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Metonom ab initio DFT-pacuyeToB npoBeneHo uccienoBaHue BIMAHUA qepopManuyl pelieTKH Ha BEIUYUHbI
MOTEeHIIMaNbHBIX 6aphepoB A IBUKEHUA aToMa TUTHA B KpucTaminueckoM KpemHuu. C UCIOIL30BaHUEM 3TUX
OAHHBIX [PeAoKeH HOBBIM YHHBepCcalbHBIA MeToJ pacuera Ko3dduurventa auddys3un npumMecu B aMopPHBIX
TBEPABbIX Cpejax, MPOUCXOAANIe 10 aKTUBALMOHHOMY MexaHu3My. MeTod OCHOBaH Ha BBHIYMCIEHUU CTATUCTU-
YeCKOro pachpejeleHUs BeIUUYUH IOTEeHINAIbHbIX 6aphepoB AJA ABUKEHUA aToMa NPUMeCcU MeHAy MUHUMY-
MaMU B 3aBUCHMOCTHY OT IIOJOKEHUA COCeAHUX aToMoB. [Ipu 3ToM BHayale NPOBOOUTCA MOJEIUpPOBaHUe aMop -
HOU CTPYKTYPbl, F€eHEPUPYEMOii METOJOM OTHUra U3 KPUCTAIIUUYECKON CTPYKTYPhl ¢ BakaHcuamu. [lanee c
[OMOWILIO JIWHEHHOM perpeccuy ¢ mapaMeTpaMiy, ONpelelfdeMbIMHU AlfA GapbepoB B KPUCTAIMYECKOM KpeM-
HUUY, IO/BEPraeMoM pas3nuyHOi HedopManuy, BRIUMCIAETCA CTaTUCTUYECKOE paclpeleleHre MOTeHINalbHbIX
GapbepoB B aMOpP(HOI CTPYKType MIfA pasiUuHbIX JIOKAIbHBIX OKPY#EHUN aToma npumecd. W3 momydeHHOro
pacmpefeleHus ¢ npuMeHeHreM GopMyibl AppeHuyca BeluuciaeTca Koadpuuuent nudbdysun npumecu. Ilpen-
CTaBlIeHHbIN MEeTO]] IPOTECTUPOBAH Ha IIPHUMepe KPUCTAIINIECKOro M aMOp(pHOro KpeMHHA C IPUMEChIO aTOMOB
autuAa. Merox moKasanl cyljecTBeHHOe ycKopeHue nuddysuu IuTHA B amMOpOHOM KPEMHHM II0 CPaBHEHHUIO C
KPUCTALIAYECKMM, UTO IOATBEPKaeTCA SKCIEePUMEHTaMuU.
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CoBpeMeHHbIE NpEICTaBICHUA O MeXaHu3Mmax Iud-
¢ysuu B KpHCTallaX U MUJKOCTAX c(HOPMHUPOBAIUCH
emle B 60-x rogax mpouioro Beka, B OCHOBHOM B Pe3yllb-
TaTe NPUMEHEHUA KOMIBIOTEPHOTO MOAENNPOBaHUA Me-
Togamu MonekyaapHoit guaamuku (MD) u Monrte-Kapio
(MC). Tem He MeHee npoGireMa NIOHNMaHUA MeXaHU3MOB
ouboysuu B aMopdHBIX cpefax okasalach 3HAUUTENbHO
Bollee CIIOKHOM 10 CPaBHEHUIO C KPUCTAIaMU U BO MHO-
rom emie He pemeHHO#. Ocob6eHHO 3TO KacaeTcAa AUDPy-
3UU YacTHUI B CUCTeMaX, 00pa3yoIUX MaloNOABUKHbIN
KapKkac U CBA3aHHBIX 1u00 MPOYHBIMU KOBalleHTHBIMU
cBA3AMU (Kak B aMOP(GHOM KpeMHHH), 1u60 CHIBHBIM
KYJIOHOBCKMM B3auMofeiicTBueM (Kak B KpeMHe3eMe).
MeTonb! TeopeTuueckoro aHanusa guddy3UOHHBIX IIPO-
IIeCCOB B TaKUX cucTeMax pa3paboTaHbI elje HeJOCTa-
ToyHO, cM. [1]. B oTamume or ciyuas puddysuu B
KpHUCTalINUYeCKUX CpeJaX ¢ HUBKMMU NOTeHIUalbHBIMU
6apeepamu (Vharrier & (1—10)kT") A npbIsKKOB yacTul,
Korga MoHO mpuMeHATb MD-meton, B cTpyKTypax ¢
BBICOKMMHU TOTEHIUAIbHBIMU GapbepaMy 4acToTa Hepe-
CHOKOB aTOMOB 4epe3 Gapbepbl CTAHOBUTCH Ype3BbIUaii-
HO Maioit (rare events problem). IloaTomy Takue cuc-
TeMbl, 0COOEHHO B aMOpP(®HOM COCTOAHUM, HE HOAJAIOTCA
npAMoMYy uccienoBanuio metogoM MD. [lna yckopenus
MO/ POBaHUA NPOIECCOB aKTHBAlIOHHBIX IEPECKOKOB
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Il TaKUX CIy4aeB B IocieJHUe roiepl Ol paspabo-
TaH aKTUBAalMOHHO-pelakCalluOHHbINA MeTox (activation—
relaxation technique, ART), roropslii mo3Boaser Mo-
IenupoBaTh CTPYKTYPY M aKTHBalWOHHbIE IPOIECCH B
amMop®bHbIX BelecTsax, cM. [2, 3]. lanHbIi MeTOX OcHO-
BaH Ha BBIYKMCICHUU NEPEXOJHBIX COCTOAHMIA (CemI0BBIX
TOYeK) cucTeMsl (activation) mpu Npou3BOIbLHO BbIOpPaH-
HBIX BEKTOpax ABUKEHUA aTOMOB C IIOMOLILIO BBIUKCIIE-
HUA CUI, IefCTBYIOMINX HA aTOMBI, a TaKKe U IBUMEHUA
B HampaBleHUHU Giumkaiimeil ceqioBoil Touku. U3 mepe-
XOZHBIX COCTOAHMI aTOMBI IPOU3BOJILHO PellakCupOoBalu
(relaxation) B Guukaiiuie MUHNMYMBI SHEPIUH, OIpe-
nenaa amopdHoe cocTofgHue. JlanbHeHIIMM pa3BUTUEM
OaHHOI'0 MOAXOoJa ABUIOCH O0BLeNVHeHNe KUHEeTHYeCcKo-
ro anrropurma MonTe-Kapio u ART-meroza (the kinetic
activation-relaxation technique, k-ART), ycropsiomero
CXOKI€HHe JaHHOro anropurtMma, cM. [4]. Ilpu passutun
MeToJa yCKOPEeHHO! TMHAMUKKU HeoOX0AMMO YIIOMAHY Th
TaKKe HeJaBHO pa3paboTaHHbIE METOIMKU CMeIlalolie-
ro moreHnuana (bias potential) [5], MeTon rumeppuHa-
MUKHY [6] 1 MeTOx TeMmepaTypHO-YCKOPEHHOI IUHAMU-
kU (temperature-accelerated dynamics) [7]. Iaa mone-
AMpOBaHUA aMOPGhHON CTPYKTYPhI TaKk#e MPUMEHAETCA
amroputm Byrena, Bunepa u Baiipu [8], ocHoBaHHBIN
Ha CirydJaiiHOM cMeleHuy (rearrangements) Guikaniumx
aToMOB, BeAyUIMil K KM3MEHEHWIO 4YuClIa U Halpablle-
HUP XMMHUYECKUX CBA3el MemrIy OnuKailliuM OKpy:He-
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HMEM aTOMOB U MOCJeAyIoleil pellakcaluy M0y YeHHOR
CTPYKTYPBI IyTeM YKMCIEHHOro oTura. IlesyabTaT Mo-
IeIUpPOBaHKA KPEMHHUA U FepPMaHUfA 3TUM METOAOM Io-
Kasal XOpollee COBNAleHHe C PKCIEePUMEHTOM A pa-
nunanbHOM (yHKUuKM pacnpeneneHus atromoB (RDF) [8].
K comanenuto, Bce nepevyncieHHble METONUKYU TPUMEHA-
JKUCh MCKIIOYUTENbHO K CHUCTEMaM, OMUChIBAEMBIM 160
VIPOLIEHHBIM MeT00M BHenpenHoro aroma (embedded
atom model), mu6o sMnuUpuYecKH NOXOGPAHHBIMH MO-
TeHUMalaMK, B KaueCcTBe KOTOPHIX 4acTO MCIOIb30Bal-
cAl MHOrouacTU4HbIi norenuunan Crunnunxepa—Bebepa
(Stillinger—Weber potential, SW), cm. [9]. IIto o6bAac-
HAETCA CIOMHOCTHIO NHTErPUPOBAHUA NaHHBIX METOIUK
B crangapTHble MD-airopuT™Mbl COBpEMEHHBIX BBIUHKC-
JUTENbHBIX MTAKETOB U OCOGEHHO CIOHOCTBIO ONMpemnele-
HUA TMOTEHINATbHOTO NPOMUIA [JIA JBUMKEHUA MHOMEC-
TBa yactul. Kpome Toro, smMmnupuyeckne MeaTOMHbIE
MOTeHMAaNbl GbLIN MOJ06PaHbl TONBKO MJIfA OYEeHb Orpa-
HUYEHHOr0 YKCJia CONMHEHWI, B OCHOBHOM OIHOATOM-
ubix (yraepox, kpemHuit u 1.1.). Takum obpasom, noka
He CylecTByeT MeTona pacuera 1uddy3un B aMopdHbIX
BelecTBax ¢ GoJbIIMMHU Gapbepamu, KpoMe Kak Ha oc-
HOBE HCIOJNb30BaHUA SMIUPUUECKUX MOTEHIIUATIOB.

