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1. BBEAEHUE

Pa3BuTHe HaykOeMKOU MPOMBINIIICHHOCTA BO BCEM MHUPE PE3KO CIIOCOOCTBYET
POCTY TpUMEHEHHs siIepHBIX TexHosoruil. [Ipexne Bcero, 310 00ycioBIHU-
BaeTCs HEOOXOAMMOCTBIO YJIOBIETBOPATH MOTPEOHOCTH OBICTPO pa3BHUBAIO-
IIMXCS SAEPHOHN U, B OMIpKaiieM OyayIieM, TepMOsSIepHOM SHEpreTUKH. S nep-
HBbIE TEXHOJIOTMH HAaXOJAAT aKTUBHOE MPHMEHEHHWE M B TaKUX MPOHM3BOACTBEH-
HBIX 00JIaCTSX KaK METUIIMHA, MUIIeBas MPOMBIIUIEHHOCTh, CEThCKOE XO3SUCT-
BO, 3alllMTa OKPY>KaloIIel cpeapl U MHOTHe npyrue. Bece aTo cozmaer moTped-
HOCTh B HOBBIX MaTepHaliaX, KaK yCTOWYHMBBIX K palualuy Ui SACPHOH dHEp-
TeTHKH, TaK ¥ B MaTepHallaX, YyBCTBUTEIHHBIX K PaJAHallU U TPUMEHSIEMBIX B
JIO3UMETpax.

[TaTbnecsT NeT pa3BHTHS MEPCOHAIBHBIX JO3UMETPOB MPHBEIO K UX HH-
TEHCHBHOMY TIpHUMEHEHHIO (cM., Hampumep, [1—4]). K HacTosmemy BpemeHU
pa3paboTaHbl JTFOMUHECHUPYIOMIME MaTepualbl JIsi ONpeAeNICHUs O3Bl U
WHTEHCHBHOCTH PEHTTEHOBCKOTO W Y-H3ITydeHHUs, 3JIEKTPOHHOTO, IPOTOHHOTO H
MOHHOTO TIOTOKOB. Pa3BuTHE TEPMOIIOMHUHECIIEHTHOW MO3MMETPHH Y-U3Iyde-
HUs, OCHOBAaHHOW Ha mcmoib3oBanuu LiF [1-4] u Al,O5 [5], 6s10 0cOOEHHO
ycnemrHeIM. HecMOTps Ha 3TO, JIFOMHUHECIICHTHAS JO3UMETPHs OBICTPHIX HEUT-
POHOB (Nf) HE HAIUIA TIOKA MPAKTHIECKOTO MpuMeHeHus (cMm. [6—8]). OcHoBHas
TPYZHOCTh B CO3JJaHUU JIFOMHHECHEHTHBIX JO3MMETPOB Ny CBSI3aHHA C TE€M, YTO
MOTJIOLIEHHAs /1032 OBICTPBIX HEUTPOHOB mpubim3urensHo B 20 pa3 Goiee
OIlacHa JJIsl 4eJIOBeKa, YeM Takas jke MOTJIOIMEHHas 1032 y-u3nydenus [9]. Eciu
OBI TOTOK paJialliU COCTOSUT TOJIBKO U3 Ny, TO IPOOIEMY HX JO3UMETPHH MOXK-
HO OBUTO OBl PEUINTh AOBOJBHO MPOCTO. B nmeiicTBUTENBHOCTH e MBI IMEEM
JeNI0 CO CMEIIaHHBIM HEWTPOHHBIM U Y-M3IyYeHHEM. DTO MPHUBOAUT K He-
00X0MMOCTH AeTeKTHpoBaTh B 20 pa3 MEHbIINE MOTIOMEHHBIE O3Bl Ny, YEM
MOTJIONIEHHBIE JIO03BI TaMMa M3nydeHus. Jo cux mop He OBUIO HaieHo yHo0-
HOTO W TIPOCTOTO PEIICHHUS 3TOW MPOOJIEMBI ISl TIEPCOHAIBHON TO3UMETPUH,
TEM HE MeHee, MPEI0KEHO HEeCKOJIBKO BO3MOXKHBIX IyTeH BBIXONA M3 CO3JaB-
mieiics cutyauuu [1-5].

[Ipobnema, B mpUHITUIIE, MOXKET OBITH pEIIeHAa MPH HUCIOJB30BAHUH (aKTa,
YTO JIMHEHHas mepefada dHEepPrud OT AJIEKTPOHA WIIM I MPOTOHA OTJadd K
KpUCTAJUTy OTiHuYaeTcss Ooinee 4yeM B ThIcAYM pa3. IIpm mambix ngoszax 7-
M3JTy4eHUs ¥ -4acTHI IIOTHOCTh MOHHU3ALUHU B THICAYHM Pa3 MEHBILE, YeM IIpH
TeX K€ J103aX MPOTOHOB WM 0-9acTUIl. B TO ke camoe BpeMs, eciH J03bI
JIOCTATOYHO MaJlbl M CJEIBI MOHU3AINH, CO3/IaHHBIE OTAEIHHBIMH YaCTHUIIAMH,
BUPTYaJbHO HE TMEPEKPHIBAIOTCSA, CBETOBAas CyMMa TEPMOJIIOMHHECICHINH
JUHEWHO 3aBUCHT OT JI03bI PaTUAIIHH.

B 1973—74 rr. Obl1 IpeyI0KEeH HHOW BO3MOXKHBIN IMPUHIUI PErUCTPalUU Ny
Ha (OHE Y-U3IYUYSHHS: Ny ¥ MMPOTOHBI OTIAYH MPHUBOIAT K CO3aHUI0 AePEKTOB
Openkens (D) B psae mmpoKouieNneBbIXx MaTepuanoB (Hampumep, B MgO), B
TO BpeMs Kak Y-U3lyueHHe IMpakTuuecku He co3paer P [10]. Dta BO3MOXK-
HOCTh CEIIEKTUBHOW JO3MMETPHH Ny OblIa TaKKe M3ydeHa C WCIOJIh30BaHHEM



OONBUIMHCTBA BBICOKOUYBCTBUTENBHBIX JIIOMHUHECLICHTHBIX METOJOB, a TaKXkKe
METO0/1a SK303JIEKTPOHHOH amuccu [7, 11, 12].

HecmoTpss Ha HampspkéHHBIE HCCIEAOBaHUSA, 0 CHX IIOp HET TOTOBBIX
3¢ PEKTUBHBIX JO3UMETPHUECKUX MaTEpUaOB AJIS LieJIed MePCOHATBHON T03H-
METPHH Ng, OHH OO MaJl0 YyBCTBUTEIBHBI, THOO 00IaTAF0OT CIUIIKOM HHU3KOM
TEPMUUIECKON CTaOMIBHOCTHI0. Ha ceromHAIIHUN NeHb SICHO, YTO IS PEUICHUS
npo01eMbl HEOOXOAUMO OCHOBATEIBHO M3YUYHTh 3aBHUCUMOCTb MHTEHCHBHOCTH
JIFOMHMHECIICHIINM BEIECTBA OT IJIOTHOCTU BO30OYXIEHHS AJISI BCEX OCHOBHBIX
MEXaHHU3MOB JIOMHUHECLEHIINH, a TAK)Ke M3YUUTh Pa3INyHbIe MEXaHU3MBI CO3-
JaHWs paJuallMOHHBIX CTPYKTYPHBIX Ae(EKTOB NpH OONYyUYEHHH MaTepUallOB
BBICOKOPHEPTETHYECKUMU (OTOHAMH W TSDKENBIMH YacTULAMM  PA3IHMYHBIX
SHEprui.

EcTb 1Ba OCHOBHBIX MeXaHM3Ma AJIS JTOJTOCPOYHOIO XPAHEHUS SHEPTUH B
00Ty4€HHBIX IIMPOKOIIENIeBhIX MaTepuanax. [lepBolif U3 HUX — Tak Ha3bIBae-
MBI 3JIEKTPOHHO-ABIPOYHBIN (e—/1) MeXaHW3M, BTOPOH — MHTEPCTEITNaI-BaKaH-
CHOHBIN (i—V) MeXaHW3M. B cxeme SHepreTHIecKuX 30H JUAIICKTPHKA 30HA TIPO-
BOJIMMOCTHU (C-30HA) U BAJICHTHAs 30HA (V-30HA) pasleieHbl MHUPOKON MICTBIO
3anpenéHHON dHepruM (IMpHHOH Ey). Eciu KpUCTaml COAEpKUT JIOKaIbHbIE
YPOBHU 3HEpruu (JIOBYIIKH) IJISL IEKTPOHOB (€) U OBIPOK (/1), TO OOIIy4eHue,
CO3/1aI01lee IIEKTPOHBI B C-30HE U JIBIPKU B V—30HE, IPUBOIUT K JIOKAIH3ALUU
e ¥ h B IPOCTPAaHCTBEHHO Pa3/eleHHbIX MECTax KpucTamia. Eciu noBymku mis
e U h ;mocTtaToyHO TIIyOOKH, 3TH MeCTa JIOKANIM3allud B KpUCTalJIe HE H3-
MEHSIIOTCSl TIOCTie OKOHYaHusi o0ny4enus. [Ipu mocnenyronieM HarpeBe Kpuc-
TaJlj1a, TEIUIOBBIE (PIYKTyaluy MOTYT MEPEBECTH 3JICKTPOH/IBIPKY U3 JOBYLIKH
B C- WJIM V-30HY, IJleé HOCHUTEIh 3apsiAa CTAHOBUTHCS MOJABHKHBIM U MOXKET
PEKOMOMHHUPOBATH CO BCE €Ie 3aXBAaUCHHOW IBIPKON/IIEKTPOHOM. B y-mo3u-
METPUU MBI OOBIYHO MMEEM [eJI0 C MaTepHajaMH, B KOTOPBIX YHCIIO SJIEKT-
POHHBIX M JBIPOYHBIX JIOBYLIEK (PUKCHPOBAHO W HE HM3MEHSETCA B TEUYCHHUE
00ITydeHHS.

Bropoit mexaHu3M yué€Ta MOTJOIIEHHON 03Bl CBA3aH CO CIIOCOOHOCTHIO
o0ydeHHss He TOJIbKO 3alOJHATH SJIEKTPOHHBIC M ABIPOYHBIE JIOBYLIKH, CY-
IIECTBOBABIINE O OOJyUYEHHUs, HO TaKXKe M co3aaBath napbl Jd: Mexa0y3ens-
HbI€ MOHBI (MHTEPCTUINAJIBI) U BAKAHCUHU, KOTOPBIE MOTYT CIIY>KUTb KaK JIOBYIII-
ku 1715t e 1 h [13]. [locnemyrontuiit HarpeB KpUcTalia MPUBOIUT K aHHUTHIISIITAH
JA®, compoBoxmaeMoit TepMocTUMyIHpoBaHHON mromuHecneHnuer (TCJI).
Kpome TCJI nukoB, 00yCIIOBICHHBIX TEMIIEPATYPHBIM OCBOOOKICHUEM, HAIIPH-
Mep, e U3 yKe UMEBIIMXCS A0 00Iy4eHUs JIOBYIICK, BOSHUKAIOT TAK)KE U ITHKH
TCJI, cBsa3anHBle ¢ MHAYLUpOBaHHBIMU oOmydeHuem J®D. OcoOvlii nHTEpec
3/1eCh NPEACTABISIOT YCTOHYMBBIE K OOJYYEHHIO MPOCTHIE M KOMIUICKCHBIE
OKCHUZBI C OOJBIION BEIUYUHOU E,. B Tedennu mnocneanux yer B MHcTUTyTE
¢msuxu (Tapry) paspaboransl MeToAbl BhICOKOTemmepaTypHoro (~3200 K)
BBIAIMBAHHS KpucTamioB MgO, nernposannsix nonamu Ge® u Cr'*. ITocnen-
Hee OOCTOSATENbCTBO IO3BOJIMIIO CUCTEMAaTHYECKH H3YYUTh 3TH MaTepHaibl B
CHeKTpanbHOM auanaszone 1,5-9 3B npu paznnyHbIx MeTonax Bo30yKIOCHUSI.
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Lenp HacTosmIeH PabOTHI — UCCIIEIOBAHUE e~/ U i—V MPOIECCOB B YUCTHIX
JeTUpOBaHHBIX MOHOKpucTamiax MgO u LiF kxommiekcom MeTomoB Tepmo-
AKTHUBALIMOHHOW CIIEKTpOcKonuH. BrliOpaHHBIE OOBEKTHI HCCIENOBAHUS SBII-
AI0TCA TIOTEHIMAJIBbHBIMU TIPETeHAEHTAMU JJIsl WCIOJB30BaHHUS B JIIOMHUHEC-
LHEHTHBIX JETEKTOpax JAJsl NEePCOHATBHON HO3UMETPHU OBICTPBIX HEWTPOHOB B
CMEIIaHHBIX HEUTPOHHO-TaMMa MOJISIX.

Pabora 6a3upyercs Ha IKCTIEpUMEHTAIBHBIX Pe3yNbTaTaX, Oy OJIUKOBaHHBIX
B BBIHOCHMBIX Ha 3amUTy cTaThix [[-1X]. boipmMHCTBO MpUBEIEHHBIX B pa-
00Te HKCIEPUMEHTAIILHBIX PE3yJIbTATOB MOJMYYEHBI aBTOPOM JaHHOH paboThl B
nabopatopur pU3MKH HOHHBIX KPUCTAIIIOB TapTyCKOro YHUBEPCUTETA. AHAIN3
Pe3yIbTATOB U MOATOTOBKA IMyOJUKAIUN MPOBOAUINCH COBMECTHO C HAYUYHBIMHU
pyxoBoautensimu 1. Ksapraepom u A. Jlymukom.

11



2. OBBEKTbl U METOOAUKA UCCINEAOBAHUA

2.1. O6beKTbl uccnegoBaHus

HccnenoBanHble HAMH YHCTHIC U JISTHPOBAHHBIE HOHAMH Al", Be*', Cr’*, Ca*",
Ge®", OH moHokpucramisl MgO B GonbIIMHCTBE ObUTH BEIpameHbl A. Maa-
POOCOM METOJIOM OYT'OBOW IJIaBKH B JTa0OpaTOpHH (PU3MKH MOHHBIX KpHCTaJ-
nmoB UHcTHTyTa (m3mku Tapryckoro yHuBepcurtera. [IpyW BBIpalmmBaHUU HC-
MOJIb30BaANICA OECTHTeNbHBIII METOJ pocTa M3 pacijiaBa, NPUYEM CTEHKU
E€MKOCTH HMMEIOT TOT € COCTaB, YTO M BBIPALIMBAEMOE BEIIECTBO M WIPAIOT
POIb 3aTPAaBOYHOTO KpPUCTAIUIA. B OCHOBY MOJOXEH BHIOW3MEHEHHBIA METOJ
pocta o merony llltebepa [14], B KOMOMHHAIINK C APYTUMH MeTomamu [15]
BBIPAIBAHNS MOHOKPUCTAIUIOB. [ mosyueHHs BBICOKHMX TeMmepaTyp Oblia
WCTIOJh30BaHa ABYXAJIEKTPOAHAS AyroBas meds (cuima Toka 250-300 A) ucxon-
HBIM CBIPEEM CITY>KHJIa OKHCh MarHus “‘oc.4. 11-2, It BeIpanuBaHus JIETHPO-
BaHHBIX KPHUCTAJUIOB HCXOJHBIA TOPOIIOK OBUI CMEMIaH C aKTUBUPYIOIIUMH
coeAuHEeHHAMHU Mapku “oc.u.” m “Alfa Aesar 99,99%”. Mcxoanblii Marepuan
ObLT IIPeIBAPUTENBLHO CIIPECCOBAH B GIIOKH Moj AaBieHneM 290 kr/cm’. Passep-
HyTOE ONHMCAaHKS METOa BEIPALIUBAHUSI IIPEeICTaBIeHO B paboTte [16].

BbIIICOMHMCAHHOI METOHKOI TIOMTyUeHbl YHCThIC, aKTHBHpOBaHHbIe Be’', Ca™’,
Ge™", AI”", Cr’" u npyrue monoxpuctammsl MgO BemmumzO# 20x20x10 MM,
CpenHee conep)kaHue METAIUIMUECKUX MpUMecell B kpuctaiax okoso 10 ppm.
Jna cpaBHUTENHHON XapaKTEPUCTUKH HCIOIB30BANINCH KPUCTAIUIBI, BBIPAIICH-
Hble B OKPHIKCKOM HAIMOHAIBHOH 1aboparopun (CIIIA).

Momnokpucramisl LiF, ncnons3yemsle B gaHHOH paboTe, ObUIN MOTYYEHBI U3
pa3IMYHBIX UCTOYHHMKOB. MoHOKpucTauibl LiF-1 ObUIM BBIpamieHbl METOIOM
Crokbaprepa ¢ MpUMEHEHHEM IMKJIA OYHCTKH, BKIIOYAIOIIEr0 M MHOTOKpAT-
HYIO 30HHYIO IUIaBKy. JlaHHas mpoliefypa MO3BOJNMIA YAAIMTh mpuMecd Na',
ClI', O u OH. Kpucramisi LiF-2 Gbutn Bbipamenst B I'epmanuu (Korth
Kristalle) merogom Kupormyiioca B mHEpTHOH aTMocdepe U3 COJH, MOABEPTHY-
TOM xuMmHUeckoil ouwcTke. JlaHHble 00paslbl KpUCTaa COAEp)Kald INpH-
MecHble HOHBI Na' U, B MEHbIIEM KOJHYECTBE, Mg2+. Monokpucramisl LiF-3
ObLIN BRIPAIECHBI TaKke MeTogoM CTokbaprepa u3 coneii, cogepxammx Mg u
cenpl Ti*'. KpoMe Toro, mccienoBamuch M Apyrue MOHOKpHcTamisl LiF, Ha-
mpumep, LiF:Na u LiF:Mg(100 ppm),Ti(10 ppm) — Xopomo HW3BECTHBIH
Matepuai st go3umerpos TLD-100.

O0ny4yeHne OOJBIIMHCTBA KPUCTAIIOB OCYLIECTBISIOCH B SIiepHOM Hcciie-
JIOBaTENbCKOM TieHTpe JlatBum (0OmyueHWEe HEUTpPOHAMH), Y PaIbCKOM ITOJIH-
texaudeckoM uHcTHTYyTe (EkatepunOypr, Poccus, oOmydeHue mpoToHaAMH U
HEUTpOHaMHu), B IEHTPaX CHUHXPOTpOHHOro m3nydeHus B Jlynge (MAX-lab,
IBenus) u 'amOypre (HASYLAB, DESY, I'epmanus). B Uncturyre dusuku,
KPUCTAJUTBI OOJMyYaluCh JJIGKTPOHAMH — MYYOK OJIIEKTPOHOB C JHEpPrHer
1,5-30 k3B unu uMnyascHbIN HcTOYHUK ¢ 3Hepruei 10 300 KaB u miotHOCTHIO
TOKa B uMmmyibce (3 HC) mo 250 A/CMZ; a TaKKe O-4acTUIlaMH — C IIOMOIIBIO
M30TOMHBIX WMCTOYHWKOB; M X-TydaMH — Ha YCTAHOBKAaxX pa3HBIX THIIOB,
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MoJpoOHee OINMMCAaHHBIX B COOTBETCTBYIOIIMX CTaThsX. [IIOTHOCTH mOTOKa
HEMTPOHOB 1y 06TydYeHnH KprcTamios coctapmsiia 10107 em?, co cpenneit
sHepruedl HeWTpoHOB 2 MaB. Yacts kpucramioB LiF Obiia mpeaBapHTensHO
0o0y4yeHa OBICTPBIMA HOHAMH 280, Au u ¥Kr (0,8-2,5 I'>B) Ha nuHEitHOM
yckopurene UNILAC B Japmmranre (I'epmanus).

2.2. MeTognka nccnegoBaHumn

s mpoBeneHUsT KOMIUIEKCHOTO HCCIIEAOBaHUS KPUCTAJUIOB HEOOXOIUMO HC-
MOJIb30BaHME I0CTATOYHOTO KOJUYECTBA METOIUK, 00ECIIeUnBaIONINX CO3aHNe
Ooyee MM MEHee TONHOW KapTHHBI UCCIenyeMbIX 00bekToB. [Ipu oOmydeHnn
00BEKTOB B HUX BO3HUKAIN TEPMHUUECKH HEPABHOBECHBIC IE(EKTHBIE COCTOS-
HUS, pellakCalliil KOTOPBIX IMPEMATCTBYET IHEepPreTH4ecKuil 6aprep. DHEpruio,
HEOOXOOUMYIO AJIsl IPEOAOJICHHs Oapbepa, MOXKHO MOMYYUTh MPU HarpeBaHUH
o0ObekTa. Peructpupys penakcauuio neeKTOB HpU HarpeBe 00BEKTa, MOXKHO
MOJIYIUTh WH(POPMAITMIO KaK O BBICOTE SHEPIETHUECKOTO Oapbepa (SHEPTHIO
aKkTuBanuM £,), Tak 1 UHPOPMALIMIO O COMYTCTBYIOIIEM U3MEHEHHH SHTPOIHH
(wactoTHBIN (pakTop py). TemmepaTypa TemIOBOro pacmnaga Ae(eKTOB 3aBUCHUT
0T 000MX NapaMeTpoB, U OAHO3HAYHO CBs3aHA C JaHHBIM nedexToMm. M3-3a
9TOTO, MPUMEHSS Pa3IMYHbIE METOJIBI CIEKTPOCKOTIMY MIPU U3yUeHHHU Je(eKToB
U PETUCTPUPYS TEPMUUECKYIO 3aBUCUMOCTb COOTBETCTBYIOLINX CIEKTPOB, MOXK-
HO TOJYYUTh WH(POPMALHUIO O KOHKPETHBIX NedeKTax, oOpasyloluxcs IMpH
o0ydeHnd, ¥ uIeHTU(OUIHPOBATh uX. [1o 3Toi MpuyMHE B JaHHOW paboTe IIu-
POKO HCIOJIB30BAINCH METOIBI TEPMOAKTHBAMOHHOH criekTpockonyu (TAC).

B xone mpoBeneHHOro HaMH HMCCIENOBaHMs HAIUIM IMPUMEHEHHE CIENYIO-
e KOHKPETHBIE METO/IBI:

1. TepmMocTUMYIMpPOBAHHAS JIOMUHECHEHIUA

Ilpy mcnosb30BaHMU PA3IMYHOIO 3KCIEPUMEHTAIBHOIO 000pYyIOBaHUs OBLIO
Bo3MOXkHO u3MepAth TCJI B mpomexxyTke temnepatyp 3,9-800 K. [Ins uzme-
penus BeIcokoTemmeparypHoir TCJI mpumensutach ycranoBka SYSTEM 310
TLD Reader, usroropnennas ¢pupmoit BROWN TELEDYNE ENGENERING
(USA). B xone »KCIeprMMEHTOB HarpeB KPHCTAJIOB MPOBOAWIICS NPH TEMIIe-
parypax ot 293 mo 773 K. OTXUT TpOU3BOIWICS C TOCTOSHHOW CKOPOCTHIO
2,86 K/c B cpene razoobpasnoro azora N,. JlaHHas ckOpoCTh Oblia momoOpaHa
Ha OCHOBE MMEIOIIEHCS anmaparypbl: IIOCKOJIbKY MaKCUMaJbHOE BpEMS U3Me-
PeHus crieKTpa ObUIO aNmapaTypHO 3aIpOrpaMMHUPOBAHO, TO 3Ta CKOPOCTh OblIa
HauMeHbIIEeH, 00ecreunBaroIel NCII0NIb30BaHUE IIOJHOTO 0XBaTa TEMIEpaTyp
JTAHHOTO Tprdopa.

Hwxuuii ypoBeHb H3MepeHHH NpHOOpa OrpaHWYeH YyBCTBUTEIBLHOCTHIO
(OTO3NEKTPOHHOTO yMHOXHUTEL. l3MepeHue o0pas3noB Ipu TeMIepaType
Beimie 773 K orpaHudeHHO WHQPpPAKpPacHbIM H3ITYYEHHEM OT HaArpeBarolIero
aneMeHTa. g yMeHbLIeHHS WHQPaKpacHOrO M3Iy4YeHHUS HPUMEHSUICS CIie-
IUaIBHBIA CBeTOBOW GuibTp. OOOpyIOBaHKE MO3BOJLUIO WCIIONH30BATh OINTH-
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Yyeckue (GUIbTPhI A1l OTCEUEHHS M3MEPSIEMOM YacTu CIeKTpa, 1 NpudopoM 3¢-
(hEeKTUBHO PETUCTPUPOBATIOCH HHTETpaIbHOE CBeueHue B obmactu 1,6—3,6 3B.

Manas temneparypHas MHEpLUsI 000pyIOBaHUS I03BOJISIA IPUMEHSTh €T0
st peructpanuu ¢ppakunonnoid TCIL. [Ipu GppakiMoHHOM peKHUMe U3MEPEHUs
OTXHT TPOU3BOAWIICS MHUIO00Pa3HBIMU OTPE3KaMHU C MOCTOSHHOH CKOPOCTBIO
HarpeBa 2,86 K/c u marom 5 mu6o 10 K. B pe3ynbrate n3mepeHuii momydancs
pacru criekTpa (pakImuOHHOTO TEPMOBBICBEUHBaHUS (CM. puc. 2.1).

3-5X104 rrrrprrrrprrrrprrrrprTT T T T T T T T T T T T T e e T

3.0x10° - MgO:Cr

2.5x10*

2.0x10*

1.5x10*

1.0x10*

Intensity, a.u.

5.0x10°

1 - bt L

0.0 L
300 350 400 450 50

Temperature, K

Pucynoxk 2.1. @pakimonnsiii cnektp TCJI npenBapuTenbHO peHTTEHH30BaHHOTO KPHC-
tammta MgO:Cr.

Ilepen omxurom (u3mepenuem) Ha TLD Reader-e kpucramnbl moaBepraivch
PEHTI€HOBCKOMY OOJIy4eHHIO NpH KOMHAaTHOW Temmeparype. Hakomienue
JIAaHHBIX MTPOM3BOAIIOCH B cOOTBeTCTBYMOMmEeH mporpamme SYSTEM 310, moc-
TyNUBIIEH BMecTe ¢ 000pyJOBaHHEM, a JalbHelIas 00padoTKa — B IporpaMme
MicroCal Origin.

Hns mmepenns TCJI B mpomexxytke 77-500 K ncrnons3oBanock o0opyno-
BaHME, COCTOSIIEe M3 a30THOrO KpHocTaTta, MOoHoxpomaropa SPM-2, temmepa-
TypHOTOo KoHTpoutepa ITC4 m cuetumka ¢oronoB Hamamatsu H6240S. TCJI
MOYKHO OBUTO CEJIEKTUBHO PETHCTPHPOBATH AN U3TYyUYCHUS] B IPOMEKYTKE UTUH
BonH 200—-800 HM, a Takke IS MHTErpaibHOTO cuTHama. |y peHTreHu3anuu
KpPHCTAJIJIOB UCIIONb30Bajlach ycTaHOBKa YPC-55, TUNMM4HOE HampsKeHUEe U TOK
PEHTTeHOBCKOM TpyOKku ObutH 45 KB 1 10—15 MA, a BpeMst 00JIy4eHUs] MEHSIIOCh
or 3 MuHyT 1Mo 8 u Gomee wacoB. [Ipu m3amepenun TCJI ckopocTh HarpeBa
cocraBmsuta 10 K/mua. 910 Ke 000pymoBaHNE HCTIOIB30BAIOCH IS M3MEPEHUS
CIIEKTPOB PEHTI€HOIIOMUHECLEHIINH B TEMIIEpaTypHOM IpomexxyTke 77-500 K.
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Hns m3mepenus HuzkoreMmieparypHoil TCJI ucmonb3oBajics ONTUYECKUN
npoxyBHo# rTenueBblii Kpuoctar OptistatCF  ¢upmber Oxford Instruments,
MO3BOJISIIONINI OCYIIECTBIATh U3MEPEHUS MpHU Temmneparypax ot 3,4 go 300 K.
Jnst perynupoBKH TeMIepaTypbl HNPUMEHSUICS TEeMIepaTypHBIH KOHTpPOJUIED
ITC 5025, mns perucTpauuu U3Iy4YeHUS — CUeTYMK (QoToHOB Hamamatsu
H6240S. Ckopocts Harpera f Obuta 5 6o 10 K/mun. Jlns o0GnydeHus kpuc-
TaJUIOB MIPUMEHSIACh TAKXKE PEHTI€HOBCKas ycraHoBKa YPC-55.

Jns o6pabotku monydeHHBIX KpuBBIX TCJI u ompenenmeHus mapameTpoB
MUKOB ObLTa MCIOJb30BaHa moAronka (peak fitting) Teoperudeckux Ghopmyn K
SKCIEPUMEHTAIBHBIM pe3ynbTaTaM. [Ipu 3TOM HCHONIB30BaINCh CIEAYIOLINE

(hopMyIIBI:

Kuneruka 1-oro nopsiaka:

E T E
I =n,p,exp T exp —%jexp = dr
0

Kunernka 2-oro nmopsiaka:

E
ol €XP| — -

ot E
1+—°Iexp —— |dt
B3 4

B BbIIe npuBeaEHHBIX PopMyax 7y = pyc, TAE ¢ 3aBUCSILAS OT XapaKTepU3yro-
MIMX ITICHTPOB 3aXBaTa MapaMeTPOB IIOCTOSHHAs, OCTaJbHbIE O00O03HAUCHHS
MUMEIOT OOBIYHOE 3HAUCHUE.

[Tockonpky Ha pa3IUYHOM OOOPYHOBAaHWU CKOPOCTH HarpeBa pa3iHddHbI, a
MmecrononokeHne Makcumyma muka TCJI 3aBHCHT HE TOJIBKO OT 3HEPrUM
aKTHBALMU ¥ YaCTOTHOTO (paKTopa, HO U OT CKOPOCTH HarpeBa, TO U3MEPCHHEIE
PasHbBIMH METOAAaMH (WM JHUTEpaTypHbIC) AaHHbIE NMPUBOAMINCH K CKOPOCTH
HarpeBa [ = 10 K/muH. 3Has kxuHeTuky u napamerpbl nukoB TCJI, 3T0 MOXHO
IPOCTO CHeNaTh, UCTIONb3Ys BBIIEIPUBEAEHHBIC BhIpakeHHUs. B ciydae kuHe-
TUKU 1-0ro mopsaka cMeIleHHEe M MECTONOJIOXKEHHE KA MOXKHO HalTu c
MOMOIIIBIO aHATTUTUYECKOTO BBIPAKEHHUS:

Elk
1 [pE/k
2\ B

1
T . 5 , rie W — W-dynkuus Jlambepra.

w
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Ha pucynke 2.2 npuBegeHa 3aBHCUMOCTb HOJO0KEHUSI MaKCUMYMOB ITUKOB
TCJI ot ckopocTn HarpeBa Ui KHHETHKH 1-0ro Mopsiika W JIJsl TapaMeTpoB
MUKOB, MIOKAa3aHHBIX Ha pUcyHKe. [Ipu Tex ke nmapamerpax, HO JUId KUHETUKHU 2-
Oro TOPAIKa, MON0KEHHE MAKCUMYMOB ITHKOB, IIPH TOH e CKOPOCTH Harpesa,
NPaKTUYECKU HE U3MEHACTCH.

470 :
i ////
460
] ///
450
] . e
£ o
“ 440§ 10 -1 g
% ls Es=1¢eV, po=10"s° 3
£ 43042 N
420 /
410
400

0.0 02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0
B, deg/s

Pucynoxk 2.2. 3aBucucmocts MakcumyMoB nmukoB TCJI oT ckopocTu Harpesa.

[Ipu mepBu4HO# 00paboTke pe3ynabTaToB M3MepeHus ¢pakuuonHoi TCJI, om-
penemnstoTcs BeNWUYUHBl E, U po [UId LEHTPOB 3axBaTa. s KuHeTHKu 1-oro
MOPAZKA YACTOTHBIM (aKkTOp BBIUMCISETCS HAa OCHOBE COOTBETCTBYIOLIEH

(bopmyIIBL:
E d (In7) 65
kT®  dT

pozﬂ

3aTeM Ha OCHOBE IMOJYYCHHBIX PE3YJNHTATOB MOXKHO HAWTH pacmpeercHue
IUIOTHOCTH IIEHTPOB 3aXBaTa MO SHEPTUAM aKTHUBAIUU.

2. Meton JIIP

Cuextpsl DI1P-curnana uzmepsmuck B X-mmonoce (9,928 I'T'm) Ha ciekTpoMeTrpe
ESR 231 mox ynpaBnenmem CAMAC mis cOopa u mepeqadd JaHHBIX Ha
KoMmmbloTep. st momnepanus HY>KHOW TeMIlepaTypsl 00beKTa B TeUCHHE He-
00XOJMMOr0 JJs1 JKCIIEPHUMEHTa BpPEMEHH HCIOIb30BaICAd TEIHeBBId Ipo-
nyBHoi kpuoctaT (Oxford Instruments ESR900), mosBossitommii mpoBOAWTD
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u3meperus oT 4 mo 273 K ¢ momMombeto 010Ka TeMnepaTypHOTO yIpaBICHHS
ITC-4. Ina uzmepenus yriaoBeix 3aBucumocteil JI1P-curnanoB ncnosabs3oBaics
ronnomerp RADIOPAN mnonbckoro mpou3BOACTBA. TeopeTHUEcKUil aHanu3
OIIP cnexkTpoB MpOBOAMICS MpH MHOMOIIM KOMIBIOTEpHBIX IporpamMm EPR-
NMR (Department of Chemistry, University of Saskatchewan, Canada, 1993),
nporpamma VirtualEPR (Institute of Physic University of Tartu, Estonia
V. Isakhanjan 2004-2005).

B ciydae TepMOakTHBAIlMOHHOW PaJUOCHEKTPOCKONNM HW3MEHEHHUE YHUCIIa
3JICKTPOHOB HJIM JIBIPOK, JIOKAJIU30BaHHBIX Ha Jedekrax, HaOIr0Aaaoch Ha
ocHOBe MHTeHCHBHOCTH HMX OIIP curnama. Meron coctosin B CTyNEeHYaTOM
HarpeBaHNHM OOBEKTa 10 HY)KHOU TemrepaTypsl U B u3Mmeperuu JIIP cnexrpa
mociie Kaxaoro mmara HarpeBa. Ilockonmbky wmHTEHCcHBHOCTH OIIP curmama
3aBHUCHUT NPH OJHOM M TOM K€ 4Hcie Ie(EeKTOB OT TeMIepaTyphl H3MEpEHus,
U3MEpEHHs CIeNyeT MPOBOAMTH INpPH OAHOH Temmeparype. MHTeHCHBHOCTB
OIIP-curHana mpu (HUKCHPOBAHHON TeMIIepaType IPOIOPIIHOHATbHA YHCITY
MapaMarHUTHBIX LEHTPOB W MOYKHO TOJYYHTHh TEMIIEPATypHYIO 3aBHCHMOCTb
(obnacte TepMmuueckoro paspymieHus) uncna OIIP-akTuBHBIX LEHTpOB. [ns
TOro, YTOOBI HaileHHas TakuM 0o0pa3oM TeMmIeparypa paspyLieHHs Obla Obl
cpaBHMMa ¢ cooTBeTcTBYIOIMM nukoM TCJI, criemayeT BHIOMpATh MOAXOISAIIHIMA
mar U JJIMTEeNbHOCTh CTyleH4YaToro Harpea. Mbl ucnodnb3oBaiu AT =20 K u
BpeMs HarpeBa Af =2 MHH, 4TO COOTBETCTBYET CKOPOCTH HarpeBa IpHU H3Me-
pernu TCJI f= 10 K/mumn.

3. OnTnyeckoe NOIJIOEHHE

g m3MepeHns CeKTpoB MOTIIOIIEHU KPUCTAJIOB UCIIOIB30BAJICS YIIpaBiisie-
MBI KOMIIBIOTEpOM criekTpodoToMeTp Jasco V-550, O3BONSAIOMMNA PETHCTPH-
poBath crekTpsl B obmactu oT 190 mo 900 um. IIpubop mo3BoiseT U3MEPSTH
ONTHYECKYI0 IUIOTHOCTH N0 BenumuuHbl OD =4 ¢ uyBcrBuUTEnsHOCTBHIO 0,01,
OJIHAKO HEJMHEHWHOCTh CUTHaja MIposBisierca yxe Beimie OD =3, uro mopoit
HIPUBOJIUT K HEOOXOAUMOCTH MAaTEMAaTHUECKOI'0 BOCCTAHOBIICHUS (DOPMBI ITUKOB
M0 HEHCKAKEHHBIM KpUBBIM. Myl oT MOHOXpOMaTopa CBET ACTUTCS Ha JIBa
Jyd4a, OIMH U3 KOTOPHIX NajaeT Ha 00BEKT, BTOPOH — Ha CPaBHUTENBHBIN 00pa-
3€l, 3aTeM JIy4H MOINAaJaroT Ha JETEKTOpP, KOTOPhIM B 001aCTH BUAMMOTO CBETa
u ynbprpaduonera Ciry)KuT (GOTOYMHOXKHUTENb, a B MH(OPAKPACHOM JUAra3oHe
¢doTompoBoasmas sueiika PbS.

4. KaTop0110oMMHUCHEHIIUS.

i uW3MepeHHs CIEKTPOB KAaTOJOTIOMUHECICHIIMM ObUIa HCIOJb30BaHA
YCTaHOBKA C JIByMS PETHCTPAMOHHBIMY KaHaJIaMH, MO3BOJSIONINMHA U3MEPSTh
M3JIydyeHHe B IUPoKoM mpomexyTke 1,7-113B npu temneparypax 5-480 K.
s BO3OYXXIEHMsI  HMCIOJIb30Bajach 3jekTpoHHas mnymka (1-30 k3B,
10 HA — 5 MKA). Pa3Mep NSTHA 2NEKTPOHHOrO Mmydka ObUI 0kono 0,5 MM” u
TUNIUYHAS TodIuMHA obOpasma — 0,5 MM. B koporkoBoiHOBOM (4-113B)
PETUCTPAllMOHHOM KaHaje UMeeTCs JBOWHOW BaKyyMHBIA pemIéTdaTelii MOHO-
xpomarop (cucrema Johnson-Onaka, mucnepcust 0,167 HM/MM) U POTOYMHO-
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)kutenb R6838; B kanane 1,7-6,0 3B wucmons3oBaH ABOMHONW NPU3MEHHBIN
MOHOXpOMaTop U cuéruuk ¢poroHoB Hamamatsu H6240. ITociie mpekparieHus
00Jy4YeHHS B Ka)/IOM M3 KaHAJOB BO3MOXHO perucTpupoBath u Kpubie TCJI,
KaKk B peXHME HHTETPAIBHOTO CHUTHANA, TaK W JUIs BBHIIEISIEMOTO MOHOXPO-
MaropoM cBeueHus. llpm wusmepenun TCJI ckopocTs HarpeBa o0pasma
cocrasisuia f = 10 K/MuH.
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3. KPUCTAJINIMYECKAA CTPYKTYPA U
PAOWALUMOHHBLIE CBOUCTBA KPUCTANJIOB MgO

3.1. Kpuctannuyeckas CTpykTypa

MgO — crerka HECTEXMOMETPUUYHHM IUANEKTPUK C TPaHELECHTPUPOBAHHOM
KyOmdeckoil pemerkoit (fcc). B MgO, Omaromapss COOTHOIICHHWIO HOHHBIX
KpUCTAJUIOXUMHUYECKHX paauycoB (0,52), ocymiecTBisieTcs MOYTH IUIOTHEHIIas
YIIAaKOBKA MOHOB KHCIOPOJA, a HOHBI Mg’ MOMEIAIOTCS B OKTa3IpHUECKHUe
nmycToTsl. TeTpasnprudeckue MyCcTOTHI U3-3a Majoro 3(QEeKTUBHOTO pajuyca He-
OJIarONpUATHBI JJI pa3MeIIeHHUs HHTePCTULHMANOB. THI CBA3H B pEIIETKE —
MIPOMEKYTOUHBIH MEXAY HOHHBIM, XapaKTEpHBIM MJIs IIEIOYHO-TAIOUIAHBIX
kpuctaiuioB (ILI'K), n koBaleHTHBIM, TUIIMYHBIM ISl HOJTYIPOBOAHUKOB. XOTS
3aps], aHHOHA CHJIBHO JAEJOKAlN30BaH, CHMMETPHs DAaclpeleicHhsd 3apsaaa
cxoxana ¢ moHHeMU kpuctaiamu. C LIHI'K u npyrumu nuanekrpukamu MgO
POIHUT GonblIas NIMPUHA 3aMPEIIEHHON 30HBI, C MOIYIPOBOIHUKAMHU — IIUPO-
Kas V-30Ha, Manas SHEepTusi CBSA3M OKCHTOHA, OONbIIas TUIJICKTPHUECKas MOC-
tostHHas. OcHOBHEIE (pr3mueckue mapamerpsl MgO npuBeneHs! B Tabmume 3.1.

Tab6muua 3.1. HekoTopbie mapaMeTps OKCHIA MarHUS

[TapameTtp 3HAYEHUWE
TIocTosiHAAs pemeTkH (A) 4,123
Wounsiii pammyc Mg” (A) 0,72
Wounsiii paguyc 0° (A) 1,4
InotHOCTS (/M) 3,65
Temneparypa wiasnenus (°C) 2930
Temmneparypa Jle6as (K) 743
YacToTa MpOI0IBHEIX ONTHYECKHX KOnebaHuit o (cM ) 725
YacToTa MOMEePEedHBIX ONTHIECKHX KOTeOaHMil 0o (M ') 401
BBICOKOYACTOTHAS AUDIEKTPHIECKAS TIOCTOSHHAS Eq, 2,9565
Hu3K04aCcTOTHAS IMDJIEKTPHYECKas OCTOSHHAS £ 9,86
TupuHa 3anpemeHHo 3086 £, (3B) 7,783
OHeprust co3gaHus SKCUTOHA (0 CHEKTPY oTpaskeHus1, ayonet) (3B) | 7,690; 7,715

B kpucramnsr MgO MoryT BcTpamBaThes, 00pa3ysl TBepible PacTBOPHI 3aMe-
IICHUs, pa3NUYHble KATHOHHBIE H aHHOHHBIE TpUMecH. B ciydae ofHO- U Tpex-
BaJICHTHBIX MPUMECHBIX MOHOB UX 3(()EKTUBHBIN 3aps OTHOCUTEILHO PEIICT-
KH KOMIICHCHPYETCS COOCTBCHHBIMH M TPUMECHBIME Jedekrtamu. Bce 3miekT-
ponnble Bo30yxaeHus (OB) B MgO moABMXHBI BIUIOTH J0 TEIHUEBBIX TEMITC-
patyp. OTCyTCTBHE aBTOJOKaIM3AIMU Bcex TurnoB OB B MgO moaTeep:kaeHo
MHOKECTBOM HCCIICIOBAHUM, XOTS €CTh paboThl, I/Ie MPEAoIaraiach BO3MOXK-
HOCTh aBTOJIOKANM3alMu SKCUTOHA B MgO, M COOTBETCTBYIOUIMM 00Opa3oM
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HUHTEPHPETUPOBANIOCH cBedueHue ~6,9 3B [17]. OTcyTcTBUE aBTONOKAIU3ALMU
OB B MgO BnomHe OOBSCHUMO OCOOCHHOCTSAMH €r0 30HHOW CTPYKTYpHI,
o0yciaBnuBaroLei Mayro 3Q(EKTUBHYIO MacCy ABIPKHU (Jake C YIE€TOM BBI3bI-
BaeMOW JBIPKOW MOINISpH3alK pelmieTkn). BaneHntnas 3oHa B MgO dopmu-
pyeTcs B OCHOBHOM H3 2p W 2S COCTOSIHMH KHCIIOpOJia, OCHOBHOHM BKJIAaJ B
BEpIIMHE BAJICHTHOW 30HBI JAIOT OpPOUTAIHHO-BBIPOKIACHHBIE 2P-COCTOSHHUSL.
30Ha MpoBOAUMOCTH (HOPMHPYETCS U3 S- U d-COCTOSHUI KaTHOHOB, OCHOBHOM
BKJI[ B IHO 30HBI MPOBOAMMOCTH HAIOT 3s-coctostams Mg”'. TlomoxeHus
MaKCHMyMa V-30HbI 1 MUHUMYyMa c-30HBI 11 MgO coBmagarot — 310 Touka I’
30HBI bpuiitosHa.

3.2. OedpekTbl

OTHOCHTETBHO Maiblii paguyc nora Mg (okomo 0,072 HM) menaer 3aTpymHH-
TEBHBIM €0 3aMelleHHe OOJIBIIMHCTBOM XOPOIIO M3BECTHBIX JIOMHHECLIEHT-
HBIX HOHOB. OCHOBHBIE TpuMecH — katuonsl 3d rpymmsl (Fe, Cr, Mn, V).

Jomunupytomue coOcTBeHHBIE Ie(eKThl B HEOOIYUYECHHBIX KpHCTaJLIax
MgO — 3TO KaTHOHHBIE BAaKaHCHM, KOJIMYECTBO aHMOHHBIX BAaKaHCHH B HEOO-
paboTaHHBIX KpHUCTaJUIaX HUYTOXKHO Majo. OOpa3oBaHUIO KAaTHOHHBIX BaKaH-
CH cITIOCOOCTBYET HECTEXHOMETPHUYHOCTD KPUCTAJIa M MPaKTHYECKH HEU30exK-
HOE IIPUCYTCTBUE TPEXBAICHTHBIX IPUMECHBIX KATHOHOB (a TaKXKe OJIHOBAJICHT-
HBIX aHHOHOB). OCHOBHBIMHU paiHallOHHBIM nedektamu B MgO siBnstrorest .
OCHOBHBIMU 3JIEKTPOHHBIMHM LIEHTPaMU OKpPACKU SIBJISIOTCS aHUOHHBIE BaKaH-
cuu. Insg MgO xopomio usydensl F- u F'-ieHTpbI (COOTBETCTBEHHO [BA HIEKT-
pOHA U OJIMH e, JOKaJIM30BaHHbIE OKOJIO aHHOHHOW (KHCIOPOJHOW) BaKaHCHUH,
wi, 0oJiee CXeMaTHYHO; V,ee U V,e). besanexkrponnslii F-uentp (mycras aHHOH-
Hasl BakaHCHs V,) B MgO He 3apeructpuposat. [locne HarpeBa 10 TeMueparypsl
MOJBIKHOCTH KaTHOHHBIX BaKaHCHU B Y-00JIy4€eHHOM KpHCTallle HaOII0AaeTCs
AIEKTPOHHBIN IEHTP CO CTPYKTYPOH V.v.e (IIEKTPOH, 3aXBauCHHBIN Ha OWBa-
KAaHCUHM), TaKk Has3bIBaeMblii P -1ieHTp. F'-lieHTp, BO3MYIIEHHBIA MPUMECHBIM
KaTHOHOM, 0003HaualT kak F,'(Me)-ienTp. B 00IydYeHHBIX OBICTPHIMU
HEUTpOHaMHU KpHCTaJIax HaOiofanach JUHEHHas TPUBAKAHCHS, 3aXBaTHBLIAS
IIBa DJIEKTpOoHA (V.ev.vue). IIpu CHIbHOM OONyYeHMH KpHCTala WA TIPH
HarpeBe 00Jy4eHHOTO KpPHUCTajula BO3HUKAIOT MapHbIe U KOMIUIEKCHBIC LIEHTPBHI.
JlaHHBIE O TOINIOIIEHWHM W JIOMUHECLEHIHMH 3TUX LEHTPOB IPHUBEICHHI B
tabmuue 3.2 (mo nanHeM [18-24]).

Uro kacaercss BTOpoil KOMIOHEHTHl JI®d — aHWOHHBIX MHTEPCTULHUANOB, TO
JaHHbIE [0 HUM HE CIHUIIKOM MHOTOYMCICHHBI M, B OCHOBHOM, KOCBEHHOTO
xapakTepa. B pabore [25] u3MeHeHHE BEPOATHOCTH BJIEKTPOHHBIX MEPEXOIOB
HEKOTOPBIX HPUMECHBIX HOHOB IOCJ€ HEHTPOHHOTO OOIy4eHHUs] KpHcTauia
MgO TpakToBagM KakK BJIMSHHUE JIOKAJU30BAHHBIX PAAOM HHTEPCTHLUAIOB
kuciaopona. Camoe NpsSMOE IKCIICPUMEHTAIBHOE CBUICTEIILCTBO 00 aHUOHHBIX
uHTepctuimanax B MgO mpuBeneHo B pabote [26], rae B HEHTpOHO-00TydeH-
HBIX KpHUCTamlaXx Tociie mx Harpea mo 550 K wabGmomamcs OIIP-curman
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Tab6muua 3.2. [Tornomenne 1 IIOMAHECICHINS IIEKTPOHHBIX IIEHTPOB OKPACKH OKUCH
Mar"us

ITornomenue JlroMuHecHeHI s
(>B) (>B) IIpupona nexnTpa
4,92 3,13 F"
5,01 2,4 F
3,53 3,25 F,
1,27 1,1 F,
2,61 E;
3,85 2,81 |
2,16 1,55 arperar BaKaHCUH
5,73 2,9 arperar BakaHcuii (?)

MoJIeKyJsipHOro nona O, pacmoj0KEHHOI'O PsiIOM C KaTHOHHOM BakaHCHEH.
CornacHo TeopeTHYecKUM pacdeTraM [27—-29] KUCIOPOAHBIM MHTEpCTULHAN B
MgO — HeliTpanbHblii fedeKT u B O0e31eeKTHOH peleTke CTaOUIU3yeTcs B
Buje raurenu O —O ", opueHTHpPOBaHHOM 1o <110>.

