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MoaekyasipHO-aMHaMIU4YeCKOe MOjeaVpOBaHue
camoandPys3uu Topusi B CyiepMOHHOM COCTOSTHIUN
HaHOKpucTaaaos ThO,

AnasoTanms. [IposedeHo MOAEKYASIPHO-OUHAMUYECKOE MOJeAUpOsaHUe camoouPPysuu
Kamuonos mopus 6 odveme usouposarnvix xpucmarrumos ThO,, umesuiux c60000Hy0
nosepxrocmoto. Modeavtivie cucmemovt cocmodru u3 15960 wacmuy, JdAumervHocmu
BLIUUCAUMEADHBIX  dKCHEpUMenmog docmuzaru 2 mxc. B cynepuontom cocmosmuu
KPUCHAANOE NOAYHEHO KOAUUecHmeeHHoe cosnaderue KoapPuiuennmos ouddysuu mopus u
KUCAOPOOA € IKCNEePUMEHTNAALHOIMY  OAHHBIMU, IKCIPANOAUPOSAHHVIMU K  GOICOKUM
memnepamypam. B Juanasone memnepamyp om 2725 K do 3600 K, exarouasuiem
CYnepUoOHHY10 U KPUCHMAAAUMECKYI0 $aA3bl, UcCAe)06ana OuPGPysus KamuoHos mopus 6
NPUCYmMcmeul CHeuuarbHo cO30aHHDIX KAMUOHHVIX 6AKAHCULL, NOAYHEHA OUeHKa IHepIuL
Mmuzpayuy kamuonos, pastas (5.9 + 0.3) aB. dppexmustivie anepzuu axmusayuu ouPPysuu
mopus U KUCAOpOOA  CONOCMAGACHDL. € IKCHEPUMEHMAAGHUIMU — OAHHbIMU.
Karouesble caosa: dupdysus, morekyrapHas ouHamxa, OUOKCUd mopus, CynepuoHHoe
cocmosHue.

DOI: doi.org/10.32523/2616-6836-2023-144-3-6-15

BBeaenue

Kpucraaa ThO, sBasercs oanum m3 OAMDKAMIIMX CTPYKTYPHBIX aHaA0TOB AMOKCUAOB
ypaHa M IIAYTOHMU:I, MCIIOAb3yeMBIX KaK sAepHOe TOILANBO. B OyayllieM 1 caMm AMOKCIA, TOPUA
MO>KeT HaliT! IIpUMMeHeHNe B KadecTBe CLIPheBOTO M30TOIla, aHaAOTMYHOTO ypaHy-238. Topuii-
cogepokaliee TOIAMBO OTAMYAAOCH OBl OT AMOKCHAA YpaHa IIOBBIIIEHHBIMI TeMIIepaTypoil
IAaBAeHUs U TeINAONPOBOAHOCTBIO, a TakXke IIPMHIIMIIMAABHO MeHbIeil HapabOTKOI
TPaHCYPaHOBBIX aKTMHNUAOB, OIpPeAeAsIONINX JAOATOCPOYHYIO aKTMBHOCTH OTpaboTaBIIIero
saepHoro torausa [1].

B mporecce skcrayaramum, KpuUcTaaAbl sSA€pHOTO TOIAMBA IIOABEP>KEHBl MHTEHCUBHOMY
paAnaniOHHOMY pasynopsgodenuio. lIlporneccsl pesakcaniuy paAualiiOHHBIX ITOBPeXKAeHMI
COIIPOBO>KAAIOTCS IIEPEHOCOM MaccChl, CKOPOCTh KOTOPOTO B OKCMAHOM TOILAMBE OIIpeAeAseTcs
and@ysueil KaTMOHOB, Ha HECKOABKO ITOPsAKOB MeHee ITOABVKHBIX, 4eM KHUcA0po/ [2]. Aas
IPOTHO3MPOBAHU: CBOVICTB O0AY4EHHOTO TOIIAMBA aKTyaAbHBI KaK DKCIIepUMeHTaAbHOe, TaK
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Moanexyaapro-dunamuveckoe modeAuposarue camodudGPysuu mopus 6 CynepuoHHoMm coCmosHuu. .

U BBIUMCAMTEAbHOE U3yYyeHUe MeXaHM3MOB IlepeHOca KaTMOHOB. VI3BecTHO, 4TO IMOABMKHOCTD
kaTnoHoB B Kpucraaaax UO, wu PuQO,, o4eHb 4yBCTBUTEAbHA K COAEPIKAHMIO KUCAOPOA,
KOTOpOe U3MeHseTCsl CpaBHUTeAbHO Aerko. C Apyroil CTOpPOHBI, AMOKCUA TOPUS OTAMYAeTCs
IIOCTOSIHCTBOM  CTeXMOMETPUYEeCKOTO cocTaBa. B psage skcrepumenraapHbpIx pabor [2-3]
AVIOKCH/, TOPUsI MCIIOAB30BaAM KaK MaTpUILy AAs usydeHus And@ysum ypaHa U IAyTOHU:,
BHeApeHHbIX B KpucTtaaa ThO,, mpu KoHTpoaupyeMom coaepKaHnm Kucaopoaa. B stux padborax
koopPunuentsr AnPPy3nm Bcex Tpex KaTMOHOB OKasbpiBaauch Oamskumu. CTabmabHOCTH
cogep>xanus kucaopoga 8 ThO, rakke 1oBbIIIaeT 40CTOBEPHOCTL COITOCTAaBAEHNS Pe3yAbTaToOB
BBIUMCAUTEABHOTO MOA@AMPOBAHNS C DKCIIEPUMEHTaAbHBIMM AQHHBIMIU.

B kauecTBe MHCTPYMEHTOB A4s BBIYMCAUTEABHOTO MOJeAupoBaHMs Kpucraaaos ThO,,
UO, u PuO, ycrienmHo mcroap3yioT KAacCUYeCKyIl0 MOAEKYASpHyIO AuHamuky (MA), a Takke
IIepBOIPUHINIIHbIE pacyeTsl (CM., HarpuMep, 0030psI [4-6]). [IpenmyIecTBoM KaacCudeckoit
AVHAMMKIU  SBASETCS  MaKCMMaAbHO — BBICOKas — IPOU3BOAUTEALHOCTh  MOAEAMPOBAHNS,
I03BOASAIONIAs U3ydaTh CPAaBHUTEABHO DOABIIINE CUCTeMBI U BpeMeHa 9Boaonun. VimenHo stor
II0AXO/ IIPUMEHUANU B HaCTOsIell paboTe 445 McCAe0BaHM sl HAHOKPUCTAAAOB U3 ThICSY YaCTULT
Ha UHTepBaJaxX MOAEAbHOTO BpeMeH!, AOCTUTaBIINX MUKPOCEKYHA,.

Mogeanposanmne And@ysum KaTMOHOB TOpUSA B HaHOKpHUCTaldaX paccMaTpUBaeMOIO
pasmepa OblAO IpOBeAeHO B Ipeabigyineii pabore [7]. Haamume cBoOOAHON MOBEpXHOCTH
IIO3BOAMAO MCCA€A0BAaTh MUTIPALMIO KaTMOHOB B IIPUCYTCTBUM TePMUUYECKMX BaKaHCUII,
IepeMeIIaBIINXCcsl C IOBePXHOCTU B O0BEM Kpucradda. Bpia oOHapy>keH HOBBI MeXaHMU3M
Auddys3um KaTuOHOB B 00BbEMe, 3aKAIOYABIINIICA B MX KOAAKTUBHOM ABVDKEHMM HaBCTpeuy
BaKaHCHM C BBIXOA0M B MeKA0y3eAbHble To3unnm. B nacrosieir pabore MeT040M MOAEKY ASPHOI
AVHAMMKI IIOAydyeHa 9DHepIusl aKTuBalUMM Takoil Aud@ysun, IpoBeAeHO COIIOCTaBAeHIe
MOZeAN C DKCIIePUMEeHTaAbHBIMU AaHHBIMIA.

