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levads

[iBaF; knstals ir perspektivs pielietojumiem ka matenals siltuma
neitronu detektoriem, ka arT joniz€jo$a starojuma atmipas ekranu
materials (skat. piem. [l]). LiBaF; knstalam 1r t.s. antiperovskita
struktiira un vigu ir salidzino%i viegh aktivét ar dazadiem piejaukuma
joniem.

Pasreizgja laika posma 51 materiala 1pasibas, ka art konkrétie pielietojumu
aspekti atrodas pétijumu stadya, ari EPR spektru pétijum LiBaF,
kristalos vél atrodas sakuma stadija.

Pirms musu darba literatiira bija publiceti EPR dati tikai par vairakiem
parejas elementu piejaukuma joniem LiBaF; kristalos, bet radiacijas
defektu struktiras pétjumi ar EPR metodi nebija aprakstiti. Tadejad:
tritka butiska informacia par radiacijas defektu struktiru LiBaFs;, kas bija
nepiecie$ama, lai labak izprastu LiBaF; kristalos notieko$os procesus.
Promocijas darba mérkis biya izpétit dazus no LiBal; kristalu EPR
spektriem, kur rodas rentgenstarojuma rezultata.

Promocijas darba konkrétie uzdevumi bija:

1) izpétit LNT apstarotu LiBaF; kristalu EPR spektrus,

2) izpé@tit istabas temperatura apstarotu LiBaF; knistalu EPR spektrus.

Misu darba izpétiti dazadas temperatiiras apstarotu LiBaF; kristalu EPR
spektri un identificéti diviem no radiacyjas defektiem- autolokalizétam
cauruma centram, jeb Vi centram, ka art F-tipa centram, atbilstosie EPR
spektri un noteikt: to parametri.
Promocijas darba rezultati publicéti 5 zindtniskajas publikacijas
(literatiiras saraksta promocijas darba autora publikacijs apzimétas ar
zvaigzniti  [2*-6*]), ka arl referéti starptautiskajas konferencés
ICDIM"2000, LUMDETR'2000, EURODIM'2002, LUMDETR"2003.



2. Literaturas apskats

Literatiira ir publicéti EPR pétijumu rezulati par daziem 3d" - parejas
metdlu grupas piejaukumu joniem [7] : Ti¥" (4f') , Cr'* (3d%) , Mn*
(3d%) , Fe* (3d’) un Co™ (3d") , ka arf retzemju metilu piejaukuma
joniem Ce™ (4£) [8] . 1

Noteikti sekoju$i spin-hamiltoniana parametri d" - parejas grupas
piejaukumu joniem LiBaF; [7]:

T (3dY) gy =1.9567 ; g =1.9702

Cr'" (3dY) : g =1.9784

Mn*" (3d*): g=2.0014 ;A=883*10" cm'; a=5.5*10" cm"

Fe* 3d’) : g= 2.0025 ;a=120*10" cm’

Co™* (3d"): g=43164; A=947%10" cm™

Seit g ir g tenzora parametri, A un a attiecigi hipersikstruktiiras un

kristaliska lauka mijiedarbibas raksturojo$ie spin-hamiltoniana:

H=gBSeB+ASel+a/6(S,'+S,*+S,*-707/16)

parametri.

g - Landé faktors, B - Bora magnetons, S - spina operators,

B - magnéetiska lauka intensitate, I - kodolu spina operators,

A - hipersikstrukturas konstante, a - kristaliska lauka mijiedarbibas

konstante.

Darba [8] noteikts, ka Ce’" piejaukuma jons LiBaF; kristala iebavéjas ar
ladinu kompensgjosam vakancém. Peéc EPR datiem [8] novérojams
tetragonalas simetrijas Ce'™ centrs, perturbéts [001] ass virziena un divi
ortorombiski Ce™ centri, kuri perturbéti [110] ass virziena.

LiBaF,; kristals ticis pétits an ar optiskajam (absorbcija, luminescence),
ka art ar termoluminescentajam metodém. Literatura publiceti dati par ar

Ce [9-14] , Mg [15] , Eu®* [9,16,17] , Ni [18,19] , piejaukumu joniem



aktivétiem LiBaF; kristaliem [20]. Ar optiskajam metodém pétiti ari F
tipa centr1 LiBaF; kristalos [21,22].

Termostimulétas luminiscences (TSL) pétijumos noverots
termostimulétas luminiscences maksimums ap 139 K, kur§$ saistits ar Vi
centru termisko sabrukSanu [2*]. Novéroti termostimulétas relaksacijas
procesi temperatiiru rajona no 290 - 650 K [23,24], kuri saistiti ar F- tipa
centriem. LiBaF; kristalu pétijjumos ar magnetooptiskajam metodém [25]
(magnétiskais cirkularais dihroisms MCD un optiski detektétais EPR)
novéroti MCD spektri, kuri saistiti ar F- tipa centriem, ka art guts tiess
apstipringjums tam, ka Vg centr1 piedalas zemo temperatiru

rekombinativaja luminiscence (tune]luminiscencé).



2.1. LiBaFj kristala struktira

LiBaF; kristalam ir kubiska, antiperovskita struktira ( Zim 1.). Kristalam
ir joniska struktiira ar diviem katjoniem Li" un Ba’" un 3 anjoniem F~ .
Struktira pieder pie t.s. bezparametriskajam un visu jonu stavoklis pilniba
var tikt uzdots ar vienu kubiska rezga parametru. LiBaF; kristalam rezga
parametrs a; = 3.99 A . Elementara $ina satur vienu LiBaF; formulas

vienibu.
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Zim.1. LiBaF; kristala struktiira.



2.2 EPR metodes pamatprincipi.

Elektronu  paramagnétiska  resonanse  {(EPR) -  rezonanses
elektromagnetiskas energijas absorbceija viela, kura satur paramagnétiskas
dalinas. Izplatitakais elektromagnétiska starojuma avots ir t.s. klistrons
(elektronu lampa, kura generé superaugsto frekvencéu (SAF) diapazona).
Paramagnétiskai vielai, kura atrodas magnétiskaja lauka, spinu Iimeni
safkelas, energiu starpiba starp saSkeltajiem apak$limeniem ir gBH. Ja
SAF kvanta energija hv sakrit ar energiju starpibu starp saskeltajiem
apakslimeniem hv = gBH, notiek SAF kvanta rezonanses absorbcija un
elektrons pariet no zemaka apak$limepa uz augstako. EPR metodi
1zmanto, lal 1zpétitu paramagnétiskus jonus, ka an elektronu un caurumu
kerajcentrus vield jebkura tas agregatstavokli (cieta, $kidra, ka ari
gazveida). Piejaukuma centri cieta vield rada paramagneétiskos jonus ar
daleji aizpilditam ¢aulam. Nesaparotais spins rada visa jona magnétisko
momentu, kur§ var buat atSkirigs no nulles. Visbiezak sastopamas
neaizpilditas d- un f- ¢aulas (s- un p- ¢aulas parasti piedalds kimiskas
saites veido$ana kristala un veido elektronu konfiguracijas ar saparotiem
spiniem un nulles magnétisko momentu). Art elektronu un caurumu
kérdjcentrus var petit ar EPR metodi, jo elektrona vai cauruma sakersana
uz defekta var parveidot defektu paramagnétiska stavokli. EPR metode
var sniegt informaciju par defektu centru geometrisko, k3 ari elektronisko
struktiiru.

Elektronu un caurumu centrus kristala var radit ari ar starojumu
(rentgena, gamma, alfa, beta, neitronu u. tml.) palidzibu, $adus centrus
sauc par radiacijas defektiem [26].

Péc biitibas, izpétit defektu analize ar EPR metodi nozimé veikt
rezonanses absorbcijas spektru anahizi. Spektrs tiek analizéts péc
sckojoSiern  kritérfjiem: linijju skaita, to intensitatém, savstarpéja

novietojuma, ki ari EPR spektra linyju lepkiskajam atkaribam [27,28].



EPR spektros novérojamas linijas iedala, vadoties péc mijiedarbibam,
kuras nosaka energijas limenu saSkel3anos:

1) elektronu Z&émana efekts,

2) spektra sikstruktira (kuru nosaka energijas limenu sakotngja

saskelSanas kristaliskaja (elektriskaja) lauka),
3) spektru  hipersikstruktira (kuru nosaka nesaparotd spina
mijiedarbiba ar kodolu spinu magnétiskajiem momentiem).