OCHOBO#T 0OJBIIOTO YHCIIA ABIPOYHBIX MEHTPOB (IIeHTpoB V-THma) B MgO
CIIy’KaT KaTHOHHbIE BakaHcuu. lIpocTedmmM M3 HUX ABIAETCS V -LEHTp —
JIBIPKa Ha MOHE KHUCIIOpPOJa PAIOM C KaTHOHHOW BakaHcuelt (v.O). Jlpipka sTa
BBICOKOTIOJIBM)KHASA W COBEPIIAET “NMEPEecKOKH’ TO OKPYKAIOIIMM BaKaHCHIO
aToMaM KHciaopona. V-eHTp — 5To JBe ABIPKM HA JBYX HOHAX KHCIOPOJA
psanoMm c katuoHHoM BakaHcued (O v,O’). CymiecTByeT IOCTaTOYHOE KOJIHU-
YEeCTBO NPUMECHBIX V-IIEHTPOB, KaK C KaTMOHHBIMU NPUMECIMH, Hampumep
V A-LIEHTP (Al3+02_VCO_ — B CIEAYIOIIEH OT BAKAHCUM KATUOHHOM MO3ULUU pac-
MTOJIOKEH TPEXBAJICHTHBIN MPUMECHBIH KaTHOH, B TAHHOM CIIydae aJFOMUHUI),
TaK U C aHMOHO3aMEUAIOIINMU TTpuMecsMu, HarpuMep Vr, Vou, Vop-LIEHTPHI,
re BMECTO OnmKaliero K KaTHOHHOM BakaHCHM aHUOHA HAaXOAATCS CO-
otBercTBeHHO F, OH, OD (F v.O", OH v.O", OD v.O"). IIpu 3TOM BOIOpO U
Jertepuii, 6arogapsi MaIoMy pamuycy, HaXOAsATCS B TETPadIPUIECKUX MyCTO-
Tax W 00pa3yroT, Omaromapsi KOBaJIeHTHOW CBS3M C KHUCIIOPOJOM, MOJIEKYJIBI
OH wu OD. Bo3MOXHBI Takke [BIPOYHBIC IEHTPHI, OOpa3yromuecs MpH
JOKaNTM3alliil JBIPKH HA KHCIOPOJE PSIOM C OJHOBAJIEHTHBHIM IPHUMECHBIM
KaTHOHOM. [IpumMepbl 00O3HaueHHsI TaKMX LEHTPOB (B COOTBETCTBUH C
3ameraromuym katronom): [Li]° u [Na]’.

3.3. TepmontomuHecueHumsa MgO

TCJI 4uucThIX M JErMpOBaHHBIX 00pa3oB MgO B obmactu Temrmeparyp
77-500 K uccnenoBana noBoibHO TiiarensHo, a npu 7 <77K u 7> 500K —
3HAYUTENIbHO MeHbine. s kpuctamioB MgO, He MOABEPrHYTHIX O0IYUYCHHIO

21



BBICOKOOPHEPTUYHBIMU YaCTHLIAMH, UMEETCS] TPH HanOoJiee MHTEHCUBHBIX CBEYe-
HUS, B KOTOPBIX yaaercs 3apeructpupoBarh TCJI: kpacHoe cBeuenue (1,7 3B)
npuMecHbIX HOHOB Cr’’, BOBHHKAIOIIEE MPU TEPMHUECKOM OCBOOOXKICHUH JIbI-
pok u nomuuupytomiee B mukax TCJI mpu 7 > 400 K; ynprpadmoneToBoe cpeue-
aue (5,2-5,7 3B), Bo3HUKaONIEe MPHU PEKOMOMHAITIHN DJICKTPOHOB C IIBIPKaMH,
JIOKaJIM30BAaHHBIMHU PAJIOM C KATHOHHBIMH BaKaHCHSIMU WU IPAMECHBIMH HOHA-
MU; a Takxke cBeueHue ~2.9 5B, cBs3aHHOE ¢ OKa HE MICHTU(UIMPOBAHHBIMH
LEHTPAaMH, CO3JAIOIIUMUCS Ipu AedOpMallui U pacKajJblBaHUM KpHCTAJLIA, U
BO3HHKAIOIIEe KaK MPH JIEKTPOHHBIX, TAK U MPH JBIPOYHBIX CTAIHIX PEKOMOU-
Hauuu. Ilepeuens Hanbonee yBepeHHO HaeHTUGUIMPOBaHHBIX MuKoB TCJI, u3-
MEpEHHBIX MpH cKopocTH Harpesa 10 rpang/muH, npuBonutcs B Tabiuue 3.3 mo
nmaaaeM [30].

Ta6auua 3.3. Unentudukanus nukos TCJI B MgO

[TOJIOXKEHUE TTMKA, K UJEHTUOUKALS LIEHTPA

185 [Na]’ - [Na] +4
190 ' >Crf'+e
230 [Li]° > [Li] +A
335 Vou — Vou +h
345 V' SV +h

370 Va — Vy +h
420 v > Vf‘ +h

TennoBele XapaKkTepHCTHKH TEPMHYECKOTO paspylieHus Hauboiee ¢yHzaa-
MEHTAIBHOTO OeCpUMECHOr0 V -LieHTpa CJEOYIOLIHe: SHEPrusl akTHBaLUH
E,=1,19 5B 1 npeadKcroHeHIHATbHbIT MHOXKHTETH po ~ 10'° ¢ . CymecTtByror
b equHuYHble padoTel 0 TCJI MgO mpu Gosiee BBICOKHX TeMIIEpaTypax.
CornachHo [31] Bce 3apeructpupoBannsie uku TCJII (370, 440, 485 u 545 K
npu ckopocTH Harpesa 2 K/c) — apipounbie. ABTOpBI paboThl HAOIIOAAIH TaK-
e, YTO PEakTOpPHOE O0MydYeHHE KPUCTAIJIOB MPHUBEJIO K CHaly MHTEHCHBHOCTH
Ooree HU3KOTEeMITepaTypHbIX THKOB TCJL.
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4. PE3YJIbTATbHI

4.1. PeaynbTaTtbl UCCNeaoBaHNUSA YNCTbIX U
nerupoBaHHbIX MOHOKpucTannos MgO

4.1.1. ONeKTpOHHbIe npouecchl

4.1.1.1. NpumMecHble 3NeKTPOHHble BOo30yxaeHnsa — MgO:Ge
HccnmenoBanue 3IEKTPOHHO-ABIPOYHBIX (e—/1) U MHTEPCTUIINAT-BaKaHCHOHHBIX
(i—v) mporeccoB B OKCHAAX METAIOB 3HAYUTENHLHO Ooiee >(h(EeKTHBHO B
MPUCYTCTBUH yCTONUMBBIX JTIOMHUHECHEHTHBIX LEHTPOB. OTHAKO, OTHOCUTEIHHO
MaleHbKHH pamyc MoHa Mg®' MelaeT BBOJMTbH OOJBIIMHCTBO H3BECTHBIX
JTOMUHECIIEHTHBIX MOHOB B MgO. ToNbKO HECKOJBKO HOHOB MOTYT 3aMEHHUTh
Mg (0,074 um) B kpuctamte MgO. Psix IIII'K u dochaToB GbitH IerHpoBaHbI
Ga'-vonamu, a Taxke u s-uoHamu Ge®™ [32]. [1o3TOMY, MBI IpEANPUHSIH
MOMBITKY JierupoBath kpuctami MgO wuonamm Ge™' ¢ ManbM  HOHHBIM
paguycom (0,073 am). Kpome Toro, Hrpkalmmne BO30YKIEHHBIC COCTOSHUS
cBOGOIHBIX HOHOB Ge*" MMEI0T OTHOCHTEIILHO MaIeHbKYI0 3Hepruio (7,654 5B),
kotopas MeHble £, B MgO. [1o3ToMy MOXKHO OBIIO 0KHAATh TaK HAa3bIBAEMOIl
IpAMOIl aKTHBALMM, MpH KOTOpoil cBeuenue Ge’  BO3HHKAeT B pe3ynbTaTe
MEPEX00B BHYTPH MIPUMECHOTO HOHA. /[ cpaBHEHHS MOXKHO CKa3aTh, YTO JUIA
Apyrux aByx mpumeceii — Be®” n Ca’’, paccMOTpeHHBIX B JaHHOH paboTe, 3TH
SHeprum cootrBeTcTBeHHO 118,9 1 25,2 3B.

Monoxkpuctamnsl MgO:Ge, ucmons3yeMble B 3TOM HCCIIEIOBAHUN, OBLIH
BEIpameHsl B MacTtuTyTe Qusnkn TapTyckoro yHuBepcuTeTa. B manHoM cirydae
HCXOJIHBIN MaTepuall ObUT CMECHIO TIOPOIIKOB BBEICOKOUW YUCTOTHI (99,9%) MgO
u GeO,. Konnentpanusa GeO, B HauanbHOI cMecu Bapsuposanack oT 0,017 mo
0,5 momsapubix %. Meton BelpammBaHus moapoOHO ommcadH B [16]. B xome
OXJTaXICHHS (QOPMUPOBAINCH KPHCTAIIBI pasMepamu 10 15x15x10 mr’.

Ha pucynke 4.1 npeacraBieHbl CIEKTPHI KaTOAOTIOMUHHUCLEHINH, U3MEPEH-
Hbl€ IpU KOMHATHOU TeMIiepaType Ajid MoHoKpucTtamoB MgO:Ge ¢ paznuyuHoit
KOHIIeHTpanuel npuMecu. [lonoca n3mydeHuss IMeeT MOYTH TOYHYIO TayCCOBY
dopmy ¢ makcumymom npu 3,18 3B u momymmpunoit FWHM = 0,94 3B.
HHTEeHCHBHOCTH IMOJIOCHI JIFOMUHECIIEHIIMK 3 3B 3aBuCHT OT KoHUeHTpauuu Ge
¥ MaKCHMAaJIbHA T IPOMeKyTouHoM kornentparuu Ge** (0,05%).

Heckonbko COOCTBEHHBIX W MPUMECHO-IEPEKTHBIX MOJIOC JIOMHHECIEHITHH
ObTM paHee OOHApPY)XEHBI B pacCMaTpUBAEMOW CIIEKTPAbHON 00JacTH.
Usnyuenne F -1ienTpo B MgO umeer Makcumym npu 3,16 5B [33], Torma kak
MmoJioca M3NydeHUs], HaBoAuMas JedopMarieldl U CBsA3aHHAs C OMBaKaHCHSIMH
[24], a Takoke u3mydeHne Sn® -nenTpoB [34] pacmonoxenst mpu ~2,9 5B. UTo6bI
n30ekaTb HEBEPHOTO WCTOJIKOBAHUS, MBI W3MEPWIA CIEKTP BO30YXKICHHS
HaOmomaemoil mromuHecueHmu. Ha puc. 4.1 mpeacraBiieH Takke CIEKTP
BO3OYX/ICHHS IS JIOMHHECHEHIHMH (MHTerpupyeMsiii mo Bpemenn) Ge’ -
meaTpoB B MgO:Ge mipu 8 K, u3MepeHHEBIH ¢ UCITOJIB30BaHUEM CHHXPOTPOHHOM
pamuanuu. 3aperducTPUpOBAHHBIM CIEKTP THIWYEH Uil “PTyTenonoOHOro”
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MOHA U OTIMYAETCS OT CIIEKTPOB BO30YKICHHS YIIOMSHYTHIX BBIIIE HHBIX I1OJIOC
moMuHectieHnu. Camass WHTEHCHBHAs Tojioca Bo30OykIeHus mnpu 5,8—6,4 3B
MOXeT OBITh TPUMHCAHA 'So—>'P| MOJHOCTBIO PAa3PEIIEHHOMY 3JIEKTPOHHOMY
nepexoay B cBobomHOM HoHe Ge’'. BeposTHOCTh HHTEPKOMOHHAIMOHHBIX
'S, —°P; nepexonos B none Ge’ cymecTBeHHO HUKe. PaccMarpuBas 0coOeH-
Hoctn Ge’'-IEHTPOB B JIPYrHX CHCTEMAX, MOXHO TIPEITOJOKHTh, UTO
'S¢—>P,,’P, BHyTpuientpossie mepexoast MgO:Ge MPOMCXOAST B 06IacTH
4,6-5,6 3B.

Intensity (arb. units)

70 65 60 55 50 45 40 35 3.0 25

1 1 1 1 M

2.0

Photon Energy (eV)

Pucynok 4.1. CriekTpbsl KaTOIOIIOMHHECIICHIINH, n3MepeHHble mpu 295 K mns moHo-
kpuctammoB MgO:Ge ¢ pa3HBIM coaep)KaHHEM Ge®" B ncxommoii emecu (1 — 0,5 mol%,
2 — 0,05 mol%, 3 — 0,017 mol%). Cnexrp Bo30Oy>kaeHus misi cBeuenus 3 5B (4) B
monokpuctaiuie MgO:Ge mpu 7,6 K.

MakcuMyM TOJIOCHl MOIVIOUICHUS F+—]_ICHTp0B Haxogutcss npu 4,92 3B
(FWHM ~ 0,6 3B npu 80 K). [Tonoca uznmydenns ¢ Makcumymom tipu 3,13 3B
(FWHM ~0,63B) ™moxer ObITh B030yXA€HA B O0JIACTH JTOHM MOJIOCHI
nornomenus. COracHO HAlIUM  JaHHBIM, JIIOMHHECHEHIHs F -leHTpa
HCIBITHIBACT TEIJIOBOE TyIICHHE (OCIIa0isieTcsl B ASCATh pa3) MPU HarpEeBaHUH
obmydennoro mporoHamu kpuctammia MgO ot 70 go 295 K. B otnuume ot
cBeuennss F'-nentpos, momunecuenmus Ge’ -LeHTpoB B X-00IyueHHOM
MgO:Ge He Tymmtcs Brutoth 10 500 K (cm. HEIxKe).

Ha pucynke 4.2 mpuBeneHa TeMriepaTypHasi 3aBUCUMOCTD JIIOMHHECIIEHITHH
Ge™". B obnactu ot 10 10 270 K u3Mepsiiach KaToHOMIOMHHECICHIHS, @ TPH
77-650 K — pentrenomomunecuennus MgO. Buano, uto Ge’'-cBeuenme
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Pucynok 4.2. TemmeparypHas 3aBUCHMOCTb cBedeHHs1 Ge™ -meHTpoB. | — kaTomo-, u
2 — PEHTTeHOJIOMHUHECIICHIINS, 3 — alIPOKCUMAITHS TaHHBIX PEHTICHOIIOMHUHECIIEHITH
(dhyakoueit Motra.

TEPMHUYECKH YCTOWYHMBO: MHTEHCHUBHOCTH JIIOMUHECIICHIIMM HAYMHAET YMEHb-
mateest imib npu 500 K, a mpu 600 K coctaBnser npruOIM3UTENBEHO MOJTOBUHY
OT BEJIMUMHBI IIPM KOMHATHON Temneparype. Ha 3ToM jxe pucyHke nzoOpaxkeH
pe3yibTaT alIpOKCUMAIMKM JAHHBIX PEHTI'CHOJIOMHHECLEHIUH 10 (Qopmyle
Mortta. CorinacHo HallMM W3MEPEHHSIM, BO BpeMs TEIUIOBOIO TyIIeHUs (opma
MOJIOCHl JIIOMUHECLEHIIMM OCTAaeTCsl HEM3MEHHOH. DHEeprusi akTUBAlMU MpO-
mecca TymeHus pasasercs 0,582 3B.

Hcnone3yss OTHOCHUTENBHO BBICOKYIO TEPMUYECKYIO YCTOMUMBOCTH JIFOMH-
necuenmu Ge™', Mpl mccrnenoBanu Beicotemmeparypuyio TCJI (zo 775 K)
kpuctaisioB MgO:Ge. B a3roif TemmepaTypHoil o0iacTh B 0OJIy4YEeHHBIX
HEHUTPOHAMH KpHCTaJJIaX MOYKHO OKHJAATh NMPOSIBICHUS CBOMCTBEHHBIX ITOMY
TUIy OONydYeHHs HMOHHBIX MPOLECCOB, NpEXIe BCEro, TerioBo auddy3uu
AHUOHHBIX MHTepcTUIManoB. CorjacHo [26], TepMuueckuii oT>kur H-ieHTpoB
(O3 MmonekysipHbIE HOHBI, CHOPMUPOBAHHBIE OJIaroAaps 3aXBaTy MEXI0Y3eb-
HOT'O0 KHCJIOPOJHOTIO aToMa KaTHOHHOM BakaHCHEN, OAMHOYHOM MM CBA3aHHOU
C TeTepOBAJIICHTHIM IMPUMECHBIM HOHOM), mpoucxoauT npu 550-680 K. Ilo
JaHHeM [27] nuddy3us KHCIOPOAHBIX WHTEPCTUIMATIOB XapaKTepU3yeTcs
sHepruei aktuBauuu E,~ 1,45 3B. Takum 00pa3zom, Mbl IPEANPUHSUIIN TONBITKY
HaWTH ClieJlbl HOHHBIX MpolieccoB B BeicokoTemnepatypaoit TCJI MgO:Ge.

Ha puc. 4.3 uzobpaxena TCJI monokpuctamia MgO:Ge, 00mydeHHOro
JHIIb PEHTTEHOBCKUM H3JIy4YeHHEM (HO HE TDKEIbIMH YacTHUIIAMH) IIpH
koMHaTHON Temmepartype. Kpusas TCJI Obuia m3aMepeHa, MCHONB3Ys OCIHII-
JUPYIOIMNA TeMIepaTypHBIA pexXuM, MpeIoKeHHbIM B [35]. OTo mo3BOIMIIO
BBIYMCIHUTDE E, W 4acTOTHBIE (aKTOPHI (pg) JAHHBIX MPOLECCOB (MBI CIIEI0OBAIH
npouenype, npeanoxenHod Tame B [36]). YcTynsl Ha KpUBOH DHEpruu
aKTUBAIlMU COOTBETCTBYIOT MMKaM WK Tuieyam Ha kpuson TCJIL.
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Pucynox 4.3. Bricokoremneparypras TCJI kpuctamma MgO:Ge (1); sHeprus akTu-
Baimu (2) ¥ 4acTOTHBIN (akTop (3) COOTBETCTBYIOIIMX PENAKCAOHHBIX IPOLECCOB,
M3MEpEeHHbBIE B OCLIJUINPYOLIEM TeMIIEPATyPHOM PEXKUME.

I'maBubiit muk TCJI mpu ~400 K xapaktepusyeTcsi 3HEprusiMd aKTHBAILUHU,
CBSI3aHHBIMM, OUEBHUJIHO, C TEIUIOBBIM PACIaJOM Pa3JIM4HBIX V-LIEHTPOB B 3TOM
temnepatypHoM auanaszone. pyrue nuxu TCJI mpu 450, 520 u 625 K umerot
IINPOKOE paclpeleseHnue YacTOTHBIX (aKTOpOB. ODHEPrusi axkTHBALUH
u3MeHsieTcs B nuana3one ot ~1,0 mo 2,0 3B, a yacToTHBIN (QakTop — OT 10" no
10 ¢'. Cumxenne u E,, u po ipu T> 700 K MOxeT GbITh CBSI3aHO C BIHSHHEM
W3Iy4EHUs] KPHUCTAUIOAEP)KaTelNsl, BO3HHMKAIOIIET0 IIPU TAKUX BBICOKUX
temnepatypax. OJHaKo, aHAaJOTMYHOE YMEHBIIEHUE F, U py OKUAAETCA U B
Cllydae TEPMOCTUMYJIMPOBAHHOHN NPBLKKOBOM JU(Qy3un aHHOHHOT'O UHTEPCTH-
muana. B xpuctamiax MgO:Ge, He TTOABEPTHYTHIX 0OYUICHUIO TSKEIIBIMHU dac-
TUI[AMH, He OBUIO HalJICHO HUKAKHUX CJIEJIOB MEXIIOY3eNbHbIX Aedekros. [ nas-
HOW MPUYMHOHN ObUIA, MO-BUAUMOMY, MaJleHbKas KOHUEHTPALUs WHTEPHCTH-
UaJoB B 3TUX Kpuctamax. OmHaKo, Kak Mbl YBUIUM IIO3KE, TEpMHUYECKas
ycToiunBocth u3nyuennus Ge’  ObLla Bce elle CIMIIKOM HHM3Ka, JUIS TOTO,
9TOOBI C €0 TOMOUIBIO CIIEUTh 32 HOHHBIMU IPOLIECCAMHU.

4.1.1.2. lokanu3aupoBaHHbIie ablpku— MgO:Be u MgO:Ca

B mnacrosmee Bpems oOmenpuHsaTo, yto B MgO He NpOoHCXOIUT aBTOJIO-
Kanmu3anuu ApIpok. OIHAKO, ABIPKA JIETKO JIOKAJIM3YeTCs Ha MOHE KHCIOpO[a,
PacCIOJIOKEHHOM TI0 COCEACTBY ¢ KaTHOHHOW BakaHCHeW (Tak Ha3bIBaeMOM V-
LIEHTPE) WIN OIHOBAICHTHOM KaTHoHe (ueHtpsl THma [Li]’, BepxHuil MHIEKC
noka3eiBaeT 3(QQekTuBHBIN 3apsaa neHTpa). YToObl MOHATH MPOLECC JOKAH-
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3ammu IbIpku B MgO U, 0cOOEHHO, OTCYTCTBHE SIBIICHVSI aBTOJIOKAIM3AIlNH,
OBLIIO OCYIIECTBIIEHO HCCIIEOBAHNE LIEHTPOB, TJ€ ABIPKHU JOKAIM30BAHbI OKOJIO
IPUMECHBIX KAaTHOHOB, M303JEKTPOHHBIX K Mg’" M B3amMOeHCTBHE MEXTy
JIOKATM30BAaHHOW JBIPKOM M CMEXHBIM KAaTHOHOM HE SBISIETCS TIJIABHBIM
00pa3oM 3JEKTPOCTATUIECKIM, a MPOUCXOTUT M3-3a AeOpMalii KPHCTAIIIH-
yeckol perierkd. OObIYHO TaKUE JBIPOYHBIC IIEHTPHI MOTYT PErHCTPUPOBATHCS
metogom DIIP, k TOMy ke, TFOMHHECHEHINS IIEHTPOB — BBICOKOYYBCTBHUTEb-
HOE€ CPEJICTBO ISl UCCIICIOBAHUS UX (PU3UYECKUX CBOUCTB. IMEHHO 3TUM oripe-
JIEJISAJICS. Halll MHTEPEC K JIFOMHHECHEHINH KpuctaimioB MgO, nernpoBaHHBIX
M303JIeKTPOHHBIMU TipuMecsimu Be u Ca.

MgO:Be

Momnokpucramisl MgO:Be Obumn Beipamiensl B MHcTHTyTe Qusuku. CpenHee
cojepkaHHe HauOoJiee PacIpOCTPAHEHHBIX TEPEXOTHBIX METaJUIMYEeCKUX
npuMecei B 3TUX KpUcTaiax O0bu10 okosio 10 ppm, Toraa Kak npeanojiaraeMoe
conepxanue Be B kpuctamiax MgO:Be 6put0 ipubiausurensHo 100 ppm.

IMocne obnyuenuss MgO:Be X-mywamu mpu 77 K, B kpucramie chopmu-
POBAJIOCH HECKOJBKO HOBBIX MapaMarHUTHBIX LHEHTPOB. OOUH U3 HUX, Vou.pe-
nentp (muueitnpii gedext Be?'—O —v,—0") 3aMeTeH HpH KOMHATHOI TeMile-
parype u Obutr omucadH B [X]. llpu temmeparypax 7 <40 K, nabmromaercs
ciextp JI1P [Be] -nenrpos. Criextp DIIP [Be] -nienTpa, n3mepenssiii mpu 4 K,
nokasaH Ha puc. 4.4. [logpoOHblii aHanu3 3Toro crekrpa naH B [XI], u
OJTHO3HAYHO MOKAa3aHO, YTO HAaOJIIOJAeMbId CIIEKTP HPUHAUICKUT JTUHEHHOMY
nedexry Be’ O ([Be] -uentpy) — mbipke, 10Kanu30BaHHOM okoso Be’". Hon
Be’" zamemaer Mg’ KaTHOH, M, M3-32 €rO 3HAYHTEIHHO MEHBIIETO HOHHOIO
pammyca (0,059 um mporus 0,086 HM mmst Mg®), cMeleH BIOIb KPHCTaIo-
rpaguueckoro Harnpasnenus <111> u3 ys3na pemerku.

Ha puc. 4.5 mpuBeneH CHEKTpP KaTOIOJIOMHHECIEHIMM MOHOKpHCTaia
MgO:Be, mmepennsiit mpu 10 K. Ilomoca cuneit momunectieniuu 2,9 3B
MIPUCYTCTBYET BO Bcex cnekTpax uanydenuss MgO. Ee npupoaa He coBceM sicHa,
XOTSl M3BECTHO, YTO WHTEHCHBHOCTb CBEUEHHS yBeIM4YHBaeTcs Hpu aedop-
Manuu kpuctamia. Kak momnarator B [24], 3T0 cBeUeHHE BOZHUKAET TIPH M3Tyda-
TeJIbHOM pacmiazic B 0koJio KOMIUIeKCOB BakaHcUil (OMBaKkaHCHI), CO3JaHHBIX
npu nedopmanun. [ 1aBHBINA yAbTpaUOIETOBBIN MUK B CIIEKTPE KaTOAOIIOMH-
HECIICHIINY HaxoAuTcs npH 6,2 3B u Habmrogaercs Tonbko B Kpuctammax MgO,
nerupoBaHHblXx Be. Hmke MBI mpuBOAMM [0Ka3aTesbCTBA, YTO 3Ta JIIOMU-
HECLEHIIMA — Pe3yJIbTaT U3Jy4yaTelIbHOro pacraa 3KCUTOHOB MaJloro paauyca,
cB3aHHEIX ¢ Be®" (“0Kon0GepHIIMeBbIX BO30YXKIEHHUIT”). DTOT MeXaHH3M
TaKke OTBeTCTBeHEeH 3a BY® pekoMOMHALMOHHYIO JIOMHHECHEHIHMIO B
kpuctamuiax MgO, nerupoBanubix Al [37, 38] u Ca [39].

Jns ymoOGcTBa cpaBHEHHS CIHEKTPHI KaTomomromMuHecreHImn MgO:Al u
moHokpuctaioB MgO:Ca, npuBezieHHbIE Ha puUC. 4.5, U3MEpeHbl B OHUX U TEX
e yCIIOBUSIX.
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Pucynok 4.4. Crextp DIIP [Be] -uentpos npu 4 K. Maruuthoe nose B — B miockocty
{001} u cocraBmsier yron 32° ¢ kpucrajuiorpadpuueckuM Harpasienuem <100>. Kpome
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Pucynoxk 4.5. CiekTpbl KaTOZ0JIIOMHHECIIEHIIMY MOHOKpHcTaiuioB MgO:Be, MgO:Al u
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Pucynok 4.6. TemmeparypHasi 3aBUCHMOCTb CBe4eHHUS 0,2 3B, MMITyJIbCHBIE OT)KUTH
OIIP-curHanoB ueHTpoB Vop, Cr'* n [Be]+, a taxke kpuBble TCJI nns cBeuenwuit 2,9;
5,9 u 1,8 3B B MoHokpuctamie MgO:Be, mpeaBapuTenbHO PEHTTEHH30BAHHOM IIpHU
80 K. =10 K/muH.

Ha puc. 4.6 noka3zana TemneparypHasi 3aBUCUMOCTh JIFOMUHecHeHIIuH 6,2 5B B
MgO:Be. Tam xe npuBenens kpuBbie TCJI 1 TepMHIECKOTO OTXKUTA CUTHAIIOB
OIIP pasnuuHBIX MapaMarHUTHBIX TPUMECHBIX LIEHTPOB, HW3MEpPEHHBIC B
umnyiascHoM pexume. Kpusbie TCJI wu3mepensl nans ceuenuit 2,9 5B
(BO3HHMKAET KaK MpH PEKOMOMHAINW MOIBMKHBIX 3JIEKTPOHOB, TaK U JBIPOK),
~1,8 9B (msmyuennme Cr'’, BO3HHKAIOUIEE NPH PEKOMOMHALMH IBIPOK C
Cr*'—uentpamn) u 6,2 5B (pealbHO H3MEpEHHE MPOBOMMIOCH HpH 5,9 9B).
Cxkopocts HarpeBa Oputa = 10 K/Mun. [lomumo mmkoB TCJI mpu 140, 180 u
195 K, Habmomarorcst emie asa muka npu ~330 m ~380 K. Otm mumku co-
OTBETCTBEHHO CBSA3aHBI C TEIUIOBBIM pa3pylIeHUEM Vop- U Vop.pe-LIEHTPOB.
[IpuHuMas Bo BHUMaHue, uTo [Be] -uenTps! ycroituussl g0 7 = 200 K (cm.
puc. 4.6), KaKeTcs pa3yMHBIM TIPEUIOKUTH, YTO JIFOMHHECICHINSI 6,2 3B B
MgO:Be, TymieHre KOTOpOH MPOHCXOIUT MPH TEX K€ TeMIeparypax, BO3HH-
KaeT MpH PEeKOMOWHALINY 3JIEKTPOHOB MTPOBOJNUMOCTH C /1, TOKaJIM3UPOBAHHBIMH
oxono Be®". Kpupas TCJI, 3aperucTpupoBaHHas s cBedenns 6,2 3B coxep-
>kuT nBa nuka — npu 140 u 180 K. TCJI nns cBedeHus crt (1,8 3B) comepxur
omuH ik npu 195 K. IToaromy mMoxkHO 3akmounTs, 9to TCJII 6,2 3B cBs3aHa ¢
TETUIOBBIM  OCBOOOKIEHHEM 3JIEKTPOHOB. ODTOT BBIBOJ MOJTBEPXKIAETCS
¢daxrom, uro nuk 180 K (B cBeueHun 6,2 3B) cBs3aH ¢ TEIUIOBBIM OCBOOOXK-
neHueM dMeKTpoHoB 13 Cr''-IeHTpOB, M, KpOMe TOro, MPHCYTCTBHEM IHKa
140 K B cBeuenun 6,2 3B. Ilocnemuuii MUK CYHIECTBYET TOJBKO B JIETUPO-
BaHHBIX Be o0pasuax, 1 Mbl HaOI0gaeM OJHOBPEMEHHBIH POCT HHTEHCUBHOCTH
snexTponHoro nentpa Cr'™ i yMenbreHne uncia Vo AbIPOYHBIX LEHTPOB MPH
aTtoii Temmeparype (cM. puc. 4.6). Iluk TCJI 195K cBs3aH C TEIIOBBIM
paspymenuemM [Be] -1ieHTpoB. OJHOBpEMEHHBIH poCT umcia Vou-LIEHTPOB
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MOKa3bIBAET, YTO ATO TMPOHMCXOTUT Oyiarofiaps TEIJIOBOMY OCBOOOXICHUIO
neipok. TCJI B cBedenun 2,9 3B comepxut 06a nuka, mpu 180 u 195 K (ua puc.
4.6 nano crnextpaibHoe pasnoxenne TCJI B aToit obnactu Temneparyp). Paznas
MPHUPOJIA IBYX TOCIEIHUX MUKOB IMPOSBISETCS W B CYIIECTBEHHOM Pa3INYHH
JUTST HUX TIapaMeTpOB TEPMOAKTHBAIIMOHHBIX MPOIECCOB: IS TMKA B CBEUECHUH
6,25B E,=0,623B u py=3 x 10" c_l, a nsa cocexHero nuka TCJI B cBeueHUN
1,8 3B numeem E, = 0,49 3B u py=2 x 10" ¢

ToT e camplii MEXaHU3M JEHCTBYET TAKXKE U B Clydae JEOMUHECLUEHLUU
5,13B B MgO:Al, u momunecneHuuu 6,83B B MgO:Ca (cM. puc. 4.5).
OTHOCHUTENbHOE CMEIICHHE STUX TOJ0C JIOMUHECHEHIIMU OTPaXaeT Pa3HYyIo
DIyOMHY TIEHTPOB 3axBaTa JABIPOK (10 CBOGW MPUPOAE — B OCHOBHOM,
KYJIOHOBCKO€ B3aUMOJIEHCTBHE NIBIPKU C KATHOHHOW BakKaHCHEW B Vaj-IIEHTpE,
torma xkak B MgO:Be / mpursHyTa mumoneM, CO3ZAaHHBIM HOHOM Be® B
HEIEHTPAILHOM TIOJIOKEHUH), KOTOPHIE OTBETCTBEHHBI 32 PEKOMOMHAITMOHHYIO
JIOMUHECIIEHIIMI0. Bo BcexX 3TuX ciywasx Temmeparypa TeIUIOBOTO TYIIESHHUS
JIOMUHECIICHIIMM HA4YWHAETCsl Tocie TepMudeckoro omkura OIIP curnama
COOTBETCTBYIOIIUX IICHTPOB.

Bo3moxkHo, onHako, yTo JOMHUHECHeHIHS 6,23B BO3HMKaeT U Mpu
pexombuHanuy apipok ¢ Be'" mentpamm. ITnk TCJI B 5TOM CBEUEHHH NPH
140 K MoxeT GbITh BBI3BAaH TEILIOBBIM paspyurenneM Be''-mentpos. Takoit
MpOoLIeCC TAK)KE MOKET BBI3BATh CHI)KCHHE MHTCHCUBHOCTH JIFOMUHECIICHIIMH
6,2 5B B 3TOM TemIepaTypHoil 00IaCTH.

N3mepenne ciekTpoB BO3OYX ACHHS cBeueHUs 6,2 3B moka3aio, 9To JIOMH-
HECIICHIIUS MOTIJIa ObITh CTHMMYJIMPOBAaHA BO BCEH 00JacTH SHEpPruii (hOTOHOB,
JIOCTAaTOYHBIX JUISI CO3JAHUSI SKCUTOHOB WJIM SJIEKTPOHHO-ABIPOYHBIX TMap
(hv> 17,65 3B). Kpome Toro, B ciekTpe Bo30YyKJICHHS €CTh ci1adas 1moyioca mpu
~7,53B. OO6nydyenne ¢(oToHAMH ©3 OITOH OOJIACTH TPHUBENO TaKXke K
OTHOCHUTETFHOMY POCTY MHTEHCHUBHOCTH CBSI3aHHBIX ¢ OeprumeM mukoB TCJI
npu 140 K (Be'"-uentp) u 380 K (Von.pe-IeHTp). MBI NPUIHCHIBAEM HONOCY
BO30YxeHus 7,5 5B Bo30yKIeHNI0 HOHOB KHCIOpoa oKoio Be.

Wrak, MBI TpemmaraeM, 4To MEXaHHW3M JIFOMHHECHeHIIMH 6,2 3B B MgO:Be
(Eg = 7,8 5B) MOKeT OBITb CIEAYHOLINM:

hv(7,5-7,75 5B) + Be*’ 0" — Be?'0* " — Be*'0* + hv (6,2 5B),
hv(>7,89B)+Be*'0 > Be + O +e
mwm  —Be'"+ 0" +h — B0’ "5 Be?'0? + hv (6,2 9B)

MgO:Ca

IIpeanonaraemblii TbIPOUYHBIN Ca”—O’—ueHTp (mbIpKa, JOKAIM30BaHHASI OKOJIO
IIPUMECHOr0 KaTHOHA Kaiblus, [Ca]’), sABJseTcs caMbiM OJM3KHUM aHAJIOrOM
aBTOJIOKAJIM30BaHHON NBIpKU B MgO. Pa3bsicHEHHE TOYHOTO XapakTepa dTOTO
IEHTpa OCOOCHHO BAXXHO M3-3a JABHUX IMPOTUBOPEYUH OTHOCHUTEIHHO
MPOUCXOXKIeHUs JtoMuHecueHuu 6,8 3B B MgO. CornacHo OgHOW TOYKe
3pEHHS, CBEUCHHE BO3HUKACT IMPU M3IYYIATCIEHOM pacmajie pelaKCHPOBAaHHBIX
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cBOOOIHBIX 3KCUTOHOB [17], cormacHo apyroi [39] — mpu pacnaje 3KCUTOHOB
Manoro paamyca, cssaHebx ¢ Ca’'-medextom. ITocrmelHssi TOYKA 3peHHS
MMOATBEPKAACTCS] HAOMIOIEeHNeM, ITO JTIOMHUHECIIeHIHs 6,8 5B sBiseTcs camoit
WHTEHCHBHOM B KprcTaiutax MgO, npeqHaMepeHHo JISTHpOBaHHbBIX HoHaMu Ca.

Monokpuctamiel  MgO:Ca Oputn  Belpamiensl B MHctutyTe  Qusuku
Taptyckoro ynuBepcurera. CTapTOBBIH Marepuays ObUI CMECHIO ITOPOLIKOB
BbICOKOH 4UCTOTHI (99,9%) MgO n CaCOs;. Cpennee conepikanue Haubolee
pactpoCTpaHEeHHBIX MEPEXOIHBIX METAJUIMYECKUX MPUMECEH B 3THX KpHUCTaN-
nax 6110 ~10 ppm. Ipeanonaraemoe conepxanne Ca®” B kpucramiax MgO:Ca
osmo 150 ppm. Comepxanne Ca B MgO mopoIke BBICOKOH YHUCTOTHI OBLIO
~10 ppm. ITpumecnbie nonsr Ca™" 3amemaot B MgO peryispHble KATHOHEI U
00pa3yloT TBEpABIH PacTBOp 3aMEILEHHS C KOHLEHTpAaLWeH HOHOB KaJbLH
BILIOTH JI0 HECKONBKHX at%. Monnsii pamuyc Ca®’, oxpyxennoro mectsio O,
Gombire, yem y Mg™" (1,4 u 0,72 A, cootercTBerHO0). [105TOMY JIerHpOBaHHe
voHamu Ca’" BBI3BIBAET pACHIMpeHHe KpHCTALTHYecKol pemerkn MgO.
[IOHATHO, YTO PACIOJNOKEHHbIE B KATHOHHBIX y3max Ca’’ He MOryT cIyKuTh
JIOBYIIKAMH ISl 3JICKTPOHOB MPOBOAMMOCTH, TaK KaK SHEPIrus MOHU3aUUU Ejg,
cBoboHoro Ca'” Ha 3 5B MenbIme, yem 111 Mg'. C apyroif CTOPOHEI, BETHYNHA
Eion 1151 Be™ mipuMepHO Ha 3 5B Bbilme, yem a1s Mg', u, B IIPHHIUIE, € MOTYT
6BITh 3axBaueHsl Ha Be’". Onmako, sddexTHBHOE ceueHue 3axpaTa e Ha Be™',
10 KpaifHel Mepe, B JeCATKU pa3 HUKe 3(P(HEKTUBHOTO CEUEHUS] pEKOMOMHALINH
JUISL CIIOKHBIX KYJIOHOBCKHMX IICHTPOB, OOpa3yOUIMXCS TpH JIOKATU3AlHMU /i
0K0110 HOHOB Be®'.

[Ipobnema aBronOKanM3aumu ObIpoK B MgO wn3ydaercs B TedeHHE
JUINTENbHOTO BpeMeHU. COIJIaCHO TEOPETUYECKUM pacueTaM, IbIPKU HE MOTYT
aBTOJIOKAJIM30BaThCs B 00beMe MgO, HO Tpoliecc aBTOJIOKANU3aluK BO3MOYKEH
B MEHEe YNOPSIOYEHHBIX MecTax (yriibl, ycTynsl U T.1.) Ha (100)-noBepxHOCTH
MgO [40, 41] Ilocnemumii BBIBOX COTJIACYeTCS M C JKCIEPUMEHTATLHBIMHU
JTAHHBIMU O BBICOKOM ITOJIBMIKHOCTH JIBIPOK B 00beMe MgO [42].
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Pucynok 4.7. Katogomrommonecuermms MgO (oo) u MgO:Ca (++) mipu 5,6 K.
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Ha puc. 4.7 npuBeneHbI CIEKTPHI KaTOJOTIOMUHECIICHITNH HOMUHAIIEHO YUCTHIX
u JnerupoBaHHBIX HoHamu Ca MoHOkpuctaiioB MgO. UroObl o0nerdutsb
CpaBHEHUE [BYX CIIEKTPOB, TNpHBEAEH M YyBenuueHHbIH B 30 pa3 coekTp
JIOMUHECIIEHIIMM YHCTOTO KpHCTaa. PaccMaTpuBaeMas moiioca W3ITydeHUS
pacmosioxera B criektpe MgO:Ca mipu 6,75 5B. B HemerupoBaHHBIX KpHCTaLIaxX
MgO nioMUHECUEHIMS B 3TOM CHEKTPaJbHOM JHana3oHe HaMHOTO MeEHee
WHTEHCHBHA WU COJIEPKUT JOMHHHPYIOIIYI0 TOJOCYy H3iIydeHus ~6.9 3B,
MIEPEKPHIBAIOIIYIO JTIOMUHECIIEHITHI0 6,75 5B. TemmeparypHas 3aBUCHMOCTH
JoMuHecneHuu 6.9 3B anTtuOaTHA OTHOCUTENILHO TAaKOBOW [UISL JIFOMH-
HecnieHuun 6,753B ¢ HescHbIM mnpoucxoxnaeHueMm. Ilpupona nByx Apyrux
MOJIOC W3JIyYEHHMs, BUOUMBIX Ha puc. 4.7, XOpOILIO yCTaHOBJIEHA. Y3KUH MUK
npu 7,5-7,8 3B, Tak Ha3bpIBaeMO€ KpacBO€ CBEUEHHUE, SBISACTCS H3IyYeHHEM
CBOOO/HBIX HKCUTOHOB M OKCHUTOHOB, C1a0O0 CBSI3aHHBIX C PA3IMYHBIMH IIPH-
Mecsimu [43], a cBeueHue nipu ~5,4 3B cBsi3aHO ¢ peKOMOMHALIMEH 3JICKTPOHOB €
JOBIPKaMH, JIOKaJH30BAaHBIMH OKOJO KaTHOHHBIX BaKaHCHH (Tak Ha3blBacMble
neHTpsl V-tuma) [30].
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Pucynox 4.8. TCJI monokpucraiuioB MgO (uHTerpansHeiii curHan) u MgO:Ca
(crmonTHas TMHUS — WHTETPANBHOE CBEUCHHE, INTPUXOBas JHHUSA — cBedeHue 2,9 7B,
myHKTApHAs — 5,4 5B ). Ha BcTaBke — TemmepaTypHBIE 3aBHCHMOCTH JJISI CBEUCHHM
6,75 3B (MgO:Ca) u 6,9 3B (MgO).

Ha puc. 4.8 mpuBeneHbl TemmnepaTypHbIE 3aBUCUMOCTH (CM. BCTaBKY) IS
cBeueHuit 6,75 u 6,9 5B, a takxke kpuBble TCJI, u3MepeHHbIe JUIsI KPUCTAILIOB
MgO u MgO:Ca. TCJI MgO:Ca usmepeHbl AJi1 HHTETPAJIBHOIO CHUrHaja
(crutortHas TMHUA) ¥ cBeueHuH 2,9 3B (mTpuxoBas muaus) u 5,4 5B (myHKTHD).
CrnekrpanbHo paspemeHHsle TCJI mpuBeneHsl TONBKO s HU3KOTEMIIEpa-
TypHBIX mHKoB. Kak 310 ciemyer u3 puc. 4.7, nernposanne MgO nonamn Ca®’
YMEHBIIIAeT HUHTEHCUBHOCTh KPaeBOH JTFOMMHECLIEHIINY U IOAHUMAET UHTCHCUB-
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HOCTB TIOJIOC W3ITy4deHus npu 5,4 u, ocodenHo, 6,75 3B. [Ipupona mromuHecIeH-
muu MgO npu 5—6 3B xopomo nonsaTa. CBeueHHe BO3HUKAET MPH PEKOMOU-
HallUU 3JIEKTPOHOB C /i, CUJIbHO CBSI3aHHBIMU Ha BaKaHCUSAX (TaK Ha3bIBacMble
V-LEHTpbI) WIH JPYTMX OJHOBAICHTHBIX mpuMecsx, Hanpumep, Li™ ([Li]’-
ueHtpsl) [37]. Bee 3TH IpIpovHbIe HEHTPBI 00HAPYKEHBI U ACHTH(QULIUPOBAHBI
metogom OIIP. Tepmudeckas ycTOHUMBOCTh LEHTPOB OblTa H3ydYeHa, HUX
TEIJIOBOE pa3pylieHue conpooxaaetcs nukamu TCJI B cBeuenuu 2,9 3B.

[Tonoxxenne Y® monocel U3MydyeHUs] 3aBUCUT OT THIIA JBIPOYHOIO LEHTpA:
yeM Oojiee MENKWH IIEHTp, TeM BbIie dHeprus. B kpucramrax MgO,
nerupoBaHHBIX Be, Termosoe paspyiienue [Be]'-ieHTpa MMeeT MecTo Npu
~200 K. JlerupoBanme MgO monamm Be naetr Hadano WHTEHCHBHOMY YO
CBEUEHHUIO C MakcuMyMoM npu 6,2 3B. TemnoBoe TylieHHE 3TOH JIOMU-
HecreHn npoucxoaut mpu 200 K.

Wrak, pasyMHO NpEeIOiI0XKHTh, 4yTO BBeaeHue noHoB Ca B MgO dakTu-
YeCKU MMPOU3BOJUT LIEHTPHI 3aXBaTa JBIPOK, KOTOPbIE OTBETCTBEHHBI 32 HAOIIO-
JlaeMylo JIIOMHHecLeHlno 6,75 5B. 3amemaomuid peryisspHbld KaTHOH Ca*"
JIOJIKEH, KOHEUHO, GbITh G0Jlee MEJIKMM LIEHTPOM 3aXBaTa JbIpKH, ueM Be™', rie
HENEHTPAIbHOE TIOJIOKEHHE MANCHBKOTro HOHAa Be’" B KaTHOHHOM y3ie mpu-
BOJIUT K BO3HUKHOBEHHIO 3JIEKTPHUUYECKOI'O JHIIOJS, JOIOIHUTEIBHO CBS3bIBAS
TuM IbIpKy. [loaromy B MgO:Ca oxunaercs cMelieHue MakCUMyMa JIFOMH-
HECIICHIIUM B CTOPOHY OoJiee BBICOKMX 3HEpruid, mo cpasHeHuio ¢ MgO:Be.
Co3manue OOJBIIOTO KOJMYECTBA JOTIONHUTEIBHBIX JABIPOYHBIX JIOBYLIEK
OTKPBIBACT HOBBIH IIyTh PEKOMOMHAIMU U IPUBOJUT K HAOIIOAAEMOMY yMEHb-
HICHUIO NTHTEHCUBHOCTH KpaeBoil JJroMHuHecteHIInK. HabmoqaemMoe yBenmieHue
MHTEHCHBHOCTH TociecBeueHus B kpuctamiax MgO:Ca, u cioxxHas CTpyKTypa
€ro TEIJIOBOH 3aBUCHUMOCTH TaKXKe MOKAa3bIBAIOT, YTO JiernpoBaHue nonamu Ca
CO3J1aeT AOIOIHUTEIbHbBIE MEJIKHE LIEHTPHI 3aXBaTa JIbIpoKk B MgO.

TepMudeckass ycTONUMBOCTH JABIPOYHBIX LIEHTPOB, OTBETCTBEHHBIX 3a Y
moMHUHECTIeHIHIO, m3MeHsetcs oT 420 K mis V -nertpos no 230 K ms [Li]O-
win 200 K nns [Be] -uentpos [30]. [ns Gonee MeNKux LEHTPOB, OTBETCTBEH-
HBIX 3a cBeueHue 6,75 3B, Temmeparypa TEIUIOBOTO pacmaja LEHTPOB JOJKHA
ObITh 3HAauMTENbHO HIDKE. M3 kpuBbix TCJI kpucramios MgO:Ca(300 ppm) u
MgO (puc. 4.8) MOXKHO 3aMETHTb, YTO JIETHMpoBaHHe MoHaMH Ca TPUBOAUT K
MosIBIICHUIO IBYX deTkux nukoB: npu 100 K u, ocobenno, npu 58 K. M3mepss
criektpel m3nydenns B nukax TCJI u cpaBamBas kpussie TCJI, 3apeructpu-
POBaHHBIE JJISl PA3IUUHBIX CBeUeHUH (CM. pHc. 4.7), MOKHO OTMETHUTB, YTO 00a
MUKa COIepXkar, IIaBHBIM 00pa3oM, BHAMMOe u3inydeHue. llocieanee BO3HU-
KaeT IPEeUMYIIECTBEHHO B [IBIPOYHBIX Ipoleccax pekomMOuHammu, a Y@
W3JTy4YeHHUE CBSA3aHO C PEKOMOMHAIMEH IBHKYIIUXCS € C JIOKATU30BAHHBIMHU /1.
IToaTomy, TemyoBoe pa3pylIeHHE ABIPOYHBIX LEHTPOB MMEET MECTO Kak INpH
58 K, tak u mpu 100 K. JIByxctyneHuaroe temnoBoe tyuieHue YO mromu-
HECIIeHITUH (CM. BCTaBKY Ha puc. 4.8) mokaspiBaeT, 4To o0a 3THX IIeHTpa
OTBETCTBEHHBI 3a u3nydeHue 6,75 3B. OTHocuTeNnbHas MHTEHCUBHOCTh NHKOB
TCJI mpu 58 u 100 K uzmensiercst ot o0pasna k 00pasily, B HEKOTOPBIX CIIydasx
naTeHCHBHOCTE THKa 100 K 3HaunTensHo HIke. [loaToMy, a Takke IpHUHAMAS
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BO BHHMaHHE OOJBIIYIO YETKOCTh KOHTYpa muka nipu 58 K, MbI nipesmnonaraem,
gyro muk 58 K cBsi3aH ¢ OCBOOOXKICHHEM IBIPOK OT OJAMHOYHBIX MOHOB Ca
(uctunHble [Ca] -1ieHTphl), a ik npu 100 K cBsA3aH ¢ TEMIOBBIM paspyIleHHeM
[Ca] -ueHTpOB,  BO3MYINEHHBIX  PA3NMUHBIMH  OIM3KOPACIOJIOKEHHBIMU
nebexramn (Hampumep, mapueiva Ca’ Ca’’-nenTpamu Ha TpaHHMIAX GIOKOB U
T.J0.).

Ha puc. 4.9 npuBeneHa ynpolieHHas: 3HePreTUIeCcKas quarpaMMa KpucTasuia
MgO, cogpep:kamero pasnu4yHble IeIpOYHBbIE LEHTpHl. llojoxenwe sHepre-
TUYECKHUX YPOBHEH, CBSI3aHHBIX C COOTBETCTBYIOIINMU IICHTPAMH, BHYTPH 30HBI
3alpeIleHHBIX JHEPTUH COOTBETCTBYET MAKCUMYMY IIOJIOCHI JJIEKTPOHHOM
PEKOMOWHAIIMOHHOW  JIIOMHUHECIICHIIMH, BO3HHKAIONIEW TIpH  OOIydeHUH
kpucramia dnexrpornamu 10 k3B mpu 10 K. B cormacum ¢ 3T10# dHEpPreTHIECKOM
JMarpaMMOi MEXIy SHEPrucil JTIOMUHECICHIIMH U TIyOMHOW IIEHTpa 3axBaTa
JUTS. TBIPKA (T.€. TeMIepaTypor pa3pylIeHUs IeHTpa) HAONIoNaeTcsl MPUOITHU-
3UTENILHO JIMHEWHAS 3aBUCHMOCTD. DTa 3aBUCUMOCTh IpuBeIeHa Ha puc. 4.10.

