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P a6oTa BbmOJ1 11c 11a B Jla6op aTop1111 11~Mrprmrn M aTrp11 anoB B Ilai1110 11anb110M 

HllCTllTYTC' CTa1111,ap TOB 11 TCXllOJIOl'llii C'lllJ\ , l '<'ii T<'p ('6C'pl' . 

H ar111b1ii pyK<>B<>/ \llT<'111>: / \<>KTop <1>11111 Ko· M11 1n111 111 •u ·c: 1rnx 11 11.\'1\, 11prn l ,.., 

I 

cop 
KpaihMa11 lhtKTop J li.11011111•1 

Ilayq11bIH KOllCYJJ hTHllT : ) \OKTOp <IH n ll KO- W\'l'l'l\HITll'l('('K ll X 11 11.YK , ( "I/I P · 

muii 11ay •111 b 1ii ('OTP .Y/ \ llll K 

Baxpyrnes Cepreu Bopucosu'l 

Oqmu,HaJJbllbIC o nno u e n T hI : Tep-orattec.HH HuKHTa BanepbeBH'l, 

.Jl.OK TOp cPH3 HKO- MaTeMaTH'-leCK11X H ayK , 

O T.n.eJJ KpHcTaJJJJOcPH3 HKH, IO)KHbIH <l>e.n.ep aJJ b­

HbIH YHHBe p c HTeT, r. P ocToB-Ha - ,LI,011y , 

r 11a BHh1i1 11ay '-!HbIH coTP Y.Jl.HHK 

l:JepHhillIOB ,ll;MuTpuu IOpheBH'l, 

.Jl.OKTOP cPH3HKO-MaTeMaT11qecKHX 11ayK , 

IlIBe wu,a p c Ko-Ho pBe )KCKHe JlHHHH EBp o n e wc Ko­

ro l.I,e H T p a CHHX p OTpOHHOrO H3J1yqe11m1, rpe ­

Ii06JJh, <1Jpa HIJ,H51 , 

c T a prrrnif H a y 'IHbIH COTP Y.Jl.HHK 

c :meK T p OHIIOH B Cp CH ell .Jl.H Ccep TaIJ,Heii MO)KHO 0 3HaKOMl1TbC51 Ha 0¢11-

u,11aJ1bHOM caHTC 0 6be.n.m1e 1111oro 11HCTl1TyTa 51.Jl.epHhIX HCCJle.Jl.OBa Hl1H B 

HH¢opMa IJ,110HllOTeJJCKOM MYHHKal\HOllllOll ceTH «liHTepHeT» 110 a.n.p ecy: 

http://disser tatio n s.jinr.ru . c ll(' ' !aTllOii Bep c 11e i1 /l,HCCCp Tau,1111: MO)KHO 0 3 H a KO­

MHT h C51 B Ilayq110-Tex11w1ccKoii 6 116m10TC'KC' 0 [;15-111 (r. ,LI,y611a , MocKOBCK a 51 

o6JJaCTh , yJJ. )Ko 11110-Kio1m , ll · G) . 

Yqe Hbill ceKpe T a ph 

.n.11ccep T aU,HOHHOrO COBeTa 

OIUIH.04.01 .2019.IT , 
K a H.Jl.H.Jl.aT cPl13 11KO-MaTeMaTHqecKHX 

Hay K 

( { , 
IIBa11K 1rna Tafb5! 11a l1Ba110B1ta 

06rn;a.H xapaKTepHCTHKa pa60Tbl 

AKTyaJibHOCTh pa6oTbI 

CBoifcTBa MHOrHx cPYHKIJ,HOHaJibHhIX MaTep11aJJOB, TaKHX KaK cerHe­

T03J1eKTp11K11, TepM03JleKTp11KH, HOHHhie npOBO.Jl.HHKH , .Jl.113JleKTPl1KH, B 

3 Haq11TeJ1bHOH CTene1111 orrpe.n.eJJ51IOTC51 aTOMHblM rrop51.Jl.KOM Ha cy6HaJ-Io­

MeTpOBOM 11 HaHOMeTpOBOM MaCIIITa6ax, KOTOpblll qacTO OTJ111qaeTC5! OT 

Olll1CbIBae111oro cpe.n.new C11MMeTp11ell KpHCTaJIJJa. Ilo3TOMY .Jl.Jl51 :i¢¢eKTHB­

HOH p a3pa6oTKH yJ1y<1weHHbIX l\1aTep11aJIOB Tpe6yeTc51 .n.eTaJibHOe noHHMaHHe 

TaKoif JJOKaJJhHOH CTPYKTYPbI. CTan.n.apTJ-Ihie MeTO.Jl.bI CTPYKTypnoro aHaJJH3a 

Kp11CTaJIJIH'-IeCKHX MaTepHaJJOB, OCI-IOBaHHbie Ha a11amne ITHKOB Bp:irrOBCKOro 

pacce51I-Il151 peJ-ITreI-IOBCKl1X 11 11etiTpOllllblX JJY'-Iell, 1103BOJl51IOT orrpe.n.em-ITb 

TOJlhKO cpe.n.Hee pacnOJJO)KeH11e aTOMOB. JloKaJJbHbie CKoppeJJHpOBaHHbie 

OTKJJOHemrn CTPYKTYPbI OT cpe.n.11eif, KOTOpbie 3a.n.a10T ynop5!.Jl.O'leH11e Ha 

HaHOMeTpOBOM MaCllJTa6e, np051BJl51IOTC51 B .n.11¢¢y3HOM pacce51Hl111 B6Jll!.3 H 

11/ 11J111 Me)K.n.y rr11KaM11 Bp:irroecKoro pacce5111115!. 0.n.HaKo, BoccTaJ-IOBJ1eH11e 

JIOKaJlbHOro nop51.Jl.Ka H3 .Jl.HcPcPY3HOH 11HTel!Cl1BllOCTH rrpe.n.cTaBJJ51eT co6ou 

TPY.Jl.HYIO 11 .n.o c11x rrop He .n.o KOHU,a pewem1y10 3a.n.ac1y 3a.n.ac1y. Cyll\eCTByeT 

TaK)Ke PR.LI. .n.pyr11x MeTO.Jl.OB, KOTOpbie '-lYBCTBHTeJJbllbl K pa3JJHqHblM acrreKTaM 

JJOKaJJbHOH CTPYKTYPbJ. Ilp11:111epaMH 51BJJ51IOTC51 a 1iaJ1113 TOHKOH CTPYKTYPhI 

crreKTpOB rrorJJOll\eHl151 p eHTreHOBCKHX JJyqeif, rrpocBe'-IHBaIOll\a51 3JleKTpOHHa51 

MHKpocKOIIH51 H Pa111a110BCKa5! crreKTpocKorr115!. TeM He Mettee, HH O.Jl.HH H3 

Cyll\eCTBYIOll\HX MeTO.Jl.OB He TT03BOJJ51eT BOCCTaHOBHTb llOJJJ-IYIO KapTHHy aTOM­

Horo rrop51.Jl.Ka, KOTOpa51 Tpe6yeTC51 .Jl.Jl51 IIOHl1Mamrn CB51311 Me)K.n.y CTPYKTypow 

11 ceoiicTBal\m MaTepHaJia. Perne1111:e 3TOH rrpo6JJeMhI Tpe6yeT KOM611J-Iau,1111 

HeCKOJlbKl1X THTTOB Cl1£'HaJIOB 11 cnoco6oB 11X 113MepeHHH. 

B HaCTORll\ee epel\rn, Hm160J1ee nepcrreKTl1BHblM crroco60111 rroJ1yqe111151 

CTPYKTyp11oif I-rncj:JopMau,1111 113 KOM61111au,1111 pa3HbIX .n.aHHbIX rrpe.n.cTaBJ1ReT­

c51 MCTO.Jl. o6paTHoro Mmne-KapJJO (OMK). B OMK CTPYKTypa MaTep11aJ1a 

rrpe.n.cTaBJJeHa aTOMHCTH'-leCKOH MO.Jl.eJlblO, KOTOpa51 MO)KeT co.n.ep)KaTh, .n.o 
11ecKOJ1hKO coTeH ThIC51'-I aTOMOB [l]. Bo Bpel\rn l\10.Jl.eJ111poBaH115!, rroJJO)l(eHH51 

OT.Jl.eJlhHbIX aTOMOB Baph11pyIOTC5! .n.o COBrra.n.eHl151 pacqeTHOro Cl1£'HaJia (11a­

rrp11Mep, cPYHKU,1111 HeHTpOHOBCKoro pacce51Hl151 11 COOTBeTCTBYIOll\eH rrapHOH 

cj:Jy11Ku,1111 aTOMHoro pacrrpe.n.eJ1eH115!) c 3Kcrrep11Me11TaJ1hHbIMH .n.am1b1M11. B Bep­

CHH aJirop11T111a MeTporroJJHca, p eam1.30BaHHOM B cyll\eCTBYIOll\eM rrporpaMM­

HbIM 06ecrreqe111111 OMK, Ha Ka)l(.Jl.OM ware aToM Bh1611paeTc5! 11 rrepel\Iell\aeTC51 

CJly<laHHblM o6pa30M. 3aTeM HHTepecy1oll\l1H c11rHaJ1 paCC'-111ThIBaeTC51 H cpaB­

HHBaeTC51 c 3Kcnep11111e1-1TaJ1hHhIMH .n.aHHbIMH. EcJ111 CMell\eHHe aToMa yJJyqwaeT 

COOTBeTCTBl1e, OHO rrpHHl1MaeTC51 6e3oroeop0'-1HO. B npOTl1BHOM CJIY'-Iae HOBOe 

IIOJIO)l(eH11e aTOMa rrpHHHMaeTC51 c eep051THOCThlO, KOTOpa51 3KCIIOHeHIJ,11aJihHO 

3aTyxaeT c yeeJ111qe1111eM HeB513KH Me)l(.n.y pacqeTHblMH 11 3KCrrep11MeHTaJlhHblMl1 

c11r11aJ1aM11. MeTO.Jl. OMK II03BOJJReT RBHO paccMaTp11eaTh JJOKaJihHhIH cTpyK­

Typ110-x11M11qecK11w 6ecrrop51.J1.0K H aTOMJ-Ibie CMell\eHl151, KOTOphie BCTpeqaJOTC51, 

3 

. 



Hanp11111ep , B TBep)J,bIX paCTBOpax. II pH 3TOM KOJrnc1eCTBO ,n;aHHbIX )J,OJDi<HO 6b1Th 

.n;ocTaToc111b1111, 'IT06hr orpaHH'IHTh 1110.n;enh. B11.rncTC c Tc11.1, 111eTo,n; no3ao1rner 

BKJJIO'IHTb B aHaJIH3 mo6oil CHrHaJI HJIH HHcj:>OpMaU,HIO, KOTOJ>bl(' l\IOl'YT pac­

C'IHTaHhl 113 MrHOBeHHh!X aTOMHh!X KOOp)J,HHaT, TaKHM o6pa30M, 11pCJ\OC'J'<UiJl>J}J 

y.n;o6HyIO nJiaTcj:>OpMy .n;m1 KOM6HHaU,HH pa3Hh!X TeXHHK. 

IIpwHu,HnHaJihHO, '!TO npw wcnonb30BaHHH OMK MO)KHO nocTpo11'1' 1> l\JO 

.n;enh, KOTopa51 o,n;HoBpeMeHHO onwchrnaeT CTPYKTYPY B cy6HaH0111eTpo1ml\1 1 

HaHoMerpoBOM H 111aKpocKOITHYeCKOM 111acn1Ta6ax. 0,n;HaKo, YT06h1 TaKoe OJJ11-

caHHe 6bIJIO a,n;eKBaTHhIM, aTOMHCTH'leCKa51 cTpyKTypHa51 11.10.n;enh )J,OJDKJia 

6b!Tb 3Ha'IJ1TeJibHO 6oJibllie, 'leM 3¢¢eKTl1BHa5! )J,Jil1Ha COOTBeTCTBYIOlll,HX 

Me)KaTOMHb!X KOppeJI51U,HH B CHCTeMe. Bo MHOrllX cerHeT03JieKTp11'1eCKl1X l\1aTe­

p11anax, npe,n;cTaBJI5l!OIIJ,11X npaKTH'leCKHH HHTepec, )J,JIHHa TaKl1X KOppeJI51U,11H 

COCTaBJI5leT HeCKOJibKO HaHOMeTpOB, '!TO Tpe6yeT MO)J,eJieil: TaKHX pa3MepoB , 

KOTOpbie cerO)J,H51 nonyYaIOT TOJibKO nocpe)J,CTBOM TeopeT11'1eCKOro 11.10,n;eJIH­

pOBaf!H5! 111eTo,n;a111w 111oneKyJI5lpHoil )J,HHaMHKH HJIH np51111oro MoHTe-Kapno. 

