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IEVADS

Defektu un procesu pétijumos svariga probléma ir defektu centru optisko ipadibu korelacija ar
struktiiras petijumu metoZzu datiern, Tradicionali defektu struktiiru péta galvenokart ar elektronu
paramagnétiskas rezonanses (EPR) metodém un optiskas itpaSibas, praktiski nesaistiti, ar
optiskam (ahsorbcijas, luminescences) metodem. 8o korelaciju problému tiesi vislahakaja veida
izdodas risinat ar optiski detektéjamas elektronu paramagnétiskas rezonanses (OD EPR) metoZu
palidzibu [1*-7*],

Darba OD EPR metodikas attistitas Latvija, Latvijas Universitates Cietviclu fizikas institdta un
no 1988, gada sakti OD EPR pétjjumi. Izveidojas Joti laba sadarblba ar Paderbomnas
Universitites Fizikas fakultati, Prof. Dr. J.-M. Spéta lahoratoriju (Vicija), liela daja no
pétijumiem veikta 7s sadarbibas rezultata.

Darba koncepcija bija- zinot vai atrodot EPR defekta pamatstavokli, ar OD EPR mérjjumiem
noskaidrot defekta absorbcijas magnétiska cirkulara dihroisma (MCDA) un absorbcijas vai
luminescences joslas; ja iespéjams, tad iegiit jaunu informaciju par defektu elektronisko
struktiiru un energétiskajiem stavok]iem. Tadejadi pétijumi veikli jauna zinitniskaja virziena-
defektu optisko ipaSibu saistibas ar EPR noskaidroSana ar EPR optiskas detekcijas metodém.

Darba ar OD EPR metodém pétita defektu elektroniska un geometriska struktira,

Darba mérkis bija 1zpétit defektu elektronisko struktiiru ar OD EPR metoZu palidzibu.

Konkrétie darba uzdevumi bija:

e noskaidrot defektu optisko (absorbcijas, luminescences) un EPR ipaSibu saistibu, tal skaita
praktiski svarigos rentgena atminas ekranu un scintilatoru materialos;

¢ noskaidrot defektu mijiedarbibas procesus un fotostimulétas luminescences mehanismus
rentgena atminpas ekranu matenalos;

e iegit informaciju par autolokalizéto eksitonu (ALE) ierosinatajiem stavok]iem NaBr kristala
un L1,GeO, kristala.

Pirma pétijjumu grupa attiecas vz defcktu struktiras pétijumiem un tieSas korelacijas
noteik8anu ar to optiskajam (absorbcijas, magnétiska cirkulara dihroisma) ipasibam.
Noskaidrotas jaunas Vy centru MCDA joslas virkné sarmu metalu halogenidu (SMH) kristilu,

ka ari H centru MCDA spektra joslu novietojums KBr un KI kristalos. Noteikts H centru g



tenzora parametrs g, = 2.08 K1 kristala. Ar OD EPR (MCDA- detektéta EPR) metodi izdalitas
jaunas MCDA joslas T1** centriem virkné SMH kristalu, pie tam jodidu kristalos novertéti ari
EPR parametri, kuri agrak nebija zinami. Noskaidroti 3 dazadi ar Cd saistiti defekti un to
optiskas ipasibas BaF, scintilatora kristala. Atrastas un izpétitas jaunas PO,* un PO,* radikalu
defektu absorbcijas (MCDA) joslas kalcija fosfata stikla sarkanaja un infrasarkanaja spektra
diapazona. Sadas joslas iespéjamas ari Siem radikalu centriem optisko gaismas vadu stiklos.
Izpétits molibdenu saturo3a defekta struktiiras modelis CdWO, scintilatoru knstala, kur§ péc
audzg$anas ieguvis zilganu nokrasu.

Otraja grupa pétiti Frenkela defcktu paru F un H centru mijiedarbiba ar krosrelaksacijas OD
EPR metodi. Sie dati |avu¥i novértét attalumu starp F un H centriem KBr kristala. Ar MCDA-
detektéta EPR metofu palidzibu noskaidrots fotostimulétas luminescences mehanisms un
identificéts aktivais caurumu kérdjcentrs ki TI** centrs RbI:T1 kristala. Ar MCDA un OD EPR
petiti ar In saistitie radiactjas defektt KBr:In kristala. Novérots t.s. gaismassummu atjauno3anas
efekts, ko neizdodas izskaidrot vienkarsa F - In** defektu rekombinacijas modela ietvaros.

Tresa pétijumu grupa attiecas uz autolokalizgto eksitonu ierosinato stavoklu izpéti ar OD EPR
metodi. Pirmo reizi registréts I tipa autolokalizéta eksitona OD EPR spektrs NaBr kristala.
Identificéti autolokalizéto eksitonu tripleta ierosinatie stavok]t Li,GeO, kristala, noteikti
sikstruktdras mijiedarbibas galveno asu virzieni un vértibas.

No darba iegiitajiem galvenajiem rezultatiem noformulétas Habilitacijas darba tézes.

Darbu cikla kopsavilkuma ir izmantoti divu veidu apziméjumi citétai literatiirai- ar zvaigzniti
un bez tas. Ar zvaigzniti apzimeétas (piem. [2*]) atsauksmes uz tiem darbiem, kuru aprakstitajos
pétjumos nav picdalijies habilitacijas darba autors. Bez zvaigznites (piem. [3]) atzimétas
atsauksmes uz tiem darbiem, kuros aprakstitajos pétijumos ir piedalijies habilitacijas darba
autors. Darbu cikla kopsavilkuma beigas ir atbilstosi divi citélas literataras saraksti.

Darbu cikla kopsavilkuma Pielikums ir atsevisks séjums, kura ir visu $aja kopsavilkuma citéto
habilitacijas darba autora publikaciju kopijas. Publikaciju kopijas piclikuma ievietotas tada

seciba, kada ir atsauksmes darbu cikla kopsavilkuma teksta.



1. OPTISKI DETEKTEJAMA EPR (OD EPR) METODES UN PAMATPRINCIP]

Platzonas materialos (Seit- mateniali ar aizliegtds zonas platumu lielaku par 3 eV) 1z0létu
defektu optiskas absorbcijas joslas parsvara atrodas aizliegtaja zona (zim. 1.a). EPR parsvara
gadijumu tiek pétits defekta pamatstavokli un sniedz daudz informaciju par defekta geometrisko
struktdru, spinu stavokli un simetriju. Tradicionalie optiskie- absorbcijas, lumunescences
peétijumi noris gandriz nesastiti ar EPR un saistiba nospiedo$a vairbma gadijumu paliek
neskaidra, vai labakaja gadijuma tiek pievestas netic8as korelacijas.

EPR optiskds detekcijas metodes meéra luminescences gaismu, vai ari izdala tas cirkularo
polarizaciju [1*] un péta EPR ierosinataja elektroniskaja stavokli. EPR optiskaja detckcija
izmanto ari absorbcijas magnétisko cirkularo dihroismu (MCD, lai uzsvértu absorbciju, lieto
papladinatu saisinajumu MCDA [2*]). Optiskajai detekcijal var pielietot ari spina atkarigo
rekombinaciju (tune[luminescenct) [3*4*], Sis metodes, ka ari to rezultiti ir aprakstitas
parskatos [ 1*-7*].

Masu darba §is EPR optiskas detekcijas metodes més pielietojam dazadu defektu centru EPR
un optisko ipasibu saistibas 1zpétei platzonu materialos, tal skaita ari ar praktisko pielietojumu-
fotostimul&to rentgena atminas ekranu materialu un scintilatoru materialu defektu un procesu
1zpetel.

Liela méra $aja darba parsvara pielietota MCDA- detektéta EPR metodika un 3eit més to isuma
llustrésim vz L.s. “sarmn metala atoma” modela [8*) pieméra, kas attélots zim. 1.b.
Pamatstavokli ir s' elektroniska konfiguracija ar termu 2S,, un optiski lerosinitaja stavokli
elektroniska konfiguracija p' ar termiem ’P,, un ’P,, kas ir safkéluSies spinorbitalas
mi)iedarbibas d€]. Magnétiskaja lauka, Z&mana efekta dg|, termu elektronisko limequ
degeneracija tiek nogemta, zim. 1.b pardditi attiecigie magnétiska momenta projekcijas m;
stavok]i. Parejas var biit daZadi cirkulani polarizétas (CP), ja Amy = %1, Ta pieméram, no
pamatstavokla m, = +1/2 uz m, = +1/2 ierosinataja stavokli var biit divas CP parejas. Ta ka
pamatstavok|a ltmegu apdzivotiba (spinu polarizacija) atSkiras, tad parejas ar dazadu CP ir ar
daZadu intensitati, pie tam, jo zemaka temperatura, jo §i at8kiriba ir lielaka. Platzonas materialos,

kuriem dominé jonu saite, defektu absorbcijas joslas ir platas un joslu pusplatumi ir stipri lielaki
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1. zim. a) ilustracija OD EPR rnetodérn;

b) OD EPR metodes principa ilustracija uz t.s, "sarmu rnetala atoma" modela pieméra;

c) un d) OD EPR rezonanses bridi pamatstavokla lirnenu apdzivotiba tiecas
izlidziuaties un MCDA efekts tiecas uz nulli.



par Z&émana saskel3anos. Cirkulari polarizéto pareju intensitaSu starpiba pie viena konkréta vi|na
garuma (p&c normeésanas, skat. [2*]) tiek saukta par magnétisko cirkularo dihroismu (MCDA).
OD EPR rezonanses bridi (zim. 1l.c) limepu apdzivotibas tiecas izlidzinaties un MCDA
amplitiida tiecas uz nullt (teorétiski, ztm.1.d). Praktiski OD EPR efekts ir daZu vai dazu desmitu
procentu limeni. Lidziga veida, rezonanses bridi mainot spinu polarizaciju un lidz ar to ari
optisko pareju intensitati, darbojas visi EPR optiskas detekcijas varianti. Optimala OD EPR
signala iegi¥anai tiek izmantotas zemas (4.2K lidz 1.5K) temperatiras, stipri magnétiskie lauki
(lidz 6T) un augstas mikrovilpu starojuma frekvences (24GHz lidz 95GHz). Sie OD 'EPR
metoZzu aparatiiras aspekti labi aprakstiti parskatos (skat., piemeram, [1*-5*]) un mes dotaja
Kopsavilkuma tos sikak neaplukosim, bet turpmakajas nodalas aplikosim darba jegitos galvenos

rezultatus.

2. DEFEKTU STRUKTURAS UN OPTISKO IPASIBU PETIJUMI

Saja nodala aprakstiti pétijumu rezultati, kuros pétits EPR defektu pamatstavokli, zinama EPR
gadijuma mérits OD EPR péc MCDA signala izmainam. Vatrakos gadijumos iegiiti jauni dati

par defektu elektronisko struktiiru un optisko pareju dabu.

2.1. V¢ un H centru magnetooptisko ipasibu pétijumi [1,2]

V centriem un H centriem SMH bija labi zindms gan EPR [9*,10%*), gan optiska absorbcija
(10*,11%*], tacu 3o spekiru tie$a saistiba nebija noteikta ar OD EPR metodém. Vy un H centru
geometriska struktiira paradita zim. 2 (aug§3), Sis Vi un H centru struktiras noskaidrotas ar
EPR, un tas ir: viena X, molekula 2 anjona mezglos (Vi centrs) un viena X, molekula viena
anjona mezgla (H centrs).

Més mérijam MCDA KBr kristala (un ari citos SMH kristalos ar NaCl struktiiru) un tad, péc
zinamajiem 3o centru EPR parametriem, mekléjam V, un H centriem atbilstoSos OD EPR

spektrus. Parsvara OD EPR spektros redz perpedikulari pret magnétiska lauka virzienu orientétu
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b), c), d) OD EPR spektri divas MCDA joslas daZadi orientétiern V« centriem [1].

2) Fun H centru OD EPR spektri pie 4.2K ar x- apstarota KBr kristala:

a) OD EPR 2.4 eV MCDAjosla;

b) 90° orientétu H centru aprékinatais spektrs;
c) OD EPR 2.4 ~V MCDAjosla péc H centru termiskas sagrausanas,

3) a) x- apstarota KBr kristadla optiskas absorbcijas dati (skat. atsauces [1J);
b) MCDA pie B=2T un T=1.5K, F, H un V« centriem KBr kristala péc

X- apstaroSanas pie 4.2K;
L) VK centru "tagged MCDA" spektri;
d) H centru "tagged MCDA" spekirs.



centru rezonanses linijas [12¥*]. Sis rezonanses més atradam KBr kristala V, centriem (zim. 2.1)
un KBr kristala H centriem (zim. 2.2)[1].

Zinot 3im rezonansém atbilsto§as magnétiska lauka vertibas, més atradaim OD EPR ierosmes
spektrus (jeb ka tos sauc ari par ‘’tagged MCDA’’ [2*,5*]) un selektivi izdalijam no summara
MCDA spektra tikai Vi un H centriem atbilsto8as MCDA joslas (zim. 2.3). V. centra gadijuma
Kkatrai centru orientacijai pret magnétiska lauka virzienu 1r iespéjama citada MCDA zime.

Vg centru MCDA joslam ultravioletaja spektra diapazona ir atvasinajuma forma un tas centrs
neviena SMH nesakrit ar zinamo ’Z,* ¢> *Z,* absorbeijas joslu (zim. 3.1 [2]). Lai izskaidrotu $is
Vy centru UV MCDA joslas, tika nemts véra, ka X,” molekularaja modeli *F.* «> 21, pareja ir
péc grupu teorijas aizliegta. Teorétiska analize [2] radija, ka ja Vi centru uzskata par dinamisku
sistemu, kas reali var bt asimetriska (necentrala) tad simetrija pazeminas lidz C,, un tad péc
grupu teorijas reali Sis parejas klust dajéji atlautas (zim. 3.2). Sada hipotéze bija izteikta jau
darba [11*], lai izskaidrotu Vy centru papildus absorbcijas joslu K1 kristala. Optiskas absorbcijas
spektros &is parejas paradas varbiit tikai pleca veida blakus intensivajai ’Z,’ <> *Z,* absorbcijas
joslai, bet MCDA spektros ir vienas no galvenajam novérojamajam V, centru parejam.

Noteiktos Vi centru un H centru MCDA spektrus un OD EPR rezonanses més izmantojam F
un H centru krosrelaksacijas procesu pétijumos (nodala 3.1) un procesu fotostimuléjamajos

rentgena atminas ekranu materidlos pétijuros ar magnetooptiskajam metodém (nodala 3.2).

2.2. TI** caurumu kérajcentru centru magnetooptiskas ipasibas SMH kristalos [3-5]

T1** aktivatora caurumu centri (uz T1* piejaukuma sakerts caurums) var spélét bitisku lomu ar
Tl aktivétos fotostimuléjamos rentgena atminas ekranos [13*,14*], Sajos fotostimulgjamos
atminas ekranos notieko$os procesus ir perspektivi un informativi pétit ar MCDA metodém.

TI** centru EPR vairakos SMH kristalos bija zinams [15%,16%], Més ar OD EPR metodi
atradam zinamajos gadijumos TI** centriem atbilsto¥as EPR rezonanses (zim. 4.a). Ari jodidos
més atradam T1** centru OD EPR rezonanses, kaut gan Seit TI** EPR sprnhamiftoniana parametri

ncbija no literatiras zinami. Més Sos EPR parametrus (g faktoru un TI hiperstkstruktdras
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3.zim. 1) Vg centru UV pareju “tagged MCDA" spektri septinos
SMH kristalos. Atziméts UV absorbcijas joshu novietojums.
2) Energijas limenu izmainu shematisks attélojums X, molekularaja
modeli, ko var radit Vi centra Iena aksiala oscilacija [2):
a) "on- centre” X, (D,,);

b) "off- centre" X, (C,,).
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mijicdarbibas konstanti A) novértéjam, kaut gan abi parametri nevaréja sakotnji tikt
viennozimigl noteikti, jo noverojama bija tikai viena rezonanses linija. Uzzinot precizi vienu no
$iem parametriem, vai ari novérojot vél kadu papildus rezonanses liniju, EPR parametri jodidu
kristaliem varétu tikt korigéti. TI** centriem ir Joti liela s' elektrona hipersikstruktiiras (fss)
mijiedarbiba ar Tl kodola spina magnétisko momentu, OD EPR parejas T1** centru
elektroniskaja pamatstavokli attélotas zim. 4.b, t.s. Breita- Rabi shéma, paradita pareja
|0> <> | 1>, kuru més noverojam 24 GHz mikrovi|pu diapazona.

Zinot §is OD EPR rezonanses, més selektivi izdalijam no visa MCDA spektra tas MCDA
joslas, kuras atbilst tiesi T1** centriem virkné SMH kristalu, un tas ir paraditas zimé&juma 5.a.
Daudzas no $im joslam agrak absorbcijas mérijumos nebija noverotas, vai ari to korelacija ar
TI** centriem bija atziméta ar jautadjuma zimi.

TI* centriem atbilstoSo MCDA joslu ir vairdk (jodidos pavisam 7 joslas), neka tas bija
aplikots 1idz $im literatira aplikotaja modeli [TIX,] kompleksam. Lielo joslu daudzumu més
izskaidrojam (3,4] ar ladiga pameses joslu t,, «> a,, spinorbitalo saSkelSanos (zim. 5.b). Tas
izskaidroja 6 no 7 novérojamajam MCDA joslam. Vienas MCDA joslas izskaidro$anai bija
nepiecieSams atrast kadas papildus parejas, to ari spanu kolégi {4] izskaidroja [TIX(] modela
letvaros ka pareju no t,, - limepa, kura var biit dajéji at]auta.

Sis zinaSanas par TI* centru MCDA joslam més izmantojam nodald 3.2, lai izpétitu

fotostimul&tas luminescences mehanismu rentgena atminas ckrana materiala RbIl:T1 [16].

23. Tris ar Cd piejaukumu saistitu defektu optiskas ipasibas BaF, scintilatoru

kristala [6,7]

Cd piejaukums BaF, kristalos var tikt ievadits, lai cinitos ar skabek]a nekontrolgjamo
ptejaukumu Kkristala audzéSanas procesa.

Cd,’ centn regulara rezga katjona mezgla bija jau zinimi no EPR pétijumiem literatiira [19*],
to EPR spektrs y- apstarotam BaF, kristdlam (I tips, skat. [6)), salidzinidjumam, attclots
Zim&juma 6.b. Més BaF, kristalos novérojam vel vienu EPR spektru [6), kur3 ir paradits zim.

6.a. To més interpretéjam ka perturbétu Cd.* centru, kaut gan perturbacijas daba mums paliek

12
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b) kvalitativa [T1X} oktaedrala kompleksa energijas limenu shéma (péc {17*,18*.3,4)).
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a) Il tipa BaF,:Cd kristala EPR spektrs 9 GHz rnikrovilnu diapazona;
b) salidzindjurnam- literatura [19*] zinama Cd,' centra EPR spektrs;
c) Il tipa parauga EPR spektram atbilsto3a Breita- Rabi energijas

[imenu diagramma

14

/11

[111]

600



nezindma. Sim perturbdtajam Cd.* centram hipersikstruktiras mijiedarbiba nesaparota s'
elektrona spinam (S=1/2) ar Cd kodola spinu I=1/2 (diviem Cd izotopiem) ir mazaka neka
neperturbétajam Cd.* centram. Tadé] 3cm (9 GHz) mikrovilgu diapazona EPR spekiros var
novérot ari linjju grupu zemos magnétiskajos laukos (zim. 6.a). Atbilstosas EPR parejas ir
attélotas zim. 6.c, Breita- Rabi energijas limegu diagramma.

Pec MCDA signala optiski detektéta EPR spektri y- apstarotos BaF, kristalos attéloti zim. 7.1.
Cd,* centram OD EPR spektros ir noveérojama lielaka fiss saSkelSanas mijiedarbiba ar Cd kodola
spina magnétisko momentu (zim. 7.1, likne a). Perturbétajam Cd.' centram ir mazaka hss
saSkelSanas verttba (zim. 7.1, liknes b). Zim 7.2 paradits kopgjais Bal‘, kristala inducétas
absorbcijas spektrs, ka arTf MCDA spektri daZadajiem ar Cd piejaukumu saistitajiem defektiem
[6,7]. Ag(Cd) centra (skat. zim. 6, augid) MCDA spetra interpretéSanu més veicdm péc
analogijas ar darba [20*] p&tijumu rezultatiem.

Tadejadi mes, kombingjot EPR un MCDA un MCDA- detektéta EPR pétijumus, konstatgéjam 3
ar Cd piejaukumu saistitu defektu iespgjamibu ar y— apstarotos BaF, scintilatoru kristalos UV
spektra diapazond. Ar optiskajlem mérijumiem vien nebija iespéjams notetkt ar Cd saistito
defektu absorbcijas joslas BaF, kristdla, jo seviSki tadé], ka péc miisu noverojumiem, ctti
nekontrolgjamie piejaukumi var dot absorbcijas joslas, kuras spektrali parklajas ar Cd defektu

joslam,

2.4. Molibdenu saturosa defekta struktiiras modelis CAWO, scintilatoru kristala |8]

CdWO, kristali tiek plasi izmantoti ka scintilatoru materiali. Més pétijam CdWO;, kristalu EPR
spektrus un atradam, ka parauga, kur§ péc audzéSanas ieguvis “zilganu” nokrasu, novérojams
Ziméjuma 8.a paraditais EPR spekirs. Més 3aja spektra novérojam hss saskelSanos uz Mo
piejaukuma kodola izotopiem ar spinu 1=5/2. Tas viennozimigi pierada, ka defekia sastava
letilpst Mo, kaut gan paraugos 3is piejaukums speciali ievadits netika. Par&jas fiss saSkelSanas
bi}a iesp&jams izskaidrot ka nesaparota elektrona spina S=1/2 mijiedarbibu ar divam dazadam W

kodolu grupam, apréekinatais spektrs $aja gadijuma ir attélots zimejumai 8.b.

5
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7. zim. 1) a) 1tipa BaF,:Cd kristala OD EPR spektrs, detektéts 310 nm MCDA josla;
b) 1l tipa BaF,:Cd kristala OD EPR spektrs, detektéts 300 nm MCDAjosla;
2) a) y- apstarota 1tipa BaF,:Cd (0.02 al.%) kristala inducétas absorbcijas spekirs;

b) 1tipa kristala MCDA spektrs; c) Il tipa kristala MCDA spektrs; paraditas Cd
defektiem atbilstosds MCDAjoslas.
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8. zim. a) eksperimentalais CdWO, kristala EPR spektrs, T=20K, anroiot,
mikrovilnu frekvence 9.08 GHz;
b) izrekinatais EPR spektrs [8];
c) molibdenu saturo3a defekta nesaparotd spina S= 1f2 iespéjamais
novietojums CdWO. kristala struktdra.



Picdavitais molibdenu saturo33 defekta strukidras modelis att€lots zimcjuma 8.c (CdWO,
kristala struktiiras atticlojums péc [21*,22*]). Tick uzskatits, ka molibdens aizvieto vienu no
volframa kaiminu atomiem. Nesaparota elektrona spins ir 1/2 , un tas atrodas Cd reZga mezgla
pozicija. Tacu, tas nevar bit lokalizéts uz Cd kodola, jo nenovérojam papildus sadkel3anas uz
sada centrala Cd kodola. Patreizgja laikka momenta vél nav izdevies So EPR spektru tiedi sarstit

ar MCDA spektru vai noverot to péc luminescences detektétaja OD EPR.

2.5. PO un PO,” defektu optisko ipaSibu pétijumi kalcija fosfata stikla [9]

Uz misu darba sakumu bija zindma PO,* un PO,* radikalu centru veido3anas [23*-25%*] ar
rentgenu apstarotos fosfatu stiklos, tai skaita kalcija fosfata stikla, ka ari literatdra izvirziti to
struktoras modeli. Bija zinami S0 radikaju centru EPR signali un absorbcijas josla, ar
maksimumu ap 2.4 eV, bija ar netie3am korelaciju metodém noteikta ka PO,* centram atbilstosa
absorbcijas josla [24*,25%].

