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ueHl'pa « K y p4aTOBCKHH HHCTHTYT» 

Hay'f11b1ii pyKoeo.1111Te.rib 

Ocjl11u11aJ1bHb1e onnonenTbl 

fl J1ewa11oe H111coJ1aii Ko11cTa1rr1111os11•1, 

KaH,ll,H,ll,aT <jlH3HKO-MaTeMaTH4eCKHX 1myK 

H11K11Te111i:o IOpnii Bac11J1bee11•1, 

,ll,OKTOp QlH3HKO-MaTeMaTH4eC KH X 11ayK, oe,ll,ylllHH 

ttay4HbtH COTPYllHHK Jla6opaTop1111 11e i1Tpo 11110 H <l>HJHKH 

HM. 11 .M . <l>pa11Ka 0 6bC,ll,llllCllllOro ~lllCTHTYTa ll,ll,epHblX 

HCCJle,ll,OBallHH, r . ,l(y611a 

CyTyp1111 Cepreii M11:uiiiJ10011•1, 

KaH,ll,H,ll,aT ljlH3 11 KO-M<l l O.:M<l lll'ICCKl1 X HayK, CTaplll11H 

Hay 411i,1il c0Tpy1~1111K <1> 1n 11 Ko-Tex 11 11 4ecKo ro HHCTHTYTa 

11 MeHl1 A. <1>. l1o<l1<!1c Pocc11lic Koil aKa,ll,CMHH ttayK, 

r . C aHKT-fle-rep6yp r 

c 3JleK1'pOHHOH eepCHCH ,ll,HCCeprnuHeH MOlKllO 0311 aKOM HThCll Ila OQlHUHaJlbHOM caHTe 

0 6be,ll,HHe HHOr O HHCTHTYTa ll,ll,epHblX HCCJlC,ll,OBaHHH B HtHj1o p Mau110 11110 -TeJ1eKOMMYHHKaUHOHHOH 

cC'l'H «J11neptte-r» no a,ll,pecy: https://dissertations.j inr.ru/. C n e •1 arnoH oep c HeH ,ll,Hcceprnuuu 

MOJKHO 0 3HaKOMHTbCll B Hay 4HO-TeXHH4CCKOH 

(r. ,l(y6Ha, MocKOBCK3ll o6n acTb, yn . )l{on uo-Kiopu, ,ll,. 6). 

Y4eHbtH ceKpe-rapb ,ll,HcceprnuuottHoro cose-ra, 

KaH,ll,H,ll,aT cpH3HKO-M3TeMaTH4CCKHX Hay K 

6 116JJHOTeKe 0115111 

T.11. HsaHKHHa 

- (l-.f,•.11/U'1 • ? 

OEIUAJI XAP AKTEPHCTHKA P AEOTbI 

AtcryaJibHOCTb TeMbI 

B rrocne,nHee epeMl! 6onbWOH 11HTepec rrpollBJUleTCll K 611cnoi1HbIM CTpyKl)'paM 

Ti/Ti02 B CBll311 c B03MO)l(H0CTblO 11X rrp11MeHeHIUI B ycTpOHCTBax HaHO- 11 

M11Kp03JleKTpOHl1Kl1, ¢oTOKaTaJ111Tl1qecKl1X 3JleMeHTOB, a TaK)l(C B HCHTpOHHOH 11 

ceeToeoJ.I orrT11Ke. Harrp11Mep, rrpe.nnaraeTCll 11crronb30BaTb 611cno11 Tiffi02 e 

KOHTaKTax MeTan-,n113neKTp11K-rronyrrpoeo,nm1K ,nnll CMOS-M11KpocxeM [l], a TaK)l(e e 

KaqecTBe 3JleMeHTOB pe311CTl1BHOH orrepaTl1BHOH rraMl!Tl1 (ReRAM), ITOCKOJlbKY 11X 

corrpOTl1BJ1CHl1e MO)l(HO rrepeKJllOqaTb o6paTl1MO c ITOMOll\blO rrp11J10)1(cHHOro 

3neKTp11qecKoro rromi [2]. KpoMe Toro paccMaYp11BaeTCll B03MO)l(HOCTb co3,naH11J1 

YCTJ>OHCTB ¢0TOKaTan113a Ha OCHOBe 611cno11 Ti/Ti02 11 11X KOM611Ha1.111i1 c .npyrnMl1 

MaTep11anaM11 [3, 4]. CTp11MepoM .11crroJ1b30BaH11J1 611cnoee TilTi02 e ceeToeoJ.I orrrnKe 

llBJllllOTCll f10KpblT11ll ceneKTl1BHO OTpa)!(alOm11e CBeT c ortpe.neneHHOH ,l(J111HOH BOJ1Hbl. 

CnoJ.I Ti e TaKOM n0Kpb1T1111 11rpaeT ponh oTpa)l(aTenll , a .nn11Ha BOJlHbI OTpa)l(aeMoro 

ceeTa llBJllleTCll pe3yJ1bTaTOM CBeTOBOH 11HTep¢epeH!.11111, rrp011CXO,l(lllllCH B 06naCT11 

np03paqttoro cnoll Ti02 [5]. 

OT.nenhHbIH 11HTepec npe.ncrnenl!eT 11crrOJ1b30BaH11e 611cnoee Ti/Ti02 .nnll 

ycoeepweHCTBOBaHl1ll f10Jlllp113YIOlll11X cyrrep3epKanbHblX ITOKpblTHH HCHTJ>OHHOH 

Of1Tl1Kl1 . MeTO,l( OTpa)l(CHl1ll HCHTpOHOB OT rromip113YIOllll1X cynep3epKan llBJUICTCll 

o,nH11M 113 Ha116onee pacrrpocTpatteHHblX cnoco6oe rronyqeH11J1 nyqKoe 

rronJ1p113oeaHHblX Hei1TpoHoe 11 11x rrocne,nyIOmero aHan113a, TaK11e cyrrep3epKana 

rrpe.ncrnenl!IOT co6oi1 MHorocnoJ.!Hbte CTPYKTYPbI, cocTollm11e 113 qepe,ny10m11xcJ1 

Martt11THbIX 11 HeMarHl1THbIX HaHocnoee (06b1qHo CoFe/TiZr, Co/Ti 11n11 Fe/Si) . 

Pa3B11T11e Harrh1n11TenbHbIX TexHonornJ.I rro3eon11no .nocT11qb .noeonbHO 6onbwoi1 .nnll 

rrpo113eo.n11MbIX CoFelTiZr cyrrep3epKan yrnoeoJ.I rrp11eMHOH crroco6HocT11: m = 2.5, 

rrp11 ypoeHe cpe,nHeJ.I no cneKTPY rrom1p113y10mei1 3¢¢eKT11BHOCTH 97,5%. O,nttaKo ,nnll 

,l(aJlbHeJ.lwero nOBblWCHIUI f10Jlllp113yl0mei1 3¢¢eKTl1BHOCTl1 Heo6XO,l(l1MO rro,naBJUITb 

OTpa)l(eH11e HcHYpOHOB c HC)l(CJlaTeJlbHblM HarrpaeneHl1ll Cf111Ha OT ttecoeepweHCTB 

KOTOpbte HC1136e)!(H0 B03Hl1KalOT B CTpyKrype cynep3epKan. 

AHan113 3Kcnep11MeHTaJlbHblX ,naHHbIX, rrpoee,neHHbIH e pa6oTax [6-9], noKa3an, 

qTo OCHOBHOH BKJla,l( B OYpa)!(eH11e HCHTpOHOB c He)l(eJlaTeJlbHblM HanpaeneH11eM 

Cf111Ha «BHl13)) BHOCJIT: o6naCTl1 c ttyneeoJ.I HaMarH11qeHHOCTblO (MarHl1THO-MepYBblC 

CJ1011), B03Hl1Ka10m11e Ha rpaH111.1ax pa3,nena MarHl1THblX 11 HeMarHl1THblX cnoee, 11 

OKCl1,l(HblH CJlOH, KOTOpblH ¢opM11pyeTCll Ha rroeepXHOCTl1 noKpblTl1ll B npo1.1ecce ero 
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KOHTaKTa c aTMoccl>epHbIM B03AYXOM. B pa6oTe [9] 6bIJio 3Kcnep11MeHTaJibHO 

npo,!1.eMOHCTpHpOBaHHO no,!l.aBJieHHe orpa)f(eHHH HeHTpOHOB OT o6nacTeH c HyneBOH 

HaMarH114eHHOCTblO nyTeM A06aaneH11e Ha rpaHmzy pa3Aena ynbTpaTOHKl1X npocnoeK 

Tl1TaHa. 