,LI,o HaCT0511.U,ero BpeMeHH He npe,n;cTaBJI51JIOCb B03MO)KHb!M IlOJiyYaTh )J,OCTa­

TO'IHO 6onhnrne aTOMHCTH'leCKHe CTPYKTYPHhie 1110.n;enw Henocpe,n;cTBeHHO H3 

3Kcnep11MeHTaJihHhIX ,n;aHHhIX, wcnOJih3Y51 OMK, YTO 3aTpy,n;H51JIO onpe.n;eneHwe 

,n;eTaJieli CTPYKTYPhI H , COOTBeTCTBeHHO, IlOHlfMaH!fe np!IpO)J,hl CBOHCTB B p51,1J,e 

cerHeT03JieKTPHKOB. KnaccwYeCKlfil np!IMep - 3TO ClfTyau,1151 c cerHeTrnmeKTpH­

YeCKl1MH penaKcopaM11, TaKHMH KaK 111arHoawo6aT CBHHU,a, PbMg1; 3Nb2; 303, 

H ero TBep,11,bie paCTBOpbl c TH'raaaTOM CBHHU,a, PbTi03 , KOTOpbie 06na.n;a10T 

TeXHOJIOrH'!eCKH Ba)KHbJMH 3JieKTpOMexaHH'leCKHMH CBOHCTBaMH, npH!lHCbIBa­

eMbIMH HaHOCTPYKTYPHhIM oco6eaHOCT51M 3Tl1x MaTep11anoB. HecMoTp51 Ha 

MHOrOJieTHHe 11CCJie,ll,OBaHH51, MHOrHe KJIIO'leBhie BOnpOChI, TaKHe, HanpHMep, 

KaK HaJIH'!He H ¢opMa TIOJI51pHb!X HaHOpa3MepHbIX o6nacTeil HJil1 JIOKaJihHh!H 

nop51,1J,OK B pacnOJIO)KeHHe aTOMOB MarHH51 HH06H51, OCTaIOTC51 He51CHbIMH. 

MHorwe TeXHOJJOrMc1ecKH Ba)KHhie cerHeT03JJeKTPHYeCKHe MaTepwaJJbI co 

CTPYKTypoil nepoBCKlfTa co.n;ep)KaT BhJCOKOTOKC11YHb1e coe.n;MHeH115! CBIIHU,a. C 
y)KeCTO'!eHHeM Tpe6oaa1111i1 K TIOKa3aTeJI51M TOKCH'IHOCTH MaTepHaJIOB, H,D;yT 

aKTHBHhie wccJJe.n;oaaHH51 HOBbJX 6ccCBMl!U,OBhlX cerHeT03JieKTpHKOB. MHorwe 

nepcneKTMBHb!e nepoBCK11Tllble CllCTCMbl OCllOBbJBaIOTC51 Ha CTeXHOMeTpHYe­

CKHX COe,ll,HHeHH51X c Terparo11aJJbllOlt Clll\ll\ICTPllCH np11 KOl\lllaTHOH Tel\J­

nepaType. 0,n;HaKo, KOJIHYeCTBO 113aecT11b1x 6cc-ctt11111\0flbJX TCTparo1ia11b111>1x 

cerHeT03JJeKTp11KOB orpaHHYeHo KJiaCCMYeCK lll\I BaTi0:1 11 cy11\C'C'TBC'11110 l\1e11ee 

H3yYeHHhIM K 1; 2Bi1; 2Ti03. Hec1110Tp5! Ha noTe 11u,1rnJ11>11y10 11paKT11•1c'n<y10 ·llm­

'IHMOCTh K 1; 2Bi1; 2Ti03, TO'IHhiil xapaKTep nepexo.n;a l\JC'/K) \.Y Kyfi1l'1c•c·1mii 11 

TeTparoaaJJbHOH cerHeT03JieKTpHYeCKOH cj:>a3oli B 3'1'0l\I COC/\llll('JIJlll, a '1'11101((' 

noKaJihHa51 CTPYKTypa OCTaIOTC51 Heonpe.n;eneHHb111111. 

TaKHM o6pa30M, wccne.n;oaaHHe cerHeT03JieKTpHKOB co CJJO)l<11oi1 JJOKaJib­

aoil CTPYKTypoil npe.n;cTaBJJ5leT aKTYaJihHYIO 3a,ll,aYy, pellieHHe KOTOpoil Tpe6yeT 

ycoaeprneHCTBOBaHH51 111eTO,ll,a OMK ,ll,JJ51 onpe.n;eneHH51 cTpyKTYPhI MaTepMaJJa 

Ha HaHOl\1aCrnTa6e. 0.n;HoapeMeHHO, pa3BHTHe MeTo.n;a OMK OTKphrnaeT paHee 
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He Cylll,eCTBOBaBnrne B03M0)KHOCTH ,ll,JI51 HCCJie)J,OBaHH51 .n;pyrwx CJIO)KHbIX cPYHK­

U,HOHaJJbHblX MaTepHaJIOB. 

l..I;eJib .H 3a,zl,8'-1.H )1,.HCCepTaU,.HOHHOH pa60Tbl 

1.1,eJib!O ,n;aHHOH )J,HCCepTaU,HOHHOil pa60Tbl 51BJI51JI0Ch HCCJie)J,OBaHHe JIO­

KaJJbHOro nop51)J,Ka B cerHeT03JieKTp11Kax Ha Ha..HOMeTpOBOM MaCilITa6e npH 

noMOIIl,H ycoaeprneHCTBOBaHaoro MeTo,n;a o6paTHoro MmITe-Kapno . 

B 3a,zl,8'I.H pa6oTbI axo,n;HJJO H3yYeawe cne.n;yIOlll,HX aonpocoB: 

1. IloJJyYeaMe aT011111cT11Yec1<oil: cTpyKTypaoi1 MO,ll,eJJM KJJaCCHYecKoro 

peJJaKcopaoro cen1eT03JteKTpHKa PbMg1; 3Nb2; 3 0 3 , KOJIH'leCTBeHHO 

OilHChJBaIOlll,ei1 ace lfMe IOIIJ,HeC51 pe3yJJhTaTbl peHTreHOBCKOro H Hei1-

TpOHHOro paccemrn51 , BKJJIOYa51 .n;a1111b1c TpexMepHoro .n;w¢¢Y3Horo 

pacce51HH51 OT MOHOKpHCTaJIJIOB. 

2. l1ccne.n;oaa1-rne 6JIH)KHero CTPYKTypr-IO-XHMHYecKoro nop51,n;Ka H npo­

CTpaHCTBeHHhJX 1<oppeJJ5!U,Hil Cl\1elll,eH11il aTOMOB B PbMg113Nb 2; 3 0 3 
Ha OCHOBe noJiyYeHHhIX MO)J,eJieil: If HMeIOIIJ,HXC51 3KcnepHMei1TaJibHblX 

)J,aHHblX. 

3. 11ccne.n;oaaHHe If aHaJIH3 JIOKaJihHoil CTPYKTYPhI cerHeT03JieKTpuYecKo­

ro MaTep11ana K 1; 2 Bi1; 2Ti03 BKJIIO'la51 xapaKTep cj:>a3oaoro nepexo.n;a 

Me)K.n;y napa3JieKTpHYeCKOH Ky611YeCKOH H cerHeT03JieKTpH'leCKOil TeT­

paroHaJibHOH ¢a3aMH. 

4. KaYeCTBeHHOe ynyYilieHHe B03MO)KHOCTeli CTPYKTypHoro aHaJIH3a Me­

TO)J,OM o6paTuoro MouTe-Kapno, )J,JI51 peaJIH3aU,HH B03MO)KHOCTH MO­

.n;en11poaaH115I aTOMHoro nop51,n;Ka .n;o paccT051HHli nop51)J,Ka 20 HM. 

Pa3pa6oTKa 3¢cj:>eKTHBHh1x npou;e.n;yp )J,JI51 yYeTa ¢YHKU,HH np116op­

Horo pa3pellieHH51 peHTreHOBCKl1X H HeliTpOHHhIX .n;11¢paKTOMeTpOB 

npu MO)J,eJIHpOBaHHH IlOJIHoro pacce51HH51 B o6paTHOM H np51MOM npo­

CTpaHCTBax, a TaK)Ke MeTO)J,OB yMeHhllieHJ151 BpeMeHH CXO)J,HMOCTH 

npu O)J,HOBpeMeHHOM BOCnpOtt3flel\CHMM pa.."'!JIH'!Hb!X THTIOB 3KCnep!IMeH­

TaJJbHblX ,n;aHHhIX lf BHe.n;peHHe pa3pa6oTOK. 

5. Pa3pa6oTKa 11 pean113au,w51 B03MO)KHOCTH MCnOJih30BaTb H aocnpoM3-

BO)J,MTh .n;am-1b1e Tpex111epHoro pacnpe.n;ene1-m51 .n;w¢¢y3Horo pacce51HH51 

OT MOHOKpHCTaJJJJOB COBMeCTHO c ,n;aHHh!MH nopOilIKOBoro pacce51HH51 

npw 1110.n;enwpoaamrn CTpy1<Typh1 wccne.n;yeMhIX MaTepMaJIOB. 

Hay'IH851 HOB.H3Ha 

1. Bnepab1e nonycre11a 1110.n;enh CTpyKTYPHO-XHMl1Yec1<oro ynop51,LJ,O'leHH51 

Mg H Nb B PbMg1 3Nb2 3 0 3 no T11rry KaMeHuoi1 conw, nonHOCThlO onw­

Chrna101IJ,a5! ,n;aHHhie TpexMep1-wro pacnpe.n;eneHH51 .n;11¢¢y3uoro pacce51-

Hl151 , pacce51HH51 peHTreHOBCKHX JiyYeil 11 HeilTpOHOB, rrpocBe'IHBaI01IJ,eil 

M11KpocKonHH BhICOKOro pa3pellieHH51 11 EXAFS. Ilpo.n;eMoHcTpHpoaa­

HO, '!TO xapaKTepHblH pa3Mep o6JiacTeli ynop51)J,O'leHH51 )J,OCTl1raeT 2- 3 
HaHOMeTpOB. IloKa3aHo, '!TO Heynop51)J,O'letrnaH MaTpwu;a KaK TaKOBa51 

OTCyTCTByeT. 
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2. IloKa3aHo, '!TO PbMg1; 3Nb21303 npe,n;cTaBJrn:eT co6oii arnoMepaT no-

1rnpHhrx HaHOpa3MepHbIX o6JiacTeii. 8n1 o6JiaCTI1 l1MeIOT xapaKTepHyIO 

11epapx11qecKyID CTPYKTYPY c ,n;oMeHHbIMI1 rpatt11u,aM11 onpe,n;eJieHttoro 

nma; B TO )Ke Bpel\rn, rpaHl111,bl Me)K,n;y TIOJIRpHbIMl1 o6JiaCTRMI1 pa.3-

MbITbJe 11 pa3ynopR,ll;O"leHHaR MaTp11u,a OTCyTCTByeT. 

3. Ilpo,11,eMOHCTp11poBaHo, '!TO B K 1; 2Bi1; 2Ti03 nepexo;:i; 113 BbICOKO­

TeMnepaTypHoii Ky611"leCKOll ¢a3bl B Hl13KOTeMnepaTypttyIO TeTparo­

HaJibHYIO 11MeeT CMelllaHHblll xapaKTep, c HaJIII"llieM KaK MexaH113Ma 

CMern,eHI1R, TaK 11 nop5!,ll,OK-6ecnop5!,ll,OK. 

4. BnepBbre o6ttapy)KeH 1130CTPYKTYPHhiii ¢a30Bhrii nepexo;:i; B 

K 1; 2Bi1; 2Ti03 BHYTPl1 caMoii TeTparoHaJihHOii ¢a3hr, KOTOphrii npo-

11cxo,11,11T c coxpaHeHIIeM cpe,11,Heii CIIMMeTpI11I, HO conpOBO)K,11,aeTCR 

Ka"!eCTBeHHbIM II3MeHeH11eM ¢YHK11,IIII nJIOTHOCTII BepoRTHOCTII Bi . 

5. Pa3pa6oTaH MeT0,11, y"leTa np116opttoro pa3perneH11R ,11,1I¢paKTOMeTpoB, 

HOBblll aJirOplITM aBTOMaT11'feCKOll OTITIIMII3all,111I BeCOB np1I1111CbIBae­

MbIX pa3JIII'fHhIM THIIaM ,11,aHHbIX B MeTo,11,e o6paTHoro MoHTe-KapJio, 

3a,11,eiiCTBOBaHHbIM B aHaJil13e, "!TO TI03BOJIIIJIO yBeJIH'fl1Tb pa3Mep 

CTpyKTYPHbIX M0,11,eJieii B 6 pa.3 ,11,0 25 HM. 