Zimé&juma 9.1 paraditi pec MCDA optiski detekiéta EPR spektri, kuros noraditas gan PO,”,
gan PO,” radikalu centriem atbilsto3as hss saskelSanas [23*-25%], ko nosaka centru nesaparota
spina hss mijiedarbiba ar P kodola spinu [ = 1/2.

Zim&juma 9.2 paraditi inducgtas absorbcijas spektri (likne a), k2 ari summarais ar rentgenu
apstarota kalcija fosfata stikla MCDA spektrs (likne b). Zinot zimejuma 9.1 paraditajos OD EPR
spektros PO,” un PO, centriem atbilstodas rezonanses lauku véstibas, més selektivi izdalijam to
MCDA spektrus (zim. 9, liknes ¢ un d). Bez jau zinamas 2.4 eV joslas, kura péc milsu
rezultatiem tiesam atbilst PO,* radikaliem, mes atradam, ka §1 josla dalgji atbilst ari PO,*
radikajiem. Més noskaidrojam papildus, ka abiem radikaliem ir MCDA joslas ari spekira
infrasarkanaja da|3, ko janem véra praktiskajos pielielojumos, ja 3ie radikalu centri veidojas citos

oksidu (kvarca) optisko vilnvadu materialos.
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9. zim. 1) x- apstarota CaO-P,0; stikla OD EPR spektri, mériti 2.2 eV MCDA josla
pie T=1.5K (likne a) un T=4 2K (likne b); mikrovilnu frekvence 24.1 GHz;
2) a) x- apstarota Ca0O-P,0; stikla inducétas absorbcijas spektrs:
b) MCDA spektrs;
¢) PO,” centru "tagged MCDA" spekirs, mérits pie B=875 mT, T=1.5K;
d) POf centru “tagged MCDA" spekirs, mérits pie B=835 mT.
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3. DEFEKTU MLJIEDARBIBAS PROCESU PETLJUMI SMH KRISTALOS

Saja nodala aprakstitajos pétijumos OD EPR un MCDA dati izmantoli, lai izpétitu
krosrelaksacijas mijiedarbibu starpp F un H centriem, ka ari, lai izpétitu fotostimul&tas

luminescences mehanismu uz SMH fristaliem bazétos rentgena atmigas ekranu matenalos.

3. Fun H Frenke]a defektu paru mijiedarbibas pétijumi ar krosrelaksacijas OD
EPR metodi KBr kristala [10-13]

Frenke]a defektiem F un H ir fundamentila nozime defektu generacijas procesos SMH
knstalos (skat., pieméram, parskatu [26*]).

Misu darba nodal]a 2.1 aprakstitajos pétijumos bija noteikts H centru MCDA spektrs
(zim. 2.3.d) un atbilsto3ais OD EPR spektrs (zim. 2.2.a) KBr kristala. Tade)jadi, zinot F centra un
H centru OD EPR un MCDA (zim. 10.1, attiecigi liknes (1) un (2)) spektrus, més varcjam pétit
Frenkela defektu F un H mujiedarbibu. Mérot MCDA F centru josla, bet iesledzot un 1zslédzot
mikrovijpu jaudu pie magnétiska lauka vértibam, kas atbilst H centru pamatstavok]a EPR
vértibam (zim. 10.2.a) var&jam novérot F centru MCDA amplitidas izmainas. Tas nozimé, ka
Saja ekspertmenta, izmainas H centra pamatstavok|a spinu polarizacija sp€ja izsaukt izmainas F
centra spinu limequ apdzivotiba, t.s. krosrelaksacijas mijiedarbibas rezultata. Krosrelaksacijas
efekta lielums atkariba no rezonanses magnétiska lauka vertibam attélots zim. 11.1, bet atbilstosa
energijas limenu shéma- zim. 11.2.

Tadejadi musu eksperimentos konstatéts, ka F un H centru spinu sist€mas KBr kristala péc
rentgenapstaroSanas zemas temperatiiras (4.2 K) ir saistitas un iespgjams ari novértét attalumu

kada F un H centriem jaatrodas, lai biitu iesp&jama krosrelaksacijas mijiedarbiba [10-13].
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10. zim. 1) pie 4.2K x- apstarota KBr kristala F centru (1) un H centru (2) "tagged MCDA" spektn;
2) OD EPR efektu kinétika, ieslédzot un izslédzot mikrovilnu starojumu:
a) F centru MCDA joslas kinétika, inducgjot H centru EPR (krosrelaksacijas efekts);
b) F centru MCDA joslas kinétika, inducgjot F centru EPR;
c¢) H centru MCDA joslas kinétika, tnducgjot H centru EPR.
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1. 2im. 1) F un H centru krosrelaksacijas efekts KBr knstala:
a) H centru OD EPR spektrs KBr;

b) I- izméritais krosrelaksacijas efckts F centru MCDA josla;
o- aprékinatais krosrelaksacijas efekta spektrs [10];
2) energijas limenu shéma F un H centru krosrelaksacijai KBr kristala [10].
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3.2. Caurumu keérajcentru identifikacija un fotostimulétas luminescences mehanisma

izpete RbI-TI kristala [14]

Lai izpétitu kérajcentru dabu un fotostimulétas luminescences (FSL) mchanismu rentgena
atmipas ekranu matenialos, nepiecieSams identificét un sekot elektronu un, jo seviskt, caurumu
irajcentru uzvedibal ar iespCjami tieS$am metodém. Petijumos |oti nodcrigas 1zradijas
magnetooptiskas (MCDA un OD EPR) metodes.

Uz miisu darba sakuma periodu, literatira bija izteikta hipotéze, ka RbI:T1 kristala FSL
sltivals caurumu kérajcentrs varétu bit Vy,, t.i. pie T1* piejaukuma sakerts Vi centrs [27*].
Miisu mérijumos ar ar MCDA un OD EPR metodém, bez jau agrik literatdra identificétajam F
centra parejam (skat. [8*]), var&jam identificgt ari T1** centru MCDA un OD EPR spektrus (skat.
nodalu 2.2). F un TI** centru MCDA- detekt&ta EPR spektri paraditi zimgjuma 12.1 un attiecigie
MCDA spektri atteloti zimejuma 12.2.

Zinot visu defektu So centru MCDA joslas, més sekojam centru MCDA amplitiidu izmainam
péc rentgenizacijas zemas tempcratiras (T= 4.2K-80K). Novérojam caurumu centru Vi
dominéjo3u rasanos, ka ari redz&€jam, ka péc V centru termiskas delokalizacijas notiek caurumu
parlade uz TI** centriem (zim. 12.3.a). Netika konstatéta caurumu sakersana par Vy,, ka bija
tetkts literatira izteiktaja hipotézé [27*]. Papildus més konstat€jam, ka gaismojot ar
monohromatisku gaismu jebkura no T1** absorbcijas joslam, izdodas caurumus no TI1* centriem
da]eji parladet atpakal par V, centriem (zim [2.3.b). Péc atkartotas parauga uzsildiSanas virs V¢
centru delokalizacijas temperatdras, varéjam atkal caurumu parladet uz T1* aktivatora, veidojot
TI** centru, t.i. reakeija ir atgriezeniska: Vy «> TI**. $adi MCDA metodes mums at]ava tiesi un
selektivi sekot caurumu centru lokalizacijai, ko Rbl:T] kristala ar absorbcijas metodém precizi
un selektivi biitu griti izdarit.

MCDA un OD EPR mérijumu rezultata, kombinacija ar EPR un luminescences mérijumiem,
mums izdevas konstatét FSL intensitates tieSu korelaciju ar Tt* centru MCDA amplitiidu, un
noteikt, ka RbI:TI kristala fotostimulétaja luminescencé darbojas vienkarais F* --- T1** centru

paru modelis [14].
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12. zim. 1) MCDA- detektéta EPR spektri RbI:T] kristala:

a) V. centriem, mérits pie 1.56 eV;
b) T1*" centriem, merits 4.07 ¢V MCDA josl3;
2) V, centru () un T1™ centru (b) “tagged MCDA" spekiri RbET) kristalz;
3) RbL:T1 knistala MCDA spektri péc x- apstaro$anas pie 80K, mériti pie 4.2K:
a) péc 1zkars€3anas Jidz 150K;
b) péc optiskas (4.07 eV) gaismosanas pie T=4.2K;
c) pec atkartotas karsé¥anas lidz 150K.
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Iitcratira bija aprakstits viedoklis, ka KBr:In kristala FSL izskaidrojama ar vienkarso F* ---
In** centru paru modeli [28*]. Tomer, misu OD EPR mérijumos novérotais In?* centrs FSL
nepicdalijas [15-17). Otrkart, més novérojam t.s. FSL “gaismassummu atjaunoSanas'’ efektu,
kuru nebija iesp€jams izskaidrot ar vienkarSo defektu paru modeli [16]. RbBr:Ga kristala
jaunakajos pétijumos, tika konstatéta divu Ga** tipa caurumu kérajcentru eksistence, no kuriem
viens korelé ar FSL intensitati, bet otrs ne [18].

Petijuru rezultati parada, ka identific€jot defektus ar OD EPR un MCDA mctodem, iespéjams
sckot defektiem un procesiem atmipas ekranu materialos. Sadu informaciju iegit, izmantojbt

tikai absorbcijas metodes un luminescences metodes, nebija respéjams.

4. AUTOLOKALIZETO EKSITONU OPTISKI DETEKTEJAMA EPR (OD EPR)
PETL}UMI

4.1. Pirma tipa autolokalizéta eksitona OD EPR peétijumi NaBr kristala [19,20])

SMH kristalos autolokalizéue eksitoni (ALE) pirmaja tuvinajuma ir Vy (X;) centri ar sakertu
elektronu [29*]. Tomer, analizgjot ALE ierosinatos stavoklus un lumincscen;:i, konstatéts, ka
ALE ierosinatie stavokli var biit vai nu gandriz simetriski (“on-centre”, jeb I tipa, novérojami
NaBr un Nal kristalos), ari vairak val mazak nesimetriski (“off-centre”, jeb II un III tips,
novérojami vairuma paréjo SMH kristalu ar NaCl struktiru) [30*]. Uz milsu darba sakumu OD
EPR spektri bija registréti vairakos “off-centre” (parsvara IIl tipa) ALE, bet I (ipa
autolokalizetajiem eksitoniem $adi ODEPR spektri registréti nebija (29%*].

Més izmérijam I tipa ALE OD EPR spektru NaBr kristala [19]. Sakotnéji més plato OD EPR
joslu ar plato ta vidusdala saist{jam ar saméra nelielu ALE tripleta stavok|a saSkelSanos nulles
lauka vértibu [19]. Vélakos gados, japanu autori [31*] izmérija OD EPR spektru cita mikrovilpu
diapazona un, kopa ar mdsu iegiito rezonanses liniju, nonaca pie secinajuma, ka NaBr kristala
ALE tripleta stavok]a parametram D jabiit stipri lielakam, un ka més sakotnéji bijam novérojusi

tikai vienu no tripleta stavoklim iespéjamajarn atjautajam OD EPR rezonanses parejam. Més $o
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interpretaciju parbaudijam un secinijam, ka D parametra vértibai tieSam jabit stipri Jielakai, bet
dinamisku efektu d¢] rezonanses joslas Ass komponentém amplitiidu sadalijums var atSkirties no

statistiski sagaidama (20].

4.2. Autolokalizéeto eksitonu OD EPR pétijumi Li,GeO, kristala [21]

Li,GeO, kristala struktira sastav no GeO, tetraedru kédém un Li joni izvietojas starp $im
kédem ([32*], zim. 13.a). Misu darba sakuma bjja zinama S7 knstala, ar rentgena vai UV
starojumu ierosinata luminescence, par kuru domaja, ka ta varetu bit saistita ar autolokalizeta
cksitona luminescenci [22). |

Mes 3is luminescences ierosinato stavokju izpetei pielietojam OD EPR metodi, detckiéjot to
rentgenluminescences Jaiki un ieguvim zimé&uma 13.b attélotos OD EPR spektrus. Sis
rezonanses ir anizotropas, t.., atkarigas no lepka starp ar€jad magnétiska lauka virzienu un
knistala asim, rezonanses linjju lepka atkariba ir att€lota zimé€uma 14.a. Lingu Jepkiskas
atkaribas meés vargjam aprakstit ar tripleta sist¢émam raksturigo spin- hamultoniana operatoru
[7%,29*]:

H = gBgS + D[S, 1/38(S+1)] + E(S,>-S, %)
kur D un E 1r sikstruktiiras mijiedarbibu (saSkelSanos nulles lauka) raksturojoSie parametri.
Zemajos magnétiskajos (ap 310 mT) novérotas rezonanses linijas ir gandriz izotropas un tas var
aprakstit ar “aizliegto” pareju ar |Amg|=2 (zim. 14.a,b), bet no lenka atkarigo rczonan3u grupu,
kura centréjas ap 770 mT, més varéjam aprakstit ar t.s, “atjautajam” parejam |Amg|=1.

Lai aprakstitu visas novérotas rezonanses linijas un to lenkisko atkaribu, mums bija japienem
divu tripleta stavok]u eksistence Li,GeO, kristala. Abu tripleta stavok]u sikstrukturas (kristaliska
lauka) galvenas ass virzieni (apziméts ar FS) ir |oti tuvi Ge--netiltipa skabek]a ass virzienam, ka
paradits zimejuma 14.c [21].

Tadejadi, misu OD EPR dati kopa ar Juminescences polarizicijas mérijumiem, luminescences
dzives Jlatku un to (emperatiras atkaribu pé&tijumu rezultatiem, palidzéja noskaidrot

autolokalizeto eksitonu ierosinato stavokju ipasibas Li,GeO, kristala [21].
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b) tripleta stavoklu energijas limenu
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c) tripleta stavoklu sikstruktras mijiedarbibas tcnzora galvenas ass (FS)
un polarizacijas mérijumos noteiktads ass (POL) lenkiskais novietojums
Li,GeO) kristala a-c un a-b plaknés.
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5. HABILITACLJAS DARBA TEZES

1. Defektu absorbcijas magnétiska cirkulara dihroisma (MCDA) pétjjumos kombinacija ar
elektroniska pamatstavok]a EPR selektivi izdalitas konksEtiem defektiem atbilsto3as

absorbcijas joslas platzonas materialos:

e V, centriem sarmu metilu halogenidu (SMH) kristalos MCDA spektros UV spektra
diapazona paradas dajgji atlautas ‘Z,‘ e *T1, parejas.

o  TI* defektu centriem SMH kristalos MCDA spektros var ikt novérotas 1idz 7 optiskajam
parejam. T1** defektu garo vijpu MCDA joslas SMH izskaidrojamas ar t,, & a,, ladiga
parneses joslu spinorbitalo saskelSanos.

s  BaF, scintilatoru kristalos iesp€jami tris ar Cd piejaukumu saistiti defekti ar absorbcijas
joslam UV spektra diapazona: regulara Cd* mezgla sakerta elektrona centrs Cd., ar

nezinamu perturbaciju perturbéts Cd,* centrs un ar anjona vakanci perturbéts Cd*(1) centrs.

e  Konstatéta molibdenu saturo3a defekta klatbitne CdWO, scintilatoru kristala, kur§ péc
audzeSanas ieguvis zilganu nokrasu. Piedavataja defekta struktiiras modell nesaparotais
elektrons atrodas Cd reZga mezgla pozicija un Mo jons aizvieto vienu no apkartéjo W
kaimigqu joniem.

e PO,” un PO, radikalu defektiem ar rentgenu apstarotos kalcija fosfata stiklos noveérotas
agrak nezinamas $o defekitu MCDA (absorbcijas) joslas optiskajos vilnvados 1zmantojamaja
infrasarkanaja spektra diapazona.

2. EPR optiskas detekcijas (OD EPR) petijumos identificéti mijiedarbibas iesaistitie defekti:

o Atrasti tiedi eksperimentali pieradijumi par Frenkela defektu, F un H centru, telpisko
korelaciju p&c to generacijas zemas temperatiiras KBr kristalos. Krosrelaksacijas
mijiedarbibas rezultala, H cenira magnétiskas rezonanses bridl novérotas izmaipas F centra
pamatstavokla spinu limenu apdzivotiba.

e Ar rentgenu apstarota RbI:T] kristdla fotostimul&taja luminescencg aktivais caurumu
kérajcentrs ir TI** cauruma centrs un fotostimulacijas procesi darbojas vienkarsais
{F*...T**} paru modelis.

w

. Li,GeO, kristala, pec OD EPR datiem, autolokalizétajiem eksitoniem ir divi tripleta
elektroniskic Icrosinatie stavoklt. Abiem tripleta stavok|iem sikstruktdras mijiedarbibas
(saskelSanas nulles laukad) galvenas ass virziens ir loti tuvs Ge--netiltina skabekja saites
virzienam.



6. NOBEIGUMS

Darba galvenos uzdevumus kopuma ir izdevies izpildit, daudzos gadijumos OD EPR
pélijumos platzonas materialos jzdevies ieghit informaciju par defektu optisko un EPR
raksturlielumu savstarpéjo saistibu, ko atseviski EPR vai optiskajos mérjjumos jegiit nav
icspgjams, ka ari OD EPR eksperimentos ijegiito informaciju izmantot procesu ptijumos
rentgena atminas ekranu materialos. Sadus O EPR pétijumus joprojam perspektivi turpinat
citos perspekiivos atminas ekranu un scintilatoru materialos, k@ ari citos platzonas materialos.

Darba praktiska nozime Latvija un Baltijas regiona méroga ir ta. ka pumoreiz attistitas un

pétijumos ieviestas OD EPR metodikas. Starptautiska méroga nozimigi ir sistematiski OD EPR

pétijumi plasaka platzonu materialu klasé, ar uzsvaru vz caurumu k€rajcentru optisko ipasibu
sistematisku identificéSanu un pé&fjumiem praktiski svarigos rentgena atmigas ekranu un
scintilatoru materialos.

Darbs veikts Latvijas Universitates Cietvielu fizikas ihstitﬁté, cie$a sadarbiba ar Paderbornas
Universitates Fizikas fakultati (Vacija).

Habilitacijas darba rezultati publicéti 22 publikacijas zinatniskos Zurnalos un 16 starptautisko
konferenu 1€z8s. Autora ieguldijums darbos, kas veikti kopa ar citiem kolégiem, ir MCDA un
OD EPR spektru mérijumi, spektru parametrizacija un kvalitativa interpretacija.

Autors izsaka pateicibu LU Cietvielu fizikas institiita, bet jo seviski Kristalu fizikas dalas
kolegiem un vad. Prof. I. Talem par ilggadeju atbalstu darba veiktajiem petijjumicm.

Autors izsaka patcicibu Paderbornas Universitates Fizikas fakultites Prof.Dr. J.-M. Spéta
laboratorijas kolegiem par iespéju veikt lielu daju no darba veiktajiem zemo temperatiiru OD
EPR un MCDA pétijumiem, bet jo seviski Prof. J.-M. Spétam par ilggadéju sniegto atbalstu,
diskusijam un motivaciju OD EPR petijumu virziena.

Par atbalstu griotaja darba sakuma perioda, CFI izveidojot OD EPR meriekartu eksperimentiem
Skidra hélija temperatiiras, esmu pateicigs Prof. A. Silinam, Prof. J. K}avam, Dr. Hab. phys. M.
Spriggim, Dr. Hab. phys. L. Cugonovam, Prof. A. Truhinam, Dr. Hab. phys. D. Milleram.

Esmu Joti pateicigs CFl Jauno zipatnieku perspektivo pétijumu grupas, tagadéjas
Magnetooptikas grupas agrakajiem un tagadgjiem kolggiem, bet jo seviski Dr. phys. J. Troksam,
Dipl. phys. D. Bricim, bez kuru entuziasma nebiitu iedomajama OD EPR mériekartas 1zveide.

Esmu pateicigs Prof. K.S. Songam un Prof. M, Moreno par diskusijam un sadarbibu MCDA
Joslu dabas teorétiska noskaidro3ana.

Saviem pirmajiem zinatniskoe darbu vaditajiem Doc. V. Grabovskim un Prof. I. Vitolam esmu
pateicigs par pieredzi optisko un zemo temperatiru eksperimentu joma.

Pateicos savat dzivesbiedrei Mag. Phys. A. Rogulei par atbalstu un pacietibu visa dota darba
veik$anas laika.
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INTRODUCTION

An important problem in the investigations of defects and defect interaction processes in
wide-band gap materials such as insulators is the determination of the correlation between the
optical properties of the defect centres and the data obtained by structure sensitive investigation
techniques like electron paramagnetic resonance (EPR). Traditionally, the structure of defects
has been investigated mainly by means of EPR techniques and the optical properties of defects
(in practice - separately from the EPR) - by means of optical techniques (absorption,
luminescence). The best and direct solution of this problem is to use opticaily detected EPR
(ODEPR) techniques.

During the present work ODEPR techniques have been introduced to Latvia, in the Institute
of Solid State Physics (ISSP), University of Latvia, and since 1988 ODEPR investigations have
been started. In the course of this work a very good and fruitful cooperation has been developed
with the research group of Prof. Dr. J.-M. Spaeth in the Department of Physics, University of
Paderborn (Germany). A great deal of these investigations are due to this collaboration and
continuous support.

The main concept of this work was: by taking into account the published data or our recently
obtained data on the EPR of a defect ground state, to determine the defect’s magnetic circular
dichroism of the absorption (MCDA) and the absorption or luminescence bands by means of the
ODEPR measurements; if it was possible also to get new information about the defect’s
electronic structure and energy states. Thus, the investigations have been performed in a new
scientific area, i. e., the investigations of the correlation between the defect’s opticat and EPR
properties by means of the ODEPR techniques.

The aim of this work was: the investigation of the defect’s electronic structure and optical
properties by means of ODEPR techniques. The actual and particular tasks were:

s 10 find out the relations between the optical (absorption, luminescence) and EPR properties of
the defects in several insulating matenals (including X-ray storage phosphor and scintillator
materials);

e to ascertain the defect interaction processes and the photostimulated luminescence mechanisms
in X-ray storage materials;

* to obtain information about excited states of the self-trapped excitons (STE’s) in NaBr and
L1,GeOy crystals,

The first group of investigations 1s related to the studies of the structure of defects and to the
determination of the direct correlation with their optical (absorption, magnetic circular dichroism
(MCDA)) properties. Several new MCDA bands of the Vi centres have been found in a serjes of
alkali halide (AH) crystals, as welil as the spectral positions of the MCDA bands of H centres in
KBr and KI crystals. The parameters of the g-tensor have been determined to be g, = 2.08 in KI
crystals. By using the ODEPR (MCDA-detected EPR) technique several new MCD bands have



been determined for the T1?

ODEPR and EPR of the TI** centres in iodide crystals have been determined.

centres in several AH crystals. Previous unknown parameters of the

Three different Cd impurity-related defects have been found in BaF, scintillator crystals and
their optical properties have been determined. New absorption (MCDA) bands of the PO42' and
POJZ' radical defects have been detected and investigated in calcium phosphate glass in the red
and infrared spectral regions. These radical defects may have such bands in the optical
waveguide glasses. The molybdenum impurity-related defect structure model in the CdWOQOq
scintillator crystal (‘blue colored’ afier the crystal growth) has been investigated.