MeToauka MOAeAMPOBaHMSI

Anazormyno pabote [7], B HacTosAmern paboTe paccMoTpeHa camMoaudPysus Topus u
KICA0POAa B MOAEAbHBIX M30AMPOBaHHBIX KpucTaaautax ThO,, mumepmux ¢popmMy paBuAbHOTO
okTavapa u coctosasmux us 15960 vactun. CBo004Has HOBEPXHOCTh KPUCTAAAUTOB OOecIeunBala
BO3MOXKHOCTb TepMmdyeckoro pasymnopsgodenns 1o Ilortkm c ecrectsenHHoit aAudd@ysneit
KaTMOHHLIX BaKaHCUI B 00BE€M KpucTadda. TemiepaTypsl MO4eABHBIX CUCTEM BapbUPOBAANCDH
ot 2000 K 20 3650 K B 3aBMcMOCTH OT 3a4a4M BHIUMCAUTEABHOIO DKcIlepuMenTa. JanteabHOCTH
BBIYMCANTEABHBIX DKCIIEPUMEHTOB A0CTUIaay 2 MKC MOAeAbHOIO BpeMeHMN. Bsammogeiictsue
JMIOHOB OTMCBIBAAM ITapPHBIMMU ITOTEHIIMalaMH, IIpeAA0KeHHBIMI B padoTe [8]. DTu moTeHITMaAbI
cosMmecTuMBl ¢ Habopom MOX-07 [9-10], ycrelmHO MCII04b30BaHHOM B IIPeABIAYIINX paboTax
AA5 MOAEAUPOBaHIS pa3ylopsi40deHNs SIBAeHNI ITepeHoca 1 (pa3oBbhIX IIePexo0B B AMOKCUAaX
UO, n PuQ, [9-12].

YpaBHeHU:I ABM>KEHISI MIOHOB MHTEIPUpPOBaAll METOAOM «C IlepellarnBaHueM» 1 II1aroM 110
spemenn At =3-10" ¢, crabnabpHOCTS TeMITepaTypbl oOecriednBaay TepMoctatom bepenacena [13].
Kospdurnnmentsr andPysmum paccauTeiBaan C UCIOAb30BaHNMEM CpeJHero KbajpaTa CMeIeHIs
MOHOB <a*(1)> 1 COOTHOIIeHUST DIHIIITeITHA

D = <a*(t)> ] 6t. 1)

Aas BpIgeaeHns 00béMHON AndPysun mpu pacdére <a*(t)> MCIOAB30BaAN TOABKO MOHEI,
HaXOAUBIINECS BHYTPU II@HTPaAbHOI cdephl, YAaA€HHON OT T'paHUI] KpPUCTadAUTa He MeHee,
yeM Ha 1.75 MOCTOSTHHBIX PeIIéTKY KpucTalaa.

[Ipn Ooapmmx BpeMeHax f{ pacCuMTHIBAeMBINl CpeJHMII KBadpaT CMeIleHUs IOHOB
9yBCTBUTEAEH K BpallleHNIO M30AMPOBAHHBIX MOJEABHBIX KPUCTAAAUTOB BOKPYT IIeHTpa
MHePLMY, BOSHUKAIOIIeMY 13-3a HaKOILAeHSI BBIYMCAUTe ABHBIX IIOTperHocTelt. TsepaoTeabHyI0
COCTaBASIONIYIO BpalleHus KOMIIeHCHPOBaAM Ha Ka’KAOM IIlare MHTeIpUpOBaHNs ypaBHEHMUIA

BECTHWK EHY umenu A.H. I'ymunresa. Cepus Dusura. Acmpornomus Ne 3(144)/2023
BULLETIN of L.N. Gumilyov ENU. Physics. Astronomy Series 7



A. Ceumos, K.A. Hexpacos, C.C. ITuyxeaaypu, A.C. bosapuenxos, A.fl. Kynpaxxun, C.K. I'ynma

ABVDKEHMS C MCII0Ab30BaHMEM OPUIMHAABHONM MeToAuku. TeMm He MeHee, IpU AAUTEABHOCTAX
MOAEAVPOBAaHNS IIOPsAAKA MMKPOCEKYH/ IIOBOPOT BCE >Ke HaKalAmpaaAcs. DToT 3(PPexT
KOMIIEHCHPOBaAM Ha 9Talle OOpabOTKM pe3yAbTaTOB C MCIIOAb30BaHUEM JOIOAHUTEABHOI
HpoLieAypHl, IpeAA0>KeHHOI B padote [14].

OOcyxaeHnue pe3yabTaTOB

/JuarnasoH TeMIepaTyp, B KOTOPOM paccunTanbl Kod(punnents: AudPysum ropus D, , ipu
BBICOKIX TeMIlepaTypax OrpaHiyYeH IL1aBAeHNeM MOAEAbHBIX HAaHOKPUCTAAAOB, a IIPYU HU3KMUX
TeMIiepaTypax — BpeMeHaMM, AOCTYIIHBIMU AAs MoaeAnpoBaHus. Ilaasaenue B HacTosIen
pabote Haba04aanu npu temneparypax cpbie 3600 K. ITpu T = 3600 K meractabmaprHOCTD
KPUCTaAAUTOB He MPEIATCTBOBAaAa MOAY4eHUIO D, , TOCKOAbKY T1AaBUAVICh TaK/€ KPUCTaAAUThI
npu BpeMeHax f > 0.75 MKC, 40CTaTOUHBIX A4 yCpeAHeHs <a*(t)>.

Vnreprperanus TemnepaTypHbIX 3asucumocteit D(T) 3aBuCUMT OT TOro, HaCKOABKO
IIOCTOSIHEH OCHOBHOM MeXaHusM AupQysum B 1CCAeAyeMOM TeMIlepaTypHOM Aualla3oHe.
BO.ansn raasaenns K BakaHCMOHHOMY MeXaHU3My AUPPy3nu MOrao 400aBUTHCS PpeHKeaeBCKoe
pasynopsodeHne KaTMOHHON ITOAPEIIETKY, COIpOBOXKJAaeMoe oOMmeHHOI aAuddysueir. Aas
BBISICHEeHI S yCTOMYMBOCTY BAKaHCMOHHOTO MeXaH3Ma B HacTOs1111eil paboTe 4eTaabHO OTCACAVNAN
Murpanuio karnonos npu temneparypax T = 3625 K u T = 3650 K g0 nauasa naasaenus. Ha
AecATKM AMQPPY3MOHHBIX TIepeMeIleHNII MPUIIEACs eAVMHCTBeHHBIN cAydall OOHapy>KeHIs
obMenHoM A Py3un, YTO MO3BOASET IPUHATL BAKAHCUOHHBII MeXaHI3M B KaueCTBe OCHOBHOTO
IIpU BCeX pacCCMOTPEHHLBIX B paboTe TeMIlepaTypax.

B cBsA31U ¢ HUBKOI TOABMXKHOCTLIO KaToHOB B ThO, mpsamoe MoaeKyAspHO AMHaMMI4YecKoe
MoJeaupoBaHme ux An@Pysuu IpyU ecTeCTBEHHON TIeHepaluy TepMIYecKMX BaKaHCHUIA
YyAa€Tcsl peaan3oBaTh AUIIL B IIpedesax CyIIepMOHHOIO COCTOSHMs, XapaKTepu3yIOLIerocs
DKCTpeMaAbHBIM Pa3yIopsA0deHrieM IoApeIeTKI aHMOHOB K1caopoa. Iloaoxxenne u crenens
3aBepIIEHHOCTI CYIIePMOHHOIO IIepexoja B MOAEABHBIX KPUCTaAAUTaX MOTAM 3aBUCETh OT MX
pasMepoB, a TakKe OT I'PaHMYHBLIX YCAOBMI. /A BBISCHEHMS XapaKTePUCTUK CyIIepMOHHOIO
COCTOAHMA B HacTosAIlel pabore paccumrtaan KodgduimeHTsl AndPysum Kucaopoga Aasd
temniepatyp ot 2000 K a0 3000 K. Ha Pucynke 1 mpuseaeHO cpaBHeHIUEe Pe3yAbTaTOB STOTO
pacyéra C JaHHBIMU U3 IIpeAblAylneil paboTel [7], MOAyYeHHBIMU AAs TePUOANMYECKIX
TpaHMYHBIX YCAOBUI, a TaK>XKe M30ANPOBAaHHBIX KpucTaaanTos 13 13908 gactuiy n 15960 yactury
npu temneparypax 3050-3600 K.