CONDUCTION BAND

A

hv=78eV 6.8eV |6.2eV |58eV |52eV
V\I
) [L]]U —J—
[Be] o a8
Cal X 375K
[Ca]" y 230 K
m—C— 195K -
48 K
VALENCE BAND

Pucynok. 4.9. CxemaTnueckas AuarpaMma SHEPTEeTHUSCKUX YPOBHEU UIS pa3IHIHBIX
JBIPOYHBIX EHTPOB B KpHucTaiie MgO, ocHOBaHHAs HA TIOJOXKEHUU COOTBETCTBYIOIICH
MOJIOCHl  KaTOJONIOMHHECCHIIMM B KpHUCTajule. YKazaHa Takxke TeMIlepaTrypa paspy-
IICHHS] COOTBETCTBYIOIIETO LEHTPA.
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Pucynox 4.10. 3aBHCHMMOCTP MEXIy DSHEprHe NHKa PEKOMOMHALMOHHOW JIFOMH-
HECLIEHIIUHM ¥ TEMIEPaTypol TePMUYECKOTO pa3pyIlICHUs IBIPOYHBIX LIEHTPOB B MOHO-
kpuctamax MgO.

4.1.2. WoHHbIe npouecchbl, H-ueHTpbl B MgO n MgO:Al

Hedextsr B MoHOKpucTammiax MgO, comepikaliyie aHWOHBIE WM KaTHOHHBIE
BaKaHCHH, M TIPOIIECCHI, BOBJICKAIOMTHE 3T AePeKThl (MX (popmMupoBanue, mepe-
MEIIeHNEe, JIOKAIHM3AIHUI0 W KJIaCTEpPOOOpa3OBaHUE, JIOKAIN3AUI0 U TEIUIOBOE
OCBOOOKICHUE HOCUTENICH 3apsjia, JIIOMHHECHEHIIMIO M T.J.) ObUIM IIMPOKO
uccienoBanbl. OIHAKO MBI 3HA€M HE MHOTO O POJIM MHTEPCTUIIUATIOB B ITUX
KpHcTaJU1ax. EJMHCTBEHHOW SKCIEpUMEHTAIBFHONH paboTOH, B KOTOpOH ObLIH
HETIOCPE/ICTBEHHO 3apeTHCTPUPOBAHBl AHWOHHBIE WHTEPCTHUINAIBI, SBISETCA
[26]. B oOmyuennoM HeWTpoHamMu Kpucramie MgO aBTOpHl HaOJIOTATH
cnektpsl OIIP O -Mosexy, TOKaTu30BaHHBIX OKOJIO KATHOHHBIX BaKaHCUH, H
HMHTEPIPETUPOBAIIK STOT HeHTp Kak aHanor H-uentpos B ILI'K — pagnannonuo
CO3/IaHHBIM WHTEPCTHUIMAN KUCIOPOAa, OOBEAMHEHHBIA C COCEAHHUM PEryIIsip-
HBIM MOHOM KHCJIOPOJIa U KaTHOHHOM BaKaHCHEH, NEHCTBYIONICH KaK CTaOWIIH-
3upyroummiicss neHTp. OnHako, cBsi3b Mexay O;—MoyieKyslaMu U aHHOHHBIMHU
WHTEpCTUIHATIaMi TpeOyeT IalbHEHIero HCCIeNoBaHnsA, TaK Kak HaOIro-
janock Oojbmioe pasHooOpaszue O, -IIEHTPOB B IPYyroM HEOOIyd4eHHOM
npoctoM okcunae — kpuctaie SrO [44]. [Tostomy mbl ipoBenu IIIP uccneno-
Banus H-uentpos B MgO .

Kpucramner MgO Obiiv 00yuYeHbl HEWTPOHAMH B SIICPHOM PEAKTOPE
naTBuiickoro SlmepHoro  wmcciemoBarenbckoro meHtpa  (Camacmmic) U
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VpaabCcKOM MOJNMTEXHAYECKOM HHCTUTyTe. J{03b1 00myuenms Obumm 10—
10" neiirpor/cm®. Tepen DIIP-M3MEpEHHSAMH KPHCTAIUIBI OBLTH  OTOMOKESHBI
Heckoibko MHHYT mpu 550 K, 9to0mr ymamuts V-1mieHTpsl. CHEKTphsl OBLIH
m3Mepensl npu 77 K, wucmone3ys BBICOKYIO MHMKpPOBOJHOBYIO MOIIHOCTb
(> 20 mBT).

Crextpsl  DOIIP kpucramuioB MgO:Al BeisiBUM 1nBa Tuna H-1ieHTpOB.
[TapameTpsl UX cnuH-raMmuibTOHHaHa (g, =2,0059, g, =2,0011, g. =2,0767,
@ =30,46" u g, =2,0061, g,=2,0011, g,=2,0761, & =31,24°, rne @ — yron
Mexny ocblo O, -Mosiekyisl 1 <100> HampaBiieHHEM B KpUCTaie) OIM3KH K
TaKoOBBIM, paHee ompeneinéHasiM miust Hy u Hy [26]. Konnenrpanun Hy- u Hy-
IIEHTPOB OBUTM TpHMEpPHO paBHBL. B kpuctamme MgO:Al ¢ Ooiee BBICOKHM
collepkaHMEeM TIpuMecH MBI HaOmonamu Ttonbko Hi-mentp. OpHako, ero
KOHIIeHTpanus Obuia mpuOimm3uTensHo B 10 pa3 Beimie. YTiioBas 3aBHCHMOCTD
u3MepeHHbIX criekTpoB DIIP mis Hy- u Hy-uentpoB npusenena Ha puc. 4.11.

20 T T T T T T T T T
of A M'\ .___J
e=einoe )
220 QcW A M’l"\ ”A’,‘
40 F'M %Xf‘ﬁ%‘\’“’ﬁﬁ.ﬁ?‘

Angle of rotation
o 1
L 3/
- }, i
2
o

" 1 " 1 " 1 " 1 1 1
320 322 324 326 328 330 332
Magnetic field B, mT

Pucynox 4.11. Cnekrper OIIP Hj- u Hy—uenrpo pnst kpucraiia MgO:Al
o6myuennoro Heiitponamu (dimoenc 10'7 n/ecm?). CreKTpbl M3MEPEHB MPH PA3HOM
yrile MEXIy MarHuTHbIM mojieM u Hamnpasienuem <100>. Temneparypa u3MepeHuii
77 K, MomHOCTh MUKPOBOJIHOBOTO 1oJ1st 100 MBT.

Cuextp OIIP H mentpoB Habmromancs BO BCEX HMCCICIOBAHHBIX KpPHUCTAJIIAX,
00JTydYeHHBIX HEUTPOHAMH C J03aMHU 10" n/cM®, HO MBI He HaILIH H-uentpsl B
HEOOTyuYeHHOM, X-OO0JyYeHHOM HJIM IUIACTHYECKH JAe(OPMUPOBAaHHOM U X-
OOJIydeHHBIX KpHUcTa/ulaXx. OTuM MgO CHIBHO OTIMYaeTcs OT JpPYroro
npocroro okcuaa — SrO, B KOTOpoM HaOmonaiochk OoJbloe pazHooOpasue
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O,—1eHTpoB Jaxke B HeoOnmyueHHOM kpuctamie [44]. Kommnekcer O; v, (H-

LEHTPHI), TO-BUIUMOMY, SIBISIIOTCS XOPOLIO YCTaHOBJIEHHOH (OpMOW aHMOH-
Horo uHrepcrunuaia B MgO. C HEMHOro Apyrol TOUKHM 3pEHUS OHHU MOTYT
OBITh pAacIEHEHbl KaK MEXIOY3CJIbHBIE aTOMBbI, JIOKAJHM30BAHHBIE OKOJIO V-
LEHTPOB, ¥ MBI MOKEM OXHIAThb LieJoe cemeilcTBo H-IeHTpOB ¢ HECKONbKO
pa3IMUHBIMM  [apaMeTpaMH CIUH-TaMWJIBTOHHAHA, AaHAJOTMYHO CIy4aro
V—nenrpoB. B MgO Bce uaentuduimpoBanssie V-IEHTPHI, H3-32 JOMUHHPYIO-
LIer0 BJMSHUS BaKaHCHM KaTHOHA, UMEIOT Onm3kue g-(hakTopbl (MICHTUYHBI
11t V- 1 Vu-1ieHTpoB). OueBUAHO, UTO aHAIIOTUYHAS CUTYalus UMEET MECTO U
it H-uentpos. IlosToMy He siBisieTCSI HEOXHIAHHBIM OJNM30CTH 3HAYEHUI
[apaMeTpoB CIMH-TAMHJIbTOHMAHOB H-IIEHTPOB, 0 KOTOPBIX COOOLIATIOCH paHee
B JIUTEpAType, a TAK)KE N3MEPEHHBIX HAMHU.

ITomumo cnekrpoB Hj- u Hy-ieHTpoB, Mbl HaOm0Jallu U €Ie OWH CIIEKTP
OIIP. Ero WHTEHCHWBHOCTL OBIJIa HACTOJIHEKO OPHUEHTAIIMOHHO-3aBHCHMA, YTO
CHEKTP MOXKHO OBIJIO HAOMIOJAaTh JHIIb MOJ MaJE€HbKUMH YIJIaMH MEXIY
MarHuTHbIM TIoJieM u HanpasienueM <100> (cm. puc. 4.12). Ha puc. 4.12
npuBesieHbl M3MepeHHbd cnekTp OIIP kpucramma MgO:Al n xoMmmprOTEpHO
cMojenupoBannbie criekTpbl Hi- u Hy-ientpoB mst yrima @ = 0,5°. Criektpaiib-
Hbl€ JIMHHUU BBIIEYNOMSIHYTOTO OpPHUEHTAlMOHHO-3aBUCHUMOro crnektpa OIIP
OTMEYEHBI CTpEIKaMHU. YTIOBasg 3aBUCHUMOCTh IIOJIOKEHHUS OTHX JIMHUIA,
HACKOJIBKO OHU MOT'YT HaOJIIOAAThCS, U X TEPMHUYECKasl yCTOHUYUBOCTh, OJIN3KH
K TaKOBBIM JJ1s1 H-11eHTpOB, M03TOMY pa3yMHO HPEANOI0KHUTh, YTO U IPUPOAa
9THX LEeHTpoB mnogobHa. Hj- m Hy-neHTpel MoryT OBITH TaKke HWHTEp-
IIPETUPOBAHBI KAK HEUTPAIIbHBIE AHHOHHBIE MHTEPCTULIHAIIBI, IOKAIN30BaHHBIE

v =9278.8 MHz

| i/

3240 3260 3280 3300 3320
Magnetic field (10 ! T)

3220

Pucynok 4.12. DIIP crektps o6mydyennoro Heiitponamu (10" n/cm”) MoHOKpHCTamIa
MgO:Al. | —3KkcnepuMEHTaNBHBIA CIEKTpP, 2, 3 — CMOJICIMPOBAHHBIE CIIEKTPHI CO-
orBercTBeHHO it Hi- m Hy-mierTpoB. Ctpenkamu otmedeHsl DIIP-nuamm, BuanMee
JIUIIG TIPU MAJIBIX yTIIaX MEXIy MAarHUTHBIM ITOJIEM U HampaBieHuem <100>.
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y Va- u V -ueHTpoB. JlpIpka, 3axBaueHHasi KaTUOHHOW BaKaHCUEH, BXOJIWT B
coCTaB MOJIEKyJIsIpHOrO HoHa O .

Ha puc. 4.13 npuBeneHbl KpuBble MMITyJIbCHOTO OTKura curHaios OIIP,
HaOmonaembix B kpucramie MgO:Al. Bee ciekrpsl DIIP 6butn n3MepeHsl npu
100 K, cmexrper H-1ieHTpoB OBUIM 3aperuCTpUPOBaHBI TPH MHUKPOBOJHOBOM
momHoctH 125 MBT, F'-1ieHTph! — 1ipu ~8 MKBT, a Jpyrue IpUMecHbIE LEHTPbI
6butn u3Mmepens! npu 0,2 MBT. H-1leHTphI pacniagaroTcsi B OTHOCUTENBFHO Y3KOM
TeMIIepaTypHOM juana3oHe oT 650 mo 725 K, Torma xak pacman F'-neHTpos
HaunHaeTcs npu ~500 K u He 3akanumBaetrcs u npu 775 K. Cornacno Xamu-
oeprony u Kammepcy [26], Temnieparypa pa3pymienus Hy-meHTpoB mpubnmsu-
tesbHO Ha 30 K Hike yem Hj-mieHTpoB, a X paciiag CONpOBOXKIAETCS OJIHO-
BpeMeHHbIM pocToM curHana JI1P Hj-nientpos. M3-3a HU3KONH MHTEHCHBHOCTH
cur”ainoB OIIP u TpyaHOCTEH C TOUHOM OpUEHTALMEN KPUCTAIa Mbl HE CMOTJIN
pazaenuth TemuioBod pacnan Hi- u Hy-ientpoB. Bo Bpemsi Tepmuueckoro
paspymenns F'- u H-1eHTpoB MBI HAaONIONAIM CYIIECTBEHHBIH POCT MHTEH-
cunoctH curnana DIIP ¢ g = 1,9800, kotopsiii npunanesxut Cr' -eHTpam ¢
OKTa3pHUYECKOM CHUMMETpHUEH, TOorja Kak HWHTEHCUBHOCTH cnekTpoB OIIP
JPYrHX TpHUMeceil C IHepeMeHHBIM cocTosHMeM 3apana (Mn’', V>, Fe’")
0CTaeTCsl HEN3MEHHOM.

neutron-irradiated MgO:Al 3

A A A a4

EPR intensity

520 560 600 640 680 720 760 800
Temperature (K)

Pucynox 4.13. Umnynscubiii omxur DI1P-curnana H- (1), F™- (2), Cr''™- (3) u Fe''-
neHTpoB (4) mms obiydeHHOTO HelTpoHamu MoHOKpHcTaimia MgO:Al. Bee cnexTpsr
OIIP uzmepens! npu 100 K.

Kpusas orxura DIIP curnana F'-1eHTpoOB, JOBOIBLHO II0X0KA HA 3aPErUCTpPH-
POBAaHHYIO TeMIIEPaTypPHYIO 3aBUCMMOCTb ONTHYeCKOro nornomenus F- u F'-
meaTpoB 1pH 5,0 3B [26] (cMm. puc. 4.14). Pe3ynbrarhl coryiacyiorces ¢ GpakTom,
9TO0 B OOJYYCHHOM HEWTPOHAMHU KpHCTalIe AaHHOHHBIC BaKaHCUU OOBIYHO

38



HaxonsaTcd B Buiae F +—LIeHTpOB [45]. MBI nonpITaIMCh OLIEHUTH OTHOCUTEIBHOE
gucino F'- u H-uentpos B kpucramie MgO:Al meromom DIIP u Hamum, uTo
obmee kommuectBo Hji- m Hy-uentpoB (mpeneOperaem HaOmogaeMbeiM “da-
HTOMHBIM” H-IIEHTPOM) COCTaBIIANO NPUOTU3UTENBLHO MOJOBUHY OT uncia F -
neHTpoB. OOHAKO, B Clyyae pPa3jIMYHOIO COAEP)KaHWUSA IpUMECEd WM H03bl
00Jy4eHHs 3TO COOTHOIIEHNE MOXET U3MEHSATHCS.

Bricokoremneparypnast TCJI oOiyueHHbIX HeHTpoHamu KpuctamioB MgO
ObuIa U3MEpPEHA TaKXKe B peskuMe (ppakIMOHHOro Harpesa. EcThb CyliecTBEHHbIE
paznmuus B noBenennn nmukoB TCJI B obmactu 400-550 n 630—-750 K B 3aBuCH-
MOCTH OT TOTO, U3MEPEHBI OHU AJIs1 00JIyUYeHHOro HeliTpoHamu kpuctamia MgO
HETOCPEAICTBEHHO IMOCJe KOHTPOJIbHOro X-00mydenus: npu 295 K wim mocie
JOIOJIHUTEJIFHOTO TpeABapUTENbHOrO HarpeBa obpasua no 773 K u mocne-
IYIOMET0 HW30J03HOTO KOHTpOJbHOro X-oOmyuenus tmpu 295K  (cm.
puc. 4.14a). B TCJI, uamepeHHoii mocse nepBoro nporpesa Kpucrasia, yCuiu-
BAIOTCSI CBS3aHHBIE C V-IEHTpaMH NMUKA B OOJIACTH HHU3KUX TEMIIEpaTyp H
0CIIabNSAIOTCS BHICOKOTEMITEPATYPHBIE TIMKH, CBA3aHHbIE ¢ oTskurom H-, F- u F'-
neHTpoB. OTMmeTHM, 4YTO TpeTud (M mocnenyromue) mporpeBsl 10 773 K
KpHCTaJlIa, W3HAYAJILHO OOIYy4YeHHOro HEHTpOHAMH, a MHeped KaXIbIM Mpo-
TPEBOM M KOHTPOJBHOM A030M X-mydel, yxke HEe BbI3BIBAIOT MU3MEHEHUU B
kpuBoit TCJI. YuurtpIBas, 4TO pa3pylIeHHE CO3MaHHBIX HEUTPOHHBIM O0O0ITY-
yeHneM H-IIeHTpOB NPUBOIUT K POCTy YMCHA V-IIEHTPOB, BHIIIETIEPEUHUC-
neHHbIe 3 PEeKTH MOKHO JIETKO OOBSCHUTS, NIpeAnonoxus, uto TCJI B obaactu
~700 K cBsi3aHa ¢ TepMHUYECKUM pas3pyllieHrneM H-IIeHTpoB W WX peKoMOu-
HaIueu ¢ F+-HeHTpaMI/I.

Ha puc. 4.14b npencrasnensl cnektpsl E, u po 1 kpucramwia MgO:Al,
00JIy4eHHOT0 HEHTPOHAMHM U KOHTPOJIBHOW 10301 PEHTT€HOBCKOM paauaLiuy.
YacToTHEIA (akTop B auamazoHe Temmepatyp 450-630 K pasen 10°-10" ¢,
4TO XapakTepHO i e—h mpoueccoB. OMHAKO, 3HAYEHUE py YMEHBIIAETCS Ha
yeThIipe mopsinka BenmmuwHBl oT 650 mo 750 K. IlomoOHOe ymeHbIIeHHE pg
HaOJIrOIaIOCh panee B 00ydeHHBIX KpucTamiax NaCl:Ag ¢ yMEHBITAIOIITMMHICS
KOHLICHTPALMAMU ITIPUMECHBIX LEHTPOB Ag M HHTEpIPETHPOBAIOCH KaK
pe3yibTaT NpbbKKOBOH U(dy3uM Vy-IEHTPOB II0 HANpaBIeHHIO K Ag -
meaTpam [46]. IloaToMy BO3MOXKHO, YTO YMEHBIIEHHE po ipu 1> 650 K 8 MgO
MOXET TakKe OBITh CBSI3aHO C NPBDKKOBOH 1u(y3ueil HHTEPCTHIIAATIOB
KHCJIOpOJla, BBICBOOOXKIACHHBIX W3 JIOBYLIEK. B 0O0My4YeHHBIX HEHTpOHAMH
kpuctamax MgO orxur curhana OIIP H-neHTpoB NpoHCXOAUT HUMEHHO B
obmactu 650-700 K. M3smepennas sHeprust akruBanuu mporecca (1,8—2,0 5B) B
ATOM TEeMIIEpaTypHOM IHara3oHe OJM3Ka K MpeIcKa3aHHOH TeopeTHdecKoi F,

i aupoysun O, (1,5-2,0 3B) [27-29].
CrexTp mromMuHecHieHIurn MgO mpu BBICOKHX TEMIIEpaTypax COCTOUT W3

JIByX TJIaBHBIX Moyioc. OgHA U3 HUX — CHHEE cBeueHue npu ~2,9 3B — umeer
CIOXKHOE TIPOUCXOXACHHE. JIIOMHHECHCHIMSI SBJISETCS MPEUMYIECTBEHHO
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Pucynok 4.14. (a) TCJI meiitponno-o6myuennoro (10'7 n/cm?) MgO, u3MepenHas B
xone nepsoro (1) m Broporo (2) mporpea no 773 K. KonrponsHoe X-o0iydeHue
o0pa3ra HpOM3BOMIINCH Teped KaxaeiM mporpeBoM. Orxur OIIP-curnamoB V-
neHTpoB (3) B pentrernzoBanHoM MgO u H-umentpoB (4) B HEHTpOHHO-00IyuYeHHOM
MgO, a Takke ONTHYECKOro noryomenus 1pu 5 3B (5 — F- u F-uentpsr). Bee omxuru
nepecyrTalbl Ha CKOpOCTh Harpesa = 2,86 K/c.

(b) TCJI xpucramia MgO:Al, o6myuenHoro B sjpepHom peakrope (10'° n/cm?) u
KOHTPOJIbHOM 1103011 X-imyuel (cruiommHasi JIMHMs). PaccunTaHHbIe BENWYNUHBI YHEPTHU
aKTHBAIMHK (00) M 4acTOTHOTO (akropa (ee) st kpuBoilt TCJI, u3mMepeHHOIl B pexume
(hpaKIOHHOTO HArpeBa.

PEKOMOMHAIIMOHHOM M BO3HHUKAaeT B pe3yJbTaTe TEIJIOBOTO BHICBOOOKIAECHUS
KaK JJIGKTPOHOB, Tak W JIbIpoK. Ilomoca KpacHOM ITIOMHUHECHEHIUH IpH-
HajuiexuT Cr'” HOHAM C PA3IMYHON CHUMMeTpHeii, R-1uHus pacronoxkeHa npu
1,776 5B. Uto0b1 onpeaenuts ciekrpaibHbiid coctaB nuka TCJI mpu 700 K, mer
n3mepwin TCJI, ncnonp3ys 10NOMHUTENbHBIE ONTHYECKHE (GUIIBTPHL.

Ha puc. 4.15 npusenenst 3tu kpusble TCJI, HOpMaTN30BaHHbIE MO MaKCH-
myMmy nuka npu ~420 K, nias HommHansHO unctoro MgO. Kak Mbl Buaum,
YMEHBLICHUE BKJIaJa CUHEW moMuHecueHuuu, gomunupytouieii B8 TCJI mpu
HU3KUX TeMIlepaTypax, HaunHaercs mpu 7 > 500 K, a kpacHast TFOMUHECTICHITHS
nomunupyer B nuke TCJI mpu 700 K. MakcumyM mHOJOCHl KpacHOM JIFOMU-
HecueHIMU B kpuctaiuie MgO:Al npu KoMHaTHOH TemnepaTrype HaXOAUTCS IIPH
~1,7 3B.
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Pucynok 4.15. Kpussie TCJI, m3mepeHnsle ais uMHTErpanbHoro curHana (1), depes
ceetopmteTp CC-5 (2) mmm KC-15 (3) B HOMHHATBHO 9BCTOM MOHOKpHcTaimie MgO,
o0nyueHHoM HeliTpoHamu. Ha BcTaBke ykazaHbl 00J1aCTH MPOITyCKaHust (QUIBTPOB.

Poct uncna Cr’*-IeHTPOB HAGIIOAETCS B TOM K€ CAMOM IITHPOKOM JMAaNa30He
TeMIepaTypsbl, IJie MPOUCXOAUT U pacnan F -entpos. C IOBBIIIEHHEM TEMIIe-
patypsl (puc. 4.15) yBennuuBaeTcsl BKJIaa KPacCHOW JIIOMHHECIICHIIMA XpoMa B
nukax TCJI. KpacHas mioMUHECHEHIMS BO3HHKAEeT COTJIACHO CIIEAYIOIeH
peaknmu (* — m3o0pakaeT Bo30yKICHHOE COCTOSHUE):

P +h>Ccl” s et +hy

M yKa3blBaeT Ha MPOIleCcC BHICBOOOXKICHHS IBIPOK. HU3KkoTeMIepaTypHbIid MUK
TCJI mpu ~420 K BO3HWKAaeT TpH TEPMHUUYECKOM pa3pylIeHUS V-IICHTPOB.
Cornacno aBtopam [31], Bce muku TCJI Hike 550 K cBsizaHbI ¢ 1OKaNM30BaH-
HBIMH JIBIPOYHBIMHA IIEHTpamMH. HO caMbiM WHTEpPECHBIM JUIS Hac SBISETCA
JMOMUHHUPYIOMIAs pOJIb KpacHOW mroMuHecneHnnn B mmke mpu 700 K, mpu-
TICaHHOM TEIIoBOMYy paspyienuio H- u F'-uentpos (puc. 4.14).

TemoBoe paspyiienue H-1ieHTpoB MOXKeT ObITh OIMCAHO PeaKIUeii:

- 0
(O, )v. >0 +v. +h .
B srom mpouecce o0pa3yroTcsi IBIPKH, HO PEKOMOHMHAIMEW 3THUX IBIPOK HE
OOBSICHUTE YMCHBIICHUE YaCTOTHOT'O (baKTOpa peKOM6I/IHaL[I/IOHHOFO mnpormecca,

TaKk BCE paBHO TpeOyeTcs TpHUBJICUCHUE TPHDKKOBOW mu(Py3un Mexmo-
y3€JILHOTO KHCJIOpOJia KaK OCHOBHOTO 3J€MEHTa PEKOMOWHAIIMOHHOTO MpPO-
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necca. HOCJ’ICI[HC@ noapasymeBacT, 4ro CHG,Z[YIOHII/IFI, 3aKITIOYNTEIBHEINA mIar
+
MCKAO0Y3CJIbHOTO KUCJIOPOJAa — 3TO €ro p6KOM6I/IHaHI/I$I cF -HCHTPOM:

0! + v,e (F'-mentp) — (0*), + /.

TCJI, nadbmogaemas npu 700 K, mpeamonoKuTenabHO SIBISETCS CMECHIO ABYX
PEKOMOMHAIIMOHHBIX MPOLIECCOB C yYaCTUEM THX JIBYX BHIOB ABIPOK.
AHaJOTHYHBIE TPOLIECCH CO3JaHUS U TEPMHUYECKOTO OTKUTa Je(eKToB
UMEIOT MECTO M B KpucTtamuax MgO, oONyYeHHBIX OBICTPBIMHU TSKEIBIMH
MOHAMHM, XOTs B IOCJIEAHEM Cilydae co3faercsl Ooiibiiee aOCOJIIOTHOE YHUCIIO
nedexToB, a cBsa3anHble ¢ HUMH Tku TCJI 6onee WHTEHCHBHBI M 4eTKW. Ha
puc. 4.16 nmpusenens! kpussle TCJI mna kpucramuia MgO, o6iyd4eHHOro mnpu
300 K nomamm ypama (*°U, smeprus 2,5 3B). TCJI Gbima usMepeHa s
uHTerpapHoro curhana (1,7-4,03B) B obmactu 300-775 K mpu Harpese
oOpa3ma ¢ MocTOsSHHON cKopocThio f = 2,86 K/c. Dnemenrapusie muku TCJI
MOTYT OBITh amIpOKCUMHUPOBAHBI C IIOMOIIbI0 KHHETHUKU IIEPBOIO IOPAIKa,
COOTBETCTBYIOIINE BETUUUHBI £, U po npuBeneHsl B Tabmuue 4.1.

Intensity
Number of Centres

300 400 500 600 700
Temperature (K)

Pucynox 4.16. Kpusas TCJI, m3mepennas c¢ f[=2,86 K/c mas xpucrama MgO,
o6mydennoro mpu 300 K momamu **U (2,5 GoB, 10" non/cm® — crutomnas JuHAs).
HITpUXOBBIMH JIMHUASMA YKa3aHbI MHKH, MONTYyYCHHBIC PU Pa3JI0KEHUH B KHHETHKE 1-
ro MopsiiKa, CyMMa KOMIIOHCHTOB Pa3JIOKeHHUs yKa3aHa CUMBOJIAMH (00). IMITyTbCHBIH
omkur DIIP-curnano V-, V-, F'- u H-uentpoB B o6mydenHom MgO mpubausu-
TEJIBHO SKBHBAJICHTCH JTMHEHHOMY HarpeBy ¢ = 2,86 K/c.

Ha puc. 4.16 Taxkxe IpHUBENCHB KPUBBIE MMITYJILCHOTO OT)KHra curHama JIIP
HECKOJIBKHMX MapaMarHUTHBIX [EHTPOB B OOJyueHHBbIX kpuctamiax MgO. [Iga
muka TCJI ipu 430 u 455 K conpoBokmaroT oTxur curHama DI1P V-1ieHTpos
(mpIpKa, TOKAJIM30BaHHAS HA MOHE KUCIOpPO/a B 00JIACTH KATHOHHOM BaKaHCUH,
O7v,). [ux TCJI 410 K xoppenupyer ¢ oTxurom curnana JIIP V,-tieHTpos
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(AP"O*v,O"). VmnynbcHblit omxur curiana JIIP F'-ueHTpoB B KpucTaiie
MgO, o0xyueHHOM OBICTPBIMU HEWTpOHAMHU, uzeT mpu 650750 K.

Ta6smuna 4.1. [Tapamerpa nuxos TCJI

Temneparypa, K OHeprus aktuBauuy, E,, 5B YactoTHsIi (akTop

Do, C71

410 1,20 10"

430 1,24 10"

455 1,32 10"

500 1,45 10"

520 1,51 10"

550 1,50 10"

615 1,40 4x10'"

690 1,63 10"

CorracHO TEOPeTHIECKUM OIleHKaM [27], O? -AHTEPCTHIINATT UMEET TaHTele-
obpasnyto ¢opMy c opueHTarueil Baoms <110>, SHeprus akTUBAMHA €TO
npeDKKOBON auddy3unm ~1,53B. B Hammx kpucramiax MgO mnpeDKKOBas
mddysus O? (E,= 1,63 5B) MeanenHee, 4yeM ABUKEHHUE IBIPOK, YTO BBI3BI-
BaeT Pe3KOe yMEHbIIeHHE 3HAYeHHs po = 10" ¢ s umMcTo ABIPOUHBIX MHKOB
TCJI mpu 430 u 455 K 10 BenTuIuHBI 10" cfl, TUTAYHOW I PEKOMOMHAIINH
MEXITY Oio- u F'-uentpamn. OdeHb TOABMXXHBIE IBIPKH, 0Opasylolmecs B
pe3ynpTaTe Takoi peKOMOWHAIINH, OTBETCTBEHHBI 33 IPUMECHOE CBEUCHHE.

4.1.3. BO3MOXHOCTU NpuUMeHeHUs e—h U UHTepcTUlman-
BaKaHCUOHHbIX NMPOLIeCCOB B AO3UMETPUMN

W3-3a OTHOCHTEIBHOIO BBICOKOTO Pa3pyLINTEIBHOIO BO3JEHCTBUS OBICTPBIX
HEUTPOHOB Ha OHOIOTHYECKUE OOBEKThbI, 110 CPAaBHEHHWIO C PABHOW IIOIJIO-
HIEHHOH /10301 TaMMa-Jy4eH, BaKHO BBIJEITUTH BKIIa/l OBICTPBIX HEHTPOHOB (1)
B OOBIYHO CMELIAHHBIX HEHTPOHHO-raMMma MONAX paguauud. OpHa NPHHIU-
MUaJIbHas BO3MOYKHOCTh JOCTIDKEHHS 3TOM 3ajaud — UCHOJIb30BaHHE B
Ka4yecTBe JO3MMETpa TBEPAOTEIbHBIH MaTepHal, CTOMKOro K Y-U3IyueHHIo, U
KOHTPOJIb 338 KOMUYeCTBOM JeeKToB DpeHKes, CoO3AaHHbIX B 3TOM MaTepHae
Ny ¥ IpOTOHAaMH OTAauu. IIpuHIKI 103UMMETpUM Ny, OCHOBAHHBIN Ha HCIIOJIb30-
BaHUU METO/a TEPMOCTHUMYJIMPOBAHHOM 3JEKTPOHHON 3MHUCCUU JJIsI perucTpa-
LMY TP TEIJIOBOM paspylueHnu F—1eHTpos, co3gannbix B MgO no ynapHoMy
MeXaHu3My (CTOJIKHOBEHUS Ny C SiApaMu KpHUcTaiia), Obut ommcad B [7, 10, 12].
B [4] Ob110 TIpENI0KEHO HCIIOIB30BaTh C ATOW HENhI0 TEPMOIIOMUHECIICHTHYTO
PETUCTPALIMI0 MEXI0Y3€JIbHbIX LEHTPOB, CO3JaHHbIX B MgO mno ynapHOMy
MexaHu3My. Hike MbI KpaTKO aHaJIM3UPYEeM BO3MOYKHOCTH HCTIOJIb30BAHUS IS
peructpanuu ny TCJI, BO3HUKaIOLIEH NpU TEIIOBOM pa3pyLIEHUN MEXI0Y3€elb-
HBIX LEHTPOB, CO3AaHHBIX OBICTPHIMU HEHTPOHAMH.
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MaTepI/IaJ'ILI, MNpECAHA3HAYUCHHBIC [JIsI HMCIIOJIb30BAHUA B HepCOHaHLHOﬁ
TepMOHIOMHHeCHeHTHOﬁ AO03UMETPHUH, JOJIXKHBI OTBC€YATh HECKOJIbKUM
OCHOBHBIM Tpe60BaHI/I$IM, KpaTKO HU3JI0OKCHHBIM HUKE.

1. CeteKTUBHOCTb U (e IUHT

B otmuume ot III'K, B 10CTaTOYHO YMCTHIX M COBEPIICHHBIX IO CTPYKTYpE
MoHOKpuctamax MgO He ymaerca co3math crabuibabie J® mpu ux
o0nyuernu X-iydamu (20—50 k3B) mpu 300 K. JloMuHUpYOIUM TpOIIeccoM, B
KOTOpOM Y-yun MoryT cozfath @, sensercs adpdexr Komnrona. Kommro-
HOBCKHE 3JICKTPOHBI, YCKOpPEHHbIE a0 »Hepruii Bbilie 330 k3B, crnocoOHBI
co3naBath aHmoHHBIE JI® B MgO. OmHako, TOJHOE CEYEHUE ITOTO TpoIecca
(oxonmo 10°°m?), mo «kpaiiHeii Mepe, Ha JBa TOPAAKAMH HMXKE, HEM
COOTBETCTBYIOIIAsl BeTMYMHA IJISl MpoLecca CO3AaHusl HeHTpoHamu Ae(eKToB
mo ynapHomy MexaHusmy [47]. Bomee Toro, B ciydae ng-OOydeHUS MBI
JIOJDKHBI TIPUHUMATh BO BHUMaHHE U Ne(EeKThl, CO37aBaeMble B pe3yJbTaTe
CTOJIKHOBEHHH C aTOMaMH, BBIOWTBIMH W3 PETYJSPHBIX Y3JI0B HEUTPOHAMHU.
Uwncno Takux “BTOpUYHBIX~ NePEKTOB MOXKET OBITh Ha TOPSAJOK BEIUYHHBI
BBIIIE, YeM YHUCIIO TEePBUYHBIX Ne()EKTOB, CO3MaHHBIX HETOCPEACTBEHHO MpPH
coyaapenusx ¢ ny [48]. CrnemoBarenbHO, B ciydae MPUOTU3UTEIBHO PaBHBIX
MIOTOKOB raMMa-KBaHTOB M Ny B CMEIIAHHBIX HEHTPOHHO-raMMa IOJIAX, BKJIa]A
ramma-nyden Oymer HezHauuTenbHBIM. OTMmeTmMm Tawke, uto mpu ~300 K B
MoHOKpHcTauiax MgO He cnemyer onacatbes (heuHTa TaK Kak MPH yIapHOM
MeXaHH3Me CO3Iar0TCs cTa0mIbHbIe apsl J{® ¢ 60IBpIINM pacCTOSHIEM MEXTY
KOMIIOHEHTaMH, & HOHHBIE TPOIIECCHI 3aMOPOKEHBI.

2. UyBCTBUTEIBHOCTD

UyBCTBUTENFHOCTh MaTepuala IJjs IEepPCOHAIBHON JO3MMETPHUH — CaMoe
Ba)XKHOE CBOICTBO. OHO 3aBUCHT OT MHOTHX (DAaKTOPOB: CEUEHHS YIAPHOTO TPO-
1ecca, yucia co3ianHbix obmydenueM teHTpoB TCJI, addexrunoctu TCJI,
YpOBHS IIyMa U (DOHOBBIX CBEUCHUI.

Opmuo#t w3 mnpuuwH, 3arpynHsommx peructpanuio TCJI, BeI3BaHHYIO
oOydyeHreM HeUTpoHaMmH, SIBISETCS (OHOBas TepMoJrOMHUHecteHImsa. Kak
BUJIHO U3 AaHHBIX Ha puc. 4.14, B TCJI, u3aMepeHHO# Noce TEeIIOBOro pas3py-
menuss H-ueHTpoB, ecTh nuku, mnepekpbiBaomuecs ¢ nukom npu 700 K B
00Jy4eHHBIX HEHTpOHAMH KpHUCTayuIaX. TodHas MPUpPOAa dTHX IMHKOB HE SICHA,
HO 3T uku TCJI TOMMHUPYIOT B KpUCTaJIaX, JETUPOBAHHBIX XPOMOM.

Jns momuHODOpa, MpeaHa3HAYEHHOTO JUIS HCIIONB30BAaHUS B KadyecTBE
JIO3MMETPUYECKOTO MaTepraia, BaKHO, YTOOBI TJIaBHAsS ITOJIOCA JTFOMHHECIICH-
UM HaxoAWjach B YJOOHOH AN perucTpaiuu CreKTpaibHoi obmactu. OT-
METUM, 4YTO UCIOJb3YEeMBIH s u3MepeHud BruicokoTemneparypuoit TCJII
mpubop (TLD-Reader) sddexktuBHO perucTpupyer cBedeHHEe B 00JaCTH
1,6-3,6 3B. Ha puc. 4.15 npuenensl kpusble TCJI, HOpManau30BaHHBIE IO
muky mpu ~420 K 1 m3MmepeHHsie 111 HOMHHAIBHO drcToro MgO. Ml yxe
OTMEYald, 4YTO OciallieHne BKJIaga IIOJIOCKI CHHEH JIIOMHUHECICHIINH,
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JIOMHHUPYIOLIEH 1mpu 0ojiee HU3KKUX TemriepaTypax, HaunHaercs Boire 500 K, a
B nuke npu 700 K momuHMpyeT KpacHas JIFOMHHECIEHIIUA. Takoe MOJI0XKeHHe
MOJIOCHI M3JIy4YEHHUs, NEPEeKPBIBAIOMIEIHCS C TEMJIOBBIM H3JIy4€HHEM Harpena-
tesbHOrO 31eMeHTa B TLD Reader-e, BennunHa KOTOPOro yXe CyIIECTBEHHA
IpU 3THX TEMIEpaTypax, 3HAaUMTEJIBHO yMEHbIIaeT dyBcTBUTENbHOCTH TCJI-
JIeTeKTopa.

Ha puc. 4.17 npuBenena 3aBUCUMOCTh CBETOCYMMBI cBeueHus B nuke TCJI
mpu 700 K (cBeTOBOM BBIXOA) OT YHICIIA MAIAONIUX TIpU O0IydeHUH ng BumHo,
410, Kcnone3ys npu peructpauuu TCJI mnactunky HenmerupoanHoro MgO
TOJILIMHON 1 MM, C YBEPEHHOCTBIO CUT'HAJ MOXKET OBITh 3apErHCTPUPOBAH JIHIIb
IPH OrPOMHOM MOTOKe HeiiTpoHoB > 10'® cMm”. OnHako, B Takoi IUIacTHHKE
MOTJIOMIAETCS TONBKO OKoJo 1% mamarommx n¢. IlosTOMy, HyXKHO 00s3aTENTHFHO
UCIIOJIB30BAaTh BOJOPOJOCOJCPKAIIMN KOHBEPTEP, MO3BOJISIOMINK Mpeodpa-
30BaTh Ny B IpoTOHBI oTAauu [7, 10, 12]. [locne BBenenus B MgO noHOB Crc
XapakTEePHBIM JIMHEHJaThIM cBedeHneM B obmactu 1,7 3B muk TCJI mpu 650 K
JIETKO PETUCTPUPYETCS AaxKe mociae MUHYTHOro X-00ay4enus. [1oatomy B 3TO#
obmactu Temmepatyp Mbl uMmeeM feno ¢ (orosoit TCJI, oOycmoBieHHONW e—h
MIPOLIECCAMH.

4
MgO
3+
5 |
<
ER
[ 2
=
Qo
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e
— 1L
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PR | L L e L L PR | L L PR |
1E14 1EI1S 1E16 1E17

2
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Pucynok 4.17. 3aBucumocts cBetoBoro Beixoaa B ke TCJI mpu 700 K ot duroenca
HEWTPOHOB IpU 00ay4eHnn kpucramia MgO.

CpaBHCHI/IC MpoHcCCOB TCPMUUCCKOT'0 OTKUI'a CO3AaHHBIX nf-06J'IyLICHI/ICM F+— n
H-HeHTpOB IIOKa3bIBA€T, YTO HE BCEC MHTCPCTHLIHAJIBI JIOKAJIN30BaHbI B BUIC H-
LICHTPOB. HOSTOMy, MBI MOXEM IOBBICUTH YYBCTBUTCIIBHOCTBH, YBCIIUYHMBasd
quCJI0 MECT I JIOKaJIM3alluh HWHTCPCTHULHAJIIOB, HANIPUMCP, JICTUPOBAHUCM
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KpUCTalla TPEXBAJICHTHBIMU KATHOHHBIMU MPUMECSIMHU, CO31aBasi, TaKUM
00pa3oM, U30BITOK KaTHOHHBIX BaKaHCH. MBI MOIMBITAIUCH OICHUTH METOIOM
DIIP otHocutenbHoe uncio F'- u H-nientpos B kpuctamie MgO:Al u Hanwm,
yTo 00mee konmuvectBO H-meHTpoB cocraBmsio ~50% OT uucia F+—I_I6HTp0B
(T.e. mpu oOmydyeHun crabmmmzanus aedekroB mpu 300 K ocymectrisiercs
MyTeM B3aUMOJEUCTBUS JIBYX KHCIOPOIHBIX HHTEPCTHUIIMATIOB OKOJIO V. WM
VaVe). B HacTosIee BpeMst 4yBCTBUTENIBHOCTh TAKOTO TEPMOIIOMUHECLIEHTHOTO
JETEeKTHPOBAHMS, TI0-BUANMOMY, COIIOCTaBUMAa CO CIIOCOOHOCTBIO PETHUCTPAITUN
meronom DIIP F'-1eHTpoB, CO3MaHHBIX HEHTPOHHBIM oONyueHueMm. Ilpu
BBICOKOH TUIOTHOCTH OOJIYYCHUS U HU3KOM COZICPIKAHUU MPUMECEH KOIHYECTBO
CO3/1aHHBIX H-IIEHTPOB MOXeT OBITh 3HAYUTEIHHO MEHBIIIE.

B 3akirodyeHue OTMETHM, YTO €CTh HaJleXkJa HA HUCIOJIB30BAHUE i—V TIPO-
[IECCOB IIJIsl PETUCTPAIINH Ny C TOMOIIBI0 KepaMuk MgO ¢ pa3HO# IIOTHOCTEIO,
TaKk Kak nopor mia co3ganHusa J® cCyllecTBEHHO CHUXKAaeTcs B MaTepuanax c
Pa3BUTHIMU BHEIIHUMH U BHYTPEHHUMH MOBepXHOCTsIMU. K coxxaneHuto, oaHo-
BpPEMEHHO BO3pacTeT U 3PPEeKTUBHOCTH e—/ mpoleccoB. Kpome Toro, ciemayer
UCIIOJIb30BaTh KepamMuKy MgQO, JIerupoBaHHYI0 MPUMECSMU C TEPMOYCTONYU-
BBIM U KOPOTKOBOJIHOBBIM U3JTyUYEHUEM.
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4.2. Pe3ynbTaTbl uccnegoBaHusa kpuctannos LiF
4.2.1 MoHoKpucTannbl oTopuaa nutua

HomuHanbHO YKCTBIE U JIETHPOBAHHBIE CIIEIIHATBHO BBOAMMBIMH MPUMECHBIMU
MoHaMH MOHOKpHcTaiuibl LiF sBIsmuCh BTOPO# Ipynmoi KpUCTaJIOB, HCCIe-
JOBaHHBIX B paMKax AAaHHOW pabOThl ¢ IPUMEHEHHEM KOMIUIEKCa METOJOB
TepMmoakTuBaloHHoi crekrpockonuu (TAC). Hapsiny ¢ abcopOuuoHHBIME |
JIOMMHECIIEHTHBIMH METOJaMHU B IIUPOKOW 00JacTH TemIiepaTyp (OT TeIHeBbIX
no 775 K), ucnonp3oBaics u BecbMa HHpopMaTtuBHbIi Meto JI1P.

Kpucramnel ¢ropuma IUTHS WMEIOT T'paHELEHTPHUPOBAHHYIO KyOHYECKYIO
pelIeTKy, MOCTPOCHHYI0 M3 MOHOB C MPOCTEHIIEN 3JIEKTPOHHOM CTPYKTYpOil:
1s* y Li" (nonmbIit paguyc B mectepHoit koudurypauuu r = 0,76 A) u 1s72s*2p°
y F (r=1,33 A). Jlaxe cpeau apyrux IMpOKOMIETeBbIX Marepuanos LiF
BBIJIC/IACTCS IIMPUHOM 30HBI 3alpEIEHHBIX dHEpruil (£, ~ 14,5 eV nmpu 8 K) u
OYCHb BBICOKOH IPO3PavyHOCTBIO OT YJIbTPa(HOIETOBOH A0 HH(PAKpacHOU
obyacTu crekTpa, Ojaromaps 4emy IIHPOKO HWCIIONB3yeTcs B yibTpaduo-
neroBoi M mH(ppakpacHoit ontuke. Kpome toro, LiF sBusercs: TkaHesKBUBAI-
BEHTHBIM MAaTEpUAJIOM K Y-H3JIy4YE€HHIO M HCIIOJIB3YeTCs VIl M3MEPEHHUs 703
00JIydeHHsT METOJIOM TEPMOJIIOMUHECLEHTHONH NO3UMETPUH. MOHOKPUCTAILIBI
dTopruaa JUTHS HUCIONB3YIOTCS M AJSl W3TOTOBJIEHHUS BBICOKO3((EKTHUBHBIX
J1a3epoB Ha LIEHTPaxX OKPAaCKH.

MHorue onTH4YeckHe W TEPMOAKTHBALIMOHHBIE XapaKTEPUCTUKU MOHO-
kpuctaiwioB LiF mpusenens! B padotax [1, 3, 49]. B LiF nmeipku mepexozsrt B
ABTOJIOKAIM30BAHHOE COCTOSHUE C 00pa30BaHHEM aBTOJIOKAIN30BAHHBIX JBIPOK
(AJId), Tak Ha3pBaeMbIX Vi-leHTpoB [50], mepeopueHTanusi KOTOPBIX
HauuHAaeTcsl NMpH Harpesa Kpucrawuia a0 115 K, a tepmuueckoe paspylieHue
a¢dexTrBHO B 0bnactu 135 K. @oronsr ¢ sneprueii ~12,85 u ~14 3B obpasytor
OJIHOTAJIOWAHBIE HKCUTOHBI B COCTOSIHUM # =1 M n =2, KOTOpble IOCIe
KoJIeOaTeIbHON penlakcanuu o0pas3yloT IBYXTaJIOMIHbIE ABTOJIOKAIW30BaHHBIE
akcuToHbI (AJID). ¥V AJID npipoyHas KOMIIOHEHTa CKOHIIGHTPHPOBaHA Ha ABYX
aHWOHHBIX y3nax pemetku [51]. Hamuume AJID u AJIJ] xopeHHBIM 00Opazom
orinuyaer Kpuctaiuiel LiF  OoT ocHOBHOro 00BEeKTa AHMCCEPTALOHHOTO
WCCIIEIOBAHUSI — YHMCTBIX W JIETUPOBAaHHBIX MOHOKpHcTaiuioB MgO, rae B
PETYJSIPHBIX Y4aCcTKaX KPUCTAUIMYECKON PELISTKH HU 3JIEKTPOHBI U JBIPKH, HU
SKCHUTOHBI HE NEpPEeXOAiT B aBTOJOKAIM30BaHHOE cocTosHue. Cienyer Takxke
OTMETHTh, 4TO B oriauume oT OonbimmHcTBa II[I'K katwmonsl B LiF umeroT
3IEKTPOHBI TobKO Ha 1s* oGomouke (B Na', K, Rb™ — 3T0, COOTBETCTBEHHO,
3p®, 4p°, 5p® oGomoukn) M O06GTAZAIOT MOBBIMICHHON MOABHKHOCTHIO IO
peleTke, 00pa30BaHHON IIOTHOYMAKOBAHHBIMH psiiaMU aHUOHOB F~.

K Hauvanmy Hamero HOAKIIOYEHHS K CPaBHUTEIBHOMY HCCJIEJOBAHHIO
kpuctawioB LiF u MgO Tapryckumm ¢usukamu yxke ObUIH OOHApYKCHBI
Ba)XKHbIE OCOOGHHOCTH COOCTBEHHBIX, HPUMECHBIX M OKOJIONPHUMECHBIX
cBeueHui npu obmydeHnn kpuctamioB LiF BY®-¢poronamu (6—30 3B) [52]. B
paMKax JAHUCCEPTalMOHHOTO HCCIEeNOBaHUS 3Ta paboTa ObUIa MPOAOIIKEHA,
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OBUIH HCCIEOBAHBl TAaKXKe M3MEHEHHWS XapaKTEPUCTUK KPUCTAIIIOB, WHIYIH-
poBanHbie oOnydernneM npu 4—10 K X-mywamm (30-55 x3B), anmexrpoHamu
(3-30 k3B), a Takxke o-yactunamu (~5,5 MsB) u BBICOKOIHEPreTUUHBIMH
(OBICTPBIMU) TSDKENBIMH HOHAMH TIPH KOMHATHOHM TemmepaTrype. OCHOBHBIE
pe3ysbTaThl JAaHHOTO HCCIICJOBaHUs MOHOKpUCTa/UIoB LiF  wu3moxeHsr B
paborax [VII-VIII] u nomoskeHb Ha MEXAYHapOIHON KoH(pepeHnnn B ToMcke
(13™ International Conference on Radiation Physics and Chemistry of Inorganic
Materials, Tomsk, Russia Sept. 10-15, 2006). YpoBeHb YHCTOTBHI HCIIOJIH30-
BaHHBIX JUJIS HCCIIeIOBaHMsI MOHOKpUCTAILIOB LiF omucan B pasgene 2.1.

