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RESUME

Les lasers émettant dans le domaine visible attirent depuis longtemps I'attention tant pour la
recherche que pour les applications commerciales. Leurs utilités impliquent non seulement qu’ils
peuvent étre détectés a I'ceil nu, mais aussi dans la région spectrale spécifique de la lumiére visible,
comprise entre 400 et 770 nm environ. Les laser visibles trouvent des applications dans divers
domaines, notamment I'affichage, la défense, le stockage de données optiques, la spectroscopie, le
diagnostic médical et la thérapie. Le développement des lasers visibles est également stimulé par les
sciences et les technologies a la pointe du progres. Tenant compte de la largeur de bande d'émission
étroite, de la modulation et de la perte de transmission dans l'air, les lasers visibles ont été exploités
pour les communications optiques sans fil, permettant un débit de transmission des données allant
jusqu'a 100 Gb/s. Les lasers situés dans les plages spectrales bleues et vertes sont favorables a la
cartographie laser bathymétrique, car ils sont capables de pénétrer dans I'eau avec une atténuation
beaucoup moins grande que les lasers proches de l'infrarouge. Les nouveaux projecteurs laser offrent
de bonnes perspectives sur le marché, car ils offrent une luminosité et une résolution bien meilleures
que les projecteurs a lampe traditionnels. De plus, il existe une demande croissante en ce qui concerne
la diversité de longueur d'onde d'émission cohérente pour des applications telles que la cytométrie en

flux et la microscopie a super-résolution.

Les émissions de laser visibles peuvent étre produites par différents types de résonateurs. Parmi ceux-
ci, les lasers a I'état solide utilisant des cristaux activés par des lanthanides sont les plus mis en évidence.
IIs se caractérisent par une qualité de faisceau élevée, une conception de résonateur compacte, une
polyvalence de longueur d'onde de sortie et une capacité de fonctionnement dans plusieurs modes.
Les ions Nd** et Yb®* ont été largement étudiés pour générer des émissions laser dans le domaine
spectral visible. Cependant, ces dispositifs nécessitent des conversions de fréquence de leurs émissions
infrarouges fondamentales, ce qui réduit I'efficacité et complique le systéme laser. Ce désagrément
peut étre résolu en utilisant des ions actifs pouvant directement émettre des radiations visibles.
Néanmoins, cette question n'a pas attiré beaucoup d'attention en raison du manque de sources de

pompage efficaces au cours du siecle dernier.

Cette ébauche a été remplie par I'invention et le développement de diodes laser (LDs) a émission bleue.
En 2004, A. Richter et al. ont décrit le premier laser a I'état solide pompé par LD émettant directement
dans le domaine spectral visible, utilisant Pr3* comme I'ion actif. Le laser a été pompé a 442 nm et
exploité a 640 nm. Par la suite, de plus en plus d'ions lanthanides ont été exploités pour générer des
émissions laser visibles selon le méme schéma, profitant du développement rapide des sources de
pompage laser a semi-conducteurs. Outre le Pr¥*, des opérations au laser visible utilisant comme ions

actifs des ions Sm%*, Eu®*, Tb*, Dy3*, Ho3" ou Er®* ont été démontrées au cours des derniéres années.



Ces nouveaux lasers étendent considérablement les longueurs d'onde de sortie disponibles des lasers
traditionnels convertis en fréquence. Néanmoins, les cristaux a base de fluorure étaient généralement
utilisés comme milieu a gain dans ces démonstrations. Leur fabrication est difficile et colteuse en

raison de la nécessité d’une atmosphére de protection complexe telle que CF,.

Un travail tres utile consiste a réaliser de telles opérations laser visibles dans des matrices a base
d’oxydes, qui ont de meilleures perspectives en termes d’industrialisation que les fluorures en raison
des processus de croissance plus simples. Néanmoins, certains inconvénients des matériaux a base
d’oxydes pourraient entraver considérablement I’émission laser dans le visible: la valeur élevée des
énergies de phonon, la force du champ cristallin et la faible énergie de la bande interdite. Ces
caracteres peuvent entrainer une dépeuplement du niveau laser supérieur par le biais de processus de
relaxation multiphonon ou de transfert d'énergie. Le principal défi consiste donc a sélectionner des
matériaux hotes appropriés et a fabriquer des matériaux monocristallins de taille et de qualité optique

suffisantes.

Parmi les ions actifs mentionnés ci-dessus, nous nous sommes particulierement intéressés aux ions
Th3* et Dy** qui ont quelques avantages. Le Tb3* peut étre excité vers le niveau °D4 avec des sources
OPSL ou LD. Les transitions d’émission vers les niveaux terminaux correspondant aux multiplets ’F,
(] = 0 — 6)sontréparties sur toute la plage spectrale visible. La transition *Ds—>’Fs autour de 545 nm
est la plus prometteuse pour le fonctionnement laser car elle présente généralement le plus grand
rapport de branchement et les meilleures sections efficaces d’émission. La transition >Ds—>’F4 autour
de 585 nm, qui peut fournir une émission laser jaune rare, attire également I'attention. De plus, le
niveau émetteur °D, est dépourvu d'effet de relaxation croisée. L'ion Dy** est également considéré
comme un candidat pour des émissions laser jaunes. La transition d’émission jaune *Fg/2->®H13/, montre
généralement le plus grand rapport de branchement, supérieur a 50% et une section efficace
d’émission de I'ordre de 102 3 102° cm?. La transition d'absorption ®His/2—>%1s/2, correspondant a la
longueur d'onde d’émission des diodes lasers InGaN courantes, présente la plus grande section
efficace, de I'ordre de 102! cm?, ce qui est prometteur pour le pompage. De plus, I'écart d’énergie,
d'environ 7000 cm, entre les niveaux *Fo; et °Fy, indique une relaxation inefficace de plusieurs

phonons par rapport au niveau *Fo)s.

Ce travail de these vise a développer de nouveaux monocristaux a base d'oxydes activés par des ions
Tb3* ou Dy** pour le développement de lasers visibles. Ces travaux sont motivés par les perspectives
prometteuses et l'intérét des recherches de plus en plus croissantes sur le développement non
seulement des lasers solides dopés avec des ions lanthanides, Ln**, émettant directement dans la plage
spectrale visible en général mais aussi des laser contenant des ions Tb3*/Dy3* en tant qu'ion actif en
particulier. Ce sujet est également motivé par les rares études spectroscopiques de cristaux a base
d'oxydes activés par des ions Tb3*. Une étude systématique de cette classe de matériaux est utile pour
comprendre les propriétés physiques et optiques de I'ion Tb3*, qui revétent une grande importance
pour d'autres applications laser. Plusieurs matériaux activés par les ions Tb*" ou Dy3* ont été choisis

pour cette étude, sur la base de plusieurs considérations afin d'éviter les effets néfastes : BasTbh(PO,);



(BTP), Sr3Tb(BO3)s (STB), LisTb(BOs)s (LTB), TbCasO(BO3)s (TbCOB), TbAl3(BOs)s (TAB), KTb(WOQa), (KTW),
Dy:CaYAIO,4 (Dy:CYA), Dy:YCasO(BOs)s (Dy:YCOB), et Dy:Ca,Al,SiO; (Dy:CAS).

Cette thése comprend trois chapitres principaux. Le premier chapitre présente en détail le contexte de
la recherche sur ce sujet. Les principes physiques fondamentaux qui sont essentiels pour comprendre
les expériences et le mécanisme impliqué dans ce travail sont décrits. Tout d'abord, une introduction
aux principes physiques fondamentaux centrés sur les ions lanthanides trivalents sera présentée. Cette
connaissance est essentielle pour comprendre les phénomenes physiques et les mécanismes impliqués
dans ce travail. La présentation des concepts théoriques concerne la structure énergétique des
configurations 4fN , y compris I'effet du champ cristallin, et les intensités des transitions
4f — 4f dans le cadre de la théorie de Judd-Ofelt. Nous discuterons également des processus non
radiatifs pouvant influer de maniére significative sur la propriété de luminescence réelle des ions Ln3*.
La deuxiéme sous-section se concentrera sur le développement des lasers visibles a émission directe.
On notera comme point de départ un apercgu rétrospectif des premiers lasers visibles a émission
directe basés sur les ions Ln®>* comme ions actifs. Par la suite, I'accent sera mis sur les sources pompage
laser diodes élaborés ces derniéres années. Un état de la technique des nouveaux lasers visibles
utilisant Pr¥*, Sm3®, Eu®*, Tb3* et Dy3* en tant qu'ion actif sera présenté. Dans la troisiéme sous-section,
nous analysons les problémes potentiels liés au traitement laser de Th>* ou de Dy>* dans des matériaux

a base d’oxydes et discutons des criteres de choix d’'un matériau hote approprié.

La relation structure-propriété est I'un des probleémes les plus importants de la science des matériaux.
Une étude préalable de la structure du matériau monocristallin au niveau atomique peut non
seulement fournir des informations relatives a la procédure de fabrication, mais aussi prévoir ses
propriétés physiques. En relation étroite avec les propriétés spectroscopiques, les environnements de

coordination des ions Th3* ou Dy3* dans les cristaux seront discutés en détail.

La qualité du cristal est directement liée a la pureté du matériau de départ et a la configuration pour
la croissance. Dans ce travail, nous avons utilisé des matériaux poly-cristallins de méme composition
gue les monocristaux désignés comme matériaux de départ. Les poly-cristaux ont été préparés par des
processus de réactions a I'état solide a haute température. Les matieres premiéres ou les phases
parasites incompletement réagies formées au cours des réactions a I'état solide pourraient former des
inclusions dans le cristal et modifier ses propriétés optiques. Les méthodes de préparation et I'analyse
par diffraction des rayons X des produits poly-cristallins seront présentées dans cette section. Le
processus de croissance cristalline est souvent influencé par les propriétés physiques du matériau,
telles que le comportement de fusion congruente, la viscosité et la volatilité de la masse fondue et les
propriétés thermiques du cristal. Par exemple, une viscosité élevée de la masse fondue est susceptible
de former des inclusions dans le cristal et un cristal présentant une grande anisotropie de la dilatation
thermique a tendance a se fissurer pendant la croissance. Pour contourner ces inconvénients, les
conditions de fabrication du monocristal, y compris |'atmosphére, la configuration du four,

I'orientation du germe, les parameétres du programme de croissance doivent étre adaptés.



Le chapitre 2 décrit principalement la structure cristalline et la procédure de synthese de tous les
matériaux sélectionnés. Chaque matériau occupe une sous-section et chaque sous-section comprend
une discussion comprenant les points suivants:

1- la structure cristalline et I’environnement de coordination des ions actifs;

2- les méthodes de préparation des matériaux poly-cristallins de départ s, qui ont un impact sur la
qualité des monocristaux a élaborer;

3- le processus de croissance monocristalline;

4- la qualité optique des cristaux a I'aide de microscopes.

La technique conventionnelle de Czochralski a été appliquée pour faire croitre les cristaux a base de
Tb3 et dopés au Dy** sélectionnés. Les concentrations en ions Dy**, qui ont un impact sur le taux de
relaxation croisée, ont été définies comme étant d'environ 4,5x10%° cm™ en se référant aux cristaux de

. /e 3+ ’ . 7 Yo ’ . . ’ /e
gain laser dopés au Dy>" reportés dans la littérature. Les matériaux de départ poly-cristallins ont été
synthétisés par réaction a I'état solide a haute température. Leurs puretés ont été examinées par
diffraction des rayons X sur poudre et ont permis de satisfaire les croissances cristallines ultérieures.
Les problémes rencontrés au cours de la fabrication du cristal sont analysés, suivis d’une optimisation

supplémentaire des conditions de croissance.

La formation de centres colorés a été observée lors de la croissance de cristaux a base de terbium sous
air. Les bandes d'absorption supplémentaires dans le visible peuvent dissiper I'énergie d'excitation,
atténuer I'émission luminescente et provoquer des effets thermiques néfastes. Par conséquent, pour
les applications de laser visible ou de luminescence utilisant des matériaux activés par Tb3", I'absence
de centres colorés est nécessaire. La deuxiéme section de chapitre 2 traite des centres colorés
observés dans les cristaux a base de Th3* fabriqué sous air. L'origine des centres colorés est analysée

par la technique spectroscopique de résonance paramagnétique électronique.

Les propriétés thermiques d’'un matériau a gain laser sont trés importantes, en particulier la
conductivité thermique et la dilatation thermique. Le chauffage du milieu de gain pendant le
fonctionnement du laser peut étre problématique. Le gain de matériau avec une faible conductivité
thermique conduit a un fort gradient thermique radial perpendiculaire a la direction d'émission laser,
ce qui entraine en outre des effets néfastes de cristallisation thermique, voire de fissuration. Une
conductivité thermique élevée est particulierement favorable aux lasers de forte puissance. D'autre
part, le parameétre de résistance au choc thermique est inversement proportionnel au deuxieme
coefficient de dilatation thermique. Ainsi, une trop grande dilatation thermique des matériaux a gain
le rend vulnérable aux chocs thermiques. La troisieme partie de chapitre 2 présente la caractérisation
des propriétés thermiques, y compris les coefficients de conductivité thermique et de dilatation

thermique le long des axes cristallographiques.

Les propriétés optiques des cristaux sont caractérisées et discutées au chapitre 3. Tous les cristaux ont
été orientés dans les directions optiques principales. Pour les cristaux biaxiaux de LTB, TbCOB, Dy:
YCOB et KTW, la relation entre les axes crystallophysiques et cristallographiquse a été identifiée. Les

indices de réfraction dépendant de la longueur d'onde du BTP, du STB et du LTB ont été mesurés pour



la premiére fois a I'aide de la méthode standard du minimum de déviation. L’'ensemble des données a

permis de déterminer des équations de dispersion de Sellmeier.

Les études spectroscopiques comprennent principalement les spectres d'absorption et d'émission, la
décroissance de la fluorescence et I'ASE. Ces données ont été utilisées pour calculer des parametres
importants tels que les sections efficaces de transition, le taux de branchement, la durée de vie de la
fluorescence et la force de I'oscillateur expérimental. La transition Fs—>°D4 autour de 485 nm de Tb**
et la transition ®His,—>%15/, autour de 450 nm de Dy3?* sont particulierement intéressantes car elles
correspondent aux longueurs d'onde d’émission des diodes laser servant comme source de pompage
optique. Ces transitions ont des sections efficace d’absorption relativement faible de 10%? cm & 102!
cm?. Cependant, tous les cristaux activés par des ions Tb3* ainsi que par des ions Dy3* ont des sections
efficaces d'absorption comparables, voire supérieures, aux matériaux a gain reportés correspondants.
En ce qui concerne les transitions d’émission, la transition verte *D;—>’Fs de Th®* et la transition jaune
4F9/2->%H13/, de Dy3* présentent des rapport de branchement de fluorescence supérieurs a 50% dans
ces matrices. Sauf pour le BTP et le STB qui ont des sections efficaces de transition relativement faibles
en raison de I'élargissement spectral significatif, les cristaux activés par des ions Th3* de LTB, TAB et
TbCOB ainsi que les cristaux activés par des ions Dy>* présentent des sections efficaces d'émission
comparables avec d’autre matériaux a gain. En outre, les cristaux de TbCOB et de TAB sont
particuliérement prometteurs pour I'affichage laser de la transition jaune >Ds—>7F,, car ils donnent une
section efficace d’émission relativement grande a 593 nm et 584 nm, respectivement. De plus, le cristal
Dy: YCOB peut fournir une section efficace d’émission exceptionnellement élevée a 760 nm, ce qui est

intéressant pour le fonctionnement du laser dans le domaine spectral du rouge profond.

De plus, un comportement anisotrope des transitions magnétiques d'absorption et d'émission
dipolaires a été observé dans les cristaux activés a la fois par Th3* et Dy*". Ce phénoméne est d{i a la
contribution relativement importante de I'interaction dipdle magnétique pour plusieurs transitions de
Tb% ou Dy*, confirmée par des calculs théoriques et des mesures expérimentales. Les mesures
spectrales polarisées de routine qui ne prennent en compte que l'anisotropie des transitions dipolaires
électriques générent des données spectroscopiques inexactes. De plus, les transitions dipolaires
magnétiques de °Ds—>’Fs et ®Hys/,>%15/2 présentent une anisotropie significative. Le premier est utilisé
pour le fonctionnement au laser vert de Th*' et le dernier est la transition de pompe la plus

prometteuse pour les milieux activés par Dy*.

Les courbes de décroissance de la fluorescence ont été enregistrées pour étudier la dynamique de la
fluorescence des niveaux laser supérieurs. Les courbes de temps de vie des composés activés par Th>*
a partir du niveau °Ds montrent un comportement exponentiel unique, ce qui indique I'absence de
processus de transfert d'énergie inter-ionique. Les durées de vie de fluorescence ont été calculées
pour étre aussi longues que 2 ~ 3 ms. Ainsi, les matériaux a base de Tb3* sont favorables au stockage
de I'énergie de la pompe. Par ailleurs, les profils de vie des monocristaux dopés au Dy** ne sont pas
exponentiels, tandis que ceux des poly-cristaux a faible concentration d’ions Dy** sont presque

exponentiels. Ceci est d aux processus de relaxation croisée.



Une analyse Judd-Ofelt a été réalisée pour approfondir les transitions 4f — 4f. Les parametres
d'interaction électrostatique et spin-orbite, qui varient en fonction du réseau hote, ont été ajustés
pour permettre des calculs Judd-Ofelt plus précis. Les trois paramétres d'intensité Judd-Ofelt ont été
calculés. Les forces et les taux de branchement résultants de I'oscillateur sont globalement en bon
accord avec les données expérimentales. Les durées de vie radiatives ont été utilisées pour calculer les
efficacités quantiques. Ceux des composés a base de Tb3 se sont avérés étre proches de l'unité (a
I’exception de celle du KTW d’environ 50%), ce qui suggere des processus de désactivation négligeables,
tels que la relaxation multiphonon et la relaxation croisée. Parmi les cristaux dopés au Dy>*, Dy:CYA

présente |'efficacité quantique la plus élevée de 54%.

Un comportement de gain négatif a 543 nm a été observé pour les cristaux de BTP, STB, LTB, TbCOB
et KTW a base de Tb*'. Cela indique que les processus d’absorption dans I'état excité (ESA) dépassent
les émissions stimulées a cette longueur d'onde. L'ESA est particulierement important pour KTW, ce
qui est attendu en raison de la forte bande de transfert de charge d'inter valence a la position

énergétique ou I'ESA a lieu.

Enfin, des expériences au laser ont été menées avec plusieurs source de pompage LD ou OPSL. La diode
laser Nichia LD (200 mW) émettant a 486 nm n’a pas permis de générer une oscillation laser, méme en
utilisant un cristal a 15% de Th: YLF comme milieu de gain. Ceci est probablement di a la faible
puissance absorbée (75 mW) et a l'absence d’un coupleur de sortie approprié. Des essais
supplémentaires sur les cristaux de BTP, STB, LTB et TbCOB a base de Th3* ont été réalisés avec une
source de pompage OPSL d’une puissance de sortie jusqu’a 4 W et d’une excellente qualité de faisceau.
Bien que cette pompe permette de générer des émissions laser avec des cristaux fluorures, aucun des
cristaux a base d'oxydes n'a été en mesure de produire une émission laser verte. Ceci corrobore en
guelque sorte les résultats négatifs des mesures de gain réalisées a 543 nm. En ce qui concerne les
cristaux activés par les ions Dy*, les problémes principaux sont la qualité médiocre de la source de
pompage LD délivrée par fibre (testée avec des cristaux a gain activés par Pr3*) comparativement 3
celle d’un module unique de diode laser, et la disparité de longueur d'onde d'absorption maximale du

milieu (442 nm contre 453 nm).

Vi



CONTENTS

GENEral INErOTUCTION ...eiiuiiiiiee e st s s s ennees 1
Chapter 1 Introduction and fundamentals ........coocoiveeiiiiiiiiicii e 5
1.1 ReSearch DackgroUNG..........iiiiiiiiiiiiiiieiie et ee et e e e e e e s eannes 6
1.2 FUND@MENTAIS ... e 10
1.2.1 Basic of 1anthanides .........coovviiiieiiei e 10
1.2.2 Energetic structure of [Xe]4f" electron configuration ............cccecevevevrrernnnes. 10
1.2.2 Crystal field effeCt ..o 11
1.2.3 Intensity of 4f — 4f transition and Judd-Ofelt theory .........ccccceviiiieicnnnne. 13
1.24 NON-TAIALIVE PrOCESSES ...eeeeeeeeeieieccee et ere e e s e e ee e re e e s ee e e e re e e se s e s ere s e s e eas 15

1.3 State of the art: Ln3*-based direct visible 1asers..........ccccecuveerireereienesecesnennn, 19
1.3.1 PraseodymitmM(II])..ccccuueeeeeeeeiicirreeee e e e e e e seaaareeree s e e eneanes 22
1.3.2 SAMATTUMIITT) . eeeiiiieeeeee ettt e e e re e e e eesebbbareeeeseesesassaneeees 24
1.3.3 BUFORIUM{ITT cevreeeeeieeitiee ettt e e e e e e erber e e e e e e e esseasabaeeeeseeesennes 25
1.3.4 TerBIUMUITT) ceeeieee ittt e e e e s sbbb e e e e e e e sesanbbareeeeeseesnnnsseneens 26
1.3.5 DYSPIrOSIUM(ITT) ceviieiieiiiiieeeee et e e e st e e e e e e e e snaaabeeeeeeeessnnnnns 28
1.3.6 Summary of the state-of-the-art investigation.........cccccceeeeivvciiveveeeei e, 30

1.4 Criteria of host materials for direct visible laser application.........ccoccevvvveneennn. 32
1.4.1 Host materials for Th3*-activated visible 1asers...........coceevrevereerirecenieesesenns 32
1.4.2 Host materials for Dy3*-activated visible [aSers........ccovvvvivievrececieeieeee e, 35

1.5 Conclusion of Chapter 1 and objective of this thesis .......cccccvveiiiiiviiiciirnennnnnnn. 37
References OFf Chapter L ....cviveiiiiiiiiciieeeeee ettt eee et e e e e s e eaabbbrereeeeesennnasreereeeeees 38
Chapter 2 Structure, synthesis, and thermal properties of single crystals................. 47
2.1 Structure and crystal SrOWEh ........ooiviiiiiiiee e 48
2,11 BasTB(PO8)3 (BTP)eeueeeeeeeeeeeeseeeeeeeeeeeeeseeeeeseeeeesesseesneessesesseeensessesessesesesseeseseens 49
2.1.2  SETD(B03)3 (STB) vevreeiereeeeeeeeeeeseeeeeseesesesseeseeseseesseeseessssesssssessssesseesesessesessaens 54
2,13 TDAIZ(BO3) (TAB) ceveeeeeeeeeeeeeeeeeeeeeeeseeseeeeees e eeseeeesesseeeee s e seaesesessseesesseseeeaens 58
2,14 LisTD(BO3)3 (LTB) cvvveverreeeeeeeeeeeeeeseeeeseesseseeseesessesessseessessssesssssaesesssseesesessesessaees 60



2.1.5 ThCaz0(B03)3 (THCOB)...c..eereeiiieeieeeiiee sttt ettt ettt se e e eees 67
2.1.6 KTO(WO4)2 (KTW) ettt ettt sttt e 70
2.1.7 DY:CaYAIO4 (DYICYA) ettt ettt et s b e st s neas 72
2.1.8 Dy:Ca2Al2Si07 (DY:ICAS) .ttt sttt st s seeas 77
2.1.9 Dy:CasYO(BO3)3 (DY:YCOB) ....coeieiieeiieieeeieeite ettt sttt e seees 79

2.2 Color center formation...........eeoieiiiiiei e 83
23 Thermal ProPerties. ..o et bee e e s saeee s 86
23.1 Thermal conductivity, effusivity and specific heat capacity ......cccccccvveeernnnennn. 86
2.3.2 Thermal @XPanSiON ...c..uuiii it e e e s sbae e s 87

2.4 Conclusion Of ChAPLEr 2 .....iiiiiiiiie e are e e 93
References Of Chapler 2. ... et e s be e e s s sabaaeeseaes 95
Chapter 3 Optical property characterization.......cccoccceeveviciieeiiiiie e 101
3.1 Optical orientation and refractive iNdeX.......ccccecuvveeiniiiiiiiniieee e, 102
3.2 Ground-state abSOrPLiON......cciviiiii i 110
33 Judd-Ofelt calculations ........cooueiiiiiiiiie e 126
3.4 FlUOIreSCENCE SPECLIOSCOPY .vvvvrriieieeiirirreereeeeeeiiiiitireeeeeeeeeeiesrsrreeeeeeesssssnsseseens 133
3.5 FlUOIreSCENCE AYNAMICS ...uuviriiiieieiiieiiiiireeeee e eeeeirrreee e e eeesebrrr e e e e e e eeeannareeees 156
3.6 Excited-state abSOrPtion ......eeeeiiie i 161
3.7 I 1= =) d o 1= o [ 1= ) RPN 166
3.7.1 Tb3*-activated crystals under 486-nm LD PUMPING.......covrvvrerrerereeeirieeeereeans 166
3.7.2 Tb3*-activated crystals under 486.2-nm OPSL pUMPING ..ocvveevreeeeveeiieeeeenene 167
3.7.3 Dy3*-activated crystals under 442-nm LD PUMPING «.ccveeevvereieeienieeieeieeee e 167

3.8 Conclusion Of Chapter 3 ...t ree e e e s eeanns 170
References OFf Chapter 3 ... et e e e r e e e e e eeenbbeareeeeeeeas 174
SUMMATY @Nd OULIOOK. .....cociiiieiiiee ettt e e e e e s eabbbr e e eeeeessnsaraaereeeeens 177
Appendix A Supplementary theoretical background ..........ccccooeevivveiiiiieiiiiniiireeneeeen, 181
Appendix B EXperimental ProCRAUIES.........ovevvivviieeiee ettt et e e e eebrnaaees 185
B.1 Synthesis of polycrystalline materials........cccceveiieiieiciiieeeeieeeeee e 185
B.2 Crystal growth and supplementary crystallographic data.........ccccceveeeeernnnns 186
B.2.1 Ba3TB(PO4)3 ceueeeeuteeriie ettt s 187
B.2.2 SI3TD(BO3)3 ceureiiieiiieieeete ettt e 190
B.2.3 TOAIZ(BO3)4 +eeueeeieeiieeiieiieetee sttt s 193

II



B.2.4 LIETD(BO3)3 e euteeeuteeteeeite ettt ettt ettt se e ettt e bt e b e et e e sae e ebeenaeas 193
B.2.5 CATDO(BO3)3. ettt ettt ettt ettt ettt ettt st e st et e st e ebee e e b e 198
B.2.6 KTO(WOA)2 -ttt ettt e sae e st 201
B.2.7 DY:ICAYAIODS ettt et aees 201
B.2.8 DY :CAS ettt ettt st e bt e hbe st e e ba e ab e e beeeateenreas 204
B.2.9 DY:YCOB ...ttt ettt ettt ettt s e et sate bt b et e et eeaeeenaeas 205
B.3 Physical property characterization ........cccecuveeiiriiiie i 208
B.3.1 OPLiCal MICTOSCOPY.ciiiiiiiitiriiitee ettt ettt s e s s e e e s sbre e e s saaeees 208
B.3.2 Electron probe micro-analysis ........coucuueieiiiiiieiiniiiee e 208
B.3.3 Electron paramagnetic reSONANCE .......uuiviiriiieee it sreee s 208
B.3.4 Thermal conductivity and effusSiVity .......cccceeiiriieiiiiiie e 208
B.3.5 Thermal @XPanSioN. ... e e s sbae e e s s sraeeeenaes 208
B.3.6 Laue X-ray diffraction.......ccuueeiiiiiiiiesiiecc e 209
B.3.7 Ground-state abSOrPLiON .....ccuueiiiiiiiiee e 209
B.3.8 JUAA-OFelt @N@lYSiS ...uuviiiiiiiiee e 210
B.3.9 Emission spectroscopy and fluorescence decay.......ccceevuvvevreeeeeiieiecrvvveneneeenn. 217
References of APPENTIX B......uvieeiiiiiiiiiiiiieeeee e e ceieiiireee e e e s sesiabreeeeeeeeeesaasreereeeeeesesnnssseees 220

III



v



GENERAL INTRODUCTION

Lasers are known for their coherency, good monochromaticity, and high energy density. In light of
these fascinating characters, lasers have been applied to a diversity of domains, from military
industries to commercial products, and their research works are being constantly pushed forward.
Lasers emitting in the visible spectral region are especially of interest. They can be seen by human eye
thus the development has been flourished by the related applications, e.g. pointing, entertainment,
and display [1-3]. Furthermore, several application areas require laser emissions in the specific
spectral range from 400 to 770 nm, such as medical diagnosis, surgery, optical spectroscopy,

bathymetric imaging, and laser guide stars [4-7].

Visible laser emissions can be produced by different types of resonators. Among them, solid-state
lasers using lanthanide-activated crystals as gain media are the most highlighted. They feature high
beam quality, compact resonator design, versatility of output wavelength, and capability of operating
in several modes. Nd3* and Yb* ions have been extensively studied to generate laser outputs in the
visible spectral range. However, these devices require frequency conversions of their original infrared
emissions, which reduce the efficiency and complicate the laser system. This inconvenience can be
solved by employing active ions that can directly emit visible radiations. Nevertheless, this issue did

not attract much attention due to the lack of efficient pump sources in the last century.

This blank was filled by the invention and development of blue-emitting laser diodes [8]. In 2004, the
first LD-pumped solid-state laser emitting directly in the visible spectral range was reported by A.
Richter et al., using Pr3* as active ion [9]. The laser was pumped at 442 nm and operated at 640 nm.
Afterwards, more and more lanthanide ions have been exploited to generate visible laser emissions in
this scheme, benefiting from the rapid development of semiconductor laser pumps. Besides Pr3*,
visible laser operations using Sm**, Eu®*, Tb*, Dy**, Ho**, or Er** as active ion have been demonstrated
in recent years [10—15]. These novel lasers greatly expand the available output wavelengths of the
traditional frequency converted lasers. Nevertheless, fluoride-based crystals were usually used as gain
media in these demonstrations. They are difficult and expensive to be fabricated owing to the

requirement of complicated protecting atmosphere such as CF..

A very practical subject is to realize such visible laser operations in oxide-based matrices, which have
better prospect in terms of industrialization than the fluorides due to the simpler growth processes.
Nevertheless, some disadvantages of the oxides could greatly impede lasing in the visible, e.g. the large
phonon energy, strong crystal field strength, and small band gap energy. These characters can result
in depopulation of the upper laser level through multiphonon relaxation or energy transfer processes.
The main challenge is to select suitable host materials and to fabricate single crystalline materials with

sufficient size as well as optical quality.



This PhD work aims at developing novel Tb*- as well as Dy3**-activated oxide-based single crystals for
visible lasers. This is motivated by the promising prospects and ascending research interests of the
Ln**-based solid-state lasers emitting directly in the visible spectral range as well as the interesting
characters of Tb3*/Dy* as active ion. First, Tb®* can provide high-efficiency green laser emissions due
to the lack of detrimental energy transfer processes from the °D4 upper laser level. The optical-to-
optical efficiency of a Th:LiLuF, green-emitting laser reaches 44% [12], which is comparable to the well-
developed green Nd*-lasers operated in a frequency conversion scheme [16]. Second, Tb** and Dy**
are the only two Ln3* ions that can produce direct laser emissions in the yellow spectral region, which
derive from the °Ds>7Fs transition for the former and the *Fs,—>°Hi3/, transition for the latter.
Moreover, both Tb** and Dy3* show broad energy gaps between the upper and lower laser levels. Thus,
they can be hosted by oxide-based matrices, which usually exhibit large phonon energies, without

suffering efficient multi-phonon relaxation processes.

This subject is also motivated by the scarce spectroscopic studies of Th3*-activated oxide-based crystals.
A systematic investigation on this class of material is helpful in understanding the physical and optical

properties of Tb%, which are of great importance for further laser applications.

This thesis comprises three main chapters. The first chapter introduces in detail the research
background of this subject. Fundamental physical principles that are essential to understand the
experiments and mechanism involved in this work are described. A state of the art regarding Ln**-
based direct visible lasers is presented. Potential problems are analyzed for lasing Tb3* or Dy3* in oxide-

based materials. Finally, based on the above discussions, several compounds are chosen for this study.

The second chapter focuses on the synthesis procedures of the selected materials of BasTh(PQOa)s,
Sr3Tb(BOs)s, LigTb(BOs)s, ToCasO(BOs)s, Dy:CaYAIO,4, and Dy:YCasO(BOs)s. The structural properties of
these materials are described. Efforts made to optimize the conditions and solve the problems during
the synthesis procedures are stated. This chapter also deals with characterization of the thermal
properties of the as-grown crystals, including thermal conductivity, specific heat capacity, and thermal

expansion.