B nauHoit paGoTe Ha npuMepe pacueTa gudPy3uu au-
THUA B aMOpPGHOM KpeMHHU IpeJjaraeTcA HOBbI MeTo[
IInfl HaxoIeHUA Koappuuuenta nqupdysuu B amopp-
HBIX M KPUCTAlIINYeCKUX cpefax. B oruauuue oT cTaH-
JaptHoro MD-noaxona gaHHBIR MeToOJ NIPUMEHUM B CIIy-
yae GONbIINX BeIWUYWUH MOTEeHLUaNbHbIX GapbepoB Anf
IBUMeHUA OUPPYHOUPYyeMbIX 4YacTUll B aMOP(pHBIX U
KpucTalniudeckux BellecTBax. IITo menaeT ero BecbMa
aKTyalbHBIM U BocTpeGoBaHHBIM TexHosaorueii. IIpenno-
JKEHHBIII MeTOJ OCHOBaH IpeJie BCero Ha HaXOKAeHUH
pacnpefeleHUA NOTeHHaNlbHbIX 6apbePOB A NPLIMKOB
aTOMOB NpPUMeCU MeKIy NMOTeHUHalbHbIMU MUHUMYMa-
MU B nepuopunyveckoit niu amopduoii cpege. Ilockonbry
B amMop(HO# cpelle AaHHOe paclipejelieHNe NMeeT KOH-
THUHYalbHbIM XapakTep, OYeBHUIHO, YTO HeobXxoguma Me-
TOJWKa, N03BONAIONIAA ONpelelATh TaKkue NMOTeHIHalb-
Hble Oapbepbl UCXOJA TOIbKO U3 FeOMeTPUU JIOKalbHO-
ro oxpy:eHusa atoma npuMecu. Ilpu paspaGoTke Ta-
KOW METOOMKHU [If KpHCTalindeckoro Kpemuus (c-Si)
C IPUMECHBIMH aTOMaMM JUTUA HaMu Ha ocHoBe DFT-
pacueToB ObLIK BbIYKCIEHbI DHEPT YU I€PEXOIHBIX COCTO-
fIHW, T.e. NOTeHIMalbHble Gapbepbl IJIA NPLIKKOB aTo-
Ma JIUTHUA MeM Iy MOTeHLUalbHbIMU MUHUMYMaMU B Jie-
(opMupoBaHHOI KpucTanindeckoil pemerke. Ipu sTom
UCIIONb30BalCA TOT DKCIIepUMeHTalbHbIi GaKkT, 4TO aTo-
Mbl IMTHUA B KPeMHUM Bcerja HaXOAATCHA BHYTDHU TeT-
pa’fpoB U3 aTOMOB KPeMHUA U npu AUGOy3uu MOryT
COBEPIIUThL CKAUYOK B JIOO0OM K3 BO3MOMHBIX UeThIpex
HanpaBleHUil B L[eHTP OJHOTO U3 COCEJHUX TeTpas3]poB

