti/fiO2, 

nonyqaeMbIX nyTeM OKHCileHHH TOHKHX nneHOK THTaifa. ,l(Jrn mnyqeHHH fiHCilOeB 

Ti/fiO2 ncnon1,JoBaHa KoM6nnaUHH MeTOAOB pecpneKToMeTpHH ueiiTpoHuoro n 
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peurreHOBCKoro mnyqeHHH. Ha 0CHOBaHHH pe3yilbTaTOB myqeHHH 6HCilOMHI,IX 

CTpYKTYP Ti/fiO2 paccqHTau1,1 omnMan1,H1,1e napaMeTpbI cnoeB «aHTHOTpIDKaIOmero» 

IlOKpbITHH HeMTpOHHOM OilTHKH. l13yqeHa KHHeTHKa 0KHCneHHH TOHKHX nneHOK Ti B 

aTMoccpepe Bo3.eyxa npn TeMneparypax (20-30Q0 C). 

Bnepa1,1e npe.zi;no)KeH H anpo6npoBaH HOBbIM MeTOA nccneAOBaHHH KHHeTHKH 

OKHCneHHH TOHKHX cnoeB MeTannOB UYTeM H3MepeHHH HX 3IleKTpoconpOTHBneHHH. 

Pa3pa6ornHHI,IM MeTOA 6yAeT HCilOilb30BaTbCH AM myqeHHH OKHCneHHH cnoeB APYrHX 

MeTannOB H .ll;IlH nonyqeHHH CilOHCThIX CHCTeM MeTamIIOKCH.a; C 3a.a;aHHI,IMH 

TOillll.HHaMH. 

Bnepa1,1e 3KCnepHMeHTMbHO IlOATBep)K.D:eHO IlOBI,IWe.HHe IlOMpH3yIOIUeM 

3<p<peKTHBHOCTH HeMTpOHHbIX 3epi<an C «aHTHOTpa)KaIOID.HMH» IlOKpbITHHMH Ha OCHOBe 

6ncnoeB Ti/fiO2, PaccMOTpeHbl B03MO)Kff0CTH ynyqweHHH aHTHOTpa)KaIOmHX 6ncnoeB 

UYTeM nempoBaHHH THTaHa Al HnH npHMeHeHHH APYrHX MeTMilOB AM C03AaHHH 

aHTHOTpIDKa10mnx 6ncnoea. 

IlpaKTU'ICCKaSI 3H8'1HMOCTb pa60Tbl 

Pe3yn1,TaTbl, nonyqeHHI,Ie B pa6oTe, MOryT 61,JTI, HCilOilb30BaHI,I AM ynyqweHHH 

cymeCTBy10meii TeXHOilOrHH IlOMpmy10mnx HeMTpOHHbIX cynep3epKan, a TaIOKe npH 

C03.QaHHH HeMTpOHHOM OilTHKH HOBoro THna - CilHH-MaHnnynHU.HOHHI,IX yCTpOMCTB. 

IlonyqeHHM HHq>OpMaUHH O 6HCilOHX Ti/fiO2 MO)KeT HaMTH npHMeHeHHe B MHKpO- H 

HaH03neKTpOHHKe, CBeTOBOM onmKe H Apymx o6naCTHX TeXHHKH. 

Pa3pa60TaHHI,JM B XOAe nccne.zi;oBaHHM MeTOA n3yqeHHH KHHeTHKll OKHCneHHH 

TOHKHX cnoeB MeTanilOB UYTeM ll3MepeHHH HX 3IleKTpoconpOTHBneHHH MO)KeT 61,rr1, 

HCilOilb30BaH AM myqeHHH OKHCneHHH TOHKHX nneHOK Apyrnx MeTanllOB. 

MeTo.QoJiornH n MeTO.QLI ncCJ1e.QooaunH. Ilonyqemie 6ncnoeB Ti/fiO2 

ocymeCTBJIHilOCI, UYTeM MarHeTpOHHOro Han1,meHHH TOHKHX Il)leHOK Ti 

(HailbIJIHTeilbHM yCTaHOBKa nYHA, IIlUl<I>, ra~nHa) C DX nocne.a:y10mnM 

OKHCileHtteM B·B03AYWHOM aTMOC<pepe. MHKpOpen1,ecp noBepxHOCTH H O.ll;HOPOAHOCTI, 

6ncnoeB Ti!fiO2 myqannc1, MeTOAaMn aToMHo-cnnoBOM MHKpocKonnn (ACM) n 

ManoronoBoro pacceHHHH peHTreHoBcKoro mnyqeHHH B reOMeTpHtt CKOilb3Hmero 

na.a;eHHH nyqKa (GiSAXS). KpnCTannnqecKM CTpYKTYPa nneHOK nccneA0Banac1, c 

IlOMOIUbIO MeTOAa AH<ppaKUHH peHTreHOBCKoro mnyqeHHH B reOMeTpHH CKOilb3HW.ero 

na.a;eHHH nyqKa (GiXRD). OKncneune TOHKHX nneHOK THTaHa n CTpYKTYPa 6ncnoeB 

Ti!fiO2 nccne.ll;OBMHCI, C IlOMOIUbIO KOM6HHHpOBaHHH MeTOAOB HeMTpOHHOM ll 

peHTreHOBCKOM pecpneKTOMeTpllH. TaIOKe B npeACTaBMeMOM pa6oTe 61,m npeAilO)KeH n 

anpo6npoBaH HOBI,IM MeTOA HCCileAOBaHHH OKttcneHHH TOHKHX cnoeB MeTMilOB c 
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n0Mom1,10 ll3MepeHIDI ux 3ne1<TpoconpornaneHID1 (Me'l'O,n 61,m p!13pa6oraH Ha ~ocH0Be 

cnm,napTHoro qeT1,1pexKoHTaKTHoro Me'l'O.n;a). 

3KcnepIIMeHTanbHruI npoBepKa 3<p<peKTllBHOCTll Heirrp0HHbIX 3epKan C 

«aHTll0TPIDKaIOmllMll)) noKpbITIDIMll Ha 0CH0Be T0HKllX cnoeB TllTaHa ocymeCTBmmac1, 

C n0Mom1,10 pe<pneKTOM~llll noIDipll30BaHHI,IX HeirrpOH0B. 

IloJJO*eHHH, BblHOCUMbJe Ha 3amuzy 

1. YCTaHOBneHo, ~o rny611Ha oK11cneHmI cnoeB Ti (TOnm11Hott 5-100 HM) Ha 

B03.!J;yXe np11 H0pManbHI,JX ycn0BIDIX 3aBllCllT or UX llCXO.!J;HOH T0nmHHbl. Ilpll 3T0M 

.name caMI,Ie T0HKlle cno11 Ti (5 HM) He 0KllCIDIIOTCH Ha nonuy10 rny611uy ll coxpaHHIOT 

cnon He0KllcneHH0ro MeTanna, qTo no.n;TBep,K.!J;aeTCH Hll3KOH Ben11q11HOH llX 

3ne1<TpoconpoT11BneHID1. BLICK!l3aHO npe.nnonomeHHe, qT0 Ha6n10,naeMruI 3aBllCllM0CTI, 

rny6HHI,J 0KHcneHIDI or llCX0.!J;H0H TonmHHbl TllTilH0BI,IX nneH0K o6ycnoaneHa 

MeHbllillM p!13Mep0M KpHCTannllT0B ll, C00TBeTCTBeHH0, 6on1,men KOHU.eHTPaUHett 

.ne<peKTOB, qeM B 6onee T0nCTLIX nneHKax Ti. 