Vs Pucynka 1 BUAHO, 4TO CyIIepMOHHBIN IIepexos B MOAEABHBIX KpHUCTaldax AMOKCUAA
Topust, aHaaormuHo kpucraaaam UO, u PuQO, [15], mponcxoAuT naaBHO U 3aBepIaeTcs Ipu
TeMIepaTypax 00ee BBICOKIX, YeM TeMIlepaTypa I11aBAeHI s HAHOKPUCTaAA0B, PaCCMOTPEHHBIX
B HacTosIIel paboTe 1 IIpeAblAyieil padote [7]. 3aBepIuTh CyIepMOHHBI IIepexos B paboTe
[7] mosBoamao mMoaeaupoBaHMe C IepuUoAMdecKMMM rpaHudHbiMK ycaosusamu (IIIY), npn
KOTOPOM KPUCTaAAbl MOTAM OBITH Oe3 rnaasaenns rneperpets 40 5000 K o npuyunbe orcyTcTBus
ITIOBEPXHOCTH. B yCAOBIMAX 3aBepIIIEHHOTO CYyIIepMOHHOTO Iepexoja ®(p¢eKTUBHas DHepTus
akTusauum AudQysum Kmucaoposa (pasHasi TaHIeHCy yraa HakAoHa rpaduka Ha Pucynxe 1)
COBIIaZa/a C PHEePrueit aKTUBALIUIU MeXA0y3eabHoN murpanun E, u cocrasuaa 1.1 B, B xoporem
COOTBETCTBUU C DKCIIepUMeHTaAbHBIMI AaHHBIMY, U3BECTHBIMU A451 AMoKcuga ypasa (0.9 oB [2]).
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Pucynok 1. 3apucumoctu xosppunnenta auddysun kucaoposa B ThO, ot remneparypnt

CoraacHo HU3KOTeMIIepaTypHBIM dKcrepuMeHTaabHBIM AdaHHBIM (T < 1000 K), andpdysms
KIICAOpPOAa B KPUCTaAAMdIecKol ¢ase, AaAeKOil OT CYIEepMOHHOTO COCTOSHMS, IPOMCXOAUT
110 MEX/O0Y3€AbHBIM IO3ULIMAM, B KOTOpPbIe aTOMBI IlepeMeIaloTcsa U3 y340B KIMCAOPOAHOI
roApemnieTkn (TepMmdeckoe aHTH(peHKeaeBcKoe pasynopsgodenne AF). B nmpubanxenun
HIU3KOI KOHIeHTparum Adedektos 3dPeKTUBHaAsI DHePrus aKTUBauy Takon AugPpysmum 4aétcs

dopmyaoit
E,=E+E,. /2 )

rae E,, — sHeprus akTuBaluM aHTU(PPEHKeAeBCKOTO PasyIlopsA0ueHMns], DKCIlepuMeHTaAbHas
olleHKa KOTopoii 1o ¢popmyae (2) cocrabaser 3 B ¢ yuérom snavenns E [ThO,] = 2.35 »B [2].
Kak Buano ns Pucynka 1, sHauenns xospdunmenra AndpPysun Kncaopoaa, paccauTaHHBIE B
CyIIepUOHHOI 001acTy, 0AM3KY K DKCTPANIOASINM DKCIIepUMeHTaAbHbIX JaHHBIX. TeM He MeHee,
NPV TTOHIKEHUM TeMIlepaTyphl TpapUKM PacxoAATcsl, ITOCKOABKY MoJeabHas dPQeKTrBHas
sHeprus akTusauym Auddysnun kucaopoaa (E,, = 4.6 9B) okaspBaercst cymjectseHHO Ooaee
BBICOKOI1, 4eM DKCIIepUMeHTaAbHas 9Heprus akTusanuuu (2.35 9B).

Crarnueckuit pacyér suweprumu E, [ThO,] ¢ mapHpMu moreHnmaiamMu B3auMOAENICTBILS,
UCIIOAb3yeMBIMHU B HacTosimein padbore, aaa snadenue E, [ThO,] = 4.5 B, uto coorsercTByer
s¢pPexrusnoit sneprun E = E +E, /2 =3.35 B, 3aH/>KeHHOII 10 CpaBHEHMIO C AMHAMIYECKUM
sHaueHueMm Ej = 4.6 9B. [loao0Onoe pacxoxaeHne panee HabAIOAaAN IPU MOAEAVUPOBAHNY
UO, B pabore [15], rae 0ObsacHMAYM €r0 TpUCyTCTBUeM oOMeHHOM Auddy3nun Kucaopoia B0AU3u
CyIIepMOHHOIO IIepexoaa.

OrmeTuMm emié pas, 4To B HacTOAIeN paboTe, a MMEHHO IIpU TeMIlepaType I1AaBAeHMs
MOJEABHBIX KpucTaaautos, pasnolr 3600 K, cymepuoHHBIN Ilepexo] eIneé He 3aBepInaacs.
3aBucumocTs Koo puiuenTa AupPysun Kucaoposa B CyliepruOHHOM COCTOSHU ITPUOAVKEHHO
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xapakTepusosaaach 3G PeKkTuBHON sHepruent akTuBauyum Ej  =2.6 0.1 8B. Popmyaa (2) B 9TOM
caydJae AaéT OILIeHKY DHepIrum aHTu(peHKe1eBCKOTO pa3ynopﬂ40quMﬂ E,.=39B.

I'padux na Pucynke 1 mokasniBaeT, 4yTo HoHvKeHue 9QQPeKTUBHON DHePIUM aKTUBaLIII
anddysum  Kucaopoga, COOTBETCTBYIOINlee CYIIepMOHHOMY Ilepexo4y, B  HaCTOsIIen
pabote HaumHaercsa npu Temmnepartype 3050 K. Ha »Ty >ke TeMmepaTypy HpUXOAUTCS
DKCIIepUMeHTaAbHbI MUK Teraoémkoctu ThO,, moayyennsiit 8 pabote Ronchi-96 [16]. Pacuer
koopPpunmenta AupPysun Topus B rpeapigyinert padote [7] Ob14 orpaHnyeH TeMIlepaTypoir
T = 3100 K. B Hacrosmen padore »Tu AaHHBIe AOIIOAHeHHBI Temmneparypoir T = 3050 K (15
BBIUMCAUTEABHBIX DKCIIEPUMEHTOB AAUTEABHOCTHIO 110 2 MKC). Takke yrounnan KoopPpuiimeHt
andPysun ropusa npu remneparype 3600 K, orparnunsaronieit gnana3oH MoAeAUPOBaHUS CO
CTOPOHBI ILAaBAeHMs. Pe3dyabTaTel TOKasaHbl Ha Puicynke 2, B cpaBHEHNM C 9KCIIEPUMEHTaAbHOM
pexoMeHganuen [2, 17-19].

s i e D[ThO2] ps [6]
., } e D[ThO2] macT. pabota
23 + 23 - = - DKCTPANo I 3KCTL. JAHHEX [2]
24 + s s P L
§ = T
T 26 ‘} (e
27 ++ i S
28  WmD=(-103x03) eV/ AT +(11.5£1) * e Y |
-29
3.2 34 36 38 40 42
VKT, 1/4B

Pucynok 2. 3asucumoctu xospdunnenta gudpPysun topus B ThO, ot remneparypst

Kak moxaspiBaer PucyHok 2, TemmeparypHas 3aBUCUMOCTb Koddduumenra auddysun
TOpMUSI B appPeHMYyCOBCKMX KOOpAMHATaX NPM BCeX M3YYEHHBIX TeMIlepaTypax XOpOIIO
OIIVCHIBAETCSI OAHON IIPSIMOI, YTO CBUAETEABCTBYET O ITOCTOSHCTBE OCHOBHOTO MeXaHM3Ma
anddysun. Brimre yke oOTMedeHO, YTO DTOT MeXaHU3M IIPeACTaBAsAA COOON ABVKeHUe
KaTMOHHOJ BaKaHCUM 4depe3 00bEM MOAEAbHBIX KPUCTaAAUTOB. DKCIIepMMeHTaAbHble gaHHbIe
[2, 17-19] oTtHOCATCA K gnamasony Temmepartyp ot 1750 g0 2500 K, na Pucynke 2 mokasana mx
DKCTPAIOAAMs K CYIIEPMOHHOMY COCTOAHMIO. BuaHo, 4TO ®KcrepuMeHTaabHas U MOAeAbHas
IpsAMbIe IepeceKaroTcs BOAM3M IlAaBAeHMs, OJ4HAKO Pa3dAMyaioTcs, TO eCTh SHepTUAMU
akTuBauumu AupPysun. DKcrepuMeHTaabHOe 3HadeHMe D(PQPeKTUBHON DHepIuy aKTUBaLuu
cocraBasietT 6.5 9B [2], Toraa Kak MOgeAbHOE — ]ED,Th =10.3 »B.