4.2.2. HuskoremnepartypHasa TCJ1 moHokpucTannos LiF

IIpenBapurensuble aaHHble 0 HuU3KoTemmeparypHoil TCJI s kpuctamios
LiF-1, ob6mydennprx npu 4,2 K X-mydamu, omybnmkoBanel B [52]. Hamm
OCYILIECTBJICHO 3HAUUTENBHO Oojee moapoOHoe wuccienoanne TCJI B
kpuctayuiax LiF-1, LiF-2, LiF-3 u HexoTOpbIX cIIeIUalbHO JIETHPOBAHHBIX
KpHCTAJUIaX IOCIEe MX OONyueHHs X-TydaMH WIN 3JIeKTpoHamH. Pe3ynbpTathl
onyosnkoBansl B [VII] u ctennoBoM nokiane B ToMcke v BOCIIPOM3BEIEHBI HA
pucynkax 4.18—4.20. Kpome unTerpanpHoro curHaia usmepenusi Kpussix TCJI
OCYILECTBISUIOCH M JUISI KOHKPETHBIX CBEUEHHM, BBIIEISIEMBIX Yepe3 JBOMHBIE
MOHOXPOMAaTOpBl. bBbUIM Takke NpPOBEOECHBI IOMOJHHUTENbHBIE H3MEPEHHS
cTyneHyaroro omxkura curHama OIIP s menoro psga napamMarHUTHBIX
eHTpoB: Vg-lieHTpoB (cMm. Takxke [50, 53], Ve-lleHTpoB (ABIpKa B TOJE
KaTHOHHOM BakaHcuu, hv. [53, 54], H-meHTpoB (MeXI0y3enbHBIX aTOMOB
dropa) [54, 55] u Ha(Na)-eatpor [56]. TepMuUdIecKuii OTKHUT ATHX IIEHTPOB
OCYIIECTBIISETCS COOTBETCTBEeHHO pu ~130, 240, 55u 115 K.

Jns obmydeHHbIX mipu 6—8 K 3JEKTPOHHBIM ITyYKOB KPHUCTAUIOB CHadaia
U3MepsITach KaTOAOTIOMUHECIICHIINS B IIUPOKOW oOactu crekrpa 1,8—11,5 3B.
[locne mpekpamenus obirydeHus: npoucxonuwio Ovictpoe (1-2 ¢) ocnabneHue
MHTEHCUBHOCTU (ocopeclieHInH HEe MEHee 4YeM Ha TpU MNOopsaKa, 3aTeM
CHUTHAJl CTaOMJIM3UPOBAJICS U HM3MEPSUIMCH CIEKTpbl (ocdopecueHuun (cMm.
[VII]). B TyHHenpHOU ¢ocdopecueHun npeodiaiand MUPOKHE TMOJIOCH B
obmactu 1,8-4,8 3B. CBeuenus B 6osee KOPOTKOBOJIHOBOM obnactu mpu 6 K
ObUIM 3HAYUTENILHO OCJIA0JICHBI, OJHAKO OHU INPOSBIIUINCH B OOJIACTH CaMOTO
HuskortemneparypHoro mmka TCJI mpu 10-15 K, npupoga xotoporo Oynet
moapobHo obOcyxkaeHa Hmke. Celuac paccmorpuM ocobennoctu TCJI B
obmactu 15-220 K (cm. pucynku 4.18—-4.20).
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Pucynox 4.18. Kpussie TCJI (mns cBeuenus 3,4 3B) usmepennsie st kpucramios LiF-
1 (ctmownast nuHus) u LiF-3 (myHKTUpHas JMHKS), MPEABAPUTENBHO OOJTyUYEHHBIX
3MeKTPOHHBIM myukoM (30 k3B, 10 HA MM 2) ipu 6 K. CkopocTh HarpeBa KpucTamia [
=10 K mun !
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Pucynox 4.19. Omxur OJIIP curnana Vg-nentpoB (kpuBas 1) B LiF,
penrreanzoBanHoM npu 77 K. Kpussie TCJI misa ceuenus 3,4 3B (2), 4,6 3B (3),
5/45B (4) wimm wuHTerpanpHoro curHaiga (5-7), HM3MEpeHHbIE CO CKOPOCTBHIO
L=10K mun' s kpucramioB LiF-2, npeapaputensHo 061ydeHHBIX poTonamu 13,8
3B (5), 17 3B (6), 62 3B (7) wiu 31ekTpoHHBIM ITyukoM (2—4) ipu 6—8 K.

IIpexne Bcero ciemyeT otMeTuTh nHTEHCHBHYIO TCJI ipu 120—150 K (cm. puc.
4.20(a), xotopast compoBoxnaeTcs orTxuramum OlIP-curnama Vg-1IeHTpoOB u
MoJIOCH! morsomierns ~3,65 3B B kpucrame LiF-1, npeaBapurtensHo obmyueH-
HoM X-mydamu nipu 77 K. Wtak, 3Ta 007aCTh COOTBETCTBYET ACIOKATH3AINN U
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npsikkoBoi 1uddysun AJIJ] (Vk-11eHTpoB, AByX(PTOPHOH KBa3uMOeKybl F, )

Mo Kpucramuieckoit pemerke. B obmactu 120—-150 K getko peructpupyercs
TCJH gns cBewenms 3,4-3,53B, koropoe aBTOpamMum MHOTUX paboT
WHTEPIPETUPOBAHO KaK TPUIUIETHOE cBedeHue AJID. PemaromuMm 10BOIOM B
MOJIb3Y TaKOW MHTEPIIPETALMHU CIYKHUT HCCIEIOBAHNUE C MOMOIIBIO ONTHYECKH
JIETEKTUPYEMOT'0 MarHUTHOT O pe3oHaHca [51].
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Pucynox 4.20. TepmoaktuBanuonnsie xapaxkrepuctuku LiF-1 (a) n LiF-3 (b) npu
ckopoctu HarpeBa f=5 K/mun. Kpusbie TCJI (MHTErpaibHbIi CUTHAN) U3MEPEHBI ISt
Kkpucraiia, oomydeHsoro npu 8 K ¢oronamu 13,8 3B ((a) — crutouinas kpuBas) Hiiu
17 5B (urrpuxoBas (a) u crutoniHasi kpusbie (b)). OTKUT ONTHYECKOTO MOTJIOMICHHS
npu 3,658 (ee), a Tawke DIIP curnana Vg-ueHTpoB (00) B KPHCTAIIE,
pertreanzoBanHoM (50 kB, 15 MA) mpm 80 K. Hnarerpamsnas TCJI (myHKTHpHaS
JMWHAA), H3MEPEeHHAs I 00pasna, peHTreHm3oBanHoro mpu 295 K u qomomHUTEIHHO
o0y4enHoro ¢poronamu 4,88 3B mpu 80 K.

B nameii mabopatopun ObLIO TOKa3aHO, 4To mpu X-oOmydyenunu npu 4,2 K B
kpuctaivie LiF tymenue ceeuenus 3,4 5B npoucxomut yxe npu 45-50 K [52].
IToaToMy BcTaeT pe3oHHBIN Bompoc, kKakuM oopaszom TCJI co ceeuennem 3,4 5B
peructpupyercs B o0nacti npbbKkoBol auddysun Vg-ientpos. [lo Hamemy
MHEHUIO, OTBET HA 3TOT BAXKHBIM AJIS paldanioOHHONW (HU3UKH BOIIPOC CBA3aH C
BO3MOXKHOCTBIO TYHHEJIbHOW PEKOMOMHAIMU 3JIEKTPOHA, JIOKAJIM30BAaHHOTO Ha
JIOBYIIIKE, ¢ MHUTPHPYIONUM TI0 pereTke Vg-meHTpoM. [lpm Takoit pexomOu-
Hauuu obpasyercst AJID B HwkailieM (TPUIUIETHOM) COCTOSIHWM, OTKyJAa H
UOET W3Iy4yaTeNbHBIA pacmag 3KCUTOHAa co cBedueHueM 3.4 5B. Ecmu ke
pEeKOMOMHAIMA 3JIEKTPOHA IPOBOJUMOCTH C VK-IIEHTPOM IIPOUCXOIUT BO
BpeMsi 0OJydeHHUs] KpucTana X-IydaMH MM IYYKOM 3JIEKTPOHOB, TO CHadaja
obOpazyercss AJID B Oosiee BBHICOKOM CHHIJIETHOM COCTOSHHUHM. OHEPrus,
ocBoOOXKHawomascs MNpU Mepexole M3 CHHIVIETHOro coctosHus AJID B
OCHOBHOE€ COCTOSIHME KpHCTajlla, MPEUMYIIECTBEHHO TPAaTUTCA Ha BbIIETICHHE
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Temia (makeTa (POHOHOB) WM CO3JaHHE Ae()HEKTOB KPUCTAIMUECKON PEIIeTKH
(T.e. Oe3bI3NMyYaTENbHBIE MEPEXONbl), TEM CaMbIM, BBI3bIBAS TYIICHHE
peKoMOMHAIIMOHHOTO cBeueHus 3,4 3B.

Ha puc. 4.20 npuBenenst kpuBble TCJI, n3MepeHHble mocie OO0TydYeHHS
kpucramwioB LiF-1 u LiF-3 ¢doromamu 13,8 wmm 17 3B mpu 8 K. ®oToHEI
13,8 5B co3naBany 3KCHTOHBI B COCTOSIHUH # =2, B TO BpeMs Kak (OTOHBI
17 3B cozpaBanu B KpUCTalIe pa3zesieHHbIE 3JIEKTPOHBI U ropsiune Ablpku. Ha
Bcex kpuBbIXx TCJI 3apernctpupoBaHbl y3kue muku mpu ~115 u ~135 K. [Tux
~135 K cooTBeTcTBYET, [0 HAIIUM JaHHBIM, OTKUTY Vi-LIEHTPOB, a nmuk 115 K
cBs3an ¢ ormxurom OlIP-curnama Ha(Na)-uentpoB [56]. CoriacHo naHHBIM
CHEKTPAIbHOTO aHaln3a, COJEpP/KAHME MPUMECHBIX HOHOB Na', cirykKarmx
JoBymkamu st H-uaTepcTrnmanos, B kpucramie LiF-3 3HaYNTENbHO BHIIIE,
yeMm B LiF-1. Hamm nomomHUTENbHBIE HKCIEPUMEHTHI MMOKA3aJld, YTO WHTEH-
cuBHocTh Tiuka 115 K, cBszannoro ¢ Ha(Na)-meHTpamu, pe3ko BO3pacTaeT B
kpuctamne LiF, cnenmansHo jermpoBanHOM Na' HOHaMM (KOHIIEHTpAITHS
~200 ppm). Peructparus nuka TCJI npu ~115 K B kpucramie, o0ny4eHHOM
¢doronamu 13,8 unu 17 3B, cormacyercsi ¢ Bo3MOkHOCTBIO poxkaenus F-H map
nedexkrop Openkens ([IP) mpu pacnmama AJID wnm pexoMmOuHarmm pasne-
JIHHBIX 3JIEKTPOHOB U JbIpoK. [ToaBmxubie mpu 7> 60 K H-untepctunnans! B
LiF:Na 3axBaTbiBatoTcst Ha moHax Na' U ocTaroTcst cTabHIBHBIMU mo 115 K.

Bo Bcex X-o0mydennbix mpu 77 K kpucrammax Hamu 3aperMCTPUPOBaHBI
cnabpie muku TCJI mpu 160-175 K. Okazanock, uto ecnu LiF obmyunts X-
mygamu 1ipu 295 K, oxmanute 10 80 K # 1OTIOTHUTENBHO O0IyYUTh (OTOHAMHU
4,88 3B u3 obnactu F-mojocel moriomieHus, TO (aHAJOTHYHO CHUTYyallUd BO
mHorux HII'K) mpoucxoaut Hebonplioe ocnalieHHe MONOCH MOTJIOMEHUS 3a

CYET YaCTHYHOW MOHM3aIMU F-1eHTpoB U 00pasyrorcsi F'-ieHTphI (3IEKTPOHBI
NPOBOAMMOCTH JIOKAIN3YIOTCS Ha ocraBmmxcs F-nenrpax). Tepmuueckas
wonmsais F'-nientpoB mpoucxoaut B LiF mpu 160-170 K. K coxanenuio,
F'—meHTpsl MOKa HE 3aperuCTPUPOBAHBI JIPYTHMH OKCIEPUMEHTAIBHBIMH
METOJ]aMH, HO MX BO3MOXHOE CYILIECTBOBAaHHUE MOATBEP)KIACTCS CIIEIHATBHBIM
TEOPETUYECKUM pacueToM [57].

Co3ganne DdIEKTPOHHBIX W JBIPOYHBIX IIEHTPOB, OTKUT  KOTOPBIX
ocymectiserca npu 150-300 K, 6puto moapo6HO m3ydeHo B [52]. Ocoboe
BHUMaHUE OBUIO yJeNeHO Vp-LieHTpaM, paHee oOHapy>KeHHbIM metogoM OIIP
[53, 54]. Llentp uHTeprpeTHpoBaH Kak kBasumoinekyna F, (T.e. Vg-LeHTp),
JIOKAJIM30BaHHAs OKOJO KAaTHOHHOW BakaHCUM. YacTU4YHOE IIpeBpallCHUE
Vk—Ve B obmactu 120-220 K 6pmio m3ydeno B [53], a mocnemyromas
npeDKKkoBas muddys3us Vi W MX TyHHENbHas pekoMmOuHaius ¢ F-rienTpamu
conpoBoxaaerca nukoM TCJI co cseuenueM ~4 3B. Bo Bcex ucciegoBaHHBIX
HaMM KpUCTajulaX, 0OJIy4eHHBIX AiuTenbHoe Bpemst X-mydamu mpu 80 K, Mbr
HaOmonanmn wHTeHCcHBHBIM muk TCJI mpu ~240 K, cooTBeTcTByrommii
muQdy3un Ve-LIeHTpoB K F-mleHTpam M WX M3MydarenbHOW PeKOMOWHAIWU C
obpazoBanmem OmBakancum (V,v.). B KkadecTtBe mnpumepa, Ha puc. 4.21
npuBefeHa dacth KpuBoit TCJI mms kpucramia LiF:Mg,Ti, oGmydueHHOTO
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anekrpoHamu 5 k3B npu 6 K. TCJI uzmepena ansa cseuenus 3 3B, cBA3aHHOTO
CO CIIOKHBIMM TNPUMECHBIMH LEHTPaMHM, HCIOJIb3yEMBbIMU JJIsl TO3UMET-
puueckux nenei. Hapsiny ¢ mukom npu ~135 K, cBsizaHHBIM ¢ Vi—TIeHTpaMH,
BUjieH U NHK 1pu ~240 K, xoTopslii 00ycIIOBIIEH TPBDKKOBOM MHTpanuend Ve-
HEHTPOM U PeKOMOWHAIMEH BXOMSAIIMX B UX COCTaB JILIPOK C DJICKTPOHAMH BCE
elle 3aXBaYEHHBIMH Ha CI0XHBIX Mg-T1 NIprUMecHbBIX LIEHTpPax.

LiF:Mg,Ti

TSL intensity

100 150 200 250 300 350
Temperature (K)

Pucynok 4.21. Kpuas TCJI mna ceuenust 3 3B (CIOXKHBIX HPUMECHBIX IIEHTPOB,
HCIIOJIb3YyEeMBIX JUIS IO3UMETPHUECKHX 33/1a4), U3MepeHHas i kpucramia LiF:Mg,Ti,
0611ydeHHOTO 31eKTpoHaMu 5 k3B mpu 6 K. f=10 K mun .

HauGonee untepecHol a1 Hac Obla MPUPOAA CAaMOTO HU3KOTEMIIEPaTypPHOTO
nuka TCJI nmpu 10-15 K, netanbHO M3y4EeHHOrO JUIsl YUCTHIX U JETUPOBAHHBIX
kpuctaiuioB LiF. Kak cnenyer u3 pucynkoB 4.18—4.20, 3TOT MK perucTpu-
pyeTcs B 0OJMyYEeHHBIX MYyYKOM 3JeKTpoHOB Kpuctayuiax LiF—-1, LiF-2 u LiF-3,
BBIPAIICHHBIX B Pa3IMYHbIX YCIOBHUAX M MUMEIOUIUX Pa3HbI YPOBEHb YHCTOTHI.
Jlump B KpuCTaIax cO 3HAYMTEIHLHO OOJBINEH KOHIIEHTpaIued mnpuMecei
(100-150 ppm Mg*" u ~300 ppp Na") unrencusrocts TCJI B o6mactn 10-15 K
MOHMKACTCS OTHOCUTENbHO WHTeHCUBHOCTH Vi-mukoB (120—-150 K). Panee B
Harei mabopatopun m3ydanack TCJI kpucramios LiF, oomydennsix mpu 4,2 K
(B MMMEPCHOHHOM TeJIneBOM KpHOcTaTe) X-Iy4aMH, KOTOphle pPaBHOMEPHO
OKpalIMBaJIM KpucTay 1o Bcer ero tonmuHe 0,8 MM. C pOCTOM UIMTENBHOCTH
peratream3aruu ¢ 1 MuH no 180 mun wunTeHcuBHOCT, TCJI mpm 10-15K
BO3pacTaja Ha [Ba HOpsaka. J(aHHBI 3KCIIEPUMEHT OAHO3HAYHO MHOITBEP-
xnaer, yro npu peructpanuu TCJI cOop JIIOMHHECHEHLMH HIET U3 BCETO
o0ydeHHOT0 panuanyeii oobema, a He U3 TOHKOTO MPUIIOBEPXHOCTHOTO CIIOSL.
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Pucynoxk 4.22. Kpussie TCJI g ceeuenns 5,4 5B (a) u 3,4 3B (b-d), usmepennsie st
kpuctramioB LiF-1 (a, b, d) u LiF-3 (c), npenBaputensHO OOIydeHHBIX 3JIEKTPOHAMHU
30 x3B mpu 6 K. DkcnepuMeHTandbHbIE KPUBBIE (IyHKTUPHBIC JHHUHN), KOMIIOHEHTHI

pa3’oXKEeHUs MO KUHETHKE IMEpPBOro MOpsiiKa (TOHKWE CIUIOUIHbIE JUHHH). CKOpOCTh

Harpesa kpucramia f= 10 K mun .

Ha puc. 4.22 npusenensl kpusble TCJI mpu 7-16 K, usmepenssle mnocie
o0nyuenns kpuctamwioB LiF-1 u LiF-3 amexkrponamu (30 k3B, 5-30 mun) npu
6 K. Cseuenus (3,4+0,1) u (54+0,1)3B Bemensuiuch 4epe3 IBOHHON
kBapueBbiii MoHoxpomatop. TCJI mpu 7-16 K Obuia pasnokeHa Ha KOMIIO-
HEHTHl B paMKaxX KHHETHKH IEepBOTO TOpPsAKA, IS BBIIEIEHHBIX KOMIIOHEHT
ObUIN OIpEEeNICHbl SHEPIMU akTHBalUM F, M 4acToTHbIe (GaxkTopbl po. s
kpuctaiuia LiF-1 TCJI B cBeuenun 5,4 5B xapaktepusyercs €IMHCTBEHHOW
KOMITIOHEHTOU — MakCUMYM T = 12,7 K, E, = 9,5 M3B, py =5,8 x 10° ¢! (cm.
puc. 4.22(a)), B To Bpems kak TCJI B cBeuenuu 3,4 3B umeeT ABE KOMIIOHCHTHI:
mmpokuii muk ¢ E, = 11,5 M3B, po =2 x 10° ¢ ' u y3kuit nuk ¢ E, = 24 M3B, p, =
2% 10° ¢! (puc. 4.22(b)). dna xpucramna LiF-3 TCJI B cBeuenuu 3,4 5B Toxke
COCTOMT M3 IBYX IIHKOB, XapakTepudyeMbix E,=9.4 MdB, po=6x 10°c" u
E,=26mB, po=8x10° ¢ (puc. 4.22(c)). Ecin 061ydeHHbIH KpPHCTAII 110
peructpanuu TCJI mononauTenpHO 00MydnTh GoroHamu 2,4-2.8 3B, BBI3HI-
BarommMu HotonoHu3anuio F'-1ieHTpoB, T0 BO3HUKAET (HOTOCTHMYIUPOBAHHAS
momuHectieHnms 3,4 3B, HHTEeHCUBHOCTh KOTOPOH B TeueHue 30 MUH CTUMYJISI-
[[MK YMEHbIIAaeTCs B TpH pas3a. Takas F'—CTHUMyJIsIMs yMEHbIIAET WHTEHCUB-
HocTh TCJI mpu ~13 K, usmepsieMoit kak st cBeuenus 3,4 3B, tak u 5,4 »B.
IToapoOHBI aHANK3 MTOTYYEHHBIX SKCIIEPUMEHTANIBHBIX JaHHBIX (ITogpoOHee
cM. [VIL, 58]), mpuBen k BBIBOMY, YTO B cambIX 4uCThIX LiF kpucrammax TCJI
npu 7-16 K cooTBEeTCTBYyeT OTXKWUTY TpyII HPOCTPAHCTBEHHO-KOPPEIHPO-
BauHbIX AepekroB (F'-H-Vx u F-1-Vy). Ilpu o6nyuennn LiF X—nyuamu wiu
anektpoHamu coznaercs F—H mapa JI®, mo6nm3ocTi aBTONOKAIN3YeTCs ABIPKa,
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a POXICHHBIH OZHOBPEMEHHO C ABIPKOM 3JIEKTPOH MPOBOIUMOCTH 3aXBaTbl-
BaeTcs wmiu H-mentpom, mpeBpamass ero B I-mentp, wimm F-neHtpom c
obpasoBanrem F'. B pesyibrare Takux mnpeoOpa3oBaHuil U obpasyercst Tubo
F-1-Vg, mu6o F'-H-Vg rpynma nepekroB. OTMETHM, YTO BHYTPH TaKHX
TPUIUIETOB BO3MOKHBI TPU THIIA TYHHEJBHBIX M3Ty4aTeNIbHBIX PEKOMOWHAIINH,
BO3HMKAIOLIMX BCIEICTBHE IEPEKPHITUSA BOJHOBBIX (YHKIUH “IBIPOYHOrO” H
“anekTpoHHOT0” nedexToB. l[lepekpbITHe WMEET MeCTO, €CIH PaCCTOSHHE
MEXIy KOMIIOHEHTaMH MEHbIIE OIPEACICHHON BEJIWYMHBI, HO TYHHEJbHAas
PEKOMOMHAIMA MOXET CTaThb BO3MOXKHOH M IMOCJIe IEPEOPHEHTALIMU OJHOTO U3
KOMITOHEHTOB TIpH OuYeHb HeOoNbIIOM HarpeBe kpucraimia. CeeueHus 3,4 u
3,0 3B cOOTBETCTBEHHO BO3HHMKAIOT NPH PEKOMOMHAIIMU JICKTPOHA U3 COCTaBa
F-ientpa ¢ Vg- niam H-1ieHTpOoM, a peKOMOWHAIIHSI OJTHOTO U3 IBYX DJIEKTPOHOB
F'-uentpa ¢ Vg-LleHTpoM NpUBOAUT K cBeueHuio 5,4 3B. Panee ananorudnsie
ABJICHUS B TPyNNax HPOCTPaHCTBEHHO-KOPPEIMPOBAHHBIX Ae(EKTOB ObUTH
n3ydensl Meronamu OIIP m onrnueckoit crnexkrpockonuu B Kpuctamiax KCI
BbICOKOTO YpoBHA uncToTHI (0,01-1 ppm) [59, 60].

Cnenyer OTMETHUTh, YTO CYIIECTBYIOT OKCIEPUMEHTAIbHBIE JIAaHHBIE
[VII-VII] (cMm. Takxe [58]) meTtanm3upyromue Kakue UMEHHO JTOJITOXXHUBYIIIHE
3JIEKTPOHHBIE BO30YxneHus 3¢ddexkTuBHO pacnamatorcsi ¢ poxiaeHueM B LiF
TpyNIl MPOCTPAHCTBEHHO-KOPPETUPOBAHHBIX CTPYKTYpHBIX AedexToB. Okaza-
nock, uto muk TCJI ~13 K Bo3Hukaer u nocie oomyuenus kpuctaiuia LiF npu
8 K horonamu 62 5B, KOTOpBIE CENEKTUBHO 00Pa3yIOT B KPUCTAJIE KATHOHHBIE
9KCUTOHBEI. Panee OBUIO TMOKAa3aHO, YTO B TAJIOTCHHUAAX HATpUs, KATHOHHBIN
9kcuTOH (~333B) pacnmamaercs Ha aHWOHHBIH DJKCHTOH W HECKOJIBKO
AIIEKTPOHHO-IBIPOYHBIX Tap [61]. AHanormuna cutyanus u B LiF. Poxnenue
K€ HECKOJBbKMX IPOCTPAHCTBEHHO-OJM3KHX 3JEKTPOHHBIX BO30YKICHUI
CHocoOCTBYeT OOpa30BaHUIO TPHUIUIETOB U Oojiee KPYIHBIX TPYIN MpPO-
CTPaHCTBEHHO-KOPPEIUPOBAHHBIX CTAOMIIBHBIX JleekToB (Hanpumep, F'—H-Vi
u F—I—VK).

4.2.3. BoicokoTemnepatypHble pagvaluoHHbIe
nedekTbl 1 TCI B LiF

Bonee monyBeka lernpoBaHHblE MOHAMU TUTaHa M MarHus kepamuiku LiF
MCTIONB3YIOTCS Ui MEmuBuayanbHoi TCJI-nosumerpun y- u X-nmyueit, a °LiF
HCITOJIB3YETCS M IS TO3UMETPHH TEIIOBBIX HEUTPOHOB (CM., Hampumep, [62]).
[IpennpuHUManuch W TOMBITKA HCIOIB30BaTh MOHOKpHcTawiel LiF  mms
cenektuBHOM TCJI-mo3uMerpun OBICTPHIX HEUTPOHOB (CcM., Hampumep, [3]).
Omnako, HEOOXONMMOCTh TIPUMEHEHHS OPTaHWYeCKHX IpeoOpa3zoBaTenei
HEHTPOHOB B TNPOTOHBI HE TO3BOJIWJIA MPUMEHHUTH JierupoBanHbie LiF s
WHIUBUIYalIbHON [O3MMETPUM B YCIOBUSAX BBICOKOro Y-¢oHa. Jlumpe B
MOCJIEHAE TONbl HAYaTO M3YYEHHE OCOOCHHOCTEH MPOIECCOB CO3IAHUA
BBICOKOTEMIIEPATYPHBIX PAJUALMOHHBIX NE(PEKTOB B YHCTHIX U JETHPOBAHHBIX
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LiF meromamu aGCOpOIMOHHOW WM JTIOMHUHECHEHTHOW CHEeKTpockomuu. Hamwm
uccienopanace TCJI He TONBKO B XapaKTEPHOH I y-TO3UMETPUN OOJACTH
400-550 K, HOo u B Oojee BbICOKOTeMIepaTypHoi obnactu BIuioTh 10 800 K.
Hamm npenBapurenbHble 3KCIIEPUMEHTHI ¢ MOHOKpHUcTauiamMu LiF, oOmyuen-
mpivu nipu 300 K wonavu *'Kr, "’Au u U smeprum 5-10 MaB u ~I'B
(metamu mporieyphl OOMydeHHS ONMCAHBI, HampuMmep, B [63, 64]), moka3anm,
uyTo uMeHHOo pu 600—-800 K omxuraercs 4actb pagualioHHbIX 1e()EKTOB.

TSL intensity, arb.units

0 T T T T /) T T T
300 400 500 600 700
Temperature, K

Pucynoxk 4.23. Kpussie TCJI (1,7-3,53B) mnsa obmyduennsix npu 300 K LiF:Ti,Mg
(aactb (a) — n03a y-paamarmu 1,5 MIp [n]) u LiF-3 (sacts (b) — "’Au, 5 MaB, 10"
HoH/cM?). DKCIIEPHMEHTABHBIC KPHBBIC (see), KOMIIOHEHTBI PA3/I0KCHNS 10 KMHETHKE
MIEPBOTO TOpsAAKa (TOHKHE JHHHWH) U CyMMa 3THX KOMIIOHEHTOB (TOJICTBIC JIMHHH).
Ckopocts HarpeBa kpuctamia =2 K/c (o) mm = 2,86 K/c (b).

B kauectBe npumepa Ha puc. 4.23 npueneHa kpusas TCJI, usmepenHas s
obmyuennoit (~1,5 mI'p) kepamuku LiF:Ti(10 ppm),Mg(100 ppm) — xiaccu-
yeckoro gosumerpa TLD-100. Hcnons3ys cTaHOapTHYIO M[OpOrpamMmy, Mbl
BOCTIPOM3BENH OOMIeTIpU3HAHHOE pasnoxkeHue (cM., Hampumep, [62]) TCJI na
KOMITOHEHTH! (=2 K/MuH) Ui cTaHAapTHOM B Y-I03UMETPHU 00JaCTH TeMIIe-
patyp 300-500 K (uactb (@) pucynka). B gactu (b) MbI IpUBOINM U3MEPEHHYIO
Hamu kpuByro TCJI mns monokpucramna LiF-3, oOmydeHHOTroO TsKeIbIMH
moramu 'Au (2,1 I3B) npu 300 K u gomonauTensHo mporperoro go 613 K.
[Tpu Gonbiux ¢urroeHcax (M1 0coOEHHO, OONBIION TIOTHOCTH MOTOKA) 00ITyUe-
HUS IIOCJIE TaKOro INPOrpeBa, yOUPAIOLIEro CTaHIapTHBIE IS Y-JO3UMETPUH
nukn TCJI, ynaerca 4eTko BBIAENUTH BhIcOKoTeMneparypHyto TCJI u pasno-
KUTh €€ Ha JJIEMEHTapHble KOMNOHEHTHI (muku). Camblii BBICOKOTEMIIEpa-
TYPHBIH MUK UMeeT MakcuMyM TpHu ~725 K u xapakrepuctuku E, = 2,495 3B,
po=5x10"c"'. brouskne 3mauenus E, ¥ po TOTYYEHBl M JUIS HECKOTBKHX
npyrux kpuctamioB LiF, o6myuennsix womamu Kr (0,86 13B) n **U
(2,25 I=B).
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Pucynox 4.24. Kpussie TCJI (1,7-3,5 3B) mis kpucramios LiF:Ti,Mg, o0nyueHHbIX
mpu 300 K a-gactumamu (1, 2) wiu 5 k3B anexkrponamu (3). OTXKUT CTUMYJIHPOBAHHOM
¢doronamu 2,75 3B mromunecnenyu Fr-tientpos (1,9 3B) B a—o6myuennom LiF:Ti,Mg
(xpuBast 4). TCJI kpucramioB LiF-2, o6myuennsix npu 300 K nonamn U (2,25 I'3B,
2x10" non/enm?, KpHBasi 5) WK 7 Au (2,1 B, 6x10'"" nom/cm?, KpHuBast 6) M J10TI0JI-
HUTeNpHO mporpetsix A0 573 K. Ha BcraBke mpuBeZeHbl HOPMUPOBAHHBIE CHEKTPHI
crumynsiuun Fo-cBeuenusi, namepennsie npu 300 K B a—o6nayuennom LiF:Ti,Mg (7, 8 —
no3a B 40 pa3 Beitie). Ckopoctu Harpesa = 2,86 K/c (1, 3, 4) umu =10 K/muH (2, 5,
6).

Ha puc. 4.24 npusenenst xpuBble TCJI (cBewenme 1,7-3,53B) mmsa LiF-2,
o6nyuenroro nonamu °U (2,25 I'B, dmoenc 2 x 10" non/cm®). Ilpu Takom
dutoeHce 00iIyueHHs CpefHee PACCTOSHHE MEXAY CEepIALEeBHMHAMM OTAEIbHBIX
TPEKOB JIOCTATOYHO BeNHKO, d =~ 25 nm, a uHTeHcHBHOCTH TCJI Bhime 700 K
Hu3ka (kpuBas 5). B ciyuae o6nyuenms womamm Au (2,1 B,
6 x 10" nor/cm®) Benmumua d Heckonpko Hike (= 15nm), a HHTEHCHBHOCTD
BeicokoTemmeparypHoii TCJI neckonbko Bo3pacraer. Ecnu ke LiF-2 o0myuuTs
noHamu ' Au (5 MaB) ¢ ¢umoercom 10" I/IOH/CMz, KOTJIa TPEKH OT OTAEIHHBIX
WOHOB YK€ HECOMHEHHO IepeKpriBaloTcs (d =~ 1 nm), TO IOMHUHUPYIOLIUM
craroButcs muk TCJI 725 K (cm. puc. 4.23). bnuskuii pe3ynbraT MOydeH H
nocJie JUIMTEeIbHOTO0 00MyUYeHUsl KpUCTallla oi-4acTULaMHU ¢ dHepruei 5,48 MaB
(**Pu-ncrounnk, xpusas 2, puc. 4.24). Crumymnpyemas ¢oronamu 2,7 5B
JMIOMHHECHEHIMsT F,-IIeHTpoB (IBa pAOOM  pacnojokeHHBIX F-mientpa),
peructpupyemas mpu 1,9 3B B a-obmydgernnom LiF, ocmabnseTcs Ha TOpsIoK
npu 300-520 K, a nocne npomexytounoro otxura a0 613 K F,-cBeuenue yxe
HE PerucTpupyeTcs.
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Bosnukaer ectecTBeHHBIH BOIPOC, Kakue Mpoliecchl mpoucxonsat B LiF B
obmactu Temmeparyp 650-750 K. Hamu Obuti M3MepeHBI CIIEKTPHI ONTHYECKOTO
MIOTJIONIEHHs, MHIynupoBaHHoro oOmyuenuem LiF mpu 300 K o—uacrunamu
(5,48 MaB), a Take wmomamm “Kr (0,8613B), U ((2,2515B) u "Au
pasmmuHbIX dHepruit (5—10 MbaB, 2,2 I3B) u ¢moencor (cm. [VIIL, 64, 65]). B
CIIEKTPax WHAYITUPOBAHHOTO IMOTJIOMICHUS TOMUHHPYIOT F- (53B) u Fp-ienTph
(2,8 3B), xoporiio BuaHBI 1 OoJiee ciokHbie acconuaruu F-nientpos (Fs, Fy, F)),
XapaKTEPUCTUKH KOTOPBIX CyMMHpPOBaHBI B 0030pe [66]. [IporpeB oOmyuenHOTO
kpuctauia 10 513 K npuBoAMT K CyIIECTBEHHOMY YMEHBIICHHIO uucia F-
HEeHTpOB U npeodpazoBanuto F,—F;, Fy, F,. [locnenyromuii mporpeB npuBouT K
PE3KOMY BO3PACTaHUIO IMOJIOCHI MOTJoLIeHus ipu ~4,4 5B, KoTopast JOMUHUPYET
mpu Ooyiee BBICOKHX TeMIeparypax IMporpesa (TP TIOJHOM OTCYTCTBHH
onuHOYHBIX F-mieHTpoB). KOHTYp TMONIOCHI TPAaKTHMYECKH HE 3aBUCHT OT
TeMIIepaTyphl peructparmn crekrpa moriomenus (300—80 K), a cama monoca
MHTEPIIPETHPOBaHa KaK HAaHOPa3MEpHBIM MarHueBbld Kojutoun [64]. Otmerum,
YTO BCE HCCICIOBAHHBIC HOMHMHAIBHO YHMCThIe Kpuctauibl LiF conepikanu
3-20 ppm mpHMecHbIX HOHOB Mg”', a TemmepaTypa IUIaBIeHHs METAILTHICCKOTO
Maraug (> 950 K) 3rauntensHo BoIme, yeM y autus (> 450 K).

B xavectBe mpumepa, Ha puc.4.25 NpuUBENEHB KPUBBIC OTXKHUra ONTH-
geckoro mornomenusi F- u Fo-uentpos B LiF-2 o6aydensom nonamu U npu
300 K (2,5 1B, 3 x 10" nos/cm?). CTyneHbYaTBIil OTKHT HHIYLHPOBAHHOIO
paauanyel MorjoleHusl OCYIIECTBIISUICS Mo cienyrome cxeme. [IpeaBapu-
TEJILHO OOJyYEHHBI KPUCTAJUI MPOTPeBajiCsl A0 3aJaHHOW TeMmepaTypbl T C
MOCTOSIHHON cKopocThio f=2,86 K/c u OblcTpo (32 HECKOJIBKO CEKYH])
OXJIAXKAANCs B CTpye oumileHHOro aszora g0 7o =300 K, nmpu xotopoil u
M3MEPSUTNCh BCE CHEKTPHI TOTIJIOMEHUS. 3aTeM KPHUCTALT TPOTpeBaliCs [0
T,>T, u Bca mpoleaypa MHOBTopsuiach. Temiieparypa MNPOMEXYTOUYHOIO
NporpeBa W OTIOXKEHA Ha OCH abCIUcC TEMIepaTypHBIX 3aBHCHMOCTEH IOJIOC
norjomeHus Ha puc. 4.24. CymectBeHHast yactb F- u Fo-IeHTpoB oTxKUraercs B
obmactu mo 550 K. Ipu 7> 550 K omxwurarorcst “nckaxennble” F-leHTpBI,
MaKCHUMyM TIOJIOCHl TIOTJIOIIEHUS KOTOPBIX CMEIIeH B OO0JIACTh MEHBIIUX
sHepruid (KpuBble 3 W 4 Ha PHUCYHKE), a TaKXKe HAET OTXKWUT CHTHAJIOB
MaJIoyriioBoro paccesHust X-nyueit (SAXS, kpuBasi BocnpousBezacHa u3 [63]),
KOTOpO€, B OCHOBHOM, XapaKTepH3yeT paauanroHHble IedeKThl, 00pa3yro-
Trecs BOJIM3M CepAIeBUHBI Tpeka (BO3MOXKHO, HAHO/MHUKPOIIOPHI).
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Pucynok 4.25. TepMoakTHBalMOHHBIE XapaKTEPUCTHKHN KpuctaiwioB LiF-2, o0myden-
veix npu 300 K wmomamm Bu (2,598, 3x10'° won/em® — kpuBsle 1-5; 1,313B,
8x10'" non/em® — 7) umu "’Au (2,18 3B, 5x10"" non/cm” — 6). CTymeHUaTHIH OTHKHUT
norsomenust F- (53B — kpuBas 1) u F,-nentpoB (2,8eV — 2); ymeHblieHne
WHIOYLMPOBAHHOIO  MOTJIOIICHUS, BBI3BAHHOTO MPOMEXYTOYHBIMH  IIPOTPEBAMH
653733 K (3) u 733753 K (4). TCJI ans xpuctamios, o0mydeHHbIX noHaMu U (5)
mwm Au (6) u gononHUTENBHO Tporpethix a0 573 K (f = 2,86 K/c). Temneparyphas
3aBHCAMOCTE TaHHBIX SAXS 1o [63] (kpuBas 7).

Tepmuueckue npoueccol B obnactu 300-550 K Obun moapoOHO H3ydeHBI 110
HAILIETO MCCIIENOBaHUS M yOeIUTEIbHO MHTEPIPETHPOBAHBI KaK TEPMUYECKOE
paspylIeHne CO3/1aHHbIX pagualeil TpexralrouaHbIX (pTopHbIX) Monekyn F; ¢
nojocoi morjiomeHus B obmactu ~113B. Monekynst F; ob6pasyrorcs npu
nmapHoH accormanuu H-1ieHTpoB 0K010 OuBakaHCcHi (V,V.). OTXKUT ITOTIJIOIICHIS
monekyn F; mpum 400-550 K conpoBokaaercs yMeHbIIEHHEM 4ncia F-ieHTpoB
U IOSBICHHEM IIpHU pacmane F; -moiexyn BbICOKONOABMXHBIX H-uHTepcru-
nuaioB U Ve-lieHTpoB. Hanomuuwm, uro B LiF H-uHTepcTunuansl craHOBSTCS
noBKHBIMU TIpH 55 K, a mpbpkKoBasg MUrpanus Vp-IEHTPOB HAaUUHAETCS TpU
~240 K. Ecmu momBwxkab H-1ieHTp pexoMmOumHupyer ¢ F—1entpom, TO HaeT
BOCCTaHOBJICHHE (0€3BI3TyUaTeNIbHOE) PETYIAPHOM PEIICTKH, TPU COMMKCHIH
*ke ¢ F-rieHTpoM moABMKHOTO KaTHOHHOTO AedekTa (Ve-IeHTpa) MPOUCXOIUT
TyHHEJIbHAsI M3JIydaTelbHas PEeKOMOMHALMS MEXIy dJeKTpoHoM F-meHTpa M
JBIPKOH U3 cocTaBa Vp-LIEHTpA MO CIETyIOIEN peaklnu:

Ve +veh = vy + hv.

buBakancun ciykat B LiF noBymkamMu u Ajst 9J1€KTPOHOB, M JUIS JOBIPOK, a
TaKXKe YYacTBYIOT B BBICOKOTEMIEPATYPHOW CTAOMJIM3AaLUU IIOJBHXKHBIX

H-uHTepcTHLnanoB nocpeacTBoM 00pa3oBaHus TPEXTaTOUHBIX MOJeKyl F; .
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Tonbko mpu 72> 550 K B LiF HakoHel CTAaHOBATCS MOJBHXHBIMH U CaMH
F—nentpel. Eciu Takoii moABMKHBIA AIEKTPOHHBIA LEHTP MPHUOIMKAETCS KO
BCE €Il JOKAJIU30BAaHHOMY LIEHTPY, COAEpXKALIEMY IBIPKY, TO MPOUCXOIUT
TYHHEJIbHAsl M3llyuyareibHas e—h pekomOuHanms. B kauecTBe Takux JedekTos
MOTYT paccCMaTpHUBaThCs Ne(EKThI, CONEPKAIINE B CBOEM COCTaBE MPUMECHBIC
VWOHBl MAar”usi, NPHUCYTCTBOBaBIIME BO BCEX MCCIECIOBAHHBIX HaMU MOHO-
kpuctauiax LiF. B mone3y TyHHenbHOW peKOMOMHAIIMH, OTBETCTBEHHOH 3a
nosiBjieHue cBeueHus npu 725 K roBopuT aHOMandbHO BBICOKAas BEIWYMHA
gacToTHOro (hakTopa (po =5 x 10'® ¢ ") coorsercTBYyIOMEro nuka TCJI.

OTMeTuM, 4YTO COIJIaCHO HU3MEPEHUSM HOHHOM TPOBOIMMOCTH  JJIst
HEOOIyIeHHBIX U MAKCHMAIbHO 4HCTBIX oT Mg”™ kpucramios LiF B o6mactu
T> 680 K= 0,6T et (Tinerr— TEMITEpaTypa IJIABJICHUS) TEIIOBBIE (IIYKTyaruu
YK€ TMPUBOAAT K CO3/IaHUIO HOBBIX TOYEUHBIX NedekToB. [loaTomy, TpeOyroTcs
JAbHENTIINE UCCIIEOBAaHUS e —/ TIPOIIECCOB ISl 3TOM 00JIaCTH TeMIepaTyp.
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3AKIIOYEHUE

ITpoBeneHHOE KOMIUIEKCHOE MCCIIEI0BAaHKE MIPOLIECCOB PAJIUALIMOHHOIO CO3/a-
HUSI 1 TEPMHUYECKOTO OTXKHUTa 1e()eKTOB B HOMHUHAJIBHO YUCTHIX M CHEIUAILHO
JIETHPOBAaHHBIX HEKOTOPHIMM NPUMECHBIMM MOHAaMHM MOHOKpHcTauiax MgO u
LiF ¢ npuMmeHeHmeM JTIOMUHECIICHTHBIX, a0copOmuoHHbXx 1 OIIP BapmanTOB
TAC B mmupokoit obmactu Ttemmeparyp 5—-800 K mo3Bommimo mOXy4duTh
CJIEAYIOIINE OCHOBHBIE PE3YJIbTATHI:

1. YacTp aHMOHHBIX HHTEPCTHULIMANOB, 00pa30BaBIIMXCA NMPHU OOIYUEHUU
MgO ObICTpBIMH HEHTPOHAMH W TSKEIBIMH HOHAMH, JIOKAIN3YETCS B BUAE

PACIIOJIOKCHHBIX PAAOM C KATUOHHBIMH BaAKaHCUSIMU MOJICKYJISIDHBIX MOHOB O;

(H-uentpoB). Ux nons 3aBucuT OT BHAa OONy4YeHHs] M NpPU HEUTPOHHOM
o0mydeHnn cocTtasisieT okono 50%.

2. Ilpouecc Bo3HMKHOBeHHA H-IIeHTpa MOXET paccMaTpUBAaThCs TAKKE Kak
3axBaT V-LIEHTPOM MEXI0Y3€JIbHOI0 aroMa Kuciiopona. JleTanbHble CBOMCTBA
oOpazoBanHOro H-neHTpa 3aBHCAT OT THIIAa KOHKPETHOTO V-LieHTpa (IIbIpKa,
3aXBayeHHAs PSAJOM C KaTHOHHOW BaKaHCHeEW, + BO3MOKHBIA KaTHOHHBIA HITH
AQHUOHHBIA TPUMECHBIN HOH).

3. Tepmunueckoe paspymenue H-nentpoB mpoucxomut npu 700 K myrem
TepMudeckoro pacmnaga O, MOHA ¢ OCBOOOXIECHHEM MEXKI0Y3eIbHOTO aToMa
KHCJIOpOZa M 3aXBAa4€HHOW B OCTaBlIeMcs V-LIEHTpe AbIpkd. PaspyunieHue
H—11eHTpoB cOmpoBOKAAaeTCSI BO3HUKHOBEHHEM IIHMKA JABIPOYHON TEpMOCTH-
MYJIHPOBAHHOMN MoMUHecHeHImHy. Jiiomunecnennus (Cr'-cBeuenye) BOSHUKAET
Npyu peKOMOMHALIMK JBIPOK, OCBOOOXIEHHBIX TpW pacraie V—IeHTpa U MpH
PEKOMOMHAIIMK ME3KI0Y3€IbHOIO aToMa KUCJIoposa ¢ F —leHTpoM (aHHOHHAS
BaKaHCUSl + 3JIEKTPOH), C DJEKTPOHAMH, JIOKATU30BAaHHBIMH Ha MPUMECHBIX
MOHAaX XpoMa.

4. HccrnemoBaHue BO3MOXKHOCTH HCIIOJBE30BaTh OOHapykeHHBINH mmk TCJI
npu 700 K n1ns ceneKkTUBHOTO JETEKTHPOBAHMS OBICTPHIX HEHTPOHOB B
CMEIIaHHBIX N-y MOJIAX I[I0KAa3ano, YTO YYBCTBUTENBHOCTH JAHHOTO METOAA
HEIOCTaTOYHA JUIsl MCIOJIb30BaHUsA B NEpCOHANBHON no3uMerpuu. [Ipuumnoii
TOMY SIBIIICTCS BBICOKHI YpOBEHH (hOHA, BHI3BAHHBIA BHICOKOW TeMIIEpaTypoi
NUKa M CHEKTPAIGHOH OOJIACTBIO PETUCTPUPYEMOrO CBEUEHHs (KpacHoe).
MeTo NPUMEHHM JUIS TIOTOKa HeiTpoHoB >10'°n/cm’, uTo COOTBETCTBYeET
gyBcTBUTENbHOCTH DIIP MeTona npy perucTpanuy yucia F' -1eHTpos.

5. Tloka3aHo, uto B kpucramiax MgO, nerupoBaHHbIX Be’', IpIpkH
3aXBATHIBAIOTCS HA COCEIHMX C IPMMECHBIMU HoHaMu Be’™ HOHAX kuciopona, ¢
o6paszopanueM [hBe] -uentpos. Bosuukaromee 8 MgO:Be npu pekomOHHALIIK
3JEKTPOHOB C JTHUMH JIBIPOYHBIMHU LEHTPAMH CBEUYEHHE BO3MYILEHHBIX
Onu3nexanieil MPUMEChl0 HOHOB KUCIOPOJa UMEET KOJIOK0JI000pa3Hyto Gopmy
mmpunod ~0,8 3B u  makcumymom 6,2 3B. HccienoBaHue TepMUYECKOM
crabunbHocTn [Be]” mokazano, uTo HEHTPHI pa3pylIaloTcs IyTeM OCBOOOK-
JISHYsI TBIPKH, TIpu 3ToM HaOmonaetcst uk TCJI mpu 195 K.
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6. beum cuHTE3upoBaHbl MOHOKpUCTaLUIEI MgO, JerupoBaHHBIE PTYTEINO-
n06HbIMU (4s”) monamu Ge®'. KpuCTamusl MCIYCKAIOT MHTEHCHBHYIO CHHIOIO
momuHecueHuo (mpu 295 K makcumywm npu 3,2 3B) B mmpokom auanasoHe
Temmepatyp oT 4 1o 650 K, xoTopas coorsercTByer "P;—'S, mepexonam B
cBobomHbIX HoHax Ge’'. M3MepeHue CreKTpa BO30YXICHHS JTFOMUHECICHIIHH
Ge™ mpn 8 K BeIsBHIO mporecc mpsMoro Bo3OyxmeHus Ge’ -moHOB
(4,7-6,7 5B). Bpicokas TepMuuecKass yCTOHYHBOCTh 3TOH JIFOMHHECHEHIIHH
JienaeT ero ocodbeHHo noaxoasmumM st n3mepennid TCJI mpu Temriepatypax 1o
500 K.