0KCl1,!l.HbIH CJIOH, <1>opM11py10W.l1HCH Ha noaepXHOCTl1 cynep3epKaJI B pe3yJibTaTe 

11X B3al1M0,!1.eHCTBl1H c aTMOc<!>epHblM B03AYXOM, TaK)f(e BHOCl1T BKJIM B OTpa)f(eH11e 

HeHTpOHOB co cn11HOM « BHH3». )J,.rIH yCTpaHeHHJI OTpa)f(eHHH HeHTpOHOB OT 

noaepXHOCTHOro OKCl1,!l.HOro CJIOH npe,!1.naraeTCH C03,!l.aBaTb Ha noaepxHOCTl1 

nomp113y10w.ero cynep3epKaJia 611cnoH Ti/Ti02 c onpeAeneHHbIM cooTHoweH11eM 

TOJIW.HH CJIOeB Tl1TaHa 11 ero A110KCl1,!l.a. B ,!l.aHHOM cny4ae 11CnOJib3YeTCH TOT <l>aKT, 4TO 

THTaH JIBJIHeTCH 0,!l.Hl1M 113 HeMHOrHX 3JleMeHTOB c orp11u,aTeJ1bHbIM noTeHL1,11aJIOM AnR 

HeihpOHOB. Enaro,!1.apH BOJIHOBb!M CBOHCTBaM HeHTpOHOB 11X OTpa)f(eH11e OT TaKoro 

611CJIOH MO)f(eT 6bITb CBe,!l.eHO K Ml1Hl1MYMY, no3TOMY TaKOH 611CJIOH nony411JI Ha3BaH11e 

aHrnorpa)f(aIOw.ero. qT06bI c<1>opM11poBaTb aHTl10Tpa)f(alOW.11H 611CJIOH, 

npe,!1.nonaraeTcR HanbinRTb Ha noaepxHOCTb nomp113y10w.ero noKpbIT11R ynbTpaTOHKYIO 

(5-20 HM) nneHKY Ti , 113 KOTOpOH B pe3yJibTaTe B3al1MO,!l.eHCTBHH c aTMoc<!>epHbIM 

B03AYXOM, cpopM11pyeTcH 611CJIOH Ti/Ti02 c Tpe6yeMbIM COOTHOWeH11eM TOJIW.11H 

KOMnOHeHTOB. 

11.eJihlO Al1CCepTau,110HHOH pa60Tbl HBAAJIOCb 3KCnep11MeHTaJlbHOe 11ccne,!l.OBaH11e 

611cnoea Ti/Ti02 KaK nepcneKT11BHbIX aHT11orpa)f(a10w.11x noKpblTl1H 3JieMeHTOB 

nomp113au,110HHOH OnTl1Kl1. 

)J,.rIR ,!1.0CTl1)f(eHHH u,en11 11CCJie,!1.0BaHl1H 6bIJil1 ccl>opMy JI11pOBaHbl CJie,!l.yIOUJ.11e 

33,!1.3'1H: 

I . Mccne,!l.oaam1e OK11cneH11H TOHKl1X nneHoK Ti, nonyLiaeMbIX MeTOAOM 

MarHeTpOHHOro HanbIJieH11JI . 

2. M3y4eHue CTpYKTYPbI fa1cnoHHbIX c11CTeM Ti/Ti02, nony4eHHbIX nyTeM 

OKl1CJieHl1H TOHKHX nneHOK Ti B aTMOC<!>epe B03,!J.YXa. 

3. M3y4eH11e 611cnoHHbIX cuCTeM Ti/Ti02, cl>opM11py10w.11xcH np11 OKHCJ1eH1111 

nneHOK Ti HanbIJieHHbIX Ha <!>eppoMarHl1THbIH cnoH FeCo. 

4. 3Kcnep11MeHTaJlbHaH npoaepKa no,!l.aBJ1eHl1JI OTpa)f(eHl1H HeHTpOHOB co 

cn11HOM «BHH3» OT nomp113YIOW.11X 3epKaJI c aHTHOTpa)f(alOUJ.11Ml1 6HCJIOHMH 

Ti/Ti02. 

HayquaH HOBHJHa pa60Tbl COCTOHT B cne,!1.ylOW.eM: 

IIpoae,!l.eHo KOMnneKcHoe 11ccne,!l.0BaH11e CTPYKTYPbI 611cnoea Ti/ Ti02, 

nony4aeMbIX nyTeM OKl1CJleHHH TOHKHX nneHOK Tl1TaHa. )J,.rIH 113Jiy4eHHH 611cnoeB 

Ti/Ti02 11CnOJib30BaHa KOM611HaU,11H MeTOAOB pe<l>neKTOMeTpH11 HeHTpOHHOro 11 
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peHTreHOBCKoro H3ny4eHHH. Ha OCHOBaHHH pe3yJibTaTOB H3y4eHHH 611cnOHHbIX 

CTPYKTYP Ti/Ti02 pacc4HTaHbI om11MaJibHb1e napaMeTpbI cnoea «aHTHorpa)f(aIOw.ero» 

noKpbITHH HeHTpOHHOH OnTHKH. 1'hy4eHa Kl1HeTHKa OKHCJleHHH TOHKHX nneHOK Ti B 

aTMoc<!>epe B03Ayxa np11 TeMnepaTypax (20-300°C). 

BnepBbie npeAJIO)f(eH H anpo611poBaH HOBblH MeTOA 11CCJie,!l.OBaHHR KHHeTHKH 

OKHCJleHl1JI TOHKl1X CJIOeB MeTaJIJIOB nyTeM 113MepeHHH HX 3JleKTpoconpOTHBJleHHH. 

Pa3pa6oTaHHbIH MeTOA 6yAeT ucnoJib30BaTbCH AnR H3y4eHHH OKHCneHHH cnoea Apyrnx 

MeTaJIJIOB H AJIH nony4eHl1H CJIOHCTblX CHCTeM MeTaJIJII OKC11A c Ja,!l.aHHbIMH 

TOJIW.11HaMl1. 

BnepBbie 3Kcnep11MeHTaJibHO noATBep)f(,!l.eHo noBb1weH11e nonRpH3yIOW.eH 

3<l><l>eKTl1BHOCTl1 HeHTpOHHbIX 3epKaJI c « aHTl10Tpa)f(alOW.HMH» noKpbITHHMH Ha OCHOBe 

611cnoea Ti/ Ti02. PaccMorpeHbI B03MO)f(HOCTH yny4weH11H aHrnorpa)f(alOW.HX 611cnoea 

nyTeM ner11poaaHHH T11TaHa Al 11n11 np11MeHeH11H Apyr11x MeTaJIJIOB AJIH COJAaH11H 

aHTHOTpa)f(alOUI.HX 611cnoeB. 

IIpaKTH'lecteaH JHa'IHMOCTh pa6oTbI 

Pe3ynbTaTbI, nony4eHHbie B pa6oTe, MoryT 6bITb 11cnonbJOBaHbI AJIR yny4weH11H 

cyw.eCTBYIOUJ.eH TeXHOJIOrHl1 nompH3YIOUI.HX HeHTpOHHbIX cynep3epKaJI , a TaK)f(e npH 

C03,!l.aHl111 HeHTpOHHOH onTHKH HOBOro Tl1na - cn11H-MaHHnyJ1HU,HOHHbIX ycTpOHCTB. 

IIony4eHHM 11H<!>opMau,11H o 611cn0Hx Ti/Ti02 MO)f(eT HaHTH np11MeHeH11e B MHKpo- 11 

HaH03JieKrpOHHKe, caeTOBOH onT11Ke 11 Apyrnx o6naCTHX TexH11K11. 

Pa3pa6oTaHHbIH B XOAe 11CCJie,!1.0BaHHH MeTOA 113y4eHl1H KHHeTHKH OKHCJleHl1H 

TOHKHX CJIOeB MeTaJIJIOB n y TeM 113MepeHHH HX 3JleKTpoconpOTl1BJieHl1JI MO)f(eT 6bITb 

HCnOJib30BaH AJIH 113y 4eHl1H OKHCJieHHH TOHKHX nneHOK APYrHX MeTaJIJIOB. 

MeTOllOJIOrHH u MeTOllbI uccJiellOBannH. TionyLieH11e 611cnoea Ti/Ti02 

ocymeCTBJIHJIOCb nyTeM MarHeTpOHHOro Han&IJieHHH TOHKl1X nneHOK Ti 

(Han&IJIHTeJI&HaH y cTaHOBKa JIYHA, IIlUl<I>, faT411Ha) c HX nocneAyIOW.11M 

OKHCJleHHeM B B03AYWHOH aTMOCcpepe. MHKpopen&ecp noaepxHOCTH H OAHOp0,!1.HOCTb 

611cnoeB Ti/Ti02 H3Y4aJil1Cb MeT0,!1.aMH aTOMHO-Cl1JIOBOH M11KpOCKOnl1H (ACM) H 

MaJIOrOJIOBoro pacceHHHH peHTreHOBCKOro H3ny4eHl1H B reoMerpHH CKOJlb3HW.ero 

naAeHHH ny4Ka (GiSAXS). KpHCTaJIJIH4eCKM CTpyKTypa nneHOK 11ccneAOBaJiac& c 

noMOW.blO MeTO,!l.a AHcppaKU,HH peHTreHOBCKoro 113ny4eHHH B reoMerpHH CK0Jlb3HW.ero 

na,!l.eHHH ny4Ka (GiXRD). 0KHCJieHHe TOHKHX nneHOK THTaHa H CTpyKrypa 611cnoeB 

Ti/Ti02 HCCJie,!1.0BaJIHCb c nOMOW.blO KOM6HHHpOBaHHH MeTOAOB HeHTpOHHOH H 

peHTreHOBCKOH pe<!>neKTOMeTp1111 . TaK)f(e B npeACTaBnHeMOH pa6oTe 6bIJI npeAJIO)f(eH 11 

anpo611poBaH HOBbIH MeTOA 11CCJieAOBaHHH OKHCJieHl1}1 TOHKHX CJIOeB MeTaJIJIOB c 
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nOMOLUblO 113MepeHffj( 11X 3JleKrpOConpOTl1BJleHffj( (MeTO.Ll 6hIJl pa3pa6oTaH Ha OCHOBe 

CTaH,llapTHOfO YeTbipeXKOHTaKTHOfO MeTO.Ua). 