The second group of investigations is related to the studies of the interaction between the
Frenkel defect pairs like F and H centres by detection of the cross-relaxation effects in ODEPR.
These data allowed to estimate the distance between the F and H centres in the {F...H} pair in
KBr at low temperatures after their generation. By means of the MCDA-detected EPR techniques
the mechanism of the photostimulated luminescence (PSL) has been investigated and the actual
hole trap centre - the activator centre TI** - has been identified in RbI:TI crystals. By means of
the MCDA and ODEPR techniques In impurity-related radiation-induced defects have been
investigated in KBr crystals doped with In as an activator. The so-called, ‘replenishment’ effect
of the PSL in KBr:In has been observed, which can not be explained by the simple defect pair
{F*..In*"} recombination mode] in contrast to earlier assumptions made in the literature.

The third group of investigations is related to the studies of the excited states of the self-
trapped excitons (STE) by ODEPR techniques. For the first time, the ODEPR spectrum of the
type I STE in NaBr crystals has been detected. The triplet excited states of the STE have been
investigated and identified in Li;GeOs; crystals, the principal directions and values of the
crystalline field gradients have been determined.

The contribution of the author of this Thesis in his papers published in cooperation with other
colleagues is: the measurements of the MCDA and ODEPR spectra, the quantitative analysis of
the spectra and their qualitative interpretation.

The main results obtained in this work are presented in the Abstract of Habilitation Thesis.

In this Summary of the Thesis, two kinds of references to the literature have been used:
marked with an asterisk or without it. The references to the other authors and research groups
have been marked with an asterisk (for example [2*]). The references of the author’s papers are
not marked. In accordance with this, two lists of references are presented.

The supplement of the summary of the Habilitation Thesis is a separate volume, including the
reprints of the author’s papers as well as a list of all published papers and abstacts. The repnnts
in the supplement have been presented in the same sequence as they have been referred to in the

summary of the Habilitation Thesis.



1. PRINCIPLES OF OPTICAL DETECTION OF EPR (OD EPR)

The energy levels of isolated defects are positioned generally in the forbidden gap of wide-
band gap materntals between which absorption bands are observed schematically shown in
Fig. 1.a. Mostly, EPR has been investigated in the electronic ground state of defects and provided
a lot of information about the microscopic structure of the defects. Traditionally optical
investigations (absorption, luminescence) have been carmed out unrelated to EPR investigations
and correlations between both data mostly remained unclear, or only indirect correlations could
be suggested.

For one way of optical detection of EPR the luminescence emission or its circular
polarisations are separated under the influence of magnetic field and microwave radiation are
measured [1¥]. In this case the EPR of the optically excited electronic state can be investigated.
Also the magnetic circular dichroism of the optical absorption (MCDA [2*]) is used for optical
detection of the EPR. The spin- dependent recombination (tunnelling luminescence) can also be
used [3*,4*]. All these techniques as well as the main research results obtained with them have
been reported in several reviews [1*-7*].

In our work, we used these techniques to determine the direct correlation between EPR and
optical spectra of different defect centres in wide-band gap insulator materials. From a practical
aspect of applications, we studied defects and their interactions in photostimulable X-ray storage
phosphor screen matertals and scintillators.

Mostly we used EPR optically detected via the MCDA, and schematically we itlustrate this
technique for the example of the, so-called ‘alkali-metal atom’® model {8*], as shown in Fig. L.b.
In this model, the electronic configuration of the ground state is s' in the state *S,,, and in the
optically excited state the electronic configuration is p' with the spin-orbit split states *P,,, and
*P,». In an external magnetic field, due to the Zeeman effect, the degeneracy of the electronic
levels is removed, the resulting projections of the magnetic moment m, are shown. The optical
transitions can have different circular polarisations (CP) if Am; == 1. One or two CP transitions
are allowed from each of the ground state Zeeman levels with m;= £ 1/2 to the excited Zeeman
and spin-orbit split states with m;= x 1/2, £ 3/2. The populations of the ground state Zeeman
levels in the magnetic field are different, the different transitions have different intensities, and
this difference greatly enhances at Jow temperatures. In the wide-band gap materials, the
balfwidth of the defect absorption bands is much larger than the Zeeman splitting. Therefore the
transitions with different circular polarizations are generally not spectrally resolved. They

become resolved by larger splittings of the levels as, for example, by a large spin-orbit splitting,
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The difference of the absorption coefficients of the circular dichroic transitions (after some
scaling, see [2*]) 1s called the magnetic circular dichroism (MCDA). Due to the induction of the
ODEPR resonance (Fig. 1.c.) the populations of the ground state Zeeman levels tend to equalize
and the MCDA signal tends to zero (Fig. 1.d.). In practical measurements the ODEPR effect i1s in
the range from several percents to several tens of percents.

All kinds of optical detection of EPR follow a similar principal scheme, i.e. in the moment of
resonance the spin polarisation of the Zeeman levels is changed and therefore the intensity of the
optical transitions changes. In order to reach an optimal ODEPR signal intensity, the ODEPR is
usually measured at low temperatures (at 1.5 K to 4.2 K) as well as at high magnetic fields (up to
6 T) and at high microwave frequencies (from 24 GHz to 95 GHz). These experimental aspects
have all been described well in several reviews (see, for example, [1*-5*]) and we do not discuss
them again 1n the present Summary. The next chapters are devoted to review the main results of

the investigations related with the Habilitation Thesis.

2, INVESTIGATIONS OF DEFECT STRUCTURE AND OPTICAL PROPERTIES

In this chapter, the results of the investigations are presented and discussed, in which the EPR
of the ground state of a defect has been investigated. In several cases, when the EPR was known,
ODEPR via the MCDA has been studied. In some cases, new data about the electronic structure

of defects and the nature of the optical transitions have been obtained.

2.1. Investigations of the Magnetooptical Properties of V, and H centres [1,2)

There are well-known data about the EPR [9*,10*] and optical absorption spectra [10%,1]%*)
of the V, centres and H centres in alkali halide crystals. The microscopic structures of V, and H
centres in most of the AH crystals with NaCl structure are shown in Fig. 2 (top). Their structures
have been established by EPR: a X, molecule located on two anion sites (V, centre) and a X,
molecule located on one anion site (H centre).

We measured the MCDA 1n a KBr crystal (and also in several other AH crystals with NaCl}
structure) and searched for the corresponding ODEPR spectra of the V, and H centres by taking
into account the known EPR parameters for these centres. We found the ODEPR resonances for

the V centre (Fig. 2.1) and for the H centre in KBr (Fig. 2.2). In the ODEPR spectra mainly the
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resonances of the centres having their molecular axes perpendicular to the external magnetic field
arc scen 2%},

We measured the excitation spectra of the MCDA of these ODEPR lines (so-called ‘tagged
MCDA’ [2*,5%]) and selected from the total MCDA spectra the MCDA bands corresponding to
the V, and H centres (Fig. 2.3). For the V centres, each onentation of the centre with respect to
the magnetic field may have a different sign of the MCDA (positive or negative).

The MCDA band of the V, centres in the UV spectral region has a denvative lineshape and
its centre does not coincide with the peak of the well-known UV absorption band from the
transition *L." & *Z,” in an AH crystal (Fig. 3.1. [2]).

The ’Z," & °I1, transition, which would be MCDA- active, is forbidden in the X, molecular
model in accordance with group theory because of symmetry. A theoretical analysis [2] showed
that if the V. centre is considered as a dynamical system, the symmetry is lowered to C,, and this
transition becomes partially allowed (Fig. 3.2). This hypothesis was used already earlier by {11*]
in order to explain the additional absorption shoulder observed in Kl crystals. This transition
would be seen as a small low energy shoulder below the strong 328' & %" absorption band. It is
the ‘characteristic* V, transition in the MCDA spectra, where the *L,” « L, transition is not
seen. The theoretical analysis also showed that the MCDA of V, and H centres with their axes
parallel to the external magnetic field is zero explaining why mainly the perpendicular centres
have been measured.

The MCDA spectra of the V, and H centres have been used in Ch. 3.1 to investigate the
processes of cross-relaxation between F and H centres, and in Ch. 3.2 to investigate the processes

in the photostimulated X-ray storage phosphors.

2.2. Magnetooptical Properties of T1*” Hole Trapped Centres in Alkali Halide
Crystals [3-5]

Photostimulable X-ray storage phosphor materials contain, as rule, an activator ion, the
luminescence of which is detected in the information read-out process [13*,14*). One of such
activator ions is T1" and therefore we investigated TI™- trapped hole centres TI*’ by use of the
MCDA technique in alkali halide crystals.

The EPR data of the TI*" centres are known for several AH crystals [15*,16*]. By using the
MCDA- detected EPR we measured the ODEPR spectra of the TJ*" centres in 6 AH crystals (Fig.
4.3.) and compared their hyperfine (1) structure with the known Af data from EPR: they agree
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very well [3]. No EPR spin-Hamiltonian parameters (g- factor or Tl- Af interaction constant A)
were known for the TI* centres in KI and RbI. We observed only one resonance transition in
each of the two todides. We could not determine both parameters (g and A) from only one
resonance line and therefore assumed the g- value to be a little bit larger as in the bromides. If
additional resonance data become available, these parameters should be corrected. The TI*
centre has a very large hyperfine interaction of the s' eleciron with the nuclear magnetic moment
of the Tl nucleus. The ODEPR transition |0> & |1> (which we observed in the 24 GHz

microwave range) is shown for the ground state of the TI*" centre in the Breit-Rabi diagramm

205

(Fig. 4.b, the two 1sotopes with similar gy factors 20371 and 2%57T) could not be resolved).

Afier determination of the ODEPR resonances we found all MCDA bands of the TI** centres
by measuring the excitation spectra of the resonance lines. These ‘tagged” MCDA bands are
shown in Fig. 5.a for several AH crystals with the NaC] structure. Most of these bands were not
known previously from absorption measurements or their relation to the TI** centres has been
questioned. It turned out that the TI** centres have more MCDA bands than absorption bands
previously discussed in the literature [16*,18*) for the [T1X,] complex model (for iodides
altogether 7 bands). We interpreted (3,4] these MCDA bands as spin - orbit - split charge transfer
transitions t,, «» a,, (Fig. 5.b.). This explains 6 from 7 observed MCDA transitions in the
todides. To explain the ‘extra> MCDA band it was necessary to find the additionat allowed
transitions. The extra transition was explained [4] as a transition from the t,, - level, which may
be partially allowed.

We used these data on the MCDA bands of the TI** centres in section 3.2., to investigate the

mechanism of the photostimulated luminescence in the x- ray storage phosphor RbI:TI [16].

2.3. Optical Properties of Three Cd Impurity-Related Defect Centres in BaF,
Scintillator Crystals [6,7]

Cd- impurity doping can be used in the synthesis of BaF, scintillator crystals to diminish the

oXxygen contamination during the crystal growth.

The EPR of the Cd,’ centres has previously been reported (Cd,” is placed on a regular cation
lattice site) [19*]; the EPR spectrum of the y- irradiated BaF, crystal (crystal of type 1, see [6]) is
shown, for comparison, in Fig. 6.b. We observed in the y- irradiated BaF, crystals another EPR
spectrum [6] which is shown in Fig. 6.a. We related this spectrum to a perturbed Cd." centre.

However, the nature of the perturbation remains unknown as yet. For this perturbed Cd_" centre,
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the hf- interaction of the unpaired electron s' (S=1/2) with the Cd nuclear spins (two isotopes
with spin I=1/2) is smaller than that of the unperturbed Cd.' centre. Therefore it is possible to
observe the low field group of the EPR lines in the 3 cm (9 GHz) microwave band (Fig. 6.a). The
corresponding EPR transitions are shown in the Breit- Rabi energy diagram in Fig. 6.c.

The MCDA-EPR spectra are shown in Fig. 7.1 for y- irradiated BaF,:Cd crystals. The Af-
splitting in the ODEPR spectrum of the Cd,” centre is Jarger (Fig. 7.1, spectrum a) than the Af-
splitting of the perturbed Cd.* centre (Fig. 7.1, spectra b). In Fig. 7.2 the MCDA spectra are
shown for different Cd impurity - related defects [6,7] as well as optical absorption spectra. The
interpretation of the so-called Ay (Cd) centre we made in analogy with ref. [20*]. (The A (Cd)
centre is a Cd." with a next nearest anion vacancy according to [20*]).

From the EPR and MCDA and MCDA- detected EPR Investigations we estimated 1n the UV
spectral region the presence of three Cd impurity - related defects in y- irradiated BaF, scintillator
crystals (Cd,.” , Cd,’ perturbed, Cd.*(1), Fig. 7.2.b,c). From the absorption measurements only it
was impossible to identify the Cd impurity-related absorption bands since according to our

expenernce other uncontrolled impunties can have absorption bands in the UV as well.

2.4. Model of the Molybdenum-Related Defect in CAWO, Scintillator Crystals |8]

CdWOQ, crystals are widely used as scintillators. We investigated the EPR in CAWO, crystals
(which were ‘coloured blue’ after the crystal growth) at low temperatures. The EPR spectrum 1s
shown in Fig. 8.a. The spectrum shows splittings which are positioned symmetrically about the
intense central line, Splittings are found to be nearly isotropic and are caused by the
superhyperfine (shf) interactions of the unpaired spin with several sets of equivalent neighbour
nucler. Only one EPR spectrum for an arbitrary orientation of the crystal could be observed, no
site splitting due to non-equivalent centre orientations were present. We found the sif splittings

due 1o Mo impurity isotopes with 1 = 5/2 (natural abundance 15.9% for Mo*® and 9.6% for

Mo’"). We concluded that a Mo impurity 1s involved in the defect present. The crystals were not

specially doped with Mo, but Mo is known 1o be a common uncontrollable impurity in CdWO,

crystals.
[n addition to Mo- splittings we sce two additional pairs of shf lines. It was possible to take
two alternative sets of shf parameters, which explained these additional shf lines. The first set of

the parameters involves two different shf interactions W, and W, with three (W,) and four (W,)
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equivalent tungsten nuclei W' (I = % with a natural abundance 14.3%). The simulated spectrum
with this set of parameters is shown in Fig. 8.b, all details of the EPR spectrum are well
reproduced, even the relative intensities of the main shf lines.

The second alternative set of parameters involves, besides the Mo shf interaction, involves

two different shf interactions with two pairs of equivalent Cd neighbours ( "Cd has 1 = % with a

natural abundance 12.8% and ''3Cd has I = % with a natural abundance 12.2%) and two
additional W nuclei [8]. In this case the relative intensities of the main shf lines could not be
reproduced exactly enough, such that we preferred in [8] the first set of the parameters as shown’
in Fig. 8.b.

The proposed mode] of the molybdenum - related defect is shown in Fig. 8.c (the structure of
the CAWO, crystal is shown according [21%,22*]). We propose that Mo replaces one of the
neighbour W atoms in one of the two existing W neighbour sets (one of the W sets is placed
above and another one- below the Cd- site along the (100] axis). The unpaired electron has an
¢lectron spin S=1/2 and would be localised on a Cd site. However, it is not localized on a Cd ion,
because we do not observe large additional splittings from such a central Cd nucleus (since the
shf splittings are nearly isotropic, the spin density at the central nucleus should be high, which
would lead to a large sf interaction). At present no relation of this EPR spectrum to the MCDA

spectrum or to the EPR detected in luminescence could be found.

2.5. Investigations of the PO, and PO, Defects in Calcium Phosphate Glasses [9]

At the beginning of our present investigations of the x- irradiated phosphate glasses, the
formation of the PO, and PO,” radical centres had been established [23*-25%], as well as some
structural models had been proposed. The EPR signals of the radical defects were known and in
the case of the PO,” radical also the induced absorption band at 2.4 eV had been attributed to this
radical by indirect correlation methods [24*,25%).

The spectra of the EPR detected via MCDA of the X-ray irradiated calcium phosphate glasses
are shown in Fig. 9.1. The A/ splittings corresponding to the PO,” as well as to the PO, radical
defects have been identified. They are caused by the Af interaction of the unpaired spin of the
centres with the *'P nuclear spin [ = ' [23*-25%*).

In the Fig. 9.2 the spectra of the induced optical absorption (spectrum a), and the MCDA
spectrum (b) are shown for the X-ray irradiated calcium phosphate glass. By using the resonance

field values of the ODEPR of the radical defects, the MCDA bands (corresponding to the PO,
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and PO,” defects) could be separated (Fig. 9.2, spectra ¢ and d). We concluded that the known
absorption band at 2.4 eV indeed is related to the PO, radicals, but at these wavelengths
partially also the MCDA of the PO,” radicals overlaps. We found out that both of the radical
defect centres have MCDA bands in the red and infrared spectral regions. These bands may be
important considering the absorption of such radical defects yn P- doped stlicon dioxide optical

waveguide materials.

3. INVESTIGATIONS OF DEFECT INTERACTION PROCESSES IN ALKALI
HALIDES

In this chapter ODEPR and MCDA data have been used to investigate the cross-relaxation
interaction between F and H centres as well as to study the mechanism of the photostimulated
luminescence in some X-ray storage phosphor materials based on the AH crystals containing

activators.

3.1. Investigation of the Interaction between Frenkel Pairs (F and H Centres) in KBr

Crystals by Cross-Relaxation ODEPR Techniques [10-13]

Frenkel pairs play a fundamental role in the defect formation processes in AH crystals (see,
for example, references in [26*]).

In section 2.1. we described the MCDA spectrum (Fig. 2.3.d) and the ODEPR spectrum (Fig.
2.2.a) of the H centre in KBr crystals. Therefore we knew the ODEPR spectra of F and H centres
and the corresponding MCDA spectra of F and H centres (Fig. 10.1, curves 1 and 2, resp.) at low
temperature (4.2 K) in X- irradiated KBr crystals. We observed the interaction between H and F
centres as changes in the MCDA amplitude of the F centres, if we switched ‘on’ and ‘off’ the
microwaves at the resonance magnetic fields of the H centre. These changes are shown in Fig.
10.2. We concluded that the changes in the spin polarization of the H centre ground state cause
changes 1n the Zeeman level population of the F centre. These data were interpreted as the so -
called cross-relaxation interaction between the spin systems of F and H centres. The magnetic
field dependence of the cross-relaxation effect is shown in Fig. 11.1 and the corresponding

energy level scheme in Fig. 11.2.
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Fig. 10. 1) 'Tagged MCDA' spectra of F centres (1) and H centres (2) in KBr x-ray irradiated

at 4.2 K;
2) Time-resolved measurements of the ODEPR effect after switching 'on’ and 'off’

microwaves:
a) Behaviour of the MCDA of the F centres when inducing the H- centre EPR (CR);
b) Behaviour of the MCDA of the F centres when inducing the F- centre EPR (T,,);

¢) Behaviour of the MCDA of the H centres when inducing the H- centre EPR (T, ).
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We showed that the spin systems of F and H centres are coupled in KBr crystals after X-
jrradiatton at LHeT (4.2 K) and that the minimal distance betwecn the F and H centres, for which
a stable pair of F and H centres 1s formed upon exciton decay can be determined [10-13] to be 4

Jattice spacings along a [110] direction. At shorter separations F and H centres recombine.

3.2. Investigation of the Photostimulated Luminescence Mechanism and Identification

of the Hole-Trap Centres in the X-Ray Storage Phosphor RbI:T1 [14]

In order to investigate the processes in X-ray storage phosphor matenals, it 1s necessary to
identify the electron and, especially, hole trap centres with some ‘direct’ techniques, such as
magnetooptical (MCDA and ODEPR) techniques.

At the beginning of our work, a hypothesis has been found in the literature (27*] that the Vy,
centres (V. centres trapped at a T1" impurity) may act as the hole trap centre in Rbl: Tl crystals.
The position of the F centre MCDA band was known (see [8*]), and we previously identified the
MCDA of the T1”" centres (section 2.2.) and of the V, centres (section 2.1.) by using ODEPR.
The ODEPR spectra of the TI*" and V, centres are shown in Fig. 12.1, and the corresponding
MCDA bands in Fig. 12.2.

The changes of the MCDA bands afier X-ray irradiation of a RbI:TI crystal at low
temperatures (T = 4.2 K to 80 K) are shown in Fig. 12.3. Immediately after the Jow temperature
X-ray urradiation holes are mostly trapped as V, centres and after thermal delocalisation of the
V, centres holes are mostly retrapped by T1" forming the TI>" centres (Fig. 12.3.a). No retrapping
of the holes to form V., centres (as proposed in [27*]), have been observed. We found, that
holes can partially be retrapped back to V, centres by bleaching with monochromatic light in any
of the absorption (MCDA) bands of the TI*" centres (Fig. 12.3.b.). After repeated heating of the
sample above the thermal delocalization temperature of the V. centres, it was possible to retrap
again the holes at TI" forming TI** centres (Fig. 12.3.¢), i.e. the reaction is reversible V, & TI*".
Therefore, the MCDA measurements allowed us to sensitively follow the localization and
retrapping of the holes in RbI:TI crystals. To perform such investigations only with absorption
measurements would not be sensitive and selective enough.

As aresult of MCDA, ODEPR, EPR and luminescence measurements we could determine the
direct correlation of the photostimulated luminescence intensity of RbI:TI crystals with the
MCDA- amplitude of the TI*' centres. We stated that the photostimulated luminescence of

RbI:TI crystal can be explained by a simple {F* -- TI*'} centre recombination model [14).
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For the crystal XBr:In a similar simple pair model was proposed in [28*], but our ODEPR
and MCDA investigations did not confirm this. At first, the MCDA of the In*' centre, which we
found in RT X-irradiated KBr:In, did not correlate with the PSL [15-17]. Secondly, the so -
called ‘replenishment’ of the PSL has been found. It is not possible to explain the
‘replenishment’ effect in the simple {F* -- In’*} pair model [16]. In recent investigations of the
X-ray storage phosphor material RbBr:Ga [18], which will be continued, it was found, that there
exist two Ga’* type centres: one of them is found to correlate with the PSL, but the second Ga**
centre does not.

Thus, the magnetooptical (MCDA, ODEPR) technique was helpful to investigate defects and

processes in X-ray storage phosphor materials on the basis of AH crystals doped with activators.

4. INVESTIGATIONS OF THE ODEPR OF SELF- TRAPPED EXCITONS

4.1. ODEPR of Type I Self-Trapped Excitons in NaBr Crystals [19,20]

Self-trapped excitons (STE) in AH crystals are V, (X,) centres with a trapped electron in 2
first approximation [29*]. The radiative excited states of the STE’s may be nearly symmetric
(‘on- centre’ STE, or type I, in NaBr, Nal crystals) or more or less asymruetnc (‘off- centre’ or
types II, II1 for other AH with NaCl structure) [30*]. At the beginning of our work, the ODEPR
spectra had been detected for several ‘off- centre’ (mostly type 111) STE’s, but not for the STE of
the type I (‘on- centre’) [29*].

We measured the ODEPR spectrum of the STE in a NaBr crystal [19]. At the beginning we
suggested that the broad ODEPR band with a plateau in the central part of the band 1s caused by
the two transitions of the STE triplet state and that the zero field splitting parameter D of the STE
In the NaBr crystal is very small [19). Later, Japanese researchers [31*) measured the ODEPR of
the STE of NaBr crystal with another microwave frequency. They interpreted their ODEPR
resonance together with our ODEPR spectrum and concluded that the zero-field parameter D of
the STE in NaBr crystal has to be much larger [31*). According 10 their work we observed in our
first experiments only one of the two triplet state resonance transitions. We verified this
interpretation and confirmed that, indeed, the zero-field value D may be very large [20]. The line
shape of the ODEPR transitions is affected by different dynamical effects of the nuclear substates

and therefore the amplitude of the iif~ transitions may significantly differ from the expected
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statistical occupation values of these states [20]. This explained the ‘flat’ line shape observed 1n

ODEPR which first lcd to the wrong interpretation of the spectrum.

4.2. Investigations of the ODEPR of the Self-Trapped Excitons in Li,GeO, Crystals [21]

The structure of a Li,GeO, crystal consists of GeO, tetrahedron chains wtth Li 1ons between
them (Fig. 13.a {32*]). The luminescence spectrum of L1,GeQ, crystals was known under X-ray
or UV excitation [22]. It has been suggested that this luminescence may be caused by the excited
state of the STE.