7. Crabunbnbie annonHsle J1® (F-ueHTpsl 1 H-mHTEpCTHLIMANB) CO3MAIOTCS
B MoHOKpHucTaimax LiF X-mydgamu mipu 6 nimu 80 K B pesymnbTaTe pacmana Kak
AQHUOHHBIX, TaK U KaTHOHHBIX AJIEKTPOHHBIX BO30YkAeHUN. OmpeieneHo, 4ro B
omkuraemele npu 7-16 K rpymnmel mpocTpaHCTBEHHO-KOPPETHMPOBAHHBIX
nedekroB BxonsaT F- m F'-meHTpHI, a Takke aBTONOKAaNM30BaHHAs IbIPKA U
MeXI0y3eIbHBIH aHuoH (co3natorcs Tpuruietsl F'-H-Vy u F-I-Vi). TyHnuens-
Hasl Tepe3apsaaka Mexay AedekraMu BHYTPU 3THX TPUILIETOB COMPOBOMKAACTCS
ceeuenusamu 3,4 3B (F—Vy), 5,4 3B (F'—>Vk) u 3 3B (F—>H). TCJI ipu 7-16 K
pasyiaraeTcs Ha KOMIIOHEHTBHI B PaMKax KHHETHKU IIE€PBOrO IMOpSAKa, a AJs
BBIJICJICHHBIX KOMIIOHEHT OIpEETIeHbl PHEPruM aKkTHBALUU F, U 4YacCTOTHBIE
(baxTopsI p.

8. B moHokpuctammiax LiF kxpome maBHO HCIIONB3yeMBIX B ITIEPCOHAIBHOM Y-
mosumetrpunn TCJI B obmactu 420-550 K 3apeructpupoBaHbl BBICOKO-
temneparypubsie ukun TCJI (600-750 K), mosiBisiromuecst mocie o0IydeHus
mpu 300 K. Oti mukn 0coOCHHO MHTCHCHBHBI B KPUCTAIIaX, MPEABAPUTEIHLHO
o0nyuyennpix nonamu Kr, Au u U ¢ sneprueii 0,8—2.4 ['3B, kxotopsie co3maror
BJIOJIb OCH TPEKOB BBICOKHE TUIOTHOCTH 3JIEKTPOHHBIX BO30YXaeHMid. CaMblii
BBICOKOTEMIIEpATYpHbIIl MUK ¢ MakcumymoM mpu 7 =725 K coorBercTByeT
Tporeccy PeKOMOHHAINN TIEPBOTO Hopsiaka ¢ £, =2,4953B n po=5x 10"¢™.
AHOMaQJIBHO BBICOKAsl BEIWYMHA YAaCTOTHOro (haKTopa MHTEPIPETUPOBAHA Kak
TIPOSIBJICHHE OBICTPON MPBLKKOBOW MUTpanuu F-TieHTpa M TYHHEIBHON H3Tyda-
TeJIbHOW peKoMOWHAIKEH 3JIeKTpOHa 3TOTO LEHTPa C JBIPKOH, TOKaTH30BaHHOM
Ha AedekTax, B COCTaB KOTOPBIX BXOAAT OOHApy>KEHHBIE BO BCEX HCCIIEAO-
BaHHBIX HAMM KpHCTAJJIax IpUMecHbIe HOHBI MarHus. [locie HarpeBa oOmyueH-
HeIX KpuctamwioB LiF Bemme 700 K mo xapakTepHO#l mMojoce MOTIOIIEHUS
(~4,4 »B) 3aperncTpupoBaHbEl HaHOpPAa3MEpPHBIE MarHUEBBHIC KOJUIOWIBI, TEMIIE-
parypa miaBieHust KoTopeix (~950 K) 3HaunTenbHO MpeBBIIIAET TAKOBYIO AJIS
Li-xoJutounos.

k%

CpaBHUTENBHOE HCCIEOBAHNE DPAJUAIIOHHBIX SBICHUH B TpPaHEICHTPH-
poBaHHBIX KyOmueckux kpucramwiax MgO u LiF moarBepamio, uto paama-
uoHHas cToWkocTh MgO 3HaumTensHO BbIme, yeM y LiF. Onmna u3 npuumH
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TaKoro paznuuus oueBuana: st MgO sneprust co3nanus napel 1P npesbimaet
IIUPHHY dHepreTudeckoi menu (Epp > E,), B TO BpeMs Kak 1 kpuctania LiF
JlaKe IPU TEMIIEPATypPE JKMKOTO T'elisl BBIIOJIHAETCA COOTHOWEHUE Epp < E,.
ITosToMmy, B perynsipHoii pemerke MgO pekoMOnHaLNs TOIHOCTBIO PEIaKkCupo-
BaHHBIX IEKTPOHOB IPOBOJAMMOCTH M BAJIEHTHBIX ABIPOK He co3maer JD.
Kpome Toro, y HccieoBaHHBIX KPUCTAUIOB Pe3KO pasimyaercs: d((eKTHB-
HOCTb CO3JIaHMs IPU KOMHAaTHOW Temmeparype mnap ctadmibHbiX [P, ams gero
POXIICHHbIE B OJIHOM aKTe Ae(eKThl JOJDKHBI OBITh yAAJeHBI IpYr OT Ipyra Ha
JOCTaToyHOe paccTosiHue. HeoOXoanMo ydecTb W pe3Koe pasiuyue TeMmIie-
parysl iaBnenus y LiF (1120 K) u MgO (3200 K), a Taxke TemiepaTypbl
Tammana (=0,5T 1), onpenenstonieit 3p(OeKTUBHOE CIIEKaHWE MaTEepPHAJIOB.
[ocnennsas Benmmunna (coorBercTBeHHO 1600 1 560 K B MgO u LiF) oTpaxaer
BO3MOXKHOCTh JIBIDKCHHMS HOHOB IO KPHCTIJIMYECKOH pEIIeTKE U Hayajo
CO3JIaHHMs HOBBIX (WJIM 3aJiCYMBAHHUE YXKE HMEIOIMXCS) Ae()EeKTOB B TBEp-
JOTENbHBIX MaTepHaiax.

B LiF co3mannsiii obnyuenunem mipu 7= 300 K = 0,277, H-uHTEpCTHIIMAN
CPaBHUTENIBHO JIETKO YAAJseTcs OT CO3JaHHOTO ¢ HUM B mape F-mientpa u
JoKau3yeTcs Ha gopaauannoHHbiX nedexrax. [Tuku TCII B odnactu T < 560 K
TIOSIBIISIIOTCS BCTIEICTBUE e—/1 TIPOLIECCOB, U JIMIITb BEICOKOTEMIIEPATYPHBIE MUKH
620 m 720 K BO3HHMKAIOT yX€ B YCJIOBUSIX NOABMXKHOCTH F-IeHTpoB u
TEIUIOBOTO CO3/aHus HOBBIX nedekroB. Muas curyarmus B8 MgO. Ycinosus,
xapakrepabie s oomydenus: LiF npu 300 K (0,27 Tierr), B MgO peanusyrotcs
mumbs npu 750 K, korma mpu mocnenyrmomieM mocie OONy4YeHHsi HarpeBe
CTAaHOBMTCSI ITOABMXHBIM KHCJIOPOIHBIA HMHTEPCTHLMAN, OBIBIIMHA A0 3TOTO
aCCOITMUPOBAHHBIM C NBIPKOM OKOJIO KaTHOHHOW BaKaHCHHU (TaK Ha3bIBAEMBIH
H-nentp B MgO). Tak kak ans co3laHus CTaOMJIbHBIX pamuanuoHHbix D B
MOHOKpucTtaymiax MgO BBICOKOH CTENEHHM YUCTOTHI M COBEPLICHCTBA
TpeOyIOTCsl OONBILINE SHEPreTUUECKUE 3aTPAThl, MATOBEPOSTHO MCIIOIb30BAHUE
I-V IPOLIECCOB B 3THUX YCTOWYMBBIX K OOJIYYCHHIO MaTepuaiax s Iepco-
HAJILHOM JTO3UMETPHUH Ny.

B nerupoBansbix ke kpucraiuiax LiF MoxHO, B mpuHLUIE, HAAEATHCS Ha
couetanne e— npoueccoB ¢ TCJI npu 450-500 K u cymecTBeHHO OTIIMYar0-
merocsi i-v Mexanmsma npu 600-800 K i cenekTMBHOH perucTpaniu
neiictBus ng. K HacTosmemy BpeMeHH HE OCTalOCh COMHEHHH B TOM, YTO Ny U
OBICTpBIC WOHBI co3daroT B LiF kak aHWOHHBIC, TaK M KATHOHHBEIC AC(EKTHI.
OpHako, aHamM3 BO3MOXKHOCTH PETUCTpAllMd J03bI, OOYCJIOBIEHHOH Ny WM
OBICTPBHIMH MOHaMHU, Ha Y-(poHE ellle sIBHO JaJieK OT 3aBepluaromiei ¢gassl.
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Elektron-auk- ja interstitsiaal-vakantsprotsesside
uurimine MgO ja LiF-s termoaktivatsioon-
spektroskoopia meetoditega

KOKKUVOTE

Teadusmahuka to0stuse arengu iihe haruna on jirjest laienenud tuumatehno-
loogia rakendamine. Tuumatehnoloogia leiab rakendamist meditsiinis, pdlu-
majanduses, toiduainete toostuses ja mujal, kuid eelkdige on ta seotud tuuma-
energeetika arenguga. See areng seab uusi ndudeid materjaliteadusele — vajatak-
se nii kiirituskindlaid ehitusmaterjale tuumareaktorite jaoks kui kiiritusele tund-
likke materjale kiiritusdooside médramiseks.

Kéesolevaks ajaks on LiF ja Al,O; baasil loodud héstitootavad termo-
luminestsentsdosimeetrid rontgen- ja y-kiirguse doosi mdotmiseks, on olemas
dosimeetrid elektronide, prootonite, ioonide ja aeglaste neutronite voo
intensiivsuse ja doosi mddramiseks. Senini puudub aga sobiv dosimeeter, mis
vOimaldaks maéérata kiirete neutronite osakaalu neutronite ja y-kiirguse
summaarses kiirgusvoos. Selle praktikas sageli esineva iilesande lahendamine
on oluline, sest vordse doosi korral on neutronite inimorganismi kahjustav
toime y-kiirguse omast ligi 20 korda suurem.

Kéesolevas toos on uuritud selleks sobiva dosimeetri loomise voimalusi,
seda eelkdige kiirituskindla kristalli MgO baasil. Léhtepunktiks oli meie poolt
tehtud avastus, et kiirete neutronite poolt vOresdlmest vélja 166dud hapniku
aatomid moodustavad tsentreid, mille termiliselt lagunemisel tekib lumi-
nestsents. Viidi 1dbi ka MgO ja tuntud termoluminestsentsdosimeetri alus-
materjali LiF vOrdlev uurimus. Vaatluse all olid defektide teke ja lagunemine
mdlemas materjalis, uurimisel kasutati termoaktivatsiooniga kombineeritud
luminestsentsi, neeldumise ja EPR meetodeid temperatuurivahemikus 5—-800 K.
Uurimuse pohitulemused on kokkuvétlikult jairgnevad:

1. Kiirete neutronite voi raskete ioonide poolt MgO kiiritamisel tekkivatest
interstitsiaalidest osa lokaliseerub katioonvakantsi korval asuva molekulaarse
iooni O, kujul (v.O, ehk H-tsenter). Selle osa suurus soltub kiirituse liigist
ning on neutronite korral ~50%.

2. Seda protsessi voib vaadelda kui vresdlmede vahelise hapniku haaramist
V-tsentri (katioonvakantsi korvale haaratud auk v.4 pluss voimalik ldhedalasuv
lisandiioon) poolt. Sellele vastavalt leidub igale V-tsentrile vastav H-tsenter,
mille konkreetsed omadused soltuvad temaga geneetiliselt seotud V-tsentrist.

3. H-tsentrite termiline lagunemine toimub ~700 K juures vdresdlmede
vahelise hapniku aatomi ning augu eraldumise teel. H-tsentri lagunemisel on
jélgitav augu rekombinatsioonil tekkiv termostimuleeritud luminestsents (TSL),
mille intensiivsus on vordeline tekkinud ja lagunenud H-tsentrite arvuga.
Luminestsents tekib tsentri lagunemisel vabanenud augu ning interstitsiaali ning
iihekordselt laetud anioonvakantsi (F'-tsenter ehk anioovakants + elektron)
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rekombinatsioonil vabanenud augu rekombinatsioonil lisandiioonidele (sel
temperatuuril pShiliselt Cr*") haaratud elektronidega.

4. Jalgitud termoluminestsentsi dosimeetriliste omaduste sobivuse uuring
niitas, et kui meetodi selektiivsus on korge (y-kiiritamisel H-tsentreid ei teki) ja
doosikadu (fading) praktiliselt puudub (tsentri lagunemistemperatuur on kdrge),
siis antud meetodi tundlikkus on personaaldosimeetria jaoks liiga madal: ta on
rakendatav neutronite voogude >10'® n/cm” korral. P5hjuseks on asjaolu, et sel
temperatuuril jilgitav soojuskiirguslik foon oluliselt kattub TL piigi kiirgusega
(Cr’* kiirgab 730 nm juures).

5. Beriilliumiga legeeritud MgO kristallides lokaliseeruvad augud Be®"
kdrvale, moodustades [Be]  tsentreid. Elektronide rekombinatsioonil nende
aukudega tekib korvalasuva Be iooni poolt hédiritud hapniku ioonide kiirgus
maksimumiga 6,2 eV ning poollaiusega ~0,8 eV. [Be]" tsenter laguneb termi-
liselt 195 K juures, vabastades augu.

6. Siinteesiti elavhdbesarnaste (4s”) Ge® ioonidega lisandatud MgO
monokristallid. Nende ergastamisel on jdlgitav intensiivne sinine luminestsents
(toatemperatuurilise elektronergastuse korral on luminestsentsiriba maksimum
3,2 eV). Ergastusspektri mddtmine niitas, et luminestsents tekib Ge** 4s” tiiiipi
ioonide otsesel ergastamisel. Luminestsents on jilgitav laias temperatuuri-
vahemikus 4-650 K ning vastab 3P,—'S, iileminekule vabas Ge*" ioonis.
Luminestsentsi korge temperatuuriline stabiilsus teeb ta eriti sobivaks termo-
luminestsentsi modtmiseks temperatuurini kuni 500 K.

7. LiF kristallide rontgenkiiritamisel 6 voi 80 K juures tekivad nii anioon-
kui katioonergastuste lagunemisel stabiilsed anioonsed Frenkeli defektid (F-
tsentrid ja H-interstitsiaalid). Leiti, et F- ja F’-tsentrid, autolokaliseeritud augud
ja aniooninterstitsiaalid moodustavad ruumiliselt korreleeritud defektiriihmi
(tripletid F'-H-V, ja F-I-Vy), mis lagunevad termiliselt 7-16 K juures.
Tripletisiseste defektide tunnel-limberlaadumisega kaasneb luminestsents
3,4 eV (F—Vy), 54 eV (FF—Vy), ja 3 eV (F—H) juures. TSL piirkonnas 7—
16 K lahutati komponentideks, mis on kirjeldatavad 1. jarku kineetika, aktivat-
sioonienergia E, ja sagedusfaktoriga p,.

8. LiF 420-450 K TSL-piike on kaua ja laialdaselt kasutatud personaal-
gammadosimeetrias. Peale nende dosimeetriliste piikide leiti 300 K kiiritatud
LiF-s korgtemperatuurilisi piike piirkonnas 600-750 K. Nende piikide
intensiivsus on eriti suur eelnevalt 0,8-2,4 GeV energiaga Kr, Au ja U iooni-
dega kiiritatud kristallides. Sellised ioonid pohjustavad piki trekki suurt
elektronergastuste tihedust. Intensiivseima piigi maksimum asub 725 K ning
vastab 1. jirku protsessile parameetritega E, = 2,495 eV ning po=5x10"s".
Anomaalselt kdrget p, viidrtust tdlgendatakse kui F-tsentri kiire hiippelise
migratsiooni ning F-tsentri elektroni ning mingi Mg lisandiga defektil lokali-
seeritud augu tunnelrekombinatsiooni tulemust. Mg ioonide olemasolu niitab
tiitipiline ~4,4 eV nanomodtmeliste Mg-kolloidi osakeste (sulamistidpp ~950 K)
neeldumisriba kdigis kiiritatud ja iile 700 K kuumutatud LiF kristallides.
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Tahktsentreeritud MgO ja LiF kristallide kiiritusndhtuste vordlev uurimine
kinnitas, et MgO kiirituskindlus on oluliselt kdrgem kui LiF-1. Uks selle
erinevuse pohjustest on ilmne — Frenkeli defektide (FD) tekitamise energia
MgO-s on keelutsooni laiusest suurem (Egp>E,), kuna aga LiF korral kehtib
vorratus Erp<FE, isegi vedela He temperatuuril. Seega tdiesti relakseerunud
juhtivuselektronide ja valentstsooni aukude rekombinatsioon MgO téiuslikus
kristallvores defekte ei tekita. Lisaks sellele on stabiilsete paarsete FD
tekitamise efektiivsus MgO-s ja LiF-s erinev. Selle pohjustab suur erinevus LiF
ja MgO sulamistemperatuuride (1120 ja 3200 K, vastavalt) ning seega nende
Tammanni temperatuuride (=0,57,m), mis madravad materjali efektiivse
paakumise algust, vahel. Tammanni temperatuur (1600 ja 560 K, vastavalt,
MgO ja LiF jaoks) médrab tahketes kehades ioonide vdimet litkuda modda
kristallvoret ning tekitada uusi defekte (v3i parandada vanu).

LiF-s temperatuuril 7=300 K =0,27Ts.n tekitatud H-interstitsiaal voib
kergesti eemalduda samasse paari kuuluvast F-tsentrist ning lokaliseeruda
kiirituseelsel defektil. TSL piigid temperatuuril 7 < 560 K on seotud elektron-
auk-protsessidega, samas kui 620 ja 720 K piigid tekivad tingimustes, kus F-
tsentrid on mobiilsed ning uute defektide teke on vdimalik. MgO-s on olukord
erinev. LiF jaoks toatemperatuuril iseloomulikud tingimused (0,27 7am)
realiseeruvad MgO jaoks alles 750 K juures, mil hapniku interstitsiaal muutub
liikkuvaks ning lahkub varem H-tsentrisse kuulunud katioonvakantsi korval
lokaliseerunud august. Védga puhtais ning struktuuriliselt tdiuslikes MgO
monokristallides on stabiilsete FD tekitamise efektiivsus viike, mistottu
interstitsiaal-vakantsprotsesside kasutamine kiirete neutronite personaal-
dosimeetrias on vihe tdenéoline.

Legeeritud LiF kristallid, kus TSL piike 450-500 K juures pohjustab
elektron-aukmehhanism ning 600-800 K korgtemperatuurseid piike sootuks
erinev interstitsiaal-vakantsmehhanism, on sobivamad kiirete neutronite selek-
tiivseks detekteerimiseks. Antud hetkel ei ole kahtlust, et kiired neutronid ja
ioonid tekitavad LiF-s nii anioon- kui katioondefekte. Kuid gamma-foonil
kiirete neutronite kiiritusdoosi méadramise vOimaluse analiiiis on kéiesoleval
hetkel oma 16puleviimisest veel kaugel.
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Investigation of the electron-hole and interstitial-
vacancy processes in MgO and LiF single crystals
using thermoactivation spectroscopy methods

SUMMARY

The complex study of the creation and thermal annealing of defects in
nominally pure and doped with certain impurities single crystals of MgO and
LiF have been performed using luminescent, absorption and EPR versions of
thermoactivation spectroscopy in a wide temperature region of 5—-800 K. The
following main results have been obtained.

1. Anion interstitials formed by the irradiation of MgO with fast neutron or

heavy ions are partly localized in a form of an O, molecular ion nearby a cation

vacancy (H centres). The number of such centers depends on the type of
irradiation. In a neutron-irradiated MgO crystal, H centres form a half of all
anion interstitials.

2. The formation of an H centre can be considered as a trapping of an
interstitial oxygen ion by a V centre. The detailed properties of H centres
depend on the type of a V centre (the hole localized either nearby a single
vacancy or near v, and an additional neighbour cation or anion impurity ion).

3. Thermal destruction of H centers occurs at 700 K via the decay of O; ion

resulting in the release of an interstitial oxygen atom and a hole from the
remaining V centre. The destruction of H centres is accompanied by the peak of
a hole thermally stimulated luminescence. The luminescence (Cr’" emission)
arises at the recombination of the holes released either at the decay of a V centre
or at the recombination of an interstitial oxygen atom with an F centre (an
anion vacancy + an electron) with the electrons still localized at impurity
chromium ions.

4. The possibility of usage of the TSL peak for the selective detection of fast
neutrons in mixed neutron-gamma fields has been analyzed. It turned out that
this method has insufficient sensitivity due to a high background level at such
high temperatures and the used spectral region (red emission is typical of the
used heating element as well). The method can be used at the fluence of fast
neutrons above 10'® n/cm? that is relevant to the sensitivity of the F* centre
detection by the EPR method.

5. In MgO crystals doped with Be®", the holes are trapped at oxygen ions
next to Be*", thus forming [Be]" centres. The emission of oxygen ions disturbed
by neighbour impurity ions arises due to the recombination of electrons with
these Be-related hole-trapped centers. The emission band is peaked at 6.2 eV
and a bandwidth is about 0.8 eV. The thermal destruction of [#Be]" centres
causes the release of holes and the appearance of the TSL peak at 195 K.

6. In MgO single crystal doped with Ge*™ mercury-like (4s®) ions, the
intense blue emission (corresponds to *P;—'S, transition in a free Ge*" ion) is
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detected in a wide temperature region from 4 to 650 K (at 300 K the maximum
is located at 3.2 eV). The process of direct excitation of Ge*" ions at 4.7-6.7 eV
has been revealed by measuring the excitation spectrum of Ge*" luminescence at
8 K. High temperature stability of this luminescence is especially favourable for
the detection of TSL peaks below 500 K.

7. In LiF single crystals X-irradiated at 6 or 80 K, stable anion FDs (F
centres and H interstitials) are formed at the decay of both anion and cation
electronic excitations. It is determined that F and F' centres, self-trapped holes
and interstitial anions form the groups of spatially correlated defects (F'-H-Vg
and F-I-Vx triplets) the thermal destruction of which occurs at 7-16 K. The
tunnel recharging between defects in these triplets is accompanied by the
emission at 3.4 eV (F—>Vk), 54eV (FF>Vk) and 3 eV (F—>H). The TSL at
7-16 K can be decomposed into the components described by the first order
kinetics, the activation energies £, and frequency factors p, that characterize the
TSL elementary peaks have been determined.

8. For a long time single LiF have been widely used in personal gamma-
dosimetry using TSL at 420-550 K. Besides these dosimetric peaks high
temperature TSL peaks at 600—-750 K have been also detected in LiF irradiated
at 300 K. The intensity of these peaks is especially high in the crystals
previously irradiated with Kr, Au and U ions with the energy of 0.8-2.4 GeV
that cause high density of electronic excitations along track axis. The highest
peak with the maximum at 725 K corresponds to the first order recombination
process with £, =2.495 eV and p, =5 x 10'° s™'. Anomalous high value of p is
interpreted as the manifestation of a rapid hopping diffusion of an F centre and
tunnel recombination of an electron from this centre with a hole localized at
some defect containing a magnesium impurity ion. The presence of nanosize
magnesium colloids was detected by a typical absorption band (~4.4 V) in all
the investigated crystals preheated above 700 K. The melting point of nanosize
Mg-colloids (~950 K) significantly exceeds the corresponding value for
intrinsic Li-colloids.

*kk

A comparative investigation of radiation phenomena in fcc MgO and LiF
crystals confirmed that the resistance against radiation in MgO is significantly
higher than in LiF. One of the reasons of this difference is evident — the creation
energy of a pair of FDs in MgO exceeds the energy gap (Ewp > E;), while the
inequality Egp < E, 1s valid for LiF crystals even at liquid helium temperature.
So, the recombination of totally relaxed conduction electrons and valence holes
does not cause the creation of FDs in a perfect lattice of MgO. In addition, the
creation efficiency of the pairs of stable FDs is also rather different in MgO and
LiF. To form a pair of stable defects, the distance between genetic-related
defects should be sufficiently large. A sharp difference in the melting
temperatures for LiF (1120 K) and MgO (3200 K) as well as in the Tammann

67



temperature (=0.57T) that determines the efficient sintering of the material
should be taken into account. The Tammann temperature (1600 and 560 K for
MgO and LiF, respectively) illustrates the possibility of ion movement along
the crystal lattice and the beginning of the creation of novel defects (or
repairing the lattice) in solids.

In LiF, an H interstitial formed by irradiation at 7= 300 K = 0.277},; can
easily move from F centre (defects belong to the same pair) and undergo
localization at pre-irradiation defects. The TSL peaks at 7<560K are
connected with e~ processes, while the peaks at 620 and 720 K arise under
conditions when F centres are mobile and a thermal creation of novel defects is
possible. In MgO, the situation is different. The conditions typical of LiF at
300 K (0.27T 1) can be realized in MgO only at 750 K, when an oxygen
interstitial formed during previous irradiation, becomes mobile and leaves the
hole localized near a cation vacancy (being before a part of H centre). In highly
pure and perfect MgO single crystals, the creation efficiency of FD is low and
the use of i-v processes for the personal dosimetry of fast neutrons is unlikely.

In doped LiF crystals, the combination of e—4 processes causing TSL at
450-500 K with rather different i-v mechanism at 600-800 K is, in general,
suitable for the selective detection of ns. At present, there is no doubt, that nf and
swift ions create in LiF both anion and cation defects. However, the analysis of
the possibility to detect the irradiation dose of n¢ or swift ions on the gamma-
background is far away from its final stage.
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BJIATOOAPHOCTHU

Sl Xouy BBIpa3UTh WMCKPEHHIOK IPU3HATEIBHOCTH JIHOASM, KOTOpPHIE BHECIHU
CBOM BKJIA]] M C/IEJaIH BO3MOXKHBIM HalWCaHue TaHHOH paboThI.

[Ipexxne Bcero OnaroJapeH MOUM HAayYHBIM PYKOBOIMTEISIM: KaHAMOATY
¢u3.-mar. Hayk Twuiity Kaprepy m mokropy ¢ms.-mar. Hayk, mpodeccopy
Anexcannpy Jlyuwky, 3a uX TepreHue, HOBCETHEBHYIO MTOMOIIb U MOCTOSHHYIO
MOJ/ICPKKY Ha BCEM IMPOTSDKEHHHM COBMECTHOM JesiTenbHOCTH. PaboTa ¢ HUMH
ObUIa OYEHB ITOJIE3HBIM OIBITOM, KOTOPBII HAJ0JITO OCTAHETCS B AMSATH.

Uckpenne Omaromapen akamemuky AH Ocrommm YecmaBy Jlymuky 3a
HETPEPBIBHBIA MHTEpEC K paboTe W CTUMYJHMPYIOUIME Hay4HbIe AMCKYCCHH.
Oco60 xouy mobiarogapuTh KaHAMAaTa XUMHUYECKUX Hayk AaapHe Maapooca
332 HPEAOCTABIECHHBIE KPHUCTAUIBI U AOKTOpa (PU3MKO-MaTeMaTHYECKUX HayK
Jlem6ura [lyHra, 3a moMouis pu nposenennu 1P sxcriepeMeHTOB.

Xouy BBIpa3UThb CIIOBa MPU3HATENBHOCTH OBIBIIUM W HACTOSALIMM
COTPYAHHUKAM J1ab0paTopuu (U3MKH HOHHBIX KpUCTaioB MHCTUTYyTa (QU3NKH
Tapryckoro yHusepcutera: ®@. CaBuxuny, B. [lenkcy, I1. JIubnuky, B. babuny,
. Kyapssuesoii, E. Bacunpuenko, 3. @enpndaxy, C. Jonrosy, A. KotnoBy u
JpyTuM 3a 100pO’KeNaTeNbHOCTh, TOTOBHOCTh IIOMOYb U CO3JaHHYIO pabodyro
00CTaHOBKY.

bnaronapen Ocronckomy Hayunomy ®@onny (rpantsl 3867, 5027 u 7825).
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Abstract

2+ ¢

M¢gO single crystals, doped with Ge

‘mercury-like’ ions, were grown. The emission of Ge>* centres (~3.2 eV) can

be efficiently excited at 4s> — 4sdp electron transitions in Ge>* ions (4.8-6.4 eV) as well as at the formation of electron—
hole (e-h) pairs by 8-36 eV photons. The absorption of one photon of 25 or 30 eV leads to the creation of two or three
e-h pairs, respectively. The thermal quenching of the emission begins at ~500 K and follows the Mott law with an
activation energy E=0.52 eV. Taking advantage of the relatively high thermal stability of Ge** luminescence, high
temperature thermostimulated luminescence (up to 775 K) of MgO:Ge crystals has been investigated. © 2000 Elsevier

Science B.V. All rights reserved.

PACS: 72.20.Jv; 78.60.Hk; 78.60.Kn
Keywords: Electronic excitation; Luminescence; MgO

1. Introduction

The investigation of electron-hole (e~h) and
interstitial-vacancy (i-v) processes in oxide crys-
tals is significantly favoured in the presence of
stable efficient luminescent centres. However, a
relatively small radius of a Mg?" ion makes it
difficult to introduce most well-known lumines-
cent ions into MgO. A relatively large physical
radius of a Ca>* ion (0.114 nm) easily enables to

" Corresponding author. Tel.: +372-7-428-946; fax: +372-7-
383-033.
E-mail address: tiit@fi.tartu.ee (T. Kérner).

substitute cations in a CaO crystal for various
luminescent impurity ions, e.g., for Sn**, Pb**,
Bi**s’-ions. On the other hand, only a few ions
can substitute a small-radius Mg>* ion (0.086 nm)
in a MgO crystal. It is very difficult to reach a
high concentration of Bi**, Pb**and even of Sn**
impurity ions in MgO. At the same time, a
number of alkali halide and phosphate crystals
were doped with Ga® and Ge’*s’-ions [1].
Therefore, we made an attempt to dope a MgO
crystal with Ge?* ions with a small physical radius
(0.087 nm). We have succeeded in growing bulk
doped MgO:Ge single crystals with intensive blue
(maximum at 3 eV) luminescence under X-ray and
electron excitation.

0168-583X/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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2. Experimental

The MgO:Ge single crystals used in this study
were grown at the Institute of Physics, University
of Tartu. Two methods were used: the doping of
existing MgO single crystals and a variation of the
arc fusion technique. In the doping of the MgO
single crystals with germanium the method of
thermal diffusion was used. The starting objects
were the MgO single crystals and high grade purity
(99.97%) GeO, powder. The thermal diffusion of
Ge into MgO was carried out in a microwave stove
within a closed graphite crucible. The MgO crys-
tals were heated in GeO, vapors at 3040-3050 K
for 1 h and then cooled down to the room tem-
perature in 1.5 h. The activated MgO:Ge crystals
were annealed in a quartz container at 933 K for
1.5 h and then slowly (in 6 h) cooled down to the
room temperature. The second method has been
described in detail in [2]. In this case the starting
material was a mixture of high-purity (99.9%)
MgO and GeO, powders. The concentration of
GeO; in the starting mixture varied from 0.017 to
0.5 mol%. The mixture was carefully stirred, dried
and compressed under a pressure of 9x 107 Pa.
The MgO:Ge crystals were grown in a carbon arc
furnace with two spectrographic-grade graphite
electrodes. The stainless-steel furnace reactor was
water-cooled and the mixed and pressed MgO-
GeO, powder was melted during 1 h, using an arc
current up to 300 A and voltage 70 V. In the
course of cooling, crystals up to 15 x 15 x 10 mm?
were formed. The crystals were relatively fragile
and hard to cleave.

An experimental setup for the X-ray lumines-
cence studies in the range of 77-650 K consisted of
a tungsten anode X-ray tube operating at 55 kV
and 15 mA, and a liquid nitrogen cryostat. A
SPM2 monochromator and a FEU-39A photo-
multiplier were used to record X-ray luminescence
spectra during the irradiation of the crystals.

The cathodoluminescence spectra were record-
ed using a 6 keV electron beam (current density
1.0 pA/em? to 10 mA/cm?), a helium cryostat, and
a vacuum double monochromator in the Johnson—
Onaka mounting (gratings 1200 L/mm, R=0.5 m,
spectral resolution 1.5 A). For more details, see

3.

The luminescence and excitation spectra of the
MgO:Ge single crystals were measured by means
of synchrotron radiation at the SUPERLUMI
station of the HASYLAB, DESY, Hamburg. A
detailed description of the experimental setup is
given elsewhere [4]. A 0.5 m ultraviolet-visible
(UV-VIS) monochromator equipped with a fast
R2059 (HAMAMATSU) photomultiplier operat-
ing in the time-correlated single photon counting
mode was used in the present study. The primary
and the UV-VIS monochromator were set to the
band pass of 0.3 and 12.8 nm, respectively.

For the high temperature (295-573 K) ther-
moluminescence measurements we used a Brown
Teledyne Engineering SYSTEM 310 TLD Reader.

3. Results and discussion

In Fig. 1 the room temperature cathodolumi-
nescence spectra of MgO:Ge single crystals of
various dopant concentrations are presented. The
emission band has almost a perfect Gaussian
shape with the maximum at 3.18 eV and
FWHM =0.94 eV. The intensity of the 3 eV lu-
minescence band depends on the Ge concentration
and is the biggest for the intermediate GeO, con-

—2 (x1/10) |

Intensity (arb. units)

L
70 65 60 55 50 45 40 35 30 25 2.0

Photon Energy (eV)

Fig. 1. Cathodoluminescence spectra (1 — 0.5 mol% GeO,,
2 —0.05 mol% GeO,, 3 — 0.017 mol% GeO, in the initial MgO—
GeO, powder) of MgO:Ge single crystal at 295 K. The exci-
tation spectrum of the time-integrated 3 eV emission (4) for the
MgO:Ge single crystal at 7.6 K.
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centration (0.05 mol% of GeO, in the starting
MgO-GeO, mixture).

Several intrinsic and extrinsic emission bands
are known in MgO, contributing to the lumines-
cence in this spectral region. The emission of F*
centres has maximum at 3.16 eV [5], whereas the
emission bands of deformation-induced centers —
vacancy complexes — [6], and Sn>*centers [7], are
both situated at 2.9 eV. In order to avoid a mis-
interpretation we measured the excitation spec-
trum of the observed luminescence. Fig. 1 presents
also the excitation spectrum for the luminescence
(time-integrated) of Ge?* centers in MgO:Ge at
8 K, measured with synchrotron radiation. The
recorded spectrum is typical for a ‘mercury-like’
ion and differs from the excitation spectra of the
emissions mentioned above. The most intensive
excitation band at 5.8-6.4 eV can be ascribed to
1Sy — 'P; totally allowed electron transitions in a
free Ge>* ion. The probability of intercombination
S, — 3P, transitions in a Ge**ion is lower. Con-
sidering the characteristics of Ge** centers in other
systems, 'Sy —*Py, ’P, intracenter transitions in
MgO:Ge are expected in the region of 4.6-5.6 eV.

The maximum of an absorption band of F*
centers lies at 5.05 eV (FWHM ~ 0.6 eV at 80 K).
The emission band with the maximum at 3.18 eV
(FWHM ~ 0.6 eV) can be excited in the region of
this absorption band. According to our data, the
intensity of F* centre emission undergoes thermal
quenching (decreases by 10 times) at the heating of
a proton-irradiated MgO crystal from 70 to 295 K.
In contrast to F* centre emission, the lumines-
cence of Ge** centers in X-irradiated MgO:Ge
does not undergo thermal quenching up to 500 K
(see below).

Fig. 2 displays the thermal run of the Ge>* lu-
minescence. Both cathodoluminescence (from 10
to 270 K) and X-ray luminescence (from 77 to
650 K) data are shown. As can be seen from Fig. 2,
the Ge?* luminescence is thermally very stable: the
intensity of the luminescence starts to decline at
500 K and its intensity at 600 K is about one half
of that at room temperature. In the same figure, a
result of fitting of the X-ray luminescence data to
the Mott formula is also depicted. According to
our measurements, during thermal quenching the
shape of the luminescence band remains un-

Intensity (arb. units)

L L L 1 1 L L 1 1 1 L 1

0 50 100 150 200 250 300 350 400 450 500 550 600 650

Temperature (K)

Fig. 2. Thermal stability of Ge** emission. 1 — cathodolumi-
nescence, 2 — X-ray luminescence, 3 — Mott function, fitted to
X-ray luminescence data.

changed. The activation energy of the quenching
process E equals 0.52 eV. The reason of the decline
of the luminescence intensity at 50-100 K remains
unclear. Partly it may be due to the gradual ther-
mal decay of the broad complex luminescence
band, centered at ~5.4 eV and overlapping the
excitation band of Ge?>* luminescence. However,
the main part of this luminescence band, con-
nected with the recombination of electrons with
the holes, localized at the impurity ions and cation
vacancies [7], is stable at least to 180 K.

To investigate the carrier mobility at low tem-
perature, we measured the edge luminescence of
MgO:Ge crystals at LHeT (Fig. 3). As it is evident
from Fig. 3, both the luminescence of free (small
peak at 7.71 eV) and weakly bound excitons of
large radius (the structure at 7.6-7.7 eV) are de-
tectable, indicating the high mobility of excitons
and perfect structure of the crystal. However, in
comparison with the edge luminescence of the
undoped MgO crystals [8], the observed lumines-
cence peaks are shifted about 40 meV to higher
energies. This shift is far too big to fall into the
limits of measurement accuracy and is tentatively
assigned to the influence of Ge doping (for the
measured crystal the concentration of GeO, in the
starting powder was 0.07 m%).

By using synchrotron radiation and the Ge**
emission, the multiplication of electronic excita-
tions (MEE) in MgO:Ge was investigated. Fig. 4
presents the excitation spectrum for 3 eV lumi-
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Fig. 3. The cathodoluminescence spectrum of MgO:Ge (0.017
mol% GeO,) at =8 K near the absorption edge of MgO. The
inset shows the fine structure for emission of free exciton (FE)
and bound excitons (BE) of large radius.
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Fig. 4. The excitation spectrum of the time-integrated 3 eV
emission and a reflection spectrum for the MgO:Ge single
crystal at 7.6 K.

nescence (time-integrated), along with a reflection
spectrum of MgO, measured in a spectral region of
8-36 ¢V at 8 K. In the inset the excitonic structure
near the absorption edge of MgO is shown. The
photoexcitation of MgO:Ge in the region of in-
terband transitions causes the formation of e-h
pairs, only small part of which recombine near
Ge?* centers causing the appearance of 3 eV
emission. For high absorption coefficients (~10°
cm™!) e-h pairs are formed only in a thin near-
surface layer increasing the probability of nonra-
diative e-h recombination at the surface. The role
of near-surface e-h recombination significantly
decreases in the photon energy region of 21-36 eV

(absorption coefficients are less than 10* cm™!). A
quantitative estimation of near-surface losses has
been carried out for a MgO:Al crystal [9].

It was shown recently that the efficiency of im-
purity emissions (5.0, 5.4, 5.9 eV), connected with
the recombination of electrons and Voy, Vai or
other hole centers, increases in two stages if the
energy of the exciting photons exceeds the thresh-
old value E; = 21.5 eV [10]. So, the intrinsic MEE
process in MgO occurs in two stages. The absorp-
tion of one photon of 21-26 eV (the first stage) leads
to the creation of two e-h pairs, while one photon
of 25-30 eV (the second stage) causes the formation
of three e-h pairs. Both these stages of MEE are
observed in the excitation spectrum for 3 eV time-
integrated emission in MgO:Ge (see Fig. 4).

Taking advantage of the relatively high thermal
stability of Ge** luminescence, we investigated the
high temperature thermostimulated luminescence
(HTTSL) (up to 775 K) of MgO:Ge crystals. In this
temperature region one can expect a manifestation
of intrinsic ionic processes, above all a thermally
induced diffusion of anion interstitials. According
to [11], the thermal annealing of H centres (O;
molecular ions, formed due to the trapping of an
interstitial oxygen atom by a cation vacancy, single
or associated with a heterovalent impurity ion)
occurs at 550-680 K. According to [12], the diffu-
sion of oxygen interstitials is characterized by an
activation energy ~1.45 eV. We made an attempt
to find the tracks of these processes in the high
temperature thermoluminescence of MgO:Ge.

In Fig. 5 the thermoluminescence of a MgO:Ge
crystal, X-irradiated at room temperature but
unirradiated with heavy particles, is shown. The
thermoluminescence curve was measured using the
oscillating temperature regime proposed by
Gobrecht [13]. This enabled to calculate the acti-
vation energies and frequency factors of the re-
laxation processes (we followed the procedure
proposed by Tale [14]). The steps on the activation
energy curve mark the peaks and shoulders on the
thermoluminescence curve (Fig. 5). The main TL
peak at ~400 K is characterized by a distribution
of activation energies, connected apparently with
the thermal decay of various V-centers in this
temperature region. The other peaks at 450, 520
and 625 K have wide distribution of frequency
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Fig. 5. High temperature thermoluminescence glow curve of
MgO:Ge (1); the activation energy (2) and frequency factor (3)
of the relaxation processes involved, measured by use of an
oscillating temperature regime.

factors. The activation energy varies in the range
of ~1.0 to 2.0 eV and the frequency factor — of 102
to 10'° s~!, respectively. However, these values can
be influenced by the possible contribution of tun-
nel recombination luminescence that was not tak-
en into account in the data evaluation. The drop of
both the activation energy and frequency factor at
T>700 K may be connected with the influence of
the emission of the sample holder, developing at
these temperatures. However, an analogous de-
crease of the frequency factor and activation en-
ergy is expected in the case of thermally induced
hopping diffusion of anion intersitials.

Our measurements of the optical absorption of
neutron-irradiated MgO crystals indicated that the
anion vacancies (F'-centers), created by neutron
irradiation, decayed at the first heating up to 750
K. It makes it promising to search for the therm-
oluminescent manifestations of the ionic processes
in MgO. However, it is difficult to separate the
thermoluminescent peaks, originating from ionic
processes, from the thermoluminescence peaks,
created in the electronic processes. These investi-
gations on the neutron-irradiated MgO crystals
are being continued.

4. Conclusions

MgO single crystals, doped with Ge?* ions,
have been synthesized. The crystals emit intensive

blue luminescence (room temperature cathodolu-
minescence maximum at 3.18 eV and FWHM =
0.94 eV) in the wide temperature range of LHeT to
650 K. The measurement of the excitation spec-
trum of Ge?* luminescence in the range of photon
energies 4.5-35 eV at 8 K revealed the process of
the direct excitation of the 4s’-type Ge>* ions
(4.7-6.7 V) and the process of the multiplication
of electronic excitations when the absorption of
one photon of 25 or 30 eV leads to the creation of
two or three electron-hole pairs, respectively. The
high thermal stability of this luminescence makes it
especially suitable for the high temperature ther-
moluminescence measurements. The HTTSL
measurements of the MgO:Ge crystals with view
to discriminating between electron-hole and in-
terstitial-vacancy mechanisms of light sum storage
in MgO are in progress.

Acknowledgements

We would like to thank Prof. Ch.B. Lushchik
for helpful discussions. This work has been
supported by Grant 3867 of the Estonian Sci-
ence Foundation. M.K acknowledges the finan-
cial support from the STINT Foundation
(Sweden).

References

[1] N.E. Lushchik, Trudy Inst. Fiz. Acad. Nauk Est. SSR 7
(1958) 134.

[2] A. Maaroos, Trudy Inst. Fiz. Acad. Nauk Est. SSR 53
(1982) 49.

[3] I.L. Kuusmann, P.H. Liblik, R.A. Mugur, V.M. Tiit, E.H.
Feldbach, R.V. Chatskina, J.J. Edula, Trudy Inst. Fiz.
Acad. Nauk Est. SSR 51 (1980) 57.

[4] G. Zimmerer, Nucl. Instr. and Meth. A 308 (1991) 178.

[5] L.A. Kappers, R.L. Kroes, E.B. Hensley, Phys. Rev. B 1
(1970) 4151.

[6] Y. Chen, M.M. Abraham, T.J. Turner, C.M. Nelson,
Philos. Mag. 32 (1975) 99.

[7] K.A. Kalder, T.N. Kirner, C.B. Lushchik, A.F. Malysh-
eva, R.V. Milenina, Izv. Akad. Nauk SSSR, Ser. Fiz. 40
(1976) 2313.

[8] L.L. Kuusmann, E.H. Feldbach, Sov. Solid State Phys. 23
(1981) 461.

[9] Y. Aleksandrov, A. Vasil’ev, V. Kolobanov, C. Lushchik
A. Maaroos et al., Trudy Inst. Fiz. Acad. Nauk Est. SSR
53 (1982) 31.



T. Karner et al. | Nucl. Instr. and Meth. in Phys. Res. B 166-167 (2000) 232-237 237

[12] T. Brudevoll, E.A. Kotomin, N.E. Christensen, Phys. Rev.

[10] M. Kirm, E. Feldbach, T. Kéirner, A. Lushchik,
C. Lushchik et al., Nucl. Instr. and Meth B 141 (1998) B 53 (1996) 53.
431. [13] H. Gobrecht, D. Hofmann, J. Phys. Chem. Solids 27
[11] L.E. Halliburton, L.A. Kappers, Sol. State Commun. 26 (1966) 1759.
[14] I.A. Tale, Phys. Stat. Sol. A 66 (1981) 65.

(1978) 111.






T. Kérner, S. Dolgov, N. Mironova-Ulmane,

S. Nakonechnyi, and E. Vasil'chenko,

Anion interstitials in neutron-irradiated MgO single crystals,
Radiation Measurements 33, 625-628, 2001.



PERGAMON

Radiation Measurements 33 (2001) 625-628

Radiation Measurements

www.elsevier.com/locate/radmeas

Anion interstitials in neutron-irradiated MgO single crystals

T. Kérner® *, S. Dolgov?®, N. Mironova-Ulmane®, S. Nakonechnyi?, E. Vasil’chenko?

Anstitute of Physics, University of Tartu, Riia 142, 51014, Tartu, Estonia
bSolid State Physics Institute of Latvian University, Kengaraga Str. 8, LV-1063 Riga, Latvia

Received 20 August 2000; received in revised form 1 February 2001; accepted 10 February 2001

Abstract

Electron paramagnetic resonance (EPR) and high-temperature (300—775 K) thermoluminescence of neutron-irradiated MgO
single crystals were studied. Spin-hamiltonian parameters of the observed anion interstitial centres (O, molecular ion in an
oxygen site by a cation vacancy—H centre) were determined. The thermal stability of anion interstitials (H centres) and other
EPR-active centres was investigated. It is shown that the thermal decay of H centres is attended by a TL peak due to hole
recombination luminescence at 700 K. A possible mechanism for the thermal destruction of anion Frenkel defects in MgO is

discussed. (© 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Thermoluminescence; Radiation defects; Anion interstitial; Simple oxide

1. Introduction

Defects in the MgO single crystals, containing anion or
cation vacancies, and the processes, involving these defects
(their formation, migration, localization and clustering, trap-
ping and thermal release of charge carriers, luminescence
etc.) have been widely investigated. However, we know
little about the role of interstitials in these crystals. The
properties of anion interstitials have been studied in several
theoretical papers (Brudevoll et al., 1996; Evarestov et al.,
1996; Kotomin and Popov, 1998). The calculations showed
that charged interstitials are unstable at room temperature.
For a neutral oxygen interstitial it was found thata O™ -0~
dumb-bell configuration on an anion lattice site is energet-
ically the most favourable one. The calculated equilibrium
distance between two atoms of the dumb-bell is close to
that of a free O, molecule, yet the data about the chem-
ical bonding between these atoms are controversial. The
only experimental work in which anion interstitials have

* Corresponding author. Tel.: +372-7-428-946; fax: +372-7-
383-033.
E-mail address: tiit@fi.tartu.ee (T. Karner).

been directly recorded, is that of Halliburton and Kappers
(1978). In a neutron-irradiated MgO crystal they observed
electron spin resonance (ESR) spectra of O, molecules
localized near cation vacancies and interpreted this centre
as an analogue of H-centres in alkali halide crystals—a
radiation-produced oxygen interstitial combined with an in-
digenous oxygen ion, with the cation vacancy acting as the
stabilizing site. There is also some indirect data concerning
radiation-produced anion interstitials: the effect of neutron
irradiation on the d-transitions in MgO : Mn** crystals was
attributed to the presence of interstitial-impurity-F-centre
complexes (Okada et al., 1987). In our previous paper
(Kérner et al., 2001), we described a high temperature ther-
moluminescence (TL) peak at ~700K coinciding with the
thermal decay of H centres, which was interpreted as the
result of a radiative recombination of anion interstitials with
F* centers. A drastic difference was observed in the be-
haviour of TL peaks in a region of 400—-550 K and 630-750
K before and after a thermal destruction of H centres, mea-
sured in neutron-irradiated MgO crystals immediately after
a control X-irradiation. Heating a crystal to 775 K enhances
the TL peaks in a low-temperature region and reduces the
700K high-temperature peak. In the same temperature re-
gion, we registered an abrupt drop of the frequency factor

1350-4487/01/$ - see front matter (©) 2001 Elsevier Science Ltd. All rights reserved.
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of the thermoluminescence recombination process that was
ascribed to the hopping diffusion of anion interstitials.

In this work, we present additional data concerning anion
interstitials and their recombination process in MgO.

2. Experimental

The ESR and TL (up to 775K) of neutron-irradiated un-
doped and aluminium-doped MgO single crystals have been
measured. The MgO crystals were grown at the Institute of
Physics, University of Tartu, by a variation of the arc fu-
sion technique. For the growth of aluminium-doped crys-
tals the concentration of ALO; in the starting powder was
10000 ppm (the so-called MgO M6 crystals) or 5000 ppm
(MgO M4) that resulted in a concentration of V centres of
about 10" cm 3. The MgO crystals were neutron irradiated
in a nuclear reactor of Latvian Nuclear Research Center,
Salaspils. The irradiation doses were 10'“~10'7 neutron/cm?.

The EPR spectra were measured with an X-band (9.9278
GHz) ERS 231 spectrometer. A continuous-flow helium
cryostat (Oxford Instruments, ESR900) was used to keep
the samples at the necessary temperature (typically 100 K).
Pulse annealing of the samples was carried out to determine
the thermal stability of the observed EPR-active centres. On
pulse annealing the crystals were kept, after a fast heating
up, for a certain time (2min) at the required temperature
and then cooled to the measurement temperature. All the
EPR spectra of H centres were analysed using the computer
program EPR-NMR (Department of Chemistry, University
of Saskatchewan, Canada, 1993).