3Kcnep11MeHTanbHal1 npoeepKa 3<f><f>eKTl1BHOCTl1 HeHTpOHHblX 3epKan c 

«aHTl10Tpa)f(alOLU11Ml1» noKpb1Tffj(Ml1 Ha OCHOBe TOHKl1X CJ!OeB Tl1TaHa ocymeCTBJlj(JlaCb 

c noMOLUblO pe¢neKTOMeTp1111 nomp1130BaHHbIX HeHTpOHOB. 

IloJIO)f(euusi, BblHOCHMbte ua JaUJ,Hl)' 

1. YcrnuoeneHo, YTO rnyforna OK11cneH11ll cnoee Ti (TOm1.111HOH 5-100 HM) Ha 

803,llyxe np11 HOpMaJlbHblX ycJl0811j(X 3ae11C11T OT 11X 11CXO.UHOH TOJ11Ul1Hbl. Ilp11 3TOM 

,lla)f(e caMbie TOHK11e CJ1011 Ti (5 HM) He OKl1CJlj(IOTCll Ha nOJlHYIO rny611Hy H coxpaHlllOT 

CJ!OH HeOK11CJleHHOf0 MeTaJ!Jla, YTO nO,llTBep)!(.LlaeTCll Hl13KOH BeJ111Yl1HOH 11X 

3JleKTpoconpoT11eneH11ll. BbICKaJaHo npe.unoJ10)f(eH11e, YTO Ha6n10.uaeMall 1ae11cuMOCTb 

rny611Hbl OKl1CJleHffj( OT 11CXO,llHOH TOJlLUHHbl Tl1TaHOBblX nneHOK o6ycJlOBJleHa 

MeHhlll11M PaJMepoM Kp11CTaJ!Jll1TOB 11, COOTBeTCTBeHHO, 60JlbllleH KOHU.eHTpau.11ei1 

.ue¢eKToe, YeM e 6onee TOJlCTbIX nneHKax Ti. 

2. K11HeTl1Ka OKl1CJleHffj( TOHKl1X nneHOK Tl1TaHa B .u11anaJOHe TeMneparyp OT 

100 .uo 300°C on11cbrnaercll norap11¢M11YecK11M JaKOHOM, yeen11YeH11e TeMneparypb1 

np11BO,lll1T K 3KCnoHeHU.11aJlbHOMY poCTy CKOpOCTl1 OKl1CJleHl1ll. 3To YKaJbIBaeT Ha 

np11MeHl1MOCTb Teop1111 Ka6peppa-Morra .LlJlll on11caHl1j( OKl1CJleHffj( TOHKHX CJ!OeB Ti B 

yKaJaHHOM .u11anaJ0He TeMneparyp. Ha6mo.uaeMM 3ae11c11MOCTh cKopoCT11 oK11cneHffj( 

OT TeMneparypbl CBl1,lleTeJlbCTBYeT 06 onpe.ueJlj(IOLUeH pon11 nepeHOCa 110HOB. 

3. PaJpa6oTaH 11 ycnewHo anpo611poeaH op11r11HaJ1hHhIH MeTO.Ll H3yYeHffj( 

Kl1HeTl1Kl1 OKl1CJleHffj( TOHKl1X CJ!OeB Ti nyTeM 113MepeHl1ll 11X 3JleKTpoconpOTl1BJleHl1j(, 

,llaHHblH MeTO.Ll MO)f(eT 6bITb 11CnOJlb30BaH ,llJlj( 113yYeHffj( OKl1CJleHffj( nneHOK .upyrnx 

MeTaJ!JlOB. 

4. Ha OCHOBaHl111 3KCnep11MeHTaJlbHblX .uaHHblX 06 OKl1CJleHl111 TOHKl1X 

nneHOK Ti nonyYeHa ou.eHKa onT11MaJlbHOH 11CXO,llHOH TOJ11Ul1Hbl HanbIJlj(eMOH nneHKl1, 

Heo6xo.u11Moi1 ,llJlj( ¢opM11poeaH11ll 3¢¢eKT11eHoro aHTHOTpa)!(alOLUero 611cnoll Ti/Ti02 • 

5. Bnepeb1e 3Kcnep11MeHTaJ1hHO npoeepeH 3¢¢eKT no.uaeneHffj( oTpa)f(eHffj( 

HeiirpoHoB aHrnoTpa)f(alOLU11M 611cnoeM Ti/Ti02• CH11)f(eH11e K03¢¢11u.11eHTa 

OTpa)f(eHffj( HeHTpOHOB c HanpaBJ1eH11eM cn11Ha «BHl13» OT nOJlllp113YIOLU11X 3epKan c 

aHT11orpa)f(a10LUl1M 611cnoeM cocrne11no OT 5 .uo 10 paJ. 

6. nonyYeHhl paCYeTHbie ou.eHKl1 no.uaeJleHl1ll 0Tpa)f(eHl1j( HeHTpOHOB 

aHT110rpa)f(alOLU11M 611CJ!Ol1Ml1 Ha OCHOBe nernpoeaHHOfO Tl1TaHa 11 .upyrnx MeTaJ!JlOB. 

)1,ocTOBepHOCTb noJiy'leHHblX pe1yJibT8TOB no.uTBep)!(,llaeTCj( 11X 

eocnp0113BO.Lll1MOCTblO, MHOfOCTOpOHHl1M aHaJ11130M nonyYeHHbIX pe3yJlhTaTOB c 

11CnOJlb30BaHl1eM B3al1MO,llOnOJ1Hlll01Ul1X MeTO.LlOB 11CCJle,llOBaHffj(, o6cy)!(,lleH11eM 
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pe3yJlhTaTOB 11ccne.uoeaHffj( Ha pOCCl1HCKl1X 11 Me)!(.LlyttapO.UHbIX HayYHblX 

Meponp11llT11llX, ny6n11KaLJ.l1j(Ml1 B ee.uyLU11X peu.eH311pyeMbIX HayYHbIX ~pHanax. 

Pa6oTa BbtnOJIHHJiaCb e rpynne HeiiTpOHHOH pecjlJleKT0Merp1111 OT.uena 

HeHTpOHHOH OnTl1Kl1 OT,lleJleHffj( ueiirpOHHblX 11ccne.uoeaH11H H11lJ, «KypYaTOBCKl1H 

11HCT11ryrn - TII1Jl<I> no.u pyKOBO.UCTBOM K. <jl.-M. H. nnewauoea H.K. PaJpa60TKa 11 

anpo6au.11ll MeTo.ua 113yYeHl1ll Kl1HeTl1Kl1 OKl1CJleH11ll TOHKl1X cnoee MeTaJ!JlOB nyTeM 

113MepeHffj( 11X 3JleKTpoconpOTl1BJleH11ll npoBO,lll1JlaCb COBMeCTHO 

c K. ¢.-M. H. fepaLUeHKO 0.B. 

Jlu'IHbtH BKJIB!l asTopa. AeTopoM 6b1J1 BbmonHeH ofoop n11Teparypb1 no TeMe 

11ccne.uoeaH11ll, coeMeCTHO c HayYHbIM pyKoeo.u11TeneM c¢opMyn11poeaHbI u.en11 11 

3a.uaY11. AeTop pa6oThI Henocpe.UCTBeHHO yyacTeoean Ha ecex 3Tanax BhinOJ1HeH11ll 

pa60Tbl, BKJllOYalOLU11X B ce6ll no11CK 3KCnep11MeHTaJlbHbIX no.uxo.uoe K peweHl1IO 

noCTaeneHHbIX 33.LlaY, nnaH11poeaH11e 11 BhmOJ1HeH11e 3Kcnep11MeHTanbHbIX pa6oT, 

o6pa6oTry, 06cy)f(.ueH11e 11 0¢opMneH11e nonyYeHHhIX .uaHHbIX, ¢opMyn11poeKy 

BbIBO.UOB 11 no.uroTOBKY MaTep11anoe K ny6n11Kau.1111. 