6. Pa3pa6oTaHa 11 peaJI1130BaHa B03MO)KHOCTb 11cnoJib30BaTb ,n;aH­

Hhre TpexMepttoro pacnpe,11,eJieHIIR ,11,11¢¢Y3Horo pacceRHIDI OT 

MOHOKplICTaJIJIOB B MeTo,11,e o6paTHoro MoHTe-KapJio. BrrepBhre, 

rrpo,11,eMOHCTplipOBaHa B03M0)KH0CTb noJiy'faTb aTOMl1CTI1"!eCKIIe 

CTPYKTYPHhre Mo,11,e1m, KOTOpbre o;:i;ttoBpeMeHHO KOJIII'feCTBeHHO 

BOcnpOII3BO,ll;RT ,11,aHHbJe rropOlllKOBOro 11 MOHOKplICTaJibHOro p e HT­

reHOBCKOro II tteiiTpOHHoro pacceRHIIR, a TaK)Ke TOHKYIO CTPYKTYPY 

cneKTpOB peHTreHOBCKOro II0['JIOlll,eHI15I. 

HayqHajf M npaKTM'IeCKajf 3Ha'IMMOCTh 

Pe3yJihTaTbI 11ccJie,11,0BaH1IR ,11,eTaneii JIOKaJihHOii cTpyKTYPhI TaKIIX ce­

rHeToaJieKTplIKOB KaK PbMg1 3Nb2; 303 11 K 1; 2 Bi 1; 2Ti03 rrpe,n;cTaBJieHHbie 

B paMKax ,ll,IICCepTall,110HH0['0 IICCJie,ll,OBaHI15I BHOCRT Cylll,eCTBeHHblll BKJia,11, B 

coBpeMeHHhre npe,11,cTaBJieH11R o ,n;aHHhIX MaTep11aJ1ax. Pa3pa6oTKa 11 ycoBep­

rnettcTBOBatt11e MeT0,11,0B ,11,JIR IICCJJe,ll,OBaHl15! MaTepttaJIOB, ,ll;eTaJIH JIOKaJibHOH 

CTpyKTypbl KOTOpbIX 6bIJIO HeB03MO)Kli0 IICCJie,11,0BaTb ,11,0 3Toro, 5IBJI5IeTC5I Ba)K­

Hb!M rrpaKTII"leCKl1M pe3yJihTaTOM. IloRBIIBllll1eCH B03M0)KHOCTl1 11CllOJib30BaTb 

MeTo,n; yqeTa rrp116opHoro pa3perneH115! ,11,11¢paKTOMeTpoB 11 ,n;aHHbre TpexMep110-

ro pacrrpe,n;eJieHl15! A1I¢¢Y3HOro pacce5!Hl15I , BOCTpe6oBaHbI BO Ml!Or'HX 11ay'J1lhlX 

Jia6opaTop1rnx. 

OcHOBHhie noJIO)KeHMjf, BhIHOCMMhie Ha 3aIIJ.MTy: 

1. Mo,11,eJih CTPYKTYPHO-XIIMII'fecKoro ynopR,ll;O'feHIIH B PbMg1 3 Nb2 3 03 

rrpe,11,cTaBJIHeT co6oii 3aMopo)KeHHbie ¢JIYKTyau;1I11 coC'raBa rra MacrnTa-

6e HeCKOJibK11x HaHOMeTpOB. HeynopH,11,0'fetrnaR MaTpwu;a OTCYTCTByeT. 
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2. KJiaCC1I"!ecK11tl peJiaKcop PbMg1; 3Nb2; 303 rrpe,11,cTaBJIReT co6oii ar­

JIOMepaT HaH006JiacTeii, IIMeIOlll,IIX 11epapxtt"!eCKYIO CTPYKTypy, no­

JIRpHOCTb B KOTOpb!X orrpe,n;eJIReTCR CMern,eHIIRMII aTOMOB CBIIHU,a II 

Hl1061IR II3 CBOHX BbICOKOC11MMeTp1I'fliblX IIOJIO)KeHIIll. rpaHl111,bl Me)K­

,ll;Y IIOJIRpHbIMl1 o6JiaCT5!MH pa3MblTbJe 11 p a3yrropR,ll,O"leHHaR MaTpliu,a 

OTCYTCTByeT. 

3. B 6eccBIIHll,OBOM peJiaKcope K 1; 2Bi 1; 2Ti03 cPa30Bhrii rrepexo,n; II3 

BbICOKOTeMrrepaTyprrotl Ky6r-l'ICCK0ll cPa3bl B HII3KOTeMrrepaTypttyIO 

TeTparoHaJibHYIO HMeeT CMCWallllbIH xapaKTep, c naJil1'flieM KaK Me­

xaHl13Ma CMelll,ermR, TaK 11 a¢¢eKTOB T11rra nopR,ll,OK-6ecrropH,11,oK. B 

TeTparoHaJibHOH ¢a3e, npmtCX0,[1,HT H30CTPYKTypHblll cPa30Bblll rrepe­

xo,n;, rrp11 KOTopoM ¢YHKLJ;tt51 nJioT11ocT11 BepoHTHOCTII Bi npeTeprreBaeT 

Ka'feCTBeHHOe 113MeHeH11e c rl05!BJI CllHCM llOBbIX rrpe11Myrn,ecTBeHHbIX 

HanpaBJICHHll CMern,eH11tl, KOTOpblC OTCYTCTBOBaJIII nplI 6oJiee BbICOKOll 

TeMrrepaType. 8TOT nepeX0,[1, npttBO,Ll,11T K H051BJieHl1IO HaHOMeTpOBblX 

o6JiaCTeii BHYTPH TeTpat'OHaJibl!Oti cPa3bl' B KOTOpblX HarrpaBJICHII51 

aTOMHbIX CMClll,CHl1ll cyrn,eCTBCHl!O OTKJIOll5110TC51 OT CBOIIX BbICOKOCIIM­

MCTplI"!HbIX 110JIO)KCHl1H. 

4. YcoBeprneHCTBOBaHHhiii MeTo,11, 06paT11oro MoH're-KapJio, II03Bo­

JI51IOlll,11ii BOCCTaHaBmrnaTb pacIIOJI0)KCJ111C aTOMOB B MaTep1IaJiax, 

BKJIIO"la51 JIOKaJibHYIO CTPYKTypy, H3 co• reTa111rn ,n;annbrx pacceRHl1R 

peHTreHOBCK11x Jiyqeii 11 neiiTpoHoB, a TaK)f{e ;:i;pyrttx TCXHHK. MeTo,11, 

y<IeTa nptt6opHoro pa3perueHl15I ,Ll,11¢paKTOMeTpOB 11 HOBbIH aJirOplITM 

aBTOMaTH'feCKOll OIITHMl13aLJ;HH BCCOB, npHllHCbJBaeMbIX pa3JIII"!HbIM 

Tl1naM ,n;aHHbIX, 3a,D,eiiCTBOBaHHbIM B a11a1m3e. 

5. MeTo,11, BOCCTaHOBJICHHR CTPYKTyphl, OT JIOKaJrbHOii ;:i;o HaHoMeTpoBoii, 

nyTeM KOM611Hall,Hl1 ,D,aHHbIX IIOpOlllKOBOH AH¢paKU,HI1 11 TpexMepnoro 

pacnpe,D,eJieHHR ;:i;tt¢¢Y3HOro pacCC5il!I151 OT MOHOKpHCTaJIJIOB Toro )KC 

MaTepttaJia rrptt noMOlll,H Mo,n;eJittpoBamrn OMK. 

,Il;oCTOBepHOCTb IIOJIY"!CHHbIX pe3yJibTaTOB 110,lJ;TBCp)f{,lJ;aeTCH aHaJIH30M 

noJiy'feHHbIX 3KCIIepttMeHTaJibHbIX ,n;arntb!X fl pe3yJibTaTOB MO,ll,eJIHpOBaHH51, 

a TaK)KC 11X cpaBHCHHCM c HMCIOlll,HMHC51 H a cero,D,H5lllllillll ,n;eHb ;:i;pyrHMII 

3KCIIeplIMeHTaJibHbIMI1 H TeopeTl1'1CCKHMH pe3yJihTaTaMH H3Y"!CHl15I CBOHCTB 11C­

CJIC,ll,OBaHHbIX MaTep11aJIOB Ha HaIIOj)a3MCj) llOll lIIKaJie. 

JlM'IHhIH BKJia,n; Co,L1,ep)f{a1111e ,L1,HccepTau,H11 , a TaKlKe nOJIO)KCHl1R, BbI­

HOCHMhre Ha 3alll,11Ty, OTpa)f{aJOT BKJia,11; aBTOpa B orry6JIHKOBaHHbJe pa6oTbl. 

Co11cKaTeJib o6pa6oTaJI, rrpoattaJIH3 HpOBaJI , 1IHTeprrpeT11poBaJI ,11,aHHhre, npo­

BeJI MO,D,eJittpoBami:e, aHaJIH3 11 on11ca1-111e JIOKaJibHOii aTOMHoii cTpyKTYPhI 

B paccMoTpeHHbix cerHeToaJieKTPHKax. ABTOp pa3pa6aThIBaJI aJiropHTMhI H 

nporpaMMnoe o6ecne'feHtte ,D,JI51 aHaJIII3a aToMapHoro JIOKaJihHoro rropR,11,Ka, on­

THMH3HpOBaJI Cylll,eCTBYIOlll,ee nporpaMMHOe o6ecne'feH11e, a TaK)Ke pacruttpHJI 

ero <i>YHKll,HOHaJI. )J,11ccepTaHT TIO,ll,r'OTOBl1JI HJIH np11Hl1MaJI Henocpe,n;cTBeHHOe 

yqacT11e B no,11,rOTOBKe Hay"!HbIX rry6JI11Kau,11ii 11 ,11,0KJia,ll;OB. 
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Anpo6au,HH pa6oThI TioJJy'-leHHbie B pa6oTe pe3yJihTaThI ,IJ,OKJia,IJ,bIBa­

JJMCb 11 o6cy)f(,n;aJIHCh Ha cJJe,n;y10w;nx ceMn11apax 11 KOHcj:>epe11u;1151x: 2019 IEEE 

International Symposium on Applications of Ferroelectrics (ISAF), EPFL 

Lausanne Switzerland, July 14-19, 2019 ; 2nd US School on Total Scattering 

Analysis ; Oak Ridge , USA, August 6-10, 2018; ,IJ,OKJia,IJ, Ha coBMeCTHOM 1-1ay'-IHOM 

ceM11Hape Kacj:>e,Lf,p "5!.n;epHO-cj:>l1311'-!eCKJ1X MeTO,IJ,OB l1CCJJe,n;oBaHm1" 11 " <l>l13HKH 

TBep.n;oro TeJJa" CaHKT-IleTep6yprcKoro rocy.n;apcTBeHnoro yH11BepcnTeTa, 24 

ceHT516p5I 2019 ro.n;a. 

Ily6JIHKau,uu OcHOBHhie pe3yJJbTaTbI no TeMe .n;uccepTaIJ;1111 113JIO)f(eHhI 

B 6 11e'-1aTHbIX l13,LI;aHH5IX, 6 l13 KOTOpbIX 113,D;aHbl B )f(ypHaJJax, peKOMeH,LI;OBaH­

HhIX BAK, 6 - B 11ep110.n;n'-!eCK11x 1-1ay'-!HbIX )f(ypnaJiax, MH,n;eKcnpyeMhIX Web 

of Science 11 Scopus. 

CTpyKTypa .n.uccepTau,uu: )J,11ccepTau;1151 cocTOMT M3 BBe/l,eHHH, '-!e­

Tbipex rJJaB l1 3aKJIIO'IeHMH 11 Cl111CKa 11Cl10Jlb3YeMbIX 11CTO'-IHl1KOB. TIOJJHbIH 

061,eM .n;11ccepTau;1111 COCTaBJJ5leT 149 CTpaHl1L\, BKJllO'-!aeT B ce65l 47 pncyHKOB, 

2 Ta6JI11IJ;hl, Cl1l1COK 113 116 6n6JJ11orpa¢11'-1eCKl1X 11CTO'-IHl1KOB. 

Co.n;ep:>1<amrn pa6oThI 

Bo BBe/l,eHHH 011pe.n;eJI5leTC5I aKTyaJJhHOCTh TeMhI ,n;nccepTaIJ;l10HHOH pa-

6oThI , 11epe'-1HCJl5IIOTC5l OCHOBHble pe3yJJhTaTbl 11 np11BO,IJ,l1TC5l o6ocHOBaHHe HX 

Hay'-IHOH 11 11paKT11'-!ecKoil 3Ha'-!11MOCT11. Tipe,n;cTaBJieHa CTPYKTypa .n;nccepTaIJ;1111 

l1 11pnBe,n;eHbl 110JIO)f(eHl15l, Bb!HOCl1Mhle Ha 3aw;11Ty. 

IlepBaH rJiaBa npe,n;cTaBJrneT co6oil o63op J111TepaTyphr, 110CB5Irn;eHHhril 

011ucaH1110 11 oco6eHHOCT5IM OMK. PaccMaTp11Ba10TC5l ocHOBHhie 3KcnepnMeH­

TaJihHbie MeTO,lI;hl, 11p11MeH5leMbie COBMeCTHO c MO,D;eJIMpOBaHMeM ,IJ,JI5l BOCCTaHOB­

JieHl15l CTPYKTYPbI Kp11cTaJJJIM'-!ec1<11x 11 110JJ11Kp11cTaJJJJl1'-!ecK11x MaTepnaJIOB. 