AASBBISICHEHA ITPUYMHBI PaCX0K AeHNs BHACTOsI el paboTe 10Ay4nAY SHepIUIO aKTUBaLu
A ysun Topus B OKPECTHOCTU KaTMOHHBIX BaKaHCUIL V., KOTOpbIe CO34aBaAl MCKYyCCTBEHHO
B I]eHTpe MOAeAbHBIX KpucTaaautos. C yuéToM TpeboBaHUs 9A€KTPOHENTPalbHOCTH O0bEéMa
KaTMOHHbIE BaKaHCUM CO34aBaAu B COCTaBe CBSI3AHHBIX KaacTepoB V. -2V, BKAIOUABIIUX ABe
aHMOHHbIe BakaHcuu V.. B xo4e BBIUMCAUTEABHBIX DKCIIEPUMEHTOB TaKKe KAaCTepbl MOTAU
pacriagatbcs ¢ obpaszoBanuem HecBsa3aHHbIX Tpuo HlotTku V., + V +V , aubo map V-V + 'V,
KaK I 3aXBaThIBaTh AOTIOAHUTEAbHbIe BaKaHCU. M0OAeKyAspHO-AHaAMYecKoe MOAeANPOBaHIe
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UCIIOAB30BaAM AAsd OTCAeXuBaHUA AuQQPy3umu KaTHMOHOB BILAOTh AO BbIXOAA KaTMOHHOIA
BaKaHCUM U3 IIeHTPaAbHON 00aacTu Kpucraaaos. IToaydennas szasucumocts KoddppuiimeHTa
anudysum Topus OT TeMIepaTyphl HokaszaHa Ha Pucynke 3.

-17

Ini2, [cmeic]

3.30 350 370 3.90 4.10 430
L/&T, 1/5B

Pucynok 3. 3asucumoctn kosppunnenra audpPysun topus B ThO, ot remniepatypnt
B IPUCYTCTBUN MCKYCCTB@HHBIX KATYMOHHBIX BaKaHCHIA

DHeprus aKTMBAIUM, XapaKTepuaylollas HakAoH rpaduka Ha Pucynke 3, oramdaercs ot
Beanunnpl E [ThO,] TeM, 4ro He BKalOuaeT ®Heprui0 oOpa3OBaHMs KAaTUMOHHBIX BaKaHCUIL,
IIOCKOABKY OHM CO34aBaAMCh MCKYCCTBeHHO. byjseM HIDKe HasbiBaThb 9Ty HOBYIO BeANYUHY
DHeprueil Murpanuu Topus u obosHauars uepes E, .. baarosaps cymecrsoBanmio
MICKYCCTBEHHOJ KaTVOHHOM BaKaHCUY, 3HaYeHNs KoodppunuenTa AnpPysun ObLAN TOBBIIIEHE,
YTO I103BOAMAO U3YYUTh TeMIlepaTypHblil Anara3zoH oT 2750 40 3600 K ¢ HyokHel rpaHuiiein 3a
IpejeaaMu CylepUOHHOTO COCTOsHYL. JoCToBepHOro n3meHeHwst E ., nipu niepexoge mexay
CyIIepMOHHOI U KpUCTaAAndeckoit ¢pazaMu He OOHapy>KeHO, Bce TeMIlepaTypbl MOKHO OIICATh
OJHIM 3HauyeHeM ]EMTh = (5.9 £ 0.3) »B. IloayuenHoe 3HaueHMe COIIOCTABMMO C MU3BECTHBIMU
IepBOIIPUMHLIMIIHBIMU pacyeTaMl AA4s AMoOKcuga ypana (4.4 »B [20], 4.2 »B [21]), oanako
CYyIIeCTBEHHO 3aBBIIIEHO I10 CPaBHEHUIO C HKCIePUMeHTaAbHBIMU PeKOMeHAAIMsAMU AAs TOTO
xe UQO, (2.4 »B [2], 1.5-2.5 9B [22]).

Conocrasuts noayvenHsle soie sHadeHust Ej, = 103 »B n E ., = 5.9 5B moxno ¢
UCII0AB30BaHNEM M3BECTHOI TepMoAnHamumdeckoir Teopun Auanapaa n Maiike (Lidiard and
Matzke [6]). B 3aBucuMocTit OT COCTOSIHUA KaTMOHHONM BaKaHCUM IIPU MUTPaIMM BO3MOXKHBI

caeayiomye BapuaHThl 9P PeKTUBHON sHepTrun AndpPysun:

Ep vnavo = Evmavo + Evi i

E +Ey o —0.5E 3)

Vth-VO+VO

E

DVhVO+VO —

ED,Vth+VO+VO = Lyipvosvo + EM,Th - EAF'
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3aech E 0o = 6.9 9B, E . vonvo = 97 9B, Eypvovo = 12.7 9B — sHeprum obpasosanms
KOMI1A€KCOB V_ 2V, V_ -V +V and V., +Vo+V, 4451 OLIEHKU KOTOPBIX UCIIOAb3YyeM 3HAYEHIs],
paccuMTaHHBIe PaHee MeTOAOM PelIeTOYHOM CTaTukM B pabore [7]. B cynepmnonnoM cocrosnum
DHEPTUIO aHTU(QPEHKeAeBCKOTO pa3yNopsAOdeHNs] OIleHNMBaeM IIOHVDKeHHBIM 3HaueHUeM
E,. = 3 9B, nmoay4yennsM BbilIe 1pu obcyxkAenun Pucynka 1. B pesyabraTe moayuaercs, 4ro
E, vinavo = 128 3B, E iy vowo = 141 9B, E 1y oo = 15.6 B. Bee Tpu 3Havennst 3aBbIIeHb!
II0 CPaBHEHMIO C pe3yabTaTOM MOAEAMPOBaHMS, OAHAKO ITO3BOASIOT IIPEAIIOAOXUTD, YTO
MUTpanus KaTMOHHBIX BaKaHCHUII IIPOMCXOAMAa B (popMe CBA3AHHBIX DAEKTPOHeNTPaAbHBIX
kaacrepos Vo, -2V, tak Kak E )y 0v0 <Ep vy vovo < Ep vinevovo- B Padbote [23] ipu MoaekyasipHO-
AVHAMMYECKOM MOAeanpoBanum crexnomerpudeckoro UO, KaTMOHHbIE BAKAHCUV MUTPUPOBAAY
IIpeuMyIIecTBeHHO B (popMe 3apsI>KeHHBIX KaacTepoB V. -V ..

Ha ocHOBaHUM 9KCIEpUMEHTAABHBIX pabOT MexaHU3MOM AUPPy3unM KaTHMOHOB
B ThO, cuuraercs apu>kenue BakaHcuii V., OAHAaKO JaHHBIX O KOAWYECTBE aHMOHHBIX
BaKaHCUII B OAVDKalIIer OKpeCTHOCTH V., HaM He U3BecTHO. SHaveHust E . oo o= 14.1 B,
E,, vinwowo = 15.6 9B mpu 1epexose OT CyNepHMOHHOTO COCTOSIHVSI B KPUCTAAAMIECKyIO a3y
MOTYT ITOHM3UTHCA U3-3a Bo3pactanus E, .. Kak obcy>xaaaoch Bhille, craTuyeckas oneHka E,
B HacTosIeit pabore cocrasaser 4.5 9B, aunamunyeckas onenka E,, aocturaer 7 B, B cayuae
HOACTaHOBKM 3HaveHus E, = 4.6 9B B popmyay (2). Vicroapsosanne stux sHasenmit E,;
B popmyae (3) nmonmkaer sHepruut Ej, o0 M Ep yppvowo A0 3Hauenui (13.3 9B, 14.1 5B) B
nepsoM caydae u (12.1 B, 11.6 B) — o Bropom. Takum 00pa3om, HeAb3s MCKAIOYUTH TOTO, UTO
COCTOsIHME MUTPUPYIOIIMX KAaTMOHHBIX BaKaHCUI IIPY CYIIEPYOHHOM IIepexoae U3MeHIeTCs.