Anpo6aQHH pa6oTbt u ny6JIHKaQHH. Pe3ynhTaTbI pa6oThI 6b1n11 npe.ucTaBJleHhI 

Ha 23 pocc11iicK11x 11 Me)!(.LlyHapo.UHhIX HayYHhIX KOH¢epeHU.11llX B pll.ue ycTHbIX 11 

cTeH.UOBbIX .uoKna.uoe, a 11MeHHo: The 5th European Conference on Neutron Scattering 

(Ilpara, 2011); VIII Hau.110HanbHM KoH¢epeHU.11ll PCH3-HEI1K 2011 (MocKea, 2011); 

XL VI UlKoJla <I>f.l>Y «1111JI<l>» no cp11311Ke KOH.UeHc11poeaHHoro COCTOllHl1j( (CaHKT­

Tierep6ypr, 2012); XXII CoeeLUaH11e no 11cnoJ1h30Bau1110 paccellHl1ll HeiirpoHoB B 

11ccne.uoeaH11llx KOH.UeHc11poeaHHOro cocTOllHl1ll (faTY11Ha, 2012); XL VII lllKona 

<I>f.l>Y «IllUI<l>» no <jll1311Ke KOH.UeHC11pOBaHHOf0 COCTOllH11ll (CaHKT-IleTep6ypr, 

2013); Me)f(.uyHapo.uHall HayYHall KOH<jlepeHU.11ll AKryanbHbie npo6neMhI <jl11311K11 

TBep.uoro Tena (M11HCK, 2013); CoeeLUaH11e 011KC no ManoyrnoeoMy paccel!Hl1IO 11 

pecpneKTOMeTp1111 (faTYl1Ha, 2013); XLVlll lllKona fllUl<I> no <jl11111Ke 

KOH.UeHC11pOBaHHOf0 COCTOllHl1ll (CaHKT-TieTep6ypr, 2014); CoeeLUaH11e 11 

Mono.ue)f(Hall KOH<jlepeHU.Hll no 11cnOJlb30BaHl1!0 paccel!Hl1ll HeHTpOHOB 11 

c11HxporpoHHoro 113nyYeH11ll B KOH.LleHc11poeaHHhIX cpe.uax (CaHKT-Tierep6ypr, 2014); 

2-e CoeeLUaH11e no ManoyrnoeoMy paccel!Hl1!0 HeiirpoHoB «MYPoMeu.-2014» 

(faTY11Ha, 2014); International Conference Condensed Matter Research at the IBR-2 

()ly6Ha, 2014); I KoH<jlepeHU.11ll MOJlO.llhIX yYeHhIX 11 cneu.11an11CT0B TI1'Ul<I> (faTY11Ha, 

2014); L lllKona Til1Jl<I> no cp11311Ke KOH.UeHc11poeaHHoro coCTOllHl1ll (faTY11Ha, 2016); 

The 11 International Conference on Polarised Neutrons for Condensed Matter 

Investigations PNCMI-2016 (MIOuxeH, 2016); IV CoeeLUaH11e no ManoyrnoeoMy 

paccel!H11IO HeiiTpOHOB «MYPoMeu.-2016» (faTY11Ha, 2016); VI UlKoJla no <jl11311Ke 

nomp113oeaHHhIX HeiiTpOHOB «<l>TIH-2017» (faTY11Ha, 2017); The 5th International 
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Workshop on Neutron Delivery Systems (fpeHo6JJb, 2018); International Conference 

on Polarised Neutrons for Condensed Matter Investigations PNCMI-2018 (A611Hr)J.OH, 

2018); KoH<i>epeHu,m1no11cnoJ1b3osatt1110 paccesiHmi Hei1TpOHOB s KOHAeHc11posaHHbIX 

cpeAax PHMKC-2018 (CaHKT-Ilerep6ypr, 2018); LIII lliKoJJa IllUl<l> no <l>!1311Ke 

KOHAettc11posaHHoro cocTosittmi (CaHKT-Ilerep6ypr, 2019); The European Conference 

on Neutron Scattering ECNS 2019 (CaHKT-Ilerep6ypr, 2019); International Meeting of 

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

LIV lliKoJJa IllUl<l> no <t>11311Ke KOH)J.eHc11posaHHOro cocTOSIHl1ll (CaHKT-Ilerep6ypr, 

2020). 

Ilo TeMe )J,l1CCeprau,1111 aBTOpOM ony6JJl1KOBaHo: 6 ne'laTHbIX pa60T 113 HHX 5 

CTaTeH B peu,eH311pyeMbIX Hay'lHbIX :lK)'pHanax, l1H)J,eKC11pyeMbIX B 6a3ax )J,aHHbIX Web 

of Science 11 Scopus, Te311Cb1 23 AOKJJa)J.OB Ha ttay'!HbIX KoH<t>epeHu,mix. 

CTpyicrypa u oo'beM AHccepTauuu. }J.11cceprau,110HHM pa6oTa BKJJIO'!aeT s 

cefoi: sse)J,eH11e, o63op JJHTeparypbI (rnasa 1), on11caH11e MeTo)J,a noJJy'leHmi 611cJ1oes 

Ti/Ti02 113 TOHKHX nJJeHOK Ti, 11 3Kcnep11MeHTaJJbHbIX MeTOAOB 11x 11ccJ1e)J,osaH11S1 

(rnasa 2), npeACTaBJ1ett11e 11 06cy-ll<AeH11e ocHOBHbIX pe3yJJbTaTOB pa6oTbI (rnasa 3 11 4), 

BbIBO)J,bl, nepe'!eHb COKpameHl1H, cn11coK U,11T11pyeMOH Jll1Teparypbl, BKJllO'laiOLU11H 139 

Ha11MeHOBaHl1H. 06m11i1 o6oeM pa60Tbl COCTaBJ]jjeT 101 CTpaH11u,y ne'laTHOfO TeKCTa, B 

TOM 411CJTe 46 p11cyHKOB 11 6 Ta6n11u,. 

CO}J.EP)l{AffiIE P AEOTbI 

Bo BBCACHHH o6oCHOBaHa aKTYaJJbHOCTb BbI6paHHOH TeMbl )J,l1CCepTau,1111, 

c<t>opMyJ111posaHbl u,en11 11 3a)J,a'll1 11CCJTe)J,OBaHmi, nOKa3aHa Hay'-IHaSI HOBl13Ha 11 

npaKTl1'leCKaSI 3HalJl1MOCTb nony'leHHblX B pa6oTe pe3yJTbTaTOB, np11Be)J,eHO on11caH11e 

MeTO)J.OJTOfl111 11 MeTO)J,OB 3KCnep11MeHTaJJbHbIX 11CCJTe)J,OBaHl1H, 11cnOJTb30BaHHbIX np11 

BbinOJJHeHl111 Hay'!HOH pa60Tbl, npe)J.CTasneHbl noJTO)KeHmi, BbIHOCl1Mbie Ha 3am11ry. 

B nepuoi1 rnase np11se)J,eH o63op n11Teparypb1. B pa311ene 1.1 paccMorpeH 

npou,ecc B3al1MO)J,eHCTBl1SI HeHTpOHOB c aTOMaMl1 cpe)J.bl, o6cy)K)J,aeTCSI nOHllTl1e 

Hei1TpOHHO-OnTl1'leCKOfO noTeHU,11aJJa - 0)1,HOfO 113 KJllO'leBbIX nOHllTl1H HeHrpOHHOH 

onT11K11. B pa311ene 1.2 paccMoTpeH npou,ecc OTpa)KeHmi Hei1TpOHOB OT cno11cTbIX 

CTPYKTYP c npocTbIM 11 CJTO)KHbIM npo<t>11neM Hei1rpoHHo-onT11'lecKoro noTeHu,11ana, 

BBOASITCll nOHl!Tml Kp11Tl1'leCKOf0 yrna OTpa)KeHmi HeHTpOHOB 11 noKa3aTeJ]jj 

npenoMJ1eH11S1. B oa311ene 1.3 paccMaTp11sa10TCS1 npou,eccb1 s3a11Mo11ei1CTBl1S1 

Hei1rpoHOB c MarHl1THbIMl1 CJJOl1CTbIMl1 CTpyKTypaM11. B pa311ene 1.4 np11se)J.eHa 

perpocneKTl1Ba pa3Bl1Tl1SI TeXHOJTOfl111 noKpbITl1H noJ]jjp113YiOI..Uei1 Hei1TpOHHOH onTl1KH, 

npose)J,eH aHaJJl13 OCHOBHbIX <t>aKTOpOB, CHl1)Ka!OLU11X 3<l><l>eKTl1BHOCTb nonS!p113YIOLU11X 

cynep3epKaJJ, npe)J.CTaBJTeHbl OCHOBbl Teop1111 11CnOJTb30BaHl1ll 611cJTOHHbIX Cl1CTeM 

8 

«6apbep-l!Ma» AJTll no)J,asneH11S1 orpa)Kett11S1 Hei1rpottos c He)KeJTaTenbHbIM 

HanpasJ1eH11eM cn11Ha. B pa311eJ1e 1.5 npe11crasJ1eHbI pe3yJJbTaTbI Teoper114ecK11x 

paC'leTOB Km<t><t>11u,11eHTOB OTpa)KeHl1ll HeHTpOHOB co cn11HOM «BHl13)) OT 

aHTl10Tpa)KalOLU11X 611cnoes Ti/Ti02 c pa3JTl14HblM COOTHOWeHl1eM TOJTLU11H 

KOMnOHeHTOB. B pa311ene 1.6 np11se)J,eH o63op Jll1TeparypHbIX )J,aHHbIX 06 OKl1CJTeHl111 

MaCCl1BHOf0 Tl1TaHa 11 TOHKl1X Tl1TaHOBbIX nneHOK. 