[10]. Tawe npu MOCTPOEHMH METOAMKY Mpeinoiara-
JOCh, UTO BBUJY Malloro pasMepa MOHa JUTUA €ro Mmpu-
CYyTCTBHE B IeHTpe 060ro KpeMHUEBOr'0 TeTpasapa He
HCKajkaeT CYIIECTBEHHO IeOMeTPHM [JAaHHOIO TeTpas-
pa. Takum o6pa3oM, reoMeTpPUA KamJOr0 TETPa3pa U B
aMopdHO#l CTPYKType [OOMHA OJHO3HAUHO ONPENENATh
BBICOTHI MOTEHIHUANbHBIX 0apbepoB [JIA MPBI}KKOB aTo-
Ma JTUTHA U3 Hero B cocefHUe TeTpasaphl. [lna pacuera
HOTeHIHNaNbHbBIX GaphepoB ANA MPBIMKOB IUTUA BHauda-
fe GpLIM paccuMTaHbl 6apbepbl BHYTpPH Cc-Si, mogBeprae-
MOro pas3iu4HbIM BujpaMm gedopmanuu (oceBoil, 06beM-
HOW ¥ cABUroBoit). OpHoOCHYIO Hedopmanuio cosjgaBa-
I Iy TeM YBeINYeHUA pa3MepOoB 3jIeMeHTapHOU AYelKky
B HalpaBleHNU KamJoil K3 oceil KoopauHAT, a 00BEeM-
HYIO — IyTEM U30TPONHOr0 YBEINUeHUA AUeHKY BO BCEX
HampaBleHUAX Ha OAMHAKOBYIO BeIUYUHY BILUIOTH IO M3-
MeHeHus obbema Adeiiku Ha 9% c marom 3%. CuaBu-
roByio AedopMaIuio co3aBaly MyTeM M3MeHEHUf yTia
B Memay pasnuuHbIMU ocAMHU (zy, Yz, 2x) ¢ mwarom 3°
BIIOTH [0 MaKCHUMalbHOro 3HayeHud 9°.