B cBa3u ¢ HeonmpeaeAeHHOCTBIO 3HAYEHWUs MOAEABHOTO 3HadeHus E,. orpaHmammcs
oOcy>XKaeHreM AMHaMUYeCKOl ®SHepruym oOpa3oBaHMsI DAEKTPOHeNTPaabHOIO KaacTepa
V.2V, Ilpu snauenumsix ]ED,Th =10.3»Bu ]EMTh = 5.9 5B gopmyaa (3) 4aéT A45 HETO DHEPIUIO
obpasoBanus E, .., = 4.4 9B, noHMKeHne KOTOPOJI OTHOCUTEABHO CTaTUYECKOTO pacdéra
MOXKeT OBITh OOBSACHEHO Aydlllell ONTUMM3alMell CTPYKTyphl KAacTepa IIpU AMHaMUIECKOM
MogeanpoBanun. Terepb MCIIOAb30BaHME DKCIIEPUMMEHTAaAbHONM OLIEHKM SHEePTUM MUTPaLun
BaKaHCUU EM[UOZ] ~ 2 »B aacT onjeHKy ED, vinavo = 0-4 9B, coBITagaioniyo ¢ skcrepumMeHTom [2].

3aKka0o4yeHme

Mogaeanposanue, IpoBejeHHOe B  HacTosAIlel  paboTe, IO3BOAMAO  ITOAYYNUTD
KOAIYeCcTBeHHOe coBIajeHne KooppuuneHtos auddysum Ttopus U Kucaopoga B 0ObEMe
U30AMPOBAHHBIX KpucTaaautoB ThO, ¢ ®KCTpanmoAsSnusMm 9KCIIePUMEHTAAbHBIX AAHHBIX B
npejeAax CyneproHHOTo coctosHms. OagHako 5 ¢deKTuBHbIe DHePIUM aKTUBarum AupPysnn
TOpMS, a TaKXe KHUCA0poJa B KPUCTaAAMdecKoy ¢asze OBIAM 3aBBIIIEHBI 10 CPaBHEHMIO C
DKCIIEPUMEHTOM, YTO MPUBEeAO K CAUIIIKOM OBICTPOMY CHIDKeHUIO KOdpPuIineHTos AudpPysun
Ha IpaHuIle CyIIepMOHHOTO COCTOSHIUA 1 KpUCTaAAnmdeckoi ¢passl. B cayuae Topus Heo6xoaumo
TOYHee BOCIIPOM3BECTU DHEPIUIO MUTPAI[UM KaTMOHHOM BaKaHCU.
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ThO2 HaHOKpMCTaAAapBIHLIH CYIIEPMOHABIK KYIiHAEeTi TOpMiiAil e3iHAiK
AN Py3snsACLIHBIH MOAEKYAsIPABIK AMHAMMKa dAiciMeH MOaeabaey

Angpatna. boc Geti 6ap ThO2 okIayaanran KpucTaAAUTTePiHiH Ko1eMiHe TOpuil KaTHOHAAPLIHBIH
e3irineH ANQPY3UACHIH MOAEKyAaABIK-AMHAMUKAABIK MOJAeAbAey >KYpriziaai. Mogeapaik >xyiteaep
15960 GearexTeH TYpPAbL, €CENTey SKCIePUMEHTTepPiHiH Y3aKTBIFBI 2 MMKPOCEKYHAKa AeMiH >KeTTi.
Kpucraagapaniy cyieproHABIK KYIiHAe JKOFaphl TeMIlepaTypara 9KCTpaloAsausalaHFal 9KCIIePUMeHTTIiK
JAepeKTepMeH TOpUII MeH OTTeriHiH AuQQPys3naabK KoopPUITMeHTTepiHiH caHABIK COVKeCTiri aabIHABL.
CymepuoHabIK, XoHe KpucTaaAblk, (pasasapasl kaMTuteiH 2725 K-gen 3600 K-re aeriinri temmepartypa
AValla3OHbIHAA apHalibl KypblAFaH KaTMOHABIK BaKaHCUSHBIH KaThICybIMEH TOPUIA KaTUOHAAPBLIHBIH
auddysce seprreagi, (5.9 = 0.3) sB-re TeH KaTMOHAAPABIH KOIIi-KOH SHEPIUACH aHBIKTaAAbl. Topuii
MeH OTTeriHiH Aup@ysuaceH 9PpQPeKTUBTI akTUBAIUA DHEPIUsIlaphl DKCIIEPUMEHTTIK MaliMeTTepMeH
CaABICTBIPBLAAALL.

Tyiiu cesaep: AndPysns, MoaexyaaablK AMHAMIKa, TOPUI AMOKCUAL, CYTIepMOHABIK KYIA.

BECTHWK EHY umenu A.H. I'ymunresa. Cepus Dusura. Acmpornomus Ne 3(144)/2023
BULLETIN of L.N. Gumilyov ENU. Physics. Astronomy Series 13



A. Ceumos, K.A. Hexpacos, C.C. ITuyxeraypu, A.C. boapuenwos, A.fl. Kynpaxiun, C.K. I'ynma

D. Seitov’, K. Nekrasov’, S. Pitskhelauri', A. Boyarchenkov’, A. Kupryazkin', S. Gupta®
'Ural Federal University named after the First President of Russia B.N. Yeltsin, Ekaterinburg, Russia
?St. Xavier’s College, Ahmedabad, India

Molecular dynamics modeling of thorium self-diffusion in the superionic state of ThO2
nanocrystals

Abstract. Molecular dynamics modeling of the self-diffusion of thorium cations in the volume
of isolated ThO2 crystallites with a free surface was carried out. The model systems consisted of 15960
particles, the duration of the computational experiments reached 2 us. In the superionic state of crystals,
a quantitative coincidence of the diffusion coefficients of thorium and oxygen with experimental data
extrapolated to high temperatures was obtained. In the temperature range from 2725 K to 3600 K, which
included the superionic and crystalline phases, the diffusion of thorium cations in the presence of specially
created cation vacancies was studied, and an estimate of the migration energy of cations was obtained equal
to (5.9+0.3) eV. The effective activation energies for the diffusion of thorium and oxygen are compared with
experimental data.

Keywords: diffusion, molecular dynamics, thorium dioxide, superionic state.
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Abstract. This paper presents the results of calculations of energy and electron-optical
properties of iron-doped -Ga,O,. By analyzing the arrangement of the electronic levels of the
impurity in the band gap for different charge states, it is shown that Fe is an acceptor impurity.
Evaluation of both optical and thermodynamic transition levels indicates the deep nature of the
iron acceptor impurity. In addition, iron can play the role of a donor at very low Fermi energies,
but the probability of forming such a state is extremely low. We find that iron modifies Raman
scattering in an ambiguous manner. Due to the low effective atomic mass of the substituted
iron atom, doping leads to a pronounced enhancement of phonon modes of vibrations in the
high-frequency range (~ 600800 cm™). The results obtained are in good agreement with
experimental observations, confirming the acceptor character of the iron impurity.
Keywords: $-Ga,O,, optoelectronics, acceptor level, density functional theory.
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Introduction

Despite long history of research (more than 50 years), Ga,O, crystals remain a well-studied
material due to a wide range of potential applications [1-3]. Ga,O, has five stable phases: a, {3,
v, d and ¢ [1]. Among them, the 3 phase is the most stable under thermodynamic equilibrium
conditions, and therefore, widely studied. In many respects, scientific interest is supported
by a suitable electronic structure of 3-Ga,0, and its wide band gap of 4.9 eV [4-7]. The latter
makes the crystal transparent in the visible and near-UV spectrum. Due to this, 3-Ga20O3 can be
used in light emitting devices [8] and scintillation applications [9-11]. UV absorption with high
photoresponse at the GaN/Sn:Ga203 p-n junction enables efficient UV photodetectors [9,12,13].
Meanwhile, the high breakdown field of 3-Ga203 crystal (> 8MV/cm) allows its use in power
devices: rectifiers and power metal-oxide-semiconductor field-effect transistors (MOSFETs) [14-
16]. Finally, a recent study of Cr** doped a- and B-phase Ga203 showed good electronic flexibility
for non-contact temperature measurements with suitable sensitivity and resolution [17]. All of
these and further technological development as well as the adaptation of the knowledge gained
to specific applications depend on a deep understanding of the evolution of electronic processes
when impurities and intrinsic defects are introduced into a crystal through growth or irradiation
processes [18,19].