Z&mana efekta t.s. Zémana apak$limenu skaits ir 25+1, 1zveles likums
atlautajam EPR parejam: AMs =1, ka rezultata atlauto pareju skaits ir 2S.
Spektru hipersikstruktiras Imiju skaitu nosaka kodola spins I. Izvéles
likumi atlautajam parejam : AMs =+ I; AM;= * 0, atlauto pareju skaits
ir 21 + 1.
EPR spektru simetrija un lepkiskas atkaribas dod informaciju par defekta
letilpsto$a nesaparota spina galvenajam mijiedarbibam un mijiedarbibas
tensoru asu orientaciju kristala.
Visparigo EPR spektra aprakstu var iegut, izmantojot t.s. spin-
Hamiltonidna operatoru: H = b," O.™ + gB + ZSAI
Pirmais loceklis apraksta Iimepu sakotnéjo saskel$anos kristaliskaja
lauka, otrais loceklis apraksta Zémana saskelSanos, bet tre$ais loceklis
apraksta hipersikstruktiiras saskel3anos. Visas tris aplikotas galvenas
mijiedarbibas visparigaja gadijuma ir aprakstamas ar t.s. mijiedarbibas
tenzoru. Atseviskos gadijumos mijiedarbibas 1espéjams aprakstit ar
skalariem lielumiem (g, A), vai ari defektam ir aksiala simetrija un
attiecigie mijiedarbibu raksturojosi parametri tada gadijuma ir: g, gjj un
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3. Paraugi un eksperimentu metodika

Visi dotaja darba pétitie paraugi izaudz&ti LU cietvielu fizikas institata
kristaluaudzésanas laboratorija (A. Veispals) ar Cohra]ska un Stokbargera
metodém. Pétiti gan nominali tin LiBaF; kristali, gan art ar Fe, Ni un
cittem piejaukumiem. Vairadkuma izaudzetie paraugi bija poliknistaliski,
ar mozaikveida blokiem, tikai loti nedaudzi no audzétajiem kristali
izradijas monoknistaliski. Tadé] EPR spektru lenkisko atkartbu
mérijumiem bija no hela daudzuma paraugiem ar rentgenstrukturanalizes
medodi (I. Brante, V. Ogorodniks) jaatlasa monokristaliskie paraugi.

Vg centru EPR spektru lepkiskas atkaribas tika 1zméritas nominali tira
monokristaliska parauga, kur$ tika orientéts LU Fizikas un matematikas
fakultates rentgenstrukturanalizes laboratorija. F-tipa centrt EPR spektru
lenkiskas atkaribas tika meéritas LiBaF; parauga ar Fe piejaukumu, kurs
tika orientéts ar renggenstruktiiranalizas metodém Cehijas ZA 2. Fizikas
institiita Praga. Radiacijas defektu radifanai paraugos tika izmantots
rentgenstarojums, paraugus apstarojot gan istabas temperatiira, gan skidra
slapekla temperatura. Tika izmantota rentgeniekarta YPC —55 ar pielikto
spricgumu 55 kV, anodstrava 10 mA, rentgenlampas anods no volframa.
apstaroSanas laiks 30-60 min. Paraugi gan apstaro$anas, gan EPR
mérfjumu laika tika turéti tumsa, lai novérstu pétito defektu sabruk3anu
gaismas iespaida. Paraugu apstaro3anai rentgenstarcjumu $kidra slapekla
temperatiira tika izrantots sttkla djuars. Paraugs péc apstaro$anas kopa ar
Skidro slapekli tika parvietots EPR spektrometra kvarca djuara un
mérjumi $aja gadijuma arf tika veikti $kidra slapekla temperatiira (77 K).
EPR spektn tika meriti ar radiospektrometru P2 —1306, magnetiska lauka
indukcijas merisanai tika 1izmantots Holla devejs (ar voltmetru B7-34A).

Meéramais EPR signals ar voltmetru B7-23 (pirmais atvasinajums no



kristala absorbéta SAF starojuma) kopa ar Holla deveja spriegumu tika
ievaditi datora faila veida.
EPR spektru lepkisko atkartbu mérijjumi tika veikti, griezot paraugu ap

vertikalu asi ar 5° soli, ka paradits eksperimenta shéma ziméjuma 2.

Magnéts Paraugs Holla devéjs  Voltmetrs B7-34A

o\ \

52 ]

L

/ Dators

]

Magnéta S Sinhro- V.
vadibas | detektoru | Voltmetrs B7-23
bloks bloks . (EPR signals)

B Spektrometrs PD-1306

Zim. 2. EPR eksperimentu shéma.
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Darba EPR spektru teorétiskajam aprékinam tika izmantotas divas Vi
centru EPR spektru lepkiskas atkaribas tika izmeéritas nominali tird
monokristaliska parauga, kur§ tika orientéts LU Fizikas un matematikas
fakultates rentgenstrukturanalizes laboratorija. F-tipa centri EPR spektru
lepkiskas atkaribas tika meéritas LiBaF; parauga ar Fe piejaukumu, kur§
tika orientdts ar renggenstruktiranalizas metodém Cehijas ZA 2. Fizikas
institata Praga. Radidcijas defektu radiSanai paraugos tika izmantots
rentgenstarojums, paraugus apstarojot gan istabas temperatiird, gan Skidra
slapekla temperatiira. Tika izmantota rentgeniekarta YPC —-55 ar pielikto
spriegumu 55 kV, anodstrava 10 mA, rentgenlampas anods no volframa,
apstaro§anas laiks 30-60 min. Darba EPR spektru teorétiskajam
aprékinam tika izmantotas divas Paderbornas Universitité (Vacija)
izstradatds programmas:

1Y HEDOR - Vi centru EPR spektru aprekinam,

2) PCS - F-tipa centru EPR spektru aprékinam.

Programma HEDOR at]ava korekti aprékinat Vg centru EPR spektru
lepkiskas atkaribas, ievérojot nesapdrota spina hipersikstruktiras
mijiedarbibu ar divu fluora kodolu spiniem.

F-tipa centru EPR spektru hipersikstruktiiras aprekina jagpem véra spina
mijiedarbiba ar pavisam kopa 10 kodolu spiniem, ka arl g-tenzora
anizotropija. Ta ka $adas sarezgitibas uzdevumu jebkurai patvaligai
magnétiska lauka orientdcijai nebija iespéjams atrisindt ne ar vienu no
pieejamam programmam, uzdevums tika sadalits dajas un risinats tikai
trim magnétiska lauka orientacijam pret LiBaF; kristala galvenajam asim.
Vispirms ar programmu PCS tika aprékinata spektru hipersikstruktira

katrai no dotaja orientacija sastopamajiem g- faktoriem un tad $ie spektri

11



sasummeéti. Lai paatrinatu spektru aprékinu $ada veida, visu PCS
programma levadamo tenzoru komponensu noteikSanai tika izveidots

algoritms Excel tabulas veida.



4. Eksperimentu rezultati

Radiacijas defektu EPR spektri LiBaF; kristalos tika pétiti, gan apstarojot
paraugus 77 K (LNT), gan istabas temperatara (300 K, RT).

LNT apstarotu LiBak; knistalu EPR spektra (zim.3) redzama intensiva
centralo Itnijju grupa, kura pieder neidentificétiem defektiem un to més
misu darba talak neapluokosim. Misu darba més analiz&sim tris vdjaku
lintju grupas, kuras més identificéjam ka dazadi orientétu Vi centru
Iinijas (zim 3, zim. 4). So liniju grupu lenkiskas atkaribas mes sikak
aprakstisim punkta 4.1. [2*-4*].

RT apstarota LiBaF; kristala EPR spektra (zim 5) arf redzama intensiva
centrala limja, kura ari pieder neidentificétiem defektiem, ko més talak
neapliikosim. Mgs pétisim EPR Iiniju grupu, kura sastav no apméram 35
linijam. Sis grupa EPR linijas ari stipri mainas no kristala orientacijas pret
magnétisko lauku. Tacu, ja linju novietojumam ir saméri vaja lenkiska
atkariba, tad lot1 izteikta lenkiska atkariba ir grupas liniju intensitatém, §is

lenkiskas atkaribas més sikak aplikosim punkta 4.2, [5*-6*].
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V. (~90)
T L |
V (~45)
220 260 300 340 380 420

Magnetic Field , mT

Zim. 3. LNT apstarota LiBaF; kristala EPR spektrs.

4.1. Vg centru EPR spektri LiBaF; un to lenkiska atkariba

LNT apstarota LiBaF; kristala EPR spektra linijju lenkiska atkariba
paradita 4. zim&uma. Eksperimentala EPR Iinijjas izvietotas gandriz
simetriski pret magnétiska lauka veértibam 320-330 mT. Gan kreisaja, gan
labaja spektra pusé var noverot lidz 6 resonanses linijjam. EPR spektrs
vienkarSojas pie magnétiska lauka orientacijas B[ [[100]. Saja
magnétiska lauka orientacyja eksperimentali novérojamas resonanses
Iinija saiet kopa 4 grupas — 2 grupas katra pa 4 Iinijam un spektra vidus
dala — 2 grupas pa 2 linjam. Pasa centralaja EPR spektra dala
(ap 330 mT), liniju gaitu izsekot traucé intensiva linija no
neidentificétajiem radiacijas defektiem. 5 nodala més aplukosim $So EPR

spektru teorétisko modelésanu.
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Zim. 4. LNT apstarotu LiBaFj; kristalu EPR spektri un to lepkiska
atkariba.
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4.2. F-tipa centru EPR spektri LiBaF; un to lepkiska atkariba
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Zim 5. RT apstarota LiBaF; kristala EPR spektri

atkariba.
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Istabas temperatura apstarota LiBaF; kristala EPR spektra liniju lenkiska
atkariba paradita 5. zZim&uma. 35 liniju grupa. mainoties kristala
orientacijai pret magnétiska lauka virzienu, nov€rojamas straujas
izmainas. Tuvaka analize paradija, ka atseviski liniju novietojums un
attalums izmainas relativi nedaudz, bet straujas 1zmaina nosaka gan liniju
absoliito intensitasu, gan relativo intensitasu lepkiska atkariba.

Vislielaka grupas liniju intensitate novérojama pie magnétiska lauka
orientacijas B||[111], $aja orientacija arf liniju grupa relativais intensitasu
sadalfjam 1ir loti tuvs binomialajam.

Liniju intensitaSu lenkiska atkariba ir loti izteikta, dazkart magnétiska
lauka izmaipa jau par 5° noved pie pilnigas, kvalitativas grupas Iiniju
intensitasu relativas izmainas. Dazas orientacijas 35 linijju grupa sadalas
vairakas apaksgrupas ar loti dazadam amplitadam.