ITacueTs! GapbepoB GblnK MPOBeNEHbI B pamKax (op-
manuama ¢yukyuonana maoraoctu (DFT) ¢ rpaguent-
ubiMu nonpaBkamu PBE [11] ¢ ucnonbsoBanuem nakera
VASP (Vienna Ab-initio Simulation Package) [12, 13].
HManHbIfi maKkeT IJA OpoBeAeHusA ab-initio pacueToB uc-
HONB3yeT METOJ MCEeBONOTEHINANla U pa3ioKeHue BOI-
HOBBIX GYHKINUN mo 6a3ucy miaockux BoiH. IIToT moz-
XOI KODPEKTHO ONHUChIBA€T NEPUOJUYECKUE CHCTEMBI.
Ona sddeKTUBHOrO yMeEHbIIEHUA KonudecTBa Gasuc-
HbIX QyHEOMi (T.e. 3Hepruu o6pe3anHufi E.yioff) U CY-
IMIeCTBEHHOr0 YBEJIUYEHUA CKOPOCTH PacyeToB ANA BCEX
aTOMOB HCIOJb30BalcA NceBaonoTennuan Bangepbunsra
(Vanderbilt ultrasoft pseudopotential) [14]. Ina onuca-
HUA BOTHOBBIX QYHKIINI BO BceX pacueTax ObLIO MCIONb-
30BaHO 27 k-ToyeKk B HENPUBOJUMOI 4acTHU HEPBOU 30-
ubl [punniosna (1BZ), koTopble BeIGUpanuch Mo cxeme
Mouxopcra—Ilaka [15]. Ilpu npoBeieHUH ONTHUMU3ALNU
reoMeTpPUU KOOPOWHATHI BCEX aTOMOB B cynepsaueiike
BapbUPOBAIUCh 10 TeX NOp, MOKA CHIBI, AelcTBYyIOIINe
Ha Kamablil aToM, He cTaHoBuiIuchk MeHee 0.05 SB/A.

BricoThl moTeHIIManbHBIX GaphepOB Vbarrier(R?x) onsa
Ka /ol reoMeTpUU JIOKANbHOT'O OKDYEHUA HpHMeCcHU
R?X paccuMThIBAIUCH METOJOM B3JIacTUYHONU YyHpPYroit
nentsl (Nudge elastic band, NEB) [16], no3Boasmomum
onpenenATh NMOTEHIUANLHBIN pelbed AnA mepexona aTo-
Ma M3 HEKOTOPOro MOTEeHIMAaTbHOr0 MUHIMYMa B COCEll-
Huil (myTh peakuuu). BeruucienHas BeauuynHAa BBICOTHI
Oapbepa mepexoja aToMa JUTUA B HEUCKAaKEHHOM C-Si
coctaBuia Vpharrier = 0.603B, uTo xopowio cormacyerca
C DKCIEepPUMEHTAalbHBIMU OaHHbIMU [17] u Teopermuec-
kumu pacyeramu (0.583B), HefaBHO BBINOJIHEHHBIMU B
pabote [18]. BenuuuHbI e sHepreTUUecKUX 6apbepoB
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VIl Tepexoja aToMa JUTHUA MEMIY COCeIHUMH TeTpa-
BIPUYECKUMU MYCTOTAMU B pa3iuyHO AedOopMHUpOBaH-
HBIX CTPYKTypaxX B 3aBHCHMOCTU OT JAeopManuu Ha-
xoguiauch B untepsaie 0.3—-0.63B.