High-temperature thermally stimulated luminescence of
the MgO crystals was measured at a heating rate of 2.86
K/s in the atmosphere of flowing nitrogen, using a Sys-
tem310 TLD Reader. A method of control colouration
(X-irradiation, dose 100Gy) was used before every TL
measurement. The construction of the TLD Reader ruled
out the possibility of using a monochromator in the TL
measurements, therefore, optical light filters were used to
determine the spectral distribution of the luminescence in
the TL glow peaks.

3. Results and discussion

The EPR spectra of the MgO M4 crystals revealed
two types of H-centre. Their spin-hamiltonian parameters
(ge =2.0059, g, =2.0011, g.=2.0767, 0=30.46"  and
g:=2.0061, g, =2.0011, g. =2.0761, 0=31.24", where
f—angle between the axis of a O, molecule and (100)
direction in the crystal) are somewhat lower than those
determined earlier (Halliburton and Kappers, 1978), but an
almost uniform shift of the components of the ¢ tensor and,
especially, an equal difference between the spin-hamiltonian
parameters for two centres in both cases, leaves little doubt
that the observed centres are the centres H; and Hy seen

v =9278.8 MHz
©=05°

32‘20 32I40 32|60 32|80 3300 3320
Magnetic field (10™*T)

Fig. 1. EPR spectra of the neutron-irradiated (10'7 n/em?) MgO : Al
(MgO M4) single crystal. l—experimental spectrum, 2 and
3—computer simulated spectra for Hyj and Hy centres, respectively.
Short arrows mark the spectral lines, visible only at small angles
between the magnetic field and (1 00) crystal directions (see text).

by these earlier authors. The concentrations of H; and Hy
centres were roughly equal. In the MgO M6 crystal with
a higher dopant content we observed only an H; centre.
However, its concentration was about 10 times as high as
that in MgO M4.

Besides the spectra of H; and Hy centres we observed
another EPR spectrum, the intensity of which was so
orientation-dependent that it could be observed only at
small angles between the magnetic field and (100) direc-
tion (see Fig. 1). In Fig. 1 the measured EPR spectrum of
a MgO M4 crystal and computer-simulated spectra of H;
and Hy centres for an angle 0.5° are given. The spectral
lines of the above-mentioned orientation-dependent EPR
spectrum are marked with arrows. The angular dependence
of the position of these lines, as far as they can be observed,
and their thermal stability is close to that for the H centres,
therefore, it is reasonable to assume that the nature of this
centre is similar.

In Fig. 2 are shown the pulse annealing curves of the
centres, observed by EPR in a MgO M4 crystal. All the
EPR spectra were measured at 100 K, the spectra of H cen-
tres were recorded at a microwave power of 125mW, F*
centres were measured at ~ 8 uW, and the other impurity
centres were measured at 0.2mW. The H centres decay in
a relatively narrow temperature region from 650 to 725K,
whereas the decay of F* centres begins at ~500K and is
not finished by 775 K. According to Halliburton and Kap-
pers (1978), the destruction temperature of the Hy centres
is about 30 K lower than that of the H; centres, and their de-
cay is accompanied with a simultaneous growth of the EPR
signal of the Hj centres. Due to the low intensity of the EPR
signals and difficulties in the orientation of the crystal we
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neutron-irradiated MgO: Al

EPR intensity

520 560 600 640 680 720 760 800
Temperature (K)

Fig. 2. The intensity of EPR signals of the neutron-irradiated MgO
M4 crystal versus the pulse annealing temperature. All spectra were
measured at 100 K. 1—the pulse annealing curves for H, 2—F*,
3—Mn?t, 4—Fe3t, 5—Cr3t centres.

could not separate the thermal decay of the H; and Hy cen-
tres. During the thermal decay of the F* and H centres, we
observed a significant growth of the intensity of the EPR
signal at g=1.9800 that belongs to Cr’* centres with an
essentially octahedral symmetry, whereas the intensities of
the EPR spectra of other common impurities with a variable
charge state (Mn?", V>, Fe**) remain unchanged.

The luminescence spectrum of MgO at high temperatures
consists of two main bands. One of them is of a complex
origin and is centred in the blue spectral region at ~2.9¢V.
The luminescence is dominantly recombinational and arises
as a result of the thermal release of both electrons and holes.
The other band of red luminescence belongs to Cr** in sites
with different symmetry; the R-line is situated at 1.776¢V.
To determine the spectral composition of the TL peak at
700K, we measured TL using additional optical filters. In
Fig. 3 for an undoped MgO crystal, the changes in the TL
curves induced by heating of the neutron-irradiated crystal
to 775K (the difference between the second and the first
TL measurements of the same neutron-irradiated crystal),
registered without and with filters, spectral transmittance of
which is given in the inset, are depicted. As can be seen, the
glow in the 700 K peak is mainly due to Cr** luminescence.

The ESR spectrum of the H centres was observed in all
the investigated crystals, neutron-irradiated with doses 10"
n/ecm?, but we did not find H centres in the unirradiated,
X-irradiated or even plastically deformed and X-irradiated
crystals. This makes MgO quite different from another sim-
ple oxide—SrO, in which a large variety of O, centres
have been observed in unirradiated SrO crystals (Seeman et
al., 1980). O, molecular ion—cation vacancy complexes (H
centres) seem to be a well-established form of anion inter-
stitials in MgO. From a slightly different point of view, they
may be regarded as interstitial atoms, trapped by V centres,

T (%)

TL intensity change

300 400 500 600 700 800
Temperature (K)

Fig. 3. The change in the TL intensity of a neutron-irradiated un-
doped MgO crystal between the first two consecutive measure-
ments (difference between the second and the first measurements):
without filter (solid line); filter CC5, transmitting light in a band,
centred at 2 =430 nm (dashed line); filter KC15, cutting light with
A < 650nm (dotted line). In the inset the spectral transmittance of
the filters is depicted.

and we can expect a family of H centres with somewhat
different spin-hamiltonian parameters analogous to those of
V centres. In MgO all the identified V centres, because of
the dominant influence of the cation vacancy, have close
g-factors (identical in the case of V™ and Vy, centres); ap-
parently such is the case for H centres, too. Therefore, the
close agreement between the spin-hamiltonian parameters of
the H centres reported earlier and the one measured by us is
not unexpected. The exact correspondence between various
members of the families of V and H centres needs further
investigation.

The curve of the thermal decay of F* centres measured
by EPR (Fig. 2) is quite similar to that recorded by the fall
of an optical absorption of F and F" centres at 5.0eV (Hal-
liburton and Kappers, 1978). This agrees with the result that
in neutron-irradiated crystals anion vacancies are normally
in the F* state (Gonzalez et al., 1999). We tried to estimate
by EPR the relative number of F™ and H centres in a MgO
M4 crystal and found that the total number of H; and Hy
centres (neglecting the observed “phantom” H centre) was
about one half of that for F' centres. That means that the
H centres are the dominant form of anion interstitials, at
least in this particular crystal. This result raises a number of
issues and must be carefully checked to draw any conclu-
sions. The issues raised include: how can the gently sloping
decay curve of F' centres be explained on the ground of a
relatively sharp drop of the number of H centres; how can
the dominant part of anion interstitials be associated with
cation vacancies.

The growth of the number of Cr** centres is observed
in the same wide temperature range where the decay of F*
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centres occurs. With rising temperature (in Fig. 3) we can
follow the increasing importance of red chromium lumines-
cence in the TL peaks. The red luminescence arises accord-
ing to the following reaction (in which * depicts the excited
state):

bt s et 4y

and indicates an occurrence of hole release processes. The
low-temperature TL peak at about 420K arises during the
thermal destruction of V centres. According to Luthra and
colleagues (Luthra et al., 1977) all TL peaks up to 550K
are due to hole-trapped centres. But the most interesting, for
us, is the dominant role of red luminescence in the TL peak
at 700K ascribed to the thermal destruction of H and F"
centres (Fig. 3). The thermal destruction of H centres can
be described by the reaction:

(07 )ave — O + v + h.

In this process holes are created, but the recombination of
these holes cannot explain the decrease of the frequency
factor of the recombination process (Kérner et al., 2001)
since it requires the hopping diffusion of an interstitial
ion as an essential limiting part of the recombination pro-
cess. It implies the following final step of the oxygen
interstitial—F " centre recombination process:

O + v, + e(F" centre) — O*~ +h.

The thermoluminescence, observed at 700K, is supposedly
a mixture of two recombination processes with the partici-
pation of these two kinds of holes.

4. Conclusion

The anion interstitials in MgO can be trapped by various
V centres, forming a family of H centres, homomorphic
with the family of V centres. The annealing of H centres in
n-irradiated MgO is connected with the destruction of the
O, molecules localized near cation vacancies. The hopping
diffusion of released OY brings about their recombination
with F™ centres, decreasing the optical absorption at 5eV.

The recombination of the released holes with the electrons,
trapped at impurity centres, during the destruction of H cen-
tres and during the OY — F* interaction, causes the TL peak
at T=700K.
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The thermal stability of anion interstitials (H centers) was studied in neutron irradiated single
crystals of MgO. The ESR spectra of H centers were investigated, the annealing of their ESR
absorption and the optical absorption of F* centers was measured. Both defects were found to
disappear in the 650~750 K temperature region. Thermal decay of H centers was investigated
using fractional thermoactivation spectroscopy and a common high-temperature (300-775 K)
thermoluminescence, combined with the method of controlled X-colouration. A possible
mechanism for the thermal destruction of complex anion Frenkel defects in MgO, including
the hopping diffusion of neutral oxygen interstitials to F centres, is proposed.

Keywords: Thermoluminescence, Radiation defects, Anion interstitial, Simple oxides, MgO

1. INTRODUCTION

Defects in MgO single crystals containing anion or cation vacancies, and
processes relevant to these defects, have been thoroughly investigated in

*Corresponding author. Tel.: + 372-7-428 946, Fax: + 372-7-383 033, E-mail:
tiit@fi.tartu.ce
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the past. However, we know very little about interstitials in these crystals.
Properties of anion interstitials have been studied in several theoretical
papers [1, 2], whereas the only experimental work concerning anion intersti-
tials is that of Halliburton and Kappers [3]. In a neutron-irradiated MgO
crystal they observed the ESR spectra of O; molecules localized near cation
vacancies and interpreted the observed centre as an analogue of H-centres in
alkali halide crystals—a radiation-produced oxygen interstitial atom com-
bined with an indigenous oxygen ion, the cation vacancy acting as the
stabilizing site. However, the connection between O; molecules and
anion interstitials requires further investigation since a large variety of O
centres has been observed in other unirradiated simple oxide crystals—
SrO [4].

2. EXPERIMENTAL

The ESR, optical absorption, photo- and cathodo-luminescence and high-
temperature (up to 775K) thermoluminescence (HTSL) spectra of neu-
tron-irradiated undoped and doped MgO crystals have been measured.
The MgO crystals were grown at the Institute of Physics, and irradiated
in a nuclear reactor of the Latvian Nuclear Research Center, Salaspils.
The irradiation doses were 10'“~10'7 neutron/cm?. High-temperature ther-
mally stimulated luminescence (HTSL) was measured with a heating rate of
2.86K/s in an atmosphere of flowing nitrogen. HTSL measurements were
performed after a three months storage of neutron-irradiated samples at
room temperature. The method of control colouration (X-irradiation, dose
100 Gy) was used for the investigation of the defects created in a nuclear
reactor.

3. RESULTS

The ESR spectrum of H centres was observed in all crystals neutron-irra-
diated with doses >10'n/cm?® The Spin-Hamiltonian parameters of the
observed centres coincide within the limits of experimental error with
those of H; centers [3], and indicates that there is no additional perturbing
defect adjacent to the H centre. We did not find any O3 centres in unirradi-
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ated, X-irradiated or even plastically deformed (up to 4%) and X-irradiated
crystals. Using isochronal annealing with an effective heating rate of
10 K/min, we investigated the thermal stability of H centres, F, F* centres,
and cation vacancies in a MgO:Al crystal (see Fig. 1a). The curve of iso-
chronal annealing of the EPR signal of V™ centers, which correspond to
hole polarons localized near single cation vacancies [5], is also given for
an X-irradiated crystal. The destruction of H centres takes place at 625—
700K, whereas the thermal decay of anion vacancies occurs in a tempera-

E, eV
2.0
1.5
1.0
0.5

0.0~ - - L
400 500 600 700 800

Temperature (K)

FIGURE 1. a) HTSL curves of a neutron-irradiated (dose 10'7 neutron/cm?) MgO crystal
measured during the first (1) and the second heating (2) up to 773 K. A control X-irradiation of
a sample was performed before each heating. Pulse annealing of EPR signal of V™ centers (3)
in an X-irradiated MgO crystal and of H centers (4) in neutron-irradiated MgO and of the
optical density of F, F* centres at 5eV (5). All curves were measured or recalculated to
correspond to the effective heatin% rate 2.86 K/s. b) HTSL of a MgO:Al crystal irradiated in a
nuclear reactor (10'®neutron/cm?) and additionally irradiated by a control dose of X-rays
(solid line). The calculated values of the activation energy (O) and frequency factor (@) for a
HTSL curve measured by the method of fractional thermoactivation spectroscopy.
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ture interval 600-800 K, and contrary to [6], we did not observe a decrease
in the number of cation vacancies in this temperature region. The HTSL of
neutron-irradiated MgO crystals was measured using luminescent methods
of fractional thermoactivation spectroscopy. There is a substantial differ-
ence in the behavior of HTSL peaks in the region of 400-550K and
630-750K measured in a neutron-irradiated MgO crystal immediately
after a control X-irradiation at 295K or after an additional preheating of
a sample up to 773K and a subsequent control X-irradiation of the same
dose at 295K (Fig. la). The additional heating enhances the HTSL
peaks in the low-temperature region, reduces the high-temperature peaks
and causes the annealing of H and F, F* centres.

A comparison of data for the thermal annealing of EPR signals for V,
and H centres allows us to propose the following simple model. Collision
of fast neutrons with atoms cause the creation of anion Frenkel defects, F
centers and interstitial oxygen atoms (neutral interstitials) that become
localized at V™ hole centres and finally transforms them to H centres.
Heating to 773K destroys the H centers and restores single vacancies.
A repeated control X-irradiation causes a considerable decrease of HTSL
in the region of 630-750K and a drastic enhancement of thermostimulated
luminescence at 400—-600 K.

Figure 1b presents the spectrum of the activation energy of HTSL mea-
sured by the method of fractional thermoactivation spectroscopy in a
MgO:Al crystal irradiated by both neutrons and the control dose of X-
rays. Values (for the details of the calculation see [7]) of the frequency fac-
tor p, for the probability of holes or interstitial release from traps are shown
in Figure 1b as well. The frequency factor in the temperature range 450—
630K is equal to 10'*-10"*cm™" which is normal for electron-hole pro-
cesses. However, the value of p, decreases by four orders of magnitude
from 650 to 750K. A similar decrease of p, was observed earlier in irra-
diated NaCl:Ag crystals and was interpreted as hopping diffusion of Vx
centers toward silver centers [8]. So, the decrease of p, at 7> 650K in
MgO may also be related to hopping diffusion of oxygen interstitials re-
leased from traps. In neutron-irradiated MgO crystals, the annealing of
the EPR signal of H centers occurs in the same region of 650-700K.
The measured activation energy of the process (1.8-2.0 eV) in this tempera-
ture region is close to the predicted theoretical activation energy for O3 dif-
fusion (1.5-2.0eV, [1-2]).



PURE AND DOPED SINGLE CRYSTALS OF MgO 175

4. CONCLUSION

The annealing of H centres in a neutron-irradiated MgO crystal is linked to
the destruction of O3 molecules localized near cation vacancies. The latter
process takes place at 630-700 K. Therefore, the thermal dissociation of O3
leads to the formation of ©}. Hopping diffusion of Of leads to their recom-
bination with F and F* centres, thus decreasing the induced optical absorp-
tion in the region of 5eV. Recombination of holes with the electrons,
trapped at impurity centres, results in the appearance of HTSL at
650 —750K.
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Abstract — A possibility of using the thermoluminescent detection of collision-created interstitial centres in MgO by the TL
peak at 700 K, arising at the radiative recombination of anion interstitials with F* centres, for the selective detection of fast
neutrons in mixed neutron—gamma fields, is examined. Selectivity and sensitivity of such a detector are discussed. For the present
time, the sensitivity of the thermoluminescent detection of anion interstitials created by neutron irradiation is comparable to that
of the EPR detection of F* centres, the main limitations of the thermoluminescence method being connected with the background
thermoluminescence and absence of suitable luminescence centres in this temperature region, when undoped and untreated MgO
crystals are used. Possible ways to overcome these shortcomings are discussed.

INTRODUCTION

Because of a high relative damaging impact of fast
neutrons (FN) on biological objects, if compared to the
equal absorbed dose of gamma rays, it is important to
discriminate between them in the usual case of mixed
neutron—-gamma fields. One principal possibility for
achieving this goal is to use, as a dosemeter, a gamma-
resistant material and to monitor the amount of Frenkel
defects (FD) created in this material by FN and recoil
protons. A fast neutron dosemeter, based on the thermo-
stimulated electron emission detection of F centres pro-
duced in MgO by displacement collisions, has been
described®. It was also proposed® to use for this
purpose the thermoluminescent detection of collision-
created interstitial centres in MgO.

The only experimental work in which anion inter-
stitials have been directly recorded, is that by Hallibur-
ton and Kappers®. In a neutron-irradiated MgO crystal
they observed ESR spectra of O; molecules localised
near cation vacancies and interpreted this centre as an
analogue of H-centres in alkali halide crystals — a radi-
ation-produced oxygen interstitial combined with an
indigenous oxygen ion, the cation vacancy acting as the
stabilising site.

In a previous paper® a high-temperature thermo-
luminescence (TL) peak at ~700 K was described
coinciding with the thermal decay of H centres. This TL
peak was interpreted as a result of a radiative recombi-
nation of anion interstitials with F* centres. The anion
interstitials created in MgO by neutron irradiation can
be trapped near cation vacancies, forming H centres.
The annealing of H centres is connected with the
destruction of the O, molecules. The hopping diffusion
of released Of results in their recombination with F*
centres. The recombination of these released at the
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destruction of H centres and at the Of — F* interaction
holes with the electrons, trapped at impurity centres,
causes the TL peak at 700 K.

It may be of interest to find out whether it is possible
to use this process and TL peak to create a selective
detector of fast neutrons for mixed neutron—gamma
fields.

OBJECTIVES AND EXPERIMENTAL METHODS

The EPR, luminescence and TL (up to 775 K) of
neutron-irradiated MgO single crystals, undoped and
doped with Al, Be, Cr, have been measured. The major
part of the investigated MgO crystals were grown at the
Institute of Physics, University of Tartu, by a version
of the arc fusion technique. An average content of the
most common transition metal impurities in these
crystals was about 10 ppm. A part of undoped single
crystals, referred below as MgO-A, partly preliminarily
thermally treated, with the content of impurities of about
an order higher, was obtained from other sources. The
MgO crystals were irradiated in a nuclear reactor of the
Latvian Nuclear Research Center, Salaspils. The
neutron fluence was 10'*-10'"7 ¢cm™2 with an average
energy of neutrons of 2 MeV.

The EPR spectra were measured with an X-band
(9.93 GHz) ERS 231 spectrometer. High temperature
thermally stimulated luminescence of MgO crystals has
been measured at a heating rate of 2.86 K.s™' in an
atmosphere of flowing nitrogen, using a System310
TLD reader. Before every TL measurement the crystals
were X-irradiated (55 kV, dose 100 Gy, determined by
a ferrous sulphate dosemeter) to populate the existing
trapping centres with electrons and holes.

RESULTS AND DISCUSSION

Neutron irradiation of MgO induces significant
changes in the TL of the crystals: a decrease of the
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intensity of the low temperature (T < 620 K) peaks and
the emergence of a high temperature TL peak at ~700
K. Heating of the neutron-irradiated crystal to ~775 K
(e.g. in the course of a TL measurement) restores the
initial TL of the crystal. The effect of neutron irradiation
on the TL of MgO is shown in Figure 1. An undoped
MgO crystal was irradiated by neutrons (fluence 10'7
cm™2), X-rradiated and a TL curve was measured
(curve 1). Thereafter, the crystal was again X-irradiated
and the TL was measured (curve 2). As can be seen,
the first heating had suppressed the high temperature TL
peak at 700 K. The light output in this peak can be
found as the difference between the TL curves 1 and 2
and is shown as the hatched area below curve 3.

In Figure 2, the dependence of the light output in the
700 K TL peak on the neutron fluence is given. The
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Figure 1. High-temperature TL spectra of a neutron irradiated
(fluence 10" cm™2) undoped MgO. (1) the first measurement,
(2) the second measurement. Before measurements the crystal
was additionally X-irradiated (55 kV, dose 10 Gy). (3) differ-
ence between curves 1 and 2 at T > 630 K. The hatched area
below curve 3 expresses the light output in the 700 K TL peak.
(4) isochronal annealing of the EPR signal of H centres.
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Figure 2. Dependence of the light output in the 700 K TL peak

of neutron irradiated MgO crystal on the neutron fluence. The

dashed curve marks a linear dependence (notice the logarithmic
abscissal) between light output and neutron fluence.

dashed curve in Figure 2 represents a linear dependence
(notice the logarithmic abscissa!) between light output
and fluence. From Figure 2, it follows that, using a 1
mm thick plate of undoped MgO as a TL detector, only
the neutron fluences higher than about 10'® cm™2 can
be detected with confidence. However, in such a plate
only about 1% of the incident neutrons will be absorbed.
Therefore, the use of an H-containing converter,
enabling one to transform FN into recoil protons, seems
to be essential®.

Next, an attempt is made to establish the nature of
TL peaks, inspect MgO for the specific properties of
a dosimetric material, and investigate the possibility to
improve its pertinent characteristics.

In Figure 3, a typical TL curve of a MgO-A single
crystal, unirradiated with neutrons but X-irradiated
before the measurement, is given (curve 1). The main
TL peaks lie at about 395, 450, 495, 615, and 690 K.
The rise of the TL curve at T > 720 K is due to the
thermal emission of the heater. Luthra eral® have
shown that all the glow peaks of MgO at T < 550 K
are due to trapped hole centres (their heating rate was
2 K.s™'). The measurements show that the first three
peaks observed are connected with V-type centres
(single or impurity associated cation vacancies with
localised nearby holes). Curve 2 depicts the TL of a
beryllium-doped neutron-irradiated (10'” n.cm™2) single
crystal. The EPR measurements made 1.5 years after the
neutron irradiation of the crystal revealed an intensive
signal of V™~ centres (the crystal was stored at room
temperature). Besides the high thermal stability, the V~
centres were identified by their single-line isotropic
spectrum at T > 250 K. The TL peak at 395 K belongs
to Voy centres and was identified by the characteristic
EPR signal of the centres decaying at this temperature.
Using a saw-tooth-like regime of heating, the activation
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Figure 3. High-temperature TL curves of an X-irradiated MgO-
A single crystal with high content of impurities (1), a neutron
(10" em™) + X-irradiated beryllium-doped single crystal (2),
an X-irradiated chromium doped single crystal (3) and the
values of activation energy, calculated from the MgO:Be (4)
and MgO:Cr (5) TL curves measured by the method of
fractional thermoactivation spectroscopy.
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energy of the thermal destruction of V centres was
determined (curve 4). Repeated measurements yielded
activation energies of 1.15 = 0.05 eV and 1.50 = 0.05
eV for the Vo and V™ centres, respectively. The
smaller TL peak at 450 K could be strongly enhanced
by thermal treatment (quenching) and is believed to
belong to V~, associated with various impurities (so-
called V,, centres).

The changes in TL intensity occurring due to neutron
irradiation (or subsequent heating) are consequently
caused by the transformation of V centres into H centres
(or vice versa). A comparison of the thermal decay of
the F* and H centres, created at neutron irradiation,
shows that not all interstitials are trapped as H centres.
Therefore, one can presumably increase the intensity of
the 700 K TL peak by increasing the number of localis-
ation sites for interstitials, e.g. by doping the crystal
with trivalent cation impurities, creating in this way
excess cation vacancies. Estimation by EPR of the rela-
tive number of F" and H centres in a MgO:Al crystal
was tried and the total number of H centres was found
to be about a half of that of F* centres.

Of special interest are the glow peaks at 615 and 680
K overlapping with the peak at 700 K in neutron-
irradiated crystals. The exact nature of these peaks is
not clear but they are dominating in the glow curves of
the chromium doped crystals. In Figure 3, curves 3 and
5 depict, respectively, the high temperature part of the
glow curve and the activation energy of the process in
a MgO:Cr crystal. The MgO:Cr crystal was not
irradiated with neutrons. It was found that the intensity
of 615 and 680 K TL peaks can be diminished by a
rapid thermal quenching of the crystal. On this ground
and as a hypothesis, it is proposed that these peaks are
connected with the chromium precipitates in MgO.

The materials used in practical thermoluminescent
dosimetry, have to meet a number of specific require-
ments. In connection with MgO, these requirements are
briefly considered.

Selectivity and fading

Differently from alkali halide crystals, in MgO the
FD can not be created from electronic excitations. That
means that in the case of thermal equilibrium, X
irradiation, regardless of the absorbed dose, cannot cre-
ate intrinsic defects in MgO. The dominant process in
which gamma rays can produce FD is the Compton
effect. Compton electrons, accelerated to energies above
330 keV are able to produce FD in the anion sub-lattice
of MgO. However, the total cross section of this process
is about 107°® m~2 which is at least by two orders of
magnitude lower than that for a neutron-induced knock-
on process®. Furthermore, in the case of neutron dam-
age the defects created by the displaced atoms must be
taken into account. Their number can be by an order of
magnitude higher than that for the primary displaced
atoms”. Hence, in the case of approximately equal flu-

ences of gamma quanta and neutrons in the mixed
neutron—gamma field, the contribution of gamma rays
is negligible. Due to the very high temperature of the TL
peak and a lack of electron trapping centres, decaying
thermally at room temperature, fading is inessential.

Sensitivity

For a dosimetric luminophor, it is important that the
main band of luminescence lies in the spectral region,
which is most convenient for recording. In the case of
undoped MgO it is not so. Figure 4 displays the TL
glow curves, normalised at the maximum of the first TL
peak at about 400 K, of nominally pure MgO measured
using the optical filters, the spectral transmittance of
which is shown in the inset. As can be seen from Figure
4, the thermal quenching of the band of blue lumi-
nescence, dominant at lower temperatures, begins at T
> 500 K, the red luminescence of Cr** ions dominating
in the high temperature peak at 700 K. Such a position
of the emission band, overlapping with the thermal
emission of the heater, significant at this temperature,
considerably diminishes the sensitivity of this TL detec-
tor. An attempt was made to synthesise MgO crystals
with the centres of hole recombination luminescence,
with the maximum of the emission in the blue spectral
region. Germanium-doped MgO single crystals have
been grown with an intensive band of blue luminescence
at 3.2 eV, thermal quenching of which begins at T >
500 K®.

The overlapping of the 615 and 680 K TL peaks with
the 700 K peak in neutron-irradiated crystals seems to
be the main factor limiting sensitivity. As already men-
tioned, it was found that the intensity of 615 and 680
K TL peaks can be considerably diminished by a rapid
thermal quenching of the crystal. A decrease of the
intensity of a TL peak can result both from a decrease
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Figure 4. TL curves of a neutron irradiated undoped MgO sin-

gle crystal, measured without filter (1, solid line); with filter

CCS5 (2, dashed line); filter KC15 (3, dotted line). In the inset
the spectral transmittance of the filters is depicted.
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of the number of the associated trapping centres or
the luminescence centres. However, the intensity of
the red luminescence in the quenched MgO-A crystals
with weak TL peaks in the 550-750 K temperature
region was about twice higher, when compared with
the untreated MgO-A crystals with intensive TL
peaks in this temperature region. Consequently, the
quenching destroys trapping centres, not luminescence
centres. The search for a suitable quenching regime will
be continued.

CONCLUSIONS

The investigation shows that a selective detection of
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fast neutrons in mixed neutron—gamma fields, based on
the registration of interstitial-vacancy processes in MgO
by thermoluminescence, is possible. The sensitivity of
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centres of hole recombination luminescence and with a
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Abstract

Doping of MgO single crystals with Be results in the formation of numerous Be-containing paramagnetic centres, easily
detectable by EPR, and creates an intensive luminescence band at 6.2 eV, observable at T < 200 K, and gives rise to new
thermoluminescence peaks at 147 and 190 K. A paramagnetic centre with a rhombic symmetry that decays at 160 K was
identified as a [Be]" (i.e. O"—Be?") centre—a hole trapped by O~ lattice ion near a Be’* perturbing defect. The luminescence
excitation and isochronal annealing studies led to the conclusion that the 6.2 eV luminescence arises at the radiative decay
of electron excitations near Be?". These excitations can be created at the recombination of electrons with the holes localised
in the [Be]" centres, at the recombination of holes with the electrons trapped in the Be'™ centre or at a direct excitation of

oxygen near the Be** ion.
(© 2003 Elsevier Ltd. All rights reserved.

Keywords: Luminescence; Defect centres; EPR; MgO

1. Introduction

It is generally accepted that in MgO self-trapping of
holes does not take place. However, holes are easily trapped
on the oxygen ions located adjacent to cation vacancies
(the so-called V centres) or monovalent cations ([Li]’-type
centres; the upper index shows the effective charge of the
centre). To understand the hole trapping process in MgO
and, especially, the absence of self-trapping, the investiga-
tion of the centres, where the hole is trapped near impurity
cations isoelectronic to Mg?" and the interaction between
the trapped hole and the adjacent cation is not mainly elec-
trostatic but is due to the deformation of the crystal lattice,
is of great interest. Usually these hole centres can readily
be observed by EPR and their luminescence is a sensitive
means for investigating their physical properties. Because
of this, since a long time ago there have been attempts to
dope MgO with isoelectronic impurities such as Be, Ca, Sr.

* Corresponding author. Tel.: +37-274-28946; fax: +372-7-
383033.
E-mail address: tiit@fi.tartu.ee (T. Kérner).
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It was shown by Lacis and Valbis (1979) that in Be-doped
MgO epitaxial layers an intensive VUV luminescence ap-
peared at 6.3 eV. A quenching of this luminescence took
place in the temperature range of 100 to 200 K. The authors
proposed that the luminescence arises at the recombination
of holes with the electrons trapped by Be** ions

h+Be'" = Be™ + hv(6.3 eV)

but they also did not exclude the possibility of a hole trap-
ping by the Be?" ions because of a possible off-centre po-
sition of small Be*" ions in cation sites, and a subsequent
electron recombination luminescence. Later, along with the
6.25 eV luminescence band in Be-doped MgO samples, a
6.8 eV band in the Ca doped-MgO single crystals has been
found (Feldbakh et al., 1984). The latter was interpreted
as a luminescence of small radius excitons bound on a
Ca*" defect. This interpretation has also been confirmed by
the discovery of a 47 K thermoluminescence (TL) peak in
MgO:Ca single crystals (Kérner et al., 1984). The peak was
ascribed to a thermal release of holes bound to Ca**. How-
ever, in spite of the corresponding efforts, neither Be'* nor
[Ca]™ (Ca**~© ) centre have been found by EPR.
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The growth of Be-doped MgO single crystals opened new
possibilities for the investigation of the defect centres in-
duced by this impurity. Some results of the EPR investiga-
tion of these crystals have already been reported (Dolgov
et al., 2002; Karner et al., 2003). Preliminary results re-
garding the [Be]" centre—a holed trapped by the Be** ion,
substituting Mg>*—were also given. In this paper we report
further results of the investigation of these centres with an
emphasis on the luminescent properties.

2. Experimental

The MgO:Be single crystals were grown at the Institute
of Physics, University of Tartu, by a variation of arc fu-
sion technique (Maaroos, 1982). The details of the crystal
growth are given elsewhere (Kirner et al., 2003). As a re-
sult, crystals up to 15 x 15 x 10 mm® were formed. An aver-
age content of the most common transition metal impurities
in these crystals was about 10 ppm. The estimated content
of Be in the MgO:Be crystals was about 100 ppm.

Cathodoluminescence of MgO:Be was investigated at
10 K by means of a double-vacuum monochromator, em-
ploying a double Johnson—Onaka system (spectral resolu-
tion 0.15 nm). The luminescence was excited by an electron
beam (6 keV, 0.1-150 pA cm~?). The excitation spectra
were measured by a VMR-2 vacuum monochromator and a
hydrogen discharge lamp. The thermoluminescence of the
samples was recorded after their X-irradiation at 77 K using
an experimental set-up consisting of a nitrogen cryostat and
an SPM-2 monochromator. Linear heating was achieved
with the help of an ITC4 temperature controller.

The EPR spectra were measured with an X-band
(9.928 GHz) ERS 231 spectrometer. A continuous-flow
helium cryostat (Oxford Instruments, ESR900) was used
to maintain the samples at the necessary temperature. Pulse
annealing of the samples was carried out to determine
the thermal stability of the observed EPR-active centres.
On pulse annealing the crystals were retained, after a fast
heating up, for 2 min at the required temperature and
then cooled down to the measurement temperature. The
measured EPR spectra were analysed using Computer Pro-
gram EPR-NMR (Department of Chemistry, University of
Saskatchewan, Canada, 1993).

3. Experimental results

When MgO:Be crystals are subjected to X-irradiation,
several new paramagnetic centres are formed. One of
them—Von-g. centre (linear defect Be*t*-0~-v. —OH~ )—
has been described earlier (Dolgov et al., 2002; Kérner
et al., 2003). Besides the Vou_ge and Vou centres, there
the EPR spectra of the centres can be observed, whose
physical properties (g-factor, temperature dependence etc.)
resemble those of the Vo centre. Some of them show a

characteristic Be super-hyperfine (shf) structure. The inten-
sity of these lines is about an order of magnitude lower than
the intensity of the Vou centre. In the vicinity of the Vou
centre EPR spectrum, the most intensive was the line without
any visible shf structure whose thermal stability was close to
that of the [Be]" centre. Because of a great number of over-
lapping spectral lines we could not identify this defect. The
symmetry of the centre was tetragonal with g = 2.0446.

At temperatures 7 < 40 K, in the crystals X-irradiated at
77 K the EPR spectrum of the [Be]" centres is observed.
This spectrum also reveals the characteristic four-line struc-
ture. The paramagnetic resonance spectrum of this centre can
be followed in the temperature range of 4-40 K and is best
observed at 4 K and at high microwave powers (>1 mW)
when the EPR spectra of all other paramagnetic centres are
already saturated. An EPR spectrum of the [Be]" centre
measured at 4 K is shown in Fig. 1. The crystal was previ-
ously X-irradiated at 77 K; the orientation of the magnetic
field B was perpendicular to a (0 0 1) crystal axis and formed
an angle 32° to a (100) crystal axis. At this particular ori-
entation the spectrum consisted of six groups of lines, with
four partially resolved lines in every group. The distance be-
tween the lines in the low-field group was about 0.055 mT.
In addition to the spectral lines mentioned above, heavily
saturated lines of the Vou centre were visible. The position
of these lines was used as a benchmark to determine the
g-factor of the centre and the orientation of the crystal in an
external magnetic field B.

In Fig. 2 the cathodoluminescence spectrum of the
MgO:Be single crystal, measured at 10 K is depicted. The
2.9 eV band of blue luminescence is present in all MgO
luminescence spectra. Its nature is not quite clear yet but its
intensity increases at the deformation of the crystal and it is
believed (Chen et al., 1975) to arise at the radiative decay of

T=4K
v =9.2671 GHz
MgO:Be W =2mw
Vou a=32
I |
(LY Il |
(Bl

323 324 325 326 327 328 329

B, mT
Fig. 1. EPR spectrum of [Be]" centres at 4 K. Magnetic field B
lies in a {001} plane and makes an angle of 32° with a (100)

crystal direction. In addition to the [Be]™ spectrum, the lines of a
heavily saturated Vo centre are visible.
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Fig. 2. Cathodoluminescence of MgO crystals doped with Al, Be,
Ca at 10 K.

electronic excitations near the vacancy complexes created
at the deformation. The main peak in the cathodolumines-
cence spectrum lies at 6.2 eV and is observed only in the
MgO crystals doped with Be. Below we provide evidence
that this luminescence is a result of the radiative decay of
small radius excitons bound to Be**. This mechanism is also
responsible for the VUV recombination luminescence in the
MgO crystals doped with Al (Kalder et al., 1976; Williams
etal., 1979) and Ca (Feldbakh et al., 1984). For comparison,
the cathodoluminescence spectra of MgO:Al and MgO:Ca
single crystals, measured at the same conditions, are given.

The thermal decay of the 6.2 eV luminescence is shown
in Fig. 3. In this figure thermoluminescence curves and the
thermal stability of various defect centres, detected by their
EPR signals, are also given. The TL curves were measured,
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Fig. 3. Thermoluminescence of MgO:Be recorded at 2.9 eV
(“blue”) and 5.8 eV (“VUV”), thermal quenching of the 6.2 eV
luminescence, and isochronal annealing of the EPR signals of
various defect centres.

recording the luminescence in the whole spectral range (inte-
gral eurve) and in the two main luminescence peaks: 2.9 eV
(“blue”) and 6.2-eV (“UV™). Besides the TL peaks at 147
and 190 K, two more TL peaks at about 330 and 380 K
were observed. These peaks are connected with the thermal
destruction of the Von and Vou — Be centres, respectively,
and are of no interest for this paper, so we have omitted
them. The thermal stability of the centres, shown in Fig.
3, was measured using the pulse annealing technique, de-
scribed above.

4. Discussion
4.1. Interpretation of the EPR data

The EPR spectrum and its angular dependence can be
described using the following spin Hamiltonian:

H = pSgB + hSApelse. — gpefin Bl se,

where S= % and Ig. = % A least-squares fitting of the calcu-
lated spectrum to the experimental data gave the following
parameters of the spin Hamiltonian:

gx = 2.0465 + 0.0002, gy = 2.0447 £ 0.0002, gz =
2.0045 4 0.0002, Apey = 1.64 +0.05 MHz, Apey =149 £
0.05 MHz, Agez = 0.08 £ 0.05 MHz. The orientation of the
XYZ axes in relation to the crystal axes is as follows: X -axis
coincides with a (110) crystal direction, Z and X axes lie
ina {110} plane and are deflected by 2.42° from, respec-
tively, (00 1) and (1 10) directions. The symmetry group
of the defect is.Cs. If the magnetic field lies in a {100}
plane, it gives six non-equivalent possible orientations of the
defect with respect to the orientation of the external mag-
netic field B and six line groups in the EPR spectrum. All
these data, plus a positive g factor shift from the free elec-
tron g factor value, the number of shf lines, the magnitude of
shf splitting, the symmetry of the centre, the temperature of
its thermal destruction, unambiguously indicate that the ob-
served spectrum belongs to a linear defect Be>*~0~ ([Be]*
centre). :A detailed analysis of these data, an account of
‘which is given elsewhere (Dolgov et al., 2003), shows that
in the [Be]* centre the Be** ion, substituting Mg”" cation,
because of its significantly smaller ionic radius (0.059 nm
against 0.086 nm for Mg®"), is shifted along a (111) crys-
tal direction into an off-centre position. However, contrary
to some other analogous centres and contrary to our pre-
liminary erroneous information (Kérner et al., 2003), in the
range of temperatures where the spectrum is still observable
(up to 60 K) we did not observe a motional averaging of its
EPR spectrum due to a hopping movement of the Be?" ion
between its non-equivalent positions.

4.2. [Be]" centre-related luminescence

Taking into account that the [Be]™ centres are stable up
to 7 = 160 K (see Fig. 3), it seems reasonable to pro-
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pose that the 6.2 eV luminescence in the Be-doped MgO,
the quenching of which begins at the same temperature,
arises at the recombination of a conduction electron with
the holes localised near Be*". This is supported by the pres-
ence of a 147 K peak on the UV TL curve, recorded at
6.2 eV. This peak exists only in the Be-doped samples and in
Be-doped powder samples (however, not in single crystals)
we observed a simultaneous growth of the intensity of Cr'*
electron centre and decay of Vou electron centres at this
temperature. Therefore, the 6.2 eV thermoluminescence is
created at the thermal release of electrons. The same mech-
anism of luminescence is also active in the case of 5.1 eV
luminescence in Al-doped MgO and 6.8 ¢V luminescence
in Ca-doped MgO. The relative shift of these luminescence
bands reflects a changing depth of the hole trapping cen-
tres (mainly Coulombic in its nature in the case of MgO:Al
where the hole in the V4 centre is bound to a cation vacancy;
in the MgO:Be the hole is attracted by a dipole created by
the Be?* ion in an off-centre position), and the changing en-
ergy of the resulting electron excitation. In all these cases the
temperature of the thermal quenching of the luminescence
follows the thermal destruction of the centres, determined
by EPR.

It is, however, possible that the 6.2 eV luminescence also
arises at the recombination of holes with Be'* centres. The
TL peak of UV luminescence at 147 K can be caused by the
thermal destruction of Be'" centres. This process can also
cause the decline of the intensity of the 6.2 eV luminescence
in this temperature region, visible in Fig. 3.

The measurement of the excitation spectra of the 6.2 eV
luminescence showed that the luminescence could be
excited in the whole region of photon energies where the
energy of exciting photons is large enough to create exci-
tons or electron—hole pairs (kv > 7.65 eV). Besides, in the
excitation spectrum there was a low-intensity band on the
low-energy slope of exciton absorption at about 7.5 V.
The VUV-irradiation in this absorption band also resulted in
a relative growth of the intensity of the beryllium-induced
TL peaks at 147 K (Be'" centre) and 380 K (Von — Be
centre). We attribute this 7.5 excitation band to the excita-
tion of the oxygen ions near the Be impurity.

Therefore, we propose that the mechanism of 6.2 eV lu-
minescence in BeO is as follows:

hv(> 7.8 eV)+Be? 0>~ = Be?" + 0~ +cor Be'"
+0°" 4+ h — B0 = BT 0¥ + hv(6.2 eV),
h(7.5-7.8 ¢V) + Be*T0*~ — Be*t0* ™ — Be*T0*

+hv(62 eV).

Because of the numerous centres decaying in the tempera-
ture region 150—-180 K, the exact temperature and even the
mechanism of the thermal destruction of the [Be]* centres
is not clear. The dominant TL peak at ~ 187 K is created
at the thermal destruction of both Cr'* and the unidenti-
fied hole centre(s) and is shifted about 30 K relative to the

[Be]" decay temperature. The destruction of the [Be]™ cen-
tres may take place due to the recombination with the elec-
trons liberated from Be't centres; however, simultaneous
with the decay of [Be]" centres we observed the growth of
Vou hole centres. Further investigation is needed to clarify
this question.

5. Conclusions

In Be-doped MgO crystals at 80 K X-irradiation, [Be]®
centres (a hole trapped by an impurity Be** ion) and, possi-
bly, Be'" centres are formed. The VUV luminescence band
at 6.2 eV arises either at the recombination of conduction
electrons with the [Be]" centres or at the recombination of
holes with Be'" centres or at the direct excitation of the
oxygen ions close to the Be impurity. The quenching of this
luminescence at 7' <200 K correlates with the thermal de-
struction of these defect centres at 147 K (Be'™ centre) and
160 K ([Be]™ centre).
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A comparative study of cathodoluminescence and thermoluminescence of MgO and MgO:Ca single crys-
tals at temperatures 3.9-295 K has been performed. The results strongly support that shallow hole trap-
ping centres in the form of [Ca]' (Ca™O” complexes) are created in MgO:Ca under irradiation. These cen-
tres decay thermally at 58 K. The 6.8 eV emission, observable in MgO, especially in Ca-doped MgO crys-
tals, is caused by the recombination of electrons with the holes localised in these centres.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Thermoluminescence (TL) of simple oxides in the temperature region of 77-775 K
has been thoroughly investigated. The TL at temperatures below 77 K, related to shallow trapping cen-
tres, has been significantly less examined [1, 2]. At the same time, these few works have shown, that at
low temperatures, thermal destruction of several trapping centres takes place. The centres formed by
trapping holes on the lattice oxygen ions disturbed by near-lying impurities are of special interest be-
cause their investigation can shed light on the absence of self-trapping of holes and excitons in MgO and,
possibly, CaO. Among them, the most interesting is, probably, the presumed Ca™O centre in MgO (a
hole trapped near an impurity calcium cation) — the closest analogue to a self-trapped hole in MgO [2].

The elucidation of the exact nature of this centre is especially important because of a long-time con-
troversy about the origin of the 6.8 eV luminescence in MgO. According to one point of view, it arises at
the radiative decay of relaxed free excitons [3], according to another [4] — at the decay of small radius
excitons bound on a Ca™ defect. The last standpoint is supported by the observation that the 6.8 eV lumi-
nescence is the strongest in the MgO crystals intentionally doped with Ca. An identification of a TL peak
related to the thermal decay of the Ca*O" centres, would strongly support the second mechanism of the
6.8 eV luminescence. In this paper we present the results of the comparative cathodo- and thermolumi-
nescence measurements of pure and Ca-doped MgO single crystals.

2 Experimental The MgO and MgO:Ca single crystals were grown at the Institute of Physics, Uni-
versity of Tartu, by a variation of arc fusion technique. The starting material was a mixture of high-purity
(99.9%) MgO and CaCO, powders. The concentration of CaCO, in the starting mixture was about 0.1
mol%. The mixture was carefully stirred, dried and compressed under a pressure of 9x10” Pa. The MgO
and MgO:Ca crystals were grown in a carbon arc furnace with two spectrographic-grade graphite elec-
trodes. The stainless-steel furnace reactor was water-cooled, and the mixed and pressed MgO-CaCO,
powder was melted during 1 h, using an arc current of up to 300 A and voltage 70 V. In the course of
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cooling, crystals of up to 15 X 15 X 10 mm’ were formed. The crystals were relatively fragile and hard to
cleave. An average content of the most common transition metal impurities in these crystals was about
10 ppm. The estimated content of Ca in the MgO:Ca crystals was 150 ppm. The content of Ca in the
high-purity MgO powder was about 10 ppm.

The cathodoluminescence of MgO:Ca was investigated at 6 K by means of a double-vacuum mono-
chromator, employing a double Johnson-Onaka system (spectral resolution 0.5 nm). The luminescence
was excited by an electron beam (20 keV, 0.1-1 pA mm). The thermoluminescence of the samples was
recorded after their X-irradiation at 3.9 K using an experimental set-up consisting of an Oxford Instru-
ments OptistatCF He cryostat and a Hamamatsu H6240 photon counting system. Linear heating with a
rate of 10 deg/min was achieved with the help of an ITC5025 temperature controller. A grating mono-
chromator or optical filters were used to record TL in a selected spectral region.

3 Results and discussion In Fig. 1 the cathodoluminescence spectra of the nominally pure and Ca-
doped MgO crystals are presented. In order to make the comparison of the two spectra easier, a 30 times
magnified MgO luminescence spectrum is also given. The position of the emission band under discus-
sion in the MgO:Ca spectrum is 6.75 eV. In the undoped MgO crystals, the luminescence in this spectral
region is much less intensive and contains a dominating ~6.9 eV emission band overlapping the 6.75 eV
luminescence. The temperature dependence of this 6.9 luminescence is reversed to that of the 6.75 eV
one, with its origin being unclear. The nature of the other two emission bands visible in Fig. 1 is well
established. The narrow peak of luminescence at 7.5-7.8 eV, the so-called edge-emission, is the emission
of free excitons and the excitons weakly bound to various impurities [5], and the peak at about 5.3-5.4
eV is due to a recombination of electrons with the holes, localised at cation vacancies (the so-called V-
type centres) [1]. In the visible part of the luminescence spectrum, not depicted in this figure, there is
another intensive band of luminescence at 2.9 eV. This band can be observed both in pure and doped
MgO crystals, whereas it is the strongest in plastically deformed crystals and is believed to be associated
with high-order vacancy complexes [6]. Earlier investigations have shown that it arises mainly in hole
recombination processes.
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Fig.1 Cathodoluminescence of MgO (o) and MgO:Ca (+) single crystals at 5.6 K.

In Fig. 2 the TL curves of the pure (1) and the Ca-doped (2) MgO crystals are shown together with a
temperature dependence of the 6.75 eV (3) and 6.9 eV (4) emission bands (see inset). The solid lines
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represent the TL curves recorded using an integral emission, whereas the dashed black curve was meas-
ured recording the 2.9 eV visible emission, and the dotted curve using 5.5 eV UV emission. The spec-
trally resolved TL curves are given only for the low-temperature peaks.

X-ray irradiation of MgO:Ca single crystals resulted in an intensive long-lived afterglow in the UV
spectral region (5.3 eV spectral band). After 3 min X-irradiation at 3.9 K (absorbed dose 160 Gy), the
luminescence can be followed for hours. The intensity of the afterglow in the case of pure MgO is more
than an order of magnitude lower than in the case of MgO:Ca. The decay of the afterglow in undoped
MgO follows the well-known power law, characteristic of tunnelling luminescence, whereas in MgO:Ca,
the shape of the decay curve is more complex. However, the calculated dependence of the relative num-
ber of tunnelling centres on the logarithm of time n(¢)/n(0) = f(log(?)) is linear in both cases, that, accord-
ing to [7] is characteristic of a random distribution of equal numbers of donor and acceptor centres.

Intensity
£
8]

0 50 100 150 200 250

Temperature, K

Intensity

50 100 150 200 250
Temperature, K

Fig. 2 Thermoluminescence of MgO (1) and MgO:Ca (2: solid line — integral emission, dashed line — 2.9 eV,
dotted line — 5.4 eV emission) single crystals. In the inset — thermal decay of MgO:Ca 6.75 eV emission (3) and
MgO 6.9 eV emission (4).

As it follows from Fig. 1, the doping of MgO with Ca diminishes the intensity of the edge lumines-
cence and raises the intensity of the UV emission bands at 5.5 and, especially, at 6.75 eV. The UV lumi-
nescence of MgO in the 5-6 eV spectral region is well understood. It has been shown [8] that this lumi-
nescence arises at the recombination of electrons with the holes, tightly bound at the vacancies (so-called
V centres) or other aliovalent impurities, e.g Li" ([Li]° centres). It was found [9] that the recombination
kinetics can be described as a tunnelling recombination between randomly distributed hole traps (V cen-
tres) and the electron centres whose nature remains unclear. All these hole centres are detected and iden-
tified by EPR. The thermal stability of the hole centres has been studied, their thermal destruction is
accompanied by a 2.9 eV thermoluminescence peak. The thermal decay of the UV emission, however, if
compared to the thermal destruction of the hole centres, is usually shifted to higher temperatures. The
magnitude of the shift depends on the type of the hole centre.