It is known that controlled n-type conductivity is easily achievable in (3-Ga203; however,
reliable p-type conductivity has not yet been obtained [20, 21]. Meanwhile, efficient p-type
conductivity opens up new opportunities for improving planar technologies in power electronics
and optoelectronics. As is known, iron (Fe) and magnesium (Mg) are promising alloying
additives for obtaining semi-insulating properties of Ga203 [22, 23]. Iron and magnesium act
as deep acceptors and thereby compensate for n-type impurities. Fe-doped semi-insulating
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p-Ga203 crystals are commercially available and widely used as substrates for f-Ga203 epitaxial
layers [24]. In these crystals, the concentration of Fe dopant is about 10" cm™ to compensate for
background donors and pinning the Fermi level.

The deep donor-like level (E2) is measured as E -0.78 eV by transient deep-level spectroscopy
and is attributed to Fe [25]. Another study using non-contact spectroscopy (DLTS) methods
gives the Fe*”** charge transition level E_0.84+0.05 eV [26]. Another work, using steady-state
measurements of photoinduced electron paramagnetic resonance (EPR), identified an optically
induced change in the charge state of Fe’* with a level of 1.3+0.2 eV below the bottom of the
conduction band [27]. However, it should be noted that the identification of experimentally
determined values is limited only by the ionization process and cannot consider possible lattice
interactions. In addition, measurements do not directly determine the type of impurity or type
of internal defect involved in the transition.

When studying the red luminescence of Fe-doped crystals, Polyakov et.al. [28] reported two
sharp emission lines near 1.78 eV and 1.80 eV at low temperatures, which suggests their origin
from highly localized atomic states (for example, d-orbitals). They attributed the peak at 1.78 eV
to the intracenter transition T, — °A| Fe’*. Another study by Sun et al. [29] suggests that these
two sharp peaks at 688 nm and 696 nm are most likely due to Cr impurity based on polarized
absorption results, luminescence observations, and analysis of Tanabe-Sugano diagrams.

Given the difficulties in interpreting the above experimental results, most of what we know
about the properties has been derived from theory, especially density functional theory (DFT).
For example, Yoshioka et al. [30] calculated lattice parameters, space groups, and volumetric
expansion normalized to room temperature for various gallium oxide polymorphs. He et.al.
[31] reported the structural parameters, band structure and Debye temperature of 3-Ga20O3, also
calculated based on density functional theory. Our recent DFT studies [32-34] correlate well
with the abovementioned results. Additional results of calculations of physical properties and
internal defects can be found in [22, 35-39].

This work aims to theoretically investigate the electronic structure of Fe-doped 3-Ga203 by
evaluating the calculated optical and thermodynamic bandgap impurity transition levels and
analyzing the density of states and Raman scattering compared with experimentally observed
data.

Methodology

2.1 Calculation details

All calculations were performed using the CRYSTAL-17 program [40] using the basis of
linear combinations of atomic orbitals (LCAO). The all-electron Gaussian-type basis sets (BS)
for gallium (Ga) and oxygen (O) atoms were taken from [41] and [42], respectively. We also used
the basis from [43] for the iron (Fe) atom. We chose the nonlocal hybrid exchange-correlation
functional B3PW [44] because it provides the best comparison of the structural and electronic
properties of pure defect-free crystals with the results measured experimentally and described
in the cited literature. The total energy convergence threshold for the self-consistent field (SCF)
procedure was set to 107 and 10*® a.u. for structural and frequency calculations, respectively. A
quasi-Newtonian scheme has been used to optimize the geometry, which is implemented in the
CRYSTAL17 code. The gradients are evaluated each time the total energy is calculated, and the
second derivative matrix (i.e. the Hessian matrix) is built from the gradients and updated by
the BFGS algorithm. Optimization is considered complete when the change in energy between
iterations does not exceed 107 a.u. and conditions are achieved that satisfy the gradient and
displacement criteria. The overall energy difference between the two SCF steps also has a
high accuracy tolerance (107 a.u.). Effective atomic charges were calculated using Mulliken’s
population analysis [45]. Crystal reciprocal space integration was performed using a 4x4x4
Puck-Monchhorst grid, resulting in 30 k-points. The derivatives needed to construct the Hessian
matrix were calculated numerically using the CRYSTAL17 code to calculate the frequencies of
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the lattice vibrations at a point. [46,47]. Calculations of Raman tensors and spectral intensities
were carried out using the coupled-perturbed Hartree-Fock approach [48].

To simulate the Fe-doped crystal, a periodic model of an extended unit cell (supercell)
with a translation matrix of 1x4x2 along the axes and containing 160 atoms was used. After
relaxation, the supercell parameters were a=12.29 A, b=12.21 A, c=11.65 A, V=1699.6 A3. The
atomic concentration of Fe impurity is 1.56 in %, which is calculated as the ratio of the number of
impurity atoms to the number of atoms in the Ga sublattice. Figure 1 shows the positions of Fe
atoms in the regular positions of Ga atoms in the unit cell. Interstitial positions and substitutions
at oxygen atom positions were not considered due to their high formation energy compared to
Ga positions.

Figure 1. Fe atoms in substitution positions for Ga(I) and Ga(lI) atoms.

2.2 Calculations of defect energy
The energy of formation of Fe in 3-Ga203 is expressed as:

Ef (Fegrz) = Etor(Fega) - Erﬂ-t{Ga’Eﬂﬂ:J +j.L{GfI] - j.L{FE} + qEF + Ecow (1)

q
where Eeo E(FE Ga ) — total energy of a Ga203 crystal with one substituting Fe _in the charge state

q, Eior(Ga;05) _total energy of a pure Ga203 crystal. u(Ga) and u(Fe) — the chemical potentials
of the Ga and Fe atoms, which varied between high and low oxygen chemical potentials, as will be
described below. gxE_ is the change in electron energy due to the exchange of electrons and holes
with the valence band. Finally, E_ is a correction to the formation energy that takes into account
the spurious electrostatic interaction between charged defects in neighboring supercells [49].
Itis known that the energy of formation depends on the external conditions of crystal growth
[50]. For example, the formation energy of an oxygen vacancy is determined by the relative
abundance of Ga and O atoms, which are determined by the chemical potentials of the Ga and
O atoms. At the same time, the chemical potential of the atoms depends on the experimental
growth conditions. It varies within limits designated as high (O-rich) and low (Ga-rich) chemical
potential. The state of the O, molecule is selected as the high chemical potential of oxygen, and
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the metallic Ga is selected as the low chemical potential. Having made simple transformations
from the following system of equations u(O) <1/2u(0,) = 1/2E,_(O,); u(Ga) < u(Ga™*) = E _(Ga);
2u. +3u,=u(Ga,0,)=E, (Ga,0,) we obtain ranges of changes in chemical potentials. Chemical
potential of oxygen:

tot

1/3E, (Ga,0,) - 2/3E,_(Ga) < p, < 1/2u(0,)

tot

Similarly for the gallium potential:

1/2E_(Ga,0,) - 3/4E,_(O,) <y, < p(Ga™)

tot

2.3 Transition levels
The transition level is defined as the Fermi level energy at which the formation energies of
neutral and charged systems are equal [51,52]:

Eqoe (D, @)-Eqg (bulk) + Xy, + q (= (qij By ) =
= E.0e(D,0) = Epe(bull) + ) nop + ' (c(@/a) = B) + By

or

o/ = Bl e
7-q )

To simulate a negatively charged state, we add one electron to the system and, in the case
of a positively charged state, one hole. The g’ state always corresponds to a state with one more
electron: q” =g+le. Double charge transitions can be obtained from single charge transitions, for
example: (+2/0) from (+1/0) and (+2/+1) as the average between them. The top of the valence band
is set to zero energy, E =0.