We investigated this luminescence with ODEPR techniques under the X-ray excitation and
observed the ODEPR resonances which are shown in Fig. 13.b. The resonance [ine positions are
generally dependent on the angle between the crystal axis and the direction of the external
magnetic field. The angular dependence for rotation in the plane a-c is shown in Fig. 14.a. We
described these angular dependent resonance spectra by the conventional spin- Hamiltonian for a
triplet spin systems {7*,29%*]:

H = p,BgS + D[S, > 1/3S(S+1)] + E(S,>-S,)

where D and E are zero-field splitting parameters.
The low field resonances at about 310 mT are nearly isotropic and have been attnbuted to so -
called ‘forbidden’ transitions |Amgl = 2 (Fig. 14.3,b.). The angle- dependent groups of lines
positioned around the field values of 770 mT was attnbuted to the ‘allowed’ transitions with
|Amgt = 1.

We had to assume the existence of two triplet states T, and T, in the Li,GeO, crystal to
explain all of the observed ODEPR lines. Both triplet states have very similar values of the
angles of the principal axes of the zero-field splitting (fine-structure interaction) tensors. These
directions are noted by F§ in Fig. 14.c and they are very close to the Ge--nonbridging oxygen
bond directions [21].

Therefore, the ODEPR data together with the luminescence polarization measurements,
photoluminescence life-time and temperature dependence measurements allowed us to detrmine

the model of the STE triplet excited states in Li,GeO, crystal [21].
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5. ABSTRACT OF HABILITATION THESIS

o

. With 1nvestigations of the optical absorption, magnetic circular dichroism (MCDA) in
combination with the EPR of the clectronic ground state, the following absorption bands

related to definite defects have been detected and singled out in insulator matenals:

The partially allowed transitions *," > *I1, appeared in the MCDA spectra of V. centres in
alkali- halide (AH) crystals.

Up to 7 optical transitions can be observed in the MCDA spectra of TP defects in AH
crystals. The long-wavelength MCDA bands of the TI** defects in AH are explained as spin-
orbit split charge transfer transitions involving the neighbour halogens.

Three Cd- impurnity- related defects are possible in BaF, scintillator crystals with absorption
bands in the UV spectral region: an electron trapped on a Cd?* ion in a regular cation site
(Cd.” centre), a Cd." centre perturbed by an unknown perturbation and an anion vacancy
perturbed Cd’ (1) centre.

The presence of a molybdenum-related defect 1s determined in CdWO, scintiflator crystals
which are ‘coloured blue’ after crystal growth. In the proposed structure model an unpatred
electron ts situated on a Cd-site and a Mo on replaces one of the neighbour W 1ons.

New MCDA (absorption) bands of the PO, and PO, radical defects are observed in X-ray
irradiated calcium phosphate glasses in the infrared spectral region (used for optical
waveguides).

. Some defects involved in interactions have been identified in the optically detected EPR

experiments:

Direct experimental evidence has been found for spatial comelation of Frenke! pairs (F and
H centres) after their generation at low temperature in KBr crystals. Changes n spin-
population of the F centre ground state have been observed due to the cross-relaxation

interaction when inducing magnetic resonance of the H centres.

The TI* hole centre acts as an active hole centre in the photostimulated luminescence of the
X-ray irradiated RbLT} crystal, and the simple pair {F*--TI*} model describes the
photostimulation process.

3. The self- trapped excitons in a Li,GeO, crystal have two excited triplet states, according to the

ODEPR data. For both triplet states the direction of the principal axes of the zero-field

Interaction tensors are very close to the direction of the Ge--nonbridging oxygen bond.
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6. EPILOGUE

The main results of the work have been 1n many cases obtained by optical detection of the
EPR which gives the direct information about the relaton between the optical and EPR
characteristics of a defect. It would be impossible to get such an information from separate
optical or EPR measurements. There 1s a stifl perspective to continue the ODEPR investigations
for X-ray storage phosphor and sciatillator matenials, as well as for other matenals.

The practical role of this work for Latvia and the Baltic region is that, for the first time,
ODEPR techniques have been developed and used in this region. From an intemational potnt of
view, the systematic ODEPR investigations in this work in several classes of the wide-band gap
materials are remarkable, with a main trend which is the systematic determination and
identification of the hole trap centres and their optical properties and the investigation of some
materials with a practical use for the X-ray memory screens and scintillators.

This work was performed in the Institute of Solid State Physics, University of Latvia, in very
close collaboration with continuous support from the Depariment of Physics, University of
Paderborn, Germany.

About 22 published papers are related to the topics of this Thesis. The main results of this
research were reported at nine scientific conferences and symposiums. The contribution of the
author of this Thesis in his papers published in cooperation with other colleges 1s: the MCDA
and ODEPR spectra measurements, the quantitative analysis of the spectra and, in most cases,
their qualitative interpretation.
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OPTICAL PROPERTIES OF TI*" HOLE CENTRES
IN ALKALI HALIDES INVESTIGATED WITH
OPTICAL DETECTION OF PARAMAGNETIC RESONANCE
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ABSTRACT

The optical absorption band of TI** hole centres have been investigated by measuring the mag-
netic circular dichroism of the absorption bands (MCDA) as well as MCDA-detected electron
paramagnetic resonance (MCDA-EPR). Several new absorption bands were found using the
excitation spectra of the MCDA-EPR lines of TI**. In the iodides there is a total of 7 MCDA

bands, more than predicted by the molecular orbital picture discussed so far in the literature.

Keywords: ~ Magnetic circular dichroism of the absorption (MCDA), MCDA-EPR, TI** hole
centres, alkal hahdes

1 INTRODUCTION

Upon x-irradiation at room temperature of alkali halides doped with TI*, TI** hole centres are
generated. They have been studied previously by electron paramagnetic resonance (EPR) in
several alkali halides [1,2] and also by optical absorption spectroscopy which identified several
absorption bands (see e.g. {3] for KCI). RbI: TI" is an x-ray storage phosphor, where T acts
both as a hole trap centre and activator. Upon photostimulation of F centres and recombination
of the F electron with the TI** centre, the TI* centre luminesces, which is used for the image
formation {4] It was therefore of great interest to identify all absorption bands of TI®*, since
excitation in the TI2* absorption bands also leads to a Ti" emission with simultaneous creation

of Vg centres at low temperature [4].



2 EXPERIMENTAL RESULTS

Figure 1 shows as an example the MCDA-detected EPR spectrum of *

in Rbl. In all meas-
ured alkali halides one broad structureless line appears due to the | 1,-1>—|1,0> transition
of the TI** with the quantum numbers £ = 1, mg =0, £1 due to the large hyperfine (hf) inter-
action A with the two magnetic 1sotopes 2037y (29.5% abundance) and 2037y (70.5% abun-
dance), I =1/2 for both [1). For Rbl 4 = 48 +3 GHz, g was assumed to be 2.01 (for further
details and data of the other alkali halides see [5]). Figure 2 shows the MCDA bands obtatned
by measuring the MCDA excitation spectra of the TI?* resonance line. The peak positions of
the measured MCDA bands are collected in table 1 aloﬁg with those previously published and

with the absorption band peaks. There are numerous bands yet unknown, which are clearly due

to TI**, since the EPR of TI>* can be measured in all bands.

3 DISCUSSION

The electronic configuration of TI?* is 6s' in an octahedral crystal field: TE*-X$™ (¢ =
halogen™).The a,, ground state is paramagnetic. The optical transition from s y2 to the spin-
orbit split 2P3/2 and 2P1/2 exited states gives rise to the two UV transitions, of which, except
for Rbl, only the one with lower energy (ZPVZ) is shown in figure 2. The reversal of sign is
typical for a spin-orbit-split excited state and has been reported before [6]. Further transitions
are possible according to Moreno [11, 12] into the o and 7 linear combinations of halogen p-
orbitals with t;, symmetry resulting in two further transitions, which should have a reversal of
signs in MCDA as observed, accounting for 4 further MCDA bands at lower energy. The en-
ergy splittings between the positive and negative bands decrease on going from the jodides to
bromides and chlorides according to the decrease of the spin-orbit coupling. However, the
additional low energy transition in the iodides is not explained. An explanation is offered by

Cabria et al. [13] using an MS-Xa. calculation and including the ligand spin-orbit effects.
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FIGURE AND TABLE CAPTIONS
Figure 1 MCDA detected EPR spectra of TI** in RbI measured at 1.5 K and 23.7 GHz

Figure 2 The spectra of the ‘tagged MCDA” of the TI** centres of 6 alkali halide crystals
measured at 1.5 K in the EPR lines of TI2*. For RbCl, KBr and Rbl crystals the

low energy part of the spectra was scaled up.

Table 1  Band positions of the MCDA bands and of the absorption bands of Ti** centres in

6 alkali halide crystals (values in eV).



KCl1

ABS |3.40; 4.22 [3] 473; 5.63 [3]
KCl

MCDA|3.35;, 3.6, 4.05 (v. weak) 4.73; 5.67(6]
RbC(Cl

MCDA|3.15; 3.50 475

KBr

ABS [2.58 (7] 4.46 [7}
KBr

MCDA|]2.55; 3.05; 3.57, 4.0 448

RbBr

MCDA|2.48; 2.95, approx.3.45;, 39 4.40

K1

ABS |1.58; 2.25; 3.42 [8-10] 4.06; 4.82 [8-10}
KI

MCDA|1.60; 2.07; 245, 2.8, 343 4.05, 4.82 [6]
RbI

MCDA|1.57; 2.03; approx. 2.35; 2.7; 3.25 407, 4.82
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The magnetic circular dichroism of the optical absorption (MCDA) and optically detected
ESR of CaO'PyOs and Ca0'P205-To70y glasses X-irradiated at RT are investigated. For
the first time a direct correlation is obrained berween the ESR spectra and magneto-opticat
abso?lion bandi_ of radiation-induced defects in phosphate glasses. [t is found that dboth

PO4

and PO3“" centers have severz.l strongly overlapping absorption bands in the visible

and infrared spectral regions. In Tb~¥- doped CaO'P9Og gigss an intense derivative-like
MCDA signal around 3.25 €V is assigned to the hole center To° +,

1. Intcoduction

One of the main problems when studying radiation defects
in glasses is the correlation between the optical absorption
bands and he electron spin resonance (ESR) spectra of
radiation-'mducaj paramagnetic defects. FO{ silicate glasses
activated by Tb” ¥ it was established earlier” with the method
of the magnetic circular dichroism of the optical absorption
(MCDA) that the ionizing irradiation induced an absorption
band around ?4_75 eV which Is caused by paramagnetic
tetcavalent Tb centers. It was also poted that the hole
centers responsible for the sbsorption bands of undoped
silicate glasses observed in the visible and UV regions do not
show MCDA effects. It was concluded that they may be
diamagnetic.

As is known from recent Investigations the ESR spewaf)f
irradiated phosphate glasses contain doublet lines d‘i‘ toa~'P
hyperfine imeraction from the ion-radical PO4™" with a
hyperfine-splitting of Am=4 m'l; the ESR hi\? with
A> 30 mT were anributed 10 PO3“” radical defects.“”

For irradiated phosphate glasses the problem of the
correlation between the main absorption bands at 2.4 ¢V and
2:3.0 =V and the E3R lines of radiation-induced paramagnetic
defects was examined recently using indirect methods. The
2.4eV azbsorption ?a was connected with the ESR signal of
the PO4*“" radicals”-". In phosphorus-doped SiO) glasses, the
P032‘ defect was found to absorb at 0.8 eV in FC spectral
region of interest for (iber-optic communications.” However,
no direct proof could be given for the assignments, nor was it
clear whether all absorptions of these defects were found.

In the present report, the MCDA and optically detected
ESR gDPESR) via the MCDA xs well as "MCDA tgged by
ES?' ' were used to investigate irmedizted undoped and
Tb> ¥ activated calcium phosphate glasses. These magneto-
optical methods are suiible for the establishment of the
paramagnetism of a defect having an absorption band and for
the cacrelation between this zbsor%l9n band and the ESR
spectrum of the paramagnetic defect.™

With these methods we were abfe 1o establish the
correlation between the optical absorption and the ESR spectra
of the radiation-induced defects in the phosphate glm&s and
we hfve discavered new absorption bands for the PO4“ and
PO3“" defects.

745

2. Experimental

The undoped and Tb> - doped (0.1 mol. %) CaOPy0s
glasses were obtained from the S.1. Vavilov State Optical
Insticute, St. Petersburg, Russia. Polished  X-icradiated
samples  (1-2 mm thick) wece used for the MCDA
investigations in the spectral range from 250 nm 10 1700 nm
at temperatuces beiween 1.5 and 4.2 K and in the magnetic
field repion between B = 0T and 2 T, The MCDA measures
the differential absocption of right and left ciccular polarized
light in a longitudinal static magoetic field B. The MCDA of a
paramagnetic defect contains 2 smatl diamagnetic part which
is temperature independent and can usually be neglected and a
paramagnetic part which is temperature dependent. At very
low temperatures the pugn}aguexic part varies approximately
proportional to B/T. ™»' When inducing microwave
transitions between the ground state levels the MCDA is
changed, which is utilized to detect the ESR transitions.

MCDA, ODESR and Himion specira of the ODESR
("MCDA tagged by ESR™™’) were measured with & custom
bulft computer controiled K- band (24 GHz) spectrometer at
the University of Paderborm and part of the MCDA
measurements in the spectral range from 250 up to 750 nm
were performed also in the Ubiversity of Latvia, Riga.

The spin-lartice crelaxation times were obuained by
measuring the time needed for the MCDA signal to return to
its thermal equilibrium value after switching off the
microwave power inducing ESR transitions.

The radiation-induced changes  of the absorption
coefficient X were determined after X- iradiation at RT
(50 kV, 10 mA, 30 min).

’

3. Results and Discussion

Figure 1 shows the spectra of the radiation-induced change
of the absorption coefficient k (curve a) and the MCDA
(curve b} of an undoped calcium-phosphate glass. The main
MCDA signal changes sign al 2.5 eV (in the region of the
radiation-induced absorption band at 2.4 eV) and the two less
intense MCDA maxima arc located at 0.85 eV and 1.2 eV.
All these MCDA bands are dependent’ on temperature and

. magnetic field, indicating that one measures paramagnetic

centers. The main MCDA signal in the region of the radiation
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(Fig. 1.) Radiation-induced change of the optical absorption
(curve a) and MCDA spectrum (cueve b) of an undoped
CaO'Py05 glass after X- irradiation at RT2 "MCDA tagged
by ESR" spectra for the ODESR of the PO4*" center (curve ¢)
measured at B=875 mT and for the PO3*™ center (curve d)
measured at B=835mT are also shown. Microwave
frequency was 24.1 GHz, T=1.5 K.

induced absorption b 2t 2.4 eV decreases after thermal
destruction of the PO4“™ centers, which was controlled by
pacallel ESR measurements using 3 conventional ESR
spectromerer.

Figure 2 (curve a) shows the ODESR spectrum of the X-
irradiated undoped Ca0-P04 glass measured at 1.5 K and at
2.2 eV. One observes a strong cemtral ODESR line in the
region of g= 2 with a small, bardly resolved hyperfine
spliting of A=410.5 mT and a weaker douplet with
A=90+31mT. These doudlets belong 1o the POg“" centers
and POy“" centers, respectively. The measured ?in-lmice
relaxation times have the following values: for POg“™ centers:
T =(6.52£0.5)5¢c. at 1.5K and T =(.010.5) sec. at-
4.2 K, for PO3“" centers: T)=5+0.5sec. at 1.5K (a1 4.2K
the signal was 100 weak for a Ty measurement).

In the case of such a long spin-fartice relaxation time it is
difficult 1o obtain a good resolution of the hyperfine doublet
structure in the ODESR spectrum at 1.5 K due to saturation
broadening. As one can seec in Fig. 2, curveb, at a
tempecarure of about 4.2 K it is posi?le achieve a
somewhat better resolution of the - PO4“ hyperfine
structure.

lt is possible to obtain the MCDA bands and thus to
eslimate also the ogn'ﬁpondingzabsorplion transitions for the
paramagnetic PO4“" and PO3“" radicals by measuring the
ODESR excitation spectra with the method of "MCDA tagged
by ESR". Such specira arezshmvn in Fig.1. When setting the
magnelic field 10 the PO4“" ESR line (875 mT), curvec is

2~
POy
I )
L0
-]
g
o
So8
&
"
w
o
o
0.6 b
u
0.4
z-
POy

800 820 840 860 880 S00 920 940
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[Fig. 2.] The ODESR spectra of undoped CaO'Pp04 glasses
measured at 2.2 ¢V for T<=1.5K (curvea) and T= 42K
(curve b).

obtajnied, white curve & is obtained for the 8315 mT line of
PO3“" centers, The ODESR lines of the PO4“" centers are
observable in all measuced MCDA bands (compare cucve b),
but a small part of the MCDA belongs alsq to the PO3°”
centers (curve d). It is evident, that the PO4“" centers have
besides the main absorption band at 2.4 eV also absorption
bands in the infrared region at 0.85 ¢V and at 1.2 ¢V which
were not known so far. The radiation-induced optical
absorption is 100 weak to be measured dicrectly in this spectral
region. Only with the MCDA tqfhnique these  optical
transitions are detectable. The PO3“" center has also an

(¢} + + -+ + +- 4 +

MCDA(%)

5.0 4.5 4.0 3.5 3.0 25 2.0

E(eV)

[Fig. 3. ] Radiation-induced change of the optical mwmgo'p
(curve 2) and MCDA (curve b) spectra of 2 CaO-P90Os-

glais after X- trradiation at RT. The MCDA signal of the
To> . doped glass is approximately two orders of magnitude
more intense than the MCDA signal of the undoped glass.
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already identified Jransition near 0.8 eV. However, while the
absorption °£ PO4“ extends beyond 2.7 eV to bigher energies
that pf POy " seems to vanish above 1.7 eV. It seems that
PO4*" cenjers have two bands in the visible spectral region
while PO3“” centers have only one.

The X-irradiation produces cbviously also other defects
with absorption bands above approximately 3 eV which seem
1o be diamagretic since no clear MCDA effect could be
obsecved (Fig. }).

As far as we know, this is the €irst direct_cocrelation
between the ESR spectra of the paramagnetic PO4“” and POy~
cadicals and the absorption bands in this undoped glass.

Figure 3 shows the spectra of the radiation-induced change
of _the absorption (curve a) and the MCDA (curve b) of
" doped Ca0-PpOs glasses, In addition (o the wel
known absorption of the POg“" center at 24eV one
additional radiation-induced absorption maximum at 3.25 eV
is seen.

The MCDA signal of the irradiated Tb> - doped glass is
about two ordecs of magnitude more intense than that of the
iccadiated undoped glasses. It has a derivative like structyre
with 2 sign change near 3.25 eV. The MCDA of the Tb> "
doped glass 18 dependent on fempecature and magnetic field,
However, the temperature depcpdcnce of the MCDA signal is
nor as sirong as that of the PO4“" centers. It bas, for example,
at B= 500 mT between T=1.5K and 4.2 K only 2 decrease
of 30% while for these temperatures POg”" has a decrease of
approximalely 60%. This observation is an indication that one
deals with a system which has S> 1/2. Otherwise it should
follow the legperarure dependence of the Langevin function
as does PO4“" with S= 172, Unfortunaiely all zlﬂemp(s o
observe an ODESR signal in the MCDA of the Tv> *- doped
calcium phosphate glasses were vnsuccessful.

A jadiation-induced absorption band, peaking at 3.25 eV
of Tb”*. activated barium- fhosphzte glass was connected
with electronic color centers.” Our experimental data enable

_____ my
L
(T
4¢%5d
\
- - S/2
- 972
N
R
3
Te* -
af [~
- - 7/2

B #0

[Fig. 4.] Allowed MCDA transitions in the 'Eb“ ion in the
magnetic field B> 0. Th£ ground state term ~S7p) of the 4f
configuration of the Tb*? ion splits into Zeeman sublevels
with the lowest one with my=-772. In order to obin two
gircular po%r'ucd companents in the absorption, we propose

Pgrz and “Pspy Jevels sgli: due o spin- orbit intecaction in
the excited state of the Tb* ¥ ion.
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us (0 associate the MCDA signa) and the rzdialiun-induicd
absorption band at 3.25 eV of Tb” *- doped glass with To* *
centers using the following argumerys:

l. The MCD signal of the Tb - doped glass is more
intense by a factor of about 100 than that for undoped glasses
and its spectral shape is different.

2. In sificate glasses the MCDA signal of the Tb** centec
was fou?d approximately in the same spectral region of
3.75 V.

The MCDA signal of the ™. doped glasses has a
derivative structure and re?embles the observations made for
F centers in alkali halides. .

We propose that the MCDA signa) is due lo it
similarly to that observed in the silicatedg_lasc& We must
explain, at least qualitatively, that for Tb™ ~ a left and right
circular pﬂlmzed ah?rption ogeurs (Fig. 4). The ground state
of the Th * jon is 3577 (4f'); in 2 magnetic field in many
cases” " the lowest Zeeman sublevel is that yith my=-9/2.

. The nearest cxcited state will have the 4f°5d electronic
configuration. In order to obtsin an aptical transition with

amy= -l we need to assume the existence of J= 972 and 572 in
the exgiled state. We propose lhatg‘n the manifold of states in
the 41°5d configuration there are °P states which ace adble (o
explaiﬂ our resullg. The optical transitions go (0 the spin-0rbit
splitt *Pgry and °Pg/y “ionic™ states. In the glass there may
be an additional crystal field §o|ming. e left circular
polarized transition goeg from “S77 to “Pgp. the right
circular polarized one to “Pgpp in anil?gy to the alomic model
vsed (Q explain the E center rzcsuks in_alkali-halides were
transitions go from “S|p 10 Py and “P3p. Similarly as
has done for the F centers, that is assumning that the opgical
matrix elements are the same far the transitions with the “Pp,.
levels and considering the relative matrix elements for thel
different circufar polarized transitions one expects an intensity
ratio of the left and right circular polarized transitions of
about 4:3 and a derivative like structure for the MCDA, since
the phonon width exceeds the spliting of the excited statss.
This ratio is indeed obsmedaoonﬁrming the thearerical value.
The minimal splivting of the “Pgy2 and “P5n) states, needed o
explain the observed MCDA spectrum, is approximately
10 meV assuming a line width of about 1eV for the
absorption band. Such a width iiusua)ly observed in glasses.
The existence of an excited °P state was also assumed
previously 10 2uplain optical alﬁorption daia of the
isoelectronic v in a erysea) field.

It is not obvious how 1w uplam the large differenge
between the MCDA signals of Tb" " centres and PO4~"
cadicals of two orders of magnitude taking into account that
both defects hzivg ap_‘proxima(ely equal  concentrations
(approximately 10'° ¢cm™). The ooncgntration of PO4“" was
determined by conventional ESR. To°+ was doped jmo the
glass a1 a Jevel of 0.1 mol. %. After irradiation Tb>+ was
not changed %{eﬂaﬁly. Thus, TS*Y can be present at ta
a level of 10°° cm™. The absarption coefficients of PO4“" at
2.4 ¢V and that of To¥™ 2t 3.25 eV are probably of the same
order both being allowed transitions.

¢ reason for the very weak MCDA of the paramagnatic
PO4"" centers may be the specific nawre (if‘lhc electronic
states of the PO4“" molecule in a crystal field'”. A qualitative
analysis of the possible MCDA transitions in these inolaculﬁ
suggests that only in certain favourabie PO4°" center
orientations, i.e., orientations of the symmexry axes relative to
the external magnetic feld direction, circularly polarized
transitions are allowed. Then an averaging procedure for al)
the randomly oriented centers in the glassy matrix can lead to
a very weak MCDA signal.