The position of the UV emission band depends on the type of the hole centre: the shallower the centre,
the higher the energy. The shallowest hole trapping centres can be expected in the MgO crystals doped
with isovalent, especially isoelectronic impurities, because in this case the potential well for the hole is
mainly due to the deformation of the crystal lattice near the impurity and not due to coulombic forces. In
the MgO crystals doped with Be, a hole trapped near the Be™ ion (Be”O or [Be]" centre) has been dis-
covered [10]. The thermal destruction of this centre, measured by annealing of its EPR signal, takes

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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place at ~160 K. The doping of MgO with Be gives rise to an intensive UV emission, the maximum of
the band lies at 6.2 eV. The thermal quenching of this luminescence occurs at 200 K.

On this basis, it is reasonable to suppose that an introduction of Ca ions into MgO actually generates
trapping centres for the holes that are responsible for the observed 6.75 eV luminescence. A substitu-
tional Ca™ must certainly be a shallower hole trapping centre than Be™ where the noncentral position of
the small Be™ ion in a cation site gives rise to a electric dipole, additionally binding the hole. Therefore,
in Ca-doped MgO crystals, a shift of the luminescence maximum to higher energies, if compared to
MgO:Be, is expected. The creation of a large number of additional hole traps opens a new additional
path of recombination and leads to the observed decrease of the intensity of the edge luminescence. The
increased intensity of the afterglow in the MgO:Ca crystals, and the complex structure of its thermal
dependence also show that doping with Ca creates additional shallow trapping centres in MgO. The
behaviour of the afterglow, however, needs a further and more detailed investigation.

The thermal stability of the hole centres responsible for the UV luminescence varies from 420 K for
V-~ centres to 230 K for [Li]" and 160 K [Be]" centres [1]. For shallower centres, responsible for the 6.75
eV emission, the temperature of the thermal decay of the centres must be considerably lower. From the
TL curves of the MgO:Ca and MgO crystals (Fig. 2), it can be seen that doping with Ca gives rise to two
well-defined TL peaks: at 100 K and, especially, at 58 K. Measuring the emission spectra in TL peaks
and comparing the TL curves recorded in different spectral regions (see Fig. 2), we see that both peaks
are built up mainly from the visible emission, the UV emission forming a wider diffuse background. As
it was said already, the visible emission is created mainly in the hole recombination processes, the UV
emission, however, arises at the recombination of moving electrons with the localised holes. Therefore,
both at 58 and 100 K, a thermal destruction of hole centres takes place. The two-step thermal quenching
of UV luminescence (see inset of Fig. 2) shows that both these centres are responsible for the 6.75 eV
emission. The relative intensity of the 58 and 100 K TL peaks varies from sample to sample, in some
samples the intensity of the 100 K peak being considerably lower. Because of this, and taking into ac-
count the well-defined contour of the 58 K TL peak, if compared to the 100 K one, we suppose that the
58 K TL peak is related to the release of holes from single Ca ions (proper [Ca]" centres), the 100 K
peak, however, is related to the thermal destruction of [Ca]" centres disturbed by various near-lying de-
fects.

4 Conclusion The results of our investigation strongly support the position that an introduction of
Ca ions into MgO creates shallow hole trapping centres in the form of [Ca]” (CaO complexes) that
decay thermally at 58 K , and the 6.75 eV emission is created at the recombination of electrons with the
holes localised in these centres. However, the conclusive proof of this standpoint would be an EPR de-
tection of the [Ca]’ centres. The EPR investigation of [Be]" centre in MgO:Be suggests [10] that to detect
the [Ca]" centres by EPR, temperatures below 4.2 K are needed.
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Abstract

The emission spectra and the excitation spectra of various emissions have been
measured in LiF crystals at 9 K using VUV radiation of 10-33 eV. In contrast
to the luminescence of self-trapped excitons (3.4 eV), the efficiency of several
extrinsic emissions (4.2, 4.6 and 5.8 eV) is very low in the region of an exciton
absorption (12.4-14.2 eV). A single exciting photon of 28-33 eV is able to
create a primary electron—hole (e-h) pair and a secondary exciton. The tunnel
phosphorescence has been detected after the irradiation of LiF by an electron
beam or x-rays at 6 K, and several peaks of thermally stimulated luminescence
(TSL) at 12-170 K appeared at the heating of the sample. It was confirmed
that the TSL at 130-150 K is related to the diffusion of self-trapped holes
(Vk centres). The TSL peak at ~160 K is ascribed to the thermal ionization
of F' centres. The TSL at 20-30 K and 50-65 K is caused by the diffusion of
interstitial fluorine ions (I centres) or H interstitials, respectively. The TSL peak
at ~13 K, the most intense after electron or x-irradiation, cannot be detected
after LiF irradiation by VUV radiation, selectively forming excitons or e-h
pairs. The creation of a spatially correlated anion exciton and an e-h pair is
needed for the appearance of this peak: an exciton decays into an F-H pair, a
hole forms a Vi and an electron transforms H into I (an F-I-Vg group is formed)
or an F centre into a two-electron F’ centre (an F'-H-Vi group). The analysis of
the elementary components of the 9-16 K TSL showed that a phonon-induced
radiative tunnel recombination of F'—Vg (5.6 eV), F-H (~3 eV) and F-Vg

(3.4 eV) occurs within these groups.
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1. Introduction

Face-centred LiF crystals built up of ions with a simple electron structure (I1s> of Li* and
1522s22p° of F~) have been thoroughly studied by theorists (see, e.g., [1, 2]). For a long time,
LiF crystals have been used as optical materials with an extremely high transparency region
(at 300 K up to 12 eV [3]), as tissue-equivalent dosimetric materials [4, 5] etc. In LiF, at 8-
80 K, the creation energy of transverse and longitudinal anion excitons equals 13 and 13.8 eV,
respectively, the value of the energy gap is E; = 14.5 eV [3] and the creation energy of cation
excitons is 62 eV [6]. So, the intrinsic electronic excitations (EEs) of LiF are located in a
vacuum ultraviolet (VUV) spectral region and for a long time their study has been limited to
room or higher temperatures because of the absence of optical windows which are transparent
above 12 eV and are needed as the joint of an excitation source with a low-temperature cryostat.
Only the usage of specially equipped beamlines at synchrotron radiation facilities (e.g., the
Superlumi station at HASYLAB, Hamburg [7]) allowed us to extend the range of spectroscopic
low-temperature investigations of EEs in LiF towards the VUV region.

The main aim of the present study is to obtain new data on low-temperature (5-200 K)
physical processes at the irradiation of LiF single crystals by x-rays (~50 keV), electrons
(1.5-30 keV) and photons of 640 eV. Of particular interest is the experimental separation
of elementary stages of the low-temperature processes connected with the selective formation
of excitons or electron—hole (e-h) pairs or under conditions of multiplication of EEs, when
the absorption of an exciting photon causes the creation of both an e-h pair and a secondary
anion exciton. A similar separation of excitonic and e-h processes was previously performed
in alkali halides with smaller values of E, (see [8—10] and references therein).

The investigation of excitonic and e—h processes under photoexcitation at low temperatures
in LiF is only at its initial stage. However, a detailed study of LiF crystals x-irradiated at 15 K
by means of the EPR method was carried out long ago. Kénzig was the first to detect the EPR
signal of self-trapped holes (Vi centres) in LiF [11]. It was shown that a self-trapped hole
is defined as a F, molecule located at two anion sites in a regular region of a crystal lattice.
Similar to other face-centred alkali halides, a Vg centre in LiF is oriented along (110) [12].
The so-called H centre, which is Br, or Cl, molecule oriented along (110), located at an
anion site and strongly interacting with two neighbouring halogen ions from an anion row, has
been revealed by the EPR method in KBr and KClI crystals x-irradiated at 10 K [13]. In NaCl
and NaF crystals with more close-packed lattices, an H centre—an anion interstitial neutral
with respect to a regular lattice—is oriented along (111) [8, 14]. H centres have also been
detected in LiF crystals irradiated at low temperatures. According to EPR and ENDOR data,
the annealing of H centres oriented along (111) takes place at about 60 K in the most pure
LiF crystals [15]. At the same time, the Hy (Na*) centres (an H centre localized near a Na*
impurity ion) with the orientation along (110) have been also detected in LiF [16]. So far,
there are no reliable data on the optical characteristics of the so-called « centre (it exhibits the
absorption of halogen ions surrounding an anion vacancy) and I centre (a fluorine ion located at
an interstitial site). The point is that the corresponding spectral region of 9-11.8 eV adjacent
to a fundamental absorption of LiF is usually ‘contaminated’ by optically active impurities
such as Na*, C1~, Mg?*, 0% etc.

On this basis, in addition to standard methods of VUV spectroscopy connected with
a detailed study of the reflection spectra of single crystals, we have widely used the highly
sensitive luminescent methods, that allowed us to separate intrinsic, impurity and near-impurity
emissions, as well as the methods of low-temperature thermoactivation spectroscopy based
on the detection of thermally stimulated luminescence (TSL) and the thermal annealing of
radiation-induced optical absorption or EPR signal connected with the presence of holes in
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the irradiated LiF crystals. Particular emphasis has been put on the origin of an anomalously
intense TSL peak at 12-13 K.

2. Experimental details

The main samples were three groups of nominally pure LiF single crystals. The LiF-1 crystals
were grown by the Stockbarger method after a purification cycle involving manifold zone-
melting. Such purification procedure allowed us to remove Na*, C1~, 0>~ and OH™ impurities,
while it was useless against Mg>* ions. The LiF-2 samples were grown by the Kyropoulos
method in an inert atmosphere from the salt having undergone chemical purification. These
samples contain Na*, and a reduced number of Mg?* impurity ions. The LiF-3 crystals were
grown by the Stockbarger method from the salt containing Mg+ and Ti**. It was possible
to measure the transmission of the LiF-1 or LiF-2 samples (with a thickness of 0.8 mm) at
295 K in a spectral region up to 12 and 11.7 eV, respectively. A LiF:Na crystal (>100 ppm
of Na*) and a LiF:Mg,Ti standard dosimetric material (TLD-100, 100 ppm of Mg>* and
10 ppm of Ti*") [4, 5] subsequently referred to as LiF-D were used in our experiments as
well. High-temperature TSL (300-700 K) was measured for all types of samples, previously
irradiated at 295 K, at a constant heating rate of § = 2.86 K s~! in an atmosphere of
flowing nitrogen, using a System 310 TLD reader. The most intense TSL was observed
in LiF-3 and LiF:D samples, where the impurity centres are mainly responsible for high-
temperature TSL.

The experiments with synchrotron radiation were mainly performed at the Superlumi
station of HASYLAB at DESY, Hamburg (see [7] for details). The excitation spectra of
various emissions (selected by a monochromator) were normalized to equal quantum intensities
of synchrotron radiation falling onto a crystal. The reference signal for normalization was
recorded from a sodium salicylate. The excitation spectra were measured for time-integrated
luminescence as well as for the emission detected within one to three time windows (length
At = 0.3-198 ns) correlated with the excitation pulses (delayed by 6t).

Cathodoluminescence spectra were measured in a wide spectral region of 1.5-12 eV
at 6-300 K at the excitation by an electron gun (1-30 keV, 10-100 nA). The size of an
electron beam spot was about ~0.5 mm? and the typical thickness of a sample was about
0.5 mm. The cathodoluminescence was simultaneously detected by a two-channel system: in
the short-wavelength region of 4—12 eV, a double vacuum grating monochromator employing
a double Johnson—Onaka system (dispersion 0.167 nm mm™') and a photomultiplier R6838;
in the region of 1.5-6.0 eV, a double prism monochromator and a Hamamatsu H6240 photon
counting head. After the electron irradiation of a sample had been stopped, it was possible to
register the TSL (for different emissions selected through a double prism monochromator) at
the heating of the irradiated sample. Novel results on low-temperature TSL (5-300 K) were
also obtained for the LiF crystals preliminarily irradiated by x-rays (W, 50 kV, 20 mA) or
synchrotron radiation of 13—17 eV (HIGITY station of HASYLAB). TSL (integral or for a
certain emission) was measured at the heating of the irradiated sample with a constant rate
of =5K min~! (x-irradiation, synchrotron radiation) or 8 = 10 K min~! (irradiation by
electrons). By going up to a higher value of 8, the maximum of the TSL peak undergoes
a shift by 3-4 K in the temperature region of ~40 K and by 7-8 K in the region of
150 K.

The EPR spectra were measured with an X-band (9.93 GHz) ESR 231 spectrometer. A
continuous-flow helium cryostat (Oxford Instruments, ESR900) was used to keep the samples
at the necessary temperature. The thermal annealing of paramagnetic centres was measured
in the regime of pulse heating (see section 4.1 for details).
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3. Intrinsic and extrinsic luminescence in LiF

Similar to other alkali halides, the fast localization of the free mobile anion excitons, directly
created at the photoexcitation of a pure LiF crystal, with the formation of self-trapped excitons
(STEs) in aregular region of a lattice is caused by the self-trapping of a hole exciton component
resulting in the formation of an X, dihalide molecule located at two anion sites (see [8, 10, 17]
and references therein). Three main channels of STE decay lead to (i) the emission of a typical
luminescence, (ii) the formation of a phonon package, i.e. heat release, and (iii) the formation
of a pair of Frenkel defects (usually an F-H pair) [8—10]. All three channels of STE decay
at 5 K are thoroughly studied for KBr, RbBr, RbCl, NaCl, KI and RblI crystals, where the
efficiencies for the radiative channel and for the channel with defect creation are comparable
by the order of magnitude. In some crystals (Nal, NaBr), the radiative channel of STE decay is
dominant at 5 K, while the efficiency of this channel, 7, does not exceed 1% in KCI and RbCl.
In LiF at 5 K, the energy of the direct optical formation of an anion exciton (~13 eV) has
been determined from the reflection spectra (see, e.g., [3, 18, 19]) or the absorption spectra of
LiF thin films [20]. A detailed analysis of radiative and non-radiative (with defect formation)
channels of STE decay in LiF is far from being completed.

Several emission bands were detected in the region of 2—6 eV for a nominally pure LiF
crystal (it is sure now that this crystal contains Mg?*, Na* and CI~ impurity ions) under x-
irradiation at 5 K [21]. The emission band peaked at 3.4 eV was interpreted as the triplet
emission of STEs [10, 21, 22]. The microstructure of triplet excitons (emission at ~3.4 eV)
was thoroughly studied in LiF by the ODMR method [22, 23]. Later the emission bands at 4.6
and 5.8 eV were ascribed to the radiative decay of intrinsic STE in nominally pure LiF crystals
irradiated by single pulses of 350 keV electrons, while the ~3.4 eV emission was considered
as the impurity one [24]. In alkali halides, the separation of intrinsic and extrinsic emissions
has usually been performed on the basis of low-temperature excitation spectra for various
emissions in the purest samples. Unfortunately, the excitation spectra were not measured for
the emissions tentatively ascribed in [21-24] to the STE luminescence of LiF.

Figure 1(a) presents the excitation spectra of 3.4 eV (365 nm) and 4.6 eV (270 nm)
emissions measured in a spectral region of hve,. = 10-32 eV for a LiF-1 crystal (the purest
crystal at our disposal) at 9 K. The 3.4 eV emission efficiency is particularly high at the
excitation by photons of hve. = 12—14.2 eV, i.e. in the region of the reflection peak (12.95 eV)
connected with the direct optical formation of anion excitons. A deep dip at 12.5-13.5eV in
the excitation spectrum of 3.4 eV emission is partly caused by the higher values of reflection
constants (~60%) with respect to those at 16—-19 eV (<5%). In addition, the values of &,
(characterizes absorption) at 12.5-13.2 eV are of an order of magnitude as high as those at
16-19 eV [3] and the direct formation of excitons occurs in a thin crystal layer, where mobile
excitons can interact with surface or near-surface defects and decay non-radiatively.

Figure 1(b) shows the emission spectra measured at the excitation of LiF-1 by synchrotron
radiation of 12.9 eV at 9 K. The spectra were measured for a time-integrated (TI), fast (TW¢)
and slow luminescence component (TWy). The shape of the emission band with the maximum
at 3.4 eV and bandwidth of 1 eV is practically the same for a TI signal and for the emission
measured within time windows TW; and TWj; the decay time of this emission significantly
exceeds 200 ns. Our experimental data confirm that the 3.4 eV emission is originated from the
triplet states of intrinsic STEs (see also [10, 21-24]). Besides the 3.4 eV emission band, the
emission peaked at 4.6 eV can be detected at the excitation of LiF-1 by 16.2 eV photons, which
generate separated electrons and holes (see figure 1(b)). The excitation spectrum for the 4.6 eV
emission drastically differs from that for the triplet STE emission. The 4.6 eV emission can be
efficiently excited by 10.0-12.2 eV photons (i.e. below the edge of fundamental absorption),
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Figure 1. (a) Reflection spectrum (dashed line) and the excitation spectra of 3.4 eV (solid line)
and 4.6 eV emissions (OO) measured for a LiF-1 crystal at 9 K. (b) Emission spectra of LiF-1
excited by synchrotron radiation of 12.9 eV (solid curves) at 9 K. The spectra were measured for a
time-integrated (TT), fast (TWy, At = 26 ns, 8t = 8 ns) and slow component (TWs, At = 148 ns,
8t = 52 ns). The spectrum of the time-integrated emission under 16.2 eV photon excitation of
LiF-1 at 9 K (dashed curve).

while the value of 7 is significantly lower in the region of exciton absorption (hvex, = 12.3—
14.5 eV). The efficiencies of both emissions are close to each other at hve,. = 19-25 eV,
while the values of 1 for 3.4 and 4.6 eV emissions drastically differ at hve,, = 28-32 eV.
A sharp increase of 3.4 eV emission efficiency in this region is connected with the fact that
an exciting photon of 28-32 eV is able to create both a primary e-h pair and a secondary
anion exciton, i.e. the process of multiplication of electronic excitations (MEE) gets under
way. Such an excitonic MEE mechanism is thoroughly studied for a number of alkali halides
(see, e.g., [25]) and the minimum threshold energy of this MEE mechanism in LiF can be
estimated as £y = Eg + E, = 14.5+ 13 = 27.5 eV (E, is the formation energy of an anion
exciton). The actual value of E, slightly exceeds the minimum value, because a part of the
energy excess of a primary e-h pair (hve. — E,) is gained by a photohole, while only a hot
conduction electron is able to create a secondary exciton. The width of a valence band in LiF
is about 4-5 eV (see [2] and references therein). So, the MEE process connected with the
creation of secondary anion excitons with a typical 3.4 eV emission takes place in LiF in the
whole region of hve = 28-32 eV (see figure 1(b)).

On the other hand, the changes of 5 for 4.6 eV emission at hve, = 28-32 eV are
small, especially if we take into account the small values of reflection constants [3] and
practically constant values of the absorption constants [20] in this spectral region. There are no
manifestations of MEE processes at hvex. > 28 eV for the 4.6 eV luminescence. The 4.6 eV
emission can be excited in the region of fundamental absorption by photons which generate
e—h pairs, while excitons practically do not cause the excitation of this emission. According
to our analysis, the 4.6 eV emission is an extrinsic one and can be tentatively related to the
electron—hole recombination near impurity—defect associations. A similar situation takes place
in a LiF:U crystal, where the efficiency of the impurity emission (uranium complexes) at 11 K
does not rise with the increase of hve. from 28 to 40 eV [26].

Particular attention has been paid to the cathodoluminescence spectra measured in a wide
spectral region of 2-11 eV at 5 K for different types of LiF single crystals at our disposal.
In contrast to some alkali iodides [8, 17] and bromides [27], we failed to detect the emission
of free excitons in a spectral region up to 12 eV for LiF crystals. Cathodoluminescence,
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Figure 2. Cathodoluminescence (solid line), tunnel luminescence (phosphorescence) spectra
(AA) and the spectra of TSL at 11-14 K (OO) measured for LiF-1 (a) and LiF-3 crystals
(b). Cathodoluminescence and phosphorescence spectra are measured at 6 K. The crystals were
irradiated by 30 keV electrons at 6 K, § = 10 K min~! at TSL measurements.

analysed by a double vacuum monochromator, was detected only below 7 eV. The emission
of STEs was detected in all types of LiF crystals, but the efficiency of this emission is reduced
in LiF:D and LiF-3 crystals containing Mg?* and Ti** impurity ions. Figure 2 presents the
cathodoluminescence spectra measured for LiF-1 and LiF-3 crystals at 6 K. Besides the STE
emission of 3.4 eV, weak emission bands at 4-5 and 2-3 eV have been detected in these spectra.
The efficiency of the STE emission in LiF-1 is significantly higher than in LiF-3, where the
red emission of Ti** centres is a dominant one.

The phosphorescence, rapidly damping out with time, was detected in our LiF crystals after
the irradiation had been stopped. The phosphorescence exhibits distinctive features of tunnel
luminescence (see section 4.3), which was earlier studied in highly pure KCI and KBr crystals
x-irradiated at 4.2 K (see, e.g., [28, 29]). Figure 2 shows the spectra of tunnel luminescence
measured 20 min after the irradiation of LiF-1 or LiF-3 by 30 keV electrons at 6 K had been
stopped. The emission with the maximum at ~3.0 eV (bandwidth of 0.95 eV) and a weak
emission at 4-6 eV are detected in these spectra. The subsequent heating of the irradiated
sample leads to the appearance of an intense TSL peak at ~13 K. Figure 2 also presents the
emission spectra of the TSL at 12-14 K for the irradiated samples. These spectra will be
discussed further in section 4.3.

The excitation spectra for 3.4, 4.23 and 5.9 eV emissions have been thoroughly measured
in LiF samples at 9 K with the purpose of separating intrinsic and extrinsic emissions. Figure 3
presents fragments of these spectra at 10-15 eV. In LiF-1, 3.4 eV emission can be excited by
photons of hve. > 12 eV, but only at hvey. > 12.4 eV do we deal with the behaviour of a pure
emission of STEs. Photons of 12.15 eV excite both overlapping broadband emissions with the
maxima at 3.4 (bandwidth of 0.9 eV) and 4.23 eV. An extrinsic emission of 4.23 eV is efficiently
excited in a narrow region of hve,, = 12.0-12.4 eV at the edge of fundamental absorption of
LiF. The identical narrow excitation band was also detected for 5.9 eV emission; however, the
values of 7, for this emission are relatively high in a wide region of 10.0-12.4 eV. Previously
the ~5.9 eV emission was tentatively interpreted as the emission of intrinsic STEs in nominally
pure LiF crystals under electron irradiation [24]. Figure 3 also shows the excitation spectrum
of 3.4 eV emissions measured at 8 K for a LiF-2 crystal that contains Na* impurity ions. In
this sample, the 3.4 eV emission can also be excited by 11.7-12.0 eV photons, i.e. in a wider
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Figure 3. The excitation spectra for a time-integrated (TT), fast (TW¢, At = 26 ns, 8t = 8 ns) and
slow (TWg, At = 148 ns, 6t = 52 ns) component of 5.9 eV (solid lines) or 4.23 eV (dashed lines)
emissions and the reflection spectrum (@ ®) in a LiF-1 crystal at 9 K. The excitation spectra of
time-integrated 3.4 €V emission in LiF-1 (OO) and LiF-2 (AA) crystals at 9 K.

spectral region than in LiF-1. According to our direct measurements, the values of absorption
constants in the region of the fundamental edge at 11.7-12.0 eV for LiF-2 are significantly
higher than for LiF-1 and LiF-3. The presence of a Na* impurity ion among the neighbouring
six cations changes the absorption of a fluorine ion, while the emission of such near-impurity
localized EEs is close to the triplet emission of STEs.

4. Thermally stimulated luminescence of LiF crystals

For several decades, the TSL of LiF crystals doped with impurity ions has been used for
personal dosimetry of x- and y-rays and thermal neutrons (see, e.g., [4, 5, 30, 31]). In this
connection, TSL has been investigated comprehensively for nominally pure and doped LiF
crystals previously irradiated at room temperature, while in some cases the samples were
previously irradiated at 80 K (see [4, 5, 32-34] and references therein) or 15-20 K [33, 35].
Reference [19] reports our preliminary data on TSL (integral signal) for an LiF-1 crystal x-
irradiated (50 keV) at4.2 K. Intense TSL peaks were detected (heating rate of 8 = 2.4 K min™!)
at 10-15 and 110-150 K, while the intensity of TSL peaks at 20-70 K is hundreds of times
lower. The TSL peaks were tentatively attributed to the recombination of electrons and holes
within the groups of spatially correlated defects (10-15 K) or to the hopping diffusion of
interstitial fluorine ions or atoms (I and H centres, 20-65 K) [19]. Thermal annealing of Vg
centres was studied earlier by means of EPR [11, 12, 32] and TSL methods [5, 32-35].

Following are the novel results on the origin of the TSL peaks at 10-200 K for LiF-1,
LiF-2, LiF-3 and LiF:D crystals. Figure 4 shows the TSL curves measured for 3.5 eV emission
in a wide temperature range of 6-220 K for LiF-1 and LiF-3 crystals irradiated by an electron
beam at 6 K. In order to suppress a tunnel phosphorescence, the heating of the sample was
started 25 min after the irradiation had been stopped. The especially intense TSL is observed in
the region of the lowest-temperature peak at ~13 K and at 120-140 K. TSL peaks at 20-70 K
connected with the hopping motion of I and H interstitials are also detected.
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Figure 4. TSL curves measured for 3.5 eV emission in LiF-1 (solid line) and LiF-3 (dotted line)
crystals irradiated by an electron beam (30 keV, 10 nA mm~2) at 6 K. 8 = 10 K min~".
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Figure 5. Thermoactivation characteristics of LiF-1 (a) and LiF-3 crystals (b), heating rate
B = 5 Kmin~!. Time-integrated TSL measured for the sample irradiated by 13.8 eV (solid
curve (a)) and 17 eV (dashed curve (a) and solid curve (b)) photons at 8 K. The annealing of the
optical absorption at 3.6 eV (@ ®) and EPR signal of Vi centres (OOQ) in a crystal x-irradiated
(50 kV, 15 mA) at 80 or 77 K, respectively. Time-integrated TSL (dotted lines) measured for the
sample x-irradiated at 295 K and additionally illuminated by 4.88 eV photons at 80 K.

4.1. TSL in the region of 100200 K

Figures 4 and 5(a) demonstrate the TSL curves for a LiF-1 crystal preliminarily irradiated at
6-8 K. The two intense peaks at 132 and 145 K and a weak peak at ~165 K can be separated
by measuring the TSL for 3.5 and 4.6 eV emissions. Figure 5(a) also presents the annealing
curves of the EPR signal of Vg centres for LiF-1 x-irradiated at 77 K (50 kV, 5 h). The regime
of pulse heating was used for EPR measurements: the crystal was heated up to a certain
temperature 7} and after an exposure of two minutes rapidly cooled down to Tj (the rate of
relaxation processes is practically zero at Tp). The intensity of the EPR signal was measured at
To = 77 K. Such a heating regime accompanied by measurements after every 10 K in a region

of 80—180 K is approximately equivalent to the regime of linear heating with 8 = 5 K min~'.
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Figure 5(a) shows the annealing (under continuous heating) of the optical absorption band of
Vi centres peaked at 3.6 eV in LiF-1 x-irradiated at 80 K. A sharp decrease of the optical and
EPR absorption of Vi centres occurs at 120-140 K.

An additional illumination of a LiF-1 crystal, x-irradiated at room temperature and cooled
down to 80 K, by 4.88 eV photons of a mercury discharge (selected through a monochromator),
leads to a subsequent appearance of the TSL peak at 158 K, the intensity of which increases
with the rise of the duration of the preliminary illumination. Such photostimulation in the
region close to the maximum of the F-absorption band decreases the number of F centres
(measured by the direct optical absorption method) and leads to a parallel rise of the 158 K
peak intensity. In our opinion, the TSL peak at 158 K corresponds to the thermal annealing
of the so-called F’ centres (two electrons in a field of an anion vacancy). The characteristics
of the F’ centres have been previously investigated for many alkali halides (including NaF
and KF) [36]. However, only a theoretical estimation of the minimum energy for the optical
ionization of F’ centres (2.4-2.8 eV) has been performed for LiF [36, 37]. According to our
data, the intensity of the 158 K TSL peak can be significantly decreased by the additional
stimulation of the irradiated LiF by photons from the theoretically predicted energy region.
The shape of the TSL F'-peak can be approximated by first-order kinetics with an activation
energy of E, = 235 meV and a frequency factor of py = 3.3 x 10° s~

Figure 5(a) also presents the curves of integral TSL measured for a LiF-1 crystal previously
irradiated by synchrotronradiation of 17 or 13.8 eV at 8 K. The photons of these energies create
separated electrons and holes or anion excitons, respectively. Selective generation of e-h pairs
leads to the appearance of two intense TSL peaks in the region of 120-140 K, i.e. in the region of
a sharp decrease of the number of paramagnetic Vi centres. On the other hand, photocreation
of anion excitons by 13.8 eV photons causes the appearance of an intense 115 K peak (Vg
centres are still stable at this temperature) and a weak TSL at 155 K connected with a thermal
ionization of F’ centres. In x-irradiated LiF, the annealing of the EPR signal of H-type centres
takes place at 110-120 K [11]. However, it was shown later by the ENDOR method that these
H centres are localized near Na* impurity ions [16]. So, the TSL peak at 115 K in a LiF-1
crystal irradiated by 13.8 eV photons is connected with the annealing of Hy (Na*) centres.
Similar to other alkali halides, excitons decay into F-H pairs and a fraction of H interstitials,
highly mobile at T > 55 K, becomes localized near Na*, forming Hs (Na*) centres (LiF-1
still contains some amount of Na*). The intensity of the 115 K peak (registered for the 2.9 eV
emission) in LiF:Na (>100 ppm) is tens of times as high as that in a LiF-1 crystal irradiated
under similar conditions.

Figure 5(b) presents the thermoactivation characteristics of a LiF-3 crystal that contains
Mg?* and Ti** impurity ions. We studied the peculiarities of the annealing of V-type centres
by means of the EPR method. For the EPR study of Vi centres in LiF-3, it was necessary
to increase the duration of x-irradiation two- to threefold against LiF-1. At low irradiation
doses of LiF-3, a preferential localization of both electrons and holes occurs at titanium or
magnesium centres and the main accumulation of Vi (or Vg-type) centres begins after the
saturation of the electron—hole processes related to Mg?* and Ti**. In LiF-3, the annealing of
the EPR signal of the Vk-type centres undergoes three stages: at 130, 145 and 160-180 K.
Figure 5(b) also shows a TSL curve measured for a LiF-3 crystal irradiated by 17 eV photons
at 8 K. The most intense TSL peak has a maximum at 120 K and is not accompanied by the
decrease of the intensity of EPR signal of the Vk centres. The annealing of the EPR signal
of ‘pure’ Vg centres takes place at 130140 K and the ~135 K TSL peak is registered as
well. The TSL peaks at 135, 145 and ~170 K were detected in LiF-3 irradiated by 30 keV
electrons at 6 K (see figure 4). Both e—h pairs and excitons were generated at such an electron
irradiation. TSL at 145-185 K and a weak peak at ~110 K arise after the illumination of a



388 S Nakonechnyi et al

L L B B L L B B

— cecveccccccccas _
sesevec? ce,

Intensity

e
I R SRR SRS Bl ETRTET Bh A L !

25 35 45 55 65 75
Temperature (K)

Figure 6. TSL curves measured for 3.3 and 4.8 eV emissions in LiF-1 x-irradiated at 6 K. TSL
curves are measured for 3.3 eV emission after 5 or 60 min (solid lines) and for 4.8 eV emission
after 30 min irradiation (dashed line), 8 = 5 K min~'. Temperature dependence of the intensity
of a steady STE emission (3.4 eV) at the excitation by x-rays (dotted line).

LiF-3 crystal, x-irradiated at 295 K and cooled down to 80 K, by 4.88 eV photons (F-band)
(see figure 5(b)).

4.2. TSL in the region of 20-70 K

According to the existing experimental data, the interstitial-vacancy processes with the
participation of F centres and interstitial fluorine ions or atoms (I and H centres, respectively)
dominate at 20-65 K [15, 16, 19, 33, 35]. We continued the investigation of this TSL region
for LiF crystals irradiated by x-rays or an electron beam. TSL was registered for the integrated
signal as well as for 3.4, 4.6 and 5.5 eV emissions selected through a monochromator. TSL
arises due to several main processes. Firstly, a mobile I centre recombines with an F centre and
areleased conduction electron subsequently participates in the radiative recombination with a
Vi centre (STE emission of 3.4 eV) or a hole localized near an impurity (4.6 eV emission).
In addition, a released conduction electron can be captured by an F centre with the formation
of an F’ centre near a Vk. The 5.5 eV emission arises at the tunnel recombination in an F'—Vg
pair. The TSL peak at 28 K (see figure 4) can be detected for 3.4, 4.6 and 5.5 eV emissions and
is caused by the motion of I interstitials. Secondly, TSL can be caused by the recombination
of a mobile H centre with an F’ centre resulting in the release of an electron and its radiative
recombination with a Vi or impurity/defect centre. A TSL peak at 58 K (figure 4) is associated
with a hopping diffusion of H centres.

Figure 6 shows the TSL curves measured for 3.3 and 4.6 eV emissions in LiF-1 x-irradiated
at 6 K. Under the used irradiation doses (5 and 60 min) the intensity of TSL at 20-70 K is still
tens of times lower than at 13 K or 120-150 K. Peaks at 27, 33, 42, 52 and 60 K are detected for
both emissions, while the relative intensities of the peaks are different. The emission of 2.6—
3.8 eV dominates in the TSL peak at 42 K, while 60 K TSL peak can be easily distinguished for
the 4.6 eV emission of an impurity origin. The 2.6-3.8 eV emission includes the STE emission
with the maximum at 3.4 eV and the phosphorescence band peaked at ~3 eV and connected
with the tunnel recharging of an F-H pair and its transformation into an unstable o—I pair.
Figure 6 also presents the temperature dependence of the intensity of a steady 3.4 eV emission
in LiF-1 under x-ray excitation (excitation is weak and does not change the transmittance of
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the sample). The quenching of STE emission occurs at 40-55 K and can be described by the
Mott formula with an activation energy of ~65 meV.

We made an attempt to detect TSL at 20-70 K after the irradiation of LiF-1 and LiF-
3 by synchrotron radiation of hvex. = 17 eV. Such photons create separated electrons and
holes. Unfortunately, LiF-1 exhibits a low luminescence efficiency and only a weak I peak of
integrated TSL at 28 K was reliably detected in this sample (in other temperature regions the
signal/noise ratio is smaller than two). A similar but significantly more intense TSL peak can be
detected in electron irradiated or x-irradiated LiF-1 crystals (see figures 4 and 6). The peak at
~28 K is characterized by an activation energy of £, = 72 meV and corresponds to a hopping
motion of I centres. The intensity of cathodoluminescence as well as high-temperature (300—
630 K) TSL in LiF-3 is high because of the presence of titanium impurity ions and the efficient
radiative recombination of conduction electrons with these impurity centres. As a result, the
TSL peaks at 28, 39, 52 and 60 K can be easily distinguished in LiF-3 after electron irradiation
(see figure 4). Furthermore, in addition to rather intense peaks at 120—150 K connected with
Vk-type centres (see section 4.1), even weak TSL peaks at 52 and 60 K have been detected
in a LiF-3 crystal after its irradiation by 15 or 17 eV photons. The latter peaks are caused by
a radiative recombination of the conduction electrons, released at the interaction of mobile H
centres with F centres, with hole centres.

4.3. Origin of TSL in the region of 10-15 K

The TSL peaks at 10-15 K, the intensity of which is tens of times as high as that for TSL
at 20-80 K, have been revealed in LiF-1, LiF-2 and LiF-3 crystals irradiated by x-rays (20—
50 kV) or an electron beam (1.5-30 keV) at 4-6 K. However, the intensity of TSL at 10-15 K
measured in LiF:D and LiF:Na crystals for the 3.4 eV emission is significantly lower than in
purer LiF crystals. In LiF:D dosimetric material and LiF:Na, the intensity of the ~12 K TSL
peak is approximately the same as for the 58 K peak related to the diffusion of H centres. It
should be pointed out that the 12-13 K TSL peak was not registered in several works, where
the samples were irradiated at 7 = 15-20 K [33, 35].

The intensity of the tunnel phosphorescence in LiF-1 and LiF-3 crystals decreases by
many tenfold during the first 10 min after the irradiation had been stopped and later reaches no
more than 0.1% of the intensity of steady x-ray or cathodoluminescence. Similar to KCI and
KBr [28, 29], the intensity of inertial phosphorescence in LiF at 6 K drops with time by power
law I ~ 7%, where a depends on the excitation conditions. This tunnel emission with the
maximum at ~3.0 eV and bandwidth of 0.95 eV (see figure 2) can be tentatively ascribed to
the radiative tunnel recharge of F-H pairs. However, the intensity of tunnel phosphorescence
decreases by 30% at the cooling of LiF-1 from 4 to 2.9 K. This suggests a particular freezing
of certain lattice vibrations and, probably, a phonon-induced origin of tunnel luminescence.

Figure 7 shows the TSL curves measured at 7-16 K for LiF-1 and LiF-3 crystals irradiated
by 30 keV electrons (5-30 min) at 6 K. The TSL measurement was started 10 min after
the irradiation had been stopped. The luminescence of (3.4 & 0.1) or (5.4 £ 0.1) eV was
selected by a double prism monochromator. The TSL at 7-16 K in LiF-1 and LiF-3 has
been quantitatively analysed by decomposing the TSL into the components described by the
first order kinetics. The activation energies E, and frequency factors py that characterize
the TSL elementary peaks measured for 3.4 or 5.4 eV emissions have been determined. In
LiF-1, the TSL of 5.4 eV contains a peak with the maximum at 12.7 K and E, = 9.5 meV,
po = 5.8 x 10? s7! (see figure 7(a)), while the 3.4 eV TSL consists of two components: a
broad peak with E, = 11.5 meV, py = 2 x 103 s~! and a narrow one with E, = 24 meV,
po = 2 x 108 s7! (figure 7(b)). In LiF-3, the TSL measured for 3.4 eV emission also
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Figure7. TSL curves measured for 5.4 eV (a) or 3.4 eV ((b)—(d)) emission in LiF-1 ((a), (b), (d)) and
LiF-3 (c) crystals irradiated by 30 keV electrons at 6 K, 8 = 10 K min~'. ((a)—(c)) Experimental
curve (dotted lines), components of the TSL decomposition described by the first order kinetics (thin
solid lines) and their sum (thick solid lines). (d) Experimental curve and elementary decomposition
components after the electron irradiation of a sample (solid lines; thick one—experimental curve)
and after an additional F'-illumination at 6 K (dashed lines; thick one—experimental curve).

contains two peaks characterized by E, = 9.4 meV, py = 6 x 10*> s™! and E, = 26 meV,
po = 8 x 10° s7! (figure 7(c)).

The illumination of the irradiated LiF-1 sample at 6 K by photons of 2.4-2.8 eV, which
cause the ionization of F’ centres, leads to the appearance of photostimulated luminescence
of 3.5 eV, the intensity of which decreases by a factor of three during 30 min illumination.
Such an F'-illumination also decreases the intensity of the TSL peak at ~13 K (measured
for 3.5 eV emission) in the irradiated LiF-1 crystal, while a relative reduction for a broad
component of TSL is higher than that for a narrow one (see figure 7(d)). The F'-illumination
of the irradiated LiF-1 also leads to a significant attenuation of the 13 K TSL peak measured
for 5.4 eV emission. The additional illumination of an x-irradiated LiF-1 crystal at 5 K by
4.88 eV photons that excite F centres (F — F* transition) causes the increase of the efficiency
of tunnel transitions in F*~Vg and F*—H pairs and attenuation of the TSL at 10-13 K.

The analysis of our experimental data allows us to suggest that the groups of spatially
correlated defects (F'~H-Vk and F-I-V) play a crucial role in a low-temperature TSL at
11-15 K in the purest LiF crystals. Both anion excitons and e-h pairs are formed during the
irradiation of a sample by x-rays or electrons. Just the decay of STEs efficiently results in the
creation of F-H pairs of Frenkel defects, while the electrons provide mainly F — F orH — I
defect transformation and holes form Vi centres. Two types of tunnel processes are going on
in these groups: (i) the 3.4 eV luminescence arises due to the tunnelling of an electron from
an F centre to a Vi centre, (ii) the 5.6 and 3.4 eV tunnel luminescences are related to the
tunnelling of either of the two electrons from an F to a V.

It is well known that two types of tunnel transitions take place in many crystals:

(i) direct radiative transition from the ground state of an electron centre to the ground state
of a hole centre and

(i1) an electron transition from the ground state to the excited state of a hole centre via the
excitonic (quasi-excitonic) state, which subsequently undergoes a radiative decay.

As arule, the probability of direct radiative transitions (i) has only a weak dependence on the
temperature. In our opinion, both types of tunnel transitions ((i) and (ii)) are realized at the
tunnelling within F'~Vg pairs and each of the tunnel luminescence bands (3.4 and 5.6 eV)
could consist of two components related to cases (i) and (ii), respectively.
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Intense TSL peaks at 11-15 K can be induced already by low-dose x-irradiation (1-6 min)
of LiF-1. Under suchirradiation conditions an x-ray quantum (50 keV) or even a single electron
of 10-1.5 keV creates several groups of spatially correlated EEs, but the groups themselves
are spatially separated. The intensity of the 13 K TSL peak increases linearly with time at the
initial stage of irradiation. We tried to detect low-temperature TSL (at 10-20 K) after LiF-1
and LiF-3 irradiation by synchrotron radiation of 17 eV (such a photon creates an e-h pair)
or 13-15 eV (an exciting photon forms an anion exciton) at 7 < 8 K. It has been already
mentioned (see sections 4.1 and 4.2) that the selective VU V-irradiation causes intense TSL
peaks at 120-160 K and rather weak peaks at 28 and 60 K. However, we failed to detect TSL at
10-20 K. So, the multiplication of EEs is responsible for the creation of defect groups, which
manifest themselves in TSL at 11-15 K or in photostimulated luminescence.

5. Groups of spatially correlated defects and TSL at 10-15 K in LiF crystals

Radiation creation of the groups of spatially correlated defects (GSCDs) has been revealed in
highly pure KCl and KBr crystals x-irradiated at 4.2 K. The conclusions on the formation of
F-Vk-I triplets were based on a careful study of TSL and tunnel luminescence [28, 29], of
the annealing of the EPR signal of Vg and H centres [38, 39] or of radiation-induced optical
absorption and photostimulated luminescence bands connected with a certain type of Frenkel
defects (F, H, o and I centres) [40, 41]. The creation of F—Vg-I triplets by VUV radiation
was investigated in KBr at 8 K [42]. It was found that the creation of GSCDs is especially
high under conditions of multiplication of EEs, when an exciting photon of 16-18 eV is able
to create a primary e—h pair and a secondary anion exciton (the so-called excitonic mechanism
of multiplication; see [25] for details).

The irradiation of a LiF-1 crystal by x-rays or an electron beam leads to the appearance
of the 13 K TSL peak, the intensity of which is tens of times as high as of the TSL peaks
at 20-70 K. The relative intensity of the 13 K peak is also high in LiF-2 and LiF-3 and it
decreases significantly (with respect to TSL at 20-70 and 120-160 K) only in LiF:D or LiF:Na
crystals. In order to explain the efficient creation of the 13 K TSL peak, it should be taken into
account that both short-lived and long-lived (stable) Frenkel defects are formed at the crystal
irradiation at 6 K. Kondo et al first showed that the irradiation of KBr by nanosecond electron
pulses causes mainly the creation of short-lived (r = 107°—~1073 s) F and H centres, while only
a few per cent of these defects remain permanent at 8 K (long-lived defects, t > 10° s) [43].
The annihilation probability depends on interdefect distance rgy in the pairs (see, e.g., [8—10]).
The spatial separation between genetic F and H centres, formed during the sample irradiation
at the recombination of conduction electrons with self-trapped holes, is smaller than in the
case of F-H creation due to the decay of STEs. In KCI and KBr, STEs decay at 4.2—6 K into
F-H pairs with rpy exceeding four to six interanion distances [8, 41, 44]. At the same time,
long-lived F—H pairs form no more than 10% of the total amount of the pairs produced in KCl1
by the photons that selectively generate electrons and holes (e-h pairs) [45].

In KCI and KBr at 4.2 K, the crowdion motion of interstitials along (110) close-packed
anion rows ensures the separation of H and F centres (inside an F-H pair) by several interanion
distances (rgg > 5d). The analysis of the data for KCl showed that the lifetime of F-H pairs
with reg = (2 — 3)d at 8 Kiis T = 107'°-107® s [9, 10], while F-H with rpy > 5d are
considered as long-lived ones at a low temperature and such H centres are stable up to 48 K.
An F-H pair with rgg = 4d can be transformed at 4.2 K into an «-1 by the photoexcitation of
an F centre up to the 2p excited state [41]. In LiF irradiated by 300 keV electrons at 11 K, a
transient absorption of short-lived F centres attenuates at several stages with the decay time
of ~50 ns, 30 s, 700 us and 8 ms, while the relative number of long-lived F centres is even
lower than in KCI [24].
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After the irradiation by electrons at 6—8 K had been stopped a subsequent heating of LiF-1
causes the appearance of TSL at 11-15 K measured for 3.4 and 5.6 eV emissions. It was
mentioned earlier that the 13 K TSL peaks were not detected after the irradiation of LiF-1 or
LiF-3 by the photons, which form selectively e~h pairs or excitons. So, in our opinion, the 13 K
peak is connected mainly with the processes in F'~H-Vx triplets (5.6 and 3.4 eV emissions)
and F-I-Vk triplets (3.4 eV emission) preliminarily formed with the participation of a group
of spatially correlated EEs—an anion exciton and an e-h pair. An exciton decays into an F-H
pair with a relatively small value of gy (several d), a hole undergoes a self-trapping and an
electron participates in the partial recharging of F into F’ or H into I. Similarly to other alkali
halides, the holes created at LiF irradiation undergo a rapid self-trapping and form Vg centres.

Thus the creation of GSCDs (F'-H-Vx or F-I-Vx triplets) is especially efficient under the
irradiation conditions, when the energy of an absorbed exciting photon provides the formation
of the group of spatially correlated EEs. There are two such possibilities in LiF. Firstly, an
exciting photon of 28-32 eV is able to create both a primary e-h pair and a secondary anion
exciton (process of EE multiplication, see section 3). Secondly, the formation energy of cation
excitons (1s — 2p electron transitions in Li*) in LiF equals E.. = 62 eV [6, 46, 47]. This
energy is sufficient for the creation of up to four EEs. In sodium halides, the decay of a cation
exciton (E.. = 33 eV) leads to the formation of an anion exciton and several e-h pairs (two in
NaCl) [48]. In our opinion, the decay of a cation exciton in LiF also causes the formation of
an anion exciton. This suggestion is supported by the fact that the efficiency of the ejection of
lithium atoms from a LiF crystal surface under 62 eV photon excitation is the same as in the
case of hvee = 13 eV, when the exciting photons merely form anion excitons [49]. Besides an
anion exciton, two or three e-h pairs arise at the decay of a cation exciton in a LiF crystal. So,
at least one hole undergoes transformation into a self-trapped state (Vg centre) nearby F and
H centres (products of an STE decay), while all other holes and highly mobile electrons can
move to great distances (>1 nm) from an F centre. One of these electrons can participate in
the recharging of an H centre into an I centre or an F centre into an F'. As a result, an F-I-Vg
or F'-H-Vx triplet is formed. Within these defect triplets, the tunnel radiative transitions in
F-Vg, F'-Vk and F-H pairs take place.

In section 4.3, phonon-induced tunnel transitions in F-Vg and F'=Vk pairs have already
been considered, and it is just these processes that are responsible for TSL at 11-15 K in LiF.
A concept of phonon-induced tunnel transitions was earlier used for the interpretation of the
thermal quenching of STE emission at 7 > 12 K in KCI preliminarily irradiated at 4.2 K [41].
This concept can be applied to pure LiF crystals irradiated at 4-6 K as well. Lattice vibration
spectra as well as the dependences of the density of vibration states on vibration frequency
were studied for LiF crystals [50, 51]. In LiF, the frequencies of transverse and longitudinal
optical vibrations cover the region of v = 300-638 cm™!, while the acoustic vibrations are
characterized by v = 0-350 cm™'. The vibration spectra of LiF can be compared with those
of MgO, TiO; [51] and LiH, LiD crystals [52]. According to the analysis of these vibration
spectra, the vibrations connected with the presence of hydrogen, deuterium, magnesium and
titanium impurities in LiF crystals appear as local vibrations, i.e. their frequencies exceed the
limiting value of lattice vibrations (v; = 638 cm™!). In contrast to LiH [52], there is no energy
gap between the acoustic and optical vibration branches in LiF. In LiF, the vibration frequency
in Vg centres (F, quasi-molecules) is predicted at ~450 cm~! and approximately the same
value is suggested for H centres [53]. It has been mentioned already that the activation energy
of the direct tunnel radiative transitions (5.5 eV emission) with the participation of F" and Vg
centres is about 10 meV (80 cm™"). These tunnel transitions are induced by acoustic lattice
vibrations. A further study of phonon-induced tunnel TSL in the region of 9-16 K, connected
with the processes within GSCDs, lies ahead.
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6. Concluding remarks

A complex investigation of several LiF single crystals, nominally pure as well as doped with
Mg, Ti or Na, has been performed in the present study at low temperatures (6—200 K) after
sample irradiation by an electron beam, x-rays and VUV photons of several energies. The
analysis of the excitation spectra of various emissions measured for the first time in LiF
crystals at 9 K using VUV radiation of 10-33 eV allowed us to confirm that an emission band
at 3.4 eV is caused by the radiative decay of intrinsic STEs. In contrast to 4.6 and 5.8 eV
extrinsic emissions, the efficiency of the 3.4 eV emission is especially high in the region of
exciton absorption (12.4—14.2 eV), and this emission is also excited by 28-33 eV photons,
which form hot conduction electrons able to create secondary anion excitons.