PaccMaTpMBaIOTC5l OCHOBHble pe3yJihTaTbl, KOTOpbre MoryT 6b!Tb IIOJIY'-!eHbl np11 

HCIIOJib30BaHHM OMK, a TaK)f(e 110Ka ew;e He peIIIeHHhie 11po6JieMhI, KOTOpb1e 

He 1103BOJI5IJJ11 11p11MeH5ITh OMK ,D;JI5l Mo,n;eJJ11poBaH115l cpaBH11TeJibHO 6oJJblliMX 

CTPYKTYP· 

Mo.n;eJI11poBaH11e MeTO,IJ,OM 06pan10ro MoHTe-KapJio 5IBJJ5leTC5l pa3HOBM,D;­

HOCTblO aJiropHTMa MeTpo110JI11ca-facT11Hrca ,Lf,Jrn pellleH115l 06pan1oil 3a,n;a'-!11. 

3a.n;a'-la OMK MO,IJ,eJI11poBaH115l 3aKJIIO'-!aeTc5l B co3.n;aHH11 aTOMMCTM'-!ecKoil 

CTpyKTypHOH MO,LI;eJI11 , 11pOMO,LI;eJJ11poBaHHble c11rHaJibl OT KOTOpOH corJJacylOTC5l 

c HMe10rn;MMl1C5l Ha6opaMl1 3KC11ep11MeHTaJibHb!X ,n;aHHblX B 11pe,n;eJiax MX 011111-

6oK, KOTopa5I 110,IJ,'-IMH5leTcH pHAf orpaH11'-leH11il. B 11pou;ecce Mo,n;eJI11poBaH11>1 

11pe.n;110JiaraeTCH, '-!TO OIIIl16K11 HBJJHIOTCH '-111CTO CTaTJ1CTl1'-!eCKHMl1 11 MMelOT 

HopMaJibHOe pac11pe.n;eJieHne. IJ,eJib MO,IJ,eJJ11poBaH115l - 110JJy'-!eH11e CTPYKTyp11oi1 

MHcj:>OpMaIJ;MM 06 11CCJieAfeMOM MaTep11ane. 

B o,n;HoM M3 caMhIX pac11pocTpaHeHHb1x 110.n;xo.n;oB 11p11 Mo,n;eJinpoBaH1111 

OMK o6pa3eu; 11pe,n;cTaBJieH O,IJ,HOH 6oJihIIIOH aTOMl1CTM'-leCKOH CTPYKTYPHOH 

MO,IJ,eJiblO c 11epno,n;11'-!ecK11M11 rpaHl1'-IHbIMM ycJIOBIUIMl1. B 11poIJ;ecce 110.n;roHKH 
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aTOMHble 1103IUJ;MM, a TaK)f(e B lieKOTOpbIX CJiy<Ia5IX l1 11epecTaHOBKa 110JIO)f(eHHH 

pa3JIW-IHblX XMMH'IeCKHX ::mel\1eHTOB Me)f(Af co6oil, 113MeH5IIOTC5l B COOTBeT­

CTBMM c MeTO,LI;OM o6paTimro Mo11Te-KapJIO ,n;o Tex 11op, 110Ka Bbl'-lllCJieHHble 

CMrHaJibl He 6yAfT COBna,n;aTb c 3KC11CpHMel!TaJibHblMl1 ,n;aHHblMM. Tipn 11Cl10Jlb-

30BaHMH anropMTMa MeTpo110;111ca 11a Ka)f(,D;OM ware aToM H ero cMern;eHne 

Bb16npa10TC5I cJiy'-laHHbIM 06pa30J11. )J,aJice pacccmTbIBalOrn;aR MHTepecy10w;ne 

cnrHaJJbI H cpaBHMBa10TC5l c 3Kc11cp11Me11TaJJb11b1M11 ,n;aHHbIMH. EcJJ11 3TO cMew;e­

Hne YJJY'-IIIIaeT 110.n;roHKy, TO 0110 11p1111uJ1iaeTc5! 6e3oroBopo'-IHO. B 11poTHBHOM 

CJJy<rne, CMew;eHHe MO:>KeT 6b1Tb np111rnTO c 11eKOTOpoft Bep05ITHOCTblO, KO­

Topa5I 3Kc11ottemi;HaJibHO 3aTyxaeT c yBeJ111<1e1111eJ11 paccorJiacoBaHM5! Me)f(Af 

pac'-leTHbIM11 n 3Kc11epnMeHTaJ1b11b1M11 / \a1111b1MH. MeTo,n; OMK 1103 BOJrneT 5IB­

Ho TpaKTOBaTb JJOKaJibHblH CTPYKTyp110-xuJ1m• 1cc1<ui1 6ec11op5I,D;OK 11 aTOMHbie 

CMern;eH115l, BCTpe'-la10w;11ec5l , 1ianp1·IJ\lCp B TBCJ)ll,blX pacTBOpax. 0,n;HaKO 11p11 

MO,LI;eJJ11poBaHMM CTOMT Y'-IMTbfBaTb, '•To MO,IJ,em1po1m1111e OMK HMeeT TeH,n;eH­

L\MIO C03,LI;aBaTb HaH60JJee Hey11op5!,IJ,O'ICllllY IO CTPYKTypy, KOTopa5! corJiacyeTC5l 

c .n;anHbIM11 11 orpatt11•1e tt115IMM [ l]. 

B 11ocJJe,n;HeM pa3,IJ,eJJe rJJaBbl or111ca111>1 oc110B11b1e ::i1<cnepHMeHTaJibHbie 

MeTO,LI;bI, KOTOpb1e 11pnMeH5!10TC5l B OMK ,IJ,JIR BOCCTa11oaJie1m51 CTPYKTYPbI Kpn­

CTaJIJJ11'-lecK11x l1 110JJMKp11CTaJIJJH'-leCK l1X J\laTep11aJIOl:I II 6bfJll1 11Cll0Jlb30BaHbl B 

HCCJJe,LI;OBaHl15IX, KOTOpblM llOCB5Iw;e11a .n;a1111a51 pa6cna. 

B Konu;e rJJaBbI ¢opMnpyeTC5! u,eJih H 3a.n.a•rn .n;11ccepTau;110HHOH pa6o-

Tbf. 

BTopaH rJiaBa rrocBHrn;eHa Mo; i;11¢11Ka1i;1rnJ11 J11eTo.n;a OMK , KOTOpbie 

6brn11 rrpo113 Be,IJ,eHbI B paMKax .n;amroro 11ccJie.n;oaa111rn , '-IT06b1 rr05IBMJiacb B03-

MO)f(HOCTb HCCJie,n;oBaTh cerHeT03JieKTpw1eCKl1C PCJIClKCOpbl Ha 11a110MeTpOBOH 

111KaJie. Orrt1ChIBa10TC5I ocHOBHbie 11po6JieM bl, TaKur 1<a1< yaeJ111<1e11t1e cKopocTM 

Bbl'-IMCJieHHH, y'-leT arr11apaTHOH ¢y111<u;1111 np116opa np11 BbI'-111CJief-!1111 11apHOH 

¢YHKIJ;H11 pac11pe.n;eJieHm1, a TaK)f(C nyT11 llX pC'LLICll115!. 

)J,JIH ycKopeHM5l BbIIIOJIHeHJ15l pac'-leTOB 6bIJia npe,IJ,JIO)f(eHa H peaJil130BaHa 

MO,LI;Hcj:>11Kau;1rn MeTo.n;a OMK ocrIOBamiaR 11a napaJIJICJib llbIX u;e1151x MapKOBa. 

)J,JI5l pemeHMH 3a,IJ,a'-!M 110,IJ,l'OHKH 6oJiblUHX MO,IJ,eJieH 6bIJIJ1 rrpOH3 Be,IJ,eHbl 

YJIY'-lllleH11H rrporpaMMHoro 06ec11c• 1r11 11 51 / \JJR 6oJicc Tocmoro y'-leTa BJIM5IHM5l 

MHCTpyMeHTaJibHOro pa3pewemrn / \Jl5! TaKHX 3KCllepHMeHTOB KaK peHTreHOB­

CKOe H 110JIHOe pacce5!HH5! HeHTPOllOB. )J,a1111b1e nonpaBKH 11p11MeHHIOTC5l KaK 

B rrp5IMOM , TaK H o6paTHOM npocTpa11CTBe, ,[l,J15I 6oJiee TO'-IHOro OllHCaHH5l rrap­

HOH ¢YHKIJ;Hl1 pacrrpe,n;eJieHH5l, KOTOpa5! rlOJiy<IaeTC5l H3 <l>ypbe rrpeo6pa30BaHl15! 

HHTeHCHBHOCTeH IIOJIHOro neilTpOllOBCKOl' O HJJH peHTreHOBCKoro pacceHHHH , BO 

BCeM ,lI;OCTYllHOM 3KcrrepHMeIJTaJibllOM ,Ll,Halla30He HaHOpa3MepHblX paccT05IHHH. 

)J,JJ5! BpeMH-rrpoJJeTHbl X ,IJ,Mcj:>paKTOMeTpOB .n;aHHhie o6bJ'-IHO rpyrrrr11py10TC5l B 

HeCKOJlbKO 6aHKOB ,n;eTeKTOpOB, pacrroJIO)f(eHHb!X IIO,IJ, pa3HblMH yrJiaMH pac­

Ce5IHH5!. 
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B KOHTeKCTe OMK, c y'-leTOM HHCTpyMeHTaJibHOH cPYHKll,HH npo¢11mi:, 

pacc'mTaHHhIH c1-irHan nonHoro pacce5!HJrn SRc(Q) c nonpaBKOi1 Ha pa3perne­

H11e, KOTOphrii cpaBHHBaeTc5! c 3Kcnep11MeHTaJihHhIM S(Q) ,11,JI5! O,LJ,Horo 6aHKa 

,11,eTeKTOpOB, MO)KeT 6bITb Bb!pa)KeH KaK 

SRc (Q) =JR ( Q,Q') Sas(Q')dQ' (1) 

r,11,e Sas ( Q') HecKoppeKTHpoBaHHhIH CH.rHaJI , KOTOpbIH paCC'IHTbIBaeTCR Herro­

cpe,11,CTBeHHO H.3 aTOMHhIX KOOp,11,H.HaT, a R(Q,Q') arrrrapaTHaR ¢YHK1J,H5!. 

,ll;n5! aHamr3a o6Ill,ero pacce5!HH.R 6aHKH. 3aTeM o6be,11,H.HRJOTCR ,LJ,JIR MaKCH.­

MH3all,H.li ,ll,H.aIIa30Ha H.3MepeHH.H B Q rrpocTpaHCTBe H ynyc1.rneHH5I CTaTH.CTHKM. 

9¢¢eKT BJIH.5!HM5! BeCOB, KOTOpbre rrpH.MeHRIOTCR K OT,11,eJihHbIM 6aHKaM 

BO BpeMR CJIH.5!HH.5!, Ha KOppeKll,lilO pa3perneHH.5! ,LJ,JIR o6be,LJ,HHeHHOro Ha6opa 

,LJ,aHHb!X s:;,:~ged(Q) MO)KHO OUH.CaTb TaK: 

Exp ~ [/ ( ') Exp ( ') '] Smerged (Q) = L.., wi(Q) Ri Q,Q Sideal Q dQ = 
i 

N 

j L [wi(Q)Ri (Q,Q')]sf"d:~1 (Q')dQ' 
i 

(2) 

r,11,e s[d:~l ( Q') rrpe,11,CTaBJIReT CHrHaJI IIOJIHOrO pacceRHH5! OT o6pa311,a, 

KOTOpbIH 6bJJI 6br H.31\IepeH 6e3 HHCTpyMeHTaJibHOro yw11peHH.5! (T. e. Henocpe,11,­

CTBeHHO corrocTaBH.M c Sas(Q') B ypaBHeHHH 1, i - HOMep 6aHKa ,LJ,eTeKTopoB, 

R;,(Q,Q') - cPYHKll,H.R pa3perneHH.5! ,LJ,JI5! 6aHKa i, wi(Q) - Bee, Ha3Ha'-leHHhri1 6aH­

KY i BO BpeMR CJIH.5!HH.5! (wi(Q) = 0 ,LJ,JIR 3Ha'-leirni1 Q, KOTOphre BbJXO,LJ,5!T 3a 

npe,L1,eJihr ,L1,H.arra30Ha, 11cnoJih3yeMoro rrpH. CJIHRHHH) .), a N - o6Ill,ee KOJIH'-leCTBO 

6aHKOB. CooTBeTCTBemw, CKOppeKTH.poBaHHhIH CMrHaJI IIOJIHoro pacce5!HH5!, 

S Galc (Q) . merged ' paBeH. 

N 

s;;:~~~ed (Q) = J L [wi (Q)Ri ( Q,Q')] Sas ( Q') dQ' 
i 

(3) 

r,11,e cyMMa rrpe,1J,CTaBJI5leT cPYHKll,lilO pa3peI1IeHH5! ,ll,Jl5! o6be,11,HHeHHblX ,11,aHHbIX. 