IlonyueHHble BelUMYUHBI Vbarrier(R‘?x) INfl pa3iauu-
HBIX MeOPMUPOBAHHBIX CTPYKTYp OBLIM MCIONb30Ba-
HbI JAJA MOCTPOEHUA JIMHEHHON perpeccuu, MO3BOJIAIO-
mieit onpenenfaTh Oapbep MJA TG0 reoMeTpPUH JToKalb-
HOI'0 OKDY’KEHHUA NpUMecH (TeTpasapa):

Vbarrier(R?x) =al* Rl + a2 * R2 + a3 * R3 + a4. (1)

B kauecTBe mepeMeHHBIX perpeccuu GbInu BbIOpa-
HbI paguyc R; OKpy#HOCTH, ONHMCAHHO! Yepe3 BepIIUHEI
rpaHy TeTpasipa, 4yepe3 KOTOPYIO aTOM JIUTHA Nepexo-
OUT B COCeJHUI TeTpas’ap, u paguyc R, oKpymHOCTH,
ONKCAHHOU 4Yepe3 BEPIIMHBI I'PaHU TeTpasipa, B KOTO-
pBIif monajgaeT aToM JHUTHUA Mocle nepexoga. Tperbs
nepeMeHHas, Rg3, ompenendnach Kak pacCTOAHUE MeiK-
IOy nLeHTpaMu 5Tux okpysHocteil. Ilocne BbiuucieHus
napaMeTpOB JIMHEIHO! perpeccuu I BceX pacCUUTaH-
HBIX 22 nedoOpMHUPOBaHHBIX KPUCTALIUYECKUX CTPYK-
Typ 3HaueHuf al, a2, a3, a4 orasanucb paBHbIMU
{—4.62,3.13,-0.26,4.005B-A} coorBeTcTBeHHO.