It is demonstrated that the TSL at 100-170 K is different after the irradiation of LiF by
13.8 eV or 17 eV photons, which selectively form excitons or e-h pairs, respectively. The
irradiation of a sample by x-rays or an electron beam leads to the appearance of TSL more
similar to that in the case of the 17 eV photon irradiation, thus confirming the earlier conclusion
that the number of e-h pairs formed at x-irradiation of other alkali halides (e.g., KI [8, 54]) is
several times as high as the number of anion excitons. The creation of several defects has been
detected in irradiated LiF crystals. The TSL peaks at 13, 23, 28, 40, 60, 115, 130, 145 and
160 K have been detected at the subsequent heating of LiF previously irradiated at 6-9 K. The
TSL curves were measured for a certain intrinsic (3.4 eV) or extrinsic (4.6 or 5.5 eV) emission.
The analysis of the obtained results (as well as the ENDOR data on H centres [15]) allowed us
to conclude that a hopping diffusion of interstitial fluorine ions (I centres) and H centres takes
place at 20-30 and 50-65 K, respectively. Two-electron F’ centres have been experimentally
revealed in LiF and their thermal ionization occurs at 160-170 K.

The peak at ~13 K (recently revealed by our group in x-irradiated LiF [19]), the most
intense after electron or x-irradiation, was not detected after a LiF irradiation by 13.8 or 17 eV
photons at 8 K. The creation of a spatially correlated anion exciton and e—h pair under conditions
of EE multiplication causes the appearance of the TSL at 12—13 K: an exciton decays into an
F-H pair, a hole forms a Vi in a spatially close region and an electron transforms H into I
interstitial (as a result, we have an F-I-Vk group) or an F centre into F’ (an F'-H-Vk group).
The analysis of the spectra of the TSL at 12-14 K and of the influence of an additional F- or
F’-illumination of irradiated samples on this TSL showed that phonon-induced radiative tunnel
recombination of F'~Vx (5.6 eV), F~-Vk (3.4 eV) or F-H (~3 eV) occur within the groups of
spatially correlated defects at the heating of the sample.
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Abstract — Peculiarities of electron-hole (e-h) proc-
esses and the creation processes of Frenkel defects
and their associations have been investigated using
VUV and thermoactivation spectroscopy methods
in LiF and LiF:Mg,Ti crystals irradiated by elec-
trons, photons (9-32 eV), a particles, x-rays, ura-
nium and gold swift ions. The excitation spectra for
F; (1.9 eV) and F;' (2.4 eV) centre emissions have
been measured at 12 K in LiF uranium-ion-
irradiated at 300 K. The efficiency of these emis-
sions sharply increases at 27-31 eV, when one ex-
citing photon forms two electronic excitations. Op-
tical formation of anion excitons or e-h pairs causes
the creation of F and H centres in pure LiF crys-
tals. The diffusion of I and H centres is accompa-
nied by the TSL peaks at ~30 and ~60 K, respec-
tively. The decay of a cation exciton (62 eV) in LiF
at 8 K causes the formation of an F'-H-V defect
triplet. The creation efficiency of F, centres in LiF
and LiF:Mg,Ti is especially high in the tracks of a.
particles and swift ions). The prospects of the do-
simetry of heavy particles by using the photostimu-
lated emission of F; centres and TSL at 580-720 K
are discussed.

1. Introduction

For a long time, wide-gap LiF crystals have been used
as optical and tissue-equivalent dosimetric materials.
In LiF, the energy gap is £,= 14.2 eV and the creation
energy of anion and cation excitons equals 13.1 and
62 eV, respectively (see [1,2] and references therein).
However, the low-temperature electron-hole processes
and the processes of anion or cation exciton decay into
elementary radiation defects are studied insufficiently.
We have performed a complex study of these proc-
esses using the methods of VUV and thermoactication
spectroscopy at 6-750 K [1,3,4]. Low-temperature
decay of anion excitons with the formation of Frenkel
pairs (F-H pairs) has been thoroughly studied and
compared with that in earlier investigated NaCl, KCl
and KBr crystals [5].

Single LiF crystals were preliminarily irradiated
by an electron beam (1.5-30 keV), o particles
(5 MeV), x-rays (20-50 keV) or swift Z*U (2.25 GeV)
and "*Au (2.1 GeV) ions (using linear accelerator

UNILAC of the GSI, Darmstadt). Integral (1.7-4.0 eV)
thermally stimulated luminescence (TSL) at 300-775 K
was measured at the heating of the irradiated samples
with a constant rate of 8= 2.86 K s, using a System
310 TLD reader. Low-temperature TSL (6-300 K) for
a certain emission selected through a monochromator
was measured with #= 10 K min. The aim of the
study is to elucidate the interrelation between electron-
hole (e-h), excitonic and interstitial-vacancy (i-v)
processes in LiF and LiF:Mg,Ti.

2. Decay of anion and cation excitons into pairs and
triplets of structural defects
Figure 1 presents the TSL curves measured for a LiF
crystal irradiated by electrons at 6 K. The analysis of
the data obtained by several experimental methods
allowed to conclude that the TSL peak at 27-30 K is
connected with the annealing of I centres (fluorine
interstitial ions), while the peak at 50-60 K is caused
by the hopping migration of H centres. At 50-60 K a
mobile H recombines with a two-electron F' centre
and a released conduction electron subsequently par-
ticipates in the radiative recombination with a local-
ized hole. A similar process occurs at 100-115 K,
when an H interstitial gets free from an impurity trap
(e.g. a Na' ion). The obtained TSL data as well as the
additional direct measurements of temperature de-
pendence of the radiation-induced absorption spectra
and literature data on EPR and ENDOR of H and Hy
centres [6] confirm the decay of an anion self-trapped
exciton (STE) into an F-H pair in the LiF crystal. Ac-
cording to Figs. 15 and 1c, H and H, interstitials are
created at the direct optical formation of anion exci-
tons by 13.8 eV photons or at the recombination
of electrons with self-trapped holes (Vi centres),
hviw = 17 eV. The efficiency of F-H pair creation by
VUV radiation at 4-8 K is low. In many alkali halides
the dihalide H interstitials are oriented along close-
packed <110> amion rows and a low- temperature
crowdion mechanism of interdefect separation inside F-
H pairs provides defect stabilization (see [5,7] and ref-
erences therein). However, such crowdion mechanism
is impossible in LiF and NaCl because H center is ori-
entated along <111> and a considerable spatial separa-
tion of F and H centres, formed at the STE decay,

! The work was supported by Estonian Science Foundation (grant 6652) and the European Community — Research Infra-
structure Action under the FP6 "Structuring the European Research Area" Programme (through the Integrated Infrastructure
Initiative "Integrating Activity on Synchrotron and Free Electron Laser Science").
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Fig. 1. The annealing of the EPR signal of Vi centres (1). The TSL measured for 3.4 eV (2, 2, 2"), 4.6 (3),
5.4 eV emissions (4) or an integral signal (5-7) at the heating ( = 10 K/min) of LiF (Korth) irradiated by
13.8 eV (5), 17 (6) and 62 eV photons (7), 30 keV electrons (2, 2/, 2", 3, 4) or x-rays (1) at 6-8 K

is impeded. The efficient displacement of an H centre
from an F centre becomes possible at 7> 50 K due to
a hopping diffusion of H centres. At 7> 60 K the mo-
bile H centres interact with Vi centres resulting in the
formation of trihalide X; molecules (an absorption
band at 11 eV) stable in LiF up to ~500 K [4,8]. Sev-
eral TSL peaks were detected in a LiF crystal irradi-
ated at 8 K by 62 eV photons selectively creating
cation excitons (see Fig. 1¢): the 115 K peak is con-
nected with the decay of Hy centres, TSL at 130-140
K is accompanied by the annealing of the EPR signal
of Vi centres, the thermal ionisation of F' centres
takes place at 155--160 K.

Of particular interest is the origin of the intense
13 K TSL peak in irradiated LiF crystals (see [1,3,4]).
The peak intensity is especially high afier the irradia-
tion of LiF by x-rays (30-50 keV) or 1.5-30 keV elec-
trons, while the 13 K TSL peak cannot be induced
after selective photoexcitation forming anion excitons
(12.5-14 eV) or separated electrons and holes
(hVexe > E,). In our opinion, the creation of a group of
spatially correlated electronic excitations by a VUV
exciting photon is needed for the appearance of the 13
K peak. This TSL peak can be formed after the irra-
diation of LiF at 8 K by 62 eV photons that selectively
create cation excitons [3]. The 13 K peak can be sup-
pressed by additional stimulation of the irradiated
sample at 8 K by the photons that cause the ionization
of F' centres. Such F'-illumination simultaneously
leads to the appearance of a rapidly dumping out with
time photostimulated luminescence at 5.7, 3.4 or 2.9
eV. Fig. la shows the TSL curves measured for 5.4
and 3.4 eV emissions connected with the direct or
stepwise tunnel recombination of either of two elec-
trons from an F' center with a Vg centre. The ~13 K

TSL peak has a complex structure. A low-temperature
component is efficiently detected for 5.4 eV emission
caused by the direct tunnel recombination of an elec-
tron from an F’ centre with a Vk. The STE emission
(3.4 eV) arises due to the tunneling of an electron
from an F or F' centre to a Vi via an excited triplet
exciton state. Fig. 1a shows two components of the
~13 K peak measured for 3.4+0.1 eV emission
(curves 2' and 2").

The analysis of the above-mentioned results al-
lowed us to conclude that the cation exciton in LiF
decays into an anion exciton (~13 eV), while the rest
of the energy (~49 eV), after intermediate processes,
is expended on the creation of up to three e-h pairs. A
short-wavelength analogue of the Raman effect, when
excitons act as phonons at the scattering of x-rays, was
theoretically considered by Agranovich and Ginzburg
back in 1961 [9]. The decay of a cation exciton in LiF
at 8 K causes the formation of an F-H pair spatially
separated by several interion distances from a Vi cen-
tre and a conduction electron. This group of electronic
excitations transforms mainly into a triplet of spatially
correlated defects — F'-H-Vi.

3. Peculiarities of e-h and i-v processes in the
crystals irradiated by x-rays or swift ions

According to a comprehensive study of LiF crystals
irradiated at 300 K by various light and heavy swift
ions ([8] and references therein), the number ratio of
F, and single F centres in these samples is signifi-
cantly higher than that in y-irradiated LiF. We have
confirmed this fact by comparing the spectra of optical
absorption induced at 300 K by x-rays, a particles or
% ions in nominally pure LiF (Korth Kristalle,
Germany) and LiF:Mg,Ti crystals (dosimetric material
prepared in Irkutsk [10]). High density of the energy
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transfer from a uranium ion to an electronic subsystem
(dEldx > 20 keV/nm) undoubtedly facilitates the
creation of F-H pairs and other defects spatially close
to each other. Thus, under the conditions of high mo-
bility of anion vacancies at 300 K, F,, F; and more
complex aggregate centres are formed. Already in
1982 the first creation spectrum of F; centres by syn-
chrotron radiation of 9-20 eV was measured at 295 K
using a highly sensitive luminescent method [11]. It
was shown that a hopping diffusion of an anion va-
cancy toward an F centre causes the formation of an
F," centre and its subsequent transformation into an F,
by the trapping of a conduction electron. We have
continued the investigation of these processes in LiF.
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Fig. 2. The absorption spectra for highly pure LiF
crystals irradiated by **U ions (1), o particles (2) or
x-rays (3) at 300 K

Figure 2 presents the absorption spectra for LiF ir-
radiated by ***U ions (2.5 GeV, 2x10"" U/em?, pene-
tration depth of 90 pm), o particles (5 MeV, 20 pm)
or x-rays (a 1-mm thick sample was uniformly col-
oured) at 300 K. The absorption band peaked at 2.8 eV
and the emission band at 1.85 eV correspond to F,
centres [12]. At low values of optical density, xd < 0.2
the excitation spectrum of the 1.85 eV emission coin-
cides with the 2.8 eV band of induced absorption. Al-
though the absorption bands of F, and F; centres
overlap, the emission of F;" lies at 2.4 eV [12].

Figure 3 shows the excitation spectra of 1.85 eV
(F,) and 2.45 eV emissions (F;") measured using syn-
chrotron radiation at 12 K for a LiF crystal previously
irradiated by U ions (kinetic energy of 2.25 GeV at
fluence of 2x10"" ion/cm?). The emission of both col-
our centres is efficiently excited at /i > E; =14.2 eV,
when an exciting photon forms a single e-h pair. The
emission efficiency 7y is low at 21-24.5 eV because
of high values of absorption constants. The value of
m at By = 20-31.5 eV increases more than three
times for F, and doubles for F;' centre emission. The
additional preheating of ion-irradiated LiF to 573 K
with #=2.86 K s decreases the values of 7, for 1.9
and 2.45 eV emissions at 13-31 eV by a factor of 3 or
1.2, respectively. Such preheating causes the thermal
annealing of a significant number of F; centres.
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Fig. 3. The excitation spectra of 1.85 eV (1, 1’) and
2.45 eV emissions (2, 2') measured at 12 K for a LiF
crystal (Korth) irradiated by ***U ions at 300 K (1,2)
and additionally preheated to 573 K (1',2")

According to experimental data and theoretical
calculations the width of a valence band in LiF is
close to 4 €V [3]. So, the energy of hot valence holes
is insufficient for the creation of secondary anion exci-
tons or e-h pairs. Therefore, threshold energy of the
multiplication of electronic excitations in LiF exceeds
the minimum value of £, + £, = 14 +13 =27 eV (£, is
the formation energy of anion excitons), but does not
exceed 31 eV. Right at A, = 28-32 eV one can ex-
pect the creation of a primary e-h pair and a secondary
anion exciton by one exciting photon, i.e favourable
conditions for the formation of F, centres. A similar
high efficiency of F, centre creation was detected after
the sequential irradiation of LiF by photons forming
anion excitons and e-h pairs [11].

Figure 4 presents the integral TSL measured for a
LiF:Mg,Ti crystal irradiated by o particles at 300 K or
by electrons at 6 K. Both types of irradiation cause the
appearance of the intense TSL at 480-510 K, which is
widely used for y- and x-dosimetry, while several TSL
peaks at 580-720 K could be detected in o-irradiated
LiF:Mg,Ti. In LiF:Mg,Ti samples x-irradiated at 300
K or 5-keV electron-irradiated at 6 K, the intensity of
the TSL peaks at 600-720 K is by several orders of
magnitude lower. On the other hand, the 600-720 K
TSL peaks can be easily detected in a pure LiF crystal
irradiated by U and Au ions or even o particles at 300
K and preheated to 573 K (see Fig. 4). The sample
heating from 320 to 520 K causes the annealing of the
majority of F, centres — see the curve of pulse anneal-
ing of the 2.75 eV-photon-stimulated emission of F,
centres (1.9 eV) in Fig. 4. The stimulation spectra of
F, centre emission are shown in the inset.

According to the experience obtained during the
prolonged use (about 50 years) of LiF:Mg,Ti crystals
and ceramics for personal y-dosimetry, there is ap-
proximately linear dependence of a TSL (480 K peak)
light sum Stg;. on relatively low irradiation dose (see,
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e.g. [10]). At higher doses, D > D, the dependence
becomes superlinear and then reaches a saturation
stage. The analysis of our experimental data has
shown a sharp rise in the efficiency of e-h recombina-
tion with the creation of Frenkel defects in the region
of nonlinear dependence Syg =f{D) (see also [1]).
The essential part of the energy absorbed by a crystal
is expended on the creation of the defects stable at
room temperature. However, only some of these de-
fects remain stable in LiF at 450 K and the photo-
stimulated emission of these defects does not undergo
thermal quenching. These requirements are fulfilled
for F, centres, which likely could be used for dosimet-
ric purposes.

T T T T T T T T

600
Temperature (K)

400 500

Fig. 4. The integral TSL measured at 300-510 K (1)
and 500-750K (2) for a LiF:Mg,Ti crystal irradiated
by 5-MeV a particles (1,2) at 300 K or by 5-keV elec-
trons at 6 K (3). The pulse annealing of the 2.75-eV
photon-stimulated emission of F; centres (1.9 ¢V) in
o-irradiated LiF:Mg,Ti (4). The integral TSL meas-
ured for a LiF crystal (Korth) irradiated by *U (flu-
ence of 2x10" ion/cm?, curve 5) or **Au ions (6x10"
ion/em® ~ 6) at 300 K and preheated to 573 K. The
inset shows the normalized stimulation spectra of F,
centre emission measured at 300 K for a-irradiated
LiF:Mg,Ti (7,8) The irradiation dose for curve 8 is
forty times higher than for curve 7. f=2.86 Ks
(1,34) or f=10 K min™ (2,5,6)

It should be noted that the efficiency of F; centre crea-
tion by x-rays decreases at 7'< 230 K, while the creation
efficiency of F, remains high under irradiation of LiF (and
NaCl) by swift 22U, '®Au etc. ions even at low tempera-
tures (no freezing of defect production). It may be caused
by high local heating in the ion tracks, where the density
of electronic excitations is very high [13].
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The processes discussed above may be useful for
the development of radiation physics of solids (under
conditions of high excitation density) as well as for
the elaboration of personal dosimeters of fast neutrons
(see [10,14-16]) required for fission and especially
fusion reactors. In our opinion, photostimulated emis-
sion of F; centres and high-temperature TSL (580-720
K) in LiF are promising factors for the detection of
fast neutrons.
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Abstract—The properties of the majority trapped-hole centers in MgO, such as g-factors, positions of
absorption and luminescence bands, and temperatures of thermal destruction, have been analyzed with the
emphasis on the observed regular trends and interrelations between the properties of these centers. Particular

emphasis has been placed on the positively charged [Be]" and [Ca] " trapped-hole centers, which have a large
cross section for recombination with conduction electrons. In these centers, a hole is localized at an oxygen
ion near the impurity Be** or Ca®* ion located at a regular cation site. The generation and transformation of
defects due to the recombination of either relaxed conduction electrons with OH™-containing hole centers
or cold and hot electrons with [Be]* and [Ca]™ centers have been considered. Using the interrelation of the
characteristics of hole centers and taking into account that the recombination emission band revealed at
~6.8 eVis due to the Ca?*-containing centers that are stable below 50 K, the prospects for the EPR detection

of the [Ca]™ center at T'< 4.2 K have been discussed.

DOI: 10.1134/51063783411060084

1. INTRODUCTION

Magnesium oxide MgO is the simplest representa-
tive of the wide-band-gap oxide materials (E, =
7.8 V) and has been often regarded as their model sys-
tem. Furthermore, it itself has found various practical
applications as an insulator material, irradiation-resis-
tant construction material, laser material, and even as
a luminescent material in the UV spectral region (5—
7 eV).

Similarly to the majority of alkali halide crystals
(AHC), magnesium oxide has a cubic face-centered
Bravais lattice, where O?~ anions form a close-packed
structure. Anions and cations are located at octahedral
sites, the ionic radii for O~ and Mg?* are 1.26 and
0.86 A respectively. In spite of the similar crystal lat-
tices, the properties of electronic excitations in MgO
and AHC are different. In all AHC, at sufficiently low
temperatures, a hole after vibrational relaxation inside
the valence band undergoes transformation into the
self-trapped state in the form of an immobile V' cen-
ter, the structure of which was determined via the EPR
method: a two-halide quasi-molecule X, located at
two anion sites along the (110) direction [I, 2].
Because of a strong electron—phonon interaction, the
self-trapping of excitons also takes place in regular lat-
tice regions of AHC at low temperatures (e.g., [3, 4]).
On the other hand, only the manifestations of large-
radius free excitons and highly mobile conduction
electrons (e) and valence holes (/) have been detected
in the reflection and luminescence spectra of MgO at
low temperatures. In our opinion, the fundamental

difference in the behavior of the holes in the regular
regions of AHC and MgO can also influence the pro-
cesses of hole trapping by different impurity centers.

The optical properties of MgO depend strongly on
the presence of various defects in the crystal. The pre-
vailing defects in nominally pure MgO crystals not
subjected to irradiation with heavy particles are the
defects introduced during the crystal growth (the so-
called as-grown defects): mainly cation impurities,
both di- (Ca?*, Mn?*) and trivalent (Fe3*, Cr3+, AI’*),
and, as a consequence, the cation vacancies (v,) to
neutralize an excess charge of the trivalent impurities.
When the MgO crystals are irradiated by an ionizing
radiation (VUV-radiation, X-rays), free holes are cre-
ated and then become localized near the cation vacan-
cies (the so-called V-centers). The free electrons are
trapped mainly by the impurity cations. In the spe-
cially doped crystals, the holes can be localized also
near the univalent (Lit, Na*, K*) or divalent (Be?*)
impurity cations. If the resulting trapped-hole center
does not contain a cation vacancy, a different notation
is used: [impurity atom|effective centercharge e o 17 {10 and
[Be]™ are, respectively, a hole localized near the Li*
and the Be?* ion. If a hole center containing a cation
vacancy (V center) also contains an impurity ion, the
latter is indicated by a subscript, e.g., V, center, if the
center has no effective charge with respect to the neu-
tral lattice, the superscript can be omitted. For MgO,
this notation has been widely accepted since the work
by Henderson [5]. The EPR established models of the
hole centers discussed below are shown in Table 1. A
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Characteristics of hole centers in the MgO crystal

Center Model Ag, AE, eV Ey, eV Ejym, eV Thecay- K
VoH-Be Be?’*—0~—v,—OH~ 0.0227 [8] 1.47 ~3.2[8] 400 [8]
Var 0 —v,—0*—AP+ 0.0363 [7] 0.92 2.33[11] 5.2[15] 375[17]
V- O —v, 0.0363 [7] 0.92 2.33[12] 5.2[15] 420 [17]
Ve O —v,—F~ 0.0367 [7] 0.91 345 [17]
yo O —v,—0~ 0.0372 7] 0.90 2.37[12] 345 [17]
Vou O —v,—OH~ 0.0375 [7] 0.89 2.23[12] 335[17]
[Bel*™ Be?*—O~ 0.0433 [9] 0.77 6.2 [16] 195
[Li]° Lit—O~ 0.0522 [7] 0.64 1.83[13] 5.8[15] 230 [17]
[Na]® Nat—O0~ 0.0702 [7] 0.48 1.58 [14] 190 [14]
[Ca]* Ca*—0~ 6.8 50

short discussion of some of their properties is given in
the next section.

The main constituent of the hole centers is the O~
being the hole localized on an anion at a regular site. It
is the reason why the properties of the trapped-hole
centers are similar in many ways: they are all paramag-
netic and can be detected by the EPR method; they
give rise to a characteristic UV electron recombination
luminescence; each of the centers has a band of optical
absorption related to a hole transition between equiv-
alent O> positions around a defect (the so-called
interpolaron optical transitions [6]); the thermal
destruction of the center takes place via the release of
the hole and gives rise to a thermoluminescence peak.
The numerical values of the parameters characterizing
these processes (g-factors, the positions of the lumi-
nescence and absorption bands, and thermolumines-
cence peaks) are interrelated and determined by a spe-
cific microstructure of the center. Since the publica-
tion of the latest review about the properties of the
trapped-hole centers in alkaline-earth oxides [7],
some new hole centers have been discovered [8, 9],
with properties that differ significantly from the prop-
erties of the earlier known centers. This has made it
possible to track down some semi-quantitative depen-
dences between the various parameters within this
family of defects. In this paper, we report on some new
findings concerning the Vg centers, and we also
present and discuss novel experimental results on the
trapping of holes by Ca?* and Be?* impurity ions
located at regular cation sites of the crystal lattice.

2. MODELS OF TRAPPED-HOLE CENTERS

Because of the aforementioned cation vacancies in
MgO crystals, whose role is to neutralize the excess
charge of trivalent impurities, or interstitial hydrogen
in form of the OH™ molecular ions, the majority
trapped-hole centers in undoped MgO are V), centers,
where M indicates the impurity ion. For example, Vo
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center is defined as a (100) oriented linear defect O——
v,—OH~ and V), center, as the defect O~—v,—0* —
AI** with the same orientation. In principle, M can be
any trivalent cation impurity, however, only AI** has
been detected by ENDOR in this role so far. It has to
be mentioned that at room temperature, Al**- and
OH™-related as-grown centers exist in the form of
Vou and V, . A low-temperature (~77 K) ionizing
irradiation is needed to populate the latter centers with
holes. Another V-type center identified by ENDOR is
the Vi center, i.e., O"—v,—F~. A detailed description
of the properties of trapped-hole centers can be found
in[5, 7].

The isolated cation vacancies that give rise to V—
and WV centers (O~—v, and O~—v,—O~, respectively)
do not exist in as-grown crystals and can be produced
by electron- or X-irradiation of the crystals containing
Vou centers. In [7], this process is described as fol-
lows:

Vou+h — Voy— V- + H".

The proton (H") is trapped elsewhere, primarily form-
ing Mg(OH),. However, the validity of this mecha-
nism is questionable. First, the energy released at the
hole trapping (~0.84 eV [7]) is well below the binding
energy of OH™ molecule incorporated into a Vg cen-
ter (~4.8 eV [10]). Second, according to our recent
measurements, the creation efficiency of V'~ increases
with temperature and drops abruptly to zero at 7 >
235 K where the thermal destruction of the V,,; center
takes place. Therefore, the presence of the Vy; centers
is an obligatory factor of the process, and we propose
another mechanism of V= center formation:

Vou+h — Vou; Vou+e— Vou — V- + H°

(here and below, the asterisk * denotes the excited
state) that is identical to the creation mechanism of
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Fig. 1. Model of a [Be]* center in MgO according to the
EPR data.

radiation defects in AHC. In the case of the consid-
ered reaction, the energy released at recombination is
sufficient to decompose the OH~ ion. The latter
mechanism also explains the absence of the recombi-
nation luminescence connected with Vg centers (see
Subsection 3.2).

A variety of impurities have been introduced in
MgO crystals either by doping during the crystal
growth or by thermal diffusion. During crystal growth,
univalent Li* and Na* ions substitute for Mg>* cat-
ions, causing the formation of the defects which,
because of their effective negative charge, are referred
to as [Li]~ and [Na]~, respectively. After X- or elec-
tron-irradiation at 77 K, the holes become trapped on
these centers forming paramagnetic and optically
active neutral [Li]° and [Na]° centers. Both centers
have a tetragonal symmetry along the (100) type axis
with structures of Li*—O~ and Na*—O~, respectively.
Using an appropriate treatment (thermal quenching,
electron irradiation) of the crystal, the [Li]° centers
with a different thermal stability but the same EPR
characteristics can be formed. This phenomenon was
explained in [7]: at normal crystal growth, the Li* ions
are concentrated primarily in the precipitates, ran-
domly distributed in the crystal. Related [Li]° centers
decay at ~230 K. At high temperatures or upon intense
irradiation, these precipitates give rise to a lithium rich
environment surrounding the precipitate. Due to the
charge neutrality, the holes are captured on the neigh-
boring oxygen ions giving rise to the [Li]° that are ther-
mally stable even at 7> 295 K. Thus, 230 K is esti-
mated to be the thermal stability of isolated [Li]° cen-
ters.

Doping of MgO single crystals with Be results in
the formation of a number of new Be-containing cen-
ters. In the context of this paper, two of them are rele-
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vant: the Voy_g. (linear defect Be**—O~—v,—~OH")
and the [Be]* (Be?*—O, i.e., a hole trapped at an oxy-
gen ion near the impurity Be?* ion) centers. The [Be|*
center is created by X-irradiation at 77 K, its EPR
spectrum is best observed at 4 K and at high microwave
powers. The [Be]* center (Fig. 1) has a tetragonal
symmetry with a slight orthorhombic distortion. This
distortion is caused by the off-center position of the
small Be>* ion (the ionic radii are 0.41 and 0.30 A for
four- and three-coordinations, respectively) in an
Mg?* cation site. The Vgy_g. centers are created at
room temperature by X-irradiation, and their EPR
spectrum can be best observed at room temperature.
The structure of a Vyy_g. center is a sum of those of
Von and [Be]* centers. Because of the OH™, the off-
center position of the Be?* ion does not manifest itself
in the EPR spectrum, it shows a tetragonal symmetry.
However, it has a considerable effect on many other
center properties.

3. PARAMETERS OF THE TRAPPED-HOLE
CENTERS

Let us perform a comparative characterization of
the trapped-hole centers described above. In addition
to these centers whose models have been firmly veri-
fied by EPR, we have included the so far hypothetical
[Ca]* center in this list.

In the table, the data concerning the Be-containing
centers are taken from [8] (Voy_g.) and [9] ([Be]").
The temperature of the thermal decay of the [Be]*
center given in [9] was not correct, because the later
measurements showed that this decay was connected
with an electron process. According to our latest EPR
data, the decay of the [Be]* center through the thermal
release of holes takes place at 195 K.

In the table, the centers are ordered by their g-fac-
tor shift Ag, =g, — g,. The symmetry of the [Be]* cen-
ter in not exactly axial, therefore, we computed its g-
factor shift using (g, + g,)/2 instead of g,. In the first
approximation Ag, = 2|A|/AE, where g, =2.0023 is the
g-factor of the free electron, A = —0.0167 eV is the O~
spin—orbit coupling parameter, and AE is the separa-
tion between the excited p, , and p, states of the para-
magnetic ion or, alternatively, the energy of the intrap-
olaron transition. The intrapolaron transition energy
calculated using this formula is in the fourth column of
the table. The quantity E, is the experimentally
determined energy of the maximum of the optical
absorption band. As was shown in [6], the observed
optical absorption of the trapped hole centers is due to
the transfer of the hole from the axial O~ hole to the
equatorial ones, i.e., via interpolaron transitions. At
low temperatures (~77 K or less), the X-ray or electron
excitation of the MgO crystals containing trapped-
hole centers causes the appearance of the lumines-
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cence in the UV or VUV spectral region. The position
of the luminescence band maximum (measured at
10 K) depends on the type of the centers and is given
in the column headed E, . In the last column, the
temperature of the thermal decay of the centers is
given (the effective heating rate 3 = 10 K/min was used
for all the cases). The above-listed parameters reflect
the main properties of the trapped-hole centers. The
discovery of the Be-containing hole centers has wid-
ened the scope of the parameters. Below, we shall
compare the parameters of the different centers and
point out some coarse semi-quantitative regularities of
their values.

3. 1. Shift of the g- Factor and Optical Absorption

The value of the g-factor shift (positive shift of g,
from the free electron g-factor g, is characteristic of a
hole center) is dependent on the magnitude of the
axial crystal field at the trapped-hole position: the
higher the axial field, the smaller the g-factor shift.
Besides the g-factor shift, the increased distance of the
excited orbital levels from the ground one manifests
itself in the position of the absorption peak and,
through the Kronig—van-Vleck mechanism, spin-lat-
tice relaxation time. The latter determines the best
temperature for observing the EPR spectra of hole
centers. So, the increased width of the EPR spectral
lines of the earlier known V-centers prevents their
measurement at room temperature, however, it is the
best temperature to record the EPR spectra of the
Vou-g. center. On the other hand, the best tempera-
ture for EPR measurements of the [Be]* center is
~4 K. The specific physical properties of the Voy_g.
and [Be]* centers, in particular, the small g-factor shift
of the Voy_pe center, derive from the fact that Be** ion,
with the ionic radius considerably smaller than that of
Mg?*, relaxes away from the hole localized on an oxy-
gen ion, creating an effective electric dipole in the cat-
ion site. For this reason many properties of the [Be]*
center are close to these of [Li]° and [Na]° centers,
though before the hole trapping the first was a neutral
center and two others were negatively charged. In all
cases, this is the Coulomb force that keeps the hole
within the defect.

The intrapolaron transitions between the energy
levels of a paramagnetic O~ ion are forbidden and have
a very low intensity. The observed optical absorption of
the trapped-hole centers are due to the interpolaron
transitions between the paramagnetic ion and its anion
ligands, i.e., hole transfer from O~ ion to the sur-
rounding O%~ ions. The ratio between the energies of
the measured interpolaron transitions and those cal-
culated from the g-factor shifts intrapolaron transi-
tions for different trapped-hole centers varies only
slightly and is 2.6 + 0.3. This gives rise to an approxi-
mate interdependence between the g-factor shift and
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Fig. 2. Relationship between optical absorption and g-fac-
tor shift for the trapped-hole centers in MgO. The solid
line is just a guideline.

the position of the optical absorption band of the hole
centers.

Figure 2 shows the energy of the optical absorption
bands in relation to the g-factor shift of the trapped-
hole centers. It should be mentioned that the position
of the Voy_p. absorption peak is approximate, since it
was determined as a difference between the absorption
spectra of the MgO:Be crystal (containing also a sig-
nificant amount of Vg centers) and MgO crystals
highly enriched in hydrogen. Thus, the continuous
line in the figure should be regarded as a visual guide-
line. Nevertheless, it may be used to get a useful hint
about the position of optical absorption band or the
magnitude of g-factor, if only one of these is known.
Based on this reasoning, the inferred point of the [Be|*
center is also shown in Fig. 2. It follows that the optical
absorption of these centers is 2.0—2.1 eV and overlaps
heavily with that of Vo centers. That is probably why
it has not been detected yet. Taking into account the
width of the absorption bands (typical FWHM is
~1.0eV), the optical absorption of MgO crystals
caused by the trapped-hole centers may range from
less the 1 eV to more than 3.5 eV.

3.2. Recombination of Conduction Electrons
with the Holes Localized near the Impurity lons

The low-temperature irradiation of the MgO single
crystals containing purposely introduced impurity
hole traps with photons of v > E, = 7.8 €V, X-rays or
an electron beam cause the formation of electron-hole
(e—h) pairs. Highly mobile valence holes are rapidly
localized near the dominant hole trapping centers,
while conduction electrons lose their energy excess
down to the bottom of the band via fast vibrational
relaxation. Thereupon totally relaxed electrons mainly
recombine with the trapped holes. Figure 3 demon-
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Fig. 3. Cathodoluminescence of MgO single crystals
doped with Al, Be, and Ca.

strates the corresponding wide luminescence bands
detected using a double VUV monochromator at the
excitation of doped MgO single crystals by 10-keV
electrons at 10 K. The same luminescence bands have
been detected under crystal excitation by synchrotron
radiation of 10—30 eV at 6—10 K. The wide emission
band with a maximum at ~6.8 eV is related to the elec-
tron recombination luminescence in MgO:Ca. This
emission is not detected in pure MgO and, therefore,
cannot be ascribed to the luminescence of self-trapped
excitons. The maximum of the recombination lumi-
nescence band in MgO:Be is located at a lower energy
(~6.2 eV). The intensity of both recombination emis-
sions drastically decreases (more than by three orders
of magnitude) in ~1 s after an electron irradiation is
stopped. The continuous weak phosphorescence is
typical of the tunnel recombination between spatially
separated but trapped electrons and holes. The subse-
quent heating of an irradiated MgO:Be crystal with a
constant rate of B = 10 K/min from 10 K to 7> 190 K
causes the destruction of [Be]* centers via hole release
and restoration of Be?* at cation sites. The released
holes recombine with the electrons still localized at
different defect/impurity centers, for instance, with
the appearance of the 2.9 eV emission, which is espe-
cially intensive in plastically deformed samples and is
tentatively connected with the presence of bivacan-
cies.

The thermal decay of the hole centers is caused by
a thermal release of the trapped holes and results in a
peak of recombination luminescence. Although the
process of thermal destruction can be followed using
either the thermoluminescence method or pulse
annealing of the EPR signal of the centers, the activa-
tion energies of the process have been determined only
for a few centers. Therefore, we use the temperature of
thermal destruction instead. Because of the identical
EPR spectra of the ¥~ and V), centers (and, maybe,
other V), centers, where M labels a trivalent cation),
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Fig. 4. Schematic energy level diagram of different hole
centers according to the position of cathodoluminescence
bands in a MgO crystal. The thermal decay temperature of
the corresponding center is given as well.

there has been some confusion with them, and the
data available in the literature on the thermal destruc-
tion temperature of the V'~ centers should be handled
with caution. According to our EPR measurement,
the temperature is 420 K (table).

The processes of the thermal decay and recombina-
tion luminescence are interconnected by a simple
Schon—Klasens model for acceptor centers. At a low-
temperature X- or electron irradiation of the MgO
crystals, the holes form the trapped hole centers,
whereas the electrons are mainly trapped by cationic
impurities:

Cr’* +e— Cr?*; Cr** +e— Cr't,
Fe’* + e — Fe?*; Fe?* + e — Fel*.

As the crystal is irradiated or the electrons are ther-
mally released from the above-mentioned electron
trapping centers (e.g., the thermal destruction of Cr'*
center occurs at ~190 K), the recombination lumines-
cence in the UV and VUV spectral region is observed.
The position of the luminescence peak is strongly
dependent on the hole center type. Figure 3 shows the
cathodoluminescence bands for V), and [Be]* centers,
the luminescence band at 2.9 eV observed in all the
samples and related to the crystal lattice deformation,
and also the luminescence band appearing in the Ca-
doped MgO crystals. The latter will be discussed later.

Figure 4 demonstrates a simplified energy level dia-
gram of an MgO crystal containing various trapped-
hole centers. The position of the energy levels of the
corresponding centers within the energy gap is esti-
mated on the basis of the maxima of electron recom-
bination luminescence measured at 10 K under crystal
excitation by 10-keV electrons. In line with the above-
mentioned diagram, there must be a rough declining
linear dependence between the luminescence energy
and the depth of the trapped-hole center, i.e., the ther-
mal destruction temperature of the center. This
dependence is shown in Fig. 5.
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The luminescence arises at the recombination of
free electrons with the trapped holes under the crystal
excitation by 10-keV electrons at 10 K. The thermal
destruction of the centers occurs via hole release from
the traps and is accompanied by a hole recombination
luminescence. It should be mentioned that, as
opposed to other V-type centers, the MgO crystals
with the dominant V,y center content, have a very
weak recombination luminescence. The possible rea-
son is the same process described above:

Vo + e — Vo —= V= + H°.

In the case of the other V-centers, say V), centers,
the electron recombination results in the UV recombi-
nation luminescence

e ,
Vate— Vi — Va +hvsseys

while in the case of Vyy centers, the defect creation
channel is very effective and dominant.

At the end of this subsection, it should be noted
that two types of hole traps exist in MgO crystals: with
the effective charge and the neutral ones, with respect
to the crystal lattice. Alkali-earth Be?* and Ca?* impu-
rity ions situated at regular cation sites (i.e., [Be]® and
[Ca], respectively) or bivacancies serve as three exam-
ples of the neutral hole traps. The trapping of radia-
tion-induced holes transforms them into the charged
trapped-hole centers. Only [Be]* trapped-hole cen-
ters have been studied in detail. In this study, the pro-
cesses of the formation and thermal destruction of
[Ca]* centers have been investigated.

3.3. [Ca]* Center and Hole Self-Trapping

In MgO, Ca** impurity ions replace regular cations
and form substitutional solid solutions with the con-
centration of calcium ions up to several atomic per-
cent. The ionic radius of Ca2* surrounded by six O?~ is
larger than that for Mg+ (1.14 and 0.86 A, respec-
tively). So, the doping of MgO with Ca?* causes the
expansion of the crystal lattice. It is obvious that the
Ca?* ions situated at cation lattice sites cannot serve as
traps for conduction electrons because the ionization
energy E,,, of a free Ca* is about 3 eV lower than that
of Mg*. On the other hand, the value of E; for Be* is by
~3 eV higher than that for Mg* and, in principle, elec-
trons can be trapped at Be?*. However, the effective
cross section of electron trapping by Be?* is at least by
dozens of times lower than the effective cross section
of the recombination for the complex Coulomb cen-
ters formed at a hole trapping near the Be?* ions.

The problem of the hole self-trapping in MgO has
long been under consideration. In [18], the 6.9 eV
luminescence band in MgO single crystals was inter-
preted as a luminescence of self-trapped or at least
relaxed excitons. On the other hand, the theoretical
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Fig. 5. Relationship between the recombination lumines-
cence peak energy and thermal decay temperature of the
trapping hole centers in MgO.

calculations have shown that there cannot occur any
self-trapping of holes in a bulk MgO crystal, while the
process is possible at low-coordinated sites (corners,
kinks, etc.) at MgO (100) surface [19,20]. This con-
clusion is also consistent with the experimental results
[21] that showed a high hole mobility in the bulk MgO.

In [22], a 6.8 eV Iuminescence peak was reported in
Ca-doped MgO crystals and assigned presumably to
[Ca]* center (Ca®* substituting Mg?* next to the hole
trapped on an oxygen ion). To verify this conclusion
which is in contradiction with the assignment of the
~6.9 eV emission in nominally pure MgO to self-
trapped excitons [18], additional investigations of
MgO:Ca (~200 ppm) were performed in our labora-
tory. The crystal was firstly grown from highly pure
starting materials by a variation of arc fusion technique
and thereafter the second growth was performed using
the purest part of the crystal grown in the first stage.
Such procedure allowed to reduce additionally the
concentration of uncontrolled impurities in MgO:Ca.
According to [23], a quasiline emission of free exci-
tons at 7.68—7.70 ¢V dominates in the photolumines-
cence spectrum of highly pure MgO, while there is no
emission band peaked at 6.8 eV. On the other hand,
quasiline emission at 7.65 eV (i.e., shifted toward low-
energy region with respect to the emission of free exci-
tons) and intense broadband emission peaked at
6.8 eV were detected in MgO:Ca crystals. The inten-
sity of broadband emission decreases parallel to the
decrease of the concentration of calcium impurity
ions. The 6.8 eV luminescence is efficiently excited by
synchrotron radiation of 7—40 eV, i.e., both below the
edge of fundamental absorption and at the formation
of free excitons or separated electrons and holes
(interband transitions) [24]. The efficiency of 6.8 eV
emission is especially high at 25—30 eV, where the val-
ues of absorption constant are relatively low, thus
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Fig. 6. Temperature dependences of the steady lumines-
cence intensity measured for quasiline emission at 7.65 eV
(filled circles) and broadband emission at 7.1 eV (triangles)
under excitation of MgO:Ca by a synchrotron radiation of
25 eV and the TSL curve (solid line) measured after irradi-
ation of MgO:Ca by X-rays at 6 K (B = 10 K/min).

decreasing the outcome of conduction electrons and
valence holes at the surface. In addition, the multipli-
cation of e—# pairs, when one exciting photon forms
two or even more e—#h pairs occurs if the photon energy
exceeds ~24 eV [24, 25].

Figure 6 demonstrates the temperature depen-
dences of the luminescence intensity measured for
quasiline emission at 7.65 eV and broadband emission
with the maximum at 6.8 eV (bandwidth of ~0.8 eV,
the measurement was performed at 7.1 eV) at the
steady excitation of MgO:Ca by synchrotron radiation
of 25 eV, which selectively forms separated electrons
and holes. The absorption constant at 25 eV is signifi-
cantly lower than those at the beginning of band-to-
band transitions, and the 25-eV photons excite crystal
regions located rather far from the surface. The ther-
mal quenching of the emissions starts above ~40 K and
the intensities are decreased by half at about 50 K. To
elucidate the processes responsible for the thermal
quenching, the thermally stimulated luminescence
(TSL) has been measured after irradiation of MgO:Ca
by X-rays (50 kV, penetration depths exceeds the
thickness of our sample) at 6 K. The TSL was mea-
sured for 2.9 eV emission with the heating rate of f =
10 K/min. The TSL peak at 48 K is dominant for
2.9 eV emission, while a weak TSL peak at ~36 K is
most noticeable for ultraviolet emission. The TSL has
been detected on the background of a weak tempera-
ture-independent tunnel phosphorescence with a
complex spectral composition. A similar TSL curve
(B = 10 K/min) has been detected in MgO:Ca previ-
ously irradiated by 6-keV electrons at 6 K. The analysis
of the dependences of steady photoluminescence on
temperature and the TSL curves testify that [Ca]* cen-
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ters are formed after irradiation of MgO:Ca resulting
on the hole trapping by Ca2* impurity ions located at
regular cation sites. The thermal ionization of [Ca]*
centers takes place at about 50 K. The hole delocaliza-
tion causes a sharp attenuation of the 6.8 eV emission
because the holes released from [Ca]™ centers migrate
to still localized electrons. The latter recombination
process manifests itself in the TSL peak at ~48 K in
previously irradiated MgO:Ca—thermally released
holes recombine with the localized electrons via 2.9 eV
emission.

Apparently, hole trapping in MgO single crystals
can happen only if there exists an initial distortion or
irregularity in the crystal. For example, [Li]° and [Na]°
centers are formed after crystal irradiation from [Li]~
and [Na]~ centers, respectively, which are present in
the “as-grown” crystals. V-type centers are formed

from the Vg, center existing in the “as-grown” crys-
tals as well. In general, a series of the hole centers can
be arranged in the order of decreasing the Coulomb
interaction stabilizing a hole, which is manifested in the
g-factor shift such as: [Be]* — [Na]® — [Li]> —
Vo — Va—= V' —= V= — Vou_ge, i.€., the electric
dipole ([Be]* center), the Coulomb interaction with
the electric dipole, a cation vacancy and, finally, a cat-
ion vacancy with an electric dipole (Voy_g.)-

A “lonely” member of this group is the [Be]* cen-
ter: the Be?* impurity ion has no negative charge with
respect to the lattice, and it is not a Coulomb hole trap.
However, due to the small ionic radius, the Be?* is
shifted from the cation site center, and because of its
off-centered position, the electric dipole moment
forms. As MgO:Be is irradiated, holes are localized
due to their interaction with the dipoles formed, and
because of the polarization of the lattice surrounding
Be?* ion, the potential well becomes deep sufficient
for holes to be stably localized.

In view of this, it could be very instructive to inves-
tigate hole trapping in MgO:Ca crystals. Ca is also
isovalent with Mg, but its ionic radius e, = 1.14 A is
much bigger than that of magnesium ry;, = 0.86 A.The
big ion radius is a reason of the local distortion at the
cation vacancy site, thus, possibly allowing a hole to be
trapped on the neighboring O>~, forming a [Ca]* cen-
ter. As a result, the 6.8-eV luminescence appears
(Fig. 6). According to our experimental data, a TSL
peak at 48 K is related to the thermal destruction of
[Ca]* centers. However, the decisive experiment
would be the EPR detection of the [Ca]* center but it
is technically complicated because the Ca-doped
MgO crystal must be irradiated and kept before the
measurements at 7' < 30 K. Even though the EPR
spectra were measured, the identification of the [Ca]™
center would be ambiguous, since the spectrum has no
hyperfine structure. However, using the interdepen-
dence of the hole center parameters presented in the
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table and illustrated above, it is possible to predict the
approximate characteristics of the [Ca]t EPR spec-
trum. On the basis of these data, this center must be
observed at 7<4 K in the g-factor region of g, =2.06—
2.10. It should be mentioned that a hole center under-
goes reorientation even at the liquid-helium tempera-
ture. If the hopping frequency exceeds the microwave
frequency of the spectrometer, the single isotropic line
is expected at g = 2.05.

4. CONCLUSIONS

Because of similarity of the microstructures of dif-
ferent hole centers in MgO, the main building part of
which is an O~ ion in a regular lattice site, the charac-
teristic properties of the hole centers, namely, g-factor
values, positions of absorption and luminescence
bands, and the thermal destruction temperatures are
interrelated and behave in a predictable way, so that it
is possible to find out some semi-quantitative depen-
dences between their parameters. These dependences
may be useful at guessing the possible positions of the
bands of absorption or recombination luminescence
of the already known centers or even predicting the
properties of the hole centers that have not been
observed yet.

It is of interest to compare the processes of a hole
localization near the impurity Be?* and Ca?* ions in
MgO and near the Na* or Rb* impurity ions (the ionic
radius is smaller or bigger than that of K*, respectively)
in KCI. The so-called Vi, centers (a self-trapped hole
near the impurity cation, see, e.g., [2]) are efficiently
formed in KCI:Na, while such centers are not detected
in KCI:Rb crystals. According to luminescent studies,
in MgO:Ca crystals, holes are localized near the Ca**
ion that substitutes for a Mg?* with a smaller ionic
radius in a regular cation site. Conceivably the effect of
a lattice polarization by a hole in the region of an
impurity ion in metal oxides is significantly stronger
than that in alkali-halide crystals doped with isovalent
alkali metals. As a result, the localization of a hole (or
an exciton) in MgO occurs even near the impurity
whose ionic radius is bigger than that of a regular cat-
ion. Since Ca?* do not serve as the electron traps, the
recombination of mobile conduction electrons,
formed during irradiation of MgO:Ca by photons of 4v
> E,, with the trapped holes causes the intense broad-
band luminescence peaked at 6.8 eV (see also Fig. 3).

The cross section for the recombination of elec-
trons with charged [Be]* and [Ca]* centers is at least
two orders of magnitude as high as that for neutral
trapped-hole centers. In MgO, the energy released at
the recombination of a cold electron (relaxed down to
the bottom of the conduction band) with [Be]" and
[Ca]* is not sufficient for the creation of a pair of
Frenkel defects, i.e., the formation energy of a Frenkel
pair exceeds the energy gap (Ery > E,). However, non-
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relaxed (hot) conduction electrons participate in the
recombination with [Be]* and [Ca]™ as well providing,
in principal, the formation of Frenkel defects. Such
hot recombination is in competition with the multipli-
cation process of e—h pairs, when a sufficiently hot
conduction electron (or a hot valence hole) is able to
create a secondary e—# pair (e.g., [25]). In MgO, the
width of the valence band is about 6 eV [26] and hot
valence holes do not cause the multiplication of e—A
pairs. According to detailed experimental investiga-
tions, the efficient creation of secondary e—# pairs
occurs if the energy of exciting photons is Av ~ 25—
30 eV. So, the energy of non-relaxed conduction elec-
trons in the crystal bulk, which can be involved in hot
recombination instead of the multiplication process, is
limited by about 11—16 eV. The energy released at the
recombination of such electrons with [Be]" and [Ca]*
centers ranges up to 19—24 eV, i.e., is basically suffi-
cient for the non-impact creation of Frenkel pairs near
the [Be]* or [Ca]*. Behavior of oxygen interstitials in
MgO was theoretically calculated in [27] and the
experimental manifestations of these interstitials were
detected in neutron-irradiated MgO crystals. Oxygen
interstitials, stable up to 700 K [28], can be formed, for
instance, with the participation of hot electrons and
[Be]*, [Ca]* or other trapped-hole centers. It is worth
noting that the favorable conditions for the defect cre-
ation via hot e—/ recombination are formed at the
irradiation of MgO with high-energy heavy ions due to
the extremely high density of electronic excitations
(e—h pairs) within ion tracks. The further investigation
of such processes lies ahead.
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