PeanH.3all,H5! KoppeKll,H.H pa3pernemrn B Q- 11 r-rrpocTpaHCTBax B rrpo­

rpaMMHOM o6ecrre'Iem·m MO)KeT 6bITb 060611\eHa B KOMITaKTHOH MaTpH'-IHOH 

¢opMe. 

Ilpe,1J,JIO)KeHHa5! rrpo11,e,L1,ypa rrp0Bep511racb cpaBHeHHeM HeCKOJihKO xapaK­

TepHCTHK cMo,LJ,en11poBaHHhIX OMK aTOMH.CTH.'IeCKHX CTPYKTYPHhIX M0,11,eneti , 

rrony'IeHHhIX rryTeM rro,11,rOHKH ,11,aHHhrx rronHoro pacce5!HHR OT POLARIS 11 

NOMAD, KOTOphre HMeJOT OT'-leTJIH.BO pa3JIM'-1Hhre cPYHKll,HH 11 pa3peweHH5! H.H­

CTpyl\1eHTaJibHoro rrpo¢11n5!. 
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Ilp11 MO,L1,en11p0Bam111 MeT0,11,0M OMK MMeeTC5! B03MO)KHOCTh 11cnonh30-

BaTh HeCKOJibKO Ha6opoB 3KCIIepHl\!eHTaJibHbJX ,11,aHHbIX. IlpM Ka)K,11,0M CMeill,e­

HMM n-ro aTOMHOro Bbl'-IHCJI5IIOTC5! HeB5!3 KH Me)K,LJ,Y paCC'-IMTaHHbIMM CHrHaJiaMH 

OT MO,LJ,eJibHOH CTPYKTYPhI 11 3Kcnep11MCHTaJibHhIMM ,11,aHHhIMM. IIonHa5! HeB5!3-

Ka nocne n-ro aTOMHoro CMern,e11115! paBrra: 

N<t ... 

Rtot(n) I/'/'L WiRi(n) (4) 
I l 

r,LJ,e Nds - KOJIH'-leCTBO rro,L1,ro115lel\1b1x rrn6opcrn l\aHHhrx, BKJIJO'-la5! orpaHM'-leHM5! , 

R(n) - HeB5!3Ka ,11,JI5! 1-1a6opa 11a11H1>1x i nocne n-ro xo,11,a; wi - Bee, Ha3Ha'-leH­

HhIH i-My Ha6opy ,L1,aHHh1x, a T - r 1ro6a.rr1>11b1ii napal\reTp H3MeHemrn Beca. ,D;n5! 

HeCKOJlbKHX Ha6opoB ,11,aHHb!X, 110/\rO!!}l('l\lb!X 0/\!10Bpel\1eHHO, Bhr6op BeCOB Bpy'-1-

HYIO 5!BJI5leTc5! CJIO)KHOH 3a,ll,a'-leif. B 1roc·11<'/ \H<'l\1 naparpa¢e orrttchrnaeTC5! HOBa5! 

rrpo11,e,LJ,Ypa, KOTOpa5! KOppeKTHPY<'T HC'C'a B ('()()TB('TC'TBHH co CTaTHCTM'-leCKHMM 

KOppeJI5!11,M5!MH Me)K,LJ,Y H3MeHe!!!UJW! B Ka>K/\01\1 OC'TaTO'!HOM '-IJieHe M 0611\MM 

OCTaTKOM. Beca BhI6ttpa!OTC5! TaK , 'IT06bl B('(' Ha6opb1 ,11,a!!llblX BHOCMJIM 0,11,HHa­

KOBbTH BKJia,11, B cPYHKlJ,HIO 06Ill,ei1 HeB511K!!, KOTOpaH MH!IHMM3HpyeTC51 BO BpeMH 

II0,11,rOHKH. Bee KOMIIOHeHThI o6Ill,eti 11cBw11<1-1 c TC"re1111eM BpeMeH11 yMeHbWa10T­

C5! ,Ll,O COOTBeTCTBYIOll\HX 3a,ll,aHHblX l\!1111111\IH.J!h!!hlX '.i !!~Vre1111ti. 

Pe3yJihTaTbT rnaBbI orry6n11K0Ba!!b1 B pa6cnax JA 1 J, JA2J, [A:l]. 
B TpeTbeu rJiaBe rrp11BO,ll,5ITC5! pe·-1y 111>TaTbr 11ccne,L1,0Barrn5! MeT0,11,0M 

OMK CTPYKTYPhl KJiacc11qecKoro cer'!!f'TO')J!<'KTpHKa PbMg1 3Nb2; 303 c 11c­

IIOJih30BaH11eM MeT0,11,0B rrpo,L1,eMOHCTp11porm11Hb!X B npe,11,bl,LJ,Yll\HX rnaBax. ,ll;JI5! 

BhrnCHeHH5! CJIO)KHbIX aTOMHhrx KOppe1rm~11if a PbMg1 3Nb2 303 11cnoJih3yeTC5! 

IIO,LJ,X0,11, , rrp11 KOTopoM CTPYKTypa MaTep11a.rra l\!O/\CJI1rpyeTC5! nyTeM rrp11 0,11,HO­

BpeMeHHOH Il0,11,rOHKe TpexMepHbIX ,11,a![[[b!X 1\!!Cj)Cj)y1 11oro pacce5!HM5! M ,11,aHHbIX 

rronHoro pacceHHHH. 

IIony'-leHHhre B paMKax 11ccne­

,ll,OBaH115! pe3yJibTaTbI pacKpbIBaJOT 

,LJ,eTaJI11 CTPYKTYPHO-XHMH'-leCKO-

ro ynop5!,1J,O'IeHH5! Mg 11 Nb. 

KpoMe Toro, B 11ccne,L1,0Ba111111 

rrpo,L1,eMOHCTp11poBaHa CJIO)Klla5! 

11epapx11qecKaH CTPYKTypa nonHp­

Hhix HaHoo6nacTei1, CB5!3aIIHhJX co 

CMell\eHlrnMH Pb 11 Nb. 

Bhrno rrpoaHaJIM3H po Bar 10 

CTPYKTYPHO-XHMH'-leCKoe ynopH,1J,O­

'-leH11e Mg 11 Nb, B aTOMHCTH'-lec1<11x 

cTpyKTYPHhJX M0,11,eJI5lx rrony'-leHHbIX 

Ha OCHOBe OMK MO,L1,en11p0Ba11115!, 

< ec 

P11c. 1 

0 c 80 

>.A 
160 

O·• 

0.11 

02 

)• 

TpexMepHoe pacrrpe,L1,eneH11e 

JIOKaJihHoro cTpyKTYPHO-XHMH'-lecKoro 

napaMeTpa 6m1)f(Hero rrop5!,1J,Ka T/3D 

rrpoBO,LJ,HMoro Ha ocHoBe 11Me10ll\HXC5! 3Kcrrep11MeHTaJihHhrx ,LJ,aHHhIX. AHa­

JIH3 TpexMepHoro pacrrpe,LJ,enemrn rrapaMeTpa rrop5!,1J,Ka T/JD, noKa3aHHoro 

11 
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Ha p11cyHKe 1, ,11,Jrn cTpyKTypHoli M0,11,eJIH 110Ka3bIBaeT ttaJI11que KOM1103u11,u­

OHHO y11op5I,11,0qeHHbIX o6JiaCTeli, KOTOpb!e 11p05IBJI5IIOTC5l KaK 3aKaJieHHhie 

11pocTpaHCTBeHHble cPJIYKTya11,uu 11apaMeTpa 11op5I,L1,Ka, B TO BpeM5l KaK CTe11eHb 

y11op5I,lJ,OqeHH5l He11pepbIBHO U3MeH5leTC5l 110 Bceft CHCTeMe. 

160 w .> .. . L .. L .. <. . . <- .. • -- · • -- · '- -- ' · · 

l:Z8 

-3: 

32 64 96 128 

x (A) 

160 

" (.) ·;:: 

.. Q) 
~ 

01 O'l 
c 

·;:: 
,, Q) 

-0 ..._ 
0 

P11c. 2 - ITapaMeTp 6J1m1rnero 11op5I,L1,Ka 

T/2D ,ll,JI5l pac11pe,L1,eJ1eHH5l Mg 11 Nb, 

paccq11TaHHblll KaK cPYHKIJ,U5l 

Me:a<aTOMHOro pacCT05IHU5l ,ll,JI5l 

CTPYKTypttoft MO,L1,em1. 

Bhrn TaKIB:e 11poBe,L1,eH aHa­

JIU3 ,11,ByMepttoro rrapaMeTpa 

6mrnrnero rrop5I,11,Ka T/2D (pucy­

HOK 2), 110 MeTOAf 011HCaHHOMY 

B pa6oTe [2], ,ll,JI5l m13yaJiu-

3a11,uu 11pocTpattCTBeHHoro 

pacrrpe,L1,eJiettu5l y11op5I,L1,0qetttthrx 

o6JiacTeli. ITpHBO,ll,HTC5l cpaBHe-

HHe pe3yJihTaTOB, 11011yqeHHbIX 

MO,L1,eJI11poBatt11eM 0 MK Ha oc­

HOBaHHH ,11,aHHbIX TpexMepHoro 

pac11pe,L1,eJieHU5l HHTeHCUBHOCTeli 

peHTreHOBCKOro ,ll,HcPcPY3HOrO 

pacce5IHH5l c ,11,aHHbIMU, 110Jiy­

qeHHbIMH U3 11pOCBeq11Ba10lll,eM 

MUKpOCKOl1UU BbICOKOro pa3-

peII!eHU5l . C,11,eJiaH BhIB0,11, , qTo 

110JiyqeHHOe y11op5I,11,0qeHue B 

HaCT05Illl,eM M0,11,eJIU a,L1,eKBaTHO 

OTpa)f<aeT COCT05IHUe y11op5I,lJ,OqeHU5l B PbMg1; 3Nb2; 303 u 110,11,XO,ll,UT ,ll,JI5l 

,L1,aJibHeliIIIeli rro,lJ,rOHKU aTOMHhrx c111elll,eH11li. PaccMaTpuBaIOTC5l JIOKaJihHhre 

CMelll,eHU5l Kan!OHOB u ux CB5l3b c llOJI5IpHbIMU HaH06JiaCT5IMU 110JiyqeHHbIMU 

MO,L1,eJiupoBatt11e111. ITpu ycpe,L1,HeHuu 110 3HaquTeJihHOM Bb16opKe OKa3hrnaeTC5I , 

qTo ycpe,11,HeHHbie 1103UIJ,UU aTOMOB COBl1a,L1,a10T c II03UIJ,U5IMU B 11epOBCKUTOl10-

,n;o6HOM CTPYKType , 0,11,HaKo JIOKaJihHO Pb u Nb cMelll,eHbI 11peuMylll,eCTBeHHO 

B,11,0Jib HanpaBJieHHM ( ll l)) u 3TO 11pe,L1,rrOqTeHue CTaHOBUTC5l 6oJiee Bbipa)KeH­

HbIM 11pu OXJia)K,11,eHUU OT 300K ,11,0 200K. 

ITJIOTHOCTh pacrrpe,L1,eJiettu5l Bep05ITHOCTU Pb 11MeeT BoceMb xopoII!o pa3-

,L1,eJieHHhrx MaKcuMyMoB (lll) c aToMaMu Pb, cMern;etttthIMU Ha ~o,3A oT 

U,11,eaJibttoft Ky6uqecKoli 1103u11,uu. Cpe,11,HeKBa,z:t;paTuqHhre cMern;ettu5l Nb 11 Mg 

COCTaBJI5IIOT ~o , 19A u ~o,nA COOTBeTCTBeHHO. Ha6JI10,L1,aeMbJe CMelll,eHU5l 

Pb2+ u Nb5 1 corJiacy10TC5I c U3BeCTHOli TeH,L1,ett11,11eft 3TUX KaTUOHOB o6pa3o­

BbIBaTb KOpOTKUe CUJibHO KOBaJieHTHbie CB5l3U c KUCJIOp0,11,0M. 

BeJiuquHbI JIOKaJihHhIX CMelll,eHuli Pb yBeJiuquBaIOTC5I c yBeJiuqeHu­

eM OTHOIIIeHu5l Mg/ Nb B KJiacTepax (p11cyttoK 3). Pattee 6bIJIO BhICKa3aHo 

11pe,L1,110JIO)Kettue [3], qTo CMelll,ettue Pb u3 11,eHTpaJibHOM 11031111,1111 CB5l3atto 

c H3MeHettue111 cocT05IHU5l CB5I3hIBaHu5l KUCJiopo,11,a . IToJIHbie cMelll,ettu5l Pb B 

cTpyKTypHoli M0,11,eJIH yc11JI11Ba10TC5l B 11,eHTpax COR, XOT5l u He3Haq11TeJibHO. 

TpexMeptthre KoppeJI5111,uu CMelll,eHu5l Pb uMeIOT Bl1,ll, 11JIOTHhIX ttaHoo6JiacTeli. 
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039~------------.. 