The last chapter presents the results of the optical spectroscopic characterization. Besides the above-
mentioned compounds, crystals of TbAl;(BOs)s, KTb(WO4,)2, and Dy:Ca,Al,SiO;, which are not fabricated
in this work, are also available for the measurements. Refractive index measurements are conducted
for those without reported data. The spectroscopic characterization is then focused on the potential
pump and lasing transitions in the visible spectral region. Transition cross-sections are calculated and
the fluorescence dynamics of the upper laser levels are studied. Calculations in the framework of
classical Judd-Ofelt theory are performed. Lastly, gain/excited-state absorption measurements and

laser experiments are carried out.
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Chapter 1. Introduction and fundamentals

CHAPTER 1 INTRODUCTION AND FUNDAMENTALS

This chapter firstly introduces the research background of visible lasers, leading to the motivation of
this PhD thesis. The second section describes the fundamental knowledge that is essential for the
following state-of-the-art discussion and for the experiments performed in the next two chapters. The
fundamental principles mainly concentrate on the general physical properties and light-matter
interaction of lanthanide ions in crystal environments. The third section briefly introduces the history
of Ln*-based lasers emitting directly in the visible spectral range. Then the state of the art of Ln**-
based direct visible lasers is presented. This part compiles the spectroscopic properties and laser
performances of several Ln* ions. This leads to the subsequent discussion on the host materials for
laser operation of Tb3* and Dy3* to carry forward the positive results and to circumvent the negative
results stated in the literature. Criteria of host materials for lasing Tb3* or Dy3* are established. Finally,
based on these criteria, several Tb*- as well as Dy**-activated oxide-based matrices are selected for

the following study.
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1.1 Research background

Lasers emitting visible light have attracted longstanding attention for both research and market
applications. Their utilities root in not only the character that they can be detected by human naked
eye but also the specific spectral region of visible light, ranging approximately from 400 to 770 nm [1].
Mature applications can be found in various fields including entertainment, military, optical data
storage, spectroscopy, medical diagnosis, and therapy [2-5]. The development of visible lasers is also
boosted by the sciences and technologies on the cutting edge. Accounting for the narrow emission
bandwidth, facility for modulation, and low transmission loss in the air, visible lasers have been
exploited for optical wireless communication, which allows data transmission rate up to 100 Gb/s [6,7].
Lasers in the blue and green spectral range are favorable for bathymetric laser mapping since they are
able to penetrate water with much less attenuation than the near-infrared lasers (Figure 1.1) [8]. Novel
laser projectors foresee good market prospect, as they provide much better brightness and higher
resolution than the traditional lamp projectors [9]. Furthermore, there is an ascending demand
regarding the diversity of coherent emission wavelength for applications such as flow cytometry and

super-resolution microscopy [10,11].
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Figure 1.1 Absorption spectrum of liquid water, edited from [12].

Numerous efforts have been made to achieve laser emissions in the visible spectral region, the onset
of which is the first demonstration of laser oscillation at 694 nm using ruby as gain medium in 1960
[13]. Visible lasers can be simply classified into three categories in terms of the phase of gain material,

viz. gas, liquid, and solid. The well-known red-emitting He-Ne gas laser invented in 1962 are still
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commonly used nowadays. However, in addition to the inconvenience from a long cavity, neutral gas
laser devices suffer very limited output power and efficiency. Rare-gas (Ar, Kr) ion lasers can provide
watt-level output through the visible spectrum, whereas the efficiency is still low. Additional water-
cooling system is also required. Liquid dye lasers are available for output wavelength tuning from the
UV to near-infrared with passable energy conversion efficiency, benefiting from the broad gain
bandwidth and a variety of selections of laser dyes. However, the problems of chemical degradation
of the organic dyes, limited output power, and toxicity of the dye components impede their further

applications outside of academic usage.

Over the past few decades, research progresses were substantially made on solid-state laser devices
which allow for more compact design, higher wall-plug efficiency, easier handling, and more versatile
modes of operation in contrast with the aforementioned gas and liquid laser equipment. These
advantages mainly come from the better energy-storage capability in solid-state gain materials. Laser
diodes (LDs), although not included in the solid-state laser category generally, still possess most
convenience of solid-state lasers. A couple of output wavelengths are available, varying from the type
of p-n junctions. The electrically pumped LDs have a poor beam quality, to be more specific, the
inhomogeneity of the spatial energy distribution, large emission bandwidth, instability of the output
wavelength, fetters their applications to some fields. Nevertheless, LDs are very suitable for pumping
solid-state lasers considering their typically high electrical-to-optical power efficiency and much weak
thermal effects than the conventional lamp pumping. This class is known as diode-pumped solid-state
lasers (DPSSLs). They feature high beam quality as well as the capability to different operating mode

and thus are able to fill the blank of common LDs.

DPSSLs using rare-earth-doped single crystalline materials as gain medium such as Nd**:YAG and
Nd3*:YVO4 have been well established and industrialized. The Nd**-doped gain media are generally
pumped by an 808 nm LD and generate laser outputs in the near infrared. Therefore, a frequency
conversion is necessary to obtain coherent visible emissions. The well-known Nd**-based green laser
operated at 532 nm is realized by second harmonic generation (SHG) of the 1064 nm main emission
through either a nonlinear crystal or a self-frequency doubling host material. Although the latter lessen
the complexity of the system in the former approach, energy loss during the frequency conversion
process is still inevitable. Visible laser operations at other wavelengths require frequency doubling of
less intense emission lines or more intricate nonlinear processes such as sum-frequency generation,
whereas these operation schemes result in more complex cavity designs and lower efficiencies. In a
word, requirement of frequency conversion and difficulty in providing versatile output wavelengths

are inherent drawbacks of the current visibly emitting DPSSLs systems.
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Figure 1.2 Schemes of visible solid-state lasers: (a) frequency conversion using non-linear

crystals; (b) self-frequency doubling; (c) direct emission.

To get rid of these inconveniences, one strategy is to pump the active ions to higher energy levels (UV
or blue spectral region) and thus visible laser emissions can be obtained directly without involving
frequency conversion. Figure 1.2 compares the general approaches to yield visible coherent emission
in the framework of DPSSL (for conciseness, “direct visible lasers” refers to “lasers directly emitting in
the visible spectral range” hereafter). The direct emission approach has early been approved to be
feasible since early ages (will be discussed in section 1.3). Those using trivalent lanthanide active ions
varying from Pr®* to Tm® are well documented. In spite of these successful attempts in the past, such
direct visible lasers did not draw too much attention owing to the low efficiency provided by the

primitive pump sources and/or inconvenient operation under cryogenic conditions.

Until this decade, the development of commercially available and high-efficiency blue semiconductor
laser pump sources, viz. GaN/InGaN-based LDs and frequency-doubled optically pumped
semiconductor lasers (OPSLs), has rekindled the research interest on this issue. Semiconductor-
pumped visible lasers based on Pr¥*, Sm3, Tb*, Dy**, and Ho*" were discovered. Some were able to
yield watt-level continuous-wave outputs and slope efficiencies more than 50%. In addition, it is worth
pointing out that laser outputs in the yellow and orange spectral region cannot be produced by
conventional laser devices, whereas they are accessible by Tb**-, Dy**-, Pr3*-, and Sm3*-based lasers. It
can be further expected that the ongoing development regarding the output power and the available
wavelength of semiconductor pumps provide even more opportunities to the subject of discovering

new laser channels and active ions.
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A shadow of the prospering subject of direct visible laser is the narrow scope of gain material. Most of
the abovementioned laser demonstrations were conducted using fluoride-based host materials,
benefiting from their mild crystal field strengths and small phonon energies. Oxide-based crystals, on
the other hand, are easier to be fabricated and thus more promising for industrialization. The challenge
is to find suitable materials that can keep the intrinsic advantages as an oxide compound while

exhibiting comparable spectroscopic properties to the fluorides which are successful.
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1.2 Fundamentals

In this part, an introduction to the fundamental physical principles focused on trivalent lanthanide ions
will be presented. This knowledge is essential to understand the physical phenomena and mechanism
involved in this work. The presentation on the theoretical background concerns the energetic structure
of the 4fN configurations, including effect of the crystal field, and the transition intensities of
4f — 4f transitions in the framework of the Judd-Ofelt theory. In addition, non-radiative processes
that can significantly influence the actual luminescence property of Ln3* ions will be discussed as well.

Basic principles and parameters regarding the light-matter interaction can be found in Appendix A.

The second subsection will concentrate on the development of the direct visible lasers. As a starting
point, a concise retrospect of the early-reported Ln**-based direct visible lasers will be noted.
Afterwards, more emphasis will be laid on diode-pumped lasers elaborated in recent years. A state-of-

the-art of novel visible lasers utilizing Pr3*, Sm3*, Eu®, Tb¥, and Dy3* as active ion will be given.

1.2.1 Basic of lanthanides

The term “lanthanides” refers to a set of elements from lanthanum (Z = 57) to lutetium (Z = 71). In
addition to scandium and yttrium, which often coexist with the lanthanides in natural ores and show
similar chemical properties, these 17 elements are called rare-earth elements. The electronic
configuration of lanthanides can be described as [Xe]4f’"5d6s2 for La, Ce, Gd, and Lu, and
[Xe]4fN*16s2 for the others.

The lanthanides tend to form +3 oxidation state in compounds with the electronic configuration
[Xe]4fN. Due to the stability of an empty, half-filled, or full 4f orbital, some exhibit relatively stable
divalent or tetravalent forms, such as Ce* ([Xe]4f ), Eu** as well as Tb** ([Xe]4f7), and Yb?* ([Xe]4f 1%).
In their trivalent oxidation states, the 4f electrons are shielded by the external fully occupied 5s2 and
5p® shells. As a result, the 4f energy levels are not strongly affected by the external chemical

environment. This is the origin of the unique physical properties of Ln3*.

1.2.2 Energetic structure of [Xe]4f" electron configuration
In the free-ion approximation, the Hamiltonian without an external potential can be written as:
ﬁfree-ion = ﬁo + ﬁe + ﬁso (1.1)

in which Hy, H,, and H,, represent the sum of kinetic and potential energy of electrons, the coulomb
interaction between electrons, and the spin-orbit interaction. A common approach to deal with these
multi-electron Hamiltonian is to introduce the central-field approximation. In this scheme, it is
assumed that the electric field exerted to an electron by the other electrons can be treated as an
averaged spherical field, and that each electron moves independently in this field as well as the field

of the nucleus. Thus, the multi-electron electrostatic interaction can be substituted with an effective

10
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spherical potential U(r;), leading to a great simplification for the following modeling. The three

Hamiltonians are described by the following equations:

Ho = F+Um) (1.2)
in which
Yum=-Y 2 (Y L (13)
. i) = L4megr; L 4ATEqgTy; '
i=1 i=1 i,j (i<))

The Hamiltonian for the electrostatic and spin-orbit interaction are accordingly given by:

N ez N ez
A, = — — —) (1.4)
oy ATy At ATy
N
1 dU(Tl)
l;'s; 1.5
Zl sz —ar ) (1.5)

where m,, e and N are the charge, mass and number of electrons in the 4f shell, respectively; Z is the
nuclear charge; €, is the vacuum permittivity; r; is the radial coordinate of the i-th electron; UTAS the
distance between the i-th and the j-th electrons; £(1;) is the function of spin-orbit coupling; I; and s;

are the angular and spin momentum of the i-th electron.

The second term in equation 1.3 stands for the average of the electrostatic potential from the electron-
electron repulsion, which is only related to the radial coordinate of the electron. The electrostatic and
spin-orbit terms are considered to make minor contributions and can be added to the system as small
perturbations. The solution to the free-ion Hamiltonian is described by energy levels labeled with an
SLJ] symbol 25+1L], where S, L, and J are the spin, orbit, and total angular momentum, respectively.
In brief, the electrostatic interaction produces different 25+1], terms and the coupling between spin

and orbital angular momentum splits these terms.

1.2.2 Crystal field effect

When a lanthanide ion is introduced to a crystal field, it is subject to the electric fields of the ligands.
The surrounding ions can be treated as point charges with a total effective charge of —Z; e. Assuming
that r; and R, are the coordinate vectors of the i-th electron of the central lanthanide ion and the

k-th ligand, the Hamiltonian of the crystal field is:

~ _ZZ Z,e? L.6)
T L : 4meq|r; — Ry '
l
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For the well shielded 4f electrons, this term can be added to the total Hamiltonian as a perturbation.
As a matter of fact, variation of the energetic position of the 4f" configuration is typically within
several 100 cm™. The external crystal field leads to further splitting of 25+1L] manifolds into at most

2] + 1 stark levels, while the degree of splitting depends on the point symmetry.

With regard to the 5d electron in the 4f¥N~15d* configuration, which is located in a more external
orbital, the crystal field effect becomes more predominant. As a result, the energetic position of the
4fN-1541 configuration is host-dependent and can shift by several 10000 cm™ from that of a free ion.
Figure 1.3 schematically shows the overlap of the 4" and 4fN~15d? states. The lowest 4fV~15d!
levels of most Ln** free ions are in the far-UV region, whereas a strong crystal field may depress them
to the near-UV or even visible spectral range. This can greatly affect the spectroscopic properties of
the Ln* in the lattice, since the parity-allowed inter-configurational 4fN — 4fN5d?* transitions are
much stronger and exhibit broader spectral lineshape than the parity-forbidden intra-configurational
4f — 4f transitions.
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Figure 1.3 Energetic position of the 41" (white block) and 4fN~15d! (black block)

configuration of Ln* free ions (After [14]).
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P. Dorenbos developed a semi-empirical method to predict the energy of the lowest 4fVN~15d" states
[15,16]. It is found that when Ln3* free ions are introduced to the same coordination environment,
their 4fN_15d1 states, in disregard of their atomic number, exhibit almost the same values of red-
shift. This energy difference in compound A compared to free ion is defined as the crystal-field
depression D(A):

E54(Ln,A) = E5%(Ln, free ion) — D(A) (1.7)

Since D (A) does not vary with the species of lanthanide ions, the crystal-field depression of one matrix
can be extrapolated from the spectroscopy of an arbitrary trivalent lanthanide ion doped in this
compound. Then the value of D(A) can be used to calculate the energetic position of a 4fN~15q?
state for other Ln®* species in compound A. The accuracy of this method is typically within 600 cm™. It
will be discussed in Section 1.3 about the usage of this method to evaluate potentially suitable host

materials.

1.2.3 Intensity of 4f — 4f transition and Judd-Ofelt theory

The fascinating spectroscopic properties of the trivalent lanthanide ions mainly stem from their 4f —
4f transitions that provide a substantial amount of optical frequencies. The issue of optical transition
intensity can principally come down to the interaction between electron(s) and electromagnetic waves.
Based on the static, free-ion, and single configuration approximations, B. R. Judd and O. S. Ofelt
published their research on predicting the intensities of 4f — 4f transitions independently in 1962
through the intermediate coupling scheme [17,18]. Up till now, spectroscopic studies of the 4f — 4f
transitions still rely on the Judd-Ofelt theory.

An atom can be considered as an oscillating dipole when it couples and decouples with light. The
dominant electronic coupling to the electric and magnetic part of light are electric dipole (ED) and

magnetic dipole (MD) interactions, respectively. The electric dipole moment operator is given by:
P=—e Ziri = —eD (18)

where the sum runs over all the electrons and —eD is a first-rank tensor with components —eD, , and
q = 0, 1, depending on the polarization of the incident light. A dimensionless oscillator strength is
generally used to quantify the intensity of an optical transition. It is assumed that during the transition
the atom can be treated an electric dipole oscillating at some frequency. The oscillator strength
between two 4f states |[4fNSLJ) and |[4fNS'L’]") deriving from an electric dipole component is given
by the following equation [17]:

2 abs
8w m,v xgp

fen = ————"-|(4£sL)|D, lafNs Ly (1.9)

n
where m, is the electron mass, v is the mean transition frequency, n is the refractive index, h is the

Planck constant, and g, is the local-field correction given by y#55 = (n? + 2)?/9 in the virtual-cavity

model based on the Lorentz local field [19]. The matrix elements are integrals of the dipole operator
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between the initial and terminal wavefunctions of the transition. Nevertheless, |4fVSLJ) and
|4fNS'L']") both have the odd parity. The matrix element (4f¥SLJ|D, |4fNS'L'J’) should be equal
to 0 according to the Laporte rule, whereas spectral lines of electric dipole 4f — 4f transitions are
well observed in solids or solutions. This can be explained by the admixture of states with opposite
parity into the pure 4f wavefunctions. In a solid matrix, such admixtures can be mediated by odd-
parity crystal-field components and lattice vibrations. A new wavefunction is obtained by admixing the

even-parity states |n'l'[S"'L'']]""M"") (denoted by |y"")) into the original pure 4f wavefunction:

(4fNSLMIVE ") [Y")
E(4fNSLJM) — E(Y")

|4IN[SL]JM) = |4fN[SLJM) + Z( (1.10)
lp”

where I} is the odd-parity crystal field interaction operator and the denominator in the sum is the
energy difference between the 4/ and the higher energy states (e.g. 4fV~15d* and 4f¥~16s?). The
bracket indicates that S and L are no longer good quantum numbers. By substituting the admixed

wavefunctions for the pure 4f wavefunctions, the electric dipole oscillator strength becomes:

(4IN[SLYJ|D4 |4IN[S'L'))") =

2 (4fNSLIM|VE [ W4fNSLIM|D, ") N (AfNS'L)M\VE " 4fNS'L'T'M'|Dg [")
E(4fNSLIM) — E(y") E(4fNS'L)'M") — E@")

} (111)
e

To solve this equation, two approximations are proposed. First, the energy difference between the
higher energy states and the two 4f" states are considered to be approximately identical:
EA4fN[SLYM) —E@") = E4fN[S'L'])'M") — E(y""). However, this is a rough approximation due
to the fact that the energy states closer to the 4/ states make a greater contribution to the admixed
wavefunctions. Second, it is assumed that the higher energy states are equally populated. Since the
higher energy states are situated in more external orbitals, they are impacted by the crystal field and
hence have much larger splitting. This is a rather rough assumption as well. Nonetheless, by applying
these approximations it is able to greatly simplify the complicated matrix elements. Consequently, the

ED oscillator strength becomes:

abs _ 8n’m, v xS
ED 3h (2J+1) n

Z o (1 sLy||[u@)|vs ) (1.12)
1=2,4,6
where 2, (1 = 2,4,6) are the three Judd-Ofelt intensity parameters and (lNSL]| |U(’D ||lNS’L’]’) is the
reduced matrix element. It can be seen from the equation that the matrix element is diminished to
only three terms and the polarization-dependent operator vanishes. With the (2, parameters and the
reduced matrix elements calculated from the wavefunctions, one is able to obtain the electric dipole
oscillator strength of an arbitrary 4f — 4f transition (for emission transitions, the local-field

m _

correction is replaced by y¢m = n3y25%). In the framework of the Judd-Ofelt theory, the selection

rules for electric dipole transitions are [20]:

AS=0; |[AL| < 6 |AJ| < 6 (0 » 0); if Jor ) =0,|A]| = 2,4,6 (1.13)
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In the experiments, however, people are able to observe transitions which do not follow the above
selection rules, such as the ®His,,—>F1, transition in Dy3* with AL = 7, and the >Do—>°F, transition in
Eu®* giving/ = 0 = J'. This is because the electronic orbitals are partially overlap with those of the
other atoms in the matrix. The energy states become rather complex as linear combinations of the
pure and the other quantum states. For example, the selection rule on the J quantum number is
broken by the J -mixing effect deriving from the even-parity crystal-field perturbation [21].
Nevertheless, these transitions usually show more than an order of magnitude smaller transition

probability than those obeying the selection rules.

With regard to the magnetic dipole transitions, they draw less attention owing to the much weaker
intensity than the electric dipole transitions. This can be simply assigned to the fact that the force
exerted by the electric field of light to an electron is a factor of ¢ /v larger than the force exerted by
the magnetic counterpart (assume that such interaction is in the form of Lorentz force), where v is the
velocity of the electron [22]. In spite of this general rule, some relatively strong magnetic dipole
transitions are found theoretically and experimentally in lanthanide ions [23—26]. The magnetic dipole

moment operator is given by:
h 2 l;+2 1.14
2myc L L 5i) (1.14)
L

Via a similar intermediate coupling scheme, the reduced matrix element (INSLJ||L + gS||IVS'L']') of

the L + gS§ tensor operator can be calculated and the MD oscillator strength is given by [27]:

hv
abs = ———— |(INSLJ||IL + gS||INS'L']")|? 1.15
= ey S + gSIINS L) (1.15)
MD transitions obey the selection rule |AJ] < 1 (0 +» 0) [28]. With the electric dipole as well as the
magnetic dipole oscillator strengths of a radiative 4f — 4f transition, several important spectroscopic

parameters can be calculated accordingly, including the spontaneous radiative decay rate Ag; ;_,¢/;7 ",

the radiative lifetime of the excited state rgg,d, and the branching ratio Bg; ;717

27‘[6’ v? 27‘[6’ v?
ED MD
ASL]—>S L ] C3 fED ’ ASL]_>5 L ] m € C3f (1.16)
i = & (1.17)
s 'y (ASL]—>S 'y + ASL]—)S y D
AED o+ AMP
B = SL]-S'L'J SLJ S L] (1.18)

ZS’L’]’(ASL]—>S 'y +A SL]—>S oy’ )

1.2.4 Non-radiative processes

The equation 1.18 above describes the intrinsic radiative lifetime of an excited 4f state. The
experimental fluorescence lifetime, however, is often noticeably shorter than this value. Besides the

radiative process from the excited state to the energy lower states, the excited electron can be

15



Chapter 1. Introduction and fundamentals

depopulated through a couple of non-radiative processes. They can mainly be attributed to phonon-
assisted relaxation and inter-ionic resonance energy transfers. The strengths of these non-radiative
processes can also be quantified as transition rate. Hence the total transition rate is a linear
combination of the radiative and all the non-radiative processes, which is the reciprocal of

experimental fluorescence lifetime:
Atotar = Araa + Wypn + Wgr = Tf_l (1.19)

For applications related to the luminescence property, non-radiative transitions can dissipate the
stored energy on the excited state and reduce the energy conversion efficiency. It is of great
importance to circumvent these processes while developing a gain material. This section focuses on

their basic theory and rules in solids.

(a) (b) (c) (d)

—— — —— — 7 ——
e frw
: —— T 1 =3
n ! M M
v —— —‘i—
—_— —— — — A4 _ -
ion 1 ion 2 ion1 ion 2 ion1 ion 2 ion1 ion 2
Figure 1.4 Graphical representations of energy transfer processes: (a) energy migration; (b)

cross-relaxation; (c) energy transfer upconversion; (d) phonon-assisted energy transfer.

1.2.4.1Resonance energy transfers

Resonance energy transfers take place between two ions, which could be the same or different species.
As is shown schematically in Figure 1.4, the stored energy of ion 1 is totally or partially transfer to ion
2. The mechanism can be described by dipole-dipole interactions between the two ions based on
Dexter’s theory [29]. By employing the approaches in the Judd-Ofelt theory, T. Kushida developed a
method to estimate the probability of resonance energy transfer between two 4f states of Ln** [30].
Assume that during an energy transfer, the initial and terminal energy levels of i and j in ion 1, and
those of [ and k in ion 2 participate in this process, the transition rate based on electric dipole-dipole

interaction was found to be:
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1 2\ 12my [ e\ 2
_ 2\ (2 (L 2 2
A = G T D@D <3)(h)(R5A> Haa sl ls e

Where Rp4 is the distance between ion 1 and ion 2 (also known as donor and acceptor), x,q4 is the

> a2 Gl lu @)
A

local field correction for dipole-dipole interaction, and S is the overlap integral regarding the
convolution of the line shapes. Obviously, the energy transfer rate is positively correlated with the
intensity of the transitions of i = j and [ = k, and with the spectral overlap of these two transitions.
Furthermore, A% is inversely proportional to the sixth power of the ionic distance. As a result, such
interaction can only become prominent with a high concentration of active ion, which leads to shorter
statistic distances between the donor and acceptor units. It is also worth noting that the resonance
energy transfer is host-dependent. Because the splitting of stark levels strongly depends on the crystal
field in the matrix and directly determines the § term, a host material with relatively small crystal field

strength can to some extend suppress the energy transfer processes.

Figure 1.4 (a) depicts the energy migration process. It refers to resonance energy transfer among
neighboring active ions of the same species. The final state of ion 2 is the same as the initial state of
ion 1. This process does not directly diminish the population on the excited state. Nevertheless, the
excited electron can travel for a long distance and terminate at a quenching center, such as an impurity

jon or lattice defect.

In contrast, the cross-relaxation process leads to a different final state of ion 2 which is energy lower
than the initial state of ion 1 (Figure 1.4 (b)). Unlike energy migration, cross-relaxation is almost
irreversible and causes significant quenching of the initial excited state. The complicated 4 f states of
Ln®> provide a great many of cross-relaxation channels. Attention must be paid on the doping

concentration of the Ln** ion if its energetic structure allows this process.

Additionally, if both ions are initially in an excited state, as depicted in Figure 1.4 (c), such process is
usually classified as energy transfer upconversion. It is, however, much less common than the previous

two cases since a large population on the excited levels is required.

1.2.4.2 Phonon-assisted relaxations

De-excitation of electron can take place via coupling to the vibration modes of the matrix. The vibration
modes in crystal lattice are quantized as phonons possessing energy Ep, = hw, where w is the
frequency of the harmonic oscillators. Moreover, the relaxation of the excited state can be
synergetically fulfilled by more than one phonon. This is known as multi-phonon relaxation. For laser
gain materials, this non-radiative process not only depletes the population on the upper laser level but
also results in unwanted thermal effects. However, it is helpful to transfer the population from the
lower laser level to the ground state. This is important because the accumulation of population on the

lower laser level can lead to detrimental reabsorption of the stimulated emission.

To characterize the rate of a multi-phonon transition, two assumptions can be made. First, it is

assumed that the relaxation process terminates on the first lower energy level below the excited state.
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Second, it is assumed that only phonons with the same frequency are involved during this process, and
that the highest-frequency phonons make the dominant contribution. Based on these assumptions,

the temperature-dependent multi-phonon transition rate is given as [31]:
Wpn(T) = Wpr(0) - [n(w) + 117 (1.21)

where Wy, (0) is the transition rate at 0 K, n(w) = (e™®/kT — 1)1 is the usual Boson thermal
occupation number, and p is the number of phonon involved. It can be seen from this equation that
the transition rate decreases exponentially with increasing number of necessary phonons. In case of a
4f excitation state of a lanthanide ion, it is commonly considered that the multi-phonon relaxation

becomes negligible when more than 6 phonons are required.

Phonon-assisted relaxation can also take place together with inter-ionic energy transfer. As depicted
in Figure 1.4 (d), the energy gap between the two states of ion 1 does not match well with that of ion
2. However, if this energy difference is close to a phonon energy in the lattice, the energy coupling can

be fulfilled with the assistance of phonon emission.
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1.3 State of the art: Ln3*-based direct visible lasers

A laser emission is realized by oscillation of stimulated emission with net gain in a resonator. With a
bunch of superiority, lanthanide ions have been extensively employed as active ion to generate
stimulated emissions. Their 4f — 4f transitions are weakly allowed. This produces a relatively long
lifetime on the upper laser level and thus benefits the population accumulation. Properties of these
transitions are slightly host-dependent. Variation of the host material can lead to gain devices with
different functions. In addition, the sophisticated 4f energy levels produce abundant optical
transitions for pumping and lasing. Many of them are located in the visible spectral region, as is

illustrated in Figure 1.5.
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Figure 1.5 4fN energy level diagram of trivalent lanthanide ions in LaF; (after [32]).

Despite the fact that these visible emission bands have early been exploited for illumination and
fluorescence sensor, they did not attract much attention with respect to visible laser application as
introduced before. Difficulties in laser operation on the visible emission lines of lanthanide ions can be
accounted for by several reasons compared to that in the infrared which is well developed. First, to
generate visible emission directly, pumping into higher energy levels is required, whereas efficient and
cheap pump sources providing UV and visible excitation were lacking in the past. Second, many of the
emission and ground-state absorption transitions at visible frequencies are spin-forbidden (AS = 1).
This leads to low transition probabilities and hence small transition cross-sections. In contrast, most of
the infrared emitting lasers are operated on the spin-allowed transitions (AS = 0), such as the
4F3/2>%112 transition of Nd** at 1 um. Furthermore, pumping and lasing in the visible spectral range
require better transparency of the gain material. Color centers of crystal, whose absorption bands
usually appear in the visible spectral range, would be critical for the laser performance. The last but
not the least, energy levels of lanthanide ions are dense in the UV spectral region. During the visible

laser operation, the energetically low lying 4fN=15d* and/or 4N states can be reached by a stepwise
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absorption process. This can significantly deplete the pump energy and increase the loss of stimulated

emission.

In spite of the intrinsic disadvantages discussed above, numerous efforts were made on this issue over

the last few decades. Laser operations on the visible emission transitions of Pr®* [33—39], Sm3* [40-42],
Eu® [43], Tb3 [44-46], Dy* [47-49], Ho* [50-52], Er* [53,54], and Tm* [55-57] have been

documented. These results are selectively presented in Table 1.1. It should be noticed that these lasers

were mainly pumped with low-efficient Xenon lamps, bulky Ar* lasers, or expensive dye lasers. Some

were operated in cryogenic conditions that restrict any practical applications.

Table 1.1 Direct visible lasers based on Ln* ions reported in the last century.
Active ions Laser transitions Host material Pumping condition Reference
3pg>3H4, 479 nm LiYF4 crystal Dye laser, 300 K [38]
3p;>3Hs, 522 nm
Pr3* 3pg>3Hs, 545 nm
LiGdF, crystal Dye laser, 300 K [39]
3Po—>3Hs, 604/607 nm
3P093F2, 639 nm
4Gs/2—>°Hy/2, ~600 nm TbF; crystal Flash lamp, 110 K [40]
Sm3+
4Gs/2>®Hoj2, 651 Nm Silicate glass Ar* laser, 300 K [42]
Eu?t *Do>’F,, 611 nm Y,0s crystal Flash lamp, 220 K [43]
Th3* *D4~>7Fs, 544 nm Gd:LiYF4 crystal Flash lamp, 300 K [46]
*Fo/2=>°Huz2, 574 nm Flash lamp, 180 K
KY(WQ,); crystal [49]
Dy3* *F9/2>®H11/2, 664 nm Flash lamp, 110 K
4F9/2>®Hog2+°F11/2, 750 nm LiNbOs crystal Dye laser [47]
35,>°1g, ~545 nm
Ho3* YAIOs crystal Flash lamp, 300 K [52]
55295|7, ~750 nm
Er3* 4S3/2>%15/2, 551 nm LiYF4 crystal Ar* laser, 300 K [54]
Tm3* 1G4>3F4, 649 nm Ba,Y,Fs crystal Ti:sapphire, 300K [57]

In 2004, A. Richter et al. reported the first blue LD-pumped solid-state laser using Pr3*-doped LiYF,4

crystal as gain medium [58]. The crystal was pumped at 442 nm, providing visible laser output at

640 nm originating from the 3Po—>3F, transition. This opened a new page to the subject of blue

semiconductor-pumped visible laser.

20



Chapter 1. Introduction and fundamentals

Nowadays, progressive development of semiconductor pump sources has been made. In terms of
maximum output power, it has been remarkably improved from 25 mW, output power of the pump
used in A. Richter’s demonstration in 2004, to more than 10 W. Moreover, choices of the output
wavelength have been greatly expanded to nearly a full cover of the visible spectral region. Benefiting
from the more powerful and versatile pumps, an ascending amount of Ln*-based visible transitions
are being exploited to produce laser emission. This motivates us to investigate the potential of each

Ln3 ion for efficient semiconductor-pumped direct visible laser applications.

Although the simple electronic structure of Ce* does not allow any 4f — 4f transitions in the visible,
it features energetically low-lying 4f °5d?* states, which are sensitive to the crystal field. Thus, Ce** can
provide intense visible emission bands originating from the inter-configurational 5d*4f° — 4f1
transitions in suitable host materials [59,60]. However, the stimulated emission was found to show
significant optical loss owing to the parity-allowed excited-state absorption (ESA) into energetically

higher 5d configuration [61,62]. Laser operation on the 5d*4f°% — 4f? transitions would be difficult.

Nd** can exhibit orange fluorescence deriving from the *Gs;;—>%ls/> transition [63]. However, the closely
spaced multiplets lying below the *Gs;; manifold with intervals less than 2000 cm™ indicate inevitable
and pronounced non-radiative processes from the upper laser level. Up to now there are very few

reports regarding its direct laser performance out of the infrared [64].

Ho** is mainly known for its laser emission at 2 um using the °I;->°l transition. A couple of multiplets
located in the blue spectral range support semiconductor pumping. After being pumped into these
levels, the populations would be transported rapidly to the overlapped °F; and °S, manifolds at around
535 nm via multi-phonon relaxation. Radiative relaxation to the terminal levels of ®I; and 5Ig provide
visible emission transitions around and 750 nm and 540 nm, respectively. However, the °I; level
separated from the ground state °lg by about 5000 cm™ shows radiative lifetime up to 10 ms [65]. This
might cause unwanted population accumulation on the laser terminal level if phonon-assisted
relaxation is not efficient from the >l level. Unfortunately, using host materials which support higher
phonon energy would cause even more severe quenching on the °F4, °S, upper laser levels, since they
were separated from the next lower energy level by ca. 3000 cm™. This contradiction impedes lasing
on the deep red °F4, °S; >°I; transitions. On the other hand, laser operation on the green 5F, °S,->°Is
ground-state transition bears in a high laser threshold energy stemming from the quasi-three-level
system. In 2014, F. Reichert et al. reports the first laser demonstration of the green °Fs, °S;>°lg
transition [66]. The Ho:LaFs gain medium was pumped by OPSL at 479 nm. Due to the low absorption
efficiency of the pump and the quasi-three-level character, the laser threshold energy was more than
2 W whereas the maximum output was merely 7.7 mW upon incident pump power of 4 W in the best
configuration. Using Ho:LiLuF;, laser performance of the °F4, °S; -°1; transitions was detected but poor
as well. Only self-pulsed output with power less than 1 mW could be observed under 4-Watt OPSL

pumping [67]. Therefore, Ho" is not interesting for this subject owing to its intrinsic disadvantages.