2. KHHeTUKa 0KllcneHIDI T0HKHX nneH0K.TllTaHa B .n11ana30He TeMnepazyp or 

100 .no 300°C on11c1,rnaeTcH norap11q>M11qecKHM 3aK0H0M, yaen11qeH11e TeMnepazyp1,I 

npllB0.!J;llT K 3KCnoHeHUHanLH0MY poczy CK0p0CTll 0KHcneHIDI. 3TO YK!l3LIBaeT Ha 

np11MeHl1M0CTI, Te0pllll Ka6peppa-Morra .lJ;IDI onHCaHIDI 0KHCneHIDI T0HKHX cnoeB Ti B 

YK!l3aHH0M .n11an!l30He TeMnepazyp. Ha6nro.naeMruI 3aBHCllM0CTI, CK0p0CTll 0KHCneHIDI 

OT TeMnepazyp1,I CBll.!J;eTen1,CTayeT 06 onpe.neIDI10men pon11 nepeHoca 110H0B. 

3. P!13pa6oTaH ll ycnemH0 anpo611pOBaH 0pllrHHanLHI,IH MeT0.!J; 113yqeHID1 

KllHeTllKll 0KHcneHIDI T0HKHX cnoeB Ti nyTeM ll3MepeHIDI llX 3ne1<Tp0C0npornaneHIDI. 

,[(aHHblll MeT0.!J; M0,KeT 61,ITI, 11cnonL30BaH .!J;IDI 113yqeHID1 0KHCneHIDI nneH0K .npyrux 

MeTann0B. 

4. Ha 0CH0BaHllll 3KCnep11MeHTanLHI,IX .!J;aHHI,IX 06 0KllCneHllll T0HKHX 

nneH0K Ti nonyqeHa ou.eHKa OilTllManbHOH llCXO.!J;HOH T0nmHHbl HaDbIIDieMOH nneHKll, 

Heo6XO.!J;llMOH .lJ;IDI q>OpMllpOBaHIDI 3<p<peKTllBHOrO aHTH0TPIDKaIOmero 611cno.a TiffiO2. 

5. Bnepa1,1e 3Kcnep11MeHTanLH0 npoaepeH 3<p<peKT no,naaneHIDI QTPameHIDI 

HettTPOHOB aHTHQTPamaIOmHM 611cnoeM Ti/TiO2. CH11meH11e K03<pq>HUHeHTa 

0TPameHIDI Heirrp0HOB C HanpaBneHHeM cn11Ha «BHH3» OT noIDipll3yIOm11x 3epKan C 

aHTH0TPIDKaIOmllM 611cnoeM C0CTaBHn0 OT 5 .no 10 pa:3 . 

6. IlonyqeHLI pacqiJ'rH1,1e ou.eHKH no.naaneHIDI QTPameHIDI HeiITPOHOB 

aHTHQTPama10m11M 611cnOHMll Ha 0CH0Be ner11poBaHH0ro TllTaHa ll ,npyr11x MeTann0B. 

,z:t:ocroeepHOCTL noJJyqeHHbIX peJyJJLTaTOB no,nTBep,K.!J;aeTCH ux 

B0Cnp0H3B0.!J;llM0CTbIO, MH0r0CT0p0HHllM auanll30M nonyqeHHI,IX pe3ynLTaT0B C 

11cnonL30BaH11eM B3allM0.!J;0nonHHIOmnx MeT0.!J;0B llCCne,noBaHIDI, o6cy)K.!J;eHlleM 
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pe3ynLTaT0B 11ccne,noBaHID1 Ha poCCllllCKllX ll Me)K.!J;yHapo.n;HbIX HayqHI,IX 

MeponpllHTIDIX, ny6n11KaU.ID1Mll B Be.nym11x peu.eH3HpyeMLIX HayqHLIX *YPHanax. 

Pa6oTa BblDOJIHHJIRCL a rpynne Heirrp0HH0H pe<pneKTOM~llll or.nena 

HeirrpoHHOH orn11K11 oT,neneHIDI HeirrpoHHLIX 11ccne.noaaH11iI HMU «KypqaTOBCKlltt 

HHCTHTYT» - IIlUl<l> no.n pyKoao.n;CTB0M K. <p.-M. H. IlnemaHoBa H.K. P!13pa6oTKa 11 

anpo6au.IDI MeTo,na ll3yqeHIDI KllHeTUKll 0KllcneHIDI T0HKUX cnoeB MeTannoB nyTeM 

ll3MepeHIDI llX 3ne1<TpoconpoTHBneHID1 np0B0.!J;HnaCb C0BMeCTH0 

c K. 4>.-M. H. fepameHKo O.B. 

JIH'IHLIU BKJJa,n RBTOpa. ABTOpOM 61,m BbID0nHeH ofoop n11Tepazyp1,I no TeMe 

11ccne.noaaHHH, C0BMeCTH0 C HayqHLIM PYK0B0.!J;llTeneM Cq>OpMyn11poBaHbl u.en11 ll 

3a.zi;aq11. ABTOp pa60Thl Henocpe~CTBeHH0 yqaCTB0Ban Ha Bcex 3Tanax BbIIl0nHeHIDI 

pa6or1,1, BKnIOqa10m11x B ce6.a n0HCK 3KCnep11MeHTanbHI,IX no,nxo,noB K pemeHlllO 

n0CTaBneHHblX 3a.zi;aq, nnaH11poBaH11e ll BbID0nHeHlle 3KCnepHMeHTanbHblX pa60T, 

o6pa60TKY, o6cy,K.!J;eHlle ll Oq>OpMneHHe nonyqeHHI,IX ,naHHbIX, 4>opMyn11pOBKY 

BblBO.!J;0B ll no.nroTOBKY MaTep11anoB K ny6n11Kau.im. 

Anpo6au.uH pa6oTLJ u ny6JJnKau.uu. Pe3y;;1,TaTL1 pa60TL1 61,mtt npe.n;CTaaneHLI 

Ha 23 pOCCHHCKUX u Me)K.!J;yHapo.n;HLIX HayqHLIX KOH<pepeHUHHX B pH.n;e YCTHbIX u 

CTell.!J;OBLIX .n;oKna.n;oa, a 11MeHHO: The 5th European Conference on Neutron Scattering 

(Ilpara, 2011); VIII Hau.110HanLHruI KoH<pepeHUHH PCH3-HEHK 2011 (MocKaa, 2011); 

XL VI IIIKona <l>fEY «IIlUl<I>» no <pll3HKe KOH.neHc11poaaHHoro coCTOHHHH (CaHKT

IleTep6ypr, 2012); XXII Coaemau11e no 11cnon1,3oaaHHIO pacce.aHHH HettTPOHOB B 

llCCne,noBaHllHX KOH.!J;eHcttpoBaHHOro COCTOHHHH {fa~HHa, 2012); XLVII illKona 

<l>fEY «IIlUl<I>» no <pll3HKe K0H.neHc11poBaHHoro coCTOHHHH (CaHKT-IleTep6ypr, 

2013); Me)K.!J;yHapo.n;HruI HayqHrui KOH<pepeHI.J.IDI AKzyanLHbie npo6neMbl <pll3l1Kll 