038 ~ RM,=0 .70 A 
RNb=0 .64 A 

./37[ 
036 • • 035 ~ 

+ 0 3-4 

+ f 
• 

• 
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Number or Mg dtoms 

Puc. 3 - BeJiwmtta CMelll,ettuft 

Pb KaK ¢YHKIJ,U5l JIOKaJibHoro 

OTHOIIIeHU5l Mg/ Nb BOKpyr Pb. 

BBO,ll,HTC5l 

BbipaBHHBaHU5l 

cpe,11,ttee yrnoB 

11apaMeTp JIOKaJibHOro 

a, 011pe,L1,eJI5IeMbIM KaK 

Me)K,11,Y BeKTopaMH CMe-

rn;eH115l ,11,aHttoro aToMa u Ka)K,11,0ro u3 ero 

coce,L1,eli B c¢epwrecKoli o6oJIO'IKe orrpe,11,e­

Jiettttoro pa,11,uyca. B 3TOM rrpe,11,CTaBJiettuu 

PbMg1; 3Nb2; 303 11pe,L1,cTaBJI5leT co6oft co­

BoKynHOCTh o6JiaCTeli pa3MepOM OKOJIO 

4-6 HM c JIOKaJibHO BblpOBHeHHbIMU CMe­

rn;eHU5IMH ; B UCCJie,11,0BaHUU 3TU o6JiaCTU 

Ha3hIBaIOTC5I a 110JI5IpHbie HaHOMeTpO­

Bbre o6JiaCTU (a-PNR). 9Tu pe3yJibTaTbI 

corJiacyIOTC5I c pe3yJihTaTaMu He,11,aBHUX 

UCCJie,11,0BaHUM rrpu 110MOlll,11 MeT0,11,a MOJieKyJI5IpHOM ,11,UHaMUKU [4], KOTOpbie 

rrpe,L1,110JIO)KUJiu 6oJibIIIOe KOJiuqecTBO PNR 6e3 tteynop5I,ll,OqeHHOli MaTpUIJ,bI. 
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x (A) 

~
0 25 
0 20 

0 15 

01 0 

0 05 

000 

Puc. 4 - ,I1,ByxMept1a5l KapTa CMelll,eHuli 

,ll,JI5l cToJI611,oB Pb, c11poe11,11p0Bat1Ha5l Ha 

IIJIOCKOCTb { llO} ; lllKaJia OTpa)KaeT 

BeJmqutty cMern;eHU5l B A, a CTpeJIKu 

UCl10Jlb3YIOTC5I ,11,JI5l UJIJIIOCTpaIJ,1111 

Ha11paBJieHuli CMelll,eHH51. Oc11 x 11 y 

COOTBeTCTBYIOT opToroHaJihHbIM 

Ha11paBJieHU5IM [ll0] 11 [001]. 

IToJiyqeHHbie pe3yJibTaTbI 

,ll,JI5l rrpoeKIJ,Ull CMern;eHUM aTO­

MOB Ha IIJIOCKOCTU llO (pucyHOK 

4) TaK)Ke xopoII!o corJiacyIOT­

C51 c noJiyqeHHbll\111 He3aBHCUMO 

,11,aHHhIMU STEM [5]. TaK)Ke 

UCCJie,11,0BaHa oco6eHHOCTb c 

yqeTOM BbipaBHUBaHU5I B,11,0Jib 

ttanpaBJieH115l (lll). ATOMhI Pb 

cMern;eHHbie B,11,0Jih tta11paBJiemrn 

( ll 1) , TaK )Ke o6pa3yIOT rrporn­

)KeHHhre KJiaCTepbI, KOTOpbre B 

11CCJie,ll,OBaHl111 o603 HaqaIOTC51 KaK 

( lll)-PNR. a-PNR 11 (111)-PNR 

UMeIOT KOppeJI5IIJ,UOHHbie ,11,JIUHbI B 

(111)-PNR 3Haq11TeJihHO Kopoqe, 

qeM B a-PNR. Tu11uqt1bre a-PNR 

COCT05IT 113 2-3 (lll)-PNR, KO­

TOpble pac110JIO)KeHbI TaK, 'ITO 

CMe)KHbie o6JiaCTU 5IBJI5IIOTC5I rrpe-

11 Myrn;ecTBeHHO BapuaHTal\111 71° 
(lll)-PNR (c111. p11cyt10K 5). Hanwme 11epapx11qecKoli CTPYKTYPhI BJil15leT 

Ha 1105IBJieH11e B ,L1,11¢¢Y3HOM pacce5IHHH c11e11,u¢11qt1oft ,ll,JI5l PbMg1; 3Nb2; 303 

KapT11HhJ. Oco6oe BHUMaHue B ,L1,aHHOM pa3,L1,eJie y,L1,eJI5leTc5l 11ccJie,L1,0Bat1u10 

1105IBJieHU5l ,ll,llcPcPY3HOro pacceHHU5l B M-ToqKax [G], [7]. 
ITpoat1aJI11311poBaHbI JIOKaJibHbre ucKa)KeHH5l OKTa3,z:t;pOB nyTeM pa3JIO)Ke­

HU5l Kl1CJIOpO,lJ,HbIX CMern;eHUM OT,11,eJihHbIX OKTa3,z:t;pOB 110 M0,11,aM ,L1,e¢opMa11,uu. 
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c~rnui;emrn Pb KaK ,ll;JUI KJiaCTepOB [Pbs(Nb05)], TaK If [Pbs(Mg06)] OTpmi;a­

TeJibHO KOppeJI11py10T co CMeui;eHH51MH B TpaHCJI51IJ;HOHHbJX MO.n,ax KHCJIOpO,ll,HblX 

OKTaa,n:poa. AHaJiorw-IHhre OTpHIJ;aTeJibHhre KoppeJIRIJ;HH co cMeui;eHHRMH B 

TpaHCJl51IJ;HOHHbIX MO,ll,ax KHCJIOpO,lJ,HbIX OKTa3,n:pOB Ha6mo.n,aIOTC51 ,ll,JI51 CMeui;e­

HHH Nb ,ll,JIR KJiacTepoa [Pbs(Nb06)], a ,ll,JIR cMeui;eHwfi Mg B KJiacTepax 

[Pbs (Mg06) l KOppeJI51IJ;HH co CMeui;emrnMH B TpaHCJI51IJ;HOHHbIX MO.n,ax KHCJIO­

pO,lJ,HbIX OKTa3,n:poa cHJihHO rroJIO)KHTeJihHbie. IIoJir-1eHHhie B pe3yJihTaTe KapTbl 

CMeui;eHHH COOTBeTCTBYIOT HH3KO'IaCTOTHbIM IIOIIepe'IHblM OIITH'IeCKHM MO,ll,aM, 

o6bI'IHO BCTpe'IaIOI.IJ;HMCR B PMN [8] w B ,n:pyrwx cerHeT03JICKTpHKax co cTpyK­

Typofi rrepoacKwTa. Cpe.n,Hwe aMIIJIHTY,lJ,bI ,ll,hrxaTeJibHhIX MO,ll, ,n:JIR OKTaa,n:poB 

[Nb05] If [Mg06] OTPHIJ;aTeJibHbie If IIOJIO)KlfTeJibHbie, COOTBeTCTBeHHO, 'ITO 

OTpa)KaeT CMeui;eHHe KHCJIOpo.n,a OT Mg K Nb B COOTBeTCTBHH c pa3HOCTbIO HOH­

HbIX 3apR.n,OB Mg
2+ w Nb

5+ w 6oJiee BhICOKofi KOBaJieHTHOCTbIO CB513efi Nb-0; 

3Ha'IeHH51 ,ll,BYX aMIIJIHTy.n, rrpaBHJibHO COOTHOC51TC51 B COOTBeTCTBHH co CTexwo­

MeTpHefi Nb/ Mg. 

Pwc. 5 - KoppeJIRIJ;HH Me)K,n:y CMeui;eawRMH Pb. 

KJiacTepb1 aTOMOB Pb, HMe1oui;we 3Ha'IeHH51 

napaMeTpa JIOKaJibHoro 

CMeI.IJ;eHH51-BbipaBHHBaHH51 Q ,ll,JI51 rrepBOH 

Koop.n,1rnaIJ;HOHHOfi c¢epb1 Pb-Pb MeHhllle 45°, w 

TpexMepaaR BH3yaJIH3aIJ;H51 perrpe3eHTaTHBHoro 

a-PNR c cocTaBJIRIOI.IJ;HMH aTOMaMw Pb, 

Ha6JI10.n,aeMb1e Kop-

peJiwpoaaHHhie cMeui;eHHR 

KHCJIOpo.n,a o6'b51CH51IOT 

RBHoe IIORBJie1rne .n,mp¢y3-

Horo pacceRHH51 HeHTpOHOB 

B MOHOKpHCTaJIJiax B6JIH-

3H IIHKOB Bp3rra hOO c 

h = 2n w h = 2n + 1. 
,ll,aHHbie .n,w¢¢Y3Horo pac­

ceRHHR HettTpOHOB He 6hIJIH 

BKJIIO'IeHbl IIpH rro.n,roHKe If 

corJiacwe .n,aHHhix rroJiy'IeH­

HbJX rrpw MO,ll,eJIHpOBaHHH 

c 3KCIIepH~1eHTaJibHblMH 

.n,aHHblMH, KOTOpbie rrpw­

Be.n,eHbl B pa6oTe [ti], 
51BJI51eTC51 BeCOMbIM rro,n:­

TBep)K,lJ;eHHeM IIOJiy'IeHHbIX 

pe3yJibTaTOB. 

KOTOpbie CMeI.IJ;eHbl B He3KBHBaJieHTHbIX 

HarrpaBJieHH51X ( 111)' o6o3Ha'IeHHbIX pa3HblMH 

IJ;BeTaMH ( crrpaBa) 
IIoKa3aHo, 'ITO pe-

3YJibTaTbI MO,ll,eJIHpOBaHH51 

CTPYKTypHO-XHMH'IecKoro HaHOpa3MepHoro yrropR,ll,O'IeHHR w KoppeJIRIJ;HH 

HOHbIX CMeui;eawfi B PMN xoporno corJiacyIOTCR c rr3o6pa)!(eHHRMH STEM, 

'ITO caw.n,eTeJibCTByeT o .n,ocToBepHOCTH cyui;ecTay10ui;wx CTPYKTypHbIX ~10.n,e­

Jiefi If HHcPOPMaIJ;HH, KOTOpyIO MO)!(HO H3BJie'Ib 113 KOJIH'IeCTBeHHbIX H3MepeHHH 

STEM [5] [2]. CMeui;eHHR (111) rrpocTpaHCTBeHHO cKoppeJiwpoaaHbI. TaK)Ke cy­

ui;ecTBYIOT ,ll,OIIOJIHHTeJibHbie KOppeJIRIJ;HH 6oJiee BblCOKoro ypoBirn, KOTOpbie 

np051BJI51IOTC51 B HaJIH'IHH coce.n,HHX K (111) KJiacTepOB K ,n:pyrwx BapwaHTOB 
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(111), KOTOpbie HaXO,ll,51TC51 IIO,ll, yrJIOM 71° , L[TO npHBO,ll,HT K wepapXH'IeCKOH 

cTpyKType PNR. Ha pwcynKe 5 rrpc.n,cTaBJICII rrpwMep TaKofi wepapxww. K KJia­

CTepy [111] coce.n,HHM 51BJI51eTC51 KJiaCTep [1-111, a yroJI Me)K,n:y HHMH COCTaBJI51eT 

n·. 
Pe3yJJbTaTbI rJiaBbI ony6JI11Koaa11b1 B pa6oTe [Al]. 
-qeTBepTaa rJiaBa nocaRui;e11a 11ccJ1c.n,0Ba1rn10 JIOKaJibHOH cTpyKTYPhI 

cerHeT03JieKTpHKa K 1; 2Bi1; 2 Ti03. IIocTpoe11b1 aTOMHCTw1ecK11e 1-rnHopa3Mep­

Hh1e Mo,n:eJIH MeTO,ll,OM OMK. B 3TOM HCCJ1e.n,0BaHHH rrpw Mo.n,eJiwpoBaHHH 

O,ll,HOBpeMeHHO HCIIOJJb30BaJIHCb .n,allllble nom1oro pacce51HH51 HettTpOHOB, peHT­

reHOBCKHX Jiy'Iefi w EXAFS. B BbICOKOTe~mcpaTyp11ofi Ky6w'IeCKOfi ¢a3e HOHbI 

Bi w Ti c~1eui;et1b1 OTHOCHTeJibHO caoero K11CJ1opo.n,11oro OKPY*eHHR, a Koop.n,waa­

IJ;HOHHoe OKPY*eHwe K ocTaeTCR OTHOC11TcJ1b110 11eHCKa*eHHbIM. B Ky6w'IecKofi 

¢a3e HOHbI Bi rrpe.n,rro'ITHTeJihIJO nieui;a10TC5! B 11anpasJ1eHHH (100). IlJIOTHOCTb 

aepoRTHOCTH pacrrpe.n,eJJeHHR Bi BKmo•1acT mecTb xopomo pa3.n,eJJeHHhIX II03H­

IJ;HH. Ti cMeui;aeTcR B HarrpaBJJemrn (100) , o.n,11aKo rrpw 3TOM II03HIJ;HH Ti B 

IIJIOTHOCTH aep051THOCTH pacrrpe.n,eJJeHH51 lie MOryT 6bITb pa3.n,eJJeHbl Ha OT,ll,eJJb­

Hbie COCTaBJJ51IOI.IJ;He. 