Except for the well-established infrared lasers at 1.5 and 3 um, Er®* is also known for its green emission

deriving from the %S;>,—>%15/, transition. Laser oscillation using this transition can be achieved with
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pumping in upconversion schemes or a direct-pumping approach. F. Moglia and co-workers
demonstrated green laser emission using the gain crystal of Er:LiLuF, [68]. Laser outputs could be
realized with either a Ti:sapphire laser or an OPSL as pump source. The Ti:sapphire pumped Er3*-laser
in an upconversion pumping scheme gave peak slope efficiencies around 20%, while this value is more
than 50% upon OPSL pumping. However, due to the small energy gap (ca. 3000 cm™) from 4Sz/; to the

next lower level, Er®* is not suitable for lasing in oxide matrices.

Tm3* has only a few transitions in the visible spectral range. The G, manifold situated around
21300 cm™ (470 nm) can serve as pump and upper laser level. Unfortunately, its ground-state
absorption wavelength does not match the output wavelengths of common LDs or OPSLs, though an
upconversion pumping scheme can be employed [69]. Radiative transitions from energy level of 1G4 to
3Hs and 3F4; provide blue and red emission, respectively. The former, as a ground-state transition,
foresees a large laser threshold energy for laser operation. The branching ratio of the latter is, however,
found to be only around 5% [70-72]. Furthermore, cross-relaxation channels from the G, state,
G, + 3Hg > 3H,+ 3Hsand G, + 3Hy —» 3Hs + 3H,, could be problematic. Thus, Tm3" is not

very promising for visible laser application.

Further excluding Pm3* which lacks stable isotopes and Gd** as well as Yb* which do not provide any
visible emissions, Pr¥*, Sm**, Eu®, Dy**, and Tb* are considered to be potentially suitable for direct

visible laser application. Their spectroscopic and laser properties will be discussed in detail.

1.3.1 Praseodymium(lil)

Trivalent praseodymium (Pr®*) is the most well-developed Ln** active ion for yielding direct visible
lasers [73]. The energy level scheme of Pr3* is shown in Figure 1.6. Several ground-state transitions can
be found in the blue spectral range. They feature large absorption cross-sections in the order of 10%°
cm? to 10%° cm?. Their wavelengths match with the commercial semiconductor lasers. For example,
the 3P, multiplet at 445 nm and the 3Py multiplet at 480 nm can be reached by LD and OPSL pumping,
respectively. Fluorescence lines spread throughout the visible spectral range, originating from
emission transitions starting from the 3P, and ls multiplets. They exhibit emission cross-sections in the

order of 102t cm? to 102° cm?.

Visible lasers activated by Pr3* have been achieved using emission transitions ranging from the cyan to
the deep red spectral region [73]. Except for the cyan transition which suffers reabsorption, watt-level
outputs have been realized on these transitions with maximum slope efficiencies exceeding 50% [73].
In addition to the abundant output wavelengths, visible laser operations of Pr3* have been realized in
various matrices, both fluoride-based and oxide-based. Fluoride crystals including LiREF, (RE =Y, Gd,
and Lu) [74], KYF4 [75], 5-NaGdF4 [76], KY3F1o [77], BaY2Fs [78], CaF, [79], and Yo.sGdosF3 [76] have been
utilized for hosting Pr3*. Among them Pr:LiYF, provides the best results. Laser emissions at 523 nm or
640 nm with slope efficiencies around 70% can be produced using Pr:LiYF, as gain medium [80]. With

regard to the oxides, stimulated emission of Pr®* could be observed in YAIO; [81], CaAl12019 [82],

22



Chapter 1. Introduction and fundamentals

SrAl1;019 [83], LaMgAIl11015 [84], and Sro7Lao.3Mgo.3Al11.7019 [85]. The Pr:YAIOs gain crystal can yield a

decent slope efficiency of 45% for the laser operation at 747 nm.

In spite of these successes, the issue of direct visible laser cannot totally rely on Pr3* because it does
not provide laser emissions in the yellow spectral range. It also shows a couple of intrinsic
disadvantages that may impede actual applications of Pr¥*-lasers. First, the energy gap between the
upper laser level 3P and the next lower energy level 1D, is around 4000 cm®. Efficient and detrimental
multi-phonon relaxation from the upper laser level is possible if the host lattice supports large phonon
energy [86]. Second, ESA transitions from the upper laser levels cannot be overlooked owing to the
energetically low-lying 4f15d* configuration [87,88]. These two characters restrict the scope of host
materials for Pr¥*-activated visible lasers. Moreover, cross-relaxation channels starting from the upper
laser level limit the doping concentration of Pr3* in the matrix. The last but not the least, the short
upper-level lifetime, which is typically a few tens of micro-seconds, results in relatively high laser

threshold energy and difficulty in Q-switched operation.
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Figure 1.6 Simplified energy level diagram of Pr3*. Solid and dot arrows represent radiative

and possible cross-relaxation process, respectively.
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1.3.2 Samarium(lil)

As is shown in Figure 1.7, Sm** displays a complicated energy-level scheme. The ground-state
absorption transitions around 405 nm are suitable for commercial GaN LD pumping. It can provide
absorption cross-sections up to several 10%° cm?. Besides, a couple of absorption transitions can also
be found in the energetically lower blue spectral region, which enables LD or OPSL pumping. However,
these transitions are spin-forbidden and show much smaller cross-sections than the ®Hs;;—>%Ps/, spin-
allowed transition around 405 nm. Emission bands in the visible are attributed to the
4Gs/2—>%Hs/2, ®H72, ®Hop, and ®Hiyys transitions. They are located in the yellow-green, orange, red, and
deep red spectral regions, respectively. All these transitions suffer a spin flip and thus show weak
transition cross-sections in the order of 102% cm?. The *Gs;,—~>°H7; transition at around 600 nm usually
gives the largest branching ratio. Research interest regarding the laser property of Sm** mainly focuses
on this transition as it can generate orange laser emission, which is difficult to obtain by conventional
frequency conversion of Nd* or Yb*. Despite that the *Gs;;—>®Hy/, transition can provide unique
yellow-green emission at ca. 560 nm, a high laser threshold using this transition is expected as it

terminates on the ground state.
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Figure 1.7 Simplified energy level diagram of Sm**. Some less important energy levels with

weak absorption intensity are neglected for clarity.
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The upper laser level *Gs;, was separated from the next lower energy level by about 7000 cm™.
Therefore, multi-phonon relaxation from the *Gs/, manifold is considered to be unlikely. Moreover, the
energetic position of the lowest 5d configuration is ca. 14000 cm™ higher than that of Pr3* [87]. Thus,
deleterious ESA process into the 5d states is not a main issue for Sm3*-lasers. These characters make
it feasible to lase Sm® in oxide-based matrices. However, the closely spaced energy levels lying
between the *Gs/; upper laser level and the ground state allow cross-relaxation [89]. As a result, doping

concentration should be limited in order to circumvent the non-radiative loss.

Visible laser oscillation have been realized using Sm:LiLuFs and Sm,Mg:SrAl1,015 crystals via in-band
pumping to the *Gs;, upper laser level [90]. The OPSL pump source emitting at 480 nm provided
absorption efficiencies around 30%. The former gain crystal was able to lase at 606 and 648 nm while
the latter at 593 and 703 nm. With regard to the orange laser operation, Sm:LiLuFs showed slope
efficiency of 13% which is apparently larger than that of 1.2% using Sm,Mg:SrAl;1,015. In these
demonstrations, the laser outputs were prone to show self-pulsing behaviors and delivered power less
than 100 mW. It is deduced that the self-pulsing is due to ESA, probably terminated at the higher-

energy 4f° manifolds, at the lasing wavelengths.

1.3.3 Europium(lll)

Europium complexes are widely used as emitter in many fields taking advantage of the intense red
luminescence. Figure 1.8 illustrates the energy level scheme of Eu®". Absorption transitions in the
visible start from the thermally coupled ’Fo and ’F; manifolds and terminate at the °D, (/ = 0, 1,2, 3)
multiplets. Unfortunately, none of the absorption lines match with the wavelengths of common
semiconductor lasers. In Eu**-doped tungstate crystals, the ’Fo—>°D; transition around 465 nm exhibits
large absorption cross-sections approaching 10° cm? despite the requirement of spin flip [91,92].
Fluorescence lines from the °Do manifold are mainly situated in the orange and red spectral region.
The °Do>’F, and °Do—>’F4 emission transitions show cross-sections in the order of 102° cm? in tungstate
compounds [91-93]. The most intense *Do—>’F, transition at around 615 nm can give branching ratio
up to 86% [91]. The *Do—>’F; transition located in the orange spectral region is a pure magnetic dipole
transition with significantly weaker intensity than the electric dipole transitions. An advantage of Eu®*
as active ion is that the Do multiplet is free from multi-phonon transitions and cross-relaxation
channels. This enables large doping ratio of Eu* without dramatically decreasing the fluorescence
lifetime [94]. In addition, the energy of the lowest 5d level of free-ion Eu®* is ca. 85000 cm™ [87], thus

ESA to the 5d configuration is unlikely for visible laser operation.

Despite that the *Do—>’F, transition seems to be the most promising for laser operation, it is found that
its peak wavelength in KRE(WO,), host materials is identical to that of the >Do—>°F4, a super-intense
intra-configurational ESA transition. As a result, optical gain offered by the >Do—>’F; transition is greatly
suppressed by ESA [93]. P. A. Loiko, V. Dashkevich, and the co-workers characterized the laser
performance of Eu**-doped KRE(WOa), crystals upon pumping at 534 nm, which corresponds to the

’F1—>°D; transition [95,96]. Laser oscillations have been realized only on the deep red *Do—>’Fs
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transition. Due to the lack of efficient pump sources and existence of color centers in the crystals, the

optical-to-optical efficiencies were no more than 2% in their demonstrations.

Nevertheless, it should be noted that a novel LD emitting at 465 nm with output power up to 16 W is
commercially available [97]. This pump source matches the wavelength of the intense “Fo—>°D; ground-
state transition. In addition, using host materials with smaller crystal field strengths might circumvent

the intra-configurational ESA transition and enable laser operation using the most interesting >Do—>F2

transition.
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Figure 1.8 Simplified energy level diagram of Eu®'.

1.3.4 Terbium(lll)

The energy level diagram of Th*" (Figure 1.9) is similar to Eu®*, since the 4f shell of the former is filled
with six 4f “holes” while the latter has the same number of 4f electrons. The ground state is the “F¢
multiplet. It can be excited to the D4 manifold with OPSL or novel LD pumps in the cyan spectral range.
Unfortunately, this spin-forbidden transition exhibits fairly low cross-sections in the order of a few
102 cm?. Emission transitions terminating at the ’F, (/] = 0 — 6) multiplets spread throughout the

visible spectral range. The >D;—>7Fs transition around 545 nm is the most promising for laser operation
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as it usually shows the largest branching ratio and emission cross-sections. The *Ds—>’F4 transition
around 585 nm, which can provide rare yellow laser emission, also attracts attention. Transitions in
the red spectral region are much weaker, thus they are not interesting for visible laser applications.
Due to the long radiative lifetime up to several milliseconds of the °D4 manifold, though favorable for
storing energy on this level, even the strongest emission transition of °Ds—>’Fs features low cross-

sections in the order of 1022 to 102* cm?.
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Figure 1.9 Simplified energy level diagram of Th**.

In 2015, C. Krénkel et al. performed systematic laser experiments using Th3*-doped fluoride crystals as
gain medium and cyan OPSLs as pump source. They were able to demonstrate Tb**-based visible lasers
via efficient semiconductor pumping for the first time [98]. Spectroscopic studies of the fabricated
Tb3**-doped fluoride crystals, including Tb:LiLuFa, Tb:LiYF4, LiTbFs4, Tb:KYsF1o, Tb:B-BaLuyFs, and Tb:LaFs,
showed that the absorption efficiency at the pump wavelengths varies from 10 to 70%. Laser operation
on the green °Ds—>’Fs transition were succeeded for all the mentioned gain materials. Benefiting from
the long radiative lifetime, the typical threshold power were found to be a few tens of milliwatts. The
largest slope efficiency of 58% was observed by using a 11-mm-long 14 at% Tb:LiLuF. crystal. The
21-mm-long 28 at% Tb:LiLuF, crystal yielded the largest output power of 1.13 W and the highest

optical-to-optical efficiency, with respect to incident pump power, of 44%. This value is comparable to
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the well-developed frequency-doubled Nd**-lasers emitting at 532 nm [99]. Continuous-wave laser
operation on the yellow °Ds—>7F, transition was also achieved. Best results were obtained by the
Th:LiYF4 crystal, giving a slope efficiency of 22% and the maximum output power of 71 mW at 587 nm.

Furthermore, wavelength tuning in the green spectral region has also been realized [100].

In spite of the impressive results of these Th3*-lasers, their utility is limited to academic level since
bulky and expensive OPSLs were employed as pump source. The emergence of novel LD with emission
around 488 nm offers a much cheaper choice for the pump source [101]. Evaluating the possibility for
this substitute could be interesting. Q-switched operation of Tb" is also prospective, considering the

long fluorescence lifetime that is favorable for energy storage.

1.3.5 Dysprosium(lll)

Achieving laser emissions in the yellow spectral range is not facile. Sum frequency mixing or frequency
doubling of Nd**-doped gain media can generate yellow laser emission, whereas the typical slope
efficiency is merely a few percent [102,103]. Dy**, which exhibits characteristic yellow fluorescence
under UV irradiation, is considered as a candidate to deliver yellow laser emissions. The layout of the
energy diagram of Dy**, depicted in Figure 1.10, resembles Sm*" to some extent, since the number of
4f holes in Dy* is identical to the number of 4f electrons in Sm3". There are three energy levels
residing in the blue spectral range. Among them, the ®His;,>% 15/, transition which corresponds the
output wavelength of common InGaN LDs and features the largest cross-section of a few 102 cm? is
the most promising for pumping. After excitation, population on the *I152 multiplets rapidly relax to
the *Fg/, level via phonon emission. Inband pumping to the *Fs/, manifold by cyan OPSL is also possible,
but this transition shows an order of magnitude weaker cross-section than the ®His;,—>%15/, transition
centered at around 450 nm. Radiative decays from the *Fo; level to the ®H; and °F; multiplets produce
several visible emission bands. The yellow *Fs/,—>®H13/, emission transition usually shows the largest
branching ratio over 50% and emission cross-section in the order of 102! to 10%° cm? [104-108]. The
4Fg/2>%F11/2+%Hg/2 and *Fs2>°F92+8H5)2 transitions in the red spectral range typically exhibit a factor of

2 to 4 weaker emission cross-sections, which are less interesting for laser application.

It is worth mentioning that, except for the *Fs2—>®His/» ground state transition, all the emission
transitions depopulate into the terminal level ®Hi3/,, which separates from the ground state by about
3500 cm™. Host materials with too-small phonon energy, such as fluorides, may suffer undesirable
population accumulation on the ®His/; multiplets, since the population cannot be efficiently quenched
via electron-phonon coupling and the radiative lifetime of this level is estimated to be up to several
tens of milliseconds [109,110].
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Figure 1.10 Simplified energy level diagram of Dy*'.

In 2010, Fujimoto et al. demonstrated yellow laser operation in a Dy**-doped fluoro-aluminate glass
fiber by LD pumping for the first time [111]. Under excitation at 399 nm, a maximum output power of
10.3 mW was obtained. 2 years later, diode-pumped laser operation in bulk crystal material was first
reported, using Dy:YAG as gain medium [112]. The gain crystal was pumped by a pulse GaN LD at 447
nm and laser output at 583 nm was observed. Best results were obtained with about 2% output
coupling at the lasing wavelength, giving a slope efficiency of 12.5% and maximum output power of
150 mW. Continuous-wave pumping by a 450-nm LD using Dy:ZnWQ, as gain medium presents similar
results [113]. Maximum cw output power of 110 mW was observed at 575 nm with a slope efficiency
around 13%. Yellow laser performance in Dy, Tb:LiLuF4 crystal was reported by G. Bolognesi and co-
workers [114]. The Tb* co-dopant is to facilitate depletion of population on the laser terminal level via
energy transfer to the ’F, manifold of Tb3'. The laser threshold power was found to be 320 mW,
pumped by a blue emitting LD at 450 nm. The maximum output was 55 mW at 574 nm upon absorbed
pump power of ca. 730 mW, resulting in a slope efficiency of 13.4%. In these demonstrations, the
efficiencies of Dy**-lasers have surpassed the conventional frequency-converted Nd**-lasers. Yellow
lasers based on direct emission of Dy** is prospective. Besides, LD-pumped laser operations on the

other visible emission bands, viz. those around 670 and 750 nm, have not been demonstrated to date.
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1.3.6 Summary of the state-of-the-art investigation

In this section, we investigated the potential of each Ln3* species as active ion for direct visible laser
usages. A summary of these novel lasers is presented in Table 1.2. The investigation especially focused
on Pr¥*, Sm3, Eu®, Dy*, and Tb* ions. Among these candidates, Pr3*-doped fluoride gain materials
have been maturely developed. On the other hand, due to the tendency of multiphonon relaxation
from the upper laser levels, oxide-based materials with large phonon energy, such as phosphates and
borates, are not promising for Pr¥*-activated lasers. However, to circumvent the ESA process, materials
with small crystal field strengths are favorable for hosting Pr¥*, whereas most of them are phosphates
or borates. Direct visible lasers have also been demonstrated using Sm**- and Eu®*-doped oxide-based
crystals. However, the quasi-cw output behaviors in these laser operations indicate intrinsic ESA

processes of Sm3* and Eu®* ions.

Th3*-doped fluorides are able to lase efficiently with green and yellow emissions, while the oxide
domain is at the moment a blank as Tb*-based gain material. With regard to Dy**, yellow laser
operations in direct pumping schemes have been achieved using both fluoride- and oxide-based
crystals giving moderate efficiency. It would be interesting to study stimulated emission of Dy** in a
variety range of materials to acquire a better insight into the structure-property relationship of Dy3*-
lasers. Finally, it has to be accentuated again that Tb® and Dy3* can produce lasers emitting in the

unique yellow spectral region. These considerations lead to the theme of this PhD thesis.
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Table 1.2 Selected Ln*-based direct visible lasers. For clarity, the data not given in the literature are denoted “-”.
Active ion Host material Pol. | Laser transition | Agp (NM) | Nsiope (%) | Peares. (MW) | Prgy. (MW) | Operation mode Pump Ref.
) Tt 3Po—>3H4 523 72 52 2900 cw OPSL
LiYF, — [80]
Tt Po—=>°Hs 640 68 17 2800 cw OPSL
pr3 SrAl;2019 o] 3Po>3Hs 643 44 60 549 cw OPSL [83]
St sLa03Mgo sAl1 019 o] 3Po—>3Hs 643 27 200 234 cw OPSL (85]
o ' ' o] 3Po—>3F4 725 37 350 300 cw OPSL
YAIO3 18 3pg>3F, 747 45 620 91 cw LD [81]
LiLUFs T *Gs/2>®H) 606 13 46 86 quasi-cw OPSL
S I 4Gs;2>%Ho)z 648 15 147 93 quasi-cw OPSL (76,90]
StAILO1 - 4Gs/2>%Hyp 593 1.2 99 44 quasi-cw OPSL
*Gs/2>®Ho) 703 200 7 quasi-cw OPSL
Eu?* KY(WO4)2 Nm SDo>7F,4 702 640 19 quasi-cw Nd:KGW [95]
LiYFe o/m >Ds—>"Fs 544/542 55 8 158 cw OPSL
Tt *Ds>7F4 587 22 32 71 cw OPSL
LiLuFe o/m >Ds—>'Fs 544/542 58 35 613 cw OPSL
Th% Tt >Ds—>"Fs 587 14 107 82 cw OPSL (98]
KYaFio 5D4>7Fs 545 34 25 793 cw OPSL
>Ds—>"F4 584 5 38 18 cw OPSL
B-BaluFs - 5D4>7Fs 546 46 18 270 cw OPSL
LaFs - >Ds—>'Fs 543 33 41 64 quasi-cw OPSL
Y3Als01, *Fo/=>®H13/2 583 12 725 150 pulse LD [112]
Dy3* ZnWO, - *Fo/2>°Hizp 575 13 550 110 cw LD [113]
LiLuF4? o] *Fo/2>°H13p 574 13 320 55 cw LD [114]
Ho3* LaFs 1T | 5F4, °S2>%Hizp 549 0.4 2000 8 quasi-cw OPSL [66]
Er¥* LiLuF4 Tt *Fo/a>°H13p 552 24 188 58 quasi-cw OPSL [68]

2 co-doped with Tb'.
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1.4 Criteria of host materials for direct visible laser application

The performance of a gain medium greatly depends on the physical properties of the matrix. The host
material defines the coordination environment of the active ion, and as a part of the resonator, its
macroscopic property impacts the optical actions within the cavity. Criteria of a suitable laser host
material depends on its actual application. In general, the crystal structure, site symmetry, and ligand
field which directly modify the spectroscopic properties of the active ion play the main role.
Nevertheless, its macroscopic optical, thermal, mechanical, and chemical properties that can give rise

to practical problems have to be taken into consideration as well.

Fluoride-based single crystals are excellent gain media for visible laser operation. As a matter of fact,
most of the direct visible lasers discussed above are based on fluorides. This is mainly due to their wide
optical transparency range, low phonon energy, small crystal field strength, and large band gap energy
in contrast with the oxides. However, their thermal and mechanical properties, chemical stability, as
well as facility for crystal growth are eclipsed by oxide single crystals. To be more specific, they have
relative large thermal expansion, leading to a small thermal shock resistance. They are softer than
oxides and thus vulnerable to fracture and mechanical damage. For example, LiYF4 has a Moh’s
hardness of 4-5, which is at the same level as glass. The hygroscopicity reduces the lifetime of usage
and further protection might be needed. The crystal growth requires complicated protection
atmosphere such as CF, and it is quite difficult to obtain high quality single crystals. These deficiencies

impede the large-scale production and industrial usage of fluoride crystals [115].

1.4.1 Host materials for Tb3*-activated visible lasers

Th3*-doped fluorides have made great success as laser gain medium, whereas there is no report on a
Tb*-laser based on oxides up till now. To achieve this goal, selection of a suitable oxide host material
must be paid utmost attention to. A critical factor that fetters laser performance of Tb*" in solids is the
possibility of ESA into the 4f75d" configuration while lasing. The stability of the half-filled 4f shell
results in energetically low lying 4f75d" levels (see also Figure 1.3). As is illustrated in figure 1.11, the
lowest 4f75d* energy levels consist of a low-spin state with ’D configuration and a high-spin state
with °D configuration [116]. Although the latter is located at a lower position, the ESA transition from
energy level of °D4 to °D is doubly spin-forbidden (AS = 2) and is expected to have very small transition
rate. Therefore, inter-configurational ESA into the °D states is considered to be negligible. Such ESA
loss, which can be recognized by a non-linear gain behavior, has been detected in Th**-doped fluoride
fibers [117].

Nonetheless, stemming from the well shielded 4f electrons by the external 5s and 5p orbitals, the
418 ground state of Tb* is not significantly affected by the coordination environment, contrary to
4f75d" states. This means the energetic position of the 4f75d" states with respect to the 4f8 states

is strongly matrix-dependent. Selecting a suitable host material with a small crystal field strength can
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enlarge this energy gap and circumvent the ESA process. The energetic position of the lowest ’D state

can be estimated by the crystal-field depression of the host material [87]:

D 4f 5d
— = [ e
4S5 —:jf a,
Af 5d
—TTTTTTT t | HS
D,

Figure 1.11 The high-spin (°D;) and low-spin (’D;) states of the 4f” 5d? configuration of Th*".
E(4f75d*,LS) = 62540 cm™! — D(A) (1.22)

Assume that the wavelength of the pump is 486 nm (~20600 cm™). To avoid any efficient ESA, the
depression value of the matrix should be less than 21000 cm™ so that E(4f75d?, LS) is more than the

pump photon energy plus the laser photon energy.

Charge transfer from the 4f states to the conduction band, though it is usually situated in an
energetically higher position than the 5d states, should also be considered. The location of the 4f
states with respect to the conduction band can be reflected by the energy of the inter-valence charge
transfer (IVCT) band, which stems from the photo-induced electron transfer process from a lanthanide

ion to another cation constituting the conduction-band bottom [118-120]:
Ln3* + M™ - Ln** + M(-DF (1.23)

Generally ,this charge transfer process takes place between Ln3* that is prone to lose an electron such
as Tb*, and M™ that tends to accept an electron, e.g. transition metal ions in high oxidation states (Ti**,
V**, W8 etc.). Quenching phenomenon of the green emission deriving from Tb3* have been observed
in CaTiOs, YVO4, and YNbO4 while is absent in YPO4 [121]. Therefore, compounds containing cations
with relatively large electronegativity should be ruled out for hosting Tb*. One should notice the
difference between IVCT and the charge transfer process from the valence band to Ln* (also known
as 0*>Ln%* charge transfer) [122]. The latter does not have a direct impact on the dynamics of the
excited state of lanthanide ion. In any cases, the band gap energy of the matrix should be as large as

possible.

The last but not the least, host materials that can provide high doping level of Tb* are favorable. As is

shown in the energy diagram of Tb3* (see also Figure 1.9), the D4 manifold is greatly separated with
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the next lower energy state (> 14000 cm™). This results in negligible non-radiative phonon relaxation
from this level. The simple energy level scheme does not support any cross-relaxation channels from
the °D4 energy level as well. Thus, the weak transition cross-sections can be partially compensated by
using highly concentrated gain materials, without significantly decreasing the fluorescence lifetime.
For example, the TbF; crystal with a Tb®* concentration as large as 2.2 x 10?2 cm™ provides a satisfying
absorption coefficient at the pump wavelength of more than 5 cm™, in contrast to its poor absorption

cross-section of 1 x 1022 cm™. What’s more, it still keeps a fluorescence lifetime around 2 ms [98].

Based on these considerations, Table 1.3 summarizes some oxide compounds that satisfy the
requirements mentioned above. It should be noted that, since the upper laser level is unlikely to suffer

multi-phonon relaxation, the phonon energy of the matrix does not need to be evaluated.

Besides the structure-dependent properties, the possibility to grow a single crystal with sufficient size
and good optical quality should also be regarded. Among these compounds, TbB3Os, LiTb(POs3)4, TOPO,,
KsTb(PQ4),, and TbAl3(BOs)s do not melt congruently and thus flux growth methods have to be
employed. It is difficult to obtain a large size crystal by this technique, whereas to compensate the
weak absorption at the pump wavelength, a long crystal is necessary to increase the absorption
efficiency. Moreover, the growth process is complicated and time-consuming. Based on these
considerations, compounds of BasTb(PO4)s, SrsTb(BOs)s, LisTb(BOs)s, and TbCasO(B0Os)s; were selected
for crystal fabrication in this PhD thesis. Collaborating with Dr. D. Rytz from FEE GmbH, Germany, who
is expert in the flux growth techniques, crystals of TbAI3(BOs)s and KTb(WO,), are also available for

study.

Table 1.3 Potentially suitable oxide-based materials for Tb3*-lasers.
Compound Space group Concentration of Tb (10%* cm?3) D(A)?
TbB;0s C2/c 102 12526
TbMgBs01o P2,/c 63 12568
LiTb(POs3)a C2/c 45 13369
TbPO, 14, /amd 137 16007
TbAIO; Pnma 194 16537
K3sTb(PO4), P2,/m 59 16959
BasTb(PO4); 143d 35 17594
TbAIs(BO3)s R32 55 18259
Sr3Tb(BOs)s R3 48 20521
LisTb(BO3); P2,/c 52 20559
TbCasO(BOs); Cm 44 20659

2 D(A) values are estimated from the isostructural RE**-based species [87].
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1.4.2 Host materials for Dy3*-activated visible lasers

The low-spin 4f85d? configuration (°H(2)) of Dy*" is located at a high energy position. The energy of
the ground-state transition to this level is around 74400 cm™ in free-ion Dy** (Equation 1.24, [87]) and
was measured to be less than 200 nm (50000 cm™) in Dy**-doped borates [123,124]. Moreover, since
the optical transitions from the potential upper laser level *Fs/; to the 4f85d" states are doubly or
even quadruply spin-forbidden, their ESA cross-sections are considered to be small. Assuming that the
pump wavelength is 450 nm (22000 cm™), the maximum crystal-field depression to circumvent ESA
should be around 30000 cm™. As a matter of fact, Dy:YAG, which shows a large crystal-field depression
of 26700 cm?, is the first reported gain material of Dy3*-based visible laser. Host materials with D (4)

values lower than YAG should be safe from such ESA processes.
E(4f85dY,LS) = 74400 cm™! — D(A4) (1.24)

On the other hand, charge transfer into the conduction band is as well less likely than Tb3*. According
to the P. Dorenbos’ research, in the same host material, the energetic position of the 4f ground state
with respect to the conduction band of Dy** is 1.65 eV (13400 cm!) larger than that of Tb** (Figure 1.12)
[125]. This makes Dy** less probable to undergo an IVCT process. Therefore, the scope of suitable host
material for lasing Dy3** is much larger than Tb*. Besides the reported laser gain media of Dy:YAG,
Dy:ZnWOQO,, and Dy, Th:LiLuF, crystals, optical gain of the yellow emission band is observed in a number
of matrices, such as Dy:LiNbOs crystal and Dy:Ba,TiSi»Os glass ceramic [126,127]. The phonon energy

is a minor factor as well, owing to the large energy gap between the upper and terminal laser levels of
Dy3*.

1
0 1 2 3 4 5 6 8 9 10 11 12 13 14
number of electrons in 4f of Ln**

Figure 1.12 The ground-state level location of lanthanide ions (solid dots: Ln3*, hollow dots:
Ln%*) in YPO,, after [125].
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Another issue is the doping site in the matrix. A cation site with a comparable radius to Dy** results in
smaller stress within the crystal and a segregation coefficient closer to unity, which leads to a lower
concentration gradient in the crystal. Concerning this, Y** (r = 90.0 pm), and Gd*" (r = 93.8 pm)
would be suitable for doping Dy** (r = 91.2 pm) (effective ionic radii (6-coordinate) are used in this
thesis, reported in [128]). However, the 6D, manifolds of Gd** have about twice the energy of the upper
laser level *Fs;2 of Dy3*. Cooperative energy transfer processes might take place during the laser

operation. Thus, Y**-based matrices are more favorable.

The energetic gap around 7000 cm™ between the *Fg/> and °F1/, manifolds indicates inefficient multi-
phonon relaxation from the *Fg/, upper laser level. The complex energy levels below *Fs/,, however,
give rise to cross-relaxation. Therefore, it is of great importance to balance the simultaneously
increasing gain and loss deriving from the rising Dy**-concentration. In this regard, the doping
concentration of Dy** should be carefully sought after via preliminary experiments. Also, host materials
with weak crystal field strengths would be preferred as the splitting of stark levels can be to some
extent lessen. This can help to inhibit the detrimental cross-relaxation process which is sensitive to the
energy matching of the stark levels. Based on these considerations, we chose CaYAIO4 (D (A) = 22500),
YCas0(BOs)s (D(A) = 20659), and Ca,AlLSiO; (D(A) = 19413) for hosting Dy**, which meet the
aforementioned requirements, and whose crystal growth techniques have been maturely developed

in our group.

The selected and available materials discussed in this section for hosting Tb** or Dy** ions are briefly

summarized in Table 1.4.

Table 1.4 Selected and available oxide-based materials for this PhD thesis.
Activeion  Compound  Abbreviation  Space group  Congruent melting D(4)
BasTb(PO4)s BTP 143d yes 17594
SrsTb(BOs)s STB R3 yes 20559
. TbAl3(BOs)s TAB R32 no 18259
™ LisTh(BOs)s LTB P2,/c yes 20521
TbCas0(BOs)3 ThCOB Cm yes 20659
KTb(WOa4), KTW C2/c no 16959
CaYAIO, CYA 143d yes 22500
Dy3* Ca,AlLSiO; CAS P42;m yes 19413
YCa,0(BOs); YCOB Cm yes 20659
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1.5 Conclusion of Chapter 1 and objective of this thesis

Visible lasers have very mature applications due to the particular utility of this spectral range. The
ongoing demands for developing efficient solid-state visible lasers with more attainable output
wavelengths are driven by the sciences and technologies on the cutting edge. Direct visible lasers are
capable of circumventing the energy loss during the frequency conversion of the traditional Nd3*- or
Yb3*-lasers. They are also able to provide more output wavelengths, as more laser transitions of various
lanthanide ions in various host materials can be exploited. Especially after the development of blue
emitting semiconductor lasers, viz. LDs and OPSLs, new laser channels have been progressively

discovered using them as pump source.

In view of the promising perspective of this subject, and based on the state-of-the-art investigation,
this work aims at developing Th3*- as well as Dy**-activated oxide single crystals for direct visible laser
application. This will mainly be done by characterizing their thermal and optical spectroscopic
properties. As a subject of material science, the synthesis procedures will be discussed in detail and

optimized to obtain eligible single crystalline materials.
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CHAPTER 2 STRUCTURE, SYNTHESIS, AND THERMAL

PROPERTIES OF SINGLE CRYSTALS

This first section of this chapter describes the crystal structure and synthesis procedure of all the
selected materials. Each material occupies one subsection and each subsection comprises discussion
about: (1) crystal structure and coordination environment of the active ions; (2) preparation methods
of the polycrystalline starting materials, which impacts the quality of the single crystals to be grown;
(3) single crystal growth process; (4) optical quality of the as-grown crystals with the assistance of
microscopes. Problems during the crystal fabrication are analyzed, followed by further optimization of
the growth conditions. The second section deals with the color centers observed in the Tb**-based
crystals grown in air. The origin of the color centers is analyzed by electron paramagnetic resonance
spectroscopy. Characterization of the thermal properties, including the thermal conductivity and

thermal expansion coefficients along the crystallographic axes, is presented in the third section.
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2.1 Structure and crystal growth

The structure-property relationship is one of the most important issues of material science. An
aforehand investigation into the structure of the single crystal material on atomic level can not only
provide information related to the fabrication procedure, but also predict its physical properties.
Tightly related to the spectroscopic properties, the coordination environments of Tb3 or Dy** ions in

the crystals will be discussed in detail.