Hanee ObL10 IPOBeJEHO MOJENIUPOBAaHUE CTPYKTYPHI
amoptuoro kpemuus (a-Si). Kar umsBectHo, a-Si xa-
paKTepusyercH HeckoabKo MeHbieit (Ha 10-15%) mior-
HOCTBIO [0 CPaBHEHUIO C ¢-Si BBULY MHOMecTBa Aedek-
TOB CTPYKTYpHI. [lnfA MoJenupoBaHuA Takoil amopdHO
CTPYKTYPbI OBbLI MCIONb30BAH MEeTOJ JeMI(pUpoBaHHON
MOIIEKYIfIDHO# TMHAMUKKU. B »TOoM MeTozne B ypaBHeHUA
IBVIKEHUA Ui aTOMOB BBONATCA CHIbBI TpeHUA (HeM-
ndupoBaHue), NPONOPLUUOHANLHbIE CKOPOCTH MOHA. W3-
3a HaTN4uA geMnbupOBaHUA CKOPOCTU HOHOB IIOCTENEH-
HO MOHUKAIOTCA U MOHBI 3aCTHIBAIOT BONU3U MOIOMKEHU I
JTOKaNnbHBIX MUHUMYMOB 3Hepruu. [Ina MomenupoBaHuA
amop¢Horo KpemHuus Oblia BbiGpaHa cymepadeiika c-Si,
cocToAmad u3 8 aneMeHTapHbIX KyOudyeckux Adeek. U3
Hee B IPOU3BOJLHOM HOpAJLKe yOupanaach 4acTh aTOMOB,
U 3amycKajicAa pacueT AeMI(pHPOBaHHOU MOJIERYIAPHON
sunamuku (DMD) ¢ navanbHo#t Temneparypoit T =
= 2000 K. ITocne cHureHUA KUHETUUECKON SHEPTUY BCEX
noHoB 10 teMnepatypsl T ~ 0 K npoBogunace ontumu-
3anud odbeMa AYelKU KiaccudyeckuMm MetonoM IlsioTo-
Ha [JIfl KOMIIeHcauu 06pa3oBaBIIEroCA OTPULATENLHOIO
BHelrHero paBieHud. Illaru DMD u onTumMmusanuu o6nb-
eMa IOBTOPAIUCH [0 TeX IOp, I0Ka BHeLIHee JaBleHUE
U CHUIBI, AelCTBYIOIKE HAa BCE aTOMbI, He CTAaHOBUINCh
MeHbIlle 3aJaHHbIX NpefenoB. IlTo morpeboBano mpoBe-
nenusa AByx utepanuii. Ilocne monmenupoBaHusa Taroi
nceBroaMop(dHOI CTPYKTYPbl KpeMHuUA GbLIa paccunTa-
Ha paguanbHas GyHruua pacupenenenus aromos (RDF)
JaHHOU CTPYKTYpBI, KOTOpad HEIJIOXO COBHala C BKC-
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nepuMeHTalbHO onpenenennoi ¢yuruueit RDF us [19].
JpyrumMm paKkToM peleBaHTHOCTYU MONYUYEHHOU CTPYKTY-
PBI ABIAETCA BRIYUCIEHHOE 3HaUeHNe CpeJHeKBa paTH -
HOI'0 OTKIOHEHHUA yria Me:ay GammaiuMy KoBaleHT-
HBIMU CBA3AIMM KaKkIOro aToMa KpeMHuA. [aHHoe 3Ha-
uenue (11.18°) oueHb XOpOIIO COBHANO C BKCIEPUMEH-
TanbHBIM (= 11°) 1 TeopeTHYECKH PaCCYMTAHHBIMU 3HA-
genuamu (10.9° u 11.4°) us [8]. Xopouree cormacue c
SKCIEPUMEHTOM IIPU ONpPEeJEeNeHUN KaKk CPEeIHero Koiu-
yecTBa GnuKafKuX cocefiell JTaHHOIO aToOMa, TaK U yTio-
BOrO pacnpejeleHusA KoBaleHTHbIX Si—Si-cBA3eil Memay
coboii roBopuT 06 aJeKBaTHOCTHU NPEIJIOMEHHOTO MOI-
Xoma MopennpoBaHua aMopdHoit cTpykTypel. Ilpu mo-
IelrpOBaHUK NceBRoamopdHOil CTPYKTYpPHI a-Si, comep-
sKameil aToOMbl IUTHA, OIA ONpeleleHUA Guu:kaiimero
OKpYKeHHA aToMa TUTUA Gb1I0 BEIGPAHO MONOKEHUE BEP-
IMWH TeTpasipa u3 GnuKaimuXx K HeMy aTOMOB KpeM-
HuAa. llpu BTOM [ANA KpUCTANIMYECKOr0 KPEMHHUA Bce
TaKkue TeTPasAphl JOJKHBI COBNANATh, a AaA aMopdHO-
ro KPeMHHUA OHU MOT'YT PasinyaThbCA U3-3a JOKaIbHOI'O
WCKAKeHUA reOMeTPUYECKOr0 OKPYKEHUA KaI0ro aTo-
Ma. TeMm He MeHee ompejeleHNe TeTPa3’JpOB U3 aTOMOB
KPEeMHUA, OKPYKaIOUINX aTOM JIUTHUA, BCera BO3MOMHO,
XOTA 3TO MOTyT GBbITh U JOCTATOYHO UCKa}EeHHbIE TET-
pasapel. CrieqyeT OTMETUTh, YTO JaHHOE ONpeJelNeHue
TeTPas’IpoB [JIA NMoCIeLyomero HaxoaeHua quddysnu
OTIMYAeTCA OT MOAX04A, InpeyiosenHoro B [20], rae aB-
TOPBI IPU MOAENUPOBAHUY TUTUA B aMOPGHOM KPEMHUU
WCIONb30Baly ONpeJeleHre Nn-aTOMHBIX [UKIOB U3 aTo-
MOB KpeMHUA. [IpuMeHeHNe NOHATUA UCKaMEHHBIX TET-
pasApoB, coAeprRallMX BHYTPU aTOM IUTHUA, NO3BOIU-
JI0 HaM KCIOJNb30BaTh NPOIeLYypy UHTEPHONALNUU B BUIE
JIMHEMHON perpeccuy, BRIIOYAIOLIE mapaMeTpsl TeTpa-
BIpPOB, 1A HaXO[IEHUA paclpeleleHNd BBICOT HOTEH-
IManbHbIX 6apbepoB Vharrier (R;, Rj) TpU NMepeMelleHnH
aToMa JUTUA MeKAY OnuKaiuMu TeTpasgpaMu C Ko-
opAuHaTaMu LeHTpoB R; u R;. Jlnia BeluuclIeHUA Ko-
sappunuenta qudpdysuu Oblna mnpenioxieHa 3PPeKTUB-
Hafg MeTOANKA, OCHOBaHHAA Ha BHIUKCIEHUMN BPeMEHHOM
sBoJIONMU pacnpenenenus aromos npumvecu P(R;,t,) B
IOWCKPEeTHOM BpeMeHU t, U mpocTpaHcTBe R,;, KoTopoe
HepBOHAYalbHO BRIOMPANOCh B BHIE [ayCCOBOTO pacmpe-
OeleHus:

P(Ry,t, = 0) ~ exp(—[Ri — Ro[*/20%(ta)).  (2)

JlaHHas 3BOMIOLNA ONKUCHIBAETCA JUCKPETHBIM (3aMe-
HAIOIMM HeNpephiBHOe ypaBHeHue nudoysuu) mpous-
BOAAMMM ypaBHeHHeM (master equation) MapKOBCKOro
mpoliecca JJid CTeleHu 3anoJHeHNA y3Jia ¢ B MOMEHT Bpe-
MeHU tp:
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dt a
=Y W(R,R;)P(R;,t)[1 — P(Ri, t,)] —
R;
- W(R;,Ri)P(R, t,)[1 — P(Rj, tn)]. (3)

3mecs W(R;, R;) — uacToTa mepeckoka aToma Ipu-
mecu u3 MuHuMyMa R; B munumym R;. [lanHble Be-
AVMYMHBI [JIA NpPbIKA aToMa B J1O6G0M HalpaBleHUU
R; — R; uepe3s 6apbep Vharrier(Ri, Rj) Ipu TeMmepa-
Type 1 paccuMTHIBAIUCh C IIOMOLILIO yPaBHEHUA appe-
HUYCOBCKOr0 THUOa:

W(Rz, R]) = WO exp [_Vbarrier (Rl, RJ)/kT] . (4)

[Ipenskcnonenyuanbublit MHOMUTEND (3dderTrBHAA
vyactora KoneGanuit) Wy BBIUMCIANCA C NOMOLIBIO W3-
BecTHO#M Gopmyisl Benbapaa [21], Takske yuuThIBaOIMmE-
r'o DHEPrulo HyJeBbIX Kolebauuit Ey:

kT 12272 [1 — exp(—hwi/kT)]
h [IY7* [1 — exp(—hv; /kT)]

rae 1/; — 4acToThl KoneGaHuil N aTOMOB CHUCTEMBI MpU
HaXoKJeHNU MepeMel[aeMoro aToMa B CE[I0BOI TOUKE,
a v; — B Touke MuHNMyMa. llpu BbIUKMCIeHMH YacTOT
KoneOaHuil BBULY OONBIIOrO pa3Mepa CUCTEMbBI YUUThI-
BallUCh CTENeHU CBOGOABI TOIHLKO MEPEMEI]aeMOro aTo-
Ma u ero GauKkaiillero OKpyKeHUA B Hayajle U B KOHIE
nepexopa, t.e. (N = 9). [lannas meroguka pacdyera
YacTOT MepecKOKOB Oblila NOAPOGHO M3J0KeHa U anpobu-
poBana Hamu panee B [22-24]. IIpu BeiumcieHun Bpe-
MEHHOI 3BOMIONNY NPOU3BOAALIee ypaBHeHue (3) pewma-
7och And Bcex y3inoB R; ¢ marom no BpemeHu T, BbIOU-
paeMbIM AnNA YCTONYMBOCTH TakK, YTOGBI NpOU3BeJEHUE
max[W(R;, R;)]T ~ 0.01. C TeueHHeM BpeMeHU HHUC-
nepcus o2 (t,) NPOCTPAHCTBEHHOTO paclpeleleHUA Be-
poatuoctu P(R;,t,) pacmupanacs u3-3a NPbIKKOB K-
TUA B IIyCThle TeTPa’Aphbl, NpelcTaBiAfd co0oil mocte-
IIeHHO pa3MbIBalomyiocd rayccoBy ¢yHKnuio. Ilocne Bbi-
nonuenuss N BpemenHbix maroB (N ~ 50) koadduuuent
auddysuu D BeruucaaincAa Kak
Y r, P(R;,tn)R?

D= =R . (6)

WO - ) (5)

ITaccunTanHbIll TAKUM METOAOM 3BOJIOLUU paclpeneie-
HiA KoabbunneHt auddys3uu nutua B c-Si oKasanca pa-
Ben D(T) = 2.7-10 3 exp(—0.603[eV]/kT). Usmepen-
HBII e BKCIepuMeHTanbHO [25] Koadbunuent nuddy-
auu D = 2.5 - 1073 exp(—0.655[eV]/kT).