TBep.noro Tena (MHHCK, 2013); CoaemaHtte OHKC no ManoyrnoBOMY pacce.&HHIO 11 

pe<pneKTOM~Hll {fa~11Ha, 2013); XLVIII IIIKona IIlUl<l> no <pll3HKe 

KOH.!J;eHCHpOBaHHOro C0CTOHHIDI (CaHKT-IleTep6ypr, 2014); CoaemaHHe 11 

Mono.nemHrui KOH<pepeHI.J.IDI no 11cnon1,3oaaH11IO pacce.&HIDI HeirrpoH0B 11 

CHHXpQTPOHHoro 113nyqeH11H B KOH.neHc11poBaHHLIX cpe,nax (CaHKT-IleTep6ypr, 2014); 

2-e CoaemaHtte no ManoyrnoBoMy pacce.aHHIO HeiITPOHOB «MYPoMeu.-2014» 

(fa~11Ha, 2014); International Conference Condensed Matter Research at the IBR-2 

(,[(y6Ha, 2014); I KoH<pepeHI.J.IDI MOnO.!J;I,IX yqeHLIX tt cneUHanllCTOB IIlUl<l> (fa~HHa, 

2014); L IIIKona IIlUl<l> no <pll3HKe KOH.!J;eHCHpoBaHHOro C0CTOHHIDI (fa~HHa, 2016); 

The 11 International Conference on Polarised Neutrons for Condensed Matter 

Investigations PNCMI-2016 (M10HXeH, 2016); IV CoaemaH11e no ManoyrnoaoMy 

pacce.&HHIO HettTPOHOB «MYPoMeu.-2016» (fa~11Ha, 2016); VI IIIKona no <pll3HKe 

non.apll3oBaHHLIX HeiITPOHOB «<I>TIH-2017» (fa~HHa, 2017); The 5th Iriternational 
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Workshop on Neutron Delivery Systems (1peH06nb, 2018); International Conference 

on Polarised Neutrons for Condensed Matter Investigations PNCMl-2018 (A611HrAOH, 

2018); KoHcpepeHI.UUI no HCnOJib30BaHmo pacceHHllil HeiiTpOHOB B KO~eHCHpOBaHHbIX 

cpeAax PHHKC-2018 (Camcr-IIe-rep6ypr, 2018); LIii ll11<0na IIlUl<l> no cpmnKe 

Ko~eHcnpoaauHoro coCTOHHllil (Camcr-IIe-rep6ypr, 2019); The European Conference 

on Neutron Scattering ECNS 2019 (Camcr-IIe-rep6ypr, 2019); International Meeting of 

Union for Compact Accelerator-driven Neutron Sources UCANS-8 (IIapH,K, 2019); 

LIV llIKona IIlUl<l> no cp11311Ke Ko~eHcnpoaauHoro coCTOHHHH (Camcr-IIe-rep6ypr, 

2020). 

Ilo TeMe AHCcepnuum aBTOpOM ony6JIHKOBaHo: 6 neqaTHbIX pa60T 113 HIIX 5 

CTaTeii B peu,eH311pyeMbIX HayqHbIX ~pHanax, HHAeKCHpyeMbIX B 6a3ax AaHHblX w eh 

of Science II Scopus, Te311Cbl 23 AOKJIMOB Ha HayqHbIX KOHcpepeHl.l,llilX. 

CTpyicrypa u o6'LeM AHCCepTal.l,HH. ~ccepTal.l,HOHHaH pa6oTa BKJIIOqae-r a 

ce6H: BBeAeHne, o63op JIHTeparypbI (rnaaa 1), on11caH11e Me'rOAa nonyqeHllil 611cnoea 

Ti/fiO2 113 TOHKIIX nneHOK Ti, II 3KCnepnMeHTaJibHblX MeTOAOB IIX HCCJieAOBaHllil 

(rnaaa 2), npeACTaaneH11e 11 06cy~eH11e ocHOBHbIX pe3yJibTaToa pa60TbI (rnaaa 3 11 4), 

BbIBOAbI, nepeqeHb COKpameHHii, cnHCOK l.l,HTHpyeMOll JIHTeparypbI, BKJ110qa10m11ii 139 

HaHMeHoaaHHii. O6mnii ofaeM pa60TbI coCTaaJijje-r 101 CTpaHney neqarnoro TeKCTa, B 

TOM qncne 46 pncyHKOB 11 6 Ta6JIHl.l,. 

CO~P)l(AflliE P AEOTbl 
Bo BBeAeHHH o60CHOBaHa aKl)'aJibHOCTb BbI6paHHOll TeMbl AHCCepTal.l,HH, 

ccpopMynupoBaHbl uenu II 3Maqn HCCJie):lOBaHllil, nOKa3aHa HayqHaJI HOBH3Ha II 

npaKTnqecKaH 3HaqnMOCTb nonyqeHHbIX a pa60Te pe3yJILTaT0B, npnae):leHo on11caH11e 

Me'rOAOJIOrHH II Me'r0AOB 3KCnepnMeHTaJibHblX HCCJieAOBaHHii, HCnOJib30BaHHbIX npn 

BbIIlOJIHeHHH HayqHoii pa60Tbl, npeACTaBJieHbl noJIO)KeHllil, BblHOCHMbie Ha 3am11ry. 

B nepBoii rnaBe npnBeAeH o63op JIHTeparypLI. B pa3nene 1.1 paccMOTpeH 

npouecc B3aHMOAeiiCTBllil HeiiTpOHOB C aT0MaMH cpe):lbl, o6c~ae'rCH n0HHTHe 

HeiiTpOHHO-OilTJlqecKoro nOTeHl.l,HaJia - 0AH0ro 113 KJIIOqeBblX noHHTHll HeiiTpOHHOll 

0ilTHKH. B 0a3lleJie 1.2 paCCMOTpeH npouecc OTpa,KeHllil HeiiTpOHOB OT CJIOHCTbIX 

C'fPYKTYP C npOCTblM II CJIO)KHbIM npocpHJieM HeiiTpOHHO-OilTJlqecKoro nOTeHl.l,HaJia, 

BB0):lHTCH nOHHTllil KplfTJlqecKoro yrna OTpa,KeHllil HeiiTpoHOB II nOKa3aTeJijj 

npeJIOMJieHllil. B Oa3lleJie 1.3 paccMaTpHBaIOTCH npouecCbl B3aHMOAettCTBllil 

HeHTpOHOB c MarHHTHblMH CJIOHCTbIMH CTpyKl)'paMH. B 0a3lleJie 1.4 npHBe):leHa 

peTpocneKTHBa pa3B11Tllil TeXHOJIOrHH noKpbITHii nOJijjpll3yIOmeii HeiiTpOHHOii 0ilTHKH, 

npoBeAeH aHaJIH3 0CHOBHbIX cpaKTopoB, CHlf)KaIOmnx 3cpcpeKTHBHOCTb nOJijjp113yIOmnx 

cynep3epKaJI, npeACTaBJieHbl OCH0Bbl reop1111 HCnOJib30BaHHH 6HCJIOHHbIX CHCTeM 
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«6apbep-HMa» AJIH noAaBJieHllil OTpa,KeHHH HeiiTpOHOB c He,KeJiaTeJibHbIM 

HanpaaneHneM cnnHa. B pa3nene 1.5 npeACTaBJieHbI pe3yJILTaTLI Teope-rnqecKnx 

pacqe-roB K03qJqJHl.l,HeHTOB OTpa,KeHHH HeiiTpOHOB co cnHHOM «BHH3» OT 

aHTHOTpa,KaIOmnx 611cnoea Ti/fiO2 c pa3n11qHbIM coornoweHneM ronmnH 

KOMnOHeHTOB. B pa3nene · 1.6 npHBe):leH 063op JIHTeparypHbIX ):laHHbIX 06 0KHCJieHHH 

MaCCHBHOro THTaHa II TOHKHX THTaHOBblX nneHOK. 