Sis EPR liniju grupas Iiju skaits un to lenkiskas atkaribas LiBaF; misu
darba izskaidrota F-tipa centra modela ietvaros un to teorétiska

modelésana aplikota 6. nodala.

—
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5. Vi centru EPR spektru modeléSana

No noverotajam LNT apstarota LiBaF; kristala, EPR spektru lepkiskajam
atkaribam meés varam secinat, ka EPR spektru nosaka 6 magnétiski
ekvivalenti centri. Hipersikstrukturas mijiedarbibas tenzoru galvenas asis
veérstas [110] virziena. Nesaparota spina vértiba S=1/2 un linijju un to
grupu skaitu var izskaidrot ar hipersikstruktiiras mijiedarbibu ar 2 fluora
"F kodolu spiniem (I=1/2, izotopa dabiskais saturs — 100%) katra centra.
Sads modelis atbilst Vi centram LiBaF; kristala.

Vk centrs 1r autolokalizéts cauruma centrs, kura caurums lokalizéts uz
diviem fluora anjoniem un ta ass virzita kristalografiskaja virziena <110>.

VienkarSoti So defektu var stadities priek$a ka . jonu.

18



5.1. Spektru anizotropija

Zimgjuma 6 paradita Vg centram, ar ta galveno asi virzitu [110] virziena,
atbilstoSo EPR liniju kvalitativi lepkiska atkariba, ja magnétiska lauka

indukcijas virziens mainas kristala (100) plakné.

By e s S
Al —I

Zim. 6. Kvalitativs VK centra EPR spektra izskats
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5.2. Centra modelis un spin-Hamiltonianis
Li

) ()
N

() g
A

/..moS

O Ba \ O D)

2 <100>
o/

Zim. 7. Vg centra modelis LiBaF3 kristala. Vg centra modelis paradits 7.

ziméjuma, EPR spektru aprékinam 1zmantots spin-Hamiltonianis:
H=gBSB+2*SA_I. (1),

Kur g ir g-tenzors, B - Bora magnetons, Ay — hipersikstruktiiras

mijiedarbibas tenzors,

Nesaparotais spins S=1/2 un fluora kodolu spins 1,=1/2.

Hipersikstrukturas tenzors Vi centra gadijuma ir ar aksialu simetriju:

(A, O 0)
A= |0 A, 0|
lo o AnJ

Tabula 1 uzdoti musu aprekinu resultata iegiitie Vg centra g-tenzora un
hipersikstruktiiras tenzora parametri LiBaF; kristala.

Tabula 1. Vg centra LiBaF; kristala spin-Hamiltoniana parametri.

A =2520420 A,=200+30  g(=2.002+0.002 g,;=2.02420.002
(MHz) (MHz)
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Izmantot spin-Hamiltoniani (1) un 1. tabula uzdotos Vk centra EPR

5.3. Teorétisk

tie Vg centru EPR spektri.
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Zim 8. VK centra teorétiskie EPR spektri LiBaF3 kristala.
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Angle, deg.

Zim¢uma 9 teorétiskais Vi centra EPR spektrs apvienots ar
eksperimentala EPR spektra punktiem (kuri attéloti ar kvadratiniem).
Laba teorétisko un eksperimentalo datu sakritiba apliecina musu izvéléta

defekta modela - Vi centrs LiBaF; kristala - pareizibu.

>
01 E R = 1+ BII[100]

q: [ ] -.'9 .-'I ] ] : él- b 9'.. ] :'u a
i3 Awng w1 Blowg F &K
b b 6 &8 o I EZi g's b 4 8,
30 ¢ i ®» A& es ERTONN . %
boodF e = oA 4 b o b
i gy e L
i § q 7 o N N
60 1 TR ’ W
! . .- 5 ."-:-':
ia W =y = : B
90 t i g iee G £ 4 i H 123" to [010]

250 300 350 400
Magnetic field, mT

Zim 9. EPR spektrs Vi teorétiskais un eksperimentalie spektri (lenkiska

atkariba). Spektrs métits 77 K temperatara, mikrovilpu frekvence
9.18 GHz.
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5.4. Secinajumi

LNT apstarotaja LiBaF: kristala novérota defekta eksperimentalo EPR
spektru un ta lenkiskas atkaribas labi izdodas aprakstit ar Vi centra
teorétisko modeli — caurumu, kur$ autolokaliz€jies un diviem fluora

anjoniem ar molekulas asi virzitu <1 10> virziena.

(S8
(%]



6. F-tipa centru EPR spektru modelésana

Istabas temperatiiras apstarota LiBaF; knistala novérota EPR Iinyju grupu,
sastavo$u no apméram 35 Iinijam, neizdevas ilgaku laiku 1zskaidrot Iiniju
intensitasu  straujo lenkisko atkaribu dg|. Atrisindjumam 1zdevas
pietuvoties tikal pec tam, kad tika atrasta ekspenmentdlo spektru
kvalitativa analogija ar literatara atrodamo F centra EPR LiF kristala [29].
Kaut gan LiF kristala F centra nesapdrotajam elektronam ir at3kirigs
kaimigu kodolu skaits, mums 1zdevas dotajam LiBaF: uzdevumam
1zmantot darba [29] uzdotos hipersikstruktiiras mijiedarbibas parametrus
Li un F kodoliem.

Misu darba izvirzitaja F-tipa centra modeli LiBaF; kristala nesaparotais
elektrons ar S=1/2 mijiedarbojas ar lielu skaitu kaiminiem kodolu
spiniem: ar 2 L1 kodolu spiniem I koordinacijas sfera (attalums a/2) un 8

F kodolu spiniem II koordinacijas sférd (attalums av2/2).
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6.1. Spektru anizotropija

Zimé&uma 10. paraditi istabas temperatiira apstarota LiBaF; kristala EPR
spektri, ja magnétiskais lauks orientéts kristala galveno asu virzienos.
Pats intensivakais EPR spektrs magnétisko lauku rajona 335+355 mT
novérojams, kad B I [111], spektrs kopuma satur apméram 35
ekvidistantas linijas. Orientacija B || [110] EPR spektra var labi novérot
minétas liniju grupas sadaliSana divas grupas. Tre$aja orientacija, kad
B || [100], visu liniju amplitida apskatamaja EPR spektra no 335+355

mT ir stipri samazinajusies.

[
A
00

:

[100]

85°

o0 .V 0]
\

@5°

50°

55° [111]

e

60°

320 325 330 335 340 345 350 355
Magnetic Field [mT)]

Zim. 10. RT apstarota LiBaF; kristala EPR spektri galveno asu virzienos.
Mikrovilpu frekvence (9.37,9.38, 9.38 GHz).
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6.2. Centra modelis un spin-Hamiltonianis
11. Zim&juma attélots F-tipa centra modelis LiBaF; kristala. Paradita
fluora vakance un ta tuvakie kaimini — 2 Li joni (I) un talakaja (II)

koordinacijas sfera — 8 fluora joni.

-
.\\_' )

N~ . L E T
N

"

(oo™ | \

Zim. 11. F-tipa centra modelis LiBaF; kristala.
F-tipa centra EPR spektru aprakstam izmantotais spin-Hamiltonianis:

H=gBSB+8*SAfIr+2*SALIL (2),

) _ ( A0 0 )
kur hipersikstrukturas K=l A=]10 A, 0 |
mijiedarbibas tenzors: Aj=a+2b Lo 0 A/

Nesaparota elektrona spins: S=1/2 un hipersikstruktiras mijiedarbibas
iesaistito kodolu spini: I(Li®)=1 (7.5%), [(Li))=3/2 (92.5%), I(F)=1/2
(100%).
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g-tenzora komponentu aprékinam patvaliga lepki o tika i1zmantota

sakariba:

2 22 22
g (a)=gysin ot g *Cos o

Hipersikstruktiiras mijiedarbibas konstantes aprékinam patvaliga lepki o

A,y =\/AJ2_ *sin2a+A|2| x cos” a

2. Tabula apkopoti miuisu darba noteiktie F-tipa centru g-tenzora un

hipersikstruktiras tenzoru parametri.

a (F") b (F") a(Li) b (Li") 2 a1
(mT) (mT) (mT) (mT)

3.12 0.20 0.91 0.03 1.990 1.960
+0.02 +0.02 +0.02 +0.01 +0.005  +0.005

Tabula 2. F-tipa centra g-tenzora un hipersikstruktiiras tenzora parametri.
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6.3. Teorétiski aprekinatie F tipa centru EPR spektri
EPR spektru aprékinam orientacija B [1[111], izmantojot tabula 2. dotos
spin-Hamiltoniana parametrus, tika atseviski izrékinatas atbilstoSas g-

tenzora un visu hipersikstrukturas tenzoru komponensu veértibas.

B orientéts paraléli [111] asij

N 1 & a1 4.017 A

oo \.

Zim. 12. F-tipa centra EPR spektra aprékini <111> virziena: g-tenzora un
hipersikstruktiiras tenzora parametru vértibas dazadam centru
orientacijam X, Y, Z (¢p=54°)

gs,= 1,967 + 0.005

4 F=175,53 MHz

4 F=99,22 MHz

2 Li= 25,14 MHz
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13. Zim&uma aprékinatie EPR spektri F-tipa centram orientacija
BII[111], salidzinati ar RT apstarota LiBaF; kristala atbilstoso

eksperimentalo EPR spektru.