C~1eI.IJ;eHH51 KaTHOHOB CKOppeJIHpOBallbl npH 3TOM o6pa3y51 IIOJJ51pHble Ha­

H006JiaCTH, Tor.n,a KaK B cpe.n,HeM CTPYKTypa BbirJJR,ll,HT Ky6w'IeCKOH. IIpw 

OXJia)!(.n,eHHH .n,o KOMHaTHOll Te~mepaTypbl B TeTparOHaJibHOll ¢a3e rrpowcxo­

,ll;HT Ka'IeCTBeHHoe H3Meaettwe ¢opMbI IIJJOTHOCTH aepoRTHOCTH Bi, rrocKOJibKY 

cMeui;ettHR Bi pacrrpe.n,eJJRIOTCR B HarrpaBJieHHRX (111). '.:ho H3MeHettwe, co­

xpaHRIOI.IJ;ee cpe.n,HIOIO CHMMeTpHIO, corrpOB0)K,ll,aeTC51 pa3BHTHeM IIOJJ51pHbIX 

Heo,n:Hopo.n,HOCTefi HaHOMeTpOBOro pa3Mepa, KOTOpbie .n,eMOHCTpwpyIOT 3Ha•m­

TeJibHbie OTKJIOHeHH51 HX BeKTOpOB IIOJI51pH3aIJ;HH OT cpe.n,Hero. 

Bo BBe.n,eHHH rJJaBhI rrpe.n,cTaBJJeH o63op JIHTepaTypHbIX .n,aHHhJX rro­

CBRI.IJ;eHHhJX 11ccJie.n,0Batt1110 3Tofi cTpyKTypb1. HecMoTpR aa MHOrO'IHCJieHHbJe 

HCCJie,ll,OBaHH51 [9], [10], [11], [12], [13] .n,eTaJIH CTpyKTYPbI K1; 2Bi1; 2Ti03 If 

TO'IHhJfi xapaKTep rrepexo.n,a Me*,ll,Y rrapaaJieKTpH'IecKofi Ky6w'IeCKOfi w cer1ie­

T03JJeKTpH'IecKofi TeTparOHaJibHOH cPa30ll OCTaeTC51 Heorrpe.n,eJieHHblM. 

• c:JQ 

~ 1 b25 

g 
lil 1620 
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1 £15 

• • •• • 
.............. 

•• •• 
• 1610+--;:--,,,---------_J 

100 200 JOO 400 ~ 
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Pwc. 6 - TeMrrepaTypHaR 

3aBHCHMOCTb Me)!(IIJIOCKOCTHbIX 

paCCT051Hlfll ,ll,Jl51 pe¢JieKCOB 112 If 121. 
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IIpw HOpMaJibHhJX ycJio-

BH51X ,n:w¢paKIJ;HOHHbie ,n:aHHbie 

K1; 2Bi1; 2Ti03 yKa3hIBaIOT Ha Ha­

JJHL1He TeTparoHaJibHOH CTPYKTYPhI 

c OT11ome1rneM c / a ~ 1,019. Ha p11-

cy11Ke G noKa3aHa TeMrrepaTypHa51 

3aBHCHMOCTb paCCT051Hlfll d ,ll,Jl51 TeT­

parO!JaJlbHblX pe¢JieKCOB 112 If 121. 
Ilp11 11arpesaHHH pe3KHH rrepexo.n, 

K Ky6w1eCKOH CTpyKType Ha6mo.n,a­

eTC51 OKOJIO 360°C, np11 3TOM ,ll,Ba 

OTpa)!(eHH51 o6'he,ll;HH51IOTC51 B 0,ll,HH 



TTHK. IlIHpHHa rrHKa 112 B Ky6H'-!eCKHx HH,lJ;eKcax MmIJJepa rrpo,n;om1<aeT yMeHb­

rnaThC51 rrpH HarpeBaHHH ,n;o ~420°C , '-ITO CBH,ll;eTeJibCTByeT 0 cyIIJ,eCTBOBaHHH 

ncea,n;oKy6H'-!eCKOro COCT05IHH51 Me)f(,n;y 360°C H 420°C. Bb1rne 420°C CTPYKTY­

pa rrpe,n;rroJIO)f(HTeJibHO Ky6H'-!ecKa51. 

,Il,JI51 aTOMOB Bi, Ha6mo,n;a-

eTC51 HaJIH'-!He 

~2,2A Bi-0, 

Hbl ,[\JI51 Bi-0 

KOpOTKHX CB513eft 

KOTOpb!e THTTH'-1-

B rrepOBCKHTax H 

YKa3bIBaIOT Ha CHJibHOe CMeIIJ,e­

HHe Bi. ,Il,aHHhre EXAFS KaJIH51 

YKa3hIBaroT Ha MaJibie 3Ha'-leHH51 

CMeIIJ,eHHH K co cpe,n;HHM pac­

CT05IHHeM K-0~2,8A . CorJiacHo 

pe3yJihTaTaM Mo,n;eJIHpoaaHH51 pac­

rrpe,n;eJieHHe ,n;mrn CB513eft Bi-0 

MaJIO H3MeH5leTC51 Me)f(,n;y TeTparo­

HaJibHOH H Ky6H'-!ecKoti CTPYKTy­

paMH. 

Ha pHCYHKe 7 rrpe,n;cTaB-

JieHhI ,n;aHHbie 0 TTJIOTHOCTH 

Bep05ITHOCTH pacrrpe,n;eJieHH51 

cMeIIJ,eHHli Bi ,n;JIB HeCKOJihKHX 

TeMrrepaTyp. TipH KOMHaTHOH 

TeMrrepaType 3TO pacrrpe,n;eJieHHe 

rrpHo6peTaeT IIHpaMH,ll;aJihHYIO 

¢opMy c OCHOBHbIM MaKCHMY­

MOM , CMeIIJ,eHHbIM Ha ~o,5A H3 

tt,n;eaJibHOH. PaccMOTpeHHe rro­

CJIOHHO IIJIOTHOCTH Bep05ITHOCTH 

pacrrpe,n;eJieHH51 cMeIIJ,eHHH H3o6-

{A} 

{B} 

{C} 

{D} 

PHc. 7 - TIJIOTHOCTh aepo5ITHOCTH 

pacrrpe,n;eJieHH51 Bi rrpH HeCKOJihKHX 

TeMrrepaTypax (YKa3aHbl BHH3Y) B TTOJI5IX 

TeTparoHaJibHOH (a, b) H Ky6H'-leCKOU (c, 

d) ¢a3. (aepxHHli p51,n;) {xz } rrpoeKiIHH 

TTJIOTHOCTH Bep051THOCTH pacrrpe,n;eJieHH51. 

pa)f(eHHoti Ha pHCYHKe 7, rreprreH,ll;HKYJI5IpHO OCH c , TT03BOJI5leT YBH,ll;eTb HaJIH'-IHe 

,n;eB5ITH ,ll;OTTOJIHHTeJibHbIX MaKCHMYMOB, rrpH<JeM '-leTbipe H3 HHX, HMeIOIIJ,He 60-

Jiee BbICOKYIO IIJIOTHOCTb, CMeIIJ,eHbl rrpH6JIH3HTeJibHO B,ll;OJib HarrpaBJieHHH 

( 111)' a OCTaBIIJHeC51 Il51Tb CMeIIJ,eHbI B,ll;OJib ( 100) HarrpaBJieHH51 , OTJIH'-!Hbie OT 

(001 ) . TioMHMO ,ll;OMHHHPYIOIIJ,HX CMeIIJ,eHHH B,ll;OJib TeTparOHaJibHOH OCH c (To 

eCTb Ky6H'-leCKOro HarrpaBJieHH51 (001 ) ' HMeIOTC51 rrpe,n;rrO'-ITHTeJlbHble HarrpaB­

JieHH51 (111). IlpH KOMHaTHOti TeMrrepaType aTOMbI Bi B TeTparoHaJibHoti ¢a3e 

HepaBHOMepHO pacrrpe,n;eJieHbl no 10 xopOIIIO pa3,n;eJieHHbIM y'-!aCTKaM. 

Tiptt KOMHaTHOH TeMrrepaType B TeTparOHaJibHOH ¢a3e HMeIOTC51 3Ha<m­

TeJibHbie rrpocTpaHCTBeHHO yrnttpeHHbJe tj:>JiyKTYaiIHH IIOJI51pH3aiIHH, IIOCKOJibKY 

CMeIIJ,eHH51 Bi OT cpe,n;Hero TTOJIO)f(eHH51 CKOppeJIHpOBaHHbl H pa3BeTBJI5IIOT­

C51 B HarrpaBJieHH51X, KOTOpb!e o6pa3yIOT 6oJibIIIHe yrJibl c TeTparoHaJibHOH 

OChIO. CocyIIJ,eCTBOBaHtte CMeIIJ,eHHH ( 111) H ( 100) Bi HarroMHHaeT cJiy'-!aft 
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Na1; 2Bi1 ; 2Ti03, XOT51 H c o6paTHbIM OTHOCHTeJibHbIM ,[IOMHHHpOBaHHeM ,n;ayx 

THIIOB HarrpaBJieHHH. 
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0.26 
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• • l ~049 + :;;-
-;;; 0.24 • • • c: 
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0.18 
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 

n in ((Ti06JKs...Bi,,] n in [Bi(Bi,K....)J 

Pttc. 8 - (a) CMeIIJ,eHHe Ti (T - 25°C) H (b) cMeIIJ,eHH51 Bi H3 tt,n;eaJibHhlX 

Ky6tt'-lecKHx 1IOJIO)f(eHttti (T = 500°C) a 3aBHCHMOCTH oT co,n;ep)f(aHHR Bi a 

JIOKaJJbHoti (Bi, K) Koop,n;tt:HaiIHOHHOti c¢epe. 

B Ky6H'-!eCKOti ¢a3e KaK HOHbl Bi, TaK H Ti ocTaIOTC51 cMeIIJ,eHHhIMH H3 

1IeHTpaJibHblX TTOJIO)!(eHHH , '-ITO Ha6JIIO,n;aeTC51 B peHTreHOBCKOH napHOH ¢YHK-

1IHH pacrrpe,n;eJieHH51 H Bi EXAFS. TI pH 400 H 500 °C HOHhl Bi rrpeHMyIIJ,eCTBeHHO 

CMeIIJ,eHbl B HarrpaBJieHH51X THTTa ( 100)' '-ITO rrpHBO,ll;HT K pa3,n;eJieHHIO IIJIOTHO­

CTH Bep051THOCTH IIO 6 y'-!aCTKaM c MHHHMaJibHOH IIJIOTHOCTbIO B 1IeHTpaJibHOM 

rroJio)f(eHHH. BeJIH'-IHHa cMeIIJ,eHHli Bi pacTeT c yaeJIH'-leHtteM '-IHCJia aTOMOB K 

BOKpyr Bi , '-ITO comacyeTC51 c 6oJibIIJHM ::i¢¢eKTHBHhlM pa3MepoM [Bi012] ,LIJI51 

o6JiacTeii , 6oraTblX K (cM. pHcyHoK 8 ). 
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Pttc. 9 - KapTa c111eIIJ,eHtti1: , OTHOCHTeJibUO 11x 11,n;eaJihHOro cpe,n;Hero 

rroJIO)f(eHH51 B Ky6w1ecKoti CTPYKType , ,LIJI51 npoeKiIHH CTOJI61IOB [010] Bi Ha 

rrJiocKOCTH (010) ,[IJI51 TeTparoHaJibHOH (a) 11 Ky611'-lecKoi1 CTPYKTYP (6) rrpH 25 

Fl 500°C COOTBeTCTBeHHO. 
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I1p11 ITOH11:lKeH1111 TeMITepaTyphr ,LJ,Jrn 110HOB Bi ITpo11cxo,n,11T ITepepacITpe­

,n,eJieH11e ITJIOTHOCTl1 Bepo51THOCTeii ITO pacliieITJieHHbIM yqacTKaM (100), '1TO 

YKa3hrnaeT Ha cj:la3oBbiii ITepexo,n, B11,n,a ITOp51,LJ,OK-6ecITop51,LJ,OK Me:lK,n,y Ky611qe­

CKOii 11 TeTparoHaJibHOM cj:la3aMl1. 