4. Conctusions

1. Using magneto-optical techniques we have shogn that
the fbsorp(ion bands atributed previously to PO~ and
PO3“" centers in oxide glasses do indeed belong to these
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centers. We have identified also absorptions in particular in
the infrared (between 0.7 and 1.3 eV) which may be of
imponance for the ose of oxide giasses in fiber
communication technology.
2. A strong MCDA spectrum was found to T4+, which
qua!ita&ivdy imegyracd as arising from transitions of the
S772 to “Pgra and “Pgp excited states.
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Direct experimental evidence for the spatial correlation berween paramagnetic defects can be obtained by measuring the
dipole~dipole interaction-induced cross relaxation effects between the defects using optical detection of the clectron paramagnetic
resonance via the magnetic circular dichroism of the absorption. This novel experimental method is explained. It is applied to the
formation of F and H centres dunng rclaxation of the self-trapped exciton in KBr at 1.5 K. Direct cxperimental evidence is
presented that F and H centres are separated by four lattice spacings atong (110) directions. This correlation is Jost after warming

{0 30 K when H centres can diffuse away.

1. Introduction

In insulating crystals often trapped eclectron and
hole centres are formed by ionising radiation. Both
types of centres are paramagnetic and thus observable
with electron paramagnetic resonance. One common
origin of these trapped electron and hole centres is the
creation of electrons and holes in the conduction and
valence bands, respectively, by radiation with energy
above the band gap energy. At low temperature both
electrons and holes may therefore be trapped at sites
which are near to each other and thus a spatial correla-
tion between the trapped electron and hole centres
could result. At higher temperatures the correlation
may be destroyed because of diffusion of the centres,
Such 2 spatial correlation is expected 10 exist between
F centres (electrons trapped at anion vacancies) and H
centres (X3 molecular ions at anion sites) at very low
temperatures in alkali halides, when they are formed
during relaxation of the self-trapped exciton of the
lowest energy as a result of the adiabatic instability
against axial relaxations of the system {1,2). The ques-
lion is, how far apart are F and H centres after
generation before the H centres can diffuse?

Another example of spatially correlated paramag-
netic centres is expected in the so-called X-ray storage
phosphors. The basi¢c mechanism for their functioning
is believed to be the following: Upon X-irradiation
trapped electron and hole centres are formed which
“store” the X-ray information. During the readout
Process by optical stimulation of ¢.g. the trapped elec-

* Corresponding author.

0168-583X /94 /$07.00 © 1994 ~ Elsevier Science B.V. Al rights reserved

SSDI 0168-583X(93)E1015-E

tron centres, the recombination energy of the elec-
tron-hole centre recombination is transferred to an
additionally doped activator, which then emits light
For a practical system to work satisfactorily one must
claim that a spatial correlation between the radiation
damage centres and the activators exists, since other-
wise for the achievable activator doping levels and the
low X-ray doses necessary for medical applications
such a mechanism seems very improbable if operating
purely statistically.

It is abvious from the two examples mentioned, that
onc would like 10 have an expenmentat tool to mea-
sure the spatial correlation between paramagnetic de-
fects directly. In the EPR spectrum of the paramag-
netic defect the near presence of another paramagnetic
defect is only seen as a splitting effect on the EPR
lines, when the two defects are rather near to each
other. For example. if they are nearest neighbours then
the two unpaired spins may couple via exchange inter-
action, an effect which is easily detectable. The mag-
netic dipole—dipole interaction will cause line spli((ings
of the order of 2 mT if the separation is about 10 A,
1.e. 2 to 3 typical tattice spacings. Such an effect would
oaly be seen for narrow EPR lines. Mostly in ionic
sohds the lincs are broader and such a dipole-dipole
intcraction would hardly be detecled. However, the
dipole-dipole interaction is also responsible for a dif-
ferent effect: it induces spin flip-flop processes be-
tween two neighbouring paramagnetic defects. For ex-
ample, induced by EPR transitions the spins of one
type of defects are flipped berween the Zeeman levels
and the spin polarisation of these defects is changed.
This change in spin polarisation can be transferred
under certain circumstances via spin flip-flop processes

111. HALIDES
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to neighbouring paramagactic defccts of another type.
The polarisation transfer is called cross-relaxation
(CR). With conventional EPR spectroscopy such CR
effects are normally not noticed. The reason is that the
cffective relaxation Umes of the spins are difficult to
interpret. One would need to mecasure the diffcrence
of the effective spin-lattice relaxation times for corre-
lated and non-correlated defect pairs if one wanted to
vsc this effect to extract the information on the spatial
correlation. However, when using optical detection,
then CR effects can be detected. This method was first
used to study spatial correlations berween radiation
damage centres and the activator Eu?* jn the X-ray
storage phosphor BaFBr: Eu* [3].

In this paper the application of this technique is
described (or the relaxation of the self-trapped exciton
into £ and H centres in KBr at 1.5 K. It will be shown
that it could be used to provide the first experimental
evidcnce that approximately afl F and H centres arc
separated by four lattice spacings along the (110)
directions when created at 1.5 K and that they lose this
corrclation after warming the crystal to 30 XU

The method is briefly described in the next section,
After presentation of the experimental results the
quanlitalive analysis of the CR effects for F-H centre
pairs arc presented in detail.

2. Experimental methods

Considey two paramagnetic defects A and B, both
with § = 3, which are at a certain separation r, from
cach other. If one drives an EPR transition in defect B
by inducing a spin flip from m,= -1 to m, = + 1,
then (provided the spin-lattice relaxation time is very
long) onc thus changes the spin polarisation (n_-—
n,)/(n,+n_) of this defect (it is decreased). If there
is a spin flip-flop process 1o defcct A, then upon
Dipping the spin of defect B from m, = + } to m, =
~ 1. the spin of defect A is flipped from m, = — 1 to
m_= + 3. thus decreasing the spin polarisation of de-
fect A (sce Fig. 1). The probability R for the spin
flip-flop process, i.e. the CR process, is in the dipole
approximation given by R~ry® (see section 4 for
dctails). Therefore, in order to detect the occurrence
of the scparation-dependent cross relaxation effect,
onc nceds to measure the change of spin polarisation
in one defect (e.g. A) upon inducing EPR transitions in
the other defect (e.g. B). This can be achicved by
mcasuring the magnetic circular dichroissm of the opti-
cal absorption (MCDA) of defect A, since this quantity
is proporbional to the spin polarisation for defects in
low crystal ficlds (see €.g. refs. [3,4]). For defects with a
spin of § =1, like F and H centres, the MCDA is
ulways proportional 1o the spin polarisation (n_-
n,)/(n,+n_). The MCDA is the differcntial absorp-
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F\CM gefect AY ™ n - n,
~D Qn
. defect A defect B
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i
1 3
n, A N7

Fig. 1. Schemanic representation of the CR effects berween
defect A and B,

tion of left and right circularly potarised light propagat-
ing along the magnectic field direction. Thus, an EPR
transition induced in defect B will change the MCDA
in defect A provided the CR rate R is of the order of
or faster than the spin-lattice relaxation time T, of
defect A. Of course, for the spin flip-flop processes to
occur, also the znergy conservation must be fulfitied,
i.e. the EPR shape functions of both defects must
overlap. The CR rate is proportional to the overlap
integral between the two EPR shape [unctions (see
section 4).

For a quantitative assessment of the CR effecis on
the MCDA of centre A it iy necessary 1o know, aparl
from the EPR transition probability in centre B (pro-
portional to thc microwave power), the spin-lattice
relaxation times 7T, of both dcfects. Possibly also *for-
biddcn” spin-lattice rclaxations (Am, = 31, Am, =
+ 1) and nuclear relaxation times have to be consid-
ered in case of inhomogencous EPR lines duc to
hypcerfine interactions, since the nct elfect s a combi-
nation of various dynamical contributions. If all defects
A and B have the samce separation, then R can be
determincd from the experimental obscrvation, pro-
vided the relaxation times had been measured, which
can be easily performed with the MCDA-dctected EPR
(scc e.g. ref. [4]). From R the scparation can be de-
duced. For the ¢xample of F-H centre pairs the quan-
titatjve analysis is prescnicd in section 4. The situation
is morc complicated if there is a distribution of scpara-
tions between centres A and B. Then for cach fraction
of dcfects having a cenam scparation the CR cffcct
must be calculated and all contribulions must then be
added up. Ncvertheless, also in this case one can
obtain valuable information about spatial corrclations.
For the X-ray storage phosphor BaFBr:Eu?"* it could
be shown that the observed CR effeet could not be
cxplained with a statistical centre distribution (3].

The crystal used in this study was an cxtremely pure
KBr crystal provided by G. McDugle (Eastman Kodak,
Co.). 1t was trradiated with X-rays in the microwave
cavity at 4.2 K for aboul 15 h in order 10 produce
cnough H cenlres. Simullancously also V, ceatres were
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wenerated. The cxperiments were performed with a
wslom  built computer<controlled K-band MCDA/
ODEPR spectrometer (24 GHz), which operated be-
wween 250 nm and 1700 nm at tempcraturcs between
1.5 K and 300 K.

). Experimental results

X-irradiations of the pure KBr crystal at 4.2 K
produced H centres, F centres and V, centres. Fig. 2a
shows the optical absorption bands of thcse centres
according (0 the literature and Fig. 2b shows the
MCDA spectrum. It was shown recently that H centres
have an MCDA superimposed on the high energy flank
of the F centre absorption, which is caused by those H

Oplical Density (a.u.)
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Energy [eV}
Fig. 2. (a) Absorption of V,, H. and F centres in KBr
_X-I'rradialcd below 20 K. (b) MCDA specirum of KBr X-
(Tadiated at 4.2 K in situ, measused at 1.5 K. magaetic field 2
T. (0 Tagged MCDA spectra of V, and H centres in KBr,
B, £100].

tagged MCDA

a)

ODEPR via MCDA

evitig Aol

b)

4 -~ "
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Magnetic Field LmT)

Fig. 3. (a) ODEPR specirum of KBr X-irradiatcd a1 4.2 X in

situ, measusred at LS K, microwave frequency 238 Gllz,

photon energy 2.4 eV, Byll[100) (b) EPR simulanion of M

centres in KBr with theis axcs pespendicular to B,, 4, =5
mT, g, = 2,074, half width of hyperfine lincs 5 mT.

centres with their molecular axes perpendicular to the
static magnetic field. Parallel H centres have no MCDA
in the speelral region between 1.0 and 3.4 ¢V [5,6]. Fig.
3, trace a, shows the ODEPR spectrum of the perpen-
dicular H cenires measured at 2.4 eV together with an
EPR spectrum caleulated with the known g, value
and assuming a hyperfine interaction constant A, of §
mT (for dctails sce ref. [5)). At 2.4 ¢V one also mea-
sures F centres (sec Fig. 2b), which therefore appear
also in Fig. 3, trace a. The V, centres, simultancously
present, have different MCDA bands from those of the
H centres. This s secn in the MCDA tagged by EPR
[7}, 2 kind of cxcitation spectrum of the ODEPR lines
(Fig. 2¢). Thus, e.g. at 2.38 eV (520 nm) onec can
mcasure the H centre EPR wilhout inducing simulta-
neously the V, centre EPR. 1t is also secn that the H
centre MCDA band does not overlap with the Jow
enecgy flank of the F centre MCDA. Thercefore, when
mcasuring the ODEPR at 2.0 eV (620 nm) at the low
energy flank of the F centres one should not detect any
H centec EPR: In Fig. 4 the results of the ODEPR
measurements at 2.0 eV (dow encrgy Nank of F centre)
and at 2.38 eV (H centre MCDA) are shown. At 2.38
eV both the F centre and the H centre EPR lines
appear (trace a) due to the overlap of the two MCDA
bands. However, at 2.0 eV no H ceatre EPR should
appear. The fact that it does, shows the presence of a
CR effect. A change in the H centre spin polarisation
is transfcrred to the F centre spin-polarisation [8).
The cffects of polarisation transfer are also seen in
time resolved measurements. Figs. 5b and S¢ show the
tcmporal behaviour of the MCDA of F and H centre
MCDA bands after switching off the microwaves which
had induced the F centre and H centre EPR transi-
tions, respectively. The MCDA bands reach the ther-
mal equilibnum with the charactenstic spin-lattice re-
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Fig. 4. ODEPR spectra of pure KBr X-irmadiated at 4.2 K in
situ for about 15 h, measured at 1.6 K, microwave frequency
245 GHz (a) ODEPR via the H centre MCDA at 2.3 eV

(520 am). (b) ODEPR via the F cenire MCDA at 2.0 eV
(620 nm).

laxation times T, for the F and H centres (T, =20 5,
T\q =2 s at 15 K). When inducing the H centre EPR
and monitonng it in the F centre MCDA, the temporal
behaviour is approximately the same as inducing the F
centre ODEPR directly. The aruss reluwation elfec:
changes also its sign at 845 mT waen changing the field
postuun wilhun the H centee EfR Line. tnis eliced (s
dumonstrated in Fig. 6(2), where the UR cifeet is
measured for the H centre field position at 837 mT
(Fig. &2), trace a) and at 846 mT (Tig. 6{2), trace b).
The vertical bars indicale the measured elfects. Due 1o
the fight-induced F-H centre recombination, the mea-
suremcents were performed with very weak light with
the consequence of a rather low signal-to-noise ratio.

Microwaves.
on
T a N
Hin F-MCDA "Ny WW . j
. oft 7Y off ...
Fin S
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Fig. 5. Time resolved measurement of the ODEPR effect
after switching an and off the microwaves. (a) Behavioor of
the MCDA of the F centres when inducing the H centre EPR
(cross relaxation). (b) Behaviour of the MCDA of the F
centres inducing the F centre EPR (T ). (¢) Behaviour of the
MCDA of the H cenires inducing the H ¢centte EPR (T7,,)

Wavelength [nm)

851 440 580 360 3540 320 500 <80 480
N
a3

" )

’_f‘) + —t——+ } } ¥
< .
[a} N
[
=
- 2
) 0
E AV
6‘0'02: . 1 . N : . . . .
12 \e@ 20 21 22 23 24 23 26

Energy {eV]

Fig. & (1) Trace ax. MCDA spectra of the F centres; trace b):

MCDA specirum of the H centres. (2) Trace a): cross retax-

ation cffect exciting the H centre resonance at 8y =837 mT

mcasured as a function of the photon energy; trace b): the

same as above, only exciling the H centre resonance al
By = 846 mT.

The CR signals folow the shape of the F cemre
MCDA (Fig. 6(1), tracc a), but at 845 mT at the peak
of the [ centre EPR line, it chaages sign. For B > §43
mT the F centre MCDA decreases, for B < 845 mT it
increases.

Upvon warming the crystal to 30 K for about S min, a
thermally stimulated luminescence is observed because
of a partial recombination of F and H centres. How-
ever, the CR elfccts were completely lost. This means
that the spatial correlation between F and H centres is
Jost because of the fact that H centres could move
away in a thermally stimulated diffusion.

A close proximily of F and H centres after their low
temperature generation could also show up in the
oonventional EPR spectra, since a spin-spin interac-
tion could be seen either as an additional line splitiing
or as a line broadening cffect. We therefore measured
the EPR spectrum of paraltel centres at S K after
X-ray generation of H centres a1 10 K, a temperature
where the CR effect is not yet destroyed. Fig. 7 shows
a section of the EPR spectrum: the lowest field super-
hyperfine line for /, = J, = 3. There are three lines due
to the combination of the two Br isotopes ®Br and
8'B¢ as indicated in Fig. 6 (Br has 50.69% abun-
dance, g,=1.40427 and ®'Br has 49.31% abundance
and g, = 1.5)37). All single lines have a pcak to peak
width of 0.30 mT. Upon warming the crystal for $ min
to 30 K and cooling again to 5 K for the measurement,
the hine width did not change measurably, only a por-
tion of the signal was lost because of F~H cenlre
rccombipation.
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{. Discussion of the cross-relaxation effects

¢ ). Cross-relaxation mechanism between F and H cen-
ires

[a order for cross-relaxation between two paramag-
netic defects to occur, the overlap integral of the shape
junction of the EPR lines of the two defects must not
disappear. The probability of a cross-relaxation process
between two § = § systems assuming a dipole—dipole
interaction is [9):

=p-2 2
R,=h 2 H, 18,

with
2
1 (1 -3 cos?0,)
N 1:—-— 2 2 ‘-———U N
I H A 6% & rg
fus= [8a(¥")8a(v") AV, (1)

8,s 1 the overlap integral of the shape functions of the
EPR lines of both defect types a and 8. The indices {
and j charactense the indjvidual defects of each type
taking part in the cross-refaxation and baving a dis-
lance 7,; and angle 8;; between the connection line and
the magnetic field. B is the gyromagnetic ratio in the
CGS system and g,, g, are the g factors.

In the following we will derive the rate equations
which describe the cross-relaxation effect between the
F and H centres. We will do this in a similar way as it
was performed by Koschnick et al. in the case of the
tross-relaxation between F centres and the activator
Ev!* in the X-ray slorage phosphor BaFBr: Eu [3]. Jf
we consider the cross-rclaxation between H and F
centres in KBr, only the hyperfine transition with m, =
-3 within the H centre spin system has a contribution
o the overlap intcgral with the § =} system of the F

Bt’gﬂlxl 4
g1 81
P Br B T
o 3
Q

& i
AN L

0.3mT

— L ' N - P’ : : ‘
) T i Sl Al L T o D

16B.0 1866 160.0 1695 170.0 (70.6 t71.0 1715 172.0
Magnetic Field { mT]

F’EI- 1. Conventional EPR spectrum of KBr X-irradiated at 10

K in situ for about $ hs, measured at S X, microwave fre-

uency 9.4 GHz. Shown is the hyperfine transition Am, =1,
my = 3.
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Fig. 8. Energy level scheme for the cross relaxation between F

and H centres in KBr, The arrows indicale possible relax-

ations. The cross relaxation process is a spin flip-flop process

which is caused by a coupling of the Zeeman levels of the F
ceatre to the m, =3 levels of the H centre.

centre. [ is the total spin of the two central nuclei of
the H centre. Therefore, only H centres with a total
nuclear spin of /=3 can interact via cross-relaxation
with F centres. All other combinations of a total spin
(1=0, 1, 2) can be neglected in order to calculate the
cross-relaxation effect. Fig. 8 shows the coupling of the
wo different defects schematically. The two middie
levels of the H centre spin system with a total nuclear
spin of three (m,= - §, m;= -3 >m =+ 4, m,=
—3) are coupled to the F centre. Thus only the spin
occupancies of these two levels are important for the
cross-relaxation. [f an ODEPR transition is cxcited in
the H centre spin system, then these two levels are
influenced either indirectly by spin-lattice relaxation
or dircctly by an ODEPR transition directly between
these levels. The change in the occupancics of the two
levels which are coupled to the F centre are trans-
ferred 1o the Zeeman levels of the F centre by cross-re-
laxation. Since the occupancy ratio of the two middle
H centre Zeeman levels is thus responsible for the sign
of the H centre cross-relaxation lines in the F centre
ODEPR spectrum, there is a different sign in the
spectrum of fig. 9, curve a) than when the H centre
ODEPR is measured directly via the H centre MCDA,
in which the sign of the H centre ODEPR depends on
the behaviour of the overall ground-state polarisation.

For the sake of simplicity we limit ourselves 10
cross-relaxing defects consisting of one F centre and
one H centre which interact with each other with a
cerlain cross-relaxation probability. This means accord-
ing to Eq. (1) that there is a population consisting of F
centres and H centres with a special distance between
each other. Further, we only take into account H
centres with a total nuclear spin of thrce as mentioned
before. We neglect isotope effects to prevent further

11I. HALIDES
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Fig. 9. (Trace a) experimental cross relaxation effect mea-

sured in the low energy flank of the F centre MCDAL Trace

b): ODEPR spectrum of H centres in KBr. Open triangles:

cross relaxation effect calculated with the rate equations
described in the text.

complications. Bromine has two isotopes ¥Br and ' Br
cach with a nuclear spin of % but with slightly different
nuclear g factors (as mentioned before). A very impor-
tant assumption ts the ansatz that the total nuclcar
spin of three of the cross-relaxing H centres does not
change within the cross-relaxation time rg = R~ ", This
assurnplion is justibed with the well-known fact that
nuclear spin-lattice relaxation is slow in comparison
with electron spin lattice relaxation. With this assump-
tion it is possible to describe the cross-relaxation effect
with rate equations for a hyperfine split spin system
with an clcetron spin of $=3%. and a fixed central
nuclear spin of 7=23. This system is then coupled to
the F centre as mentioned before (sce fig. 8). The
cross-relaxation probabilities for a spin flip at the F
centre or the H centre (R,.-‘_%_d%/_,%___; or
Ry i34+ 1-3/¢ §-3~-}-3) can be written as fol-
lows:

RH.—i.—3—~+§.—3=m7R» (2)

where R is the cross-relaxation probability and n,, ng,
m,, m, are lhe occupancy numbers of the H and F
centre states, respectively (see Fig. 8). R is equal for

the two prooesses, namely spin-up for the F centre and
spin-down for the H centre and vice versa. If the rate
equation for an F ccntre is formulated taking into
account cross-refaxation and the standardisation condi-
tion of the F centre occupancies (m, + n1, = 1), one
obtains:

dm,

- " —[R(n.,+n3)+2PF+wr_z+w.f_(]m,

+PF+wl, +Rn,. (3)

where PF is the ODEPR transition probability and
wi; and wi, are the F centre retaxation rates between
the levels m, and m,. Within the H centre hyperfine
split spin system we took into consideration EPR tran-
sitions P, ; between the fevels i and j and the following
spin-lattice relaxations:

— Wiy with 1 <i <13 and i# 7 for the 10tal nu-
clear spin (Am,=0 and Am,= +1). We made the
assumption that the nuclear spin-lattice relaxations
w; ;. are very slow in comparison with the electron
spin-lattice relaxations.

~ Wy With 1 <i <7 as allowed clectron spin—
lattice refaxations (Am, = +1 and Am, = Q).

- Wi and Wy, g, as forbidden spin-lattice
relaxation (Am,= +1 and Am,= D) with 1 si<6.
The forbidden relaxation had to be introduced to ex-
plain the change in sign of the cross-relaxation effect.
For all relaxations and EPR transitions the following
relations are valid:

Wil =< ,-Jexp( —AEEJ/RT) >
Fij=F (4)

The rate equations for the H centre spin system includ-
ing the hyperfine splitting can now be written in the
following way:

dn
)

e —(w2t Wyt Pyt wy g)ny +wy i,
w0yt (wu.l + P)A.l)"u\

dn,

9 amT (Wag tWa3+wy+wy ),
+wort Pria)ny+wyany+wiong
+{(wisa+ Piy)ngy +wiong,

dn,

dar  MaheT (wiztwy+wy +wyy,
+wy iyt Py )nytweyn, +wy any,
+(Wy23 ¥ Paa)ng t wiyangs,

dn,

dr Swy iy = (Westweg+ w g+ W

Twip Py Ing W ng +wig nyg

H(wpat Prua)ng twipana,
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To simplify the problem and to reduce the number of
Paramcters we made the assumption that all nuclear
*Min~lattice relaxations w;,,, bave the same value w,.