IlesynbTaThl BhiuncieHua Koaddunuesta quddysuu
D(T) npu pasnuuHbIX TeMIepaTypax MPUBEJeHb] Ha PH-
cyuke. Ila Hem mokasana 3aBucumoctb D(T'), Bbrumc-

05 10 15 20 25 30
1 (1031(1)

I
35 40

3aBucuMoOCTh Ko3dhdunuenta nuddys3un IUTUA OT TeMIle-
patypsl B KpuctanaudeckoM (1-4) u amopduom (5) Kpem-
Huu: ] — BKCIepHMeHTalbHaA 3aBUCUMOCTh [25]; 2 — pac-
4yeT ¢ NOMOIIBIO MeToJa 3BOJMIOLUU paclpefeleHud; 3 — c
nomombio MD-meTona; 4 — npAMoe BbIUKCIeHHE C IOMO-
MbIO ypaBHeHUAl apPeHUYCOBCKOro THUIIA; 5 — pacueT IIA
a-Si MeTOJOM 3BONIOLUU paclpeeleHUus

nennas merogom MD, B kotopom D(T') acumnroruyec-
KM BBIYHCJIAETCA U3 cpellHeKBaJPaTHYHOI0 OTKIOHEHNUA
(AR?(t)) aToma IMTHA C yBeIHYEHHEM BPEMEHH t:

. (AR’(t)

D= lm — (M
roae Z — pa3MepHOCTh IIPOCTpaHCTBa. Han-
HbI KoaduuueHT muddysum paBHAICA D =
= 1.9 - 103 exp(—0.605[eV]/kT). Tam e orobGpa-

meHa szaBucumocth D(T'), noimydeHHas NpU NOMOIIY
CTaHAapTHOI'0 YpPaBHEHUA appPeHHyCOBCKOrO0 THUIA [JA
mudpdysun: D = W(R;,R;)I?/2Z, rae I> — xBagpat
ONVHBI TpbIXKA aToMa JUTHA MEMRIy COCeIHUMU
munumymamu, a W(R;,R;) - wuactora mnepecko-
KOB. Hauupiii KoapbuuueHt puddysuu paBHAICA
D =3.1-1072 exp(—0.605[eV]/kT).

Ananusupysa nonydeHHble BENUUYHUHBI, MOKHO Cle-
JaTh BBIBOJ O TOM, YTO BCE TPU MeTOAa [JalOT aHa-
JIOTUYHbIE pe3ylbTaThl ANA KodpPuumeHta udPy3uu
D(T) autua B KpucTamiudeckoM KpemHuu. Ilac-
CYMTAHHBI METOJOM 3BOJIIOLUU paclpeneleHUA Koad-
¢unuent D(T) B amopdpuom kpemuHuu D = 1.0 x
x 1072 exp(—0.339[eV]/kT), na 1-3 nopsamka mpesoc-
xogut D(T') B wpucraminyeckoM KpeMHuu. JlaHHBIN
(aKkT, KOCBEHHO MOATBEP{JEHHBII DKCIEPHUMEHTalbHO
[26], oueBHAHO, OGBACHAETCA TeM, 4YTO B aMoOpGhHOM
KPEeMHUHU NPUCYTCTBYET MHOMECTBO Pa3IMYHbIX NOTEH-
nuanbHbIX 6apbepoB A NPBIAKOB aTOMOB JIUTHUA U OHU
aTOMbI Nerko AUPOYHOUPYIOT uepe3 Oapbepbl MUHU-
MallbHOM BBICOTHI.

Iucema B AIT® Tom 95
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Ila6ora Obina nogmeps;iana DepepanbHOi IeneBoi

nporpammoii “Ilayunsle u HayYHO-leJarornueckue Kam-
pb1 uaHoBanuonHoi Iloccun wHa 2009-2013 rompr”. AB-
TOPBI BhIpakatoT GunarogapHocTb WHCTUTYTY KOMIBIO-
TepHoro monenupoBanusa CO IIAII, MemxBemomMcTBEHHO-
My cynepkoMnbloTepHoMy neHTpy IIAII, a Takxe KoM-
nbioTepHoMy neHTpy Cubupckoro denepalbHOro yHU-
BepCUTETA 3a NPENOCTaBIEHNE BO3MOMKHOCTH HCIOIb30-
BaHUA BHIYUCINTEIbHBIX KIACTEPOB, HA KOTOPBIX U ObLIN
IPOM3BEIEHbI BCe PacueThl.
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