BTopaH rJJaua co11ep)K11T on11catt11e MeTOAa nony'leH11ll 611cJJOHHbIX CTPYKTYP 

Ti/Ti02 nyTeM MartterpOHHOfO HanbIJleHl1ll TOHKl1X nneHOK Tl1TaHa c 11X nocJJe)J.yiOLU11M 

'laCTl14HbIM OKl1CJTeH11eM B aTMoc<t>epe 803)1,yxa, a TaK)Ke MeTO)J,OB 11X 11ccne11osaH11S1: 

Hei1Tp0HHOH 11 peHTreHOBCKOH pe<t>J1eKTOMerp1111, aTOMHO-Cl1JTOBOH Ml1KpocKon1111 

(ACM), MeTO)J.OB Manoyrnosoro paccel!Hl1ll 11 A11<l>paKU,1111 peHTreHOBCKOfO 113JJY'-leHl1SI 

s reoMeTp1111 CKOJTb3l!I..Uero na)J.eH11S1 ny'lKa. B rnase TaK)Ke on11catt MeTOA 113Mepett11S1 

3JTeKTpoconpOTl1BJTeHl1SI TOHKl1X nneHOK MeTaJJJTOB, KOTOpoi1 6bIJI pa3pa6oTaH Ha 

OCHOBe CTaH)J,apTHOro lJeTbipeXKOHTaKTHOfO MeTo)J,a. 

B TpeTbei1 rnaue npeAcTasneHbI pe3ynbTaTbI 11ccne)J.osaH11S1 ttanbmeHHbIX 

TOHK11x nJJeHOK Ti 11 nony'laeMbIX 113 tt11x 611cnoi1ttb1x CTPYKTYP Ti/Ti02. 

MccJ1e11osaH11e TOHK11x nJJeHOK Ti MeTOAOM ACM noKa3aJJO TO, '!TO MeTOA 

MarHerpOHHOfO HanbIJTeHl1SI n03BOJTSleT nOJJY411Tb cnJJOWHbie TOHKl1e CJTOl1 Tl1TaHa c 

rnaAKOH nosepxHOCTbiO (wepoxosaTOCTb 0.8-2.1 HM). Ilp11 3TOM 6oJJee TOJJCTbie 

nneHKl1 Ti xapaKTep113y10TCll 6onbwei1 wepoxosaTOCTbiO (cM. ra6n. I) (pa311en 3.1). 

Ta6n11u,a 1. lllepoxosaTOCTb nosepxttocTei1 cnoes Ti pa3JTl14HOi1 TOJJLU11HbI, 

nony'leHHbie 113 11aHHbIX ACM. 

IlapaMerp 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 

flpUMettaHue: cr - cpeiJHe1<eaiJpamuttHoe omKJ10HeHUJ1 motteK noeepxHocmu om 

cpeiJHeu JIUHUU npoc/JUJIR noeepxHocmu moH1<020 CJIOR Ti. 

06pa6oTKa AaHHbIX KapT pacnpeAeneH11S1 C)J.s11ra <t>a3bI Kone6aH11w KaHrnnesepa 

np11 cKaH11posaH1111 nosepxHOCTl1 TOHKl1X cJJoes Ti (p11c. I) nOKa3aJJO, '!TO c11na 

B3al1MO)J.eHCTBl1ll Me)K)J.y aTOMaMl1 nosepXHOCTl1 11CCJTe)J.yeMbIX cnoes 11 KOH'-111KOM 

KaHTl1JJesepa (JJaTepaJJbHaSI Cl1Jla TpeH11ll) 01111HaKOBa BO scei1 o6JJaCTl1 CKaH11posaH11S1, 

T.o. MO)KHO rosop11Tb o Bb!COKOH OAHOPOAHOCTl1 nJJeHOK Ti no scei1 nJ101..UaA11 

nosepxHOCTl1 (pa311en 3 .1 ). 
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P11cyHoK 1. M11Kpopenhecp noaepxHOCTH (a) 11 Kaprn pacnpe.ueneHHJI c.ua11ra cpa3hl 

Kone6aHHH KaHTHneaepa (6) .urui cnol! Ti TOJJW.HHOH 5 HM. 

}J,onOJIHHTeJlbHOe HCCJJe,UOBaHHe caMoro TOHKOro CJIOJI Ti TOJ!lll,HHOH 5 HM 

MeTO.UOM GiSAXS no.uTBep.u11no pe3yJJbTaTbl aTOMHo-c11noaoil MHKpocKon1111. 

CHMMeTpH'IHbIH opeon .u11cpcpy3Horo paccel!HHll c 6h1CTpo cna.uaJOw.eil Ja npe.uenaMH 

o6naCTH 3epKaJJbHOrO OTpa)KeHHJI HHTeHCHBHOCTblO paccellHHOro H3JJY'leHHJI 

yKa3hIBaeT Ha OTCYTCTBHe OCTPOBKOBOH CTPYKTYPhI, 'ITO xapaKrepHo HMeHHO AJJll 

cnJJOWHblX noJJHKpHCTaJJJIH'leCKHX nneHOK (pa3.uen 3 .1 ). 

1'hy'leH11e 611cnoHHhIX CTPYKTYP Ti/Ti02, nony'laeMbIX nyTeM oK11cneHHJ1 

TOHKHX nneHOK Ti, c nOMOlll,blO KOM611Ha1.urn MeTO.UOB HeHTPOHHOH H peHTreHOBCKOH 

pecpneKTOMeTpHH Bbll!BHJIO, 'ITO 6onee TOHKHe nneHKH Ti OKHCJUllOTCJI Ha 60JJhWYJO 

rny611Hy (P11c. 2 , a). Dp11 3TOM , cornacHo .uaHHhIM pe<flneKTOMeTpHH, cnoil 

HeOKHCJJeHHOro THTaHa npH T = 20° C coxpaHlleTCll ,Ua)Ke npH OKHCJJeHHH caMOH 

TOHKOH nneHKH Ti TOJJW.HHOH 5 HM, 'ITO a AaJJhHeilweM 6h1no no.uTBep)K,lleHo nyTeM 

H3MepeHHll ee 3neKTponpoao.uHOCTH (P11c. 2 , 6). Ha6nJO.uaeMall 3aa11c11MOCTh TOJJW.HHhI 

OKCH.UHOrO CJIOJI OT HCXO,UHOH TOJllll,HHbl OKHCJUleMOH THTaHOBOH nneHKH o6'bl!CHlleTCJI 

6onee BhlCOKOH KOHUeHTPauHeH .uecpeKTOB (rpaHHU 3epeH, AHCJIOKaUHH H T . .u.), T.K. 

pa3Mep KpHCTaJJJIHTOB B TOHKHX CJIOJIX Ti MeHbWe, 'leM B 6onee TOJICTblX THTaHOBblX 

nneHKax (paJnen 3.2). 
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P11cyHOK 2. 3aBHCHMOCTH TOJllll,HHbl OKCHAHOro CJIOJI do.c (a) H TOJIW.HHbl 

HeOKHCJleHHOro CJIOJI THTaHa d Ti (6) B 6HCJIOHHOH crpyKrype Tiffi02 OT HCXO.UHOH 

TOJllll,HHbl OKHCmieMOH THTaHOBOH nneHKH do. ll,BeTHblMH CHMBOJlaMH Ha p11c. 2 (a) 

o603HalJeHbl TOJllll,HHbl OKCH,UHblX cnoea, nony'leHHblX npH OKHCJleHHH : A - nneHKH 

ynbTpa'IHCToro Ti TOJJW.HHOH 63.5 HM [10] ; • - nneHKH Ti TOJJW.HHOH 100 HM [11] . 

}J,pyrHM Ba)l(HblM c npaKTH'leCKOH TO'IKH 3peHHJI MOMeHTOM JIBJJJleTCJI TO, 'ITO 

napaMerpbl cnoea THTaHa H ero OKCH.Ua B 6HCJIOHHOH crpyKrype OCTaJOTCJI 

HeH3MeHHblMH B TelJeHHH AJJHTeJJbHOro BpeMeHH (pa3nen 3 .2). 

Ylccne.uoaaHHe 3JleKTpH'leCKHX CBOHCTB TOHKHX nneHOK Ti CTaHnapTHblM 

'leTblpeXKOHTaKTHblM MeTO.UOM nOKa3aJJO, 'ITO HX y neJJhHOe 3JleKTpoconpOTHBJJeHHe 

o6paTHO nponopuHOHaJJbHO HX TOJllll,HHe ( P11c. 3 ) . 
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P11cyHoK 3 . 3KcnepHMeHTaJJhHO H3MepeHHbie JaBHCHMOCTH y.uenhHOro 

3JleKTpoconpoTHBJleHHJI p OT TOJllll,HHbl HanhIJUleMhlX THTaHOBblX nneHOK dTi· 
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Ha6mo.naeMbIH pa3MepHbIH 3¢¢eKT MO)!(eT 6bITb o6bllCHeH B paMKax Mo.ne;m 

conpOTHBJleHlrn B nOJ111KpHCTaJ1J1H'leCKHX TOHKHX nJleHKax, onHCaHHOH B pa6oTe [12]. 