¢ same assumption was made for the allowed and
orbidden electron spin-lattice relaxations (w, w', re-

speatively). From T, the F centre spin lattice relax-
ation time which was measured to be 20 s at 1.5 K, the
rclaxation probabilities wf; of the F centre were esti-
mated. The sum of the aHowed and forbidden electron
spin—lattice relaxation probabilities could be estimated
from the H centre spin—lattice relaxation time T,
which is 2s at 1.5 K With a simple two-level approxi-
malion where the hyperfine splitting of the total nu-
clear spin is neglected, one can show that the following
relation for T,,; measured via the MCDA is valid:

Thi={(w+w')(1+exp(RE/KT)). (6)

AE is the average of the energy differences of all
hyperfine EPR transitions of the H centre. For a
temperature of T= 1.5 K, it follows that: w + w’ = 0.16
s~ !. Only the ratio of the allowed and forbidden elcc-
tron spin-lattice refaxation probabilities w/w’ and the
cross-reaxation probability R are free paramcters
which were fitted to the cross-relaxation spectrum. w,
turned out not to enter critically in the calculations if it
is much slower than w + w’. The EPR transition prob-
abilibes are the same for all allowed H centre transi-
tions. For the F and H centres both transition probabil-
ities were estimated by fitting the calculated relative
ODEPR cffect to the measured one. (The calcutation
of the ODEPR ceffect was also performed with the
above system of rate equations.) The line shapes of the
EPR transitions were assumed to be rectangwar to
simplify the calculations. To consider t(he statistical
weight for the case of a total nuclear spin of threc, the
cross-relaxation cffect calculated with the above rate
equabion system and the above explained assumption
had 10 be multiplied with a factor of . (There are 7
orientations of a total spin of 3 and there are 16
possibilities to combine two spins of 3.)

The differential equation system is a non-linear
system which contains products of the occupancies of
the F centre and the H centre - for example
m (1) Rng(1). Only the steady-state solution of the dif-
ferential equation system was evaluated. }f the time
derivatives of the spin occupations are set (0 z€ro in
order to calculate the steady-state solution, a non-lin-
ear equation systerm is obtaincd. This equation System
can be solved by an iterative method. With an intial
value for m, (F centre spin occupation number), the H
cenire occupancy (n,) is determined first. Then the
occupation number m, for the F centre is calculated
with the values n, and ng. The m value is then
inserted into the H centre equation system again. This
method converges so rapidly that three iterations are
sufbaent to obtain a simulation of the cross-relaxation
ODEPR spectrum which remains stable. The resuit of
the calculations for crass-retaxation between F and H
centres is shown in Fig. 9. The open tnangles are the
calalated effect trace a) the experimental result, while
trace b) shows thc ODEPR linc¢ of the H centres for
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companson. The best fit was obtaincd with a ratio
w/w’ =1 and a cross-relaxation probability of R = 0.1
s~ Y. Therelore, it follows that w=w"=0.08 s~ L. The
EPR transition probability was determined to be 10
s~ ! for both defects.

The magnitude of the cross-relaxation effect can be
explained with our model. The change in sign of the
cross-relaxation can be reproduced by introducing the
forbidden spin-lattice refaxation w’ where the elec-
tron and total nuclear spin flip simultaneously. The
discrepancies between the measured and calculated
spectrum are probably caused by the simplifications of
our model: the rectangular lineshape of the EPR tran-
sitions, the neglect of isotope effects and the assump-
tion about the total nuclear spin.

4.2. Estimate of the spatial correlation between F and H
centres after their creation from exiton decay

The obtained value of R can be interpreted with
Eq. (1) assuming a certain spatial correlation between
F and H centres.

- After low temperature generation all F and H
centres are correlated with one separation between
them. In this case the observed cross-relaxation effect
of about 5% of the ODEPR of the F centres can be
gxplained by assuming a separation of abou{ rg, = 20
A (Fig. 10).

- Only a fraction of the F and H centres are
correlated. Then the separation between the cosrelated
pairs must be smaller than 20 Ao explain the experi-
mental obs‘grvations. If, for example, the separation
were 14.1 A (3 halogen separations along {110]), 20%
of the pairs must be correlated, 80% must have a
separation of § or more halogen sites in the [110]
direction.

(100]

Fig. 10. Model for the spatiat correlation of F and H centre
pairs as estimated from the cross relaxation.

However, the dipole-dipole interaction between the
unpaired F centre electron and the hole of the H
centre would be about 0.7 mT for the 20% correlated
pairs with 14 A separation: this would have been seen
in the EPR spectrum as a line splitting effect, which
was not observed. For a separation of 4 lattice spacings
along {110) this interaction is only 0.3 mT and thus
smaller than the half width of the EPR lines.

Therefore, we conclude that approximately all F-H
pairs have the same separation of 4 halogen spacings
along {110], which seems to be the stablc F-H pair
configuration (fig. 10).

5. Conclusion

As could be demonstrated for the F-H pairs in KBr as
well as for F and O~ centres in BaFBr being corre-
Jated with the activator Eu?*, CR effects are measur-
able through the MCDA and the quantitative analysis
of the CR effects allows one 1o deduce either the
separation berween defects or at least detailed infor-
manon about spatial correlations within certain tmits.
The interesting point is _that rather “distant™ separa-
tions of the order of 20 A or mare can be measurcd in
this way. This CR spcctroscopy represents a novel tool
for the study of point defects which may be particularly
frustful for the investigation for radiation damage cen-
tres, since there — depending or a2 maobility of the
created defects - spatial correlation should occur, per-
haps more 50 than realised up to now.
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Hole-trapping sites and the mechanism of the photostimulated
luminescence of the x-ray storage phosphor Rbl:TI*
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Radiation damage centers generated by x irradiation at 80 and 300 K in the storage phosphor
RbI:T1* were investigated with optically detected magnetic resonance and optical measurements. It
is shown that the intensity of the photostimulated luminescence depends on the concentration of
TI** centers. Bleaching into any of the seven identified TI** absorption bands destroys the T12*
centers and leads to a TI™ emission as well as to V, centers. Proportionally to photodestruction of
TI** centers, the photostimulated luminescence is decreased. The traps for information storage in
RBETIY are F centers and T1%* centers. © 1996 American Institute of Physics.

[S0021-8979(96)08315-6)

. INTRODUCTION

X-ray storage phosphors such as BaFBr doped with
Eu’* were intensely investigated. The x-irradiation-induced
defects were studied in particular in order to understand the
mechanism of the information storage and photostimulation
process. The x-ray information is usuaily stored in electron
rap cenlers such as F centers (electrons trapped at anion
vacancics) and in holc centers.

For the commercially used material BaFBr:Eu®*, in spite
of many efforts to understand the mechanism of the informa-
ton storage and read-out process, no complete understanding
has yet been achieved.'? In particular, the nature of room-
temperature-stable hole centers is not clear, nor the mecha-
nism of the energy transfer to the activator after photostim-
ulated F center electrons have recombined with the hole
centers (Refs. | and 2 and further references therein).

It was proposed that in BaFBr:Eu?* aggregates of F cen-
ters, hole centers, and the activator Eu?* are formed that are
the photostimulable “*defects.”” Upon photostimulation of an
f center, the F center electron recombines with the hole
center. The recombination energy of this process is trans-
ferred 1o the activator, which is excited and subsequently
emits at 390 nm.>~3

It was shown recently that in BaFBr:Eu®* an apparently
unavoidable oxygen contamination greally influences the
formation of electron trap centers and provides hole trapping
defects.™* An alternative to the aggregate model to explain
the photostimulated luminescence (PSL) process is the hy-
pothesis of an F center—Eu’* center pair model.$ in which
the hole center is Eu**. However, for the pair model, there is
yet no direct experimental evidence. Moreover, it cannot ex-
plain the so-called replenishment effect of the PSL,™® which
is lhe observation thal after exhaustive read-out of the stored
mlormation at low temperature by photostimulating £ cen-
lvis there is a recovery of the photosimulability after warm-
e the phosphor to wmperatares wubove 200 Ko The replen-
Finent effect occurs because of the thamally sctivated
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formation of new photostimulable aggregates. The explana-
tion of this effect, thus, requires the presence of the more
complex aggregate center model.”® In the case of KBr:In* it
was assurned that after x-irradiation, F centers and In?* cen-
ters are formed,” which can be excited and read-out by
stimutation in the F center absorption band. Also, for the
KBr:in" phosphor, the simple pair model cannot explain al)
experimental facts, such as the recently observed replenish-
ment effect.'® For all phosphors yet discussed in some detail,
the nature of the hole centers ts not clear.

Recently, it was postulated, however, that in Rbl doped
with T1” the so-called V, centers fulfill the role of the hole
centers involved in the PSL mechanism. V) centers, which
are uapped hole centers where the hole is shared between
two adjacent halogen ions along the (110) direction, were
claimed to be stabilized near substitutional T1* defects (so-
called Vg, centers) at room temperature, at least for a short
time."" The purpose of the present work was to study the
hole centers and their role in the PSL process in RbI:TI* by
use of magneto-optical, optically detected magnetc reso-
nance as well as iuminescence spectroscopy. It was found
that no Vg, centers can be detected. TI** hole centers were
identified and it is shown that they are directly correlated
with the PSL intensity. RbI:TI* seems to be the only system
so far where a simple pair model (F center-TI?* center
pairs) explains the PSL mechanism. Accordingly, no replen-
ishment effect of the PSL was observed in RbI:T1" crystals.

\l. EXPERIMENTAL DETAILS
A. Samples

The Rbl samples were doped with 1 mol % Tl in the
melt and grown by the Czochralski method under incnt gas.
Comparalive measurements with a sample doped with a 0.1
mol % yiclded essentially the same results.

B. Optical measurements

Emission spectra, excitabon spectra of the photostimu-
lated luminescence and absorption spectra were measured

© 1996 American Institute of Physics



ath 2 single beam spectrometer, in which two 0.25 m
Jouble monochromators (Spex) were used. The samples
were excited with either a halogen Jamp for the visible spec-
| range or a deuterium lamp for the ultraviolet range. A
hgh intensity xenon lamp, somelimes in combination with
fiters, was used for the bleaching experiments. The emission
and excitation spectra were detected using a photomultiplier
nd single photon counting. All spectra were corrected for
e spectral response of the monochromator, the famp inten-
aty. and the detector sensitivity. The samples could be x
mhated in the eryostat in the temperature range from 10 to
30 K. For low temperature x irradiation, commonly 80 K
was used.

C. Magneto-optical and electron paramagnetic
1esonance measurements

The spectra of the magnetic circular dichroism of the
optical absorption {MCDA), which is the differential absorp-
ton of left and right circularly polarized light, and the
MCDA-detected electron paramagnetic resonance (MCDA-
EPR) were measured with a custom-buil, computer-
controlled spectrometer working in the X band (24 GHz).
For details see, for example, Ref. 12. Some EPR measure-
ments were also performed in a conventional x-band spec-
ometer at T=10 K.

Samples (2X3X4 mm®) were x-irradiated *‘in situ’* at
T=80 K and measurcd at 4.2 K (MCDA) or [.5 K (MCDA-
[PR). Intermediate temperawres between 1.5 K and room
temperature could be stabilized (error of absolute tempera-
e =5 K). As a light source for the optical bleaching of the
MCDA a xenon lamp in connection with a double grating
monochromator and, in some cases, additional optical glass
fillers were used.

. EXPERIMENTAL RESULTS

A. Thermal treatments

The thermoluminescence glow curve of RbITL" was
stown previously to have two characleristic peaks at 125 and
S K. Accordingly and similaly to Thoms eral," we
-use a three-step temperature sequence for our measure-
ments: (a) x irradiation at 80 K, (b) subsequent thermal an-
nealing to 150 K, and (c) subsequent thermal annealing to
20 K. The corresponding PSL excitation and MCDA spec-
U2 are shown in Figs. 1 and 2. In the PSL excitation spec-
'um drastic changes occur as a consequence of these tem-
™ lure steps: after step (a), a single peak appears at 1.72 eV

ciding with the F center absorption band (Fig. 1, curve

- which increases by a factor of 20 after step (b) (Fig. 1,
five b). Besides this, a second band appears at 2.27 eV.
This band at 2.27 ¢V and two bands at 0.87 and 1.32 eV
“cre assigned by Thoms ef al.' to the T1% center in analogy
1 1esults obtamed in x irradiated KCET1 . Upon siep (c).
“ie TI bands disappear, and the PSL peak at 172 eV is

Ced by a facior of 6 (Fip. 1 curve ¢). The F center
Yorption renains the <ane duning atl wnperaure seps.

The emperaore behavior was further studied with
MCDA and MCDA-EPR. In the initial step (a). the MCDA
‘g, 2) shows the well-known F center band centered at
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F1G. 1. Exenation spectra of the PSL of RbI:TI: (a) after x uradiation at
T=80 K. (b} after annealing to T=150 K. and (¢) after anneating w0 T 220
K. The emission was detected at 2.86 eV in the T1* emission band at 7=80
K.

1.72 eV with its typical derivative structure. The optical ab-
sorption of V, centers in Rbl contains 2 bands: one in the
UV peaking at 3.06 ¢V and one in the near infrared peaking
at 1.56 ¢V. These bands are explained as optical transitions
between the £, ground state in a molecular (halogen), model
(i.e.. the X, linear combination of the two adjacent halogen p
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11G. 2. MCDA speciea of RbI'Th®, measured at 7=42 K 3ad B =2T. (a)
immedialely alter x uradiation at 7=80 X, (b) aflter subscquent heating up
to T=150 K, and (¢) after subsequent heaung 1o 7 =220 K.
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FIG. 3. MCDA-EPR spectra of Vy centers (measured at 1.56 ¢V) and TI?*
¢entees (measured at 4.07 eV} in ROETY (7=1.5 K. microwave frequency
23.7 GHz). The simulation of the MCDA-EPR spectrum (left part. curve b)
of the *‘perpendicular’’ V, centers used parameters taken from Ref. [6. As
1 half-width of the individual hyperfine EPR lines 10 mT was assumed.

orbitals) and the corresponding %, (UV transition) and I1,
states.** In the MCDA we find two bands of V centers: one
with derivative structure, centered at 2.50 eV and a second
one at 1.56 eV, which coincides with the peak position of the
%,—Il, wansition of Vi centers. The band at 2.5 eV is
redshifted compared to the UV mansition £,—%,. It is at-
inbuted to the parnity forbidden ,— 1T, transition. For a
justification of this attribution of the 2.5 ¢V band see Ref. 15.
The assignments of the two bands 1o V centers are con-
hmed by the MCDA-EPR spectrum of the Vg centers de-
tected in both bands. The EPR spectrum of V. centers is also
explained in the (halogen},-molecular model: The hole inter-
acts with two equivalent halogen nuclei yielding a hyperfine
(hf) split EPR spectrum. In case of Rbl, there are 1} hf lines
per center onentation. For the magnetic field parallel to the
mojecular {110} axis, the hf splitung is largest. for the field
perpendicular o the axis it is smallest. If the field js paralle)
to [100]. one measures V, centers with their axes paraliel,
perpendicular, and under 45° with respect to the field orien-
tation. In conventional EPR, all center orentations are

measured.'® However, in MCDA-EPR only those V, centers '

having their axes perpendicular and under 45° with respect to
the field orientalion are detectable, as was explained in detail
in Ref. 17. In Fig. 3, the MCDA-EPR specirum measured at
1.56 eV and for the ficld paraliel (o [100] is shown of those
V centers that have their axes perpendicular 10 the magnetic
field (90° centers). The calculated spectrum using the EPR
parameters of Ref. 16 agrees very well with the low field part
of the experimental spectrum. In the high field flank of the
line, centers having their axes al 45° o the magnelic field
appear supenmposed. The excitation spectrum of the
MCDA-EPR (“'tagged MCDA,™ see Ref. 12) confirms that
the band al 2.50 ¢V indeed belongs to the V. centers (see
e 4).

A comparmively weok MCDA band is observed af 4.07
eV. The MCDA-EPR specirum measured in it shows a peak
4U a relatively high magnetse deld. which s sigimcantly
higher than expecied for the ¢ factor g =2, The MCDA-EPR
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FIG. 4. ““Tagged™ MCDA spectra of the V, and T1?* centers in Rbl:T1*
(T=1.5 K, microwave frequency 23.7 GHz). The low energy V, Lransition
at (.56 ¢V was not measured.

spectrum is isotropic. It can be identified as a resonance from
the TI** center, transition (F=1, my=—1)e(F=1, m;=0)
in analogy to what is known from KCI, RbCl, and KBr.'#'"
For the assignment we proceeded as follows: from the alkali
chiorides it is known from conventional EPR that the g fac-
tor is g=2.01 (Refs. 18 and 19) and the TI hf interaction
A~110 GHz. In KBr g=2.07 (Ref. 19) and A=95 GHz.
Following this trend, we have assumed for Rbl g=2.1 and
obtained with this g value A =50 GHz. This hf interaction
may be uncertain to =8 GHz depending on the choice of
the correct g value. The slight difference between the hf
splitting of two magaetic isotopes 2°*T1 and **T1 as well as
superhyperfine interactions with the neighbor iodine nuclei
cannot be resolved in the MCDA-EPR spectra. Unfortu-
nately, we were not able to measure the second resonance
from the (F=1, my=0)—(F=1, mz=1) transition in the K
band because it lies at magnetic fields above the range of our
spectrometer (3.5 T). Therefore, we had o proceed as de-
scribed above for the identfication.

Afler annealing 10 150 K (step b). the MCDA spectrum
changes in intensity and new bands appear as shown in Fig.
2. curve b. The negative part of the MCDA of the F centers
remains unchanged as expected from the ahsorption spec-
trumn. However, a complicated serres of additional strong
MCDA bands appears in the whole spectral region. The
MCDA-EPR spectra obtained in all new bands are identical
1o the Ti*' MCDA-EPR spectrum shown in Fig. 3. We have
to conclude that all the new or increased bands belong to the
T1** center. This becomes even more obvious in the “‘tagged
MCDA"’ of the TI** centers (Fig. 4).

However, when “tagging™ the resonance ol (he Vg cen-
ter, there is no MCDA responsc showing that the Vy centers
have disappeared. Similarly, it was observed that the Vy cen-
ters, which could easily be measured with convennonal PR
atter step a. could not be detecled any more alter anncashog
@ 150 K. No other MCDA bands could he measured. In
particular. no MCDA due 1o T’ centers could be identificd.

Rogqulis f al.
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50. 5. MCDA spectra of RbI:TI® (measurement temperature 1.8 K) (a)
et % irradiation at 80 K and annealing 10 220 K and (b) after bleaching at
{1 eV.

In Fig. 2(c), the MCDA spectrum after the last heating
siep ¢ 10 220 X is shown. While the MCDA of the F centers
does not change, the MCDA bands of the Ti?* centers are
rnduced by a factor of 15. Again, no other centers contribut-
ing to the MCDA could be found.

8. Optical bleaching
I. F band bleaching

X-ray storage phosphors are normally used at room tem-
gerature. Howevey, in RbL:T1Y at 300 K the PSL is stable
only for a short time of the order of a few minutes. We
simulated a room temperature uradiation by performing the
x-ray irradjation at 7=80 K and, subsequendy, annealed the
sample to 220 K, which destroyed the TI° centers.

By bleaching in the F band at 4.2 K, one observes a
relatively weak reduction of the £ center MCDA and signifi-
cant changes in alif MCDA bands of the T1®* centers. By
fuher bleaching of the F band, the TI** centers can be
completely destroyed. Concurrently, it js observed that upon
F band bleaching the PSL intensity decreases with time, also
a low temperature. After complete destruction of the T*
centers, no PSL is observable any more.

2.T1** bleaching

When exciting any of the Ti** bands, we found no emis-
sion of TI** centers. Surprisingly, we found only a single
tmssion band identical within expenimental error with the
" emission peaking at 2.86 eV [Fig. 6(b). curve 1). This
¢mission fades as a function of excitation time as shown in
Fig. 7. This observation suggests that the T{>* centers are
Unstable under irradiation into their absorption bands.

In Fig. S, the effect of the oplical bleaching in the 4.07
¢V MCDA band of the TI"' centers is shown. Al T)" re-
lated bands are reduced. whereas the MCDA of the F centers
My constant. The same effect occurs for all T center
bands. We have compared the relative bleaching efficiencies
of different T1** bands both with respect (o the effect on
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FIG. 6. T1” emission (b) excited at 4.07 £V and the PSL excitation spectrum
(a) measured at 80 K. Curves (1) after x irradiation and anpealing (0
T=220 K. (2) afier optical bleaching at 4.07 ¢V, and (3) after annealing o
T=150 K

their MCDA bands and on their emission. The relative
bleaching efficiencies are the same. The MCDA band at 2.35
eV shows the highest bleaching efficiency. Oaly in the 4.82
eV band (not shown in Fig. 5), we observe a blcaching cffect
with a relative efficiency significantly lower than in the other
MCDA bands.

Parallel to the reduction of the TI** center concentration,
the PSL intensity is reduced {compare the PSL intensity
marked by a in Fig. 7 with that obtained after bleaching T12*
centers marked by c}.

The observation of a T1* center emission upon exciting
TI** centers suggests that the excitation results in a charge
transfer process, in which a hole must have been released to
the lattice. The nature of that hole tumed out to be a self-
trapped hole, i.€., a2 V. center. This js shown io the reappear-
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FIG 7. T1* emussion 4t 2.8 ¢V, {3) The starung level of the PSL (excited in
the F band a1 1.7 ¢V, detected at 286 ¢V), (b) the Yinencs of the T1”
cmission excited in T1' 31 407 ¢V and detected at 286 eV dunng the
canunuous bleaching. and {(¢) the hpal level of the PSL, excied after the
bleachung process of the TV centers.
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FIG. 8. MCDA spectra of the RbI:TI" crystal. measured a1 T=4.2 K and
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optical (4.07 eV) bleaching al 7=4.2 K (enlarged by a fuctor of 2 compared
10 (a) and (c), and (c) after repeated heaung 1o T=150 K.

ance of the MCDA of the Vy centers (Fig. 8) and in the
conventional EPR measurement, not shown here.

In Fig. 8, curve a, the MCDA after x irradiation at 80 K
and heating to 150 K is shown, Apart from F centers, there
are prominent TI?* bands. Then, the MCDA of Ti** at 4.07
eV was bleached almost completely. This MCDA band of
the T1** centers has no overlap with the absorption bands of
the TI® centers. After this treatment, shown in Fig. 8(b). we
observed the appearance of the MCDA of V centers.

After a similar treatment, also the conventional EPR
spectrum of V. centers could be observed. V¢ centers cannot
be produced by 4.07 eV bleaching in a samplc that has nrot
been x irradiated before. Obviously, the formation of Vj is
connected with the bleaching of TI** centers. Subsequent
annealing to 150 K (Fig. 8, curve c) desuoys the V. centers
again and a large portion of the TI** centers is recovered.

The same treatment steps show that a reduction of the
PSL and of the TI* emission. due 1o the bleaching of TI?*
bands, can both be recovered by thermal anacaling above the
thermai decay temperatore of the V¢ centers (Fig. 6). More-
over, we can observe during thermal anncaling the thermo-
lumiinescence that is typical for a recombinatton of V4 cen-
lers,

A more detailed analysis of the T bleaching in various
bandy and its recovery observed in the MCDA bands and (he
TI" emission and & comparison with the PSL signal shows a

2434 J. Appt. Phys . Vol. BO. No 4. 15 Augusl 1996

clear correlation between the TI** concentration and PSL
intensity.

When bleaching TI?* in the 4.07 eV band. 95% of the
TI** centers could be recovered by annealing above the V
stability temperature. Thus, the conclusion is that the V
centers, generated in this way, are spatially correlated to the
TI?* centers. When pecforming an analogous experiment by
bleaching the 2.2 eV band, only 65% of the TI>* centers can
then be recovered. This may be explained by a simultaneous
F center ionization in higher F center transitions (K band) at
that energy, which would cause an irreversible Ti?” recom-
bination. '

3. Replenishment effect

When x irradiating the Rb[:TI* samples at room tem-
perature and bleaching in the F band to create the PSL effect
immediately afterwards at low temperature (10 K), one can
exhaust the PSL effect completely by bleaching long enough
into the £ band. After subsequent warming, one cannot re-
cover any PSL effect any more. In contrast to other phos-
phors, such as BaFBr-Eu?*, there is no replenishment effect
in RbI:T1". The same result is obtained when x irradiating at
somewhat lower temperature, e.g., 220 K.