At a practical level, the laser performance of a single crystalline material is impacted by its optical
quality. Since light oscillates through the gain medium during the laser operation, any scattering
centers or color centers in its path would be devastating. The good optical quality is also a prerequisite

for an accurate spectroscopic study of a single crystal.

The crystal quality is directly related to the purity of the starting material and the configuration for the
growth. In this work, we used polycrystalline materials with the same composition as the designated
single crystals as starting material. The polycrystals were prepared by solid-state reactions at high
temperature. The incompletely reacted raw materials or parasitic phases formed during the solid-state
reactions might form inclusions in the crystal and modify its optical property. The preparation methods

and X-ray diffraction analysis of the polycrystalline products will be presented in this section.

The crystal growth process is often influenced by the physical properties of the material itself, such as
the congruent-melting behavior, viscosity and volatility of the melt, and thermal properties of the
crystal. For example, a high viscosity of the melt is prone to form inclusions in the crystal and a crystal
with a large anisotropy of the thermal expansion tends to crack during the growth. To circumvent these
inconveniences, the conditions for the single crystal fabrication, including the atmosphere, setup of

the furnace, orientation of the seed, parameters for the growth program have to be adapted.

Compounds of BasTb(PO4)s (BTP), SrsTb(BOs)s (STB), LisTb(BOs)s (LTB), TbCasO(BOs); (TbCOB),
Dy:CaYAIO, (CYA), Dy:Ca,Al,SiO; (CAS), and Dy:YCa:O(BOs); (YCOB) exhibit a congruent-melting
behavior and are thus suitable to be grown via the Czochralski technique. The Czochralski growth is a
practical and facile approach to obtain high-quality single crystalline material. To be more specific, the
crystallization takes place on the interface of the melt and the atmosphere without contacting the
crucible, which remarkably reduces the stress on the crystal and prevents parasitic nucleation on the
crucible wall. Real-time monitoring of the growth process is possible. This makes the growth process
controllable. Moreover, the duration of fabrication is relatively short. These advantages have made it

the most widely used technique for high-quality bulk single crystal fabrication.

Owing to the similarity of the synthesis processes of these compounds, general experimental
procedures for preparing the polycrystalline raw materials and the Czochralski crystal growth are given
in Appendix B. The atomic coordinates of all the studied materials are also presented in Appendix B.
Syntheses of TbAI3(BOs)s (TAB), KTb(WO4), (KTW), and Dy:CAS were not performed in this PhD study

and will not be discussed in detail.
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2.1.1 BasTb(POa4)s (BTP)

Phosphates having a general chemical formula M"sM"(PO,)s (M" = Ba?*, Sr?*, Ca®*, Pb*, etc., and M" =
Ln¥, Bi*, etc.) belong to the eulytite (Bis(SiO4)3) family. They crystalize in the non-centrosymmetric
space group of 143d. The crystallographic data of BTP based on single crystal X-ray diffraction

refinement are listed in Table 2.1.

The eulytites have several interesting features for optical applications. The cubic symmetry leads to an
isotropic thermal expansion, which can avoid cracking during the growth as well as the laser operations.
The optical isotropy can also facilitate the processing of the single crystal. The absorption edge of its
analogue, Sr3Gd(PO,)s, was found to be around 7 eV (177 nm) in the far-UV zone, indicating a large
band gap energy [1]. More importantly, the BasLn(POa)s eulytite phosphate shows a weak crystal-field
depression of 17594 cm™. This value is comparable to that of KY3Fio (D(A) = 16084), using which as
host material of Tb*, visible lasers were able to achieve. In light of these features, BTP is a favorable

candidate for Tb**-based gain material.

Table 2.1 Crystallographic data and selective physical properties of BTP [2].
Chemical formula BasTb(PO4)s
Formula weight 855.82 g-mol*?
Crystal system Cubic
Space group 143d
Unit cell parameters (A) a =10.4484
Unit cell volume (A3) 1140.6
z 4
Theoretical density 4.984 g-cm
Melting point >1950°C
Mohs hardness 5.5 Moh

The crystal structure is schematically shown in Figure 2.1. The structure refinement reveals that barium
and terbium atoms occupy the same cationic site with a Wyckoff position of 16c. Their lattice
coordinates are slightly separated (~0.3 A). This is probably due to the large difference of their ionic
radii, which are 135 pm and 92.3 pm for Ba** and Tb**, respectively. The eulytite phosphates are known
to exhibit rotational disorder of the tetrahedral [PO4] group. Nevertheless, such disorder can vary with
the species of metal ions in its general formula M"sM"(PQ,)s [3,4]. In terms of BTP, the oxygen atoms
of the [PO4] polyhedron are distributed over two sites O1 and O2 with site occupancies of 0.75 and
0.25, respectively (Figure 2.1 (b)). The P—01 and P—02 bonds are identical in length and the 01—-P—02
angle is 40.3°.

The Tb atom is surrounded by six oxygen atoms and has the lowest C; symmery. Resulting from the

disorder, the two oxygen sites give different bond lengths to the Tb atom (Figure 2.1 (c)). Each oxygen
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site generates two sets of equivalent Tb—O bonds (3x2.40 R, 3x2.74 Afor Tb—01 and 3x2.64 A, 3x2.79
A for Tb—02). The averaged Tb—O distance is 2.61 A. This value is relatively large and indicates a small
crystal field strength. It is worth pointing out that in some eulytite structure the metal ion is considered
to have a 6+3 coordinate number with three longer M—0O bonds compared to ordinary values.
According to the structure refinement of BTP, the distance between terbium and the next closer
oxygen atoms is around 3.2 A. Therefore, it is reasonable to suppose a 6-coordinate Tb site in this

compound.

(a)

Figure 2.1 Graphics showing: (a) crystal structure of the BasTb(PO.)s unit cell (blue: MO¢
polyhedron; yellow: [PO,] polyhedron); (b) disorder of the [PO4] anion and bonding of the oxygen

atoms with the adjacent terbium atoms; (c) coordination environment of the Tb site.
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BTP shows a congruent-melting behavior allowing for crystal growth by Czochralski technique. The
polycrystalline raw material was synthesized by conventional solid-state reaction of ground and mixed
chemicals of Th407 (4N), BaCOs (2N5), and (NH4)H,PO,4 (2N) as follows:

1 1200°C 1 9
ZTb4O7 + 3BaCO3 + 3(NH,)H,PO, —— Ba3Tb(P0,); + 502 T +3CO, T +3NH3 T +§H20 T

An excess amount (1.5 wt%) of P,0s was added to compensate its evaporation during the sintering.
Due to the large quantity of gaseous products, the reaction temperature was first slowly increased to
250°C at a rate of 1°C/h and then to 1200°C at a faster rate of 2.5°C/h. The temperature was then kept
for 48h and cooled down to room temperature at a rate of 5°C/h. Powder X-ray diffraction (PXRD) of
the as-sintered sample, follow by a semi-quantification analysis, revealed that the final product
contains ca. 4% of Ba,P,0; phase and 1% of TbPO, phase (Figure 2.2). The formation of the

pyrophosphate Ba,P,07 phase is probably due to the excessive P,Os reactant.
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Figure 2.2 Powder X-ray diffraction pattern of the polycrystalline BTP (reference ICCD code:

00-043-0640; * hexagonal Ba,P,0; phase; # tetragonal TbPO, phase).

The Czochralski crystal growth of BTP was performed in static argon atmosphere. An iridium crucible
was employed, which was 50 mm in height and 50 mm in diameter. An iridium wire was used as a
growth starter. The pulling rate was 1.5 mm/h and the rotation was 12 rpm. These two parameters
were kept constant throughout the growth process. It should be pointed out that the melting point of
BTP was reported to be around 1650°C [2] whereas the temperature of the melt was estimated to be
at least 1950°C using a pyrometer during the growth process. According to the phase diagram of BaO-
Y,03-P,0s, the melting point of its isostructural compound BasY(PO,)s is also 1950°C [5], which backs
our observation. Despite the high melting temperature, no significant evaporation of the P,0s species
could be observed. This further proves the congruent melting behavior of BTP. After the separation
from the melt, the crystal was cooled down to room temperature in 48 h. The boule crystal was
annealed in argon atmosphere at 1400°C for 24 h and cooled down to room temperature at a rate of

2°C/h to remove the stress during the growth.
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Photographs of the as-grown crystal and the cut and polished samples are shown in Figure 2.3. The
color is faintly yellow, owing to a weak absorption band of Tb* in the blue spectral range. The boule is
free from cracks. Its quality was checked by passing a laser beam through the crystal. No scattering
centers could be observed in the transparent part. Optical microscopy did not detect any noticeable
inclusions in the crystal sample as well. PXRD analysis of the sample from the bottom part showed
additional peaks originating from the cubic Th,03 phase. This impure phase was not detected in the

sample from the transparent part. Thus, the bulk inclusions at the bottom could be attributed to this

secondary phase.

Figure 2.3 (a) as-grown crystal of BTP; (b) bulk inclusions in the bottom part of the boule; (c)

cut and polished samples from the transparent part of the crystal (dimension: 5x5x20 mm).

As it belongs to the cubic crystal system, BTP is expected to show an isotropic optical property.
However, when the crystal sample was observed in plane polarized light between crossed polarizers
under an optical microscope, it exhibited some irregular patterns (Figure 2.4). Such optical anisotropy
could not be eliminated by annealing the crystal in different atmospheres, including hydrogen, argon,
and oxygen. It is reported that the eulytite compound of PbsV(PO.); shows a rhombohedral super
structure on its original electron diffraction patterns [6], which might account for this optical

inhomogeneity.
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Figure 2.4 Microphotograph of a polished BTP crystal in plane polarized light between two

crossed polarizers.

Figure 2.5 (a) Electron diffraction patterns of three BTP crystal samples with arbitary
orientation; (b) high resolution electron microscopy image with the inset showing the recorded

area on a crystal slice.
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Transmission electron microscopy was carried out using a Jeol 2011 electron microscope operating at
200 kV accelerating voltage with several single crystalline slices prepared from the BTP as-grown
crystal. Electron diffraction patterns of the BTP samples with three random orientations did not reveal
any super structures (Figure 2.5 (a)). High resolution electron microscopy images did not show any
twin variants as well (Figure 2.5 (b)). Therefore, this optical inhomogeneity might still come from the

internal stress of crystal that cannot be removed by annealing.

2.1.2 Sr3Tb(BOs)3 (STB)

The “STACK” family of borate compounds is derived from the structure of SrsSc(BOs); substituted with
a variety of metal ions at the Sr and Sc sites [7]. The general formula is AsMM’(BOs)s, where A = Sr%,
Ba%*, Pb?, or Ln*, M ranges from Sc** (r = 74.5 pm) to Sr** (r = 118 pm), and M’ varies from AP**
(r = 53.5 pm) to Gd** (r = 93.8 pm), in terms of ionic radius. All the STACK compounds belong to the
rhombohedral lattice system with space group R3. Crystallographic data of STB based on the
refinement in the literature (ICCD code:04-009-3070) [7] are given in Table 2.2.

Czochralski growth of SrsRE(BOs); compounds are reported in the literature [8—12], in which crystals
with good optical quality could be obtained. Efficient Yb3*-lasers using Sr3Y(BOs)s and SrsGd(BOs)s as
host material are documented [13-15]. Furthermore, its crystal field depression is small enough to
avoid efficient ESA processes. The optical absorption cutoff wavelengths of its analogue compounds,
Sr3Gd(BOs); and BasGd(BOs)s, are around 225 nm, according to the vacuum ultraviolet spectroscopic
studies [16,17]. This suggests a quite large band gap energy of STB as well. These features point toward

that STB is a suitable material to achieve Tb3*-based laser emissions.

Table 2.2 Crystallographic data selective and physical properties of STB [7,18].
Chemical formula Sr3Th(BOs);
Formula weight 598.21 g-mol*
Crystal system Trigonal
Space group R3
Unit cell parameters (A) a=>b=12.521,c =9.247
Unit cell volume (A3) 1255.4
VA 6
Theoretical density 4.748 g-:cm’3
Melting point 1351°C
Mohs hardness 5.0
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Figure 2.6 Graphics showing: (a) crystal structure of the SrsTh(BOs); unit cell (blue: [TbOg]
octahedron; yellow: [SrOs] polyhedron; pink: trigonal [BOs] anion); (b) unit cell viewed from the

crystallographic c-axis; (c) [TbOs] octahedra arranging alternatively along the c-axis.

Figure 2.6 (a) illustrates the arrangement of atoms in a unit cell of STB. There are two crystallographic
positions of Th, both of which are 6-coordinate, and one Sr site with a coordination number of 9. The
ligand oxygen atoms of the Tb site come from different [BOs] groups. The two Tb sites, Tb1 and Tb2,
correspond to, respectively, the M’ and M site in the general formula AsMM’(BOs)s. The Tb1 site

occupying the vertexes of the crystal cell yields six equivalent To—0 bonds which are 2.13 A in length.
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The Tb2 site also shows identical distance to six adjacent oxygen atoms, which is 2.19 A. Both Tb sites
exhibit a disordered octahedral configuration and a C; symmetry. These two [TbOs] groups are
connected alternatively with each other along the crystallographic c-axis to form an infinite 1D chain
via the trigonal [BOs] groups (Figure 2.6 (b) and (c)). Within this chain, the shortest distance between
Tb1 and Tb2 is 4.62 A while adjacent chains are separated by 7.23 A. In addition, terbium atoms can
also enter the 9-fold strontium site, whose Sr—O bond lengths range from 2.54 to 2.93 A. Due to the
minor occupation of Ln3* in the Sr site, the broadening of spectral lineshape in Lh*-doped SrsRE(BOs)s

materials have been observed [9,11,12].

STB melts congruently at a moderate temperature of 1351°C [19] and is thus very suitable for
Czochralski growth. The polycrystals of STB were synthesized by sintering the chemicals of Tb,07 (4N),
SrCOs3 (2N5), and H3BO; (SN):

1 1200°C 1 9
ZTb4O7 + 3SrCO3 + 3H3;B0; —— Sr3Tb(BO3)3 + 502 T+4+3C0, 1T +§H20 T

An excess amount (3 wt%) of H;BOs was added to compensate the evaporation of B,Os during the
solid-state reaction. The heating rate was 2.5°C/h and the sintering temperature was kept at 1200°C
for 48h. The as-sintered products show inhomogeneous colors. The majority was orange (~90%) while
the other parts were white or black. PXRD was performed on three samples showing different colors
(orange, white, and black). The orange polycrystals did not show noticeable parasitic peaks in its XRD
pattern, as is shown in Figure 2.7. The other two samples, however, were found to contain

incompletely reacted species.
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Figure 2.7 Powder X-ray diffraction pattern of the orange STB polycrystals (reference ICCD

code: 04-009-3070).

The single crystal growth was first performed in air atmosphere using a Pt-Rh crucible which is 50 mm
in height and 50 mm in diameter. A platinum wire was used as a growth starter. The pulling rate was

0.7 mm/h and the rotation was 10 rpm. The diameters of the neck and body part were set to be 6 and
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22 mm, respectively. Significant evaporation of B,0s; from the melt was not observed during the
synthesis. The as-grown crystal, denoted STB1, is free from cracks whereas it shows a red color (Figure
2.8 (a)). Considering the fact that the terbium-doped (18%) SrsGd(BOs)s; crystals grown in N,
atmosphere were reported to be colorless [20], the red color of STB1 could be attributed to the
oxidation of Tb3" into Tb* in air atmosphere. Identification of this red color by spectroscopic and

electron paramagnetic resonance measurements will be presented in next subsection.

Annealing of STB1 in a reducing atmosphere containing 10% H, and 90% Ar at 1000°C for 24h turned
it into a colorless single crystal (Figure 2.8 (b)). However, this process might generate vacancies in the
lattice. To circumvent the unwanted red color of the as-grown crystal, another growth of STB was
carried out. The second growth was conducted in the same reducing atmosphere as for the annealing
(H2/Ar). This is also to take into account the fact that oxidation of Tb3 already takes place during the
preparation of polycrystalline materials, which exhibit an orange color. The H,/Ar atmosphere can thus
reduce the Tb* species in the melt in situ. An oriented crystal along the c-axis was cut from the STB1
boule and utilized as a seed for this growth. The pulling rate was set to be 0.5 mm/h, which is slower
than the previous growth and the rotation was kept at 10 rpm. The as-grown crystal, denoted as STB2,
is colorless and free from bulk inclusions (Figure 2.9 (a)). A small amount of rod-like defects could be
observed using an optical microscope (Figure 2.9 (b)). Nevertheless, its optical quality is good overall
as no scattering center could be detected by passing a laser beam through the crystal. Figure 2.9 (c)

shows the cut and polished samples with a dimension of 5x5x20 (||b) mm.

Figure 2.8 (a) as-grown crystal of STB1; (b) the crystal after annealing in H,/Ar.
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100pm -

Figure 2.9 (a) as-grown crystal of STB2; (b) scattering centers observed under a microscope;

(c) cut and polished samples from the crystal (dimension: 5x5x20 mm).

2.1.3 TbAI3(BOs)s (TAB)

TbAl3(BOs)s (TAB) crystalizes in the trigonal crystal system with the non-centrosymmetric R32 space
group (Table 2.3). Figure 2.10 (a) illustrates the positions of atoms in a unit cell, which contains three
formula units of TbAI3(BOs)s. The crystal structure yields only one crystallographic position for Th. This
site is closely surrounded by six equivalent oxygen atoms and the Tb—O distance is 2.31 A (Figure 2.10
(b)). The coordination polyhedron generated by these oxygen atoms, which is a slightly disordered
triangular prism, yields a D3 symmetry of the Tb site. The distance between Tb and the surrounded six
crystallographically equivalent O3 atoms is 3.06 A, which is slightly larger than the threshold of a Tb—O
coordinate bond. The TbOg polyhedra do not share any coordinate oxygen atoms with each other. As
a result, the shortest distance between two Tb atoms is as large as 5.88 A. This value is greater than
those of BTP (3.90 A), STB (4.62 A), LTB (3.88 A), and ThCOB (3.54 A), even though TAB has larger
concentration of Tb%. Detrimental energy transfer processes among the Tb atoms can be markedly
lessen in TAB, as is well-known that the dipole-dipole energy-transfer rate is inversely proportional to

the sixth power of atomic distance.
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Table 2.3 Crystallographic data and selective physical properties of TAB [21,22].
Chemical formula TbAIl3(BO3)4
Formula weight 475.11 g-mol™?
Crystal system Trigonal
Space group R32
Unit cell parameters (A) a=>b=9293(1),c=7.249(6)
Unit cell volume (A%) 541.796(1)
z 3
Theoretical density 4.366 g:cm?
Melting point decomposes at ~1200°C
Mohs hardness ~7.5°

2 based on the analogue compound YAI3(BO3)s.

Figure 2.10 Graphics showing: (a) crystal structure of the TbAIl;(BOs)4 unit cell (blue: [TbO¢]
polyhedron; yellow: [AlO¢] polyhedron; pink: trigonal [BOs] anion); (b) coordination environment
of the Thsite.

The TAB crystal was kindly offered by Dr. D. Rytz. It was synthesized by top-seeded solution growth
method. Li;,WO4 was used as flux and the growing temperature was ~950°C. A boule crystal of ~8 g
was obtained after a growth run of 25 days. The cut and polished TAB sample is shown in Figure 2.11.
Although scattering centers can be observed in the sample, the optical quality is sufficient for the

following spectroscopic study.
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Figure 2.11 Cut and polished TAB crystal, oriented to the indicatrix axes.

2.1.4 LicTb(BOs)s (LTB)

The lithium borates with a general formula LisRE(BOs); (RE = Y, Gd-Lu) are known for their wide
transparent zone, which is indispensable for direct visible laser application. Single crystalline LisY(BOs)s
is transparent into far-UV and has a large band gap energy of 7.04 eV (176 nm) [23]. The crystal field
depression is small enough to circumvent efficient ESA processes starting from the °D4 upper state.
The concentration of Tb®* in LTB is estimated to be 5.2x10%* cm3, which is a factor of 1.5 larger than
that of BTP (3.5x10%' cm). The large active-ion density is favorable for compensating the weak
absorption cross-section of the "Fs—>°Ds pump transition. These characters makes it a promising

candidate for this subject.

Single crystal XRD measurements were carried out in order to perform precise structural refinement
of LTB, which are summarized in Table 2.4. The structural solution reveals that LTB belongs to the
monoclinic crystal system with space group P2, /c. The refined atomic coordinates and displacement
parameters are listed in the appendix section B.2.4. The unit cell comprises four chemical formula units.
A graphic representation of the crystal structure is presented in Figure 2.12 (a). The Tb atom is 8-
coordinated by oxygen atoms having six different crystallographic symmetries, denoted 01-06. This
cationic site has the lowest C; symmetry. The Tb—0 bond lengths range from 2.31 to 2.53 A, yielding
an average value of 2.40 A (Figure 2.12 (b)). The [TbOsg] polyhedra connect with each other via common
edges formed by O1 and 06 (figure 2.12 (c)). They pile along the crystallographic c-axis and result in a
1D zigzag chain with a distance of 3.88 A between two Tb atoms. These chains are separated by
7.20 A with each other by the [LiO4]/[LiOs] groups. This crystal structure leads to a mono-dimensional

inter-ionic interaction of the Tb atoms within the 1D chain.
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Table 2.4 Crystallographic and structural refinement data of LTB (this work).
Chemical formula LisTb(BOs);
Formula weight 377.00 g-mol*?
Crystal system Monoclinic
Space group P2,/c

a =7.2030(2), b = 16.4723(3),

Unit cell parameters (A) ¢ = 6.6678(2), § = 105.326(3)

Unit cell volume (A3) 763.00
VA 4
Theoretical density 3.282 g-cm?
Absorption coefficient 9.293 mm!
Theta range for data collection 3.401 to 28.274°
Limiting indices |h]| <9,]k| <21,]l| <8
Reflections collected/unique 10108/1891
R(int) 0.0400
Refinement method Full-matrix least-squares on F?
Extinction coefficient 0.0223
Final R indices (I > 2a(I))? R; = 0.0185,wR, = 0.0462
R indices (all data) Ry =0.0211,wR, = 0.0474
Goodness-of-fit on F? 1.143
Highest difference peak and deepest hole 0.867 and -0.849 A3
o, = HlFol-lFell o [Sw(F3-FE)’ ]1/2
ZIFol Yw(F3)

The congruent melting temperature of LTB should be closed to LisGd(BOs)s, which is as low as 848°C
[24]. As a result, the LisRE(BOs)s melt exhibits high viscosity and large super cooling effect (~200°C),
which further bring about a couple of practical problems. To be more specific, problems such as
macroscale defects, bulk inclusions, concave interface growth, and spiral growth have been reported
[24-29]. In addition, the tendency of cleavage and cracking along the three cleavage planes, viz. (102),
(010), and (121), may bother the fabrication and processing of LTB crystals. Therefore, the growth

parameters must be thought over in order to obtain good quality LTB crystals with sufficient size.

61



Chapter 2. Structure, synthesis, and thermal properties of single crystals

Figure 2.12 Graphics showing: (a) crystal structure of the Li¢Th(BOs)s unit cell (blue: [TbOs]
polyhedron; yellow: [LiO4]/[LiOs] polyhedron; pink: trigonal BOs anion); (b) coordination
environment of the Thsite; (c) [ThOs] polyhedra stacking along the c-axis in an edge-sharing

scheme.

It is found that after melting the polycrystalline starting material, the incompletely reacted species
during the solid-state reaction, such as lithium pyroborates, tend to enter the growing LisRE(BOs)s
crystal and remain as bulk inclusions [26,28]. Therefore, purity of the starting material for the single
crystal growth has to be particularly taken care. The polycrystalline material of LTB was synthesized by
a solid-state reaction of Tb407 (4N), Li,CO3 (5N), and H3BOs (5N) as below:

1 750°C 1 9
ZTb4O7 + 3Li,CO3 + 3H3BO; — LigTb(BO3); + goz T+3C0, 1T +§H20 T
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Unlike the syntheses of other borate polycrystals in this study, no excess of B,O3; was added before the
sintering because of the relatively low reaction temperature. The raw materials were slowly heated to
750°C at a rate of 1°C/h. The duration of sintering was 48h. The appearance of the as-synthesized
polycrystalline pieces was white overall, with a small amount with color in black. The PXRD pattern of
the white polycrystals reveals an almost pure phase (Figure 2.13). The parasitic peak at around 29° is
probably from the ThOy species. On the other hand, the black products contained several parasitic
phases. They showed aggregation effect on the rim of the polycrystalline cylinder were removed

manually.
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Figure 2.13 Powder X-ray diffraction pattern of the white LTB polycrystals (reference ICCD
code: 00-061-0412).

The control of thermal gradients in the crystal growth circumstance of LTB is crucial. Low thermal
gradients were found to produce spiral growth or uncontrollably rapid growth behaviors [24-26]. Too-
high thermal gradients, however, might lead to cracking of the crystal. The furnace setup for growing
LTB crystals were modified from the typical one. The zirconia grains surrounding the crucible as well
as the cone above the crucible were removed in order to increase the thermal gradients (see also

Figure B.1 in Appendix B).

The initial growth of LTB was carried out in air atmosphere with a platinum crucible. The crucible is
slightly deformed, with a diameter of 38 mm on top and 42 mm at bottom. A LisGd(BOs)s crystal with
a random orientation perpendicular to the b-axis was kindly offered by Dr. P. Veber from ICMCB,
Bordeaux. It was used as a seed crystal for this growth. A slow pulling rate of 0.5 mm/h was adopted
to circumvent formation of gas inclusions. A slow rotation was suggested in the previous works in order
to prevent the forced convection and stabilize the growth [25,26]. Thus, the crystal rotation was
maintained constantly at 5 rpm. The diameters of the neck and body part were set to be 8 and 22 mm,
respectively. Notable evaporation of B,03; from the melt was not observed after completely melting

the polycrystals. After being separated from the melt, the boule crystal was allowed to cool down in
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25 h. Considering the low melting temperature, this cooling rate should be slow enough. Nevertheless,

a part of the boule underwent cleavage during the cooling procedure.

g_'.-_.-,-

Figure 2.14 (a) as-grown crystal of LTB1; (b) cleavage planes observed under a microscope; (c)

the crystal after annealing in H,/Ar.

Photos of the as-grown crystals, denoted LTB1, are shown in Figure 2.14 (a). The cleavage, showing a
stepwise structure, took place from the shoulder part. The perfect cleavage planes (Figure 2.14 (b)), as
well as the noticeable natural facets on the boule crystal, were found to be (010). The as-grown crystal
exhibited a yellow color, which could be assigned to the oxidation of Th3* in the air. This is supported
by a similar behavior to STB discussed in subsection 2.1.2. After annealing in a reducing atmosphere
(H2/Ar, 750°C for 48 h), the LTB crystal turned almost colorless. The upper part of the boule had a low
density of scattering centers inside. With regard to the lower part, however, a vast amount of cloudy

inclusions could be observed by naked eyes.

The unfavorable cleavage behavior can be circumvented by using a suitably oriented seed. A new seed
crystal was fabricated from LTB1. The orientation is designed to have an angle as large as possible with
respect to (102), (010), and (121), which is around (4-32). Another growth of LTB was performed
with this seed crystal. Setup of the Czochralski furnace was similar to the first growth, except that the
reducing atmosphere was employed. This is the same strategy to avoid color-center formation as for
STB. The growth rate, rotation speed, and diameter of the body part were set to be 0.5 mm/h, 5 rpm,

and 25 mm, respectively. The cooling duration of the crystal was elongated to 36 h.
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The grown crystals, denoted as LTB2, are shown in Figure 2.15 (a). The color is much paler than LTB1.
Unfortunately, the boule crystal cracked severely during the growth process (before cooling). Here we
proposed two possible reasons. First, it can be due to the highly deformed crucible (not used for the
previous growths). Its diameter on top is 44 mm while that of the inflated part is 56 mm (Figure 2.15
(b)). Such irregular shape could result in asymmetric temperature field and a large axial thermal
gradient, since the coupling efficiency to the RF coil differs with crucible diameter. This unfavorable
growing environment might had caused the cracking of the crystal. Second, the diameter of the body
part was increased by 3 mm compared to the first growth. The diameter of the crystal impacts the
convection mode of the melt. The forced convection mode is promoted as the crystal diameter
increases [26,30]. It transports melt from the lower part, which has higher temperature, to the upper

part of the crucible. This process might had also lead to the cracking.

On the other hand, LTB2 is free from cleavages which took place in LTB1. This indicates that the
orientation of the seed crystal was suitable. The much paler color than LTB1 proves that the oxidation
of Th3* was suppressed owing to the reducing atmosphere. A small amount of scattering centers can

be observed in the upper body part of LTB2 with a laser pointer or an optical microscope. A microscope

image showing a typical inclusion in LTB2 is presented in Figure 2.15 (c).

Figure 2.15 (a) as-grown crystal of LTB2; (b) the deformed crucible used for the growth of LTB2;

(c) observation of the scattering center in the upper part of the boule under a microscope.
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Growth conditions were further optimized in the third run. To avoid the unfavorable temperature field,
a more regular crucible was employed, which had been used for the growth of LTB1. The diameter of
the body part was reduced to be 20 mm to lessen the forced convection. The pulling speed was further
decreased to 0.4 mm/h. The growth program was modified as well (see also appendix section B.1.3).
The pulling was not immediately stopped after the end of bottom part. The purpose is to gradually
transport the boule away from the melt. In this way, the thermal shock exerted to the boule crystal
can be minimized during the separation and cooling processes. Finally, the cooling rate was further

extended to 48 h to avoid cracking.

The as-grown crystal of LTB3 is shown in Figure 2.16 (a). It is free from cracks and cleavages. However,
a low density of scattering centers can still be found in the upper body part of the boule, which have
the same morphology as those of LTB2 (Figure 2.16 (b)). Similar to the previous two as-grown LTB

crystals, the density and size of the inclusion increase drastically at end of the body part. A polished

crystal sample is shown in Figure 2.16 (c).

Figure 2.16 (a) as-grown crystal of LTB3; (b) observation of the scattering center in the upper
part of the boule under a microscope; (c) cut and polished samples from the crystal (dimension:
5x5x11 mm).
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2.1.5 ThCasO(BOs)s (TbCOB)

TbCas0(BOs); (TbCOB) crystalizes in a non-centrosymmetric C,, space group. The crystallographic
information of TbCOB is given in Table 2.5. Its isostructural compounds YCOB and GdCOB have been
extensively used as laser gain medium and non-linear optical material on account of the broad
transparent range and facileness to grow a high quality single crystal. The absorption edge of YCOB is
reported to be 220 nm [31]. The crystal field depression of TbCOB is similar to those of STB and LTB

discussed above. These advantages motivate us to study the physical properties of ToCOB.

Table 2.5 Crystallographic data and selective physical properties of ToCOB [32,33].
Chemical formula TbCas0(BOs);
Formula weight 509.89 g-mol*
Crystal system Monoclinic
Space group Cm
Unit cell parameters (A) a = 8.0715, b = 16.0000, c = 3.5454, f = 101.2550
Unit cell volume (A3) 449.06
z 2
Theoretical density 3.771 g-cm?3
Melting point 1498°C
Mohs hardness 5.650n (010)
Refractive index® n?() =A+ T D)2

? Sellmeier coefficients: Ay = 2.809; A, = 2.900; A, = 2.930; B, = 22330 nm?, B, = 23340 nm?,
B, = 23730 nm?; C,, = 16130 nm?, Cy, = 17290 nm?, C, = 15680 nm?; D, = 5890 nm ™2, D, =
11040 nm~2, D, = 11980 nm™2.

The crystal structure of TbCOB is illustrated in Figure 2.17 (a), which is based on the single crystal
diffraction refinement data [33]. A unit cell provides three metallic sites, one is occupied only by Ca,
while the other two are distributed with Ca and Th. Nevertheless, occupation of Th in the Cal/Tb1 site
was found to be predominant over the Ca2/Tb2 site (0.96 for the Cal/Tb1 site) [32,34]. The Cal/Tb1
site has a C; symmetry with a mirror plane passing through the O1 and O3 atoms while the other two
metallic sites give a C; symmetry. As is depicted in Figure 2.17 (b) and (c), both Tb sites are six-
coordinated. The average Tb—O bond lengths of the Tb1 and Tb2 sites are found to be 2.33 and 2.34
A, respectively. The eight-fold Ca site gives an average Ca—O distance of 2.55 A. The [Cal/Tb10¢]
octahedra are connected to the neighboring units by common edges and the [Ca2/Tb20s] octahedra
display a similar edge-sharing approach (Figure 2.17 (d)). The 4-coordinate O1 atom, which is
independent from the borate groups, bonds with two [Cal/Tb10¢] octahedra and two [Ca2/Tb20s]
octahedra at the same time. The three parallel [Ca/TbOs] chains stack along the crystallographic c-axis
(Figure 2.17 (e)). The minimum Tb—Tb distance within the same chain is 3.54 A.
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Figure 2.17 Graphics showing: (a) crystal structure of the TbCa;O(BOs); unit cell (blue: [TbOs]
octahedron; yellow: [CaOs] polyhedron; pink: trigonal [BOs] anion); (b)(c) coordination
environment of the Thsites; (d) stacking of the [Ca/TbhOs] octahedra along the c-axis; (e) the

[Ca/TbO¢] chains viewed from the c-axis.