BenwrnHa y.nenbHOro conpoTHBJleHHjl onpe.nenlleTCll Bbipa)!(eHHeM: 

P=p +ip l (I-p.) 
b 8 b ' d ' (1) 

r.ne p b - y,neJlbHOe conpOTHBJleHHe MeTaJ1J1H4eCKOH nneHKH 6ecKOHe4HO 60J1bWOH 

TOJ1UlHHb1; le - .L\JlHHa cso6o,nHoro npo6era 3JleKTpOHOB B MeTanne; Pe - K03¢¢HUHeHT 

ynpyroro oTpa)!(eHHjl 3JleKTpoHoB OT rpaHHU nneHKH (05' Pe 5o 1 ); d - TOJlll\HHa 

MeTaJ1J1H4eCKOH nneHKH. 

L!eTb!pexKOHTaKTHblH MeTO.L\ 6b1Jl anpo611posaH B Ka'leCTBe MeTO,na 

HCCJle,L\OBaHHll KHHeTHKH OK11CJleHl1ll nneHOK Ti . Or)!(l1f np0113BO,L\HJ1Cll B .nsa 3Tana np11 

TeMnepaTypax 124 11 163°C. I1p11 3TOM Harpes 06pa3ua ocymeCTBJJHJlCll .n)!(oyneBbIM 

TenJlOM, KOTOpoe BbI.L(eJlllJlOCb B npouecce npoTeKaHl1ll 3JleKTpH4eCKOfO TOKa 4epe3 

o6paJeu. Tonm11Ha 06pa3y10merocll 0Kc11.nHoro cnoll onpe.nenllnacb no 11JMeHeH1110 

TOJ1Ull1Hbl CJ10ll HeOKHCJleHHOro Tl1TaHa (no 113MeHeHHJO 3JleKTpoconpOTl1BJleHHjl 

o6paJua). I1ony4aeMb1e TOJllllHHbI cnoes Ti H Ti02 coornoc11n11cb c pe3yJ1bTaTaM11 

peHTreHOBCKOH pe¢neKTOMeTp1111, 4TO noKa3aJJO Bb!COKYIO T04HOCTb MeTO,L\a (PHC. 4). 
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P11cyHoK 4. KHHeTl14eCKall KpHBall OK11cneHHjl nneHKl1 Ti TOJ1Ull1HOH 40 HM, 

nony'leHHall nyTeM 11JMepeHHjl ee 3JleKrp114ecKoro conpoTHBJ1eH11ll 

K11HeT11Ka oKHcneH11ll TOHKHX nneHOK Ti, np11 TeMneparypax 20-300°C, 

on11Cb!BaeTCll 3aKOHOMepHOCTbIO norapH<lJM114eCKOfO BH.na: 

doKc (t)=d~Kc +K, Jg(K2f+l), (2) 

B KOTOpOH d OKC (t) - TOJ1Ull1Ha OKCl1.L\HOf0 CJ10ll Ha nosepxHOCTl1 Ti nneHKH; 

d~., - 11cxo.nHM Tonm11Ha OKCl1.L\HOro cnoll (no OT)!(Hra), K 1 11 K2 - MaKpocKon114ecK11e 

Kl1HeTH4eCKHe KOHCTaHTbl , 3aBl1Cllll\He OT TeMneparypbl , .uasneHHjl 11 .upyrnx ¢aKTopOB. 
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3Ha4eHHll KHHeTH'leCKHX KOHCTaHT, nony'leHHble B xo.ne 11CCJ1e,L\OBaHHll 

npHBe.neHbl B Ta6J1 . 2. 

Ta6nHua 2. MaKpocKonH'leCKHe KHHeTH'!eCK11e Km¢¢11uHeHTb1 OKHCJleHHll nneHOK Ti 

pa3J1H'IHOH TOJlll\HHbl 

ITapaMeTp Ti 10 HM Ti 20 HM Ti 40 HM 

d~Kc> 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 

Kz, MHH- 1 0.3 ± 0.1 0.3 ± 0.2 0.3 ± 0.1 

V0 , HMI MHH 0.13± 0.06 0.17± 0.09 0.23± 0.09 

I10BbIWeH11e TeMneparypbl 0T)!(l1ra np11BO.L\HT K JaMeTHOMY ycKopeHHIO 

npouecca OKl1CJ1eHHjl , 3aBl1Cl1MOCTb CKOpOCTl1 poCTa TOJ1Ull1Hbl OKCl1.L\HOfO CJ10ll 

xopowo annpoKC11M11py10TCll np11 n0Mom11 JaKoHa AppeHeyca: 

vox =A exp(- Ea) 
kT · 

(3) 

r.ne A - npe.n3KcnoHeHUHaJJbHbIH MH0)!(11Tenb; Ea - 3¢¢eKT11BHall 3Heprnll aKT11sau1111 

npouecca OKHCJleHHll ; k - nocTOllHHall EonbUMaHa; T - TeMneparypa (K) (paJ.uen 3 .2). 
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P11cyHoK 5. K11HeT11'lecK11e Kp11sb1e 

OKHCJ1eHl1ll TOHKl1X nneHOK Ti 

TOJ1Ull1HOH 10 11 40 HM. 
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P11cyHOK 6. 3as11c11MOCTb cKopoCT11 

OKl1CJleHHjl VoKC Ha BOJ.nyxe nneHKH Ti 

TOJlll\HHOH 20 HM OT TeMneparypbl . 

Hccne.nosaH11e TOHK11x nneHOK Ti MeTO.L\OM .UH¢paKu1111 peHTreHOBCKoro 

113JJY4eHHjj B reOMeTpl111 CKOJ1b3l!Ulero na.ueHl1ll ny4Ka Bbll!Bl1J10 HaJ111411e TeKcrypbl B 
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CJIO.!IX THTaHa c .sipKO Bbipa:>KeHHOM npewMyll\eCTBeHHOM opweHTaLI,HeM B nJIOCKOCT.!IX 

(002) w (101) (pwc. 7) (pa3nen 3.3). 

I 
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20, rpan 

PwcyHoK 7. ,UmppaKTorpaMMbI, 

nony11eHHb1e nn.si nneHOK Ti: 10 HM (1), 

20 HM (2) H 60 HM (3). 
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PwcyHoK 8. 3aswcHMOCTb cpenHero 

pa3Mepa KpHCTaJIJlHTOB dKp 

OT TOJlll\HHbl HanbIJI.HeMoro CJIO.!I Ti. 

Ha nwcppaKUHOHHbIX KapTHHax TaK:>Ke npHCYTCTBYIOT 6p3rroscKwe nHKH OT 

nJIOCKOCTeM (100) H (101) peweTKH a-Ti. Tip1111eM AOJI.!I KpHCTaJIJlHTOB, 

op11eHTHpOBaHHblX BAOJlb naHHOro HanpasneHH.!I, 3aMeTHO B03paCTaeT npw yseJIHlJeHHH 

TOJlll\HHbl HanbIJI.HeMoro THTaHOBOro CJIO.!I (pa3nen 3.3). TaJOKe Ha6JIIOAaeTC.!I 

ysen1111eHwe cpenHero pa3Mepa KpHCTaJIJIHTOB c 2.5 no 4.0 HM npw ysen1111eH1111 

TOJill\HHbI cno.si Ti (p11c. 8). CxonHa.si 3aswcwMOCTb pa3Mepa KpHCTaJIJIHTOB OT TOJill\HHbI 

nneHKH Ha6n10nanacb AAA npyrnx MeTannos [13, 14]. 

MeHbWHM pa3Mep KpHCTaJIJIHTOB B 6onee TOHKHX nneHKax Ti seneT K 6onee 

BbICOKOM KOHUeHTpaUHH necpeKTOB (rpaHHU 3epeH, AHCJlOKaUHM H np.) B HX CTpyKrype, 

H, COOTBeTCTBeHHO, K CHH:>KeHHIO 3cpcpeKTHBHOM 3Heprnw aKTHBaUHH npouecca HX 

OKHCJieHH.!I. 3TO npHBOAHT K Ha6n10naeMOM 3aBHCHMOCTH TOJlll\HHbl OKCHAHOro CJIO.!I OT 

TOJlll\HHbl OKHCJI.HeMOM nneHKH Ti (pa3nen 3.3). 