BTopaH rnaBa C0Aep,KHT on11caH11e Me'rOAa nonyqeHHH 611cnoiiHLIX C'fPYKTYP 

Ti/fiO2 nyTeM MarHeTpOHHoro HanLIJieHHH T0HKHX nneHOK THTaHa C HX nocneey10m11M 

qacrnqHbIM 0KIICJieHHeM B aTMOCcpepe B03):lyxa, a TilK,Ke Me'r0A0B HX HCCJieAOBaHllil: 

HeHTpOHHOii II peHTreH0BCKOii pecpneKTOMeTpHH, aTOMHO-CHJIOBOH MHKp0CKOnHH 

(ACM), Me'r0AOB Manoyrnoaoro pacceHHHH II AHcppaKl.1,1111 peHTreH0BCKOro mnyqeHllil 

B re0MeTpllll CK0Jib3Hmero nMeHllil nyqKa. B rnaae TilK,Ke onncaH Me'r0A 113MepeHllil 

3JieKTp0C0npOTIIBJieHHH T0HKIIX nneHOK Me'raJIJI0B, KOTOpoii 6bIJI pa3pa60TaH Ha 

OCHOBe CTa~aprnoro qe-rbipeXK0HTilKTH0ro Me'rOAa. 

B TpeTLeii rJiaBe npeACTaBJieHbl pe3yJibTI1Tbl HCCJie):l0BaHllil HanbIJieHHbIX 

TOHKIIX nneHOK Ti II nonyqaeMLIX 113 HHX 611cnoiiHLIX C'fPYKTYP Ti/fiO2. 

l•iccJieAOBaHHe T0HKHX nneHOK Ti Me'r0A0M ACM n0Ka3aJI0 TO, qT0 Me'r0A 

MarHeTp0HHOrO HanLIJieHHH n03B0Jljje'r nonyqlfTb CilJIOWHbie T0HKHe CJIOH THTaHa C 

rJIMKOll noaepxHOCTblO (wepoxoaaTOCTb 0.8-2.1 HM). Ilpn 3T0M 6onee T0JICTbie 

nneHKH Ti xapaKTepmyIOTCH 60JibWeii wepoxoBaTOCTbIO ( CM. Ta6JI. I) (pa3nen 3. I). 

Ta6n11ua 1. II.IepoxoaaToCTL noaepxHoCTeii cnoea Ti pa3nnqHoii TOJimHHbI, 

nonyqeHHbie 113 ):laHHbIX ACM. 

IIapaMeTp Ti 100 HM Ti 40 HM Ti 10 HM Ti 5 HM 

CJ, HM 2.1±0.3 1.8±0.3 1.2±0.3 0.8±0.3 

IlpUMettaHue: a - cpeoHe«eaopamuttHoe omK110Hemui matte« noeepxHocmu om 

cpeoHeu JlUHUU npo</JUJlJl noeepxHocmu moH1<020 CJlOR Ti. 

O6pa6oTKa AaHHbIX KapT pacnpeAeJieHllil CABHra cpa3bI KOJie6aH11ii KaHrnneaepa 

npn CKaHnpoBaHHH noaepXH0CTH T0HKHX CJIOeB Ti (pnc. I) nOKa3aJIO, qyo CHJia 

B3aHMOAeiiCTBHH Me~ aTOMaMH noaepXHOCTH HCCJieeyeMbIX CJIOeB II KOHqJIKOM 

KaHTHJieaepa (naTepaJibHaH CHJia TpeHllil) 0AlfHaK0Ba BO aceii o6JiaCTH CKaHHpOBaHHH, 

T.O. MO,KHO roaopHTb 0 BbICOKOll 0):lH0p0AHOCTH nJieH0K Ti no aceii nnomMH 

noaepXH0CTH (pa3lleJI 3.1). 
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PucyHOK 1. MuKpopem,eqi IlOBepXHOCTU (a) u Kapra pacnpe.n:eneHWI C.D,BUra q>a3bl 

KOJie6aHHH KaHTHJieBepa (6) .D,IDI CJIOH Ti TOJIID.HHOH 5 HM. 

)];onoJIHHTeJibHOe UCCJie.D,OBaHHe caMoro TOHKOro CJIOH Ti TOJIIIJ.HHOH 5 HM 

MeTO.D,OM GiSAXS IlO.D,TBep.D,HJIO pe3yJihTaTbl aTOMHO-CUJIOBOH MHKpOCKOilHH. 

CuMMeTpHqH1,1ii opeon .n:uqiq>y3Horo pacceHHWI c 61,1c-rpo cna.D,ruomeii 3a npe.n:enaMu 

o6naCTU 3epKaJibHOro OTpa,KeHWI HHTeHCUBHOCTI,IO pacceHHHOro mnyqeHWI 

yKa3bIBaeT Ha OTCYTCTBHe OCTpOBKOBOH CTpYKTYPhI, ~o xapaKTepHO HMeHHO .D,IDI 

CilJIOIIIHblX IlOJIHKpHCTaJIJiuqecKHX nneHOK (pa3nen 3.1). 

lfayqeHue 6ttcnoiiH1,1x CTpYKTYP Ti/fi02, nonyqaeM1,1x OYTeM oKucneH~ 

TOHKHX nneHOK Ti, C IlOMOIIJ.I,IO KOM6UHa1.urn MeTO.D,OB HeiiTpOHHOH H peHTreHOBCKOH 

peqineKTOMeTpHH Bb!HBUJIO, ~o 6onee TOHKHe nneHKU Ti OKHCIDIIOTCH Ha 6on1,myro 

rny6Htty (Puc. 2, a). Ilpu 3TOM, cornacHO .n:aHHblM peqineKTOMeTpHU, CJIOH 

HeOKHCJieHHOro THTaHa npu T= 20°C coxpaHHeTCH .D,a,Ke npu OKUCJieHUU CaMOH 

TOHKOH nneHKH Ti TOJIIIJ.HHOH 5 HM, qTo a .D,aJibHettllleM 6bmo no.n:rnep,K.D,eHO IlYTeM 

H3MepeHWI ee 3JieKTPOilpOBO.D,HOCTU (Puc. 2, 6). Ha6JIIO.n:aeMaH 3aBHCUMOCTI, TOJIIIJ.HHI,J 

OKCH.D,Horo CJIOH OT UCXO.D,HOH TOJIIIJ.HHbl OKUCID!eMOH THTaHOBOH nneHKH 061,HCHHeTCH 

6onee Bb!COKOH KOHll,eHTpaIUiett .n:eqieKTOB (rpaHUU 3epeH, .D,HCJIOKaIUIH H T • .D,.), T.K. 

pa3Mep KpUCTaJIJIHTOB B TOHKHX CJIOHX Ti MeHbllle, qeM B 6onee TOJICThIX THTaHOBbIX 

nneHKax (pa3nen 3.2). 
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PucyHOK 2. 3aBHCUMOCTU TOJIIIJ.HHbl OKCH.D,HOro CJIOH doKc (a) u TOJIID.HHbl 

HeoKucneHHoro cnoa THTaHa dr; (6) B 6ucnoiittoii C"fPYKTYPe Ti/fi02 OT Hcxo.n:Hoii 

TOJIIIJ.HHI,I OKHCJIHeMOH THTaHOBOH nneHKH do, ~~Hb!MH CHMBOJiaMH Ha pHc. 2 (a) 

o603HaqeHbl TOJIID.HHbl OKCH.D,Hb!X CJIOeB, nonyqeHHbIX npu OKHCJieHHU: ... -·nneHKU 

yn1,TPaqttcroro Ti TOJIID.HHOH 63.5 HM [IO];• -nneHKU Ti TOJIID.HHOH 100 HM [11]. 