TbCOB melts congruently at around 1500°C [32]. The polycrystalline TbCOB raw materials were
synthesized by sintering the chemicals of Th40; (4N), CaCOs (2N5), and H3BOs (5N):

1 1300°C 1 9
ZTb4O7 + 4CaCO3 + 3H3BO; —— Ca,TbO(BO3); + 502 T +4C0, 1 +§H20 T

An excess amount (4 wt%) of H3BOs; was added to compensate the loss of B,0Os via evaporation. The

starting materials were heated up to 1300°C at a rate of 2.5°C/h .The sintering lasted for 36h. The as-
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synthesized polycrystalline cylinder was overall pale yellow. A small amount of brown stain was
observed on the surface. Such partial dark color was also observed in the STB and LTB polycrystals
products. They tend to aggregate on the rim and surface of the polycrystalline cylinder. PXRD was
carried out on the pale yellow and brown samples. The pale yellow sample does not show any obvious
secondary phases, as is shown in Figure 2.18. The sample with color in brown, however, exhibits many
parasitic peaks in its diffraction pattern. They were removed manually from the pure pale yellow

products.
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Figure 2.18 Powder X-ray diffraction pattern of the pale yellow TbCOB polycrystals (reference
ICCD code: 04-009-0602).

TbCOB crystals grown in argon atmosphere showed a yellow color, which derives from a broad
absorption band starting from around 500 nm to middle UV zone [33] (see also Figure 2.19 (b)). This
unwanted broadband absorption, probably stems from existence of tetravalent terbium, covers the
pump transition at around 486 nm and must be circumvented. Based on the previous experiences in
growing terbium-based crystals, TbCOB was grown directly in the reducing atmosphere (10% H and
90% Ar). A b-oriented YCOB seed crystal and an iridium crucible (50 mm in height and 50 mm in

diameter) were used for the Czochralski growth.

As expected, the as-grown crystal of TbCOB shows its natural pale color in contrast with the yellow
TbCOB crystal grown in argon (Figure 2.19 (a)). The natural facets of the as-grown crystal were found
to be (201) by Laue diffraction. Despite that the bottom part has a rough surface and bulk inclusions,
this TbCOB crystal has the best optical quality among all the terbium-based crystals fabricated in this
work. No scattering center could be detected in a polished sample cut from the upper body part of the

boule. The fabricated single crystal rods of TbCOB are shown in Figure 2.19 (c).

69



Chapter 2. Structure, synthesis, and thermal properties of single crystals

(b)

ThCa,0(BO;),
ICMVi SDU

it
R
108 RERRY SRaS

1

R
josse st

Figure 2.19 (a) as-grown crystal of TbCOB; (b) TbCOB grown in argon atmosphere in the

literature [33]; (c) cut and polished samples from the crystal (dimension: 5x5x26.7 mm).

2.1.6 KTb(WOa): (KTW)

The monoclinic tungstate crystals KRE(WQ,), (RE =Y, Gd-Lu) are interesting as laser gain medium
mainly because of their relatively small lattice phonon energy (~900 cm™) and that the doping active
ion usually shows exceptionally large transition cross-sections [35,36]. However, the preliminary
investigation in Chapter 1 reveals that hexavalent tungsten-based materials are not compatible for
hosting Tb3 for visible laser applications due to the risk of charge transfer process that depletes the
excite-state population during laser operation. Nevertheless, the terbium-based tungstate of
KTb(WO,), (KTW) is worth studying since it can offer knowledge about excited-state absorption of Tb**

to the host bands. Its crystallographic information is given in Table 2.6.
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Table 2.6 Crystallographic data and selective physical properties of KTW [37,38].
Chemical formula KTb(WOa4)2
Formula weight 693.72 g-mol*
Crystal system Monoclinic
Space group C2/c

a = 10.6586(5), b = 10.4073(4),

Unit cell parameters (A)
¢ = 7.5762(3), B = 130.754(5)

Unit cell volume (A3) 636.6
VA 4
Theoretical density 7.238 g-cm’
Melting point decomposes at ~1010°C
Mohs hardness? 4-5

2 Based on the analogue compound KY(WOQ4,),.

Figure 2.20 Graphics showing: (a) crystal structure of the TbAI;(BOs), unit cell (blue: [TbOsg]
polyhedron; yellow: [KOs] polyhedron; green: [WOg] octahedron); (b) coordination environment of
the Thsite.

Single crystal XRD refinement of KTW has been conducted by S. Schwung et al [37]. It belongs to the
monoclinic space group of C2/c. The crystal structure is shown in Figure 2.20 (a). It gives only one
crystallographic position of Th. The Tb site is surrounded by eight O atoms and has the C2 point
symmetry. The Tb—0 bond lengths range from 2.23 to 2.69 A (Figure 2.20 (b)). The [TbOs] polyhedra
connect with each other via an edge-sharing scheme and form a 1D chain. The eight coordinate oxygen

atoms of the Tb site bond with eight adjacent W atoms. The minimum distance between a terbium
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and a tungsten atom is only 3.55 A. The closely spaced Tb and W sites enables the charge transfer
process. It is worth mentioning that site exchange of K and Tb atoms, both are 8-fold, can take place.

This may lead to broad spectral lines.

The KTW crystal received from Dr. D. Rytz was grown from K;W,07 flux at ca. 900°C. The processed

crystal sample shown in Figure 2.21 is almost colorless and has good optical quality.

Figure 2.21 Cut and polished KTW crystal, oriented to the indicatrix axes.

2.1.7 Dy:CaYAIO (Dy:CYA)

The ®His;,>%1s2 ground-state transition of Dy** around 450 nm fits the output wavelength of
commercial InGaN LD pump sources, which usually exhibit broad band emissions with FWHM of 1.5-2
nm. Thus, host materials with suitably disordered rare-earth sites, which lead to inhomogeneously
broaden spectral lines of the doping active ion, would be beneficial to increase the absorption
efficiency of the pump. The tetragonal CaYAIO,4 (CYA) compound features a random distribution of Ca*
and Y3* over the same cation sites. Taking advantage of the inhomogeneous broadening, CYA has been
extensively studied as host material for broad-band tunable Yb3*-lasers [39,40]. In addition, single
crystalline CYA has good thermal and mechanical properties. It has a moderate Mohs hardness around
7 making it easy to be processed. The small anisotropy of the thermal conductivities along a and ¢
crystallographic axis, which are 3.7 and 3.3 W-mK?, respectively, plays down the possibility of
cracking during the laser operation. Dy:CYA is thus considered as a promising laser gain medium for
blue LD pumping. The crystallographic parameters as well as thermal and mechanical properties of

CYA are summarized in Table 2.7.
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Table 2.7 Crystallographic data selective physical properties of CYA [41-43].
Chemical formula CaYAIO4
Formula weight 219.96 g-mol*?
Crystal system Tetragonal
Space group 14/mmm
Unit cell parameters (A) a = 3.6451(1),c = 11.8743(6)
Unit cell volume (A3) 157.77
VA 2
Theoretical density 4.640 g-cm
Melting point 1810°C
Mohs hardness? 7.23 on (100) and 6.86 on (001)
Thermal expansion coefficient (10 K1) 8 (along a-axis); 11 (along c-axis)
Thermal conductivity (W-m™1-K?) 3.7 (along a-axis); 3.3 (along c-axis)
Specific heat 0.593 J.gl-K1?
Refractive index® n?() =1+ A2%/(A> - B)

2 Based on the analogue compound CaGdAIQ,.

b Sellmeier coefficients: 4, = 2.64; A, = 2.53; B, = 11400 nm?, and B, = 14400 nm?.

The unit cell structure of CYA is illustrated in Figure 2.22 (a). The Al atoms occupy the vertices and
body-centers of the unit cell and are coordinated with 6 oxygen atoms. The slightly disordered [AlOg]
octahedra orthogonally connect with each other in a vertex-sharing scheme and form a 2-D network,
which is perpendicular to the c-axis. The Ca and Y atoms share the same 9-fold site with a Cy,
symmetry. It yields two sets of four identical Ca/Y—0 bonds (4x2.480 A and 4x2.594 A) and a unique
Ca/Y—0 bond with the shortest length of 2.259 A (Figure 2.22 (b)). The [Ca/YOo] polyhedra stack
compactly via the 6-coordinate oxygen atoms within the [AlOg] 2-D sheets. The Ca/Y atom is closely
surrounded by the other nine Ca/Y atoms with distances ranging from 3.377 to 3.633 A, as is shown in
Figure 2.22 (c).
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(b) 02

Figure 2.22 Graphics showing: (a) crystal structure of the CaYAIO, unit cell (blue: [Ca/YOq]
polyhedron; yellow: [AlOgs] octahedron); (b) coordination environment of the Ca/Y site; (c)

distances between the adjacent Ca/Y sites.

To suppress the cross-relaxation processes, the doping concentration of Dy** has to be taken care. The
designated doping concentration of Dy** in Dy:CYA was set to be 4.5x10%° cm3, which corresponds to
a doping level of 3.54 at%. This value is desighed to be similar to those in the reported Dy3**-doped gain
media [44—-46]. The Dy:CYA polycrystals were synthesized by solid-state reaction. The powders of
Dy,0s3 (4N), Y205 (4N), CaCOs (2N5), and Al,O3 (4N) were ball milled, pressed, and sintered at 1400°C:

o

0.0354 0.9646 1 14
Y203 + CaCO3 + EA]203 — CaY0.9646Dy0_0354A104 + COZ T

Dy203 +

The duration of the sintering was 48 h. The as-synthesized polycrystalline materials exhibited a
homogeneous brown color and their purity were verified by PXRD. The diffraction pattern indicates a

pure phase, which is shown in Figure 2.23.
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Figure 2.23 Powder X-ray diffraction pattern of the brown Dy:CYA polycrystals (reference ICCD
code: 04-011-4753).

CYA has a congruent melting temperature around 1810°C. It is, however, prone to form color centers
during the growth even in N, atmosphere [47-51]. The natural colorless crystal of CYA exhibits a wide
transparency into middle UV spectral range (~200 nm) whereas the crystal with color center shows an
additional absorption band starting from 600 nm to the UV [42]. During the laser operation, these color
centers can not only absorb the pump and emission energy but also cause additional thermal effects.
Xutang T. et. al. studied the origin of such color center formation, which universally takes place in the
ABCO4 (A= Ca, Sr, Ba; B=Y, Ln; C = Al, Ga) compounds [43]. Based on the experimental and calculated
data, they were able to assign the additional absorption band to interstitial oxygen atoms in the lattice,
as its absorption intensity increases with the increase of O interstitials, whereas decreases with the

increase of O vacancies.

In order to circumvent the detrimental coloration, the Czochralski growth of Dy:CYA was performed in
H,/Ar reducing atmosphere. An iridium wire was used as a growth starter. The crucible was 50 mm in
height and 50 mm in diameter. The pulling rate was controlled to gradually decrease from 1.0 mm/h
(at the beginning of the neck part) to 0.6 mm/h (at the end of the shoulder part). Then the pulling rate
was maintained to be 0.6 mm/h for the growth of body part. The rotation speed was kept constantly
at 12 rpm. Noticeable fuming behavior of the melt was observed during the growth, which might be
due to the evaporation of Al,O5 at high temperature. The cooling of the crystal lasted for 48 h after

being separated from the melt.

The as-grown crystals are shown in Figure 2.24, which exhibit a naturally pale yellow color originating
from Dy**. The growth orientation was found to be perpendicular to the crystallographic c-axis by X-
ray diffraction. No scattering centers could be observed when passing a laser beam through the Dy:CYA
crystals. However, a small amount of inclusions with particle size of a few microns could be observed

inside the crystal under an optical microscope (Figure 2.24 (b)). These small-size inclusions, as well as
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the rough surface of the boule, might be due to the evaporation during the growth process. The

processed crystal samples are shown in Figure 2.24 (c).

Figure 2.24 (a) as-grown crystal of Dy:CYA; (b) observation of the small-size inclusions under a

microscope; (c) cut and polished samples from the crystal (dimension: 5x5x10; 5x5x20 mm).

Elementary analysis of the as-grown Dy:CYA crystals was performed by electron probe micro-analysis
(EPMA). The Dy** concentrations of samples from different parts of the boule are summarized in Table
2.8. The segregation coefficient of Dy*" ion in the CYA matrix was calculated to be 1.06 using the
equation: k = ¢y /cy, where c; is the concentration in the neck part and ¢y is the initial concentration
in the melt. The segregation coefficient close to 1 suggests that the CYA matrix is very suitable for
hosting Dy**. It results in a smooth concentration gradient and small stress inside the Dy:CYA crystals.
The crystal sample for the spectroscopic studies was cut from the upper body part of the boule. The
Dy3* concentration in this sample was estimated to be 4.67 x 10?° cm™3, corresponding to a doping level
of 3.68 at%.
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Table 2.8 Concentration (in units of 102° cm) and doping level of dysprosium in different
parts of the boule. The doping level was determined as the ratio of the dysprosium atoms to the

total of the dysprosium and yttrium atoms.

Dy>* concentration Doping level (at%)
Neck 4.75 3.74
Upper part of body 4.67 3.68
Lower part of body 4.44 3.48
Residue melt 4.36 3.40

2.1.8 Dy:CazAl:SiO; (Dy:CAS)

Broadening of spectral lines in Dy3**-activated materials would be beneficial for LD pumping owing to a
better overlap of the optical bands. Lanthanide-doped gehlenite Ca;Al,SiO; (CAS) compounds are
known for their broad spectral lineshape stemming from the disordered structure [52,53]. This

character motivates us to study the spectroscopic property of Dy** in this matrix.

Table 2.9 Crystallographic data and selective physical properties of CAS [54-57].
Chemical formula CaAlLSio;
Formula weight 219.96 g-mol*
Crystal system Tetragonal
Space group P42;m
Unit cell parameters (A) a =7.685,c =5.064
Unit cell volume (A3) 299.05
VA 2
Theoretical density 3.045 g-cm
Melting point 1583°C
Thermal expansion coefficient (106 K1) 7.6 (along a-axis); 12.1 (along c-axis)
Thermal conductivity (W-m™-K%) 2.2 (along c-axis)
Refractive index? n?(}) =1+ A42%/(12 - B)

2 Sellmeier coefficients: 4, = 1.888; A, = 1.857; B, = 15389 nm?, and B, = 14139 nm?2.

CAS crystallizes in the tetragonal P42, m space group (Table 2.9). The unit cell structure of CAS is
illustrated in Figure 2.25 (a). The All site, which occupies the vertex of the unit cell, yields four identical
Al—0 bonds and forms a regular tetrahedron. Another tetrahedral site is shared by Si and Al atoms
with the same occupancy. This site connects to one 01, one 02, and two O3 atoms, and shows a C;

symmetry. The [AlO4] and [Si/AlO,4] tetrahedra extend into a 2-D sheet along the a-b crystallographic
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plane. The crystal structure of CAS can then be simply described as an alternative stacking of this 2-D
network with that constituted by the [CaOsg] polyhedra (Figure 2.25 (b)). The 8-fold Ca site, which allows
for doping with Ln**, exhibits a C; symmetry (Figure 2.25 (c)). The average Ca—O bond length is 2.57 A.
The additional positive charge arising from introducing trivalent lanthanide ions to the divalent calcium
ion site could be compensated by increasing the occupancy of Al in the Si/Al site in the following

approach: Ca,_,Ln,Al*AlZ, ,Si; _, 0, (The superscript denotes Al atoms in different sites).

The Dy:CAS crystals, with a nominal doping level of 10%, were grown by N. Britos, a former PhD in our
lab, with a slow pulling rate of 0.5 mm/h and fast rotations of 35-40 rpm [58]. Although containing
noticeable scattering centers, the Dy:CAS crystal from the upper body part of the boule have enough
good optical quality for the following spectroscopic studies. Based on the EPMA results, the Dy**
concentration in the sample cut from the upper body part of the boule is 8.07 x 10%° cm?3,

corresponding to a doping level of 12.1 at%.
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Ca Si/Al  Ca Si/Al  Ca

Figure 2.25 Graphics showing: (a) crystal structure of the Ca,Al,SiO; unit cell (blue: [CaOs]
polyhedron; grey: [AlO;] tetrahedron; yellow: [Si/AlOQ,] tetrahedron); (b) stacking mode of the
[Ca0s], [AlO4], and [Si/AlO,] polyhedra; (c) coordination environment of the Casite.

2.1.9 Dy:CasYO(BOs); (Dy:YCOB)

YCa40(BOs)s (YCOB) is isostructral to ThCasO(B0s)s, the crystallographic properties of which have been
discussed in subsection 2.1.5. The crystallographic data and thermal properties of YCOB can be found

in Table 2.10. Here we directly introduce the fabrication procedure of Dy:YCOB. The polycrystalline
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materials were synthesized with a nominal doping ratio of Dy** of 10%, which corresponds to a
concentration of 4.5x10%° cm™ in the matrix. The solid-state reaction can be described by the chemical

formula below:

0.1 0.9 1300°C 9

The synthesis was carried out with an additional amount (4 wt%) of H3BOs; to compensate the
evaporation of B,Os during the sintering. The as-sintered products showing a color in orange were
found to be almost pure phase by PXRD. The pattern is shown in Figure 2.26. The weak parasitic peaks

could be attributed to incompletely reacted Y,0; species.

Table 2.10 Crystallographic data and selective physical properties of YCOB [59-62].

Chemical formula YCa;O(B0s)s
Formula weight 441.64 g-mol?
Crystal system Monoclinic
Space group cm
Unit cell parameters (A) a = 8.094, b = 15.959, c = 3.517,
B =101.19
Unit cell volume (A3) 446.93
VA 2
Theoretical density 3.310 g-cm?®
Melting point 1510°C
Mohs hardness 6.0-6.5
Thermal expansion coefficient (106 K1) 9.9 (along a); 8.2 (along b); 12.8 (along c)
Thermal conductivity (W-m™-K?) 1.83 (along a); 1.72 (along b); 2.17 (along ¢)
Specific heat 0.730 J-.g1-K1 (373 K)
Refractive index® n?() =A+ yPpr D)2

® Sellmeier coefficients: A, = 2.767; A, = 2.873; A, = 2.911; B, = 20470 nm?, B, = 22590 nm?,
B, = 22420 nm?; C, = 18630 nm?, C, = 17100 nm?, C, = 18730 nm?; D, = 6250 nm™2, D, =
9210 nm~2, D, = 12350 nm™2.
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Figure 2.26 Powder X-ray diffraction pattern of the brown Dy:YCOB polycrystals (reference
ICCD code: 01-070-8121; * cubic Y.0; phase).

The growth conditions of Dy:YCOB are very similar to those of TbCOB, except that pure argon was used
as protection atmosphere. Photographs showing the Dy:YCOB crystals are presented in Figure 2.27.
The as-grown crystal has an overall good optical quality. However, some particle-like inclusions could
be observed in the upper body part of the boule under a microscope. Similar to TbCOB, we found

significant bulk scattering centers aggregating at the end of the body part and the bottom part.
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Figure 2.27 (a) as-grown crystal of Dy:YCOB; (b) under a microscope; (c) cut and polished

samples from the crystal (dimension: 5x5x10; 5x5x20 mm).

EPMA was performed on different parts of the Dy:YCOB boule crystal to estimate the chemical
compositions. The resulting data are summarized in Table 2.11. The segregation coefficient of Dy** was
estimated to be 0.86 by comparing the concentration in the neck part and the initial concentration in
the melt. It is worth noting that this value is smaller than 1, while the segregation coefficient of Dy3* in
CYA is slightly larger than 1. The crystal sample for the spectroscopic studies was cut from the upper

body part of the boule, the Dy3* concentration of which is around 3.86 x 102° cm3,

Table 2.11 Concentration (in units of 10%° cm3) and doping level of dysprosium in different
parts of the boule. The doping level was determined as the ratio of the dysprosium atoms to the

total of the dysprosium and yttrium atoms.

Dy** concentration Doping level (at%)
Neck 0.385 8.59
Upper part of body 0.386 8.61
Lower part of body 0.401 8.94
Residue melt 0.431 9.60
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2.2 Color center formation

Formation of color centers were observed during the growth of terbium-based crystals in the air
atmosphere. The additional absorption bands in the visible range can dissipate the excitation energy,
qguench the luminescent emission, and cause detrimental thermal effects. Therefore, for visible laser
or luminescence applications using Tb**-activated materials, absence of any color centers is required.
As a matter of fact, all the polycrystalline raw materials, synthesized in air, showed more or less some
yellow or orange color. The phenomena of a dark color, rather than the original color of the compound
itself, have been widely reported in crystals that tend to form lattice defects, such as REAIO; and
CaREAIO, [42,63,64]. This character, however, does not depend on the rare-earth ion in the lattice.
The crystal growths of the analogue compounds of STB and LTB under air atmosphere are documented,
such as SreGdSc(BOs)s and LisGd(BOs); [28,65]. The as-grown crystals in these literatures did not exhibit
such color-center formation. This could exclude that the dark color is derived from crystal defects.
Terbium-based crystals grown in air, on the other hand, were reported to feature color in yellow or
red, such as TAB, KTW, NaTb(Mo0Q,),, and Na;Tb4(Mo00,); [22,66—68]. Therefore, in the first place, we

attribute the dark color to the oxidation of Tb* to metastable Tb* ion during the crystal preparation.

After annealing as-grown crystals of STB1 and LTB1 under H,/Ar reducing atmosphere, a change of the
color could be observed. The absorption spectra of the crystals before and after annealing are shown
in Figure 2.28. The STB and LTB crystals grown in air show broad absorption bands rising from around
600 nm into the UV, which disappeared after annealing in Hy/Ar. The LTB crystal before annealing,
which is pale yellow in color, showed much weaker intensity of this absorption band compared to the
red STB. This could be explained by the much lower reaction and growing temperature of LTB than STB.
Free-ion Th*, which has the same electronic structure as Gd**, does not possess any 4f — 4f
transitions in the visible spectral range [69]. However, similar broad absorption bands can be found in
solid or aqueous tetravalent terbium compounds, such as SrTbOs3 and TbP4013, and are considered to
be derived from Tb* [70-72]. Nevertheless, it should be pointed out that these additional absorption

bands can also originate from the lattice defects induced by Th* with an excessive positive charge.

16 5
—— Before annealin —— Before annealin
14 STB ___an ing - b LTB ing
(a) er annealing er annealing
= 44
£ £
o e
€ <
[} [}
S S 34
b= &
(o} [7
Q Q
o o
c c
2 2 2
I3 e
[=} o
(2] (7]
Q Q
< <
1
T T T T T T T o T T T T T T T T
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 2.28 Absorption spectra of the crystals before and after annealing in H,/Ar atmosphere:
(a) STB; (b) LTB.
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To figure out the origin of the color centers, electron paramagnetic resonance (EPR) spectroscopy
characterization was performed. The EPR signals of all the Ln** ions except Gd**, can be detected only
under cryogenic conditions because of the well-known rapid spin-lattice relaxation [73]. Gd**, as well
as its isoelectronic Th*, is a Kramers ion that possess a half-filled 4 f orbital with a ground-state term
of 8S. This makes it possible to measure the EPR spectrum of Tb*" at room temperature. On the other
hand, the Tb3 ion existing in these matrices is not EPR-active at room temperature. Therefore, the

presence of Tb* could be verified from the EPR spectroscopy of the crystals.

—— STB grown in air ——LTB grown in air
41 (a ) —— STB annealed for 24h 8 ( b) ——LTB annealed for 48h
—— STB annealed for 48h

EPR signal (a.u.)
EPR signal (a.u.)
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Magnetic Field (G) Magnetic Field (G)

Figure 2.29 Room-temperature EPR spectra of the ground crystals before and after annealing in

H./Ar atmosphere: (a) STB; (b) LTB.

X-band EPR spectra (Bruker ELEXSYS E500) were recorded at room temperature using ground powder
samples from different batches of the growth. The measurements were performed under the same
condition and the spectral intensities were calibrated so that the resulting data are comparable. EPR
spectra of STB1 and LTB1, which were grown in air, and their annealed samples are illustrated in
Figure 2.29. The as-grown crystals show intense broad-band signals. Referring to the EPR spectra of
the tetravalent terbium compounds of BaTbOs and SrThOs, the signals originating from Tbh* have
linewidth more than 1000 G [74]. After annealing in Hy/Ar atmosphere for 48 h, the EPR bands of the
STB sample disappeared whereas those of LTB became weaker. Measurements were also carried out
using the BTP sample grown in argon, as well as STB2, LTB2, and TbCOB crystals grown in the reducing
atmosphere. The resulting data are shown in Figure 2.30. No significant broad-band signals could be
detected. This suggests the absence of Tb* in these samples, which is in line with the observation that
they are almost colorless. From these results, we can draw the conclusion that the formation of color

centers is related to the oxidation of Tbh3* to Tb**.

The actual mechanism of the oxidation of Tb®* in the crystalline matrices is complicated and could be
structure-dependent. Tb* ions can enter the lattice while crystallization. The additional positive charge
generated by Tb*" occupying the Tbh** site could be compensated by introducing lower-valence ions, in
our cases, Ba%, Sr¥*, or Ca®' into the Tb3 site. Take STB as an example, the actual composition might
be St Tbx (I, 1IV)(BOs)s with additional Sr?* occupying the Th3* site. Also, Tb** in the crystals may be

oxidized in air at a high temperature, accompanying the formation of interstitial oxygen. Here, we
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propose a feasible scheme expressed by Kroger—Vink notation (the interstitial oxygen could occur in

various forms):

or

Tbx +10 - Tb; +10”
Tb3+ 4 2 Tb3+ 2 i

1
Tb¥b3+ + 502 g Tbr.rb3+ + O;

The reducing process by H, could be written as:

. 1,1 y 1
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Figure 2.30 EPR spectra of (a) the BTP crystal grown in argon; (b), (c), (d) the STB, LTB, TbCOB

crystals grown in H,/Ar atmosphere.
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2.3 Thermal properties

The thermal properties of a laser gain material are of great important, especially thermal conductivity
and thermal expansion. Heating of the gain medium during the laser operation can be problematic.
The gain material with a small thermal conductivity leads to a large radial thermal gradient
perpendicular to the lasing direction, which further gives rise to detrimental thermal lensing effects or
even cracking. A large thermal conductivity is favorable particularly for high-power lasers. On the other
hand, the thermal shock resistance parameter is inversely proportional to the second power of thermal
expansion coefficient. Thus, a too-large thermal expansion of the gain materials makes it vulnerable
to thermal shocks. A significant anisotropy with respect to the thermal expansion coefficients may also

result in cracking. Detailed experimental procedures in this section are given in Appendix B.

2.3.1 Thermal conductivity, effusivity and specific heat capacity

Thermal conductivity as well as effusivity of the bulk crystal samples were measured at room
temperature by a TCi thermal conductivity analyzer. The resulting data are listed in Table 2.12. With

these values, the specific heat capacity was calculated via the following formula:
e=(k-p-Cy)Y? (2.1)

where e is the thermal effusivity, k is the thermal conductivity, p is the theoretical density, and G, is

the specific heat capacity.

Table 2.12 Thermal conductivity, effusivity, and specific heat capacity of the terbium-based

single crystals at room temperature.

Matrices Thermal conductivity Thermal effusivity Specific heat
(W-m™K?) (kW-sY2.m2.K1) capacity (J-kg*-K?)
BTP 0.65 1.17 427
STB (along c-axis) 1.11 1.46 402
LTB (arbitrary orientation) 2.97 2.48 628
TbCOB (along b-axis) 1.92 1.92 510

The thermal conductivity of BTP was measured to be as low as 0.65 W-m™*-K. However, LTB gives a
decent value of 2.97 W-m™-K?, which is greater than many other borates such as GdCa;O(BOs)s
(2.2 W-m™-K?), CasLaz(BOs)s (0.5 W-m™-K™), Sr3Y2(BO3)s (0.8 W-m™-K?), and 3-BaB;04 (1.4 W-m™-K?)
[75-78]. R. Gaumé and co-workers developed a model for estimating the thermal conductivity of
insulating crystals with overall relative errors less than 50%. The relationship between thermal

conductivity and a couple of physical properties is found to be [79]:
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1 A
K=z s T%Z - p2/3. M3 .13 732 (2.2)
where —— is a constant of 7.53x107 for ionocovalent materials, Ty, is the melting temperature, M is
Ve

the molar mass, n is number of atoms per formula unit, and u is the reduced mass, which is the
harmonic average of all ion masses of the formula unit (covalent groups like [PO4]* and [BOs]* are

treated as entity).

Based on the equation 2.2, the thermal conductivity of BTP, STB, LTB, and TbhCOB at 293 K were
calculated to be, respectively, 0.71, 0.78, 5.2, and 1.7 W-m™1-K. These values are overall consistent with
the experimental data. One can also notice that according to Gaumé’s model, k is inversely
proportional to the reduced mass to 1.5th power, which plays a main role in determining the value of
K. This could explain the exceptionally large thermal conductivity of LTB by the large contribution from
the light Li atoms to its chemical formula unit. Moreover, LTB also features the largest thermal
effusivity, which characterizes the capability of a material to exchange thermal energy with its

surroundings.

2.3.2 Thermal expansion

Thermal expansion refers to a change in size of matter in response to a change in temperature. It is

usually quantified by the linear or volumetric thermal expansion coefficients defined as:

_1dL 23
q _lav 24
an aV_VdT (2.4)

They can be calculated from the variation of crystallographic unit cell parameters at different
temperatures. This method starts with the measurements of PXRD patterns at different temperatures.
Then the temperature-dependent lattice parameters can be obtained by profile-matching refinement
of the PXRD patterns. As an example, the PXRD patterns of BTP obtained from 298 to 1073 K are
depicted in Figure 2.31. All the recorded diffraction peaks exhibit shifts to smaller 26 with increasing
temperature. This indicates that the lattice intervals in BTP increase simultaneously at higher

temperature.
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Figure 2.31 PXRD patterns of BTP at different temperatures; the inset shows the variation of
the (444) diffraction peak.

The refined cell parameters of BTP, STB, TAB, LTB, TbCOB, and KTW at different temperatures are
shown in sequence in Figure 2.32 to Figure 2.37. All the samples for the PXRD measurements were
prepared from the single crystals. The thermal expansion coefficient of BTP along the crystallographic
axis, which exhibits a linear behavior within the measured temperature range, was calculated to be
17.6x10° K at room temperature. This value is comparable to the other eulytite phosphates such as
Sr:BasLa(P0O4)3 (17.7x10° K1) and Bas(P04),S04 (18.2x10° K1) [80,81]. However, it is larger than the
other well-developed cubic materials such as YsAls01; (6.13%x10° K1), GdsGasO1, (9.0x10° K1), and
KY3F1o (14.5x10°° K?) [82-84].

A linear fit of the cell parameter a of STB yields an expansion coefficient of 19.4x10® K at room
temperature. However, the variation of cell parameter c features significant nonlinear behaviorat T >
873 K. This phenomenon was not observed in its analogue compounds such as Er:Sr;Y(BOs)s and
Yb:SreScY(BOs)s [85,86]. Excluding the data at T > 873 K, the thermal expansion coefficient along c-
axis was fitted to be 6.8x10° K. The obtained a; values along a- and c-axis are close to those
measured with Er:Sr3Y(BOs)sin the literature [85], which are 19.6x10° Kt and 7.1x10° K%, respectively.

The volumetric coefficient ay was calculated to be 45.1x10° K.

The cell parameter b of LTB exhibits a constant growth in the measured temperature range. On the
other hand, the cell parameter a shows an accelerating augment at higher temperatures whereas c
displays a decelerating augment. This trend was also observed with LisEu(BOs); [87], indicating that it
is probably irrelevant to the oxidation of Tb®* in air. In spite of this, the expansion of the cell volume is
linear, yielding &, = 47.8 x 107 K~1. The expansion coefficients along the crystallographic axes at
room temperature were calculated to be a, = 12.7 X 107¢ K™%, a, = 225 x 107 K™%, and a, =

15.9 x 107 K=1. These values are quite large and might account for the cracking of the LTB2 crystal.
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The thermal expansion coefficients of TAB, TbCOB, and KTW are listed in Table 2.13, together with
those of the above compounds. These data exhibit an overall linear behavior and are comparable to
those of their analogue compounds of YAl3(BOs)s (a; = 3.88 X 107® K™%, @, = 12.5 X 107¢ K1),
GdCOB (a, = 10.5x 107 K™, a, =83 x 107 K1, @, = 14.7 x 1076 K1), and KGdW (a, =
13.6 X 1078 K1, @), = 2.8 x 1076 K™%, a, = 22.8 x 107% K1) [88-90].

Table 2.13 Linear and volumetric thermal expansion coefficients (valid for T < 673 K, in unit
of 10 K?).
Matrices ag ayp ac ay
BTP 17.6 17.6 17.6 52.8
STB 19.4 19.4 6.8 45.1
TAB 3.9 3.9 11.9 19.7
LTB 12.7 22,5 15.9 47.8
TbCOB 12.1 7.7 14.2 329
KTW 13.7 2.2 25.1 37.2

Among these six terbium-based materials, TAB has the smallest @, and the thermal expansion
coefficients of TbCOB feature the smallest anisotropy (except for BTP). These two matrices should be
less likely to suffer cracking during the crystal growth or laser operation. On the other hand, the
thermal expansion coefficients STB, LTB, and KTW are relatively large and strongly anisotropic. The
anisotropy of a is particularly pronounced along the b- and c-axis of KTW with more than an order of
magnitude’s difference. Control of the incident power and cooling of these crystals during the laser

operation should be concerned.
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Figure 2.32 Variation of the cell parameter of BTP with temperature.
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Figure 2.34 Variation of the cell parameters of TAB with temperature.
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2.4 Conclusion of Chapter 2

Several Tb3- as well as Dy**-activated single crystalline materials were synthesized. Phase purity of the
polycrystalline starting materials were verified with PXRD. The majority did not exhibit significant
secondary phases. Crystal growth of BTP, STB, LTB, TbCOB, Dy:CYA, and Dy:YCOB were carried out
using the Czochralski technique. The growth conditions, including the crucible, pulling speed, and
rotation were optimized and the atmosphere was taken care. Efforts were particularly made on the
crystal growth of LTB to circumvent the cleavage and cracking of this material. Finally, single crystals
with good optical quality and sufficient size were obtained, which are free from bulk scattering centers.

In addition, single-crystal XRD refinement of LTB was studied for the first time.

The concentrations of Dy3* in the matrices of CYA, CAS, and YCOB were determined with electron probe
micro-analysis. They were found to be 4.67x10%° cm3, 8.07x10%° cmand 3.86x10%° cm™ at the upper
body part of the boule. The segregation coefficients of Dy** in CYA and YCOB were calculated to be
1.06 and 0.86, respectively.

To better understand the formation of color centers in terbium-based crystals, EPR spectroscopic
measurements were performed. The dark-color samples of STB and LTB showed intense signals in their
EPR spectra at room temperature, which could be assigned to the EPR-active Tb* ion. Thus, we are
able to attribute the color centers to the oxidation of Tb** to Th* ion in the lattice. These results
accentuate the importance of using a reducing atmosphere to grow Th**-activated crystals to get rid

of the color centers.

Thermal conductivities and thermal expansion coefficients of the terbium-based compounds were
measured. LTB gives the largest thermal conductivity of 2.97 W-m™-K 1. Thermal expansion coefficients
along the crystallographic axes were obtained from XRD measurements at a couple of temperatures.
Those of ToCOB exhibit the smallest anisotropy. The crystallographic structural and thermal properties

of these crystals are summarized in Table 2.14.
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Table 2.14 Crystallographic structural and thermal properties of the terbium-based crystals and the host materials for doping dysprosium.
Matrices BagTb(PO4)3 Sr3Tb(303)3 TbAlg(BOg)4 LI5Tb(BOg)3 Tbca40(303)3 KTb(WO4)2 CaYAIO4 CazA|zsiO7 Yca40(803)3
Crystal system Cubic Trigonal Trigonal Monoclinic Monoclinic Monoclinic  Tetragonal Tetragonal Monoclinic
Space group 143d R3 R32 P/2,c Cm C2/c 14/mmm P42;m Cm
Theoretical density 498g-cm3 4.75g:em®  437gcecm?  3.28gcm? 3.77 g-cm?3 7.24gcm?® 4.64gcm?  3.04g:ecm®  3.31gcem?
Melting point >1950°C 1351°C ~1200°C? ~850°C 1498°C ~1010°C? 1810°C 1583°C 1510°C
Active-ion conc.
35 48 55 52 44 63 4.67 8.07 3.86
(10® cm?3)
Coordination number 6 6 6 8 6 8 9 8 6
Avg. Ln—0 bond length 2.61A 2.13/2.19A 2.31A 2.40 A 2.33/2.34 A 2.39A 2.51A 2.57A 2.32/2.34 A
Site symmetry C, C; Dy Cy Cs/Cy C, Cyp Cs Cs/Cy
Thermal conductivity 3.7 (la); 1.8 (||a); 1.7
o 0.65 (arb.)  1.11(||c) ~5.3° 2.97 (arb.) 1.92 (||b) ~3.5¢ 2.2 (||c)
(W-mLKY) 3.3 (]lc) (Ib); 2.8 (J|c)
Specific heat (J-kg™*-K?) 427 402 ~770° 628 510 ~360° 593 - 730
_ 12.7 (||a); 13.7 (||a); 9.9 (||a); 8.2
Thermal expansion 17.6 (||a); 3.9 (|la); 12.1(||a); 7.7 8 (|la); 11 7.6 (||a);
o 19.4 22.5(||b); 2.2 (||b); (l1b); 12.8
coefficients (10 K1) 6.8 (||c) 11.9(||c) ([1b); 14.2 (]|c) (1) 12.1(||c)
12.9(||c) 25.1(||c) (llc)

# Decomposition temperature.

b Data of the analogue compound GdAI(BOs)a.

¢ Data of the analogue compound KGd(WO.,)..
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CHAPTER 3 OPTICAL PROPERTY CHARACTERIZATION

Optical properties of the crystals are characterized and discussed in this chapter. The principal optical
directions of the uniaxial and biaxial crystals are determined. The refractive indices of some terbium-
based crystals, which are essential for the following spectroscopic study while not reported, are
measured experimentally. The following spectroscopic measurements and analysis are performed:
ground-state absorption spectra (Section 3.2), Judd-Ofelt calculations (Section 3.3), fluorescence
spectra (Section 3.4), and fluorescence decays (Section 3.5). The Tb*'- and Dy3*-activated crystals are
discussed separately in the above-mentioned sections. The spectroscopic data related to the potential
laser performance are tabulated to give an overview. The excited-state absorption of the Tb**-based
compounds is studied by photon detectors in a pump-probe approach. Laser experiments using the
fabricated materials as gain media are attempted with different pump sources. For conciseness,
detailed experimental procedures and information about the apparatus are mainly described in the

appendix section B.3.
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3.1 Optical orientation and refractive index

The refractive index is an essential parameter for further studies of the optical properties. The
interaction between light and the lanthanide ions in the medium is influenced by the refractive index
that is parallel to the polarization of light. An optically isotropic crystal like BTP does not show
birefringence and has one refractive index. Uniaxial crystals that belong to the tetragonal or hexagonal
crystal systems, such as STB and Dy:CYA, yield two sets of refractive index. In the case of uniaxial
crystals, the optic axis has the same direction as the crystallographic c-axis. Light whose polarization is
perpendicular/parallel to the optic axis is governed by, correspondingly, the ordinary/extraordinary
refractive index. Monoclinic biaxial crystals generate two optic axes and three orthogonal directions
X, Y, and Z of the optical indicatrix. One of these three indicatrix axes is parallel to the crystallographic
b-axis while the other two do not coincide with crystallographic directions. In the case of biaxial crystals,
the three refractive indices exhibit the sequence of nz(ny) > ny(ny) > ny(n,), where the light

polarization is parallel to one of the corresponding principal axes of the optical indicatrix.

The uniaxial crystals of STB, TAB, Dy:CYA, and Dy:CAS could be easily oriented with respect to the optic
axis (c-axis) by X-ray diffraction. The as-grown crystals of Dy:CYA and Dy:CAS both exhibit natural
faceting of (001), which makes this process even more convenient. The two surfaces perpendicular
and parallel to the optic axis were polished so that the polarizations of E L c and E || ¢ are accessible
for the following characterization. The optical orientations were further examined with a polariscope
equipped with a conoscopic lens. Photos of these uniaxial media observed with the polariscope

utilizing irradiation from a sodium lamp (A = 589.3 nm) are presented in Figure 3.1.

The principal optical directions of a monoclinic biaxial crystal were, on the other hand, much more
complicated to be determined. First, the crystal was oriented with respect to the b-axis, which
corresponds to one indicatrix axis. The a- or c-axis of this sample was then found by Laue X-ray
diffraction with a goniometeric sample holder. Next, with the reported values (those of the analogue
compounds can be referred) of the angles between the optical and crystallographic directions, the
other two indicatrix directions could be roughly determined. Finally, further polishing on the roughly

oriented sample was conducted to obtain the accurate orientation with assistance of a polariscope.

After the crystal is oriented and cut perpendicular the three mutually orthogonal indicatrix axes, an
assighment of them to the X, Y, and Z-axis is necessary. This can be fulfilled with assistance of a quartz
wedge [1]. In the case of LTB, the Y-axis was found to be along the b-axis and the X- and Z-axis that
bisect the two optic axes could be distinguished by their different moving patterns while manipulating
the wedge. The optical indicatrix of LTB viewing from the Y-direction is illustrated in Figure 3.2 (b). The
determination of the indicatrix axes is backed by refractive index measurements, which will be
discussed later. Since the X-axis is the acute bisectrix of the optic axes, LTB is optically negative. The
relationship between the optic, indicatrix, and crystallographic axes is depicted in Figure 3.2 (a) and
(c). The direction of the Z-axis is approximately along (2 0 1) and that of the X-axis is about 3° from

(7 0 10). The angle between the Z-axis and a-axis was calculated to be 40.7°.
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TAB

Dy:CAS

Figure 3.1 Conoscopic images of the uniaxial crystals. The denoted orientations point toward

the viewer.
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Figure 3.2 (a) Simplified optical indicatrix of LTB observed along the Y-axis; (b) photos of the
LTB crystal oriented to the principal optical directions under a polariscope. The denoted
orientations point toward the viewer; (c) relative orientation of the optical indicatrix axes X and Z

to the crystallographic axes of LTB.

The orientation of the monoclinic ToCOB was performed in the same approach. The reported refractive
indices of TbCOB are closed to those of GACOB [2,3]. This indicates that the relationship between the
crystallographic and optical directions are similar in TboCOB and GdCOB. According to our observation,
the Y-axis is along the crystallographic b-axis and the angle between the Z-axis and a-axis is 23.5°,

which is comparable to the reported value of 26° in GdCOB (Figure 3.3).

In the case of KTW, to our surprise, the conoscopic image of one indicatrix direction is irregular in spite
of the fact that the crystal is cut orthogonally (Figure 3.3). The crystallographic orientations along the
three indicatrix axes were determined. The Y-axis was found to be parallel to the b-axis, which shows
an unusual conoscopic pattern. The angle between the Z-axis and c-axis was calculated to be 20° from
the Laue X-ray diffraction pattern, which is comparable to the values of 18.5°, 21.5°, and 18.5° in

isostructral compounds of KYW, KGdW, and KLuW, respectively [4—6].
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Figure 3.3 Relationship between optical and crystallographic axes and conoscopic images
along indicatrix axes of ThbCOB, KTW, and Dy:YCOB. The denoted orientations point toward the

viewer.

The relationship between the crystallographic and optical directions of YCOB was referred to find the

three indicatrix axes of Dy:YCOB [7]. According to Laue X-ray diffraction data, the angle between the
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Z-axis and a-axis of Dy:YCOB was found to be 23°. This matches exactly with the reported value of

YCOB. Conoscopic photos of the oriented crystal of Dy:YCOB are shown in Figure 3.3.

Refractive index measurements of BTP, STB, and LTB were carried out using the standard method of
minimum deviation. Prisms of these materials were fabricated. The BTP prism was cut in an arbitrary
orientation. The polished surfaces of the STB prism pass through the optic axis (the base of the prism
is perpendicular to the two polished surfaces and optic axis) so that the ordinary (E L ¢) and
extraordinary (E || c¢) refractive indices can be obtained. In order to find the three refractive indices of
LTB, two prisms were fabricated, denoted XY prism (X bisects the apex angle and Y is parallel to the
polished surfaces) and YZ prism (Y bisects the apex angle and Z is parallel to the polished surfaces).
At the minimum deviation angle, the polarization of the incident light can be adjusted to be parallel to
one of the two indicatrix directions in an LTB prism. Thus, the refractive indices along the three
principal optical orientations can be measured with these two prisms. Photos of the prisms with
notation about the optical orientations are presented in Figure 3.4. The apex angles were measured
optically to be, respectively, 60.01°, 60.02°, 60.04°, and 59.98° for BTP, STB, LTB (XY), and LTB (YZ).

Figure 3.4 Photos showing the prisms of (a) BTP; (b) STB; (c) LTB (XY); (d) LTB (Y Z).

The prisms were fixed on a goniometer with minimum accuracy of 1 minute. Polarized spectral lines
from different light sources were used to find the minimum angle of deviation. The refractive indices

of BTP, STB, and LTB calculated from the minimum deviation angle at each wavelength are summarized
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in Table 3.1 and 3.2. The larger value of n, than n, points out that STB is an optically positive crystal.
The relationship of n; — ny < ny — ny classifies LTB an optically negative crystal. Using the two
prisms of LTB, two sets of ny values were obtained. They show a relative deviation of ca. 0.2 %. These
experimental errors mainly come from that the two prisms were not perfectly oriented and cut. With
the measured refractive indices of LTB, the angle between the Z direction and the optic axis at 589.3
nm can be calculated using the following equation:

nz(ng —n)'?

sinV, = = 0.967 3.1
z ny(ng_n)zf)l/z (3-1)

It gives V; and Vy values around 75° and 15°. This coincide with the observation using the polariscope

that the optic axes form a relatively small angle with the X-axis (see also Figure 3.2 (a)).

Table 3.1 Refractive indices of BTP and STB crystals at different wavelengths.

Lamp source Wavelength (um) nBTP nSTB nSTB
HP-Hg 0.4047 1.7147 1.7734 1.7462
HP-Hg 0.4358 1.7092 1.7657 1.7394
Cd 0.4678 1.7047 1.7599 1.7339
Cd 0.4800 1.7031 1.7580 1.7321
Cd 0.5086 1.7000 1.7540 1.7284
HP-Hg 0.5461 1.6967 1.7498 1.7245
HP-Hg 0.5791 1.6946 1.7469 1.7217
Na 0.5893 1.6937 1.7460 1.7212
Cd 0.6438 1.6906 1.7422 1.7173
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Table 3.2 Refractive indices of LTB measured with the XY and YZ prism.

Lamp source  Wavelength (um) n§Y prism ni,(Y prism n;(z prism n‘Z(Z prism
HP-Hg 0.4047 1.6102 1.6681 - -
HP-Hg 0.4358 1.6050 1.6625 1.6658 1.6671

Cd 0.4678 1.6011 1.6580 1.6612 1.6624
Cd 0.4800 1.5996 1.6564 1.6597 1.6608
cd 0.5086 1.5969 1.6534 1.6565 1.6575
HP-Hg 0.5461 1.5938 1.6499 1.6532 1.6541
HP-Hg 0.5791 1.5921 1.6475 1.6508 1.6517
Na 0.5893 1.5913 1.6468 1.6500 1.6509
Cd 0.6438 1.5886 1.6439 1.6469 1.6475

Evolution of the refractive indices to the wavelength can be fitted to two-term Sellmeier dispersion
equations. The experimental data as well as fitted curves are presented in Figure 3.5. The fitted

equations are given in Table 3.3, where A is wavelength given in units of micrometer.

Table 3.3 Fitted Sellmeier dispersion equations.
1.809012
BTP 2 14—
n =1t 001109
1.969742 1.889712
STB 2 14 —""""" 214 —"""
me =1t 001333 ™ T T 2001274
) ] 1.48217% ) ] 1.66341?
- nX(XY pnsm) =1+ m; le(XY pT'lSTTl) =1+ m
5 _ 1.66304* , 1.66414%
ny(YZ prism) =1 +—AZ —0.01201" nz(YZ prism) =1 +—AZ —0.01231
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3.2 Ground-state absorption

The ground-state absorption (GSA) spectroscopy provides useful information of the GSA transitions,
such as energetic position and cross-section. The GSA spectra were measured at room temperature in
the spectral range of interest for all the Tb*- as well as Dy**-activated crystals using a Varian CARY
5000 or CARY 6000i spectrophotometer at room temperature. Detailed experimental procedures are

given in the appendix section B.3.7.

First, some theoretical backgrounds of the spectroscopic measurement for lanthanide-based active
media should be introduced briefly. A spectroscopic intensity measurement of an atomic transition
comprises the light-matter interaction coming from the electric and magnetic multipole moment
interactions. Electric dipole (ED) and magnetic dipole (MD) effects are predominant while higher order
multipoles, such as electric quatrupole (EQ) and magnetic quatrupole (MQ), are negligible since there
is no free charge in a dielectric medium. However, MD transitions deriving from the interaction of the
magnetic component of light with matter have also been considered to be very weak compared to ED

transitions despite the fact that the energy carried by the electric and magnetic field of light are

equivalent followed by the equation u = iBZ + EZ—OEZ. This could be roughly explained by the fact
0

that the force exerted by the magnetic field on the electron is a factor of v/c (v and c are the velocity
of the electron and light, respectively) weaker than the electric counterpart [8]. Experimental and
theoretical studies indicate that relatively strong MD transitions of lanthanide ions such as Eu®, Tb*,
and Dy** could be found at optical frequencies [9—12]. The calculated vacuum MD transition strengths
of all the absorption transitions of Tb3* and Dy** involved in this section are tabulated in the appendix
section B.3.8 and some of them should not be neglected. Based on these considerations, the
anisotropy of MD transitions was taken into consideration during the spectroscopic measurements by
distinguishing the B vector (magnetic field) of light with different principal optical orientations. The
polarized spectroscopic measurement methods for uniaxial and biaxial crystals are schematically
shown in Figure 3.6. In this approach, three absorption spectra can be obtained for a uniaxial crystal

while there are six spectra for a biaxial crystal.
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Figure 3.6 Measurements of polarized spectra for (a) uniaxial crystals; (b) biaxial crystals, the
other polarizations, EIIYB || X,EIYBIZ,EIIZB Il X,andE || ZB | Y, are obtained in the
same way.

Tbh3*-activated crystals

The polarized absorption spectra in units of transition cross-section of all the terbium-based crystals
are shown in Figure 3.7 to 3.12. The spectral linewidth of BTP and STB are significantly broader than
the other host materials. For BTP, it can be accounted for by the disordered [PO,] tetrahedron resulting
in dynamic positions of the coordinate oxygen atoms. With regard to STB, the minor occupation of Th**
in the nine-fold Sr site could be attributed for its spectral-line broadening. The recorded absorption
transitions from the ground state ’F¢ were assigned according to the literature [13]. Ground-state
transitions to the manifolds of °Lg, °Gz, °D;, and °Dg are very weak and not necessary to be concerned

for this subject.
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Figure 3.10 (a) Ground-state absorption spectra of LTB; (b) “non-polarized” spectra and

position of the 4f — 5d transitions.
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position of the 4f — 5d transitions.
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Ground-state absorption spectra of KTW. Notice that the strong intensity of

absorption bands in UV results in low accuracy and saturation.
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The intensity of absorption transition in an anisotropic matrix depends on the polarization of light
propagating through the medium. The difference between the two polarized spectra with orthogonal
directions of E and the same direction of B interpret the anisotropy of ED interactions in the medium.
The GSA transitions in STB exhibit overall larger absorption cross-section in E || ¢ polarization than in
E | c polarization, whereas the situation is the contrary for TAB. This could be partially explained by
that STB is optically positive (n, > n,) while TAB is negative (n, > n,), and that according to the
Lorentz local-field correction, the transition oscillator strength is proportional to the refractive index
by a factor of (n? + 2)%/9n.

Likewise, the anisotropy of MD transitions is reflected by the difference between two polarized spectra
with the same direction of E while different directions of B, such as a- and g-polarization. It can be
seen from the GSA spectra of the anisotropic crystals that while transitions without MD interactions
are generally well overlapped in polarized spectra with the same electric field orientation, those with
non-zero MD oscillator strengths can be different. They are 'Fs=>°Gs, °Gs, °Ls, °Le, °Hy, and *Hs. Among
them, the "Fs>°Gg transition gives a relatively large vacuum MD oscillator strength, which is 5.0x108
(the actual fyp in different matrices is the product of this value and the corresponding refractive
index). This value is the same order of magnitude to its ED counterpart. Vacuum oscillator strengths of
the other MD transitions are only in the order of 10° to 10! thus their anisotropy should be much less

pronounced.

The most significant anisotropy of the "F&>°Gs MD transition was found between E || Y B || X and
E |l Y B |l Z polarization of TbCOB. The peak cross-section of the former was measured to be
9.8x10%2 cm? and the latter 3.1x102? cm?. The g, at 377.3 nm of TAB also shows a large difference
between a- and g-polarization (12x1022 cm?vs. 5.4x1022 cm?). Besides, MD transitions of ’Fs—>°Gs and
’Fe—>°Hs, although much weaker than the ’F¢=>°Gs one, display noticeable anisotropy in TbCOB as well.
For example, the spectral line at 359.3 nm attributed to the "Fs=>°Gs transition yields cross-section of
1.6x10%2 cm? for E || Z B || X polarization and 2.6x10%2 cm? for E || Z B || Y polarization. At the
wavelength of 303 nm covered by the "F¢—>°Hg transition, the o, are 1.2x10%> cm? and 0.7x102? cm?
iNE|lYBI X andE || Y B || Z polarized spectra, respectively. Viewing from these results, we point
out that it is essential to take care of the B vector of light when dealing with relatively strong MD
transitions in order to obtain the accurate spectroscopic data. However, it is also worth emphasizing
that MD transitions, no matter of their intensities, are not necessary to exhibit anisotropy. For example,

spectral linesof LTBInE | X B || Y and E || X B || Z polarization barely show any differences.

The validity of the polarization-dependent spectral measurement in biaxial crystals can be further
verified by the good overlap of the two groups of “non-polarized” spectra, in one of which both the E
and B vectors run over all the three principal optical orientations. Taking into account the anisotropy
of MD transitions is also the only way to obtain correct “non-polarized” spectra for Judd-Ofelt

calculations if strong MD transitions are involved.

The "Fe>°D4 GSA transition around 486 nm is the only one in the visible spectral range and allows for

2»-OPSL or LD pumping. Nevertheless, the requirement of a spin flip of electron from the ground state
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Fe (S = 3) to the D4 manifold (S = 2) results in a low transition probability. The absorption cross-
sections of the "Fs&—>°D, transition in these crystals are mostly in the order of 1022 cm?. These values
are two orders of magnitude smaller than those of the 3Hs—>3P, transition of Pr3* around 485 nm, which
is spin-allowed. In an ideal situation for laser operation, the absorption efficiency that quantify the
percentage of absorbed photon from the pump in the medium is written as
Naps = 1 — exp(—N_.o4psl), where N, is the active-ion concentration. As mentioned before, all these
materials were chosen for study in the first place because of their high concentrations of Tb*, which
could greatly compensate the weak absorption capability of the pump energy. The absorption
coefficient at maximum absorption wavelength of these oxide crystals, which is the product of N, and
Oaps, Fanges from 0.34 cm™ (BTP) to 8.6 cm™ (KTW). For comparison, those of the fluoride gain crystals
vary from 0.31 cm™ (12% Tb:LaFs) to 1.2 cm™ (28% Th:LiLuF,). In fact, except for BTP and STB, the peak
absorption cross-sections of TAB, LTB, TbCOB, and KTW are similar or even larger than the highest
value of 3x10%2 cm? among the fluorides (Table 3.4). These results point out that, the oxide crystals

have comparable absorption capability of the pump power with the fluorides.

Table 3.4 Peak wavelengths and absorption cross-sections (in units of 1022 cm?) of the

"F¢->°D, transition in terbium-based crystals.

Matrix Pol. A (nm) Oabs Matrix Pol. A (nm) Oabs
BTP isotropic 484.6 0.96

a 483.8 0.88 EIXBIY 484.6 1.3
STB o 484.0 0.89 ENXBIZ 484.6 1.3
s 483.6 1.1 TbCOB EYBIX 483.7 4.0
a 484.6 9.5 ENYBIZ 483.7 5.4
TAB o 484.6 8.6 ENZBIX 483.7 3.8
s 484.6 3.4 ENZBIY 483.7 4.6
EIXBIY 486.2 2.8 EIXBIY 488.1 8.3
ENXBIZ 486.2 2.7 ENXBIZ 488.1 7.8
EIYBIX 4869 1.7 ENIYBIX 487.0 14

LTB KTW
ENYBIZ 487 1.6 ENYBIZ 486.9 13
ENZBIX 4863 23 ENZBIX 486.7 6.6
ENZBIlY 4863 21 ENZBIY 486.7 7.7

One may notice that the absorption bands in the UV spectral region are more intense than the ’Fe->°D,

transition. A four-level system can be constructed by pumping to the >G¢+°Ds manifolds around 380

nm. Benefiting from the cross-relaxation channel of 5D3 + "Fy - 5D4 + ”F, arapid decay from the
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pump level to the upper laser level is anticipated in such Tb*-concentrated systems. As a matter of
fact, the first report of visible stimulated emission of Tb** was realized by flash-lamp pumping with
main output in the spectral range from 300 to 400 nm [14]. However, this approach increases the so-
called quantum defect, which is the loss of the pump photon energy. The energy loss due to the non-
radiative decay from the pump level to the upper laser level dissipates in the form of lattice vibration
and causes detrimental thermal effects. In addition, high-power LD pumps at this wavelength are not
available so far and pumping at a high energy level is more likely to result in ESA. This pumping scheme

is therefore not more advantageous than the ’Fe—>°D4 in-band pumping.

Another important parameter that can be characterized by the GSA spectrum is the energetic position
(bary-center energy) of the 4f75d" states of Th**, which are considered to be the terminal levels of
the ESA processes during the laser operation. Absorption spectra show that the high-spin 4f75d*
states with °D configuration appear at 259, 280, 281, and 281/269 nm in BTP, STB, LTB, and TbCOB,
respectively (see also Figure 3.7, 3.8, 3.10, and 3.11). These results are in good agreement with the
predicted values of 263, 285, 285, and 282/274 nm using Dorenbos’ semi-empirical method, as well as
the experimental values measured with Tb*-doped polycrystals [15-18]. It should be noted that
splitting of the °D term into two manifolds is expected, with an energy difference of ca. 1500 cm™ [19].
Transitions above 30000 cm™ in TAB are covered by an additional broad absorption band. This is
probably due to the iron impurities, which are typical for this class of material, and makes it difficult to
identify the 4f8 — 4f75d? transition in TAB.

It is known that the low-spin 4f75d? state of Th** with ’D configuration is around 6900 cm™* above the
energetically lowest °D high-spin state. This energy gap does not vary significantly with the host [19].
Therefore, knowing the energy of the high-spin state, that of the low-spin state can be extrapolated.
The latter is not realistic to be measured directly since this ground-state transition, which is both parity-
and spin-allowed, exhibits fairly strong intensity. The bary-center energies of the low-spin state are
thus estimated to be 45500 cm™ for BTP and 42500 cm™ for STB, LTB, and TbCOB based on the

experimental data.

It is worth noticing the intense host absorption of KTW arising from a low energy position of around
390 nm (25600 cm). This broad absorption band should be derived from Tb* since the absorption
edge of KYW and KGW appears at 330 and 332 nm, respectively [20]. It can be, at least partially,
assigned to the inter-valence charge transfer (IVCT) band deriving from the process Th3* + W6+ —
Th** + W>* [21,22]. This strong absorption band makes it impossible to distinguish the inter-
configurational 48 — 4f75d" transitions in KTW.

Dy3*-activated crystals

GSA spectroscopic measurements for Dy>*-doped single crystals were carried out in a similar approach
to the Tb3*-based samples. The polarized GSA spectra of Dy:CYA, Dy:CAS, and Dy:YCOB, scanned from
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3333 nm (3000 cm?) to 312 nm (32000 cm™), are shown respectively in Figure 3.13, 3.14, and 3.15 in
units of absorption cross-section.
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Figure 3.13 Ground-state absorption spectra of Dy:CYA.
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Figure 3.14 Ground-state absorption spectra of Dy:CAS.
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Figure 3.15 Ground-state absorption spectra of Dy:YCOB in different polarizations. The last two
are the “non-polarized” spectra. The ®His;;~>°Hi3/; transition extending over the capable range is

not shown.

It can be seen from the above spectra that the spectral lineshapes of Dy:CYA and Dy:CAS, which feature
disordered structures, are broader than that of Dy:YCOB. This is due to the disordered sites in CYA and

CAS. The GSA transitions starting from the ®His/, energy level of Dy** were assigned according to the
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literature [23]. The absorption bands in the infrared ranging from 3000 to 14000 cm™ are spin-allowed
transitions from the ground state to the °H and °F terms. Those around 470 nm, 450 nm, and 425 nm
in the visible region could be attributed to GSA transitions to the energy levels of *Fg, #1152, and *Gu1/2,
respectively. They are spin-forbidden and thus show smaller cross-sections than those in the infrared.
The energy levels situated in the blue spectral range are potential pump levels for producing visible
emissions from the *Fs» multiplets. Among them, the *l1s, manifold is the most promising, not only
because of its strongest intensity but also due to that it matches the output wavelength of common
InGaN-based LD pumps around 450 nm. The near-ultraviolet spectral region comprises more than 20
close-lying manifolds, which can be overall divided into three clusters and are marked in the absorption

spectra.

The anisotropy of ED interaction in these Dy**-activated media is observed. Dy:CAS gives overall higher
O4ps Values in the E_| c polarized spectra than in the E || ¢ polarized spectrum since it is optically
negative (n, > n,). The absorption band of Dy:YCOB at 345 nm exhibits a pronounced difference

between the E || Z and E || X polarizations. The former give 20 times larger peak o,; than the latter.

The vacuum MD oscillator strengths of the GSA transitions to ®Hisj, “lisp, *F+4+*K+*M, and
D+ F+GHI+K+*M+2P, are reported to be, respectively, 2.2x107, 5.5x10%, 6.1x107%, and 2.4x10° [11].
Thus, anisotropic behavior of these MD transitions are expected. Among them, the MD transition of
®H15/,>%15/2 shows exceptionally significant anisotropy in these Dy**-doped crystals. The spectroscopic
data focused on the ®His/2—>*l15/2 transition is summarized in Table 3.5. The difference between the a-
and o-polarization is a factor of 2.3 in Dy:CYA and of 1.4 in Dy:CAS, in terms of g,,s;. The
E || Y B || X polarized spectrum of Dy:YCOB yields peak cross-section of 1.4x10%2 cm? at 453.6 nm. In
contrast, this value is recorded to be 0.43x10%2 cm?, a factor of 3.3 smaller,inthe E | Y B || Z polarized
spectrum. The accuracy of the spectroscopic measurements of the biaxial Dy:YCOB was verified by the

identicalness of the two “non-polarized” spectra (Figure 3.15).

It has to be accentuated again the importance of taking into account the anisotropy of the relatively
strong MD transitions during the spectroscopic measurements, since the ®His;,>*15/, transition has
been used for pumping in the visible laser experiments of Dy3*-activated media. Accurate spectroscopic
data for this pump transition is essential for the design of the orientation of the gain crystal. In our
cases, to obtain the largest absorption efficiency of the pump, the optimal orientations of the Dy:CYA,
Dy:CAS, and Dy:YCOB gain crystals are a-cut, c-cut, and Y-cut, respectively. Routine polarized spectral
measurements that only measure o- and n-polarizations for uniaxial crystals or ambiguous E || X, E ||

Y, and E || Z polarizations for biaxial crystals, however, may lead to a different conclusion.

The peak g, of the ®His—>%lis,2 transition in these three crystals, viz. 3.3x102* ¢cm? (Dy:CYA),
1.3x102! cm? (Dy:CAS), and 1.8x10%' cm? (Dy:YCOB), are comparable to those of the reported Dy**-
based gain materials (Table 3.5). To precise, they are 1.6x102 cm? in Dy:Y3Als01; and 1.4x102! cm? in
Dy:LiLuF4 [24,25]. Thus, these oxide-based crystals, especially Dy:CYA, can provide enough absorption

efficiency for blue LD-pumped laser operations.
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Table 3.5 Peak wavelengths and absorption cross-sections (in units of 102! cm?) of the

H15/2->*115/2 transition in dysprosium-doped crystals.

Matrix Pol. A (nm) Oabs Matrix Pol. A (nm) Oabs
a 452.6 0.92 ENXBIY 453.6 0.71

CYA o 452.6 2.1 EIXBIZ 453.6 1.0
n 452.2 3.3 EIYBIX 453.6 1.4

YCOB

a 452.0 1.3 ENYBIZ 453.6 0.43

CAS o 452.0 0.9 ENZBIX 453.6 1.8
n 452.0 1.0 ENZBIY 453.6 0.64
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3.3 Judd-Ofelt calculations

The Judd-Ofelt theory has been extensively employed to study the intra-configurational 4f — 4f
transitions of lanthanide ions in transparent solid-state materials. It provides great convenience to
estimate the transition oscillator strengths, both absorption and emission, by using three Judd-Ofelt
phenomenological parameters. Important physical quantities such as excited-state radiative lifetime,
fluorescence branching ratio, and quantum efficiency can then be derived from the calculated

oscillator strengths of emission transitions, which are difficult to be measured experimentally.

It is worth pointing out that the proper application of the Judd—Ofelt theory should be based on
accurate wavelength-dependent refractive index data and high quality wavefunctions of Ln* for the
material system. Using a constant refractive index in calculations for all the involved transitions can
cause drastic errors with respect to the calculated ED oscillator strength, which is proportional to the
term (n2 + 2)2/9n. The refractive index dispersion equations of BTP, STB, and LTB were obtained
from the accurate measurements in this work and those of TbCOB were reported as well [2]. For the
Dy**-doped crystals, the wavelength-dependent refractive indices of their undoped host materials
were used for the calculations, which are reported in [26—28]. This estimation does not cause

significant errors due to the low doping level of Dy3* in the matrices.

The Judd-Ofelt calculations in this work were performed using the RELIC software [29]. The host-
dependent behavior of atomic wavefunctions can be characterized by the electrostatic and spin-orbit
interaction parameters, which are correlated to the H, and H,, Hamiltonians, respectively. The
electrostatic interaction parameters F(yy, F4), F6) quantify the multiplet 2*11, barycenter energies
while the spin-orbit interaction parameter { determines the splitting of each multiplets. These four
parameters were fitted to the multiplet barycenter energies determined from their GSA spectra. The
results are listed in Table 3.6. They were then used to calculate the intermediate coupling

wavefunctions and reduced matrix elements of the ED transitions for each material.

Table 3.6 Fitted electrostatic and spin-orbit interaction parameters in cm™.
Fa) Fa Fe) ¢

BTP 432.7 46.5 8.19 1699.8

STB 432.7 46.5 8.19 1699.7

LTB 432.9 46.7 8.14 1699.6
ThCOB 433.0 46.3 8.18 1699.4
Dy:CYA 406.0 59.8 7.04 1968.0
Dy:CAS 430.6 59.6 7.06 1942.5
Dy:YCOB 423.5 58.1 7.29 1992.6
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With the reduced matrix elements, the three Judd-Ofelt intensity parameters 2; (A = 2,4, 6) can be
obtained by a least-square fit of the calculated oscillator strengths to the experimental values. The
experimental oscillator strength of an absorption transition is given by [30]:

4ggm,c?
fexp =

f Oas (77 32)

e

where ¥ is wavenumber. In the case of Tb*, transitions in the UV spectral range are overlapped with
each other and their oscillator strengths are difficult to be identified. For the first attempt, the spectral
lines of BTP from 390 to 330 nm were fitted to ~20 Gaussian peaks with the same FWHM values and
these peaks were assigned according to the energetic positions. Afterwards, we found that it is more
convenient and realistic to treat the overlapped transitions as a whole for the fitting, although this
could reduce the accuracy to some extent. For comparison, the input and calculated oscillator
strengths, the relative root-mean-square deviation for each fitting, and the resulting Judd-Ofelt
intensity parameters using these two approaches (marked as SET1 and SET2) are presented in Table

3.7. The relative root-mean-square deviation is defined as:

n
1
RMSrel= n—pZ(

i=1

exp _ rcalc 2
J / > (3.3)

f- exp
i

where n is the number of transition used for fitting and p is the number of fit parameters, which is 3

in this case.
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Table 3.7 Experimental and calculated oscillator strengths of Tb3* in BTP. The calculated
oscillator strength is the sum of the ED and MD counterparts. Values in bracket represent the

nonzero MD oscillator strengths.

Transitions _ fexp 5% (SET1) fccfzkl’s (SET1) fexp 5% (SET2) fccfzkl’s (SET2)

N A (nm) 100

Dy 486 4.19 4.11 4.19 4.08
°Ds 381 2.97 3.40 2.97 3.48
>Ge 376 234 25.4 (8.7) 23.4 25.6 (8.7)
>L1o 368 31.7 25.0 31.7 25.8
>Gs 358 12.2 11.3(0.6) 12.2 12.0(0.6)
°D, 355 1.17 1.24

Gy 353 5.26 5.31 30.7 31.7
Lo 350 24.3 25.2

’Lg 343 11.0 9.86 11.0 10.2
’L; 340 8.40 9.65 (~0) 8.40 9.74 (~0)

RMS,; (SET1) = 0.130; RMS,,; (SET2) = 0.146
SET1: .Qz = 253 X 10_206m2, .Q4 = 856 X 10_20C1’n2’ ‘(26 = 1.30 X 10_Zocm2
SET2: 02, = 2.06 X 1072%cm?, 2, = 8.73 X 1072°cm?, 2 = 1.35 x 107 2%cm?

These two sets of input experimental oscillator strengths result in closed calculated oscillator strengths
and comparable (2, parameters. The RMS,..; value is larger for SET2 since the number of transition
used for fitting is decreased by 2. These results justify the fitting method for overlapped transitions.
The input and resulting data for Judd-Ofelt intensity parameters fitting of STB, LTB, ToCOB, Dy:CYA,
Dy:CAS, and Dy:YCOB are given in Table 3.8 to 3.13.
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Table 3.8 Experimental and calculated oscillator strengths of Tb3* in STB.
abs abs
_ exp calc
Transitions 'Fg—> A (nm)
x 108
5D, 486 4.50 4.48
>D3+°Gg 378 30.4 31.4(8.9)
>Lio 369 33.7 35.1
°Gs 358 15.9 15.7 (0.6)
5Dy +°Gat+Ly 355 40.8 38.6
SLg 343 13.3 13.2
°Ly 340 10.5 11.6 (~0)

RMS,,, = 0.069; 0, = 2.65 x 10~20cm?, 0, = 7.26 x 102%cm?, 0 = 1.88 x 10~2%¢m?

Table 3.9 Experimental and calculated oscillator strengths of Th3* in LTB.
abs abs
— exp calc
Transitions "Fe—> A (nm)
x 108

Dy 488 5.77 5.80
SD3+°Gg 380 33.3 33.5(8.5)

>L1o 370 32.6 32.8
5Gs 358 15.1 15.4 (0.6)

5D +°Gat+Ly 355 40.3 39.6
SLe+°Ly 343 22.9 22.5(~0)

RMS,,; =0.019; 2, = 3.77 x 1072%cm?, 0, = 1.02 X 10" 2%cm?, 0 = 1.79 X 10~20cm?
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Table 3.10 Experimental and calculated oscillator strengths of Tb3* in TbCOB.

abs abs
_ exp calc
Transitions "Fg—> A (nm)
x 108
5Dy 484 4.39 2.53
*D3+°Gg 379 19.2 19.1 (8.7)
>L1o 370 11.3 12.0
°Gs 362 6.23 6.37 (0.6)
Dy +°Gat+ Lo 353 14.4 15.1
SLg 345 4.07 4.50
°Ly 342 4.32 4.10 (~0)

RMS,,, = 0.22; 0, = 1.80 x 10~2%cm?, 0, = 4.40 x 10 2%cm?, 0 = 6.22 x 10~21cm?

Table 3.11 Experimental and calculated oscillator strengths of Dy3* in CYA.
" abs abs
Transitions _ exp calc
. A (nm)
Hisp—> x 107
®Hy3/ 2822 26.0 37.1(4.3)
®H11/ 1684 19.4 20.9
®Fs/ 808 19.1 16.7
®F3), 757 3.02 3.15
4Fg/2 474 4.14 4.12
152 453 8.12 8.86 (1.14)
*G11y2 428 3.35 3.64

RMS,,; = 0.24; 02, = 5.05 X 1072°cm?, 2, = 9.95 x 1072%cm?, s = 3.12 x 10~2%¢m?
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Table 3.12 Experimental and calculated oscillator strengths of Dy** in CAS.
Transitions _ ecalclz’as ccclzlii
*Hisa> A(nm) x 107
®H13/ 2789 16.1 15.6 (3.8)
®H11/2 1652 9.50 9.23
®Ho/2+%F11/2 1256 43.2 46.3
®H;/2+°Fg2 1072 253 335
®Hs/2+5F7) 892 20.1 21.4
®Fs/ 793 10.5 8.60
®F3/ 746 1.69 1.62
*Fas2 471 1.86 1.93
15/2 451 421 3.51(1.0)
‘G2 426 1.79 1.04

RMSye = 0.22; 0, = 1.96 X 1072%cm?, 0, = 3.58 x 1072%cm?, g = 1.92 x 107*°cm?

Table 3.13 Experimental and calculated oscillator strengths of Dy** in YCOB?.
Transitions _ ecalclz’as ccclzlii
*Hisa> Aom) x 107

®H11/2 1623 3.90 4.19
SHo/2+F 11/ 1246 26.5 27.7
®H;/2+°Fg2 1059 7.92 9.93
®Hs/2+F7/ 882 6.47 7.45

®Fs/ 787 3.98 3.02

®Fs/ 738 0.70 0.57

*Fas2 471 0.58 0.66

152 449 2.22 2.62 (1.0)

‘G2 423 0.54 0.26

RMS, o = 0.29; 0, = 2.42 x 1072%cm?, 0, = 8.79 X 10~21cm?, 0 = 6.51 x 10~ 21 cm?

2 The capable spectral range of the spectrophotometer could not completely cover the ®His/,~>6H13/2

transition of Dy:YCOB hence it was not used for the calculation.
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The resulting 2, parameters of the Tb3*-based compounds exhibit the same order of 2, > 2, > (2.
Good agreements were obtained for STB and LTB with respect to the experimental and calculated
oscillator strengths, while those of TbCOB give a relative large RMS,.,; of 0.22. It can be seen from
Table 2.9 that the discrepancy mainly reside in the 7F->°D, transition. The £225 is much smaller than
the £,55° value. This is not surprising viewing from its total oscillator strength. The sum f35° of all the
used transitions in TbCOB is weaker than that of BTP, STB, and LTB by a factor of 2. This result in the
smallest fitted Judd-Ofelt intensity parameters of TobCOB, which define the calculated intensity for all
the transitions. However, the fe‘,‘C%S of the "F¢=>°D, transition in TbCOB is comparable to the other
terbium-based crystals. That is to say, TbCOB exhibits an extraordinarily strong Fs—>°D4 transition

strength that cannot be well accounted for in the framework of Judd-Ofelt theory.

The calculated oscillator strengths of the Dy**-activated materials are mainly in line with the measured
values. However, noticeable discrepancies were observed in transitions of ®His;;—>®Hi32 (Dy:CYA),
8H15/2>8H7/2+%Fg/2 (Dy:CAS), and °His,>*Gi1 (Dy:CAS, Dy:YCOB). The large errors observed in the
®H1s2,>%H132 transition might be related to its hypersensitive property. The intensity of a
hypersensitive transition, which obeys selection rules of |A]| < 2, |AL| < 2, and AS = 0, is greatly

influenced by the coordinate environment [31].

The Judd-Ofelt analysis also provides information about the MD oscillator strengths. The "Fe—>°Gs
transition features a large contribution from the MD interaction, as is observed in the absorption
spectra of the Tb3*-based crystals. Moreover, the MD transition of ®His;,>%1s/2 is found to occupy 13%,
19%, and 38% of its total transition oscillator strength in Dy:CYA, Dy:CAS, and Dy:YCOB, respectively.
This is consistent with the spectroscopic results that Dy:YCOB exhibits the most evident anisotropy of

this MD transition.
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3.4 Fluorescence spectroscopy

The laser performance of an active medium can be predicted by its fluorescence emission spectrum,
because the probability of a stimulated emission event at a wavelength is directly related to the
intensity of the fluorescence emission at this wavelength. Polarized emission spectra of all the crystals
were recorded at room temperature. The excitation source was a tunable pulsed OPO laser (Ekspla
NT342B). Several MD transitions are involved in the studied spectral range of these Tbh**- or Dy*-
activated compounds, thus their anisotropic behaviors were taken care. The obtained fluorescence
spectra were calibrated owing to the different response of the CCD camera with respect to photon
energy. More detailed information about the experimental setup and apparatus can be found in the

appendix section B.3.9.

Th3*-activated crystals

Trivalent terbium ion is known for its intense visible fluorescence originating from radiative decay of
the Dy level. Figure 3.16 shows the spontaneous emission of the six terbium-based crystals under
excitation of 365 and 486 nm. In spite of the large Tb3'-concentration in these materials, the
characteristic fluorescence could be well observed because non-radiative quenching effects, viz. cross
relaxation and multiphonon relaxation, are negligible from the °D; excited state. However, the
fluorescence of KTW is remarkably weaker than the others under UV excitation. The fluorescence
intensity at 542 nm excited at 365 nm was measured to be around an order of magnitude weaker than
that excited at 486 nm for KTW. This is anticipated since the excitation wavelength of 365 nm well

enters the IVCT absorption band of KTW, which makes no contribution to the fluorescence of Tb*".

TbCOB KTW

Figure 3.16 Photographs showing the fluorescence of the terbium-based crystals: (a) excited by
a 365-nm UV lamp (this photo was taken for all the crystals at the same time); (b) excited by a 486-

nm laser diode.
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Fluorescence spectra of the Th3*-activated crystals were recorded under excitation at 378 nm. They
can be converted to emission cross-sections, which quantifies the probability of optically induced
transition events, as a function of wavelength using the Flichtbauer-Ladenburg equation described in

detail in the Appendix A and the literature [32]:

AS1(0)
8TN2CTrqq [ M(A)dA

O'em(l) = 34)

where I (1) is the spectral irradiance and 7,44 is the radiative lifetime of the D4 manifold. ,.,4 of BTP,
STB, LTB, and TbCOB were calculated from the Judd-Ofelt analysis in this work. Those of TAB and KTW
were taken from the literature, which are, respectively, 2.07 ms and 0.5 ms [33,34]. Due to the lack of
wavelength-dependent n values of TAB and KTW, those of their analogue compounds of YAl3(BOs)s
and KY(WQ,), were utilized [35,36].
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Figure 3.17 Emission spectra of BTP.
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Emission cross-section (10% cm?)
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Figure 3.18 Polarized emission spectra of STB.
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Figure 3.19 Polarized emission spectra of TAB.
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(b)
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Figure 3.20 (a) Polarized emission spectra of LTB; (b) “non-polarized” emission spectra.
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Figure 3.21 (a) Polarized emission spectra of ThCOB; (b) “non-polarized” emission spectra.
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(b)
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Figure 3.22 (a) Polarized emission spectra of KTW; (b) “non-polarized” emission spectra.
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The above figures 3.17 to 3.22 illustrate the polarized emission spectra in the spectral range of 450 to
685 nm. Emission bands spreading over the visible spectral region are assigned to transitions from the
>Dymanifoldto ’F, (J = 6,5, 4, 3, 2,1, 0) multiplets. Radiative transitions from the °D; energy level were
not observed due to the efficient relaxation from °Ds to D4 in these Tb*-concentrated systems.
Spectral lineshape of BTP and STB are broad, resulting from their disordered structures. This is

consistent with the observation from the absorption spectroscopy.

The spectral distribution of the emission bands can be characterized by the fluorescence branching
ratio 8, which defines the percentage of the emitted photon number of one of the transitions with
respect to the total emitted photon number from their original excited state. f can be determined

experimentally from the fluorescence spectrum by the following equation:

[ A@yda

exp — W (3.5)

where a and b are the starting and end wavelength of the transition spectral range. Furthermore, it
can also be derived from the calculated transition probability in the framework of the Judd-Ofelt theory.
The calculated and/or experimental branching ratios are listed in Table 3.14 to 3.20. The °D4—>’Fs and
°D,>’Fs transitions in these crystals give comparable experimental and calculated results.
Nevertheless, transition probabilities to the 'F4 and ’F3 multiplets were underestimated while those to
the 7F,,1.0 multiplets were overestimated. In any cases, the highest branching ratio is observed for the

°D;~>’Fs transition in the green spectral region, which varies from 50% to 70%.

Table 3.14 Calculated oscillator strengths, radiative transition probabilities, branching ratios,
and lifetime from the °D, level of Tb* in BTP. Experimental branching ratios were presented as well

for comparison.

Transitions °Ds=> A (M) feqe (X108 A(s™)  Beaic (%) Bexp (%)

7Fe 489 5.90 47.6 16.8 11.7
7Fs 543  22.5(8.77) 1463 51.8 61.3
7, 589  2.69(0.15) 14.8 5.3 12.2
7F5 624  3.46(1.34) 17.0 6.0 10.0
F, 650 2.89 13.0 4.6

7F, 672 6.56 27.7 9.8 4.3
7o 686 4.02 16.2 5.8

Trgd = 3.54ms

2 Judd-Ofelt parameters of 2, = 2.53 x 1072°cm? , 2, = 8.56 x 1072%cm? , and 04 = 1.30 X

1072%m? were used. Values in bracket are nonzero MD oscillator strengths.
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Table 3.15

Calculated oscillator strengths, radiative transition probabilities, branching ratios,

and lifetime from the °D, level of Th3* in STB.

Transitions °Ds> A (nm)  feae (x10%)°  A(sY)  Beae  Pexp®  Bexp  Bexp  Bexp
"Fe 486 6.42 54.8 16.7 11.8 11.7 11.8 11.8
’Fs 537 24.4(9.05) 169 52.3 56.3 57.1 56.2 55.7
"F4 577 3.05(0.16) 18.3 5.66 15.6 15.5 15.5 15.9
F3 612 3.91(1.40) 20.8 6.43 12.3 11.6 12.2 12.3
F, 641 3.03 14.7 4.54
F1 661 6.29 28.5 8.83 4.3 4.2 4.4 4.3
"Fo 672 3.87 17.0 5.27

Trad = 3-09ms

2 The experimental branching ratios are average of those obtained from all the polarized spectra.

Table 3.16 Experimental branching ratios of the °D;->’F, transitions in TAB.
Transitions Da=>  Pexp Bexp Béxp Bexp
"Fg 5.4 5.8 5.6 4.9
’Fs 61.5 61.4 60.7 62.5
Fy 13.8 13.7 14.0 13.6
’Fs 12.8 12.7 13.0 12.6
7F2
F1 6.5 6.4 6.8 6.3
7F0
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Table 3.17 Calculated oscillator strengths, radiative transition probabilities, branching ratios, and lifetime from the °D, level of Tbh3* in LTB.
Transitions °Ds> A (nm)  frgc (x 10°) A (s?) Beaic Bexp ,Be]ilg( BIY ,B:;Ig( Bz ﬁeE;I;YB"X ﬁe]il;:B"Z 5:4";;2 BIX ,B:;C"pZ By

’Fe 487 7.91 54.8 17.5 10.2 10.4 10.9 8.7 9.0 11.2 11.2
’Fs 539 28.0(8.51) 169 50.4 62.4 58.3 57.0 68.9 68.5 59.6 61.8
F4 578 3.64 (0.15) 18.3 5.66 12.6 14.0 14.5 10.1 9.9 141 12.9
’F3 614 4.50 (1.31) 20.8 6.20 10.4 11.9 12.1 8.5 8.7 111 10.3
F, 643 3.91 14.7 4.90

Fy 663 8.18 28.5 9.62 4.4 5.5 5.5 3.8 3.9 4.0 3.8
"Fo 674 5.05 17.0 5.74

Trad = 2.93 ms

Table 3.18 Calculated oscillator strengths, radiative transition probabilities, branching ratios, and lifetime from the *Ds level of Tb** in TbCOB.
Transitions °Ds=> A (nm)  frqc (x 1078) A(s?) Bcaic Bexp ﬂeTE(B"Y ﬁe]i"; o ﬁei";B"X ﬁei";B"Z )BeEx"pZ o :,:C"pz o

"Fe 487 6.48 53.7 17.4 16.1 17.9 18.1 15.9 15.8 14.8 14.1
’Fs 539 22.8(8.91) 154 49.7 60.7 63.8 63.2 61.8 60.0 57.6 57.9
"F4 578 2.76 (0.15) 16.0 5.19 10.8 7.4 7.8 10.3 10.9 14.6 13.7
’Fs 614 3.60 (1.38) 18.5 5.99 8.8 7.6 7.7 9.1 10.2 8.6 9.6
’F, 642 3.28 15.4 4.97
F1 663 7.39 32,5 10.5 3.6 3.4 3.3 2.9 3.2 4.4 4.7
"Fo 673 4.55 19.4 6.26

Trad = 3.23 ms
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Table 3.19 Experimental branching ratios of the °D;->’F, transitions in KTW.

Transitions 5D,=> ,Bexp ﬂe]i"; BIlY ,Be[jclg( BIIZ ﬁe]i"; BIIX 'Be[;!clI: BIIZ ,Be[;"pz BIIX ,B:;llpz BIlY

"Fe 4.4 53 4.6 4.0 3.5 4.5 4.2
’Fs 68.3 67.7 68.9 69.0 69.8 67.3 67.1
"F4 9.9 10.4 10.5 8.5 8.7 10.9 10.4
’F3 11.8 11.3 11.1 12.2 12.1 11.7 12.3
7F,

F1 5.7 53 4.9 6.3 5.9 5.6 6.0
7Fo

The °Ds—>7Fs 4 3 transitions obey the MD selection rules and are expected to show anisotropy in terms
of the orientation of the magnetic field. According to the calculation performed by R. Zia and coworkers,
the vacuum transition probabilities are 14.3, 0.058, and 1.76 s for the terminal multiplets of “Fs, ’F4,
and “F; respectively. Furthermore, they also succeeded in measuring experimentally the proportion of
the MD transition by energy-momentum spectroscopy using Tb:Y,0s, which is ca. 1/3 for the °Ds>7Fs
transition. This is in line with the Judd-Ofelt calculations of BTP, STB, LTB, and TbCOB. Comparison of
the reported MD oscillator strengths to the calculated ED oscillator strengths from the Judd-Ofelt

analysis shows a proportion around 1/3 as well.

It can be seen from the emission spectra with the same E vector while different B vector orientation
that transitions without following the MD selection rules, viz. >°Ds—>7Fs 2,10, exhibit almost no difference.
On the other hand, the intensity of transitions involved with MD interaction can noticeably depend on
the magnetic field direction. This anisotropy is significant for the °D4—>’Fs transition, especially in LTB
and TbCOB, while not evident for the >Ds—>’F4 transition due to its negligible MD transition rate. The
>Ds—>’Fs transition of TbCOB culminates at 549.3 nm with g,,, of 6.4 x 102> cm? inthe EIY B || X
polarized spectra while it peaks at at 542.8 nm with o,,, of 7.5 x 1022 cm?in E || Y B || Z polarization.
Similarly, theE | ZB | X and E || Z B || Y polarized spectra give, respectively, g,,, of 7.3 x 1022 cm?
and 8.4 x 10> cm? at 551.8 nm and 543.1 nm.

The importance of concerning the MD anisotropy of the °Ds—>Fs is self-evident, as the orientation of
the gain material for laser operation at alternative wavelengths is analyzed from these spectroscopic
properties. It can be deduced that the optimal orientation of TobCOB for laser operation at around 543
nm should be X-cut. One could not lead to this conclusion if both of the EIIYB I Zand EIIZBIY
polarized spectra were not measured. The polarized emission spectra of a biaxial crystal could be
summed and averaged to derive two “non-polarized” spectra. The good overlap of the two sets of
“non-polarized” spectra for LTB, TbCOB, and KTW reinforce the reliability of the spectroscopic

measurements.
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Besides its interesting MD anisotropy, the °Ds—>Fs transition is highlighted because it gives the largest
emission cross-section in all the compounds. This transition tends to give one principal and one
secondary peak. The maximum d,,, are found to be 5.9 x 10?2 cm?, 5.6 x 1022 cm?, 13 x 1022 cm?, 11
x 1022 cm?, 12 x 1022 cm?, and 49 x 1022 cm? in BTP, STB, TAB, LTB, TbCOB, and KTW, respectively. The
peak wavelength varies significantly with the host material. For example, it gives the largest cross-
section at around 542 nm for TAB while the peak wavelength is 553 nm for TbCOB. The much shorter
radiative lifetime of KTW (0.5 ms) than the other materials (2-3 ms) results in much larger transition
cross-sections. These values are comparable to the other Tb*-doped oxide crystals, such as
Th:NasLagO3(BOs)s (5.8 x 1022 cm?), Th:YAIOs (11.1 x 1022 cm?), Tbh:La,CaB10019 (14.4 x 1022 cm?), and
Th:KLu(WOa.), (114 x 10%2 cm?) [37-39,34]. The Tb*'-doped fluoride crystals using which laser
oscillation could be obtained give cross-sections ranging from 7.2 x 1022 cm? to 19 x 1022 cm?. Thus,
emission cross-sections of the studied materials should be large enough to lase in the green. Moreover,
in spite of the relatively smaller peak o,,, of BTP and STB, their broaden lineshape lead to a small
variation (~25%) of g,,, within the spectral range of 5455 nm. This provides a possibility for output

wavelength tuning in this region.

The °Ds—>’F4 transition is intriguing for laser emission as well. Despite its weaker transition cross-
section than °Ds—>Fs by a factor of 3 to 4, it can provide laser output wavelengths in the yellow and
orange spectral region, which are difficult to achieve. In terms of the *Ds—>’F,4 transition, the og,,, of
TAB culminates at around 593 nm, which enters the orange spectral region, while TbCOB shows the
largest g,,, at 584 nm, where yellow laser operation could be realized. The peak emission cross-section

of the °D4=>7Fs and °D4—>"F,4 transition in each polarization are tabulated in Table 3.20.
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Table 3.20 Peak wavelength (in units of nm) and emission cross-section (in units of 102 cm?)
of the principal and secondary peak belonging to the *Ds->’Fs transition, and of the *Ds>"F,4
transition.
Dy>7Fs >Ds—>"F4
Matrix  Polarization
A Oem Ay Oom A Oem
BTP Isotropic 542.5 5.8 549.6 5.9 584.2 1.3
a 543.4 5.6 546.6 5.2 583.1 1.7
STB o 543.6 5.4 546.6 5.2 583.1 1.6
T 543.4 51 547.7 5.0 583.9 1.6
a 541.7 13 548.8 10 593.1 3.7
TAB o 541.5 13 548.8 11 593.1 3.5
T 541.5 11 548.5 11 593.1 3.2
EIXBIY 5431 9.4 547.7 6.5 591.2 2.5
EIlXBIIZ 5434 8.3 547.4 6.3 591.2 2.5
EIYBIX 5444 9.1 547.4 9.5 590.1 1.8
He EINYBIZ 544.2 8.0 547.2 10 590.1 1.8
EIZBI|IX 5431 11 547.4 5.7 586.2 2.8
ENIZBIY 5431 9.8 547.7 7.0 586.2 2.5
EIXBIY 5428 7.1 552.8 12 585.6 1.2
EIXBIZ 5428 5.6 552.8 12 585.6 1.2
ENlYBI|IX 5415 4.4 549.3 6.4 590.4 1.4
TbCOB
ENYBIZ 5428 7.5 549.3 6.4 590.4 14
ENIZBIX 5428 4.3 551.8 7.3 583.9 3.6
ENIZBIY 543.1 8.4 552.3 6.2 583.9 3.1
EIXBIY 5431 42 549.6 39 591.8 9.1
EIlXBI|Z 5431 43 549.6 41 591.8 8.5
EIYBI|X 5431 38 549.6 49 590.4 7.7
KTW
ENIYBIZ 5431 38 549.6 49 590.4 7.7
ElZBIX 543.1 36 549.6 39 583.4 8.9
ENIZBIY 5431 35 549.6 39 583.4 8.8
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Dy3*-activated crystals

The visible spontaneous emission of Dy**-doped materials derives from the radiative decay of the *Fg,
manifold, which separates with the next lower energy level by ~7000 cm™. The excitation wavelength
was set to be around 453 nm, which corresponds the energy of the “l;s/; level. Emission transitions
situated in the spectral region >900 nm exhibit very weak intensity and an estimated total branching
ratio around 3%. They were omitted for the spectroscopic study. The resulting emission spectra were
calibrated and converted to emission cross-sections with the Flichtbauer-Ladenburg equation
described in the previous subsection. The radiative lifetime of the *Fo/, state obtained by the Judd-Ofelt
analysis in this work, and the reported wavelength-dependent refractive indices of the undoped

materials [26—28] were used for the calculations of a,,,.

The polarized emission spectra of Dy:CYA, Dy:CAS, and Dy:YCOB are shown orderly in Figures 3.22,
3.23, and 3.24. The five main emission bands are attributed to transitions from the *Fg/; excited state
to the ®H and °F terms. Since the emission bands are well separated, the branching ratio of each can
be directly derived from the spectra. The fluorescence branching ratio can also be calculated from the
Judd-Ofelt intensity parameters. The Judd-Ofelt calculation results for the emission transitions are
given in Table 3.21 to 3.23. The 8 values derived from these two methods are in principle consistent.
Nevertheless, a general trend is that the branching ratios of the *Fg/,—>°F11/2+%Hg/> fluorescence band
are underestimated by the Judd-Ofelt calculation. Variation of the Sy, with host material is significant.
For Dy:CYA, the cyan emission band originating from the *Fs;2—>®H1s/, transition yields higher Bexp than
that of the *Fo/2>°F11/2+°Hg/, deep-red transitions (17% vs. 12%), whereas it is the contrary for Dy:CAS
(13% vs. 17%) and Dy:YCOB (10% vs. 22%). This characteristic results in the different colors of their
fluorescence, which are shown in the insets of emission spectra. Meanwhile, the *Fg/,->®H13/, transition

in the yellow spectral region always gives the highest branching ratio (more than 50%).

148



Chapter 3. Optical property characterization

22222

Wavenumber (cm™)
20000 18182 16667 15385 14286 13333 12500 11765

4.5+

4.0+

3.5

3.0 1

2.5

2.0 1

1.5

1.0 1

Emission cross-section (10" cm?)

‘F>

- /\
0.0

——E lc Blc (a-polarization)
132 Dy:CYA —— E_lc B//c (c-polarization)
—— E//c Bc (n-polarization)

912 5H

11/2

°H

15/2 6

11/2

T T T T T

450 500 550 600 650
Wavelength (nm)
Figure 3.22 Polarized emission spectra of Dy:CYA (the inset shows the fluorescence under 365
nm UV excitation).
Wavenumber (cm™)

22222 20000 18182 16667 15385 14286 13333 12500 11765

25 L 1 N 1 " 1 " 1 " 1 N 1 N 1 " 1
F,,— ——E lc Blc (a-polarization)
1 Dy:CAS —— E_lc B//c (c-polarization)
204 —— E//c Bc (n-polarization)

1.5 1

1.0 1

Emission cross-section (10" cm?)

0.5

6
13/2
GH +
5 6
6 11/2
H15/2
0.0 A r T

11/2

Figure 3.23

500 550 600 650
Wavelength (nm)

Polarized emission spectra of Dy:CAS (the inset shows the fluorescence under 365

nm UV excitation).
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Figure 3.24 (a) Polarized emission spectra of Dy:YCOB (the inset shows the fluorescence under

365 nm UV excitation); (b) “non-polarized” emission spectra.

The Judd-Ofelt analysis shows that all the emission transitions ranging from 640 to 900 nm have non-
zero MD oscillator strengths. For some transitions, the MD interaction is even predominant. Thus, the
dependent behavior of fluorescence spectrum on the magnetic field of the emitted photon was
observed indeed in these materials. For example, the intensity of the *Fo/2->°F11/2+°Hg/, transition of

Dy:YCOB culminates, respectively, at 761 and 760 nm inthe EIIZB || X and E || Z B || Y polarized
spectrum.
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Table 3.21 Calculated oscillator strengths, radiative transition probabilities, branching ratios

(given in percentage), and lifetime from the “Fo/; level of Dy:CYA.

Transitions  _ 5 1 o - -
4 A (nm) fcalc (x 10 ) A (5 ) ﬁcalc ﬁexp ﬁexp ﬁexp ﬁexp
For2>
®Hys/2 472 2.71 303 14.7 16.8 15.9 16.0 18.4
6H13/2 566 15.5 1186 57.6 57.3 58.8 57.0 56.2
®H11/2 655 2.73 (0.36) 134 7.52 5.38 5.44 5.64 5.05
®F11/2 737 3.23(1.80) 68.4
]. 977 121 113 131  12.0
oy 749 1.22 (0.11) 48.2
5Fo/2 820 1.89 (0.26) 58.9
]- 7.02 8.33 8.49 8.19 8.31
®H;/ 841 2.25(0.14) 71.8
®Hs, 927 0.77 21.7 1.05
5F1/2 979 1.36 (0.37) 24.9 1.66
®Fs), 1138 0.74 13.8 0.67
®F3/ 1248 ~0 0.1 ~0
®F1/ 1341 0.04 0.5 0.02
Traq = 485 us
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Table 3.22 Calculated oscillator strengths, radiative transition probabilities, branching ratios,
and lifetime from the “Fo/, level of Dy:CAS.
Transitions  _ 5 1 o - -
4 A (nm) fcalc (x 10 ) A (5 ) :Bcalc .Bexp .Bexp .Bexp ﬁexp
For—=>
®His/2 470 3.05 267 27.9 12.9 13.3 13.4 11.6
®Hy3/ 563 7.82 481 50.6 53.5 53.5 53.9 52.9
®Hi1/2 650 1.32 (0.32) 56.3 5.91 7.35 7.12 7.35 7.57
®Hg/2 740 0.60 (0.09) 20.1
8.36 16.8 17.0 16.3 17.2
5F11/ 751 2.06 (1.54) 59.6
®Hy/, 830 1.03 (0.12) 27.6
5.03 9.39 9.13 8.24 10.8
®Fo/2 835 0.81(0.22) 20.4
®Hs/ 912 0.26 6.30 0.66
®F7)2 999 0.58 (0.31) 11.4 1.20
®Fs/2 1164 0.20 3.05 0.32
®F3), 1281 ~0 0.06 ~0
®F1/2 1377 0.01 0.09 0.01

Traa = 1.05ms
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Table 3.23 Calculated oscillator strengths, radiative transition probabilities, branching ratios, and lifetime from the *F/, level of Dy:YCOB.
Transitions - EIX BIlY EIIX BIIZ EIIY BIX EIIY BIIZ EIIZ BIX EIZ BIlY
-7 -1
4F9/29 A (nm) fcalc (x 10 ) A (S ) ,Bcalc ﬁexp ﬁexp ﬁexp ﬁexp ﬁexp ﬁexp .Bexp
®His/2 471 1.06 94.7 15.7 10.0 7.26 6.79 11.5 12.2 11.2 11.0
®Hi3/2 566 5.61 341 56.8 53.1 57.5 58.6 50.9 48.9 51.4 51.5
®H11/2 657 1.18 (0.32) 53.0 8.83 9.78 8.45 8.56 10.9 11.6 9.21 9.38
®F11/2 746 1.84 (1.58) 63.6
]- 12.5 21.9 21.2 20.9 22.1 22.1 22.2 21.6
®Hy/2 752 0.33 (0.09) 11.4
®Fy/2 829 0.44 (0.23) 12.3
]- 3.94 5.55 5.61 5.14 4.55 5.28 6.01 6.47
5H,/, 847 0.43 (0.12) 11.4
®Hs/2 936 0.08 1.71 0.28
®F7)2 996 0.44 (0.32) 8.47 1.41
6Fs/2 1164 0.23 3.23 0.54
®F3/2 1280 ~0 0.03 ~0
®F1) 1379 ~0 0.03 ~0

Trad = 1.66 ms
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The *F9/,>®H13/, transition that can generate unique yellow laser emission is of great interest. The
maximum cross-sections of this transition in each material are 4.0x10%* cm? (Dy:CYA), 1.4x10?! cm?
(Dy:CAS), and 1.5x10% cm? (Dy:YCOB). These values are comparable to those of the reported gain
materials, viz. 3.0x102! cm? (Dy:Y3Als012), 1.7x10% ¢cm? (Dy:LiLuF,), and 6.4x10% cm? (Dy:ZnWO,)
[24,25,40]. The peak wavelength also varies with matrix and polarization. Versatile output wavelengths

ranging from 573 to 583 nm might be realized by these Dy3*-activated crystals.

Despite that the yellow emission band in Dy:YCOB yields the highest branching ratio, the largest
emission cross-section is found around 760 nm in the deep red spectral region. It provides g,,, of
2.5x10% cm?in the E || Y B || X polarization, which is also the greatest value among these crystals in
terms of this transition. Laser operation at this wavelength could also be viable. Spectroscopic data of
the yellow *Fo/,->®H13/; transition and the deep red *Fs/,>®F11/2+%Hg)2 transitions are summarized in
Table 3.24.

Table 3.24 Peak wavelength (in units of nm) and emission cross-section (in units of 102! cm?)

of the *Fg/2->®Ha13/2 and *Fo/2->°F11/2+°Hg, transitions.

*Fo/2>®H13/2 *Fo/2->%F11/2+%Hg 2
Matrix Polarization

A Oem A Oem
a 582.7 4.0 753.1 1.8
Dy:CYA o 582.7 3.6 754.7 1.8
T 577.6 2.8 754.4 1.6
a 581.9 1.4 753.9 1.5
Dy:CAS o 581.7 1.3 754.1 1.3
T 578.7 1.3 753.9 1.6
ENXBIY 585.7 1.5 760.7 2.2
EINIXBI Z 585.7 1.5 758.5 2.0
ENYBI| X 572.7 0.9 758.8 2.5

Dy:YCOB
ENYBI|Z 572.7 0.9 758.3 2.3
ENlZBI| X 586.0 1.3 760.9 2.1
ENZBI|Y 586.0 1.3 758.8 2.3
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3.5 Fluorescence dynamics

The fluorescence dynamics of the upper laser level of an active medium can be characterized by the
fluorescence intensity decay process from this level. A pulsed OPO laser (pulse duration ~7 ns) was
used to excite the Tb*- and Dy**-activated crystals to the corresponding pump levels at room
temperature. A gallium-phosphide-based photomultiplier (RCA 8850), which is sensitive to visible light,
was employed to record the temporal evolution of the fluorescence intensity at a designated

wavelength.

Tb3*-activated crystals

Fluorescence decay curves of the Tb3*-based crystals starting from the °D, manifold were obtained via
inband excitation at around 486 nm. Figure 3.25 illustrates the semi-logarithmic plot of the temporal
fluorescence decay. The fluorescence intensity was monitored at the peak wavelength of the *Ds>7Fs
transition for each material. All the obtained curves can be well fitted into single-exponential functions.
This indicates that all the terbium-based crystals are free from detrimental energy transfer processes
from the °D4 level, which should result in non-exponential behaviors. The fluorescence lifetimes (tr)
were derived from the linearly fitted curves and marked in Figure 3.25. Except for KTW with an
evidently shorter value, others exhibit 75 ranging from around 2~3 ms. The relatively long lifetimes
does not only result from the absence of non-radiative processes, but also from the spin-forbidden
nature of the >Ds—>F, transitions. The 7p of KTW is in agreement with the reported value at 300 K of
single crystalline KTW (270 ps) [22]. This relatively short lifetime is in line with the fact that KTW
exhibits an evidently larger cross-section than the other materials with respect to the *Ds—>7Fs

transition.

It is worth mentioning that the fluorescence decay curve of LTB was also obtained by monitoring at
604 nm, where additional emission lines appear (see also Figure 3.20). In the first place, they were
suspected to be emission lines from the *Gs;,>°Hy,, transition of Sm3*, a possible impurity in terbium
oxide raw material, since it is not found in the other compounds and is almost separated from the main
stream of the °D4—>’F4 transition. Nevertheless, crystals of BTP, STB, LTB, and TbCOB were synthesized
using the same batch of starting material and the Tb3*-concentration of LTB is not significantly larger
than the others. Moreover, these unique emission lines were observed in all the LTB crystals grown
from three different runs, which excludes the possibility of introducing the impurity of Sm3* by accident.
The time-dependent fluorescence intensity monitored for this emission line shows a single-
exponential decay behavior as well and gives 7y of 2.62 ms, which is close to the 77 of 2.65 ms
monitored at 543 nm. Though we are not able to completely rule out the possibility of Sm3, it is

reasonable to attribute the emission lines around 604 nm to the >Ds—>’F4 transition of Tb*.

156



Chapter 3. Optical property characterization

Fluorescence intensity (a.u.)

Experimental data
— Linear fit

Time (ms)

Fluorescence intensity (a.u.)

Experimental data
—— Linear fit

Time (ms)

Fluorescence intensity (a.u.)

Experimental data
— Linear fit

Fluorescence intensity (a.u.) Fluorescence intensity (a.u.)

Fluorescence intensity (a.u.)

Experimental data
— Linear fit

Time (ms)

Experimental data
—— Linear fit

Time (ms)

Experimental data
— Linear fit

T T T T
0.2 0.4 0.6 0.8 1.0 1.2 14

0 1 2 4 5 6 7 8 9 10 0.0
Time (ms) Time (ms)
Figure 3.25 Fluorescence decay profiles from the °D; manifold of the Th3*-activated

compounds.

Comparison of the experimental fluorescence lifetime to the calculated radiative lifetime obtained via
Judd-Ofelt analysis yields the quantum efficiency n (7 = 77/T;qq). As is listed in Table 3.25, most of
the terbium-based crystals exhibit similar T and 7,44 values and thus quantum efficiencies closed to
unity. This, together with the single-exponential behavior, validates the primary assumption that high
Tb*-concentration and large maximum phonon energy of the matrix would not undermine the °D,

excited-state lifetime. The measured fluorescence lifetimes of the fluoride host materials are even
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longer, which are around 5 ms. This leads to a typically low power threshold for a laser oscillator on

this level. For example, Th:LiYF4 can lase at 542 nm with only 8 mW of incident pump power [41].

Table 3.25 Experimental and calculated lifetimes of Th**-activated crystals.

Matrix Tb3* concentration Tr (ms) Traa (MS) n
BTP 35x10%*° cm3 3.17 3.54 90%
STB 48x10%*° cm 3.06 3.09 99%
TAB 55x10%° cm? 2.02 2.07° 98%
LTB 52x10% cm?3 2.65 2.93 90%

ThCOB 44x10%*° cm 3.09 3.23 96%
KTW 63x10%° cm? 0.237 0.50° 47%

2 Reported in [33].

b Based on an analogue single crystal Th:KLu(WO,); [34].

Dy3*-activated crystals

Fluorescence intensity decay profiles of the Dy**-doped crystals were recorded under excitation
around 453 nm, which corresponds to the terminal level of %l;5/2. The decay processes take place from
the *Fg/, state after rapid relaxation from the pump level. For comparison, polycrystalline samples with
low doping levels were prepared and their decay curves were obtained through the same procedure.
The decay curves plotted semi-logarithmically are shown in Figure 3.26. The as-grown single crystal
samples with Dy3* concentrations of 4.67x10%° cm3 (3.7 at% Dy:CYA), 8.07x10%° cm (12.1 at% Dy:CAS),
and 3.86x10% cm™ (8.6 at% Dy:YCOB) exhibit non-exponential decay behaviors. On the other hand,
the decay profiles of the polycrystalline samples with small doping concentrations are almost single
exponential. It is known that cross-relaxation is the predominant non-radiative process from the *Fg;
level and multiphonon relaxation is negligible. It becomes efficient in a Dy3**-concentrated systems due
to a smaller statistic distance between two adjacent ions. The temporal fluorescence intensity is

described by [42]:

1(t) = 1(0) 2 ajet4i (3.6)
7

where a; and A; are the fraction and transition rate of each decay process. Thus, the involvement of
cross-relaxation leads to a non-exponential evolution of the fluorescence intensity. In this case, the
mean lifetime 7, can be employed to analyze the average time the population spend on the excited

state:

. _Si/AR_fy H@at
T Xia/A [PIdt

(3.7)
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The mean fluorescence lifetimes of the *Fs2 manifolds were found to be 262 ps (Dy:CYA), 267 us
(Dy:CAS), and 354 ps (Dy:YCOB). The corresponding 7 at low concentrations (~0.5x10%° cm3) were
linear-fitted to be, in the above sequence, 425 us, 798 us, and 1.24 ms. These values are slightly smaller
than the radiative lifetimes obtained by the Judd-Ofelt analysis. By comparing t,, with 7,4, the
qguantum efficiency of the as-grown crystals are found to be 54%, 25%, and 21% (Table 3.26). One
should notice that the quantum efficiency of Dy:YCOB is much smaller than that of Dy:CYA even though
the Dy3**-concentration of the latter is larger than the former. This indicates that the cross-relaxation
rate, a host-dependent parameter related to the overlap of the initial and final states, is larger in
Dy:YCOB than in Dy:CYA.

Besides the lifetime of “Fq/,, that of ®His/,, the terminal level of the yellow *Fg2—>°Hi3); transition, is also
of interest to study. It is reported that the long lifetime of this level hampers the laser performance of
the *Fo2—>®Hi3/, transition [43]. The population accumulation on the lower laser level results in
reabsorption of the stimulated emission. The radiative lifetimes of the ®Hiz/» manifold were estimated
to be 8 ms (Dy:CYA), 22 ms (Dy:CAS), and 46 ms (Dy:YCOB) via Judd-Ofelt calculations. Such long
lifetime accentuates the importance of selecting a host material with suitable maximum phonon

energy in order to promptly remove population from the lower laser level.

Table 3.26 Experimental and calculated lifetimes of Dy3*-activated crystals.
Matrix Dy3* concentration 7r (ms) Traa (MS) n
Dy:CYA 4.67x10%° cm?3 0.262 0.485 54%
Dy:CAS 8.07x10*° cm 0.267 1.05 25%

Dy:YCOB 3.86x10% cm 0.354 1.66 21%
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Figure 3.26 Fluorescence decay profiles from the *Fy/> manifold of the Dy**-activated

compounds.
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3.6 Excited-state absorption

Terbium-based gain media operated in the visible are prone to undergo ESA processes from the Dy
upper laser level to the energetically low-lying 4f75d" states and/or 4f & manifolds located between
35000 and 45000 cm. Population in the °D, state can be excited to these levels by absorbing a photon
in the visible spectral range provided by the pump and/or signal sources, the former and later are

III

called pump ESA and signal ESA (in the case of optical resonator, “signal” refers to internal emission

from the gain material), respectively.

ESA from the °D4 energy level have been well documented in various matrices. T. Yamashita et al.
reported the non-linear behavior of gain by pumping a Tb**-doped fluoride fiber at 488 nm, pointing
toward a pump ESA [44]. B. R. Reddy and coworkers were able to detect pump ESA at 488 nm and
signal ESA in the near-IR using single-crystalline Th:CaF, and Tb:YAIOs; by observing spontaneous
emissions from the °Ds manifold [45,46]. K. J. B. M. Nieuwesteeg et al. recorded ESA spectra for Tb:YAG,
Tb:Y,SiOs, and Tb:LaOBr ceramics [47]. They were able to attribute the terminal level of the ESA
transitions to the 4/ and 4f75d*configurations.

It is worth mentioning that during the laser operation, signal ESA is much more critical than pump ESA.
The former directly quenches the stimulated emission whereas the latter just ultimately reduces the
pump efficiency. This can be reflected by the fact that Th:LiYF,; exhibits pump ESA at 486.2 nm while

being able to lase with threshold power as low as 8 mW [41]. Thus, signal ESA is mainly concerned here.

ESA measurements were performed with the Tbh3-based single crystals of BTP, STB, LTB, TbCOB, and
KTW in a pump-probe approach. Significant scattering was observed when the laser beam was focused
inside the TAB crystal, thus this measurement was not conducted on TAB. The setup of the experiment
is schematically shown in Figure 3.27. A tunable pulsed OPO laser was employed as pump, which can
provide maximum pulse energy around 70 mJ. A continuous-wave He-Ne laser emitting at 543.4 nm
(Newport, 2 mW) was used as probe, which matches the wavelength of the °Ds—>’Fs emission transition.
The aligned beams were focused through the crystal sample and the photon intensity was detected by
a CCD camera or a photomultiplier. It is worth noting that the beam size of the OPO laser was around
five times larger than that of the He-Ne laser. That is to say, all the photons emitted from the He-Ne
laser should undergo almost the same process in the medium, although only a tiny part of the photons

could enter into the detectors through the slit.
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Figure 3.27 Experimental setup for the ESA measurement.

First, with the pump off, photon signal of the green laser after passing through the crystal was recorded
by the CCD camera as reference. After turning on the pump, a substantial amount of ground-state
population was excited to the °D4 energy level. The signal of the probe would be amplified by
stimulated emission (SE) as well as spontaneous emission (SP) and weaken by ESA simultaneously.
Nevertheless, the signal deriving from SP was neglected since it was measured to be more than 4
orders of magnitude weaker than that of the He-Ne laser. Thus, gain behavior can be studied by
comparing the two spectra obtained before and after switching on the pump. Meanwhile, time
evolution of the photon intensity at 543.4 nm after excitation could be detected by a gallium-
phosphide-based photomultiplier as well. The spectra measured with the CCD camera (100 ns gate
delay, 100 us gate width, 300 accumulations) and time-evolution curves of the photon intensity at
543.4 nm (256 accumulations) are shown in Figure 2.44. Since the OPO pulse energy exhibited

fluctuation of ~10%, the real-time value was monitored by an energy meter for each measurements.
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Figure 3.28 Left: emission spectra without (marked as “probe”) and with the pump (marked as

“probe+SE-ESA”); Right: time-evolution curves of the photon intensity monitored at 543.4 nm.
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It can be seen from the spectra recorded by the CCD camera (Figure 3.28, left) that the probe signals
exhibited noticeable reduction, after the crystals were excited to the °D; state at their optimal
absorption wavelength. The crystals were excited by laser pulses with similar energies (~55 mlJ), except
for KTW (< 28 ml). Power-dependent and saturation behavior (overlap of the spectra recorded with a
17 mJ pulse and a 28 mJ pulse) can be reliably observed with KTW. The peak intensity decreased by
10%, 29%, 17%, 48%, and 69% for BTP, STB, LTB, TbCOB, and KTW, respectively. This indicates that the
ESA loss overwhelmed the SE gain in these crystals. The net optical gain coefficient g, at 543.4 nm

can be estimated by:

[probe+SE—ESA
) /1 (3.8)

Inet = Gint — Xgsa = ln< [probe

where g;,+ and aggy are the internal gain coefficient and excited-state absorption coefficient. The
Inet Were found to be -0.1 cm™, -0.2 cm™, -0.1 cm™, -0.4 cm™, and -2.3 cm™ for BTP, STB, LTB, ThCOB,
and KTW, respectively. However, due to the fact that it was difficult to determine the integrated
excited-state population density in the medium, we were not able to quantify the excite-state

absorption cross-sections.

The temporal intensity curves recorded by the photomultiplier (Figure 3.28, right) are consistent with
the above results based on the CCD camera. After the crystals were excited by the laser pulse, intensity
of the signal beam obviously decreased. The decay curves reflect the time dependence of the °Dy
population. All the ESA decay curves are non-exponential since the excited-state dynamics of °Dy is
influenced by multiple processes, including the outflow by SE, SP, and ESA and inflow from the higher

energy levels via relaxation.

Both experiments point out that KTW exhibits the largest ESA loss. This is expected owing to its intense
GSA bands from 27500 cm™ to 40000 cm™, which can be assigned to interconfigurational transitions
and IVCT bands. A diagram showing the energetic positions of the 4f8 and 4f75d? configurations is
presented in Figure 3.29. This graphic is depicted based on the absorption spectra recorded in this
work and the reported VUV excitation spectra [15,17,18,22,48]. In the ESA measurements, electrons
can be excited to an energetic position of ~39000 cm™ via step-wise absorption. The manifold of °Kg is
expected at this energy level. Intraconfigurational ESA transitions to this level is possible, the oscillator
strength of which in BTP was estimated to be 2.3x107 via Judd-Ofelt calculations, which is close to that
of its Ds>’Fs emission transition. Meanwhile, interconfigurational ESA transitions to the 4f75d!
configurations can also play a role as they are parity-allowed and have broader spectral linewidth. As
discussed before, low-spin 7D states of the selected terbium-based materials should have bary-center
energies above the energetic position of 39000 cm™. However, the strong splitting of this state in STB
and TbCOB leads to that the sum of the pump and probe energy drops in the broad D band. With
regard to BTP and LTB, this energetic position is mainly covered by the °D configuration. ESA transitions
from the °D, state to the ’D and °D configurations are, respectively, singly and doubly spin-forbidden.
The later should give smaller transition probability than the former. This might account for the excited-

state dynamics in these materials that STB and TbCOB give larger negative gain than BTP and LTB. It
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should be pointed out that the D4 excited state can also be depopulated via energy-transfer

upconversion in these Tb**-concentrated systems.
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Figure 3.29  ESA scheme and energetic positions of the 4/ and 4f”5d! configurations.

In spite of these negative results, the optical gain properties characterized by this method is
incomplete. We could only determine the gain behavior within a very narrow spectral range around
543.4 nm. The optical gain might be different at the other wavelengths within the >D4—>7Fs transition

or even the yellow *D4s—>7F,4 transition at a lower (ca. 1300 cm™) energetic position.
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3.7 Laser experiments

Based on the spectroscopic data obtained in this work, four-level systems can be constructed by
pumping Tb3*-activated media to the °D, level around 485 nm or Dy>**-activated media to the %35/, level
around 450 nm. These two wavelengths could be achieved by commercial LDs. Frequency-doubled
OPSLs can provide emissions in the spectral range of 480 to 488 nm as well. Laser experiments using
the LD pumps were carried out in our laboratory in Chimie ParisTech. In addition to the materials
fabricated in this work, high-quality crystals of Tb:LiYF4, Pr:YAIOs, and Pr:LiYFs, whose laser properties
have been reported, were available to examine the cavity setup. These crystals were kindly offered by
R. Yasuhara from National Institute for Fusion Science, Japan. Collaboration with C. Krdankel from
Leibniz-Institut fur Kristallzlichtung provided us an opportunity to use the OPSL device. OPSL-pumped
laser experiments were performed in Leibniz-Institut fiir Kristallzlichtung and operated by E.

Castellano-Hernandez.

3.7.1 Tb**-activated crystals under 486-nm LD pumping

A single-mode LD (Nichia) delivering emission around 486 nm with maximum output power of 200 MW
was available for pumping the Th3*-activated crystals. A linear cavity was built up for the laser tests
and is schematically shown in Figure 3.30. The pump beam was collimated with an aspheric lens and
focused by a plano-convex lens with a focal length of 35 mm into the active medium. In this
configuration, the beam size at the focusing point was measured to be around 40x50 um with a
COHERENT LaserCam HR beam view analyzer. The input mirror is planar and is anti-reflection coated
(T = 95%) at the pump wavelength and high-reflection coated (T < 0.3%) from 542 to 670 nm. The

output coupler has a radius of curvature of 300 mm and 99% reflection from 540 to 578 nm.

Aspheric lens
/ Input mirror  Output mirror

LD 486 nm, |, (]
200 mW '

Focusing lens, Crystal
f=35mm

Figure 3.30 Schematic cavity setup for the 486-nm-LD-pumped laser experiments.

A c-cut 15% Tb:LiYF, crystal was used to examine this setup, which can produce laser emission under
OPSL-pumping at a similar wavelength of 486.2 nm. The length of the gain crystal is 30 mm and in the
best condition an absorbed power of ca. 75 mW could be achieved. Unfortunately, no laser action
could be observed despite that the laser threshold of a 14% Tb:LiYF, crystal was reported to be merely
8 mW upon OPSL pumping [41]. The main difference with the reported setup is the pump source,
which provides worse beam quality than the OPSL, and the radius of curvature of the output coupler

(50 mm in the literature). Typically, the focal length of the focusing lens and the radius of curvature of
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the output mirror should be similar to provide a good overlap of the pump beam and the oscillating
laser beam. In this setup, the large radius of curvature of the output mirror (300 mm) makes the cavity
similar to a plano-plano one. Further attempts of laser operation on the oxide-based crystals were not

successful as well.

3.7.2 Tb**-activated crystals under 486.2-nm OPSL pumping

OPSL-pumped laser experiments were conducted on the Tb3'-activated oxide-based crystals
elaborated in this work, viz. BTP (20 mm in length, arbitrary orientation), STB (20 mm in length, c-cut),
LTB (11 mm in length, arbitrary orientation), and TbCOB (26.7 mm in length, b-cut). All the crystals
were not anti-reflection coated. The frequency-doubled OPSL (COHERENT Genesis CX, 4W) produces
almost collimated and linearly polarized output beams at 486.2 nm. The absorption efficiencies of the
crystal samples at this wavelength were calculated to be, in the above sequence, 46%, 50%, 75%, and
32%. The pump system and laser cavity setup are shown in Figure 3.31. The half-wave plate and
polarizing beam splitter were used to control the polarization and power of the incident beam. The
beam waist diameter was calculated to be ~40 um upon focusing with a plano-convex lens (f =
100 mm). Both the input and output mirrors have a curvature of 100 mm and are high-reflection
coated for the green emission. A Th:LiLuF,4 crystal was first used to examine the alignment of the cavity
and it was subsequently replaced by the oxide-based media. Despite that the fluoride crystal can lase
with this setup, attempts to achieve laser operations of the most intense green emission for all these
oxide-based crystals were not successful. In addition, thermally induced cracking of STB and LTB were

observed at a high pumping power.

Focusing lens,

A/2 plate f=100 mm
Crystal
OPSL 486.2 nm, | ||
4W H
Polarizing beam Input mirror Output mirror
splitter

Figure 3.31 Schematic cavity setup for the 486.2-nm-OPSL-pumped laser experiments.

3.7.3 Dy?**-activated crystals under 442-nm LD pumping

The Dy**-activated crystals were pumped by a blue fiber-coupled LD (Shimadzu) to find laser actions.
The LD pump has a fiber core diameter of 100 um (0.22 NA) and emits around 442 nm with a maximum
output power of 10 W. The output wavelength corresponds to the secondary peak of the ®His; %15/
transition, which is a factor of 2~3 weaker than the main peak around 453 nm. A typical plano-concave
cavity was setup (Figure 3.32). The focal length of both the collimating and the focusing lens is 75 mm.

Spectroscopic study of the Dy**-doped crystals suggests two possible laser transitions with relatively
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large cross-sections. One is yellow around 580 nm and another is deep red around 750 nm. Two input
mirrors were available for lasing these two transitions. Both are anti-reflection coated at the pump

wavelength and high-reflection coated at the corresponding output wavelength.

Input mirror  Output mirror
. Fiber
LD 442 nm, Q0 —l
10 W
J J Crystal
Collimating lens, Focusing lens,
f=75mm f=75mm
Figure 3.32 Schematic cavity setup for the 442-nm-LD-pumped laser experiments.

The first attempt was conducted for the emission around 750 nm. The output coupler used for lasing
this transition has a radius of curvature of 75 mm and 97+1% reflection from 630 to 1120 nm. The
pump and cavity configuration can be examined by the known gain material of Pr:YAIOs since its most
intense emission around 747 nm is covered by the partial-reflection spectral range of this output
coupler. A 6-mm-long c-cut Pr:YAIO; crystal with a nominal doping level of 0.5% was available for this
test. It was able to lase at 747 nm and yielded a slope efficiency with respect to the absorbed power
of 2% (Figure 3.33 (a)). The laser threshold was 1.2 W (absorbed pump power) and the absorption
efficiency was ca. 45% at the maximum output power of the pump. The slope efficiency of this laser is
much worse than that obtained by a single-mode LD, which is 45% with a 98%-reflection output

coupler [49]. This is probably due to the worse beam quality of the fiber-coupled LD.

Further control experiment was conducted to verify the quality of the pump. Using this LD pump, we
were able to lase a 0.5% Pr:LiYF, crystal resulting in slope efficiency of 25% at 640 nm with a 99%-
reflection output mirror (Figure 3.33 (b)). This value is comparable to the reported fiber-coupled LD-

pumped laser using Pr:LiYF, as gain medium in a similar condition, which is 23% [50].
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Figure 3.33 Laser performances of (a) 0.5% Pr:YAIO; emitting at 747 nm, and (2) 0.5% Pr:LiYF,

emitting at 640 nm using the Shimadzu 442-nm fiber-coupled LD as pump source.
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Keeping the resonator setup for the previous Pr:YAIOs; laser experiment, the active medium was
changed to Dy:CYA (a-cut, 10 mm) as well as Dy:YCOB (b-cut, 10 mm). The absorbed pump power at

hv, Al t
pgbs = ——, where

em

laser threshold of these two active media can be estimated using the equation

A is the beam diameter of the pump and [,; is the round-trip losses. Assuming an ideal round-trip
losses of 3%, the threshold pump power could be estimated to be 9 W and 6 W for Dy:CYA and Dy:YCOB,
respectively. However, the maximum absorbed power of these two crystals were found to be only 3.6
W and 1.7 W, respectively. In the actual experiments, no laser behavior could be detected. To reduce
the threshold pump power, the collimating lens was substituted to one with a longer focal length of
100 mm, which can result in a smaller beam size. Nevertheless, the laser performance based on Pr:LiYF4

using this setup was not better than the original one.

Further efforts were made to lase the yellow emission transition of Dy:CYA. An output coupler giving
99.5% reflection at 574 nm was employed. The a,,, at this wavelength is ca. 2.2x10! cm? for both o-
polarization and m-polarization. The term ta,,,, which is proportional to the threshold pump power,
in our case is a factor of 2 smaller than that of Dy:YAG, which can generate yellow laser emission with
an incident pump power less than 1W [25]. However, no laser action can be observed in our
configuration, probably owing to the larger beam diameter (100 um vs. ~65 pum) and worse beam

quality.
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3.8 Conclusion of Chapter 3

In this chapter, the optical properties of six Tb3*-activated compounds, viz. BTP, STB, TAB, LTB, TbCOB,
and TbCOB, and three Dy**-activated compounds, viz. Dy:CYA, Dy:CAS, and Dy:YCOB, were studied.
The orientations of the crystal samples were verified with optical conoscopy and X-ray diffraction and
the optical indicatrix axes of the biaxial crystals of LTB, ToCOB, KTW, and Dy:YCOB were identified to

allow accurate spectroscopic characterizations.

Th3*-activated crystals

Prisms of BTP, STB, and LTB were fabricated to measure the refractive index with minimum-deviation
method. The refractive indices at 589.3 nm were found to be 1.694 for BTP, 1.746 (n,) and 1.721 (n,)
for STB, and 1.591 (ny), 1.647 (ny), and 1.651 (ny) for LTB. The wavelength-dependent experimental

data of refractive index could be fitted into Sellmeier dispersion equations.

Polarization-dependent absorption and emission spectra were recorded in the UV-visible spectral
region to study the optical transitions of Tb3* in the matrices. The spectroscopic data were used to
derive the transition cross-sections. Anisotropy of the MD transitions were observed, which is
particularly pronounced for the relatively strong MD absorption transition of ’Fe—>>G¢ and emission
transition of °Ds—>’Fs. For example, with regard to the °Ds—>’Fs transition, it gives g,,, of 4.0x10% cm?
at542.8 nminthe E || Y B || X spectrum of TbCOB. In contrast, this value is 7.5x1022 cm? at the same

wavelengthinthe E || Y B || Z spectrum, which has the same direction of the E vector.

The absorption bands terminated at the 4f 75d" states were found in the spectral range of 260-280 nm
in BTP, STB, LTB, and TbCOB. The center wavelengths of these bands are in good agreement with the
values estimated by P. Dorenbos’ method (calculate from the crystal-field depression). On the other
hand, broad UV absorption bands were observed in TAB and KTW. The latter can be attributed to the
IVCT band.

The maximum ay,,¢ of the "Fe—>°Da4 transition, which is suitable for semiconductor laser pumping, were
found to be (in units of 1022 cm?) 0.96, 1.1, 9.5, 2.8, 5.4, and 14 for BTP, STB, TAB, LTB, TbCOB, and
KTW, respectively. These values are comparable or even superior to those of the fluorides, which range
from 1.5x10%2 cm? to 3x1022 cm?. The *D4—>’Fs emission transition in the green spectral region features
the largest fluorescence branching ratio for all these materials, which varies from 56% to 68%. The
maximum o, value of this transition were calculated by Flichtbauer-Ladenburg equation. They are
(in units of 1022c¢m?) 5.9, 5.6, 13.3, 11, 12, and 49 for BTP, STB, TAB, LTB, TbCOB, and KTW, respectively.
Those of TAB, LTB, and TbCOB are comparable that of the most promising Th**-activated gain material,
Tb:LiYF4, which is 19x10%* cm?. In addition, TAB and TbCOB can provide decent g,,, around 3.6x10??
cm? at 593 nm and 584 nm, respectively. They can be used to produce the unique yellow or orange

laser emissions.
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The fluorescence decay curves were recorded to study the decay behavior of the *D, manifold and
calculate the fluorescence lifetime. The fluorescence decay profiles of these materials display a single-
exponential behavior. This suggests minor energy transfer processes from the °D4 energy level in these
Tb*-based media. By linear fits of the semi-logarithmic profiles, the fluorescence lifetimes were found
to be 3.17 ms, 3.06 ms, 2.02 ms, 2.65 ms, 3.09 ms, and 0.237 ms for BTP, STB, TAB, LTB, TbCOB, and
KTW, respectively.

Judd-Ofelt calculations were carried out using the experimental oscillator strengths obtained from the
absorption spectra. The calculated oscillator strengths and fluorescence branching ratios were
compared with the experimental values. They are overall in good agreement. The resulting radiative
lifetimes are closed to the fluorescence lifetime data (except for KTW), indicating the absence of

significant non-radiative processes that depopulate the °D4 upper state in these materials.

Excited-state absorption measurements were performed using a He-Ne laser emitting at 543 nm as
probe, which matches the wavelength of the green >Ds—>’Fs emission transition. The crystals were
pumped with a pulsed OPO laser to the °D,4 level and the variation of the intensity of the probe laser
was monitored with a CCD camera as well as a photomultiplier. Results obtained from both detectors
indicated ESA at the probe wavelength for BTP, STB, LTB, TbCOB, and KTW. The 2-cm-long KTW crystal
exhibited a net gain coefficient of -2.3 cm™ upon excitation of a 28 mJ pulse. This value is obviously
greater than the other samples, which could be explained by the strong IVCT band at the ESA terminal

level.

Laser experiments using a diode laser emitting at 486 nm with output capacity around 200 mW were
essayed. However, this configuration was not able to generate laser oscillation even using a Th:LiYF,4
crystal, whose laser operation has been demonstrated. In addition, the oxide-based crystals of BTP,
STB, LTB, and TbCOB were tested using an OPSL which provides maximum 4W output emission at
486.2nm. Unfortunately, none of them showed any laser action despite the good pump and cavity

conditions.

The spectroscopic data of the Th3*-activated crystals, including the maximum absorption and emission
cross-sections (in units of 1022 cm?) and the corresponding peak wavelengths, branching ratio of the
>D4—>7Fs transition, fluorescence lifetime from the °Dy4 level, and quantum efficiency, are summarized

in Table 3.27. Those of Th:LiYF4 are given as reference.
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Table 3.27 Selected spectroscopic data of the Th**-activated crystals.

Matrices Oabs Aaps Oem Aem Bexp t; (D .
("Fe>°Da) (nm) (°Ds—>7Fs) (nm) (°Ds—>7Fs)
BTP 0.96 484.6 5.9 549.6 61% 3.17ms 90%
STB 1.1 483.6 5.6 543.4 56% 3.06 ms 99%
TAB 9.5 484.6 13 541.5 62% 2.02 ms 98%
LTB 2.8 486.2 11 547.2 62% 2.65ms 90%
TbCOB 5.4 483.7 12 552.8 61% 3.09 ms 96%
KTW 14 487.0 49 549.6 68% 0.237 ms 47%
Th:LiYF,4 3 488.7 19 543.9 - 5.0 ms? -

2 at a doping level of 16%.

Dy3*-activated crystals

Polarized absorption and emission spectra of the Dy**-doped crystals of Dy:CYA, Dy:CAS, and Dy:YCOB
were recorded. The broadening behaviors of spectral lineshape observed in Dy:CYA and Dy:CAS are
related to the random distribution of Ca?* and rare-earth ions over the same site. Anisotropy of the
MD transitions, both absorption and emission, could be observed. The ®His,,->%15/; transition around
450 nm was found to exhibit a relatively large contribution of the MD interaction, which is reflected
by the MD anisotropy. For Dy:CYA and Dy:CAS, the ratios of peak g, in the a-polarized spectra (E L
¢ B 1 c) and the o-polarized spectra (E L ¢ B || ¢) were found to be 57% and 30%, respectively. For
Dy:YCOB, the g, at 453.6 nm is 1.4x10% cm? in the E || Y B || X spectrum, while this value is
0.43x102*cm?inthe E || Y B || Z spectrum. Besides, the ®His/2—>*115/ transition is highlighted because
it is the most promising one for LD pumping. The maximum gy, are found to be 3.3x10% cm?,
1.3x10% cm? , and 1.8x10% cm? in Dy:CYA, Dy:CAS, and Dy:YCOB, respectively. These values are

comparable to those in the reported Dy3*-activated gain media.

The fluorescence branching ratios and emission cross-sections were calculated from the emission
spectra. The *Fg/,>®H13/> transition in the yellow spectral range provides the highest branching ratio,
which is more than 50% in all the three compounds. The peak g,,, of this transition were found to be
4.0x102! cm?, 1.4x10%! cm?, and 1.5x10% cm? in Dy:CYA, Dy:CAS, and Dy:YCOB, respectively. The
Dy:CYA crystal has even larger transition cross-section than the reported gain media of Dy:Y3AlsO1;
(3.0x10"% cm?) and Dy:LiLuF4(1.7x102* cm?). It is considered to be a potential candidate for generating
yellow laser emission. The