IV. DISCUSSION

As a mechanism for the information storage in RbI:T1,
it was proposed by Thoms et al. that upon x irradiation Vg,
(T1*) centers are formed as electron and hole trap centers.'!
It was speculated that the V., centers were V), centers sta-
bilized near or at TI™ activators. However, no direct spectro-
scopic evidence could be given by Thoms et al. for the ex-
istence of Vy, (T1*) centers.'' We have not found the
existence of any V,, centers. Since we observed V centers,
both with MCDA-EPR and conventional EPR. we should
have seen V,, centers, had they been present. From our
measurements it follows that TI** centers are formed and
that these centers act as those hole trap centers that control
the PSL. From the MCDA observation we know that vpon £
center bleaching the PSL intensity increases or decreases
with the TI?* center concentration, independently of the way
in which the TI** concentration was varied. We, therefore,
propose that in Rbl:T1* a simple pair mechanism operates, in
which the pair F center—=TI** center is the ¢lectron-hole pair
storing the information and that recombines vpon photocxci-
tation of the F center electron to produce the photostimutated
luminescence directly as a luminescence from the excited
TI* state into its ground state. In accordance with the pro-
posed model, we failed to observe a replenishment effect.
Probably, there is a cerain spatial correlation between F
centers and T centers about which we do not know any
delails yel. Our results confirm in a sensc the model sug-
gested previously by von Seggem et al.,> Eachus er al.* and
Koschnick er al.® for BaFBr-Eu?* that there exists no single
pair mechanism. It was thought that an aggregate vl clectron
and hole Irap centers and (he activalor are responsible for the
PSL und information storage. From the observed replenish-
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ment effect,” it was concluded that the formation of new such
aggregales can occur with thermal activation after exhaustion
of the PSL at low temperature.

With our MCDA measurements and tagged MCDA-EPR
experiments we have identified seven absorption bands of
TI** centers. Since the bleaching in all bands produces Vy
centers, t.e., hole centers, we conclude that all bands mea-
sured have charge transfer character. As summarized by Nis-
wor et al.,”® according to Moreno,?' there should be two high-
energy transitions from the TI** 6s (a,) electron 10 the
2p , and 2P, spin-orbit split excited states and, in addition,
two charge transfer transitions from the TI** 65 (a 1) state to
t,,(m) and ¢, (o) linear combination of halogen orbitals of
the I ligands. Our observations, however, are not explained
with this scheme. The two high-energy transitions at 4.0 and
at 4.85 eV have also charge transfer character, since they can
be bleached with the creation of V, centers. Furthermore, we
have observed more than just two charge transfer transitions:
altogether five. It is at present an open question how to ex-
plain these optical transitions of the T1>* centers. For the
low-energy charge transfer transitions. possibly a suggestion
made by Osminin eral,”? assuming also charge transfer
ransitions to second and higher shell halogen neighbors,
may be true. Further theoretical work is needed. The charge
transfer process apparently leads to a localized hole in the
halogen neighborhood with a spatial corretation to T1* cen-
(ers. Otherwisc, the high proportion of recovery of T12* upon
thermal mobilization of V centers would not be understood.

In conclusion, we have shown that in RbI:T1Y, a simple
pair mechanism of F center-T1°* ceater explains the infor-
mation storage and read-out process. [t seems that this is the
only x-ray storage phosphor al present for which the mecha-
msm is understood and for which, in particular, the hole
center has been identified. TI** absorption bands all seem to
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It was previously shown that RbBr doped with Ga* is an efficient x-ray storage phosphor with a
figure of merit comparable to that of the commercially used BaFBrEu?*. The paramagnetic hole
centers generated upon x irradiation involved in the storage and read-out process were investigated
by measuring the magpetic circular dichroism of the optical absorption (MCDA), the
MCDA-detected electron paramagnetic resonance (MCDA-EPR) and the photostimulated
luminescence (PSL). Two different Ga%* hole centers with a hyperfine interaction with $Ga of
%4 =82 GHz and ¥4 =6.0 GHz, respectively, were found. No superhyperfine interaction was
resolved. Therefore, the sguctural difference between the two Ga?™ centers could not be established
from EPR. The PSL effect is correlated only to oue of the two Ga’* centers, namely that with A
=8.2 GHz. The generation mechanism of the two hole centers is investigated. It is proposed that the
PSL-active Ga** center is an isolated Ga>* on a Rb™ site, whereas the other center is a2 Ga?*-cation

vacancy complex. © 1998 American Institute of Physics. [S0021-8979(98)08220-6]

1. INTRODUCTION

X-ray storage phosphors are used to generate digital x-
ry images. They have enhanced sensitivity for x rays com-
pued to conventional x-ray films and a higher dynamical
tnge. The best material so far is BaFBr doped with Eu?* as
acuvator, which is actually used commercially. Although
dgrtal radiography with BaFBrEu>* has many attractive
features, it has one disadvantage compared to conventional
vray films: the spatial resolution is still inferior. The reason
fer this is partially due to the matlockite structure of BaFBr.
The crystal is birefringent and, therefore, there is too much
light scattering from the statistical distribution of the crystal-
lies in the film when the x-ray information is read out by a
wanning laser bearn. Consequently, one is interested in op-
fically isowropic x-ray storage phosphor materials.

One such system would be Rbl doped with T1* as acti-
sator. The radiation damage centers storing the information
e F centers as electron trap centers (electrons captured in
1~ vacancy) and TU** centers as hole trap centers. During
photostimulation into the F centers, the electron recombines
¥ith the TI** resulting in a T1* luminescence used to read
0t the information.! In contrast to BaFBrEu**, where the
lole trap center has not yet been identified, the storage and
ad-out processes are well understood in RbI:T1*. Unforn-
lately, however, the stored information fades quickly away
troom temperatuse. Therefore, the system cannot be used in
Jactice.

It has been shown jn a preliminary stdy that RbBr
loped with Ga™ is a very promising x-ray storage phosphOrJ
~ith a figure of merit as to sensitivity, x-ray conversion and

lastitute of Solid State Physics, University of Latvia, 3 Kengaraga Street,
LV-1063 Riga. Larvia
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read-out energy comparable to that of BaFBr:Eu?*. Since

- this phosphor is optically isorropic, it is a promising candi-

date for higher spatial resolution.

In this article we present an investigation of the informa-
tion storage process and the photostimulated luminescence
(PSL) mechanism in RbBr:Ga*. We investigated the
radiation-induced paramagnetic electron and hole trap cen-
ters using the magneuc circular dichroism of the optical ab-
sorption (MCDA) and the MCDA-detected electron para-
magoetic resonance (MCDA-EPR). It turns out that the
elecoon trap centers are F centers and the hole trap centers
are Ga>* centers. We found two Ga®* centers with different
micrascopic structures, of which only one center takes pan
in the PSL process.

Previously, Baranov and Khramtsov studied Ga?* cen-
ters in KCI and NaCl with EPR.> Also there, two different
centers were found. One was proposed to be an isolated
Ga®* on a cation site and the other one a Ga>* on cation site
associated with a cation vacancy. It is proposed that the Ga?*
centers found here are of similar structures.

It. EXPERIMENT
A. Sample preparation

RbBr was doped with 200 ppm Ga™ in the melt and
single crystals were grown by the Czochralski method under
inert gas. By using appropnate amounts of GaBry and el-
ementary gallium it was attempted to avoid the incorporation
of trivalent gallium. Due to the Czochralski method, the
single crystal part grown first contains only a small Ga*
concentration. The Ga* concentration in the melt increases
with the crystal growth. Therefore, the crystal's end part is
doped with a much larger amount of Ga™. In addition, the
end part of the single crystal also contains more other un-
avoidable impurities than the first part. A sample from the

® 1998 American Institute of Physics
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first part and one from the end part bave been investigated.
Henceforth, the two samples are referred to as “‘L’" (low
Ga® concentration) and ‘‘H” (high Ga* concentration).
From optical absorprion measurements, the Ga* concentra-
non ratio between the H and L samples was about 5:1. The
absolute Ga’ concentration incorporated into the crystal
could not be determined. The maximum concentration is
probably one order of magnitude less than the doping level
of 200 ppm.

8. Measurement techniques

Emission and excitation spectra of the photostimulated
luminescence were measared with a single beam spectrom-
eter, in which two 0.25 m double monochromators (Spex)
were used. The samples were excited either with a balogen
lamp for the visible spectral range or with a denterium lamp
for the ulaviolet range. The emission and excitation spectra
were detected using a photomultiplier and single photon
counting. The samples were x irradiated (tungsten anode, 60
kV, 15 mA, 15 min) between 10 and 300 K.

The magnetic circular dichroism of the optical absorp-
tion (MCDA), which is the differential absorption of right
and left circularly polarized light in an external static mag-
netic field, and the MCDA-detected electron paramagnetic
resonance (MCDA-EPR) were measured in a custom-buil,
computer-controlled spectrometer working at 24 GHz (X
band). The MCDA measurements were performed at 4.2 K,
the MCDA-EPR measurements at 1.5 K. The samples were
x-irradiated between 4.2 and 300 K (tungsten anode, 60 kV,
15 mA, 20-60 min). For the optical bleaching experiments, a
He-Ne laser (633 nm) was used.

IIl. EXPERIMENTAL RESULTS
A. Luminescence properties

Before x irradiation the two samples L and H show iden-
tical Ga™ luminescence and excitation spectra. Excitation of
the sample L with UV light at 80 K leads to a single lumi-
nescence band peaking at 2.21 eV (560 nm, half width 0.31
eV). This emission commesponds to the Ay [*7,.(T7)
—A,(T1)] transition of monovalent gallium.* No lumines-
cence was detected by exciting the RbBr:Ga™ samples with
light in the range of 600—800 nm.

After x irradiation at 10 K for 10 s the thermolumines-
cence glow curve of sample L was measured (Fig. 1). There
are several peaks between 10 and 340 K. Besides the sharp
peaks between 10 and 40 K, which are caused by the decay
of intrinsic I centers (interstitial halide) and H centers [
(halogen), molecules occupying single halide siu:s]‘5 a
broad maximum between 190 and 270 K appears. Note, that
the V, centers (a hole shared between two adjacent Br™ jons
on lattice sites) in RbBr are only stable up to about 170 K_®
A comesponding thermoluminescence peak at this decay
teraperature was not observed. Probably most of the Vy cen-
ters are trapped forming other hole centers causing at Jeast
parually the broad thermoluminescence peak mentioned
above (see also below the section on generation of Ga*
centers).

b
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Temperature (K)

FIG. 1. Thermoluminescence glow curve of RbBr.Ga”, sample L, afier x
irradiation at 10 K.

In order % obtain information about the nature of the
photostimuiated lurminescence (PSL) of the x-irradiated Rb-
Br:Ga crystals, PSL excitation measurements were castied
out. At first, the RbBr:Ga™ samples were x irradiated at 80 K
for {5 min. Afterwards PSL excitation spectra were mea-
sured at 80 X after heating the sample first to a certain tem-
perature and thep cooling it down to 80 K again. This pro-
cedure was repeated for several temperatures. In all cases the
Ga™* luminescence at 2.21 eV (560 nm) was detected (see
Fig. 2).

In Fig. 2(a) the results for the sample L are presented.
While the spectra measured after annealing to 80, 130, and
150 K show no considerable changes in the weak Ga™ lumi-
nescence, the temperature step to 180 K is followed by a
slight increase of the luminescence intensity. Further heating
to 200 K results in a strong increase of the luminescence
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FIG. 2. Excitation spectra measured in the 560 nm emission band of (a)

sample L and (b) sample H for various sabsequent temperatare steps after x
irradiation at 80 K. All spectra were measured at 30 K :



J. Appl, Phys,, Vol. B4, No. 8, 15 October 1998

Wavelength (am)

700 550500 450 400 - 340320 300 280 250

( Ga2+)l

(@
(), (©)

15 20 24 2.6 32 3.6 4.0 4.4 48
Photon Energy (eV)

FIG. 3. MCDA spectra of sample L, curve (a) immediately after x ‘rradia-
07 at room tem perature, curve (b) after additional bleaching in the F center
advorption band at 4.2 K and curve (¢) after subsequent annealing vp to
reom teraperature. All specira were measured a1 4.2 Ko The slight differ-
ences in signal amplitudes of the (Ga?™)! cemters as from 3.8 eV to higher
{woton coergics arc due 10 the worse signal-to-nois¢ ratio in this energy
nnge (indicated by ap ervor bar) and not real.

iniensity followed by only a smal! rise after the next step to
B0 K.

This behavior of the temperature-dependent lumines-
cence spectra is different for the sample H preseated in Fig.
b). Besides the luminescence increase from 180 to 210 K,
similar to that of the other sampte, a rise is also observed at
the annealing step from 80 to 150 K.

8. MCDA and MCDA-detected EPR

The MCDA spectrum of the sample L, after x irradiation
il room temperature, is shown in Fig. 3 [curve (a)]. The band
a 1.88 eV {660 nm) having a derivative-like soucture be-
longs to the F centers. Besides the F center band, several
MCDA bands were detected in the UV spectral range. After
opucal bleaching in the F center absorption band and thermal
teatment, the intensities of several MCDA bands have
fhanged [see Fig. 3, curves (b) and (c), to be discussed later].
#*! The MCDA-detected EPR spectra of the x-irradiated Rb-
(Br:Ga crystal are shown in Fig. 4, measured in the MCDA
band (a) at 4.29 eV (289 nm) and in the MCDA bang (b) at
335 eV (370 nm), respecovely. Several broad EPR lines
4ppear in the magneuc field range up to 1300 mT. The line
positions are isotropic within experimental error. They are
due to two Ga* centers [labeled (Ga?*)! and (Ga?*)! in
Figs. 3 and 4].
The EPR lines of each Ga* center are split by a hyper-
fine (hf) interacton between the unpaired electron of the
Ga®* (as' state) with S=1/2 and the two magnetic isotopes

Rogulis 6t al. 3
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FG. 4. MCDA-delected EPR spectra of (a) (Ga®™) centers detected at 370
nm and {(b) (Ga?" )" centers detected at 290 nm in x-iradiated RbBr.Ga~,
sample L, measured at 1.5 K (microwave frequency of 23.9 GHz).

®Ga (60.4% natural abundance) and 'Ga (39.6% natura)
abundance), both with a nuclear spin of 7=23/2. The hf inter-
action leads to four “*allowed’” Am,=0 transitions shown in
the energy level scheme of Fig. 5 and marked with bars in
Fig. 4. The transitions labeled with asterisks are due to **for-
bidden’’ (Am,;= =1,%2) wansitions. The forbidden transi-
tions are nearly as intense as the allowed ones. This can
occur in the MCDA detection scheme when the allowed tran-
sitions are strongly saturated due to long spin-latuce relax-
ation tmes. The experimental conditions for this are ex-
plained in Ref. 7. The allowed quartet lines for 7=3/2 have
the same intensity. Since they are superimposed to forbidden
transitions, the intensity pattern in Fig. 4 is different from the
expectation for allowed transitions only.

Unfortunately, we did not observe any superhyperfine
(shf) interactions with surrounding Jatice neighbors. There-
fore, we cannot establish the structural differences between
these two Ga?* centers from the EPR spectra. The isotropic
g factors, the bf interaction parameters ¥4 for ¥Ga, the
wavelengths, at which the MCDA-detected EPR spectra
were measured, as well as published data for NaCl:Ga* and
KCl:Ga* are collected in Table L.
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FIG. 5. Calculated Breit-Rabi diagram for the (Ga®*)' centers in RbBrGa®
using an isotropic g factor of 2.005 and an isotropic “Ga hyperfine splitting
of 6.0 GHz. The rransiton arrows comrespond 10 a microwave frequency of
239 GHx.
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TABLE L lsowropic g factors, hf interaction pasameters ®A for Ga, wave-
lengihs, at which the MCDA -detected EPR spectra were measured, as well
as published data for NaCl:Ga ard KC1:Ga

Wavelength A

Crystal  Center (oro) (GH?) I Literature
RbBr  (Gal™)! 370 82202 203=00) this work
(Ga>™)" 289 6.0=0.05 2.00520.005 this work
NaQl  Ga}~ 93s 2062 Ref. 3
KC) Gal” 8.86 2012 Ref. 3
Ga'" -V, 633 2,01 Ref. 3

The excitation spectra of the MCDA-detected EPR
(‘‘tagged MCDA,"" see Ref. 8) are shown in Figs. 6(a) and
6(b) for the (Ga**)! and the (Ga?*)T center, respectively.
Figure 6(a) shows that an energy of 3.35 eV (370 nm) is very
suitable for measuring the MCDA-detected EPR spectrum of
the (Ga?*)! centers, whereas 4.29 eV (289 om) is suitable for
the (Ga**)T centers.

C. Production of (Ga?*)' and (Ga%*)! centers

The relative intensities of the MCDA bands of (Ga**)!
and (Ga?*)V centers created by x iradiation were found to be
dependent on the Ga™ concentration and the irradiation tem-
perature. In the sample L with low Ga™ concentration after x
uradiation at room temperature a significant MCDA band of
(Ga**)! centers, but only a small band of (Ga?*)" centers
were found [see Fig. 3, curve (a)]. In the sample H with high
Ga™* concentration after x irradiation at room temnperature the
intensities of both MCDA bands are of the same order of
magnitude with a smaller MCDA band of (Ga2*)! centers.

When x irradiating at 4.2 K, no Ga®* centers appear,
only F and V centers are observed. After annealing to about
180 K, where the V¢ centers have begun to disappear, Ga?*
centers start to appear. In the sample L, the MCDA band of
(Ga?*)! centers appears at 180 K and reaches its maximum

Wavelength (nm)
450 380 360 340 320 300 270 250 250

T

®) A (Ga®)!

) N It L 2 : 1

26 28 30 32 34 36 38 40 42 44 46 48 5.0
Photon Energy (eV)
FIG. 6. “'Tagged'’ MCDA spectra of (a) (Ga*”)' centers and (b) (Ga?™ )

centers in x-irradiated RbBrGa™. The signal-1o-noise ratio of the tagged
MCDA spectrum of (Ga? ™) centers as from 4.4 eV upwards is very low.
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FIG. 7. MCDA spectra of sample H (a} after x irradiabon at 4.2 K and
substquent annealing up to 220 K, (b) after additional bleaching in the F
center absorption band ar 4.2 X and (¢) aficr subsequent annealing up w
roow temperature. All spectra were measured at 4.2 K.

A

value at 220 K. A weak MCDA band of the (Ga**)? centers
also appears at 180 K, reaches its maximum value when
agnealing further to 250 K and then remains unchanged to
room temperature. Corresponding to the increase of the
MCDA band of the (Ga?*)” centers the MCDA band of the
(Ga?*)! centers decreases between 220 and 250 X. At 250 K
about half of (Ga?*)! centers are destroyed. In sample H, the
MCDA band of (Ga’*)! centers appears at 180 K with a
further increase to its maximum value at about 220 K. No
MCDA of (Ga?*)" centers is observed, even after annealing
up to room temperamre [see Fig. 7, curves (a) and (¢)]. In
general, the MCDA of (Ga?*)! centers reaches its maxiroum
value at about 220 X, i.e., by an annealing step above the
decay temperature of the Vi centers, while the MCDA of
(Ga**)" centers reaches its maximum at 250 K.

D. PSL experiments

Bleaching in the F center absorption band to stimulate
the Ga™ luminescence could not destroy the (Ga?*)® MCDA
signal, neither at room temperature nor at 4.2 K. However,
the MCDA signal of the (Ga®*)' centers vanished after
bleaching in the F center absorption band at 4.2 K [Fig. 7,
curves (a) and (b)]. It was, however, possible to restore a part
of the (Ga**)' centers by subsequent annealing to RT in
sample L (Fig. 3), but not in sample H (Fig. 7). This “‘re-
plenishment”” effect of the (Ga?*)' centers seems to be de-
termined by the ratio between (Ga2*)! and (Ga?*)! before
the bleaching experiment. If the (Ga**)! center MCDA band
is much bigger (sarnple L) than that of the (Ga**)! center, we
could observe a replenishment effect, otherwise not
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FIG. 8. PSL decay curves detected at 560 um of (2) sampic L and (b)
sample H under coptinnous excitation with 670 nm tight. The procedure for
the PSL measurements of (a) was the following: (1) x irradiation at room
tlemperature, (2) read-out process at 80 K, (3) anacaling up 1o room tem-
perature, (4) read-out process at 80 K. The procedure for the PSL measure-
meats of (b) was: (1) x irradiavion at 80 K and subscquent anneating up o
220 K. (2) read-out process at 80 K, (3) annealing up to room temperature,
(4) read-om process at 80 K.

To investigate this replenishmeat behavior further, PSL
experiments were carried out. x irradiation of the sample L at
room temperature yields more (Ga**)? centers than (Ga’*)!
centers. Figure 8(a) sbows the PSL intensity versus time of
this sample during bleaching in the 1.85 eV (670 nm) band at
80 K. After having completely exhausted the PSL. the
sample was annealed to room temperature and subsequently
cooled to 80 K. The initial luminescence intensity of the PSL
measured again amounts to 95% of the previously measured
imitial PSL. There is an almost complete replenishment ef-
fect. This effect is, however, x-ray dose dependent If one
applies a much lower dose (tungsten anode, 60 kV, 6 mA. 5
s). the replenishment effect is only 40%. The replenishment
effect starts 10 appear afier annealing the sample to about 200
K and reaches its maximum after annealing to RT.

After x irradiation of the sample H at 80 K with subse-
quent annealing to 220 K, the (Ga?*)" centers dominate. The
PSL time dependency during bleaching with 1.85 ¢V (670
nm) light at 80 K is shown in Fig. 8(b). After annealing to
300 K and subsequent cooling to 80 K, the PSL intensity
measured again amounts to only 5% of the PSL intensity
measured before. Thus, the replenishment effect of the PSL
is negligibly small in the sample with high Ga* concentra-
tion where the (Ga** ) centers dominate.

IV. DISCUSSION

The MCDA and MCDA-EPR measurements show that
two different Ga®* centers are formed by x irradiation. Since
no shf is resolved, nothing can be said about the structural
differences from the EPR spectra alone. However, from the
generation by x irradiation at low temperature and subse-
quent annealing it can be concluded that (Ga**)* centers are
formed upon hole caprure by Ga* from a mobile V center,
while the formation of (Ga**)T centers needs as well the
mobility of another species. thought to be vacancies. (Ga?*)!