)];pyrnM Ba)KHI,IM C npaKTHqecKOH TOqKH 3peHHH MOMeHTOM HBJIHeTCH TO, qTQ 

napaMeTpbl CJIOeB THTaHa n ero OKCH.D,a a 6HCJIOHHOH C"fPYKTYPe OCTaJOTCH 

HeH3MeHHbIMH B TeqeHHH .D,JIHTeJibHOro BpeMeHH (pa3nen 3.2). 

Mccne.D,OBaHHe 3JieKTPHqecKHX CBOHCTB TOHKHX nneHOK Ti CTaH.D,apTHbIM 

qeT1,1pexKOHTaKTHblM MeTO.D,OM IlOKa3aJIO, ~o HX y.n:enbHOe 3JieKTPOCOilpOTHBJieHHe 

o6parno nponopUHOHaJibHO HX TOJIID.HHe (Puc. 3). 
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PucyHOK 3. 3KcnepuMeHTaJibHO U3MepeHHbie 3aBHCHMOCTU y.n:eJibHOro 

3JieKTPOCOilpOTUBJieHWI p OT TOJIID.HHbI HailbIJIHeMbIX THTaHOBbIX nneHOK dTi• 
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Ha6mo,naeMblH pa:3MepHblH 3q>q>eKT MO)KeT 6bITb o6'bHCHeH B paMKax MO,nemt 

conpOTHBJieHIUI a noJittKpttCTaJIJili'leCKHX TOHKHX nJieHKax, onttCaHHOH a pa6oTe [12]. 

BeJiuquHa y,neJibHOro conpOTHBJieHHH onpe,neAAeTCH Bblpa)KeHtteM: 

P=p +Ip I (1-p,) 
b gb• d' (1) 

r,ne p h - y,neJihHOe conpOTHBJieHtte MeTaJIJittqecKOH nJieHKH 6eCKOHeqHo 60JiblIIOH 

TOJILUHHhI; 1, - ,nJIHHa cso6o,nHoro npo6era 3Jiel<TpOHOB B MeTaJIJie; p, - K03q>q>ttQHeHT 

ynpyroro OTpa)KeHHH 3Jiel<TpOHOB OT rpaHHU nJieHKH (0~ Pe ~1 ); d - TOJILUHHa 

MeTaJIJittqecKOH nJieHKH. 

tJeTbipexKOHTaKTHblH MeTO,n 6bIJI anpo6upoBaH B KaqeCTBe MeTO,na 

HCCJie,noBaHHH KHHeTHKH OKHCJieHHH nJieHOK Ti. Onimr npOH3BO,nHJICH B ,nBa 3Tana npu 

TeMnepa-rypax 124 u 163°C. Ilpu 3TOM HarpeB o6pa:3Qa ocymeCTBAAJICH _n)KoyneBbIM 

TenJioM, KOTopoe BhI,neAAJIOCh B npouecce npoTeKaHHH 3Jiel<TpuqecKoro TOKa qepe3 

o6pa3eQ. TonmuHa 06pa:3y10merocH OKctt,nHoro cJioH onpe,neAAnacb no tt3MeHeHtt10 

TOJILUHHbl CJIOH HeOKHCJieHHOrO THTaHa (no H3MeHeHH10 3Jiel<TpOCOnpoTHBJieHUH 

06pa3ua). IIonyqaeMhie TOJILUHHhI cnoeB Ti u TiO2 cooTHOCHJIHCh c pe3yJILTaTaMu 

peHTreHOBCKOH peq>JieKTOMeTpHH, qTQ noKa3aJIO BblCOKYlO TOqHOCTb MeTO,na (Puc. 4). 
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PucyHOK 4. KuHeTuqecKM KpHBM OKHCJieHHH nJieHKH Ti TOJIIIl,HHOH 40 HM, 

nonyqeHHM nyTeM mMepeHHH ee 3Jie1<TpuqecKoro conpoTHBJieHHH 

KttHeTHKa OKHCJieHUH TOHKHX nJieHOK Ti, nptt TeMnepa-rypax 20-300°C, 

onttCbIBaeTCH 3aKOHOMepHOCTb10 Jiorapttq>MttqecKoro Btt,na: 

dOKC(t)=di •• +K1 Ig(K2t+l), (2) 

B KOTopoiJ: d 0 • 0 (t) - TOJILUttHa OKCtt,nHoro cJioH Ha noBepxHoCTH Ti nneHKH; 

di .. - HCXO,nHM TOJILUHHa OKCH,nHoro CJIOH (.no OT)Kllra), K1 ll K2 - MaKpOCKOnuqecKtte 

KHHeTli'leCKHe KOHCTaHTbl, 3aBHCHLUHe OT TeMnepa-rypbl, ,naBJieHHH H ,npyrIIX q>aKTOpOB. 
12 

3HaqeHHH KHHeTHqecKHX KOHCTaHT, nonyqeHHbie a xo,ne HCCJie,noBaHHH 

npuse,neHhI B Ta6JI. 2. 

Ta6JittQa 2. MaKpOCKonuqecKtte KHHeTli'leCKtte K03q>q>ttQHeHTbl OKHCJieHUH nJieHOK Ti 

pa:3JIHqHOH TOJILUHHbl 

IIapaMeTp Ti 10 HM Ti 20 HM Ti40 HM 

di"",HM 4.3 ± 0.4 3.8 ±0.4 2.8 ±0.4 

K1,HM 1.0 ±0.1 1.3±0.1 1.8±0.1 

K2, MHH-l 0.3 ±0.1 0.3 ±0.2 0.3 ±0.1 

Vo, HM/MHH 0.13±0.06 0.17±0.09 0.23±0.09 

IlOBbIIIIeHtte TeMnepa-ryphl OT)Kllra npttBO,nHT K 3aMeTHOMY ycKopeHttlO 

npouecca OKHCJieHHH, 3aBHCHMOCTb CKOpOCTH pocra TOJILUHHbl OKCH,nHoro CJIOH 

xopoIIIO annpoKCHMttpy10TCH npu noMOLUH 3aKOHa AppeHuyca: 

V0x = Aex{-k~0

). (3) 

r,ne A - npe,n3KCnoHeHQHaJibHblH MHO)KHTeJib; Ea - 3q>q>eKTHBHaH 3HeprHH aKTttBaQHH 

npouecca OKHCJieHHH; k- noCTOHHHM 6oJILQMaHa; T - TeMnepa-rypa (K) (pa:3nen 3 .2). 
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PucyHOK 5. KttHeTli'leCKtte KpttBbie 

OKHCJieHUH TOHKHX nJieHOK Ti 

TOJILUHHOH 10 H 40 HM. 
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PttcyHOK 6. 3aBHCHMOCTb CKOpOCTH 

OKHCJieHHH VoKC Ha B03,nyxe nJieHKH Ti 

TOJILUHHOH 20 HM OT TeMnepa-rypbl. 