Equation (2) can be used to calculate the optical transition levels ¢ (q/q"), i.e. levels
without taking into account the relaxation of the crystal lattice with a Chargecf defect (adiabatic
approximation). The thermodynamic levels are determined from the optical levels, taking into
account the complete relaxation of the defective crystal structure, according to the following

expression:
) _ a
Etharm (?} - Eﬂ'pt (q"') + Er'a!

(3)

where E | is the relaxation energy in absolute value, calculated based on the difference in total
energies between the relaxed and unrelaxed charged system.

Results and discussion

3.1 Structural and electronic properties

As a result of the complete relaxation of the atomic structure with an iron impurity in the
substitution positions of gallium atoms, the average distances between neighboring atoms near
the iron atom, d(Fe-O), the effective charge and magnetic moment of the iron atom, as well as
the change in the band gap in comparison with the pure crystal were calculated (see table 1).
From the data obtained, it is clear that the charge of iron atoms is slightly higher than that of
the gallium atoms in a pure crystal. This leads to a slight uncompensated charge in the lattice,
which is reflected in a slight increase in bond lengths between the iron impurity and neighboring
oxygen atoms. In addition, the increase in lattice parameters and bond lengths between the Fe
ion and neighboring oxygens is due to the slightly larger ionic radius of iron compared to the
gallium ion in the tetrahedral (0.47 vs 0.49 nm) and octahedral (0.062 vs 0.064 nm) positions
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[53]. In general, all parameter values from Table 1 differ and depend on the position of Fe in the
lattice. The latter indicates the anisotropy of the electronic structure of the crystal depending on
the local environment. Thus, due to the higher coordination of iron in the octahedral position
(Fe,), a slightly larger displacement of nearby atoms and a narrowing of the band gap are
observed than for the tetrahedral position (Fe_ ). The obtained results are in excellent agreement
with previously presented experimental data described in the literature [21, 25, 28, 54].

Figure 2 (a,b), the bottom of the conduction band is represented by empty 4s and unfilled
3d states of Fe (trap levels). In this case, iron ions can capture free electrons from the conduction
band, effectively suppressing both unintended conduction and UV and blue luminescence.
This conclusion is in excellent agreement with the experimental observation, namely, a
significant decrease in free charge carriers and a transition to a semi-insulating state, as well as
the disappearance of photoluminescence peaks [55, 56]. If Fe ions are positively charged (see
Figures 2 ¢, d), new unoccupied Fe levels appear in the band gap, which lies much deeper at
the level of ~2 eV and characterize the impurity as a deep donor. In the case of capturing an
additional electron, the 3d level of the Fe impurity is filled and the Fermi level is shifted higher
(see Figures 2 e, f). In this case, the remaining unoccupied states are characterized by empty 4s
states of Fe, located at a height of 1 to 1.5 eV above the top of the valence band.

It is interesting to note the behavior of electronic states in the range from -8 to -5 eV. It can
be seen that in the ground (neutral) state the levels of Fe and O overlap, forming a chemical
bond. Positive ionization of Fe ions leads to an increase in the amplitude of 3d levels in the
range -8 to -6 eV (see Figures 2 ¢, d), and negative ionization, on the contrary, leads to an
increase in the amplitude of the states of O ions. This behavior indicates the appearance of
additional attraction between impurity Fe ions with O ions in the case of positive ionization and
repulsion in the case of negative ionization. Indeed, positive ionization leads to a decrease in
the estimated Fe-O bond length by approximately ~0.1 A, to 1.78 A (in tetrahedral coordination
(Fe.,,) and up to 1.94 A in octahedral coordination (Fe,,) compared to the neutral state (see
Table 1) On the contrary, with negative ionization, the oxygen environment around Fe moves
away due to additional electrostatic repulsion. For the tetrahedral disposition, the bond length
is 1.97 A, and for the octahedral disposition is 2.12 A.

Table 1. Calculated average distance between Fe and O ions, d(Fe-O), effective charge g, magnetic
moment ((Fe), and band gap E,

d(Fe-0),A ge p(Fe) p, | E eV
Ga,O,-Fe(l) 1.87 +1.71 4.21 4.81
Ga,0,-Fe(Il) 2.03 +1.72 433 473
Ga,0, 1.852.0 | +1.68/-1.1 - 489
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Figure 1. Total density of states for Fe_ , (a,c,e) and Fe_, (b,d,f) in 3-Ga203. All impurity states have
been magnified by factor 5. Green-dashed-vertical lines represent the Fermi level.

3.2 Transition levels

A deep acceptor character of Fe in 3-Ga20O3 has been well established and confirmed by a
number of experimental evidence and first-principles calculations. For instance, using deep level
transient spectroscopy (DLTS), secondary ion mass spectrometry (SIMS), and first-principles
calculations, it has been found that Fe impurity is responsible for the trap level around 0.8 eV
below the bottom of conduction band [25]. At this, intrinsic defects, such as V_, V, and related
defects, were assigned to another close-spaced level of 0.75 eV, which is observed in samples
irradiated with 600 keV protons at room temperature [57]. In another study, the change in the
Fermi level has been calculated from UV photoemission spectra (UPS) [54]. The Fermi level
decreases from 3.94 to 3.78 eV after annealing of iron-doped crystals, which may be due to the
capture of excited electrons from the conduction band by Fe** traps, indicating that the trap depth
may be more than 1 eV. Using the hybrid screened HSE functional, the thermodynamic levels
were predicted to be located at a depth of 0.59 and 0.61 eV for Fe_ , and Fe_ , respectively [25].
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It has also been shown that 3-Ga203 doped with ~400 ppm iron exhibits a higher conductivity
photoresponse under excitation of 4.4-4.8 eV. This indicates that Fe has a deep donor level above
the top of the valence band [58].

To quantitatively confirm these considerations, we have calculated the optical and
thermodynamic transition levels of iron. We’ve found that the accumulation of iron impurity
in the Ga(2) site is favored due to the slightly lower formation energy compared to the Ga(1)
site, although both sites are energetically favorable. Under conditions of high chemical potential
of gallium atoms, the energy of iron formation increases by ~1 eV (see Figure 2a). During the
negative iron ionization, when transition from a neutral to negatively charged (-1) state occurs,
the corresponding levels of the optical transition ¢ (0/-1) lie at a depth of more than 1 eV from
the bottom of the conduction band, which indicates the deep acceptor nature of iron. At the same
time, positive ionization of iron reveals the presence of a deep donor transition level ¢  (1+/0),
which lies deep 4 eV below the bottom of the conduction band or 1 eV above the top of the
valence band.

We have also calculated the thermodynamic transition levels corresponding to the thermal
excitation energies of deep or shallow donor (acceptor) centers. In contrast to the optical transition
level, it assumes complete relaxation of the charged defect structure. As can be seen from Table
2, €,....(0/-1) shifts towards the center of the band gap, indicating deeper trap levels lying more
than 2 eV below the bottom of the conduction band. ¢, (1+/0) has the same tendency with a
shift of levels by 1.8 eV above the top of the valence band. Overall, our results strongly suggest
that iron is a deep acceptor and is in good agreement with previous theoretical studies and
experimental findings.
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Figure 2. Formation energies for Fe substituted Ga positions in -Ga203 plotted against the Fermi
energy for Ga-rich (a) and O-rich conditions (b).
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Table 2. Transition levels ¢(g/q") (in eV) for an iron-doped -Ga203 crystal

Transitionlevels | ¢ | ¢, | E

Fe 1+/0 10| 1.8 | 08
Gal 0/-1 36 | 236 | 1.24
Fe 1+/0 1.0 | 1.7 0.7
Ga2 0/-1 35| 277 | 0.73