I1poeKrr1111 aToMoB ,LJ,JI51 CTOJI6rroB [010] Bi HaITJIOCKocT11 (010) B aTo­

M11cT11'1ecK11x CTPYKTypHbIX MO,LJ,eJI51X (CM. p11cyHOK 9) 11Me!OT Bbipa:lKem-1y10 

npocTpaHCTBeHHYJO KJiacTep113arr1110 napaJIJieJibHhIX cMeliieH11ii Bi 11 Ti, Ko­

Topa51 coxpaH51eTC51 ,n,a:lKe np11 500 °C. CTpyKTypa K 1; 2Bi1; 2 Ti03 51BJI51eTc51 

nceB,n,oKy6wrecKoii ,n,a:lKe np11 TeMITepaType BbIIIIe 420 °C, ITp11'1eM ITOJI51p­

Hbie HaH006JiaCTl1 (PNR) MO:lKHO paccMaTp11BaTb KaK ITpe,n,cTaBJI5llOliil1e IIIeCTb 

Kp11CTaJIJIOrpacj:lwrecKl1X sap11aHTOB TeTparoHaJibHOM cPa3bI. I1p11 OXJia:lK,n,e­

I-11111 11 ITepexo,n,e OT Ky611qecKoii CTPYKTYPhl K TeTparoHaJibHoii ITpo11cxo,n,11T 

qacT11'1Hoe ynop51,LJ,0'1eH11e cMeliieH11ii Bi 11 Ti, qTo ITp051BJI51eTc51 B yseJI11qeH­

HOM 3aITOJIHeHl111 0,LJ,Horo 113 IIIeCTl1 pacliieTIJieHHbIX ycracTKOB, qTO ITp11BO,LJ,11T 

K MaKpOCKOITl1'1eCKOM CITOHTaHHOM ITOJI51p113arr1111 B,LJ,OJib COOTBeTCTBYIOliiero Ha­
npaBJieH1151 (100). 

Pe3yJibTaTbI rJiaBbI oITy6JI11KoBaHhI B [A5]. 

B 3aKJUO'leHHH np11se,n,eHbl OCHOBHbie pe3yJihTaTbl pa60Tbl, KOTOpbie 3a­
KJII0'1a!OTC51 B CJie,LJ,yIOliieM: 

1. PeaJI1130BaHbI HOBbie B03MO:lKHOCT11 B MeTo,n,e o6panmro MoHTe-Kap­

JIO, KOTOpbIM Il03BOJI51eT BOCCTaHaBJil1BaTb pacnoJIO:lKeH11e aTOMOB B 

MaTep11aJiax, BKJIJ0qa51 JIOKaJibHYJO CTPYKTYPY 113 C0'1eTaHl151 ,n,aHHbIX 

peHTreHOBCKoro 11 HeiiTpOHHoro pacce51Hl151 11 ,n,pyr11x TexH11K. Pa3pa-

6oTaHHhre crroco6bl yqeTa ITp116opHoro pa3peIIIeH115I ,n,11cj:lpaKTOMeTpos 

II03BOJI51IOT yBeJil1'111Tb ,n,11ana30H, B KOTOpOM B03MO:lKHO ITp0113BO,LJ,11Tb 

MO,LJ,eJI11poBaH11e ,n,aHHb!X IIOJIHoro pacce51Hl151 KaK B ITp51MOM c 4 ,LJ,O 25 

HM, TaK 11 B o6paTHOM npocTpaHCTBe. OcyliieCTBJieHa peaJI113aI!H51 yH11-

sepcaJihHoro MeTO,LJ,a, KOTOpbIM ITO,LJ,XO,LJ,11T ,LJ,JI51 3KCnepttMeHTaJibHblX 

,n,aHHbIX, CH51TbIX Ha ycTaHOBKax Polaris n NOMAD. 

2. PeaJI113oBaH HOBhiii MeTo,n, Mo,n,eJI11posaH115I cTpyKTyp, ocHoBaHHhrii 

Ha reHeparr1111 HeCKOJibKl1X rrepeMeliieH11ii aTOMOB 0,LJ,HOBpeMeHHO: aJI­

rop11TM c rrapanneJihHhIMl1 rreIT51Ml1 OMK. I1po113se,n,eHa npoBepKa 

,n,aHHOro aJirOp11TMa Ha np11Mepe MO,LJ,eJI11poBaHl15I HCKa:lKeH11ii KHC­

JIOpO,LJ,HbIX OKTa3,n,pos B CaTi03. I1poaHaJI11311posaHa cxo,n,11MOCTh 

HeB5130K ,LJ,JI51 aJirop11TMa c ITapaJIJieJibHbIMl1 rren51Ml1 OMK 11 cpaBHe­

I-111e c Knacc11qecKoii cxeMoii. I1oKa3aHo, qTo cyliieCTBeHHOH pa3Hl1I!hl 

B CKOpOCTl1 CXO,LJ,11MOCTl1 11 KOHeqHoM pe3yJihTaTe He Ha6JIIO,LJ,aeTC51, 0,LJ,­

HaKO, rrp011CXO,LJ,11T COKpaliieH11e speMeI-111 Bhtq11cJieHHM B 2-3 pa3a, ITO 

cpasHeH1110 c onT11M11311posaHHOH Bepc11eti KJiacc11qecKoro OMK. 

3. ITpe,n,no:lKeH 11 peaJI113oBaH B RMCProfile HOBhiii anrop11TM aBTOMa­

Tl1'1ecKoii OIITl1M113arr1111 BeCOB np111111CbIBaeMb!X pa3Jil1'1Hb!M Tl1IIaM 

,n,aHHbIX, 3a,n,eiiCTBOBaHHb!M B aHaJil13e. 
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4. PeaJI1130BaHa B03MO:lKHOCTh 11crroJib30BaTb rrp11 MO,LJ,eJI11poBaH1111 B 

RMCProfile ,n,aHHhre TpexMepHoro pacrrpe,n,eJieH115I ,n,11cj:lcj:ly3Horo pacce-

51Hl151 OT MOHOKp11CTaJIJIOB, 6naro,n,ap51 '1eMy ll051Bl1JiaCb B03MO:lKHOCTb 

soccTaHosneH115I CTPYKTJpbr OT JIOKaJihHOii ,n,o HaHo rryTeM KOM611Ha­

rr1111 ,LJ,aHHbIX IIOpOIIIKOBOM ,LJ,11cj:lpaKI!l111 H TpexMepHOrO ,LJ,11cPcPY3HOrO 

pacce51Hl1H OT MOHOKp11CTaJIJIOB Toro :lKe MaTep11aJia. 

5. I1po113se,n,eHo cpaBHeH11e rrapaMeTpa 6n11:lKHero rrop51,LJ,Ka TJ, paccq11-

TaHHoro ,LJ,JI51 CTPYKTYP KJiacc11qecKoro peJiaKcopa PbMg1; 3Nb2 ; 303, 

nonyqeHHhrx Mo,n,ennposaHtteM MeTO,LJ,OM o6paTHoro MoHTe-KapJio c 

11CIIOJib30BaH11eM TpexMepHoro ,n,11cj:lcj:ly3H0['0 pacce51Hl151 aHaJIOrl1'1HO 

TOMy, KaK orr11caHO B pa6oTe [2], 11 pe3yJihTaTOB, IIOJiyqeHHbIX Ha­

IIp51MJIO 113 rrpocseci11sa10w,eti M11Kp0CK0111111 BblCOKOro pa3perneHl151. 

Pe3JJibTaThI Mo,n,en11p0Bau1151 11 3Kcnep11MeHTa cosrra,n,amT c xopoIIIeli 

T0'1HOCThIO. AI-IaJI113 TpexMcp11oro pacnpe,n,eneu1151 napaMeTpa rrop51,LJ,­

Ka TJ3n ,LJ,JIH CTPYKTypuofl Mo,n,en11 nOKa3hIBaeT HaJI11q11e x11M11qecK11 

yrropH,LJ,OqeHHblX o6JiaCTeli , KOTOpbie np051BJIHIOTC51 KaK 3aKaJieHHbie 

rrpocTpaHCTBeHHh!e cPJIYKTyarr1111 3HaYe!ll1H napaMeTpa nop51,LJ,Ka, B TO 

BpeM51 KaK CTerreHb yrrop51,LJ,OqeHl151 neITpepbIBHO 113MeH51eTC51 no BCeii 

Cl1CTeMe. 

6. B cerHeT03JieKTp11Ke PbMg1; 3Nb2; 303 JIOKaJibHO aTOMbI Pb 11 Nb 

CMew,eHbl rrpe11Myw,ecTBeHHO B,LJ,OJib HanpasneHl1H (111) , 11 3TO npe,n,­

rroqTeH11e CTaHOBl1TC51 6onee Bh!pa:lKeHHb!M rrp11 OXJia:lK,LJ,eI-11111 OT 300K 

,n,o 200K. AToMbI Pb CMeliieHHhre B,LJ,OJih HarrpaBJieH115I (111) o6pa3y­

JOT npOT51:lKeHHbie KJiaCTepbI, KOTOpbre B 11CCJie,LJ,OBaHl111 o6o3HaqaIOTC51 

KaK (111)-rromrpnhle HaHopa3MepHbie 06nacT11 ( (111)-PNR). PNR 

11MeIOT cpaBHl1Mb!e pa3Mephl, O,LJ,HaKo, KOppeJI51I!l10HHa51 ,LJ,Jil1Ha BeJI11-

cmH CMeliieHl151 B npe,n,eJiaX (111)-PNR 3Haq11TeJibHO Kopoqe, qeM y 

a-PNR ( o6JiaCTeii pa3MepoM OKOJIO 4-6 HM c JIOKaJibI-10 BbipOBHeHHbI­

Ml1 cMew,eH115IM11). MaTep11aJI PMN rrpe,n,cTaBJrneT co6oii arnoMepaT 

IIOJI51pHbIX HaHoo6nacTeii. 9Tl1 o6JiaCTl1 11MeIOT 11epapx11qecKyIO CTpyK­

TYPY· T11rr11qHhre a-PNR cocT051T 113 qacTeii 2-3 (111)-PNR, KOTOpbre 

pacrrOJIO:lKeHbl TaK, qTo CMe:lKHbie o6JiaCTl1 51BJI51IOTC51 rrpe11Myliie­

CTBeHHO Bap11aI-1TaM11 71 ° ( 111)-PNR. fpaHl1I!bI Me:lK,LJ,y IlOJI51pHbIMl1 

o6JiaCT51MH pa3MbITbre 11 pa3ynop51,LJ,OYeHHa51 MaTp11rra OTCJTCTByeT. 

7. I1oKa3aHo, qTo B cerHeT03JieKTpHKe K 1; 2Bi1; 2Ti03 c rroH11:lKeH11eM 

TeMrrcpaTypbI 11 rrepexo,n,e OT Ky611ciec1<0ii K TeTparoHaJibHOii cj:la3e 

cj:lyHKI!l151 ITJIOTHOCTl1 sepOHTHOCTl1 Bi npeTepnesaeT KaqecTBennoe 

113MeHeHl1e c Il051BJieHHeM HOBblX npe11Myw,eCTBeHHb!X HarrpaBJieHl1M 

CMeliieH11ii , KOTOpbre OTCJTCTBOBaJI11 rrptt 6onee Bb!COKOM TeMrrepaType. 

B Ky611qecKoii cj:la3e Bi rrpe,n,rroqT11TeJihHO cMew,aeTC51 B Harrpasne­

H1111 (100), a pacrrpe,n,enet111e rrJIOTHOCT11 sep051THOCTl1 Bi BKJIJOqaeT 

rnecTb xoporno pa3,n,eneHHbIX rro311rr11li. Ti CMew,aeTC51 B t1arrpasne­

t11111 (100) o,n,HaKo yqacTKl1 pacliierrneH115I ,LJ,JI51 Ti He MoryT 6bITb 
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pa3perneHbI. CMew,emrn KaT110HoB CKoppe;rnpoBaHhI 11 o6pa3yJOT rro­
;rnpHhie HaH006JiaCTl1 , TOr.n,a KaK B cpe.n,HeM CTPYKTypa BbirJl51,Ll,11T 
Ky6wieCKOi1:. IlpH OXJia)f(,LJ,eHl1H ,Ll,O KOMHaTHOH Te~mepaTypb! BHYTPH 
TeTparoHaJibHOH cPa3bl rrpOHCXO,Ll,11T Ka'-leCTBeHHOe 113MeHeHHe ¢opMbl 
pacrrpe.n,eneHH51 IIJIOTHOCTH Bepo51THOCTH Bi, rrocKOJihKY B c111ew,eH115lx 
Bi rro51BJI51JOTC51 rrpe.n,rro'-IT11TeJibHbie HarrpasneH115! cMern,eH11i1 ( 111) 11 
tta6JIJO,LJ,aeTC51 1130CTPYKTypttb1i1: cPa30Bh1i1 rrepexo.n,. CoxpaH51eTC51 cpe.n,­
H5151 C11MMeTpH51, KOTOpa51 corrpOB0)f(,LJ,aeTC51 II05!BJieH11eM IIOJI51pHblX 
HeO,LJ,HOp0,LJ,HOCTei1 HaHOMeTposoro pa3Mepa, KOTOpbie .n,eMOHCTp11py10T 
3Ha'-111TeJibHb!e OTKJIOHeHl151 11X BeKTOpOB IIOJI51pH3au,1111 OT OCH cpe.n,­
Hei1:. 
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