HccJie,noBaHtte TOHKHX nJieHOK Ti MeTO,nOM ,nuqipaKQHH peHTreHOBCKOro 

tt3nyqeHUH B reOMeTpllll CKOJib3HLUero na,neHIIH nyqKa BblHBHJIO HaJili'ltte TeKC'I)'pbl B 
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cnm,x TIITilHa C HpK0 Bbipa)KeHH0H npeIIMyw.ecTBeHHOH OpIIeHTall,lleH B nnocKOCT.IIX 

(002) II (101) (pIIc. 7) (pa:men 3.3). 

i1 
~ 

I 
20 30 40 

2 

so 60 70 
28,rpim 

PIIcyHoK 7 • .[(m)>paKTorpaMMhI, 

nonyqeHHbie AAA nneHOK Ti: 10 HM (1), 

20 HM (2) H 60 HM (3). 

80 

:ii 4.5 = 
._;r;,. 4.0 

3.5 

3.0 

2.5 

2.0 
0 20 40 60 80 100 

d0,HM 

PucyHOK 8. 3aBIICIIMOCTb cpeAHero 

pa3Mepa KpIICTannIITOB d"P 
OT TOnlil,IIHbl HailbIAAeMoro cno» Ti. 

Ha AIIcppaKQIIOHHblX KaprnHax TaK*e npIICYTCTBYIOT 6p3rrOBCKHe IlIIKII OT 

nnOCKOCTeii (100) u (101) pellleTKII a-Ti. IlpIIqeM AOAA KpHCTaMIIT0B, 

opIIeHTIIpOBaHHbIX BA0nb AaHHOro HanpaBneHIIH, 3aMeTH0 B03paCTaeT npII yBenIIqem_m 

TOnW.IIHbI HanhIAAeMoro TIITaHoaoro cno» (pa3nen 3.3). TaK*e Ha6nroAaeTc.11 

yBenIIqeHIIe cpeAHero pa3Mepa KpIICTaMIITOB c 2.5 AO 4.0 HM npII yBenIIqeHIIII 

T0nlil,IIHbl cno.11 Ti (pIIC. 8). CXOAHa.11 3aBIICIIMOCTb pa3Mepa KpIICTaMIITOB OT TOnlll,lIHbl 

nneHKH Ha6nroAanach AAA Apymx MeTaMOB (13, 14]. 

MeHblllIIH pa3Mep KpIICTaMIITOB B 6onee TOHKIIX nneHKax Ti· BeAeT K 6onee 

BblCOKOH K0HUeHTpaUIIII AecpeKTO~ (rpaHIIU 3epeH, AIICnoKall,llii II Ap.) B lIX CTpyKzype, 

H, COOTBeTCTBeHHO, K CHH)KeHIIIO 3cpcpeKTIIBHOH 3HeprIIII aKTIIBall,lIII npouecca IIX 

0KHCneHII.11. Sro npIIBOAIIT K Ha6nIOAaeMOH 3aBIICIIMOCTII TOnlll,lIHbl OKCIIAHOro cno» OT 

TOnlil,IIHbl OKIICAAeMoii nneHKII Ti (oa3nen 3.3). 

lfayqeHIIe 6IIcnoeB Ti/fiO2, ccpopMIIpoBaHHbIX Ha cnoe FeCo, noKa3ano cna6oe 

BnIIHHIIe HanIIqll.11 cpeppoMarHIITHOro cno.11 Ha OKIICneHue TOHKIIX nneHOK Ti. Tonw.HHa 

0KCIIAHOro cno.11, cpopMIIpyrow.eroc» Ha IlOBepXHOCTII Ti nneHKH, HaHeceHHOH Ha cnoii 

cpeppoMarHeTIIKa, HeMHoro 6onbllle T0nlll,lIHbl cno» OKCIIAa, B cnyqae 0KIICneHII.11 

nneHKH Ti HanbmeHHOH Ha CTeKAAHttylO IlOAnO*KY (oa3nen 3.4). B qaCTHOCTII, 

pe3ynbTaTbl pecpneKTOMeTpIIqecKIIX IICCneAOBaHIIH Il0Ka3MII, qTo cnoii TIITaHa 

TOnlil,IIHOH 5 HM 0KIICAAeTCH nonHOCTblO (m6n. 3). 
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Ta6nIIua 3. IlapaMeTphI 6IIcnoeB Ti/fiO2, nonyqeHHhIX H3 TOHKIIX nneHoi< Ti, 

HanhmeHHbIX Ha cnoii FeCo TOnW.IIHoii 40 HM. 

IlapaMeTp Ti40HM Ti20HM Ti lOHM . Ti 5HM 

do<c, HM 2.5 ±0.7 4.2 ± 0.7 3.9± 0.7 7.0±0.7 . 
0-o<c, HM 2.3 ± 0.3 2.2 ± 0.3 2.2± 0.3 2.0±0.3 

dri,HM 35.7 ± 0.7 14.9±0.7 6.3 ± 0.7 
. -

2.3 ± 0.3 2.1 ± 0.3 2.2± 0.3 
. 

0-Ti, HM -
dFeCo, HM 39.0 ±0.7 39.3 ± 0.7 39.2 ± 0.7 40.2 ± 0.7 

0-FeCo, HM 2.0 ± 0.3 2.1± 0.3 2.1 ± 0.3 2.6 ±0.3 

Ilpw.te'laHue: * npoU30lllJIO nollHOe 0KucJ1eHue mumaHoeozo CJIOR. 

B 'leTBepTOH rJiaBe, OCHOBblBa.l!Cb Ha· pe3ynbTaTax 3KCnepIIMeHTanbHbIX 

IICcneAOBaHIIH OKIICneHIIH TOHKIIX nneHOK Ti, npoBeAeH pacqeT 0ilTHMMbHOH 

HCXOAHOH TOnW.HHbl cno.11 Ti, KOTOpblH Heo6XOAHMO HailbIDHTb Ha noaepXH0CTb 

noAApH3yrow.ero cynepe3epKana AAA C03AaHIIH 3cpcpeKTHBHoii aHTH0TPa)KaIOW.eii 

6ucnoiiHoii CTpYKTYPhI. CornacHo pe3ynhTaTaM pacqeToB onrnManbHaH HCX0AHaH 

ronw.IIHa cno.11 Ti coCTaBnna do= 8.8 HM (pa3nen 4.1). 