NM "

o)

320 326 330 3356 340 345 350 355 360
Magnetic Field [mT]

Zim. 13. F-tipa centra EPR spektri LiBaF; kristala

<111> virziena (eksperimentalie- a un teorétiskie- b)
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EPR spektru aprékinam orientacija B || [110], izmantojot tabula 2. dotos
spin-Hamiltoniana parametrus.

B orientéts paraléli [110] asij

- Li e u
Li ®WT

Li)

o

[100]

Zim. 14. F-tipa centra EPR spektra aprékini <110> virziena: g-tenzora un
hipersikstruktiiras tenzora parametru vértibas dazadam centru

orientacijam

X, Y (9=45°) Z (9=90°)
g45=1,975+0,005 g, =1,960+0,005
2F=175,67T MHz 8 F =86,41 MHz
2F=112,66 MHz 2 Li=2298 MHz
4 F=86,41 MHz

2 Li= 26,09 MHz
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15. Zim&uma aprékinatie EPR spektri F-tipa centram orientacija
BII[111]), salidzindti ar RT apstarota LiBaF; kristala atbilstoso

eksperimentalo EPR spektru.

o)

328 330 332 334 336 338 340 342 344 346 348 350 352 354 356
Magnetic Field [mT]

Zim. 15. F-tipa centra EPR spektri LiBaF; kristala

<110> virziena (eksperimentalie- a un teorétiskie- b).
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EPR spektru aprekinam orientacija B || [100], izmantojot tabula 2. dotos

spin-Hamiltoniana parametrus.
B orientéts paraléli [100] asij

[100]

Zim. 16. F-tipa centra EPR spektra aprékini <100> virziena: g-tenzora un
hipersikstruktiras tenzora parametru vértibas dazadam centru

orientacijamX (¢=0°) Y, Z (¢=90°)

g(/= 1,990+0,005 g, = 1,960+0,005

8 F =95,96 MHz 4 F = 95,96 MHz

2 Li=28.87 MHz 4 F =75,67 MHz
2Li=22,98 MHz
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17. Zim&uma  aprekinatie = EPR  spektn  F-tipa  centram
orientacijaB || [111], salidzinati ar RT apstarota LiBaF; kristala atbilsto3o
eksperimentalo EPR spektru.

W

b)

320 326 330 335 340 346 350 366
Magnetic Field [mT]

Zim. 17. F-tipa centra EPR spektri LiBaF; kristala <100> virziena

(eksperimentalie- a un teorétiskie- b)
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6.4. Secinajumi

[stabas temperatuira apstarota LiBaF; kristala EPR spektru, kur$ sastav no
apméram 35 linijam labi izdevies aprakstit ar F-tipa centra modeli.
Nesaparotais spins atrodas fluora vakancé un ta kaiminu I koordinacijas
sféra atrodas 2 Li kodoli un II koordinacijas sféra atrodas 8 F kodoli. Ar
misu darba piejamajam eksperimentalajam un teorétisko aprékinu
metodém nav izdevies iegit informaciju par II1 un talakajas koordinacijas

sféras iesp&jamajam perturbacijam.
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7. Aizstavamas tézes

1. 77 K temperatura apstarota LiBaF3 kristala novérotais EPR spektrs ar
g-tenzora asi virzitu [110] virziena atbilst VK centram
2. Istabas temperatiira apstarota LiBaF3 kristala noverotais EPR spektrs

ar apméram 35 hipersikstruktiras linijam un g-tenzora asi virzitu [100]

virziena atbilst F-tipa centram



8. Nobeigums

Promocijas darba mérkis kopuma ir sasnmegts un darba uzdevumi izpilditi
— darba ir ar EPR metodi identificéti divi jauni defekti LiBaF; kristala.
Jaatzime, ka darba 1zpildes gaita ir novéroti vairak EPR spektru, neka tie
divi, kurus mums izdevas identificét. Gan 77 K temperatiira, gan istabas
temperatiira apstarotajos paraugos neidentificétas palikuSas wvairakas
specigas EPR linijas magnétisko lauku rajona ap ~ 330 mT.

Promocijas darba autora ieguldijums veiktajos petijumos ir; visi darba
izpetito kristalu asu orientacijas noteikSana ar rentgenstrukturanalizes
metodém, visu darba aprakstito EPR spektru un to lenkisko atkaribu
mérfjumi, ka ari butisks ieguldijums spektru teorétiskaja modelésana,
seviski F-tipa centru EPR spektru modelésana. Tadejadi promocijas darbu
var uzskatit par sekmigi nobeigtu. Turpmakais darbs dotaja pétijjumu
virziena varetu tikt turpinats, meginot ar EPR un citam metodém méginot

1zpétit parejos, misu darba neidentificétos, defektus.
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The luminescence bands at 300-370nm may be caused by charge-
transfer transitions between IF-type and Vi centres.

References

{1] A.V. Gektin, N.N. Ivanov, Yu A. Nesterenho, NV, Shiran and V.V Voronova,
Abstracts of the Int, Conl. ICDIM'96, Wuke Forest, 196, p. 276,

12) N.V. Shiran, A.V. Gektin, V.K. Komar und V.V. Voronova, Abstracts of the Int.
Conl. ICL.'96, Prague, 1996, p. 8- 195.

[3] L. Prado, L. Gomes, S L. Baldochi, S.P. Morato and N.D. Vicira, Jr., J. Phys.:
Condens. Matier 10, 8247 (1998).

(4] K. Somaiah, M, Venkata Narayana and L.H. Brixner, Materials Chemuiry and
Physics 24, 153 (1990).

{5] Th. Pawlik, Doctoral Thesis, Paderborn (1996).

[6] J.). Rosscau and J.C. Fayet, Phys. Stat. Sol. (b) T1, 195 (1976).

[7) L.E. Haliburton and E. Sonde., Solid State Communications 11, 445 (1969).

[8) T.P.P. Hall, Brie. J. Appl. Phys. 17, 1011 (1966).

9] E. Kotomin, |. Tale, V. Tale, P. Butlers and P Kulis, J. Phys.: Condens. Matier 1,
6777 (19%9).



HOLE SELF-TRAPPING AND
RECOMBINATION IN LiBakF;
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We investigated the electron paramagnetic resonance (EPRY recombination sfcrglow
and thermostimulated luminescence (TSL} of the Xarradwated LiBaly crysialy After
Xarradation a1 30K, an EPR of the sell-trapped hole vonire Vi (F; ) orientcd abong the
[110] axis s identificd. X-urradiation at lemperatures beluw 200 K resulisin a creslinn ol a
long-term temperature-independent wlergiow - lunpelling Jununescence { T'L), with inain
enstion bands at 300, 370 and 430 nm. The thort wavelongth TE banis ate sasonrated
with the tunnelling recombination of the clectron contre with the Vi centre, with theoud
slabiliiy estumated to be about 1J0K.

Keywords: LiBaF,, Self-trapped holes; Recomhbination luminescence; EPR

LiBaF, crystal is expected to find application as a material for thermal
neutron detection {1] and X-ray storage phosphors [2]. However, there s
little infarmation [3] about the defect centres and recombination pru-
cesses in these crystals. Somaiah e al. [4] suggested that even at room
temperature Vi centres contribute to the X-ray excited luminescence
The aim of the present work was to study the ongin and the recomby.
nation processes of the hole centres created by the ionising irradiation.

* Corresponding author.
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Alter X-irradiation of single LiBak, crystal at 80K, the EPR spec-
trum shows spectral patterns corresponding to axial centres oricnted
along the {110) axis (Fig. 1). Splittings in the spectrum can be explained
by a hyperfine (hf) interaction of the unpaired spin S =1/2 with two
fMluorine nuclei (F = 1/2 with a natural abundance 100%).

The first estimations of the F'® hl intcraction parameters from the
EPR angular dependencies (4= 2550 MHz, 4, =300 MHz) are in
good agreement with the parameters for YV (fluorine F3) centres found
i other perovskile crystals |S-8]. No EPR signal of Vi centres was
observed after X-irrodintion al room temperature, thercfore such cen-
tres dre not stable in LiBaFy at room 1emperature.

X-irradiation below 200K resulls in the creation of a long-term
temperature-independent afterglow, as observed, by subsequent cool-
ing down to RO K and corresponding to the rudialive charge-transfer-
recambination between close electran and hole centres {i.e. tunnelling
fwminescence (T1)). The TL spectrum is characterised by 300, 370 and
43¢ nm bands (Fig. 2). The 300G, 370nm TL bands diminish both by the

\ Vl("gon)

— *

— I

V,(~45")

i

R40 £O0 280 300 320 340 38D 380 400 420
Magnelic Fleld ImT)

FIGURE 1 The FIPR apect-uim at KOK of the LiBaFy crystal afier X-iriadiatson at
KUK Microwave lrequency 4 IKGHEz The onentation of the crystal it approvemaicly
§* desinted from the Hy [100). ~4% and ~90° onented Vi centres are shown, the
lines are sphit due (o the crystal disorientation. Central strong lincs belong 10 unidents-
fied radianion defevtn.
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FIGURE 2 The afterglow spectra at ROK of the LiBaF, crystal afer X-irrndiation
at BOK (solid circles) and 160K (open circles). Inset: the TSL curve of the LiBaF,
crystal after X-irradiation at S0 K,

risc of X-irradiation temperature as well as by the heating of the sample
preliminary X-irradiated (at 80 K) above the 130 K TSL peak (Fig. 2,
insct).

In the carly stages of the 130-140K TSL peak, the diffusion-
controlled-tunnelling-recombination kinetics occurs, as discussed in the
case of halide crystals in [9). A small step-like (2-5K) incrcase of the
stimulation temperature leads to the long-term increase of the recom-
bination luminescence to the quasi-stationary value. The transition time
to the new quasi-stationary recombination decreases with increased
stimulation temperature. Thus, the process involves the diffusion of the
reaction partners leading to radiative charge transfer between close
pairs with a probability exponentinlly increasing with decreasing pair
separation,

Based on the obtained data the following conclusions can be drawn:

In LiBak, crystals self-trapping of holes occurs in the form of Mluorine
Fy molecular Vi centres occupying the fluorine site and oriented along
[110] direction.,

The thermoactivated migration of the Vi centre occurs starting from
~ 100 K via reorientation hops, without breaking the molecular bond.
Above 130K the Vi centres are thermally destroyed.,
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Sclf+trapped holes (Vi -centres) in x-irradiated LiBaF, crystals were investigated by clectron
paramagnetic resonance (EPR), recombination afierglow and thermostimulated huminescence
{TSL). After x-umadianon = 77K, an EPR of the self-mapped hole cente Vo (F; 7))
oriented along the [110) muis is identified The "*F hyperfine interaction parametors of V-
centres estimaied from EPR angular dependencics are: 4, = 2520 MHz; A, =200 MHz; the
g-icnsor parameters are: go =2.002 and g =2.024. X.imdiation at temperatures below
200K results in 8 creanon of a loag-erm wmperature-independent afterglow-runnelling
luminescence (TLY with mam emission bands of ~ 4.1 ¢V and ~3.15 eV The short
wavelength TL bands are associated with the nmnelling recombinanon of the clectron
centre with the Vg-contre, with thermal stability esnmated to be about §30 X

Kevwords: LiBaF); EPR; Self-tapped holes; Recombination fuminescence

LiBaF; crystal is expected to find application as a material for thermal
neutron detection and storage phosphors (e.g. [1]). Intrinsic electron trap
centres, F- and F- aggregate centres in LiBaF; crystals, have already been
studied in detail {2, 3]. Recently we observed the EPR of the self-trapped
holes, V~centres in LiBaF; crystals, after x-irradiation at liquid nitrogen
temperature {4]. In this article we present a d-tailed EPR investigation of
the V—centres in LiBaF, crystal and discuss their recombination processes.

*Corresponding muhor. E-mad- istakog bamet Iy
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LiBaly crystals were grown using monocrystalline LiFF and BaF; as a
raw matenial. Xe-ray stucture analysis showed that LiBBaFy erystals tend to
RIOW i a mosaic-type polyerystalline blocks. For EPR measurements,
single crystalline blocks were separated.

Figure 1 shows the experimental angular dependence of the EPR lines
(open squares) of LiBBaly single crystal after x-irradiation at 77 K. The
crystal was rotated in a planc. which makes an angle of 23" with the (001)
plane of the crystal. No experimental line positions are shown at magnetic
fickds around 3301 beeause of the overlapping with unidentified strong
LR lines. At each angle we observe six pairs of EPR lines positioned
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FIGURE T 1 PR angular dependence of the Lillaly erystal afler x-irmdiation st 77K, Cry«al
was rotated in the plane, which mokes nn angle of 237 with the (001 plane of the crvatal. At 0
Bos paraliel wo [100] axvis and at 90 13 makes an angle of 23 with the [010] avis of the cryatal,
The open wuantes repeesent the expetimental hine position: the dashed lines are caleulated by
vsing the patamicters of Table 1 No expenmwntal line positions are shosvn st magnetic fickds
atotid YWl becanse of the onerlapping w il sty iedeaidied TPR fines The apwctin
were tevomded ot 7T R apply g 8 micnsvave liegiemy ol YR Gz,



ncarly symmetrically to the magnetic field value 330 mT. Four of six lines
in cach pair are going together for a rotation towards B parallel to (100]
axis. This indicates that we deal here with only one centre with six difTercnt
centre orientations,; four of thein are magnetically equivalent to B parailel to
[100]). This behaviour corresponds 1o axial centres oriented along the [110]
axis; splittings in the spectrum can be explained by a hyperfine (h/} inter-
action of the unpaircd spin $=1/2 with two fluorine '*F nuclei (/= 172
with a natural abundance 100%). In Figure | the dashed lines are calculoted
EPR line positions by using the conventional spin-ltamiltonian of the Vy
tfluorine F3 7 ) centre, The estimated '*F 4/ interaction parumeters of V-
centres in LillaF, crystals are: Ay =2520MHz; 4) = 200MHz; the g-
tensor parameters are g =2.002 and g, =2.024, The parameters are
collected in Table I, together with the parancters for Vy-centres reported
on similar perovskite crystals [$-7).

The spin-Haiiltonian parameters of Yg-centres in LiBaF, crystals are in
good agreement with the other perovskite crystals, Special attention could
be paid to the g-shift: Ag =g, -giy. which in the case of V-centres has a
value of about Ag = 0.02. For H-centres (F; ~ occupying one fluorine site)
in perovskites [7-9) the Ay is nearly halved and has a value of about
Ap=0.01; also the Af interaction parameter Ay for H-centre is usually
larger than that of the Vy-centres. Qur estimated wvnlue of
Ag=0.022+0.004 agrees well with the Ag values for V-centres in per-
ovskites, but not for H-centres; therefore in LiBaF, crystals we indeed
observed the Vi-centres,

V-centres participate in Jow lemperature recombinstion processes. Aftes
x-irradiation at temperatures below 200K, a long-term tempemture-in-
dependent afterglow-tunnelling luminescence (TL) occurs, with main
emission bands at ~4.1 ¢V and ~ 115 ¢V. The ~4.1 eV TL band di-
minish both by the rise of x-irmadiation temperature as well as by the

TAUBLE | Paremeters of the spin FHlamiltonlan of Vy-centres in LiDaF,; and simllar perovakite
crystals

Crtal AdMIZ A (M) o n Reference
LiBal, 2520+ 20 003 2002 £ 0.002 20245£0.002  present worl
KMgk, 247436 159+ 6 210024 202 &
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heating of the sample, preliminary s-irmadiated far 77K, above the FMK
thermustunulated luminescence (TS0 ) peak. We vonsider that the TL band
al ~ b eVoas associasted with the wnnelling recombination of 1the eiection
centre. probably Faype centre, with the Vicentre, with thenmal stabiliy
estimated ta be about (30K, n the carly stages of the 130-140K TSL
peak. the charactenstic difTusion-controlled-tunnelling-recombination ki-
netics occur, as discussed in the case of halide crystals in [10]. A small
step-hihe (2 SK) increase of the stimulation temperature leads o the long-
term-incrense of the recombination luminescence 1o the quasi-stationary
vilue. The transition ime 1o the new quasi-stationary recombination de-
creinses with incrcased stimulation tlemperature, Thus, the process involses
the diilusion of the reaction pattners leading to mdintive charge-trinster
between close panis with a probabiliy cxponentially increasing with
decreasing pair sepination. We propose that the thenmoactivated migraion
ol the Viecentre ocvurs stamting liom ~ HOK sin seconientation haps,
withimt bieaking the molecatar bond: above PR the Vi -centres are
thernrdly destioy ed.
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CRYSTAL-SIZE DEPENDENCE OF
LUMINESCENCE AND ABSORPTION
SPECTRA OF F(Br~) AND F(F~) CENTERS
IN BraFBr

Y., KONDO", T. TEZUKA" end Y. IWABUCH!®

Dvpertment of Applied Phoedes, Tohoku Unlversity. Aobaki, Send,
Afivagi ONI-ASTY Japwam: ®Aftvanadal Technology Development Cenier,
Ful Photo Film Co., Lid., Mivanodal, Katsel, Konoguawa 2348

(Reveived T April 2000)

Lumincscence and sbsorprion spectra of FiBe™ ) and F(F™ ) centers have been mensured in
various sizes of BaFBr crystals. Formation efficiency and the luminescence intenuty of
FiF™ ) were almost the same in all sizes of the crystals, while the intensiry of the F(Be™ )
luminescence decreased with decreasing size. In the finest powdered crystal (used in image
plates IP). the F(Br™ ) luminescence was not detected. Since the F{Br™ ) center Is considered
to be maobile st room temperature, RT, the nonexistence of the F(Br ™) huminescence and the
production of stable F(Br™ ) centers in the LP can be attributed w0 the pinning of the F(Br™ )
centers at the surface of the crystal,

Keywords: X-ray imaging: Storuge phosphons;, Color center; Jonic crystain; BaFBr

Since the first commercial epplication of BaFBrEu to recording two-
dimensional X-rny images was reported by the Fuji Photo Film Co., Ltd.
[1). 8lmosi two decades have passed. Although many studies have been
done to look for better materials, so far BaFBr:Eu is still the best storaye
phosphor for X-rays. However, the image plate, ID, has a few drawbacks
such as fading of the recorded images. afterglow, and the reappearonce
of the crased imnges. Among these, fuding may be the most senous drow-
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Abstract

We investigated electron paramagnetic resonance (EPR) angular dependencies, recombination afterglow and thermostimu-
lated luminescence of undoped LiBaF; crystals, X-irradiated at low temperatures. EPR parameters of the F; molecule oriented
along the [1 1 0] direction have been obtained. Based on the value of the g-shift Ag =g, — gu = 0.02, characteristic for the
Vi -centres in similar perovskites, we propose that we indeed observed the Vi -centres, not the H-centres. X-irradiation be-
low 170 K results in creation of a long-time temperature-independent afterglow due to the tunnelling recombination between
close electron and hole centres. The F-type electron centres and the Vi as well as probably O°~ centres are proposed to be
the tunnelling recombination partners, responsible for the 4.1 and 3.15 eV luminescence bands, respectively.(©) 2001 Elsevier

Science Ltd. All rights reserved.

Keywords: LiBaF;; EPR; Self-trapped holes; Recombination luminescence

1. Introduction

LiBaF; represents a group of materials, prospective as
scintillators and as radiation memory materials for dose-
metric purpose. Well-known cross luminescence bands
in ultraviolet have been found in LiBaF; crystals by
X-ray and electron beam irradiation (Knitel et al.,, 1996;
Melchakov et al., 1990; Rodnyi et al., 1991). In undoped
crystals we have recently observed several additional lu-
minescence bands of unknown origin. The broad lumi-
nescence band between 250 and 400 nm is proposed to
be due to the self-trapped excitons (Tale et al., 1997).
It can be expected, that intrinsic defects can cause other
radiative electron transitions. Intrinsic electron trap cen-
tres, F- and F- aggregate centres in LiBaF; crystals, have
already been studied in detail (Tale et al, 1997; Prado

* Corresponding author. Fax: +371-711-2583.

E-mail address: rogulis@]atnet.lv (U. Rogulis).
»

et al., 1998). F-type colour centres are the main radiation
defects created by X-irradiation at room temperature (Tale
et al., 1997; Kulis et al., 1999). Recently electron paramag-
netic resonance (EPR) of Vi -centres in undoped crystals has
been reported after X-irradiation at liquid nitrogen temper-
ature (Tale et al., 1999). In this article we present detailed
EPR investigations of the Vk-centres in LiBaF; crystal and
discuss the origin of the recombination luminescence.

2. Experimental

LiBaF; crystals were grown using monocrystalline LiF
and BaF; as a raw material. X-ray structure analysis showed
that LiBaF; crystals tend to grow in mosaic-type polycrys-
talline blocks. For EPR measurements, single crystalline
blocks were separated.

The samples were X-irradiated using a W-anode X-ray
tube operated at 45 kV, 10 mA. The thermostimulated

1350-4487/01/% - see front matter (©) 2001 Elsevier Science Ltd. All rights reserved.
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V, (-90°)
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V(= 45°)
250 300 350 400

Magnetic field, mT

Fig. 1. The EPR spectrum at 77 K of the LiBaF; crystal after
X-irradiation at 77 K. Microwave frequency 9.18 GHz. The on-
entation of the crystal is approximately 5° deviated from the B
[| [100]. ~ 45° and ~ 90° oriented Vi -centres are shown. The
lines are split due to the crystal disorientation. Central strong lines
belong to unidentified radiation defects.

luminescence (TL) was recorded at heating rate 0.1 K/s.
EPR measurements were performed using an RE-1306
spectrometer.

3. Results

The EPR spectrum of the LiBaF; single crystals
X-irradiated at 77 K shows spectral patterns corresponding
to axial centres oriented along the [110] axis (Fig. 1).
Splitting in the spectrum can be explained by a hyperfine
(hf) interaction of the unpaired spin § = % with two fluorine
nuclei (/ = L with a natural abundance 100%).

Fig. 2 shows the experimental angular dependence of
the EPR lines (open squares) of a LiBaF; crystal after
X-irradiation at 77 K. The crystal was rotated in the plane,
which makes an angle of 23" with the (001) plane of
the crystal. No experimental line positions are shown at
magnetic fields around 330 mT because of the overlap-
ping with unidentified strong EPR lines. At each angle
we observe six pairs of EPR lines positioned nearly sym-
metrically to the magnetic field value of 330 mT. Four
of six lines in each pair are going together for a rotation

-
Bil[100]

30

Angle, deg.

23" 10 |010]

250 300 350 400
Magnetic field, mT

Fig. 2. EPR angular dependence of the LiBaF; crystal after
X-irradiation at 77 K. The crystal was rotated in the plane, which
makes an angle of 23° with the (001) plane of the crystal. At 0"
B is parallel to [100] axis and at 90° B makes an angle of 23°
with the [0 1 0] axis of the crystal. The open squares represent the
experimental line position; the dashed lines are calculated by using
the parameters of Table 1.

towards B parallel to [100] axis. This indicates that we
deal here with only one centre with six different centre oni-
entations; four of them are magnetically equivalent for B
parallel to [1 00]. This behaviour corresponds to axial cen-
tres oriented along the [110] axis. In Fig. 2 the dashed
lines are calculated EPR line positions by using of the con-
ventional spin-Hamiltonian of the Vg (fluorine F; ) centre.
The estimated '“F hf interaction parameters of Vi-centres
in LiBaF; crystals are: Ay = 2520 MHz; 4. = 200 MHz:
the g-tensor parameters are gy = 2.002 and g, = 2.024.
The parameters are collected in Table 1, together with the
parameters for Vi-centres reported on similar perovskite
crystals.

X-irradiation below 170 K results in creation of a
long-term temperature-independent afterglow, i.e. the tun-
nelling luminescence (TuL) appears (Kotomin et al., 1989).
The TuL spectrum sufficiently depends on the X-irradiation
temperature. In the whole temperature interval the

Table 1

Parameters of the spin Hamiltonian of Vi -centres in LiBaF; and similar perovskite crystals

Crystal Ay (MHz) A, (MHz) g g, Reference

LiBaF; 2520+ 20 200 + 30 2.002 + 0.002 2.024 + 0.002 Present work

KMgF, 2474+ 6 159+ 6 2.0024 2.021 Hall (1966)

RbCaF; 2563 + 9 28 + 28 2.003 2.023 Halliburton and Sonder (1977)
CsCaF; 2509 + 2 51+ 10 2.0031 2.0244 Pawlik (1996)
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Fig. 3. Curve fit by Gaussians of the TulL spectrum observed at
80 K after cooling down from the excitation temperature at 100 K:
(a) TuL band at hv = 4.1 eV, (b) TuL band at v =3.15eV, (c)
sum fitted spectra, open circles: experimental TuL spectrum.
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Fig. 4. TL of LiBaF; crystal X-irradiated at 80 K.

composite band represents the TuL indicating that several
radiative transitions are involved in the TuL. In Fig. 3 two
typical TuL spectra obtained after X-irradiation at 100 K are
presented. The best fit of the TuL spectrum created at 100 K
was achieved assuming presence of two elementary TuL
bands at approximately 3.15 eV (curve a) and 4.1 eV (curve
b). Increase of the X-irradiation temperature results both in
the decrease of the TuL intensity and the change of shape
of the TuL spectra. A similar continuous diminishing of the
TuL intensity occurs by heating of the sample, X-irradiated
at 80 K, to various temperatures followed by cooling down
to LNT. The TuL completely vanishes above 170 K. It cor-
responds to the complete emptying of traps responsible for
the 140 K TL peak (Fig. 4). We investigated TL of various
undoped LiBaF; crystals X-irradiated at 80 K. In the tem-
perature region below RT the TL curve in the samples con-
taining F-type centres is represented by four peaks at about
125, 140, 185 and 210 K.
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Fig. 5. The simultaneous records of the temperature (T) and TL
intensity (/) by step-like heating of the LiBaF; sample X-irradiated
at 80 K in the early stages of the 120 K TL peak.

In the early stages of the 130-140K TL peak
diffusion-controlled tunnelling-recombination occurs. A
small step-like (2-5 K) increase of the stimulation temper-
ature leads to the long-term increase of the recombination
luminescence to the quasi-stationary value. Fig. 5 repre-
sents the simultaneous records of the time dependence of
both the temperature and the TL intensity increase. At the
early stage of the 120 K peak (Fig. 5) the increase of the
TL intensity is delayed with respect to the increase of tem-
perature. The transition time to the new quasi-stationary
recombination decreases with increased stimulation temper-
ature. The conclusion can be drawn that the recombination
process responsible for the 120 K TL peak involves the ran-
dom walk of one of the reaction partners. Decrease of the
reaction partner separation leads to radiative charge-transfer
between close pairs with a probability exponentially in-
creasing with decreasing pair separation (Kotomin et al.,
1989). For the given diffusion rate the recombination rate
and the corresponding pair separation distribution function
can be characterised by the corresponding mean recombi-
nation radius, which decreases by increase of the diffusion
rate constant, i.e. temperature. Step-like increase of temper-
ature causes redistribution of the pair separation function.
Thus, the new mean recombination radius and correspond-
ing quasi-stationary recombination rate will be reached with
some time delay.

4. Discussion

The spin-Hamiltonian parameters of Vg-centres in
LiBaF; crystals are in good agreement with the other per-
ovskite crystals. Special attention could be paid to the
g-shift: Ag =g, — gu, which in the case of Vi -centres has
a value of about Ag = 0.02. For H centres (F; occupying
one fluorine site) in perovskites (Pawlik, 1996; Rose et al,,
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1976; Halliburton et al., 1981) the Ag is nearly halved and
has its value of about Ag = 0.01; also the hf interaction
parameter 4y for H-centres is usually larger than that of
the Vi-centres. Our estimated value of Ag=0.022 + 0.004
agrees well with the Ag values for Vg-centres in per-
ovskites, but not for H centres; therefore in LiBaF; crystals
we indeed observed the Vg -centres.

Vk-centres participate in low temperature recombination
processes. After X-irradiation at temperatures below 200 K,
TuL consists of two main emission bands at ~ 4.1 and

~ 3.15eV. The 4.1 eV TuL band diminishes both by rais- -

ing the X-irradiation temperature and by heating of the sam-
ple, preliminarily X-irradiated (at 77 K), above the 130K
TL peak. We consider that the TuL band at ~ 4.1 eV is as-
sociated with the tunnelling recombination of the electron
centre, probably F-type centre, with the Vg -centre, with a
thermal stability estimated to be about 130 K.

The diffusion-controlled-tunnelling-recombination kinet-
ics in LiBaF; crystals indicates that the thermoactivated mi-
gration of the Vi -centres occurs starting from ~ 100 K via
reorientation hops, without breaking the molecular bond.
Either the 60° or the 90° hops can occur in LiBaF; lat-
tice. Above 130 K the Vi -centres are thermally destroyed.
The F-type centres are the main electron centres simultane-
ously created by ionising radiation with the Vg-centres. It
is reasonable to propose that the 120 K TL peak is due to
the radiative diffusion-controlled-tunnelling-recombination
of Vk-centre and F-type centre pairs. Spontaneous electron
transfer from F-type to Vg -centre results in the photon emis-
sion. The radiative transitions can be either direct ones be-
tween the ground states of the electron and hole centres or
two step processes via excited state of Vi-centres. In the
latter case the luminescence of self-trapped excitons will oc-
cur. Energy of the TuL band coincides with the self-trapped
exciton emission energy reported in (Tale et al., 1997).

We propose that the TuL band at 3.15 ¢V originates from
electron-tunnelling transfer between F-type centers and trace
impurity centres. The spectral position of these centres is
close to the blue luminescence band discussed in (Springis
et al., 1999). The spectral position of the blue luminescence
band and its excitation is similar to those, caused by oxygen
in other fluorides (Jacobs and Song, 1980). 0~ incorpo-
rated in an F~ site without charge compensation will act as
acceptor.
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EPR OF RADIATION DEFECTS IN LiBaF; CRYSTALS

U. ROGULIS*, V. OGORODNIK, 1. TALE and A. VEISPALS

Institute of Solid State Physics, University of Latvia, LV-1063 Riga, Latvia

EPR spectra of LiBaF; crystals have been investigated after X-irradiation at RT. A spectrum consisting of
approximately 35 nearly equidistant EPR lines has a strong angular dependence on the line intensities.
The spectrum is caused by a hyperfine interaction (hfs) of a spin §=1/2 with neighbouring groups of nuclei.
The observed large number of hfs lines required Li nuclei being in the first shell and fluorine nuclei in the
more distant second shell. We analysed the spectrum in the F-centre model, taking reduced hfs values of the
F-centre in LiF and found qualitative explanation of the number of hfs lines. The angular dependence of
the line intensities could be explained by an anisotropy of the g-tensor with its main axis along the [100] axis of
the crystal.

Keywords: Electron paramagnetic resonance; Radiation defects; LiBaF; crystals

1. INTRODUCTION

LiBaF; is a promising crystal for various applications as scintillator [1] and dosimeter,
however, the structure of the radiation defects needs further investigations. EPR of several
iron group impurities [2] and the Ce** impurity [3] have been reported. After X-irradiation
at low temperatures, EPR spectra of the self-trapped hole centres V{F; ) have been observed
[4]. After X-irradiation at room temperature (RT), several absorption bands of radiation
defects have been observed and analysed in terms of F-type centres and their aggregates
[5, 6], no EPR spectra of these defects have been identified.

The aim of the present work was to investigate the hyperfine structure (hfs) of the EPR
spectra of the LiBaF; crystals after X-irradiation at RT.

2. EXPERIMENTAL RESULTS

Figure 1 shows EPR spectra of a nominally non-doped LiBaF; (curve a) and of a Fe-doped
LiBaF; (curve b) crystals after X-irradiation at RT. Several EPR line groups could be
observed. As a rule, intense EPR lines around g =2 are always present, however they differ
in different nominally non-doped samples. The strong central line in the Fe-doped crystal
could partially contain EPR lines of Fe’*.
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b)

EPR (arb. units)

325 330 335 340 346 350 356
Magnetic Field (mT)

FIGURE 1 (a) EPR spectrum of (a) nominally non-doped LiBaF; crystal and (b) EPR spectrum of LiBaF;:Fe
crystal, X-irradiated and measured at RT for a magnetic field orientation B || [1 1 1]. The microwave frequency was
9.38 GHz.

A spectrum consisting of up to 35 nearly equidistant EPR lines on the high field site of the
central lines could be observed in several nominally non-doped LiBaF; crystals. It is unstable
at RT and disappeared within several hours in dark or even faster in light. This spectrum
occurs not in all nominally non-doped samples, addition of impurities like Fe, In or Ni
enhance the creation efficiency of this defect. Lines in the spectre are nearly equidistant
and most intense at B||[1 1 1]. For all other orientation of the magnetic field the line inten-
sities changed in a complicated way.

3. DISCUSSION

These EPR lines have been analysed as caused by a hyperfine interaction of an unpaired spin
S§=1/2 with several equivalent neighbouring groups of nuclei. EPR spectrum has g-tensor
values lower as for a free electron, therefore the defect could be attributed to an electron
trap centre.

In the structure of LiBaF; shown in Figure 2, the lattice site of F~, has two Li neighbours
in the first shell and 8 fluorine in the second shell. The lattice site of Li* has 6 fluorine neigh-
bours in the first shell and 8 barium neighbours in the second shell. The lattice site of Ba’*
has 12 fluorine neighbours in the first shell and 8 lithium neighbours in the second shell.

We found, that taking into account only fluorine neighbours in the first and second shells, it
is not possible to explain the large number of lines in our EPR spectrum.
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[100]‘/ \

FIGURE 2 Crystal structure of LiBaF; with F-centre. Fluorine vacancy has 2 Li neighbours (I) in the first shell
and 8 fluorine neighbours (1) in the second shell.

To explain the observed large number of hfs lines, the interaction is required with Li nuclei
in the first shell and fluorine nuclei being in the second shell. This order of shells takes place
only for a fluorine lattice site in LiBaF; and leads to a F-like centre model, i.e. a fluorine
vacancy with a trapped electron.

Fortunately, the lattice constant of LiBaF; (@ =3.996 A) coincides well with the lattice
constant of LiF (a=4.0173 A) and allows us to use as a first approximation the values of
the hfs parameters found for the F-centre in neutron-irradiated LiF crystals [7]. We men-
tioned also some similarities between the spectra of the F-centre in LiF and our EPR spec-
trum. However, both the crystals have different numbers of lithium nuclei in the first
neighbour shell of the fluorine vacancy (see Tab. I). For the F-centre in LiF, the first shell
consists of 6 equivalent Li neighbours with smaller hfs values as the second, fluorine,
shell with 8 equivalent neighbours. In LiBaF; crystal the fluorine site has 2 Li neighbours
in the first shell and 8 neighbours in the second shell.

TABLE | Hyperfine Interaction Parameters of the EPR Spectrum for the F-centre in LiF [7] and Scaled Parameter
Set Used in the Present Work for the F-centre Model in LiBaF;. We Assumed for LiBaF; the Same Ratio Between
the @ and b Parameters as in LiF.

Nuclei data LiF [7] LiBaF;

Shells Isotope Spin (%a) Nuclei a (mT) b (mT) Nuclei a (mT) b (mT)

I Li’ 3/2 92.5 6 1.394 0.114 2 0.91 0.07
Li¢ 1 7.5 0.528 0.043 0.34 0.03
11 F'" 1/2 100 8 3.780 0.534 8 3.20 0.45
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Applying the hfs parameter values from the F-centre in LiF, we could not reproduce the
spectrum well in Figure 1b for the B | [1 1 1]. Taking reduced Li hfs parameters of about
35% and reduced fluorine shell hfs parameters of about 15% (listed in Tab. I), we found
qualitatively good explanation of the number of hfs lines and reproduce at least qualitatively
the EPR spectrum for the B || [1 1 1] direction (Fig. 3b).

The strong angular dependence of the line intensities (not shown) could be explained by an
anisotropy of the g-tensor with its main axis oriented along the [1 00] axis of the crystal.

Preliminary analysis of the EPR spectra in the magnetic field directions B ||[1 00] and
B/ [110] gave a following estimation for the main values of the g-tensor: g, =2.00 and
g1 = 1.96. These values could be corrected by more detailed calculations of the angular
dependence of the spectra.

In conclusion, we found a strong evidence, that the observed EPR spectrum with up to
35 hfs lines in X-irradiated samples belongs to the F-centre in LiBaF;.

Further calculations are needed to determine precisely the set of the hfs and g-tensor
parameters. Substitution in the first Li shell or in the second-fluorine shell should lead to
significant reduction of the number of the hfs lines but we could not exclude the possible
perturbation in the EPR spectrum in the third shell or further neighbour shells.

TR
326 330 335 340 345 350 356
Magnetic Field (mT)

FIGURE 3 (a) EPR spectrum of LiBaFs:Fe crystal, x-irradiated and measured at RT for a magnetic field
orientation B || [1 1 1]. (b) Calculated EPR spectrum for a magnetic field orientation B || [1 1 1] with parameters of
Table 1.
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In the present work, we have investigated in more detail the EPR spectrum of
defects observed in LiBaF; crystals after X-irradiation at room temperature, consisting
of approximately 35 lines. Such a defect is unstable at RT and disappears within few
hours in the dark and even faster in the light. These EPR lines are equidistant (with a
step of 0.9 mT) for the orientation of magnetic field parallel to the <1 11> direction of
the crystal, with their intensitics closely obeying a binomial distribution. The
spectrum has been explained by hyperfine interaction (hf) of a spin S ='2 with two
equivalent Li nuclei that are in the first shell and eight equivalent fluorine nuclei in
the second shell. This model corresponds to the F-type centre (a fluoride vacancy with
an electron) in LiBaF; crystal. The strong angular dependence of the line intensities is
caused by an anisotropy of the g-tensor whose main axis is oriented along the [100]
direction of the crystal. In the work, angular dependences of the Af lines and their
intensities as well as possible parameters of the g-tensor are discussed.

1. INTRODUCTION

LiBaF; crystals are interesting for applications as scintillators, storage prosphors or
dosimeters, and detectors of the slow neutron particles [1]. After X-irradiation of LiBaF; at
room temperature (RT), several optical absorption bands of radiation defects have been
observed and analysed in terms of F-type centres and their aggregates [2, 3]. EPR data on
iron group impurities and Ce** impurity are reported in [4] and [S], respectively. After X-
irradiation at low temperatures, EPR spectra of the self-trapped hole centres — Vk(Fy) -
were identified [6]. In our previous work [7] we reported preliminary results on the EPR
spectrum of a radiation defect created by X-irradiation at RT. It is unstable at RT and
disappears within few hours in the dark and faster in the light. The spectrum, consisting of
up to 35 hyperfine structure (hf) lines with a strong angular dependence of the line
intensities, was tentatively ascribed to an F-type centre (an electron trapped on a fluorine
vacancy). In the present work we are proceeding further with the analysis of complicated
EPR line intensity variations at the angles other than B 1l [111] and provide a further
estimation of the EPR /if parameters as well as a rough estimate of the g-tensor elements.

2. EXPERIMENTAL

LiBaF; crystal dopea with 0.1 % Fe (grown at the Institute of Solid State Physics,
University of Latvia, Riga), and oriented by X-ray diffraction (at the Institute of Physics,
Czech Academy of Sciences, Prague), in order to allow rotation of the magnetic field in the
(110) plane. The sample was X-irradiated at RT, kept in the dark, and measured by an X-
band (9 GHz) EPR spectrometer within few hours after the irradiation.
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3. RESULTS AND DISCUSSION

Figure 1 shows experimental EPR spectra of LiBaF; crystal, X-irradiated at RT and
isured at different orientations of the magnetic field in the (110) plane. The intense
tral line at about 333 mT is not discussed in the present work. We will consider here a
of fif lines in the magnetic field range of up to 355 mT.

320 325 330 335 340 345 330 355
Magnetic Field [mT]

Fig. 1. EPR spectra of LiBaFs:Fe crystal, X-irradiated and measured at RT for a magnetic ficld
orientation along the main axis of the crystal. The values on the left of the curves are the angle
»f magnetic field and the [100] axis in the (110) plane. The microwave frequency was 9.38 GHz

The EPR spectrum is simplified at the orientation of the magnetic field B Il [111]
| in this orientation it has nearly binomial distribution of the line intensities. For the B 1l
0] orientation of magnetic field the line intensity decreases and the spectrum seems to be
ided into two groups. At the B 11 [100] corientation the line intensity sharply decreases.
: angular dependence of EPR line intensities in Fig. 1 is very strong, and the angle
iations of 5° can change the spectra completely. Therefore we will analyse the spectra
y for three definite magnetic field orientations along the main crystal axes of the LiBaF;.

We have analysed EPR spectra for all the three orientations with the spin Hamil-
ian:

i

e

SA;lL . (1)

M

SAIp +
i |

~,
]

ere g and A /i} are the g-tensor and Af tensors, respectively, and ug is the Bohr

gneton.
Analysis of spectra in the F-type centre model, assuming reduced iif values of the F-
itre in LiF crystals [8], allowed a qualitative explanation of the number of /if lines [7] for
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the B 11 [111] orientation. The spectrum is explained by a hyperfine interaction of the spin
§ = % with two equivalent Li nuclei being in the first shell (I) and eight equivalent fluorine
nuclei in the second shell (II) (see Fig. 2).

[100]

[110]
Fig. 2. Crystal structure of LiBaFy with F-type centre. Fluorine vacancy has two Li neighbours (1)
in the first shell and eight fluorine neighbours (11) in the second shell

According to this model — with an unpaired spin localised in the fluorine vacancy —
we set the main axes of the hyperfine interaction tensors for fluorine nuclei in [110]
directions and for lithium nuclei — in [100] directions.

In the present work, we have corrected the preliminary if parameter values (taken
from [7]) in order to explain, at least qualitatively, the orientations other than Bll [111] of
the EPR spectrum. The corrected /if parameters are shown in Table 1. These (hf) parameters
have a usual meaning, i.e. A;=a-b, A||=a+2b.

Table 1
Spin Hamiltonian parameters of the EPR spectrum for the F-type centre in LiBaF5.
Hyperfine interaction parameters are given in mT

a(F"?) b (F") a (Li") b (Li") 8 8.
.12 0.20 0.91 0.03 1.990 1.960
+0.02 +0.02 +0.02 +0.01 +0.005 +0.005

Figure 3 shows experimental spectra (curves a) and simulated spectra (curves b),
respectively, for the B 1l [111] orientation of the magnetic field. It is seen that there is a
good quantitative coincidence of the line positions and a qualitative coincidence of the line
intensities. In our previous report [7] we already suggested that the g-tensor of our F-type
centre could be aligned along the [100] direction of LiBaF; crystal. In the present work, we
are proceeding with more detailed analysis of the EPR spectra, for the orientation of
magnetic field along the [100] and [110] axes of the crystal. With the parameters shown in
Table 1, it was possible to qualitatively explain the spectrum division into two groups at the
B 11 [110] orientation (Fig. 4, curve b). At the BII[100] orientation the line intensity in the
experimental spectrum is low and it has neither the binomial distribution nor it is divided
into groups (Fig. 5, curve a). The simulated spectrum in Fig. 5 (curve b) also has a lower
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:nsity than in other orientations. This could be explained by an “interference” of two hf
z groups with different g-values for two non-equivalent centre orientations at B 11 [100].

320 326 330 336 340 345 350 366 380
Magnetic Field [mT)]

Fig. 3. (a) EPR spectrum of LiBaF;:Fe crystal, X-irradiated and measured at RT for BII [111]
magnetic field orientation; (b) calculated EPR spectrum for B 1l [111] magnetic field orientation
with parameters of Table 1

Q)

s

328 330 332 334 336 338 340 342 344 3486 348 350 362 364 3686
Magnetic Field [mT)

Fig. 4. (@) measured and (b) calculated EPR spectrum for B 11 [110]

o)

320 326 330 335 340 346 360 366
Magnetic Field [mT]

Fig. 5. (a) measured and (b) calculated EPR spectrum for B 11 [100]
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Therefore, for B 11 [100] and B Il [110] orientations the spectra could be
satisfactorily explained by a g-tensor of axial symmetry with its main axis aligned along the
[100] direction. The estimated g-tensor values are g|=1,99 and g,=1,96 (see Table 1).
Other alignments of the main axes of g-tensors contradict with the observed angular
dependences of the line intensities, particularly with the number of groups of the Af lines at
different orientations. The g—tensor anisotropy changes the position of EPR lines for each
of the hf groups. At different orientations the overlapping of both the Af groups causes the
total intensity variations of the whole spectra at different magnetic field orientations.

4. CONCLUSION

QOur present analysis corroborates the model of F-type centres in LiBaF;. However, a
slight perturbation in the third and/or farther co-ordination spheres, which are not of
significant influence for /if lines, should not be excluded. Finally, in the present work we
have analysed, qualitatively and quantitatively, the angular dependence of EPR line
intensity of the F-type centre in LiBaF; crystal, based on the set of hf- and g-tensor
parameters obtained. However, the code used by us did not allow the spectra to be
calculated for all possible magnetic field orientations. To do this, a more complicated code
is needed. Further investigations are also necessary in order to find out correlation with the
optical properties of F-type centres.
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F-TIPA CENTRU EPR LiBaF;
V. Ogorodniks, U. Rogulis, I. Tale, A. Veispals
Kopsavilkums

Izpétits ar rentgenu istabas temperatira apstarota LiBaF; kristala radita defekta EPR
ipektrs. EPR spektrs sastdv no apméram 35 ekvidistantdam Iinijam. Defekts ir nestabils
lienas gaisma, bet tumsa sabritk dazu stundu laika. Sis linijas magnétiska lauka orientacija
paraléli [111] kristala asij atrodas vienados attdlumos (ar soli 0,9 mT) ar intensitasu
sadalTjumu tuvu binomialajam. EPR spektru var aprakstit ka nesapdrota spina S = 1/2 hiper-
sikstruktaras (iss) mijiedarbibu ar divam ekvivalentu kaiminu kodolu spinu grupam: 2 Li
<odoliem pirmaja grupa un 8 F kodoliem otraja grupa. Sads modelis atbilst F-tipa centram
elektrons atrodas fluora vakanc€) LiBaF; kristala. Liniju intensitadu stipro lenkisko
itkaribu nosaka g-tenzors ar ta galveno asi virzitu [100] virziena. Darba analiz&tas Ass ITniju
lenkiskas atkaribas un iesp&jamie g-tenzora parametri.
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