Rogqulis et al. S

centers are proposed 1o be Gal*-cation vacancy complexes,
similarly to what was proposed by Baranov and Khramtsov®
1o occur upon x irradiaton in KCl and NaCl doped with
Ga*. When irradiating the sample at 4.2 K, only Vg and F
centers are observed. Vi and F centers are generated either
because of the presence of anion vacancies or because of the
fundamemal F-H process.” However, we have not seen an
MCDA band of H centers, which, in principle, would have
been seen for the magnetic fietds perpendicular to their
axes.'” On the other hand, the thermoluminescence (TL)
shows rwo low temperature peaks associated with the recom-
bination of I and H centers.® Perhaps the MCDA of H centers
was masked under that of the V¢ centers. Important for the
present study is only that Vi centers are created and that they
start to decay at about 170 K.$ Interestingly, at 170 K there is
no peak in the TL. At about 180 K, (Ga2*)* centers are ob-
served. Thus, we think that mobile V centers are captured
by Ga™ centers forming (Ga?*)! centers. The Vy centers do
not recombine with electrons, therefore, there is no TL peak.
However, in sample L (GaZ*)¥ centers start o appear above
180 K, the maximum value is reached at about 250 K. The
formation process of the (Ga’*)™ centers is more complex
than that proposed for (Ga’*)! centers. In KCI and RbCl
cation vacancies become mobile at about 220 K.!'~13 A simi-
lar mobility temperature is also expected for RbBr since the
migragon energy of cation vacancies in RbBr (0.81 eV) is
very close to that of KCI (0.84 ¢V) and RbCl (0.80 eV).'*
The mobile cation vacancies can be captured by a Ga?*,
which attracts the negative cation vacancies due to its posi-
tive charge. The resulting complex is electrically neueral and
stable. Apparently, the sample L contains cation vacancies in
a considerable concentration, i.e., in the same order of mag-
nitude as the concentration of Ga* in that sample. Possibly
because of the doping method (see Sec. I A) Ga’* centers
are also incorporated causing the creation of cation vacan-
cies. When following the formation of Ga?* centers above
220 K in the sample L, the initial concentration of (Ga?*)!
centers is found to decrease from 220 to 250 K at the ex-
pense of the formation of more (Ga?*)T centers. Thus, cation
vacancies are attracted by the positive (Ga?*)! centers and
form (Ga?*)T centers. After x irradiation at room temperature
of sample L we found a significant MCDA band of (Ga?*)?
centers, but only a smal) band of (Ga>*)! centers. This cor-
responds to the x irradiation at 4.2 K and subsequeat anneal-
ing procedure. In sample H, we could observe (Ga2*)" cen-
ters after x irradiation at room temperature. This is contrary
to the fact that after x irradiation at 4.2 K and subsequent
annealing to room temperamre very few (Ga**)T centers
were found. A very high mobility of the cation vacancies
during the room temperature x irradiation seems to favor the
creation of the (Ga?*)" centers, while after low temperature
x urradiation and annealing to 220 K the V) centers are pref.
erentially trapped at Ga™* to form (Ga?*)! centers and are not
converted to (Ga**)! centers. We think that the sample H
contains Jess cation vacancies than sample L. This together
with an enhanced vacancy mobility under room temperature
x irradiation may be the reason for the different ratio between
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(Ga**)! and (Ga?™)" centers when produced by low tempera-
wre x irradiaton and annealing or by room temperature x
irradiation.

Ga®* has a 4s' configuration and therefore a large iso-
tropic hf interaction. Both Ga?* centers have, within experi-
mental error, an isotropic g factor and isotropic hf interac-
ton. However, due 1w the broad EPR lines and the
superposition of many forbidden lines, a small g anisotropy
would not be resolved. The observation that the larges hf
interaction is observed for (Ga?*)! centers and the smaller
one for the Ga’*-V, complex supports the model and is in
agreement with the observation by Baranov and Khrarmtsov
in KCl and NaCl.?

We observed forbidden transitions where Am;=x1[.
There are possibly also forbidden wansitons where Am;=
+2, the line positions of which would be superimposed on
the allowed ones with Am,;=0. We think that the forbidden
transitions are caused by anisotropic shf interactions and, in
the case of the (Ga?™)® centers, by a quadrupole interaction
of the central nucleus. We note that without a theoretical
understanding of the MCDA bands, from the relative MCDA
signal intensioes of the two centers one cannot conclude on
their relatve concentrations.

The bleaching experiment showed that only the (Ga?*)!
MCDA band disappears upon photostimulation of the F cen-
iers, i.e., only the (Ga?")! centers are participating in the
read-out process. From the center models for the two Ga**
centers this is understandable, since (Ga?*)! centers are posi-
tively charged attracting mobile electrons, while the neutral
(Ga?*)" centers do not. The fact that the PSL effect is, in-
deed, correlated only with the (Ga?*)' centers is also seen in
its temperature dependence [Fig. 2(a)). In the sample L after
low temperature x irradiation and annealing to 180 K the
PSL starts to increase and the MCDA of (Ga?*)! centers
Starts to appear. At 200 K the PSL increases drastically,
while at this temperarure (Ga’*)" centers are not yet formed.
Thus, for the use of RbBr:Ga* as a storage phosphor, the
gceneration of (Ga’*)" centers must be avoided, since they
compete for primary holes but cannot be read out. The gen-
eration of (Ga®**)! centers can be avoided in the higher
doped sample after x jrradiation at low temperature with sub-
sequent annealing, which ts, of course, not a practical way to
use a storage phosphor. Ways have to be exploited to sup-
press the generation of (Ga**)! centers from a room tem-
perature x irradiation, possibly by an improved Ga* doping
which avoids the formation of cation vacancies.

The observation of a replenishment effect was first re-
ported by Hangleiter ef al.'>!® in BaFBr:Eu?*. The phepom-
¢non was the same as here: after exhaustion of the PSL effect
at low temperature it could be recovered partly upon anneal-
ing to room temperature. In our experiments it seems that
this effect is associated with the presence of (Ga?*)! centers.
On the other hand, in the corresponding MCDA experiment
[Fig. 3, curves (b) and (¢)) it is seen that the recovery of the

Rogulis et al.

MCDA of (Ga®*)! centers is not accompanied by a corre-
sponding decrease of the (Ga?*)? eenters, that is they do not
dissociate to form (Ga*)' centers. This is, of course, in line
with the observation that (Ga?*)!! centers once formed are
stable at room temperature. In the sample with the high gal-
lium concentration the replenishment effect js not observed
(or very small). For a tentative explanation of the observa-
uons, we suggest that in the sample L the total concentration
of Ga* does not suffice to capture all holes from the gener-
ated Vy centers. Some holes are trapped elsewhere. At room
temperature they becorne mobile and can be trapped by Ga*
centers having become available for this afier having been
read out, i.e., after (Ga?*)! centers have recombined with a
photostimulated eleciron. When the x-ray dose is lower, the
replenishment effect decreases, since relative to the number
of V centers there are more Ga* centers available to form
(Ga™)" centers. In the sample with high concentation of
Ga™ practically all Vg center holes are trapped at a Ga®,
Therefore, such a replenishment effect is very small, if at all
observable. Whether or not the sample L contains additional
hole traps the sample H may not have or only in a small
concentration and of which nature they are, is not yet known
to us.
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Abstract.  The opucally detected election paramagnetic resonance (ODMR) speconu of self-
uapped cxciroay (STEs) in NaBr was mrasured using a microwave frequency of 28 9 GHz aad
compared with that measured previously at 24.0 GRz. In fock-in detected ODMR oaly one
suuctureless poa-Geussian Une was obsorved for cach frequeacy Prom the ficld ponuons of
the haes oblaincd  the previows and pew measurcments & axo-field splirtiag of D =< 1.7 T
wias denved. Op We bazis of transicnt ODMR measnremeots in KBy it 13 shown that the shape
of the ODMR linc does not follow the V 1 Calre nuclear spin stodstc: of the STE because of
the depeadence of the lifetimex on the nuclcar spia wtates. Simlar effects sorm o occur in all
alkab bromides.

1. Introduction

Recent work has considerably clarified the structure of the self-wapped excitoa (STE) i 2
number of alkali halides. There are now good reasons (0 classify the STES into the so-called
type LI (weakly off centre) and type I (strongly off centre) STEs, that is to be primitive
snd possibly nearcsi-neighbour Frenkel defect pairs, respectively. Coocerning the so-calied
type § STEs, which include those in NaBr and Nal, both calculations snd optical transiton
studics are not clearly conclusive as to the symmetry of the system (stricily on centre versus
roarginally off centre wathout a8 centro of inversion) (Song and Willams 1996).

In order to clarify this siruatdon coaceming the type I STEs, the first election
paramagnetic resonance (EPR) study of the triplet state of the STE (Song and Withams
1996) using optical detection via luminescence had been made in NaBr (Rogulis et al
1995). The microwave frequency used was 24 GH2 (K band), the detection mode was
the standard lock-in technique, and the spectrum consisted of a structureless non-Gaussian
line centred 8t g = 2 with a halfwidth of aboat 135 mT. The spectrum showed a diffcront
structure compared o those in KCl oc KBr, and that secemed not surpnising. In the latter
cases clearly resolved hyperfine (hf) structures, typical for Vy cenires, were obtained. In
NaBr, the observed ODMR line shape, which was ‘fat” at the centye, was intespreied 2s
being the result of a closcly soparated pair of Gaussizn lines, and the small scparstion was
anribuled (o the zero-field spliting. The D parameter was estimated 1o be about 23 mT
{Rogulis er at 1995).
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- Pyt
cquauons:

an,, ) 1
= P(N =Ny = Nj) & u(N, — Ny) — -r—N,_, 1)
/e
with N, the population of the fast excited state, N, the population of the slow excited state
(bottleneck), N the population of the ground state, P the optical pumping probability, p the
tansinon probabilily induccd by the microwaves, t, the lifetimo of the fast excited state,
and 1, the lifctime of the slow excited state( See f ure 5 for a sdenmahe u (('\Q“b"‘

After Barry (1992) the solution of the mre cquations (1) is rg)
Npo(t) = Agy + Byoexp(at) + Cy,exp(rat) 2)
with
1/1 1 1 1y
A s = = - _— —_— - - 2 — . —
e (CxEy e ey Ty

Ay, Bg,. and Cy, arc functions of the pumping probability, the microwave Uansition
probability, the Lifetimes, and the initial conditions N7 and N:

PNQu +1/1, )
Ay = T

ks
B, = PNQu+ 1/t )  PN+(u—PIN) +A1+ P+p+1/t, )N, ©
' A(Xy = X2) A =X
Cj’=_PN(2u.+l/t,_f) a PN +(p - PIN? +(A2+P+U-+1/T./)N
' Ay — A7) A — Xy

The tansient ODMR signal can be caleulated as
1 1
ODMR(1) = —N/(1) + = N, (1) )
T/ T,

Ip the folJowing, using KBr as an example, we analyse the ODMR effect of the STE using
the solution of the rate equauons as derived above.

Tabie 1. Perameeea of the fit of the ransyer ODMR measuwrements

mp P sty oy (my) 1, {sms)

+1 15 as0 0.06 £ 0.0} 192006

-1 s 450 0062001 1.9%01
0 13 450 006001 15%£0.]

Pigure 4 illustrates a fit of equation (5) 20 the preasured transients for the m; = 0 and
+1 transidons. To improve the accuracy of the firing procedure, solutions were calculated
for both cases, microwaves on and off (1 > O and p = 0, respectively). The initia)
conditions, in other words the actual populations N aad N7 at the beginning of each period
(microwaves on and off, respectively), depend on what happened in the previous period and
what happened in all periods prior thereto. These populations were cakulated itcratively.
Afier oprimization of the paramcicrs for the pumping probability P and the micTowave
transition probability pu, they were kept constant for all three transitions (my = 0, £1).
Calculations showed that variations in 4 are ncgligible for the different bf sublevels. For
the wansition m; = 0 the measured transient used for the fit was scaled down by a factor
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after switching On (recovery ime = 1, = 1.5 ms for my = 0 and 2 ms for my = £} 1n
comparison to the decay times of the ODMR rtransients of 0.9 and 1.0 ms, respectively). Por

the conditions in our expenments (£ K l/vp o, p L /1y, p ~ 1/7,) the ame behaviour
of the ODMR effect after switching on the microwaves is

A =—u—— A= ——. (10)
T Ty

Under saturaiing microwave wansitions the decay ume of the ODMR transient to a stationary
value afier switching on would be $(1/17 + 1/1,) (Barry 1992) which can be easily seen
from (3). With our estimmsted lifetimes this decay would be of the order of 0.) ms, which
was not measured.

4. Discussion
4.1. Line shape of the ODMR of the STEs

Our observations and their analysis in KBr are thought to have the same recason as the
observauons madc with stanonary ODMR in NaBr. We propose the same reason for the
‘flattened” lineshape of the STEs in NaBr and KBr seen with the lock-in technique. We
found that the lifeumes of the STE hf lines are different for the different nuclear spin
states. We note that at the first moment of the switching “on’ of the microwaves the ratio
of the amplitudes of the ODMR cffect for differcnt bf lines is close to the ranos, which are
expecied from the V r-centre nuclear spin statistics. In the ODMR experiments with a pulse
technique (Kan'no ef al 1996) Jess depression of the ODMR lineshape has been obscrved.

We note that the same ‘“flaticned’ lineshape has been found in all of the other
conventiona) lock-in measurements on STEs in alkali bromides with NaCl-type structuse—
KBr (Wasicla et al 1973, Marrone er al 1973) as well as RbBr (Mori et al 1978) (in hf line
groups for the 0° onented STEs, where the overlaps with the 90° arieated STEs have not
significanty infuenced the middle Lincs of the hf specrum). Such ‘flattened’ lineshapes of
the ODMR spectra of the STE seem to occur in bromides, but not in the chlorides (e.p.
KCl ( Block er al 1978)). The hf inlceaction paramcters for Vx centres are much larger in
bromuides than in chiondes. which may lead 10 a larger influence of the nuclear spin statos
on the hifetimes of the STE hf components. We have performed some experiments with
probably not so pure KBr crystals where the amplitude of the middle hf line became even
lower than that of the twa adjacent ones. The ODMR measuroments presented in figures §
and 4 were performed on cxtremely pure KBr crystals.

4.2. Lifetimes of different nuclear spin siases

We found that the lifctimes for the fast and slow components in KBr are very close to
those published by Mukai ez al (1989). Let us discuss the reasoa for the observed lifetime
shortening of the rddle hf liae of tbhe ODMR of the STE in the slow decay component
(bottleneck). Our explanation is based on the idea that the radiative lifetimes of the bf
sublevels are changed when mixing with other hf sublevels belonging to the nearby tmipler
sublevels.

The hf Hamiltoman term considered here 18

Hyy = a(l2S2 + (8,12 + S_1,)/2). {n

13

!

( figuﬂs 2,3 and l‘ o

)
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the two contributions to D and determune the nature of the STE in NaBr as indicated by
the ODMR.

(1) The on-centre STE. Using the 14 above and values of the parameters (§ = 0.306 eV,

/Zf =004 eV, E; = 1.95 eV for he Vx cenue), D,, is found 10 be =2000 mT. From a

theoretical estimatiop of D,, = —20 to —160 mT, we obtain D = 1980 to 1840 mT. These

values are close to the new value obtained here, } 7 T, if we assome that D > 0. As we

argued already in our previous paper (Rogulis er al 1995) the wavefunction of the electron

which was used (@ = 0.002 to 0.01 in units of Bohr radius squared) in obiaining D,, seems
incompatible with the short triplet lifetime in NaBr.

(i) The offcentre STE. Instead of esimating D,, directly from the above equation, we
atempt to find ‘reasonable’ values of D,,, which can give accepuable values of D,, and
dy-ry. We have examined a ranpe of D, between 1000 and 3000 mT. We assumed that D
is positive, following Kawata et ol (1992). When we accept that the off-centre shift can onty
be very moderate in NaBr, we found that the set D,, = —1300 enT and D,, = +3000 mT
1s most reasongble. Corresponding to this Dy, value the separation between the electron
and hole centres is estimated to be small, about 1 A. These data are shown in table 2.

_ m,=+}

N

Figure . A schemalic illusiratioa of the parameters (0 the sicmulation of the trantient ODMR
eXpeTLIRNLS

Tuble 2 A comparisan of experumental zero-field sphiuog parzmeiars with theoretical estumates

du_r (A DT} Dy (@D Dy, ()

NeBr ~1 . 1700 3000 —1300
Kix 5 + 265 665 —-300
RbBr 6 + 185 405 =220

Moye fx%ufe 5 %
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lifene compared to the other my sublevels. This shorteang occurs because of larger
admuxtures of puclear sublevels in the m, = +1 manifold iato the m, = 0, m; = O state
compared to the other m;, m, = O levels because of the large Br hf interactions. This
effect was demonstratcd by transient measurements of the ODMR of the STE in KBr. The
shortened lifeume of the m, sublevels fcads 10 a "weakemng® of the bottleneck condution
and therefore to a reduced sigeal measared in the lock-in wechnique. This effeet pecurs in
all bromides, with a large hf interaction as seen from the ODMR line shapes and nol in
the chlorides, with a smaller hf wateraction. The large D value 15 interpreted o be due to a
STE in an offcenure configuration, where the separation between the clectron and the hole
centre is small, estimated t0 be approximately 1 A.
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Self-trapped exciton in L1,GeO,
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Abstract

Scll-trapped excitons (STE) are discovered in LiyGeO; crystal. The PL band at 2.7 ¢V with a strong Stoke's shift is
exctied in the intrinsic absorplion range of L1>GeOy crystal. in which the optical gap is situated a1 6 ¢V, The activation
energy of the STE luminescence thermal quenching is not monocnergetic and s sitwiated in the range 40 100 meV. The
luminescence s strongly polanzed. The decay kinetics can be characterized by r =09 ms at 45 K. At SK it can be
approximated by fast (0.6 ms) and slow {4-2.5 ms) components. Decay kinctics is determined by triplet state of STE sphts
in zero magnetic ficld. Two different excited triplet states (centers) have the average ODMR parameters (D] = 6.3 GHz
and (E] = 0.6 GHz. The transient absorption of STE shows (wo bands at 3.7 4nd 4.7 ¢V, similur 10 transient absorption
of STE in GeOj crystal with the structure of a-quartz.

Keywords: Sell-trapped exciton; Li,GeOy; Luminescence

1. Introduction

The Li,GeOj crystal belongs to a family of tetra-
hedrally structured materials [1] and its ortho-
rhombic structure consists of an infinite chain of
tetrahedra [Ge,;043, with lithium ions between
them. Space group symmetry is C,,.»,—Cj,.

The existence of STE in Li,GeQO, crystal was
predicted in Ref. [2] after studying the intrinsic
absorption threshold in Li,GeO, and hexagonal
GeO, crystals. The STE for h-GeO, was dis-
covered in Ref. [3]. It was observed that intrinsic
absorplion thresholds obey the Urbach~Toyozawa
rule with parameters coinciding within experi-
mental errors in both the crystals. Therefore, it was

* Correxponding  author  Fax: 171-2-711  2883: e-muil,
trulyns@racad. latnet. v,

concluded that the lowest energy states absorbing
photons belong to GeOy tetrahedral network and
the states of lithium oxide should be at a higher
energy. Guided by these data, we realized a com-
plex of experimental investigation of the properties
of Li,GeO, crystal analogous to those made pre-
viously in Refs. [2-5].

The Li,GeO, samples of a good optical guality
were studied. The opticat axis direction was deter-
mined by using a polarizing microscope. The
photoluminescence excitation was done by a grat-
ing vacuum monochromator with discharge lamps
in hydrogen atmosphere. An X-ray tube with W ant-
cathod (15 mA, 40 kV) was used to study lumines-
cence under ionizing radiation. A pulsed ¢lectron
beam (250 kV, 270 kA, 20 ns) was used for measur-
ing the transient absorption spectra. The X-ray
cxciled luminescence intensities 1,. I,. .. polarized
parallel to the corresponding crystallographic axis

0022-2313/97/$17.00 4, 1997 Elscvier Scicnce B.V. All rights reserved

PIIS0022-2313(96)004)8-8
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Fig. 1 Photolummaescence {PLYand PL excitanon (PLE) as well
a3 transient absorpuion spectra of LiyGeOy crysial comparcd
with those of 1-Ge O, erystal The reflecuon spectrum of lithium
germatide is alxo presented GeO, transicnl absorption spectra
was taken from [7).

a. b, c. respectively. were measured by a Polaroid
analyzer. Other details of equipments are described
in Refs. (2-6].

In Fig. 1 the main measured spectra are shown.
The broad photoluminescence (PL) band is situ-
ated at 2.7eV. Its excitation starts from 6¢eV at
higher energies. The PL yield of non-quenched
luminescence is 0.15 + 0.05. The energetic yield of
the luminescence excited by X-ray or electron beam
ts aboul 2%. This luminescence 1s ot seen in pure
electron-hote recombination process in such phe-
nomena as thermostimutated lurminescence and
long duration {minutes and hours) afterglow. The
excitation band at 6e¢V corresponds well with
a band in reflectivity spectrum at 6.5¢V. The
Li,GeO, crystal’s spectra are compared with the
spectra of GeQ, crystal from Ref. [3].

The activation energy of the luminescence ther-
mal quenching is not monoenergetic and 1s situated
in the range 40100 meV.

[n Fig. 2 (inset) the PL decay kinetics a¢ different
temperatures are presented. It is scen that decay
kinetics can well be approximated by exponentially
(Fig. 2 main picture), where 1 = 0.9 ms for 45 K.
The decay is sufficiently fong and we can conclude
that the lumincscence is due to the forbidden
transitions. Siarting from 35 K the decay kinetic
curves become non-exponential and its decay time
increases with decrease in the temperature. At the

3 T ¥ 1 T
r) G0, crysiaf 10— - -
5 = o T PL gecay funebcs
£ s hv  =62eV
=5 g g SK
gg é ~ 15K
%*g 2t 8 \\;/// 50X *
= E & Nl T~ 25K
] e .
9z R I b SO
wK v ' v \I’
l§8 < A% 1 ]
> W '
.
83 732 4 5 8 10 12
o§ TME (ms)
)
z
100 150 200
TEMPERATURE (K)

Fig. 2. Temperature dependenacs of PLodecay-1ime constant
and PL intensty of Li,GeO 'y envstal The intensities [, 1.
1, potarized paralle! 10 the correspotding erystallographic axis
a. b, c were measured under \N-ry awaitation Inset sliows the PL
decay kinetiy curves.

beginming of the decay a fast componenl can be
extracted. The temperature dependencies of the fast
and slow componenls arc presented in Fig. 2 by
points. Such a behawvior is usually observed for
triplet states split in the zero magnetic fcld.

For long-living excited state we find the corre-
sponding in-living time a transient absorption
whose spectrum is presenied in Fig. t, curve 1. The
spectrum contains two absorption bands al 3.7 and
4.7¢V, which correspond well wilth those of h-
GeO, [7].

The ODMR spectra gave two sels of data, pro-
posing two kinds ol lumjnescence centers [6].
These two excited triplet states (centers) have differ-
ent D and E values of the fine structure (FS) tensors,
however, they have very similar orientations of the
principal axes (within 5°). The g-factor is g = 2.2,
and the average FS inleraction parameters are
[D] = 6.3 GHz, [E] = 0.6 GHz [6]. The principal
axes of the FS tensors make an angle of about 25°
with the a-axis in the c—a-plane, this dircction is
close to the Ge—O (non-bridging) bond direction.

2. Discussion
The fact that the luminescence band observed at

2.7eV can only be excited with high yicld in the
intrinsic range shows that this is a host material
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luminescence. The strong Stoke’s shilt on the one
hand, and the lack of this lumincscence in pure
electron-hole recombination process on the other
shows that this 1s a self-trapped exciton (STE)
luminescence. From the spectroscopic and ODMR
data we couclude that the lvminescence is due 1o
the transition from triplet state of the orthorhom-
bic center. The luminescence intensities [,. 1,. /..
being dependent on the orientation of transition
moment of the center. can be calculated by summa-
tion over all the possible equivalent orientations of
transjtion moments, which are composed in (he
actual case of three moments (x, v, z). orienled
along the highest symmetry axis of center (z) and
perpendicular to 1L {x, \) Based on the orthorhom-
bic symmetry of Li,GeO, crystal lathice mutual
ratio and temperature dependence of 1, 1,,. 1, (Fig. 2)
can be explained with three differently oriented scis
ol moments (x, y, z). having vanous temperature-
dependent contribution rates of x, y. z: (1) = directed
towards the middle length Ge-O bond nearly in the
ac-plane of the crystal; (2) z directed towards the
long Ge-O bond in the be plane: (3) 1wo z direc-
tions along the short and long Ge-O bonds in the
be plane.

The STE model can be described to Ge-O bond
rupture, as in the case of GeO, (3]. The hole
component of the STE is related mainly to oxygen
and that makes the STE similar 10 L1,GeO; and
h-GeO, crystals,
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