Ha puc. 9 npeACTaBneHbl pe3ynbTaTbl 3KCnepIIMeHTanbHOH IlOATBep)l(AeHII.11 

3cpcpeKTIIBHOCTII aHTIIQTPa)KaIOlil,ero 6ucno.11 Ti/fiO2, K0TOpa.11 npoH3B0AIInaCb Ha 

noAApH3yrow.ux 3epKanax FeCoffiZrGd . .[(AA 3epKan c aHTIIQTPa)KaIOlIJ.HM 6ucnoeM 

Ti/fiO2 Ha6nroAaeTC.11 yMeHbllleHue K03cpcpull,lleHTa 0TPa)KeHHH HeiiTPOHOB c 

He)KenaTenbHbIM HanpaBneHHeM CilHHa «BHII3» R.(q) B 5-10 pa3 B o6naCTH MMbIX 

BenHqHH q '.S 0.07 HM-I. 
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PttcyHOK 9. 3aBHCUMOCTU K03cpcpuu.neHTOB OTJ)a>KeHmI R± HellTJ)OHOB co CilHHOM BBepx 

(+) u BHtt3 (-) OT aenuqum,1 nepe.i:1aHHoro aonHoaoro BeKTopa q AJUI nom,pmyromux 

3epKan: a - 6e3 aHTttOTJ)a>Karomero 6ucnm1; 6 - c aHTttOTJ)a>KaromnM 6ucnoeM Ti/fiO2 

6.9/4.0 HM (KpttBIUI 2), B - c aHTHOTJ)a>KaromnM 6ucnoeM Ti/fiO2 7.4/3.2 HM 

(KpttBIUI 2); r- C aHTUOTJ)a>KaIOinUM 6ucnoeM Ti/fiO2 9.9/2.9 HM (KpttBIUI 2). ToqKaMU 

U306pameHbI 3KCnepttMeHTanbHbie ,!:laHHbie, cnnoIIIHbIMU nttHIDIMU - pacqeTHbie 

3aBUCUMOCTU R._(q). KpttBIUI 1 Ha pttcyHKax 6, B" r - pacqeTHIUI 3aBHCUMOCTb R._(q) AJUI 

noJUipmyromero 3epKana 6e3 aHTttOTJ)a>Karomero 6ucnoj{. 

PacqeTbI noKaJhIBaIOT, ~o npu omnMmauuu xnMnqecKoro coCTaaa cnoea FeCo 

U TiZrGd, K03cpcpuu.neHT OTJ)a>KeHIDI HeiilpoHOB C He>KenarenbHbIM HanpaaneHtteM 

CilttHa «BHU3» R.(q) YMeHbIIIUTCR Ha nopMOK (puc. 10). ,[(anbHeiiIIIee YMeHbIIIeHUj{ 

ypoBID! K03cpcpuu.uema OTJ)a>KeHUj{ R.(q) MO>KeT 6hITb ,!:lOCTUfttyTO nyTeM nerupoaaHUj{ 

TUTaHoaoro cnoj{. B KaqeCTBe nerupyromux .i:106aaoK MO>KHO ucnonh30BaTb Al, Nb unu 

Ta, TaK KaK He6onbIIIUe .i:106aBKU 3TUX JneMeHTOB MO>KeT IlOBbIIIIaTb yCToiiqnBOCTb 

TUTaHa K OKttcneHUIO [15]. 
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PucyHOK 10. Pacqembie 3aBUCUMOCTU K03cpcpuu.neHTOB OTJ)a>KeHIDI HeiiTJ)OHOB R.(q). 

OT noJUipmyromero 3epKana co cnoeM OKCU,!:la CoFeO,. 3.1 HM (1), c 6ucnoeM 

TiffiO2 6.9/4.0 HM (2), Co/Coo 7.3/2.9 HM (3) u CorriO2 5.7/4.0 HM (4); 

.[(pyruM aapnaHTOM Mep no CHU>KeHHIO OTJ)a>KeHIDI HeiiTJ)OHOB _c 

tte>KenaTenbHhIM ttanpaaneHttj{ cnutta j{BJUieTCj{ co3.i:1attue aHTttOTJ)amaromux 6ucnoea 

Ha octtoae .i:1pyrux MeTannoa, ttanpnMep ucnonh30BaTb 6ucnou Co/CoO u Co/fiO2. 

IlpoBe,!:leHHOe uccne.i:1oaaHne OKUCneHUj{ TOHKUX nneHOK K06anbTa Ha B03,1:lyXe, 

noKa3ano, ~o Tonmutta cpopMnpyromerocR OKCU,!:la npaKTuqecKn He 3aaucnT OT 

UCXO,!:lHOll TonmttHbl K06anhTOBOll nneHKU dcoo " COCTaBJUieT aenuquey OKOno 2.9 HM 

(puc. 11). 

:! = 
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o..-~--r-~-r-~"""T""~--r-~----,-~-,-
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dO'HM 

PucyHOK 11. 3aattCUMOCTb TonmttHbl OKCU,!:lHOfO cnoj{ doKC OT UCXO,!:lHOii 

TonmttHbl K06anbTOBOii nneHKU do, 
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McnoJIL3Y.II MaTeMaTll'IeCKHH annapaT Teopm1 0TpIDKeHH.11 HettTpOHOB OT 

aHrn6apLepHbIX cnoeB [16] "nonyqeHHbie 3KCnepuMeHTanbHbie ,!laHHLie 06 0KHCJieHHH 

T0HKHX nneH0K Ti u Co, 6Lm npoBe,!leH pacqeT T0nIUHH aHTH0Tpa)KalOIUHX 6HCJIOHHbIX 

CTpYKTYP Co/CoO u Co/TiO2, CoornoweHue T0JIIUHH B aHTH0TpIDKaIOmeii nape 

Co/CoO coCTaam1eT 7.3/2.9 HM, .!lml napLI Co/TiO2 coCTaami:eT 5.7/4.0 HM. 

CpaBHeHHe pe3yJILTaT0B pacqeTHbIX 3aBHCHM0CTeii K03q>qmuueHTOB OTpIDKeHH.11 

HeiiTpoHoB OT aHTHOTpa)KaIOmux 6ucnoea Ti/TiO2, Co/Coo u Co/TiO2 noKaJano 

(puc. 10), ~o Hau6onee 3q>q>eKTHBHO ucnonL30BaTL 6ucnoiittyIO CTpYKTYPY Co/TiO2 

(pa311en 4.2). 

B pe3yJILTaTe npoBe,!leHHbIX HCCJie,!l0BaHHH 0KHCJieHH.11 T0HKHX nneH0K Ti 

Bbl.llBHnaCb ,!l0il0JIHHTeJibHa.11 B03M0)KH0CTb HCil0Jib30BaHml HX B KaqeCTBe noKpb!THH, 

3amuma10mux HeiiTpoHHo-onrnqecKue 3JieMeHTLI oT oKHcneHH.11. TaKoe noKpLrrue 

6Lmo ycnewHo npuMeHeHo npu C03,!laHHH 3epKanLHoro cnuH-q>nunnepa. 

Onpe,!leneHHM H3 H3MepeHuii 3q>q>eKTHBHOCTL 3epKanLHoro q>nunnepa B o6nacrn 

6p3rrOBCKOro MaKCHMYMa q C0CTaauna Benuquey 0K0JI0 97.5%, 3T0 CBH,!leTeJILCTBYeT 

0 TOM, ~o 3aIUHTHbIH CJI0H npe,!l0TBpaTun 0KHCJieHHe q>yHKUHOHMbHOro MarHHTHoro 

cno.11 3epKanLHoro qinunnepa (pa311en 4.3). 

BbIBOJJJ,I 

I. Ilpu Il0M0IUH MeTO,!l0B aT0MH0·CHJI0B0H MHKp0CK0ilHH " Manoyrnoaoro 

pacceHHH.11 B re0MeTpHH CK0Jib3.IIIUero Ila,!leHH.11 nyqKa yCTaH0BJieHo, qTo TOHKHe CJI0H 

Ti npe,!lCTaBJUIIOT co6oii CilJI0WHLie 0,!lH0p0,!lHbie nneHKH c Manoii wepoxoBaT0CTblO 

noaepXH0CTH (0.5-2.3 HM), 

2. C Il0M0IUblO KOM6HHaUHH MeT0,!l0B peq>neKTOMeTpHH HeiiTp0HOB u 

peHTreH0BCKoro u3nyqeHH.11 npoBe,!leH0 HCCJie,!l0BaHH.11 KHHeTHKH 0KHCJieHH.11 T0HKHX 

nneH0K Ti Ha B03,!lyXe B ,!lHanaJ0He TeMneparyp OT 20 ,!l0 300°C, " onpe,!leJieHbl 

TOJIIUHHbl o6pa3YIOIUHXC.II 6HCJIOHHbIX CTpYKTYP Ti/Ti 02, y CTaH0BJieH0, ~o npu 20°C 

T0JIIUHHa 0KCH,!la, q>OpMHpYIOIUeroc.11 Ha noaepXH0CTH TOHKHX nneH0K Ti, 3aBHCHT OT 

HCXO,!lHOH T0JIIUHHbl 0KHCJUleM0H THTaHOB0H nneHKH. Ilpu 3T0M CJIOH He0KHCJieHHoro 

THTaHa B 6HCJIOHHOH CTpyKzype Ti/TiO2 coxpaH.lleTC.11,!la)Ke ,!lJUI o6pa3UOB nonyqeHHbIX 

m nneH0K Ti c HCX0,!lHOH TOJIIUHHOH 5 HM. 

3. Pa3pa60TaH "ycneWH0 anpo6upoBaH opumHanbHblH MeT0,!l myqeHH.11 KHHeTHKH 

0KHCJieHH.11 T0HKHX CJI0eB THTaHa nyTeM 0TCJie)KHBaHH.11 H3MeHeHH.II HX 

3JieKTpoconpOTHBJieHHH. ~aHHbIH MeT0,!l M0)KeT 6b!Tb HCil0Jib30BaH ,!lJUI myqeHH.11 

KHHeTHKH 0KHCJieHH.11 .!lpymx MeTann0B u ,!lJUI nonyqeHH.11 6HCJIOHHbIX CHCTeM 

MeTann/oKCH,!l C 3a,!laHHOH T0JIIUHHOH cnoeB. 
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4. Ha 0CH0BaHHH 3KCnepuMeHTanbHblX ,!laHHbIX YCTaH0BJieH0, ~o KHHeTHKa 

0KHCJieHH.11 T0HKHX nneH0K Ti npu TeMneparypax 20-300°C B aTMOCq>epe B03,!lyXa 

0ilHCbIBaeTC.11 norapnq>MnqecKHM 3aK0H0M, C 3KCilOHeHUHMbHOH 3aBHCHM0CTblO 

CK0p0CTH poCTa 0KCH,!lH0ro cno.11 OT TeMneparypLI. 3-ro CBH,!leTenbCTBYeT 0 

npuMeHHM0CTH Teopuu Ka6peppa-MoTTa .!lJUI onucaHH.11 0KHCJieHH.11 T0HKHX nneH0K Ti 

B .!laHHLIX ycnoBH.IIX. IlonyqaeMLie 6ucnoiiHLie CTpYKTYPLI Ti/TiO2 npo.11ami:10T 

Bb!C0KYIO yCToiiquB0CTb K ,!lMbHeiiweMy 0KHCJieHHIO npu H0pManbHbIX ycnoamix, qTo 

.IIBmleTC.11 B~b!M ,!lJUI HX npaKTuqecKoro npuMeHeHH.11 B nomipu3aUH0HH0H 0nTHKe. 

5. Mccne,!loBatta KHHeTHKa KpncrannuqecKoii CTpYKTYPLI 06paJy10muxc.11 6ucnoea 

Ti/TiO2, Bbl.llBneH0 Hanuque TeKcrypLI B CJI0.IIX THTaHa c HpK0 BblpIDKeHHOH 

npeuMymeCTBeHH0H opueHTaUH\:H a nn0CK0CT.IIX (002) u (101). 0TcYTCTBHe 

,!lHq>paKUHOHHbIX IlHK0B C0OTBeTCTBYIOIUHX 0KCH,!laM THTaHa CBH,!leTeJibCTBYIOT 0 

peHTreHOaMOpq>HOCTH q>opMupyromeroc.11 0KCH,!lH0ro CJI0.11. 

6. Ha 0CH0BaHHH 3KCnepuMeHTanbHbIX ,!laHHbIX 0 6ucJIOHHbIX CTpyKzypax Ti/Ti 02, 

o6pa3yIOIUHXC.II B pe3yJILTaTe 0KHCJieHH.11 T0HKHX ~eH0K Ti Ha B03,!lyxe, npomBe,!leH 

pacqeT OilTHMMbHOH HCXO,!lH0H T0JIIUHHbl HanLIJUleMoro CJI0.11 THTaHa do= 8.8 HM, 

K0TOpa.11 Heo6XO,!lHMa B ,!lMbHeiiweM npu 0KHCJieHHH ,!lJUI nonyqeHH.11 3q>q>eKTHBHOro 

aHTHOTpIDKaIOIUero 6ucno.11. 

7. 3KcnepuMeHTMbHO npoaepeH 3q>q>eKT Il0,!laBJieHH.11 0TpIDKeHH.11 HettTp0H0B 

aHTH0TpIDKalOIUHM 6ucnoeM Ti/TiO2, YMeHbWeHHe K03q>q>uuneHTa 0TpIDKeHH.11 

HeiiTpoH0B c HanpaaneHneM cnuHa «BHH3» OT nomipmyromux 3epKan c 

aHTHOTpIDKaIOIUHM 6ucnoeM C0CTaBHJI0 5-10 pa3. 

8. PacCMOTpeHbl B03M0)Kff0CTH C03,!laHH.II aHTH0TpIDKalOIUHX 6ucnoeB Ha 0CH0Be 

T0HKHX nneH0K K06anLTa. IlpoBe,!leH0 HCCJie,!l0BaHHe 0KHCJieHH.11 T0HKHX nneH0K Co B 

aTMOCq>epe B03,!lyXa npu H.y., nonyqeHbl pacqeTHLie oueHKH 3cpcpeKTHBHOCTH 

aHTHOTpIDKaIOmux 6ucnoiiHLIX CTpYKTYP Ti/TiO2, Co/CoO u Co/TiO2. McnoJIL30BaHue 

aHTHOTpIDKaIOmux 6ucnoeB, nonyqaeMbIX H3 TOHKHX nneH0K Ti " Co, Il0BblCHT 

3cp<peKTHBHOCTb cymeCTBYIOIUHX nomi:pmyIOIUHX noKpblTHH HettTpOHHOH 0nTHKH H 

Il03B0JIHT C03,!laBaTL yCTp0HCTBa, 3cp<peKTHBHO nomi:pmyIOIUHe nyqKu X0JI0,!lHbIX H 

YJILTpax0JI0,!lHbIX HeHTpOHOB. 
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