Ifay11eHwe 6wcnoes Tiffi02, ccpopMwposaHHbIX Ha cnoe FeCo, noKaJano cna6oe 

BJlH.!IHHe HaJIHlJH.!I cpeppoMarHHTHOro CJIO.!I Ha OKHCJieHwe TOHKHX nneHOK Ti. TOJill\HHa 

OKCHAHOro CJIO.!I, cpopMHPYIOll\eroc.si Ha nosepxHOCTH Ti nneHKH, HaHeCeHHOM Ha CJIOM 

cpeppoMarHeTHKa, HeMHOro 60JlbWe TOJlll\HHbl CJIO.!I OKCHAa, B cny11ae OKHCJleHH.H 

nneHKH Ti HanbIJleHHOM Ha CTeKJl.!IHHYIO nonno:>KKY (pa3nen 3.4). B 11aCTHOCTH, 

pe3yJibTaTbl pecpneKTOMeTp1111eCKHX wccnenosaHHM nOKa3aJIH, lJTO CJIOM THTaHa 

TOJlll\HHOM 5 HM OKHCJl.!leTC.!I nOJIHOCTblO (Ta6JI. 3). 

'r 
j 

r 
J 

Ta6nwua 3. TiapaMeTpb1 611cnoes Tiffi02, nony11eHHbIX 113 TOHKHX nneHOK Ti, 

HanbIJleHHbIX Ha CJIOM FeCo TOJlll\HHOM 40 HM. 

ITapaMeTp Ti40HM Ti20HM Ti IOHM Ti 5HM 

doKc, HM 2.5 ± 0.7 4.2 ±0.7 3.9±0.7 7.0 ±0.7 

croKC• HM 2.3 ± 0.3 2.2 ± 0.3 2.2 ± 0.3 2.0 ± 0.3 

dT;, 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 
. 

CTTi, HM -

dFeeo, HM 39.0 ± 0.7 39.3 ± 0.7 39.2 ± 0.7 40.2 ± 0.7 

CTFeCo, HM 2.0 ± 0.3 2.1± 0.3 2.1 ± 0.3 2.6 ± 0.3 

flpUMe~aHue: * npOU30UUIO nO!IHOe OKUCJ/eHue mumaH08020 CJ/OR. 

B 'leTsepToi1 rnase, ocHOBbIBa.sicb Ha pe3yJibTaTax 3KcnepwMeHTaJibHbIX 

wccnenosaHHM OKHCJieHH.!I TOHKHX nneHOK Ti, nposeneH pac11eT onTHMaJibHOM 

HCXOAHOM TOJlll\HHbl CJIO.!I Ti, KOTOpbIM Heo6XOAHMO HanbIJlHTb Ha nosepXHOCTb 

noAApH3y10ll\ero cynepe3epKana llJl.!I C03AaHH.H 3cpcpeKTHBHOM aHTHOTPa:>KalOll\eM 

6wcnoi1Hoi1 CTpYKTYPbI. CornacHo pe3yJibTaTaM pac11eToB onTHMaJibHa.H wcxonHa.si 

TOJlll\HHa CJIO.!I Ti COCTaBHJla do= 8.8 HM (pa3nen 4.1 ). 

Ha pwc. 9 npenCTasneHbI pe3yJibTaTbI 3KcnepwMeHTaJibHOi1 nonTsep)KJleHH.H 

3cpcpeKTHBHOCTH aHTHOTpa:>KaIOll\ero 6wcno.si Tiffi02, KOTopa.si npo113sonwnacb Ha 

non.sipH3YIOll\HX 3epKanax FeCoffiZrGd. ,Un.si 3epKan c aHTHOTpa:>KalOll\HM 6wcnoeM 

Ti/Ti02 Ha6n10naeTc.si yMeHbweH11e K03cpcp11uweHTa OTPa:>KeHw.si Hei1TPOHOB c 

He:>KeJiaTeJihHbIM HanpasneHweM cnwHa «BHHJ» R_(q) B 5-10 pa3 B o6naCTw MaJibIX 

BeJIHlJHH q '.S 0.07 HM- I. 
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P11cyHoK 9. 3aaHCHMOCTH Ko3<f><J>11u11eHTOB oTpa)l(eHH.SI R± HeihpoHoB co cnHHOM aaepx 

(+) H BHH3 (- ) OT BeJIH4HHhl nepe,naHHOro BOJIHOBOro BeKTopa q .QJI.SI noJI.S1pH3YIOlllHX 

3epKan: a - 6e3 aHTHOTpa)l(alOmero 611cno.11 ; 6 - c aHTHOTPa)l(alO!IlHM 611cnoeM Tiffi02 

6.914.0 HM (KpHBa.SI 2), B - c aHTHOTPa)l(alOIJ..lHM fatCJIOeM Tiffi02 7.413.2 HM 

(KpHaa.11 2); r - c aHrnOTPa)l(alOIJ..lHM 611cnoeM Ti/Ti02 9.912.9 HM (KpHaa.11 2). To4KaMH 

H306pa)l(eHhl 3KCnepHMeHTaJihHhie aaHHhie, cnJIOWHhlMH JIHHH.SIMH - paC4eTHhie 

JaBHCHMOCTH R..(q). Kp11aa.11 I Ha p11cyHKax 6 , a H r - paC4eTHa.11 JaBHCHMOCTh R_(q) .QJI.SI 

nom1p113yiomero 3epKana 6e3 aHTHQTPa)l(a10mero 611cno.11 . 

Pac4eThI nOKa3h1Ba10T, 4TO npH onTHMH3aUHH XHMH4ecKoro cocTaaa cnoea FeCo 

H TiZrGd, K03<f><j>HuHeHT QTPa)l(eHml HeHTPOHOB c He)l(eJiaTeJihHhlM HanpaBJieHHeM 

cnHHa «BHH3» R.(q) yMeHhWHTC.11 Ha nop.11.noK (p11c. 10). ,[{aJihHeiiwee yMeHhWeHH.SI 

ypoaH.11 K03<j><j>11u11eHTa OTpa)l(eHH.SI R.(q) MO)l(eT 6hITh aocTHrHYTO nyTeM nernpoaaHH.SI 

THTaHoaoro cno.11 . B Ka4eCTBe nernpyiom11x ao6aaoK MO)l(HO 11cnoJih30BaTh Al, Nb HJIH 

Ta, TaK KaK He6onhwHe ao6aaKH 3THX 3JieMeHTOB MO)l(eT noah1waTh ycTOH4HBOCTh 

THTaHa K OKHCJieHHIO [15] . 
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P11cyHoK 10. Pac4eTHhte JaBHCHMOCTH Km<f><f>11u11eHTOB OTP~eHH.SI HeHTPOHOB R.(q) 

OT noJI.S1pH3y10IJ..lero 3epKana co CJIOeM OKCH.Qa CoFeOx 3.1 HM (I), c 6HCJIOeM 

Ti/ Ti02 6.914.0 HM (2), Co!CoO 7.312.9 HM (3) 11 Co!Ti02 5.714.0 HM (4). 

,[{pyrnM aapHaHTOM Mep no CHH)l(eHHIO OTP~eHH.R HeHTPOHOB c 

He)l(eJiaTeJihHhlM HanpaBJieHH.SI cnHHa .SIBJI.SleTC.SI C03.QaHHe aHTHOTpa)l(alOIJ..lHX 6HCJIOeB 

Ha OCHOBe apyrnx MeTaJIJIOB, HanpHMep HCnOJih30BaTh 6HCJIOH Co/Coo H Coffi02. 

Tipoae,neHHOe HCCJie.QOBaHHe OKHCJieHH.SI TOHKHX nJieHOK K06aJibTa Ha B03.Qyxe, 

nOKa3aJIO, 4TO TOJIW.HHa <f>opMHpyiomeroc.11 OKCH.Qa npaKTH4eCKH He 3aBHCHT OT 

HCXO.QHOH TOJIW.HHhl K06aJihTOBOH nJieHKH dco0 H COCTaBJI.SleT BeJIH4HHY OKOJIO 2.9 HM 

(pHC. 11). 

::!: 

"' ~ 
5 

-,,u 4 

3 

2 f f 

O+-~~~~--~~~--~ 
0 IO 20 30 40 50 60 
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PHCYHOK 11 . 3aBHCHMOCTh TOJllJ..lHHhl OKCH.QHOro CJIO.SI d oKc OT HCXO.QHOH 

TOJIW.HHhl K06aJibTOBOH nJieHKH do. 
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11cnOJib3YJI MaTeMaTJfl-leCKHH annapaT TeOpHH OTPa)f(eHHJI HeHTPOHOB OT 

aHTH6apbepHbIX CJIOeB [16] H nonyt:feHHhie 3KCnepHMeHTaJihHbie iWHHbie 06 OKHCJieHHH 

TOHKHX nneHoK Ti H Co, 6bIJI nposeAeH pact:feT TOJill(HH aHTHOTPa)f(aJOll(HX 6HCJIOHHbIX 

cTpyKryp Co/ Coo H Co/Ti02. CoornorneHHe TOJill(HH s aHTHOTPa)f(aiomeli nape 

Co/Coo cocTaBJIJleT 7 .3 / 2 .9 HM, AJIJI napb1 Co/Ti02 coCTaBJIJleT 5.7/ 4 .0 HM. 

CpasHeHHe pe3yJihTaTOB pact:feTHbIX 3aBHCHMOCTett K03cj>cj>HL(HeHTOB OTpa)f(eHHJI 

HettTPOHOB OT aHTHOTpa)f(aJOmHx 6Hcnoes Ti/Ti02, Co/Coo H Co/ Ti02 nOKa3ano 

(pHc. 10), lfTO HaH6onee 3cj>cj>eKTHBHO HcnoJib30BaTh 6HCJIOHHyIO CTPYKTYPY Co/ Ti02 

(pa3AeJI 4.2). 

B pe3yJihTaTe nposeAeHHhIX HCCJieAoBaHHH OKHCJieHHJI TOHKHX nneHoK Ti 

BblJIBHJiaCb nonoJIHHTeJibHaJI B03MO)f(H0CTb HCnOJib30BaHHJI HX B Kat:feCTBe noKpbITHH, 

3all(Hll(aIOUlHX HeHTPOHHO-OnTHlfeCKHe 3JieMeHThl OT OKHCJieHHJI . TaKoe noKpbITHe 

6bIJIO ycnernHo npHMeHeHo npH C031IaHHH 3epKaJibHoro cnHH-cj>JIHnnepa. 

OnpeAeJieHHaJI H3 H3MepeHHH 3cj>cj>eKTHBHOCTh 3epKaJihHoro cj>nHnnepa B o6nacrn 

6p3rrOBCKOrO MaKCHMyMa q COCTaBHJia BeJIHlfHHy OKOJIO 97.5%, 3TO CBHAeTeJibCTBYeT 

0 TOM, lfTO 3all(HTHblH CJIOH npeAOTBpaTHJI OKHCJieHHe cj>y HKL(HOHaJibHOro MarHHTHOro 

CJIOJI 3epKaJihHoro cj>nHnnepa (pa3AeJI 4.3). 

BhlBO)lhl 

I . IlpH noMOll(H MeTOlIOB aTOMHO-CHJIOBOH MHKpOCKOnHH H Manoyrnosoro 

pacceJIHHJI' B reoMeTpHH CKOJib3Jlll(ero naneHHJI nylfKa yCTaHOBJieHo, lfTO TOHKHe CJIOH 

Ti npeA CTaBJIJIIOT co6ol1 cnnornHbie 01IHOP01IHb1e nneHKH c MaJIOH wepoxosaTOCThIO 

nosepxHOCTH (0 .5-2.3 HM). 

2 . c nOMOll(blO KOM6HHaL(HH MeTOlIOB pecj>neKTOMeTPHH HeHTPOHOB H 

peHTreHOBCKOrO H3Jiylf eHHJI nposeAeHO HCCJieAOBaHHJI KHHeTHKH OKHCJieHHJI TOHKHX 

nneHoK Ti Ha so3.nyxe s 1IHana3oHe TeMneparyp oT 20 no 300° C , H onpeneneHbl 

TonmHHhl 06pa3yiomHxcJ1 6HcnoHHh1x CTPYKTYP Ti/Ti02. YcrnHosneHo, lfTO npH 20° C 

TOJlll(HHa OKCHAa, cj>opMHpyiomerocJI Ha nosepxHOCTH TOHKHX nneHOK Ti , 3aBHCHT OT 

HCXOlIHOH TOJilL(HHhl OKHCJIJleMOH THTaHOBOH nJieHKH. IlpH 3TOM CJIOH HeOKHCJieHHOrO 

THTaHa B 6Hcnoi1HOH CTpyKrype Ti/Ti02 coxpaHJ1eTCJ1 Aa)f(e 1IJIJI' o6pa3uos nonyt:feHHhlX 

H3 nJieHOK Ti c HCX01IHOH TOJILL(HHOH 5 HM. 

3 . Pa3pa6ornH H ycnewHo anpo6HposaH opHrHHaJihHblH MeTOll. H3ylfeHHJI KHHeTHKH 

OKHCJieHHJI TOHKHX cnoes THTaHa nyTeM OTCJie)f(HBaHHJI H3MeHemtJI HX 

3JieKTPOCOnpOTHBJieHHJI. ,[(aHHbIH MeT01I MO)f(eT 6bITb HCnOJib30BaH ll,JIJI H3ylfeHHJI 

KHHeTHKH OKHCJieHHJI 1IPYrHX MeTaJIJIOB H ll,JIJI nonylfeHHJI 6HCJIOHHblX CHCTeM 

MeTaJin/OKCHlI c 3aAaHHOH TOJill(HHOH cnoes. 
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4 . Ha OCHOBaHHH 3KCnepHMeHTaJibHblX AaHHhlX yCTaHOBJieHO, lfTO KHHeTHKa 

OKHCJieHHJI TOHKHX nneHOK Ti npH TeMneparypax 20-300° C B aTMOCcj>epe B03ll,yxa 

OnHCblBaeTCJI norapHcj>MHlfeCKHM 3aKOHOM, c 3KCnOHeHL(HaJibHOH 3aBHCHMOCTblO 

CKOpOCTH poCTa OKCHlIHOro CJIOJI OT TeMneparypbl. 3To CBHAeTeJibCTBYeT 0 

npHMeHHMOCTH TeopHH Ka6peppa-Morra 1IJIJI onHcaHHJI OKHcneHHJI TOHKHX nneHoK Ti 

s AaHHhlX ycnosHJ1x. IlonyqaeMble 6Hcnoi1Hb1e CTPYKTYPhl Ti/Ti02 npoJ1BJ1J1IOT 

BblCOKYIO ycTOHlfHBOCTh K ll,aJibHeHWeMy OKHCJJeHHIO npH HOpMaJihHblX ycnOBHJIX, lfTO 

JIBJIJleTCJI Ba)f(HblM ll,JIJI HX npaKTHlfeCKOro npHMeHeHHJI B noJIJlpH3aL(HOHHOH OnTHKe. 

5. 11ccnell,osaHa KHHeTHKa KpHCTaJIJJHlfecKoi1 CTPYKTYPbl 06pa3yiomHXCJ1 6Hcnoes 

Ti/ Ti02, BblJIBJieHo HaJIHlfHe TeKcrypbl B CJIOJIX THTaHa c llpKO Bblpa)f(eHHOH 

npeHMymecTBeHHOH opHeHTaL(HeH s nnocKOCTJIX (002) H (101). OTcyTCTBHe 

AHcj>paKU,HOHHblX nHKOB COOTBeTCTBYIOW.HX OKCHAaM THTaHa CBHAeTeJibCTBYIOT 0 

peHTreHOaMopcj>HOCTH cj>opMHpyiow.erOCJI OKCHAHOro CJIOJI. 

6. Ha ocHosaHHH 3KcnepHMeHTaJihHhIX AaHHblX o 6Hcnoi1HbIX CTpyKTypax Ti/Ti02, 

o6pa3yIOW.HXCJI B pe3yJibTaTe OKHCJieHHJI TOHKHX nneHOK Ti Ha B03ll,yxe, npOH3BeAeH 

pact:feT onTHMaJihHOH HCXOll,HOH TOJlll(HHbl HanhlJIJleMoro CJIOJI THTaHa do= 8.8 HM, 

KOTOpal! Heo6X01IHMa B 1IaJibHei1weM npH OKHCJieHHH 1IJIJI nonyt:feHHJI 3cj>cj>eKTHBHOro 

aHTHOTpa)f(aJOmero 6HCJIOJI . 

7 . 3KcnepHMeHTaJibHO nposepeH 3cj>cj>eKT nOAaBneHHJI OTpa)f(eHHJI HeHTPOHOB 

aHTHOTpa)f(aJOll(HM 6HcnoeM Ti/Ti02. YMeHhWeHHe K03cj>cj>Hu,HeHTa oTpa)f(eHHJI 

HeHTpOHOB c HanpasneHHeM cnHHa « BHH3» OT noJIJ1pH3yIOll(HX 3epKan c 

aHTHOTpa)f(aJOW.HM 6HCJIOeM COCTaBHJIO 5- 10 pa3. 

8. PaccMOTpeHbl B03MO)f(HOCTH C0 3ll,aHHJI aHTHOTpa)f(aJOll(HX 6Hcnoes Ha OCHOBe 

TOHKHX nneHOK K06aJihTa. Ilposell,e HO HCCJieAOBaHHe OKHCJieHml TOHKHX nneHOK Co B 

aTMOCcj>epe B03Ayxa npH H.y. , nonyt:feHbl paClfeTHble ou,eHKH 3cj>cj>eKTHBHOCTH 

aHTHOTpa)f(aJOmHx 6HcnoHHhlX CTPYKTYP Ti/Ti02, Co/Coo H Co/Ti02. 11cnonb3osaHHe 

aHTHOTpa)f(aJOW.HX 6Hcnoes, nonyqaeMhlX H3 TOHKHX nneHOK Ti H Co, nOBhlCHT 

3cj>cj>eKTHBHOCTb cyw.ecTByIOW.HX nOJIJIPH3YIOW.HX noKpblTHH HeHTpOHHOH OnTHKH H 

no3BOJIHT C03ll,aBaTh ycTpOHCTBa, 3cj>cj>eKTHBHO nonJ1pH3YIOlL(He nylfKH XOJIOll,HblX H 

ynhTpaXOJIOll,HblX HeHTpOHOB. 
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