3.3 Raman spectra

The results of the calculation of the Raman spectra are shown in Figure 3. Eleven peaks have
been detected for all samples. These peaks observed at 125, 157, 178, 207, 322, 350, 460, 494, 622,
662, and 761 cm™ correspond to Bg(2), Ag(2), Ag(3), Ag(4), Ag(5), Ag(6), Ag(7) Ag(8), Ag(9), and
Ag(10) phonon modes, respectively. As a rule, the low-frequency zone (I) at 125, 157, 178, 207
cm is associated with vibration and translation of tetrahedral and octahedral chains, the mid-
frequency zone (II) at 322, 350, 460, 494 cm' reflects the deformation of the GaO6 octahedron, and
high-frequency zones (III) and (IV) at 622, 662 and 761 cm™ relate to the stretching and bending
of the GaO4 tetrahedron [59,60]. The experimentally observed Raman spectra of 3-Ga203 [54]
show peaks at 115, 146, 171, 201, 321, 348, 418, 477, 632, 660, and 768 cm™ (indicated by red
arrows in Figure 3), which are in good agreement with the calculated peaks. Good agreement
between the calculated and experimental spectra means the high quality of the synthesized
crystals. Considering the supposed shortcomings of the calculation model and the fact that the
real material defects cannot be isolated, the experimental spectra are generally consistent with
the calculated spectra for pure 3-Ga203.
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Figure 3. Calculated full Raman spectra for pure Ga203 (a),
Fe_ :Ga203 (b) and Fe__,:Ga203 (c)
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Doping with iron led to an ambiguous change in the spectrum. In general, for Fe(1) and
Fe(2), a small change is observed in low-frequency modes, which may be due to two competing
mechanisms: 1) a decrease in mode intensity due to an increase in lattice parameters due to the
slightly larger Fe atom size; and 2) mode enhancement due to a decrease in effective atomic
mass. The average frequency range for Fe(1) has not changed significantly, while for Fe(2) an
additional peak appears at 529 cm™, indicating an increase in the contribution of GaO6 to the
deformation. In the high-frequency range, a slight positive peak shift compared to the pure
crystal is observed for both Fe positions and a relative increase in intensity. The mode at 761
cm after Fe doping decayed into 3, which the enhancement of the vibrational component of
tetrahedra and octahedra can explain. As already has been noted, the latter may be due to the
low effective atomic mass of the substituting Fe atom, which dominates the slight increase in
bond length. This ultimately leads to an increase in the frequency of vibrational modes in the
high-frequency range.

Conclusions

This paper presents the results of a hybrid B3PW study of the electronic structure of Fe-
doped -Ga203 by evaluating the calculated optical and thermodynamic band gap impurity
transition levels, as well as analyzing the density of states and Raman spectra in comparison
with experimentally observed data.

We have found that Fe leads to a slight increase in lattice parameters at the expense of a
slightly larger ionic radius. Electronic state analysis has showed that Fe ions can capture free
electrons from the conduction band, effectively suppressing both unintended conduction and
UV-visible luminescence. Positive ionization of Fe ions leads to an increase in the amplitude of
3d levels from -8 to -6 eV (see Figure 1 ¢, d), and negative ionization, on the contrary, leads to an
increase in the amplitude of the O ion state.

We have found that Fe has a dual nature; it has deep donor and deep acceptor levels.
However, the deep acceptor nature of Fe is preferred because the donor state has a higher
formation energy.

The calculated Raman scattering of pure p-Ga203 agrees well with the observed one.
Doping with Fe led to an ambiguous change in the spectrum; however, the overall picture of
the spectrum is preserved due to insignificant relaxations after the introduction of Fe. For the Fe
impurity, changes are observed mainly in the high-frequency region, which indicates an increase
in the vibrational modes of tetrahedral and octahedral bonds.
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Temip Kocbiaran B-Ga,0, KpUCTaabIHBIH 91€KTPOHABI JKoHe 4ipiaaik KacueTTepiHiH
rmopmari DFT

Anaatma. bya sxymeicta temip xockiaraH (3-Ga,O, sHepreTukaablK >KoHe DAeKTPOHABI-ONTUKAABIK
KacleTTepiH ecelTey HoTIDKeJepi KeATipiareH.Op Typai 3apsAray Kylidepi YINiH THIIBIM CaAbIHFaH
aliMaKTaFrbl 91eKTPOHABI KOCIIa AeHTellAepiHiH OpHaacyblH Talaay apKbLabl Fe akiienTopAbIK KOcIa eKeHi
aHbpIKTaaAbl. ONITUKaABIK JKoHe TEpMOAVHaMIKAaABIK ©TIIeAi AeHreilaepai Oarasay TeMipAiH aKIIeIITOPABIK
KOCITaCBIHBIH TepeH cuIaTelH Kepceresi. CoHbIMeH KaTap, TeMip PepMy SHEpPIUSCHHBIH ©Te TOMEeH
MoHJAepiHAe JOHOpP peaiH aTKapa adaabl, alaiija MyHAail >KaFAaliAbIH Haiida 00Ay BIKTMMAaAABIFLI ©Te
as. bis Temip KocrachIHBIH KOMOWHAIIVIABIK IHMAIIbIpayAbl €KiYIITHl TypAe ©3TepTeTiHiH aHBIKTaABbIK.
AAMacCTBIpaTBIH TeMip aTOMBIHBIH TOMEH THiMAl aTOMABIK MaccachblHa OailAaHBICTBI AOIMHI >KOFapbI
SKHNiAiKTi AmarnasoHgarbl TepOeicTtepAid (POHOHABIK PEXKNMMAEPIiHIH aliKbIH >KOFapbliayblHa oKeleai
(~600+800 cm™). HoTikeaep TeMip KOCIACBIHBIH aKLEIITOPABIK CHUIIATBIH PacTaliTBIH DKCIEPUMEHTTIK
OakbplaaylapMeH >KaKChl yiileceai.

Tyitin cesgep: B-Ga,O, ONTODAEKTPOHNKA, aKIENTOPABIK AeHIeM, THIFBI3ABIK (DYHKIIMACHIHBIH
TEOPUSICHI.

A.b. Yceunos, JX.K. KormbsioaeBa, A.T. AknabekoB
Eepasutickuii nayuonarvror ynueepcumem um. A.H. I'ymuresa, Acmana, Kasaxcman

I'mopuanbie DFT 22eKTpOHHBIX M BUOPalIMOHHBIX CBOVCTB Kpucraaaa B-Ga,0O,
AOIINPOBAHHBIX JKe1e30M

Annoramusa. B sannoit pabGoTe mpeAcTaBAeHBI pe3yAbTaThl PacyeTOB DHEPreTUYecKux Wu
9AKTPpOHHO-oIITMYecKux cBoiicTs 3-Ga203, aermpoBaHHOIO >Keae3oM. AHaAM3UPYs Ppaclo0KeHle
YPOBHEl 2A€KTPOHHBIX IIPMIMECe B 3allPeIleHHOl 30He A4Sl pa3AMYHBIX COCTOSIHUIN 3aps4a, II0Ka3aHo,
uyro Fe sABasercsa akumenTopHoill mnpumechio. OlleHKa KaK ONTUYECKUX, TaK M TepPMOAMHAMUYECKUX
ypPOBHell Ilepexoja yKasblBaeT Ha TAyOOKyIO IIpUPOAY aKLeNTOPHON Ipumecu XKeaeza. Kpome Toro,
’Ke4e30 MOXeT UTpaTh poAb AOHOPa IIPU OUYeHb HUBKMX DHepTusaX PepMu, HO BepOSTHOCTH 0Opa3oBaHuUs
TaKOIO COCTOSIHMS KpaliHe Mada. Mbl oOHapyXmam, 4UTO >Kele30 HeOAHO3HAauHO M3MeHseT
KOMOMHAIIMOHHOe paccesHue csera. VI3-3a HM3KOI 9P PeKTUBHOI aTOMHO Macchl 3aMeIIaioIlero aToMa
’KeJe3a JeTMpOBaHMe IIPUBOAUT K BBIpa)KeHHOMY YCUAEHUIO (POHOHHBIX MO/ KoaAeDaHUil B
BBICOKOUaCTOTHOM AmanasoHe (~600+800 cm'). IloaydeHHble pe3yAbTaTBl XOPOIIO COTAacylOTCsl C
9KCIIePUMEHTaAbHBIMI HaDAI0AeHMSIMHY, TIOATBePXKAAIOI MU aKIIeIITOPHYIO IPUPOAY IIpUMecH Keaesa.

Katouesbre caosa: (-Ga,O, omnTo»iekTpoHNKa, ypOBeHb akKIelTopa, Teopus QyHKIMOHala

IIA0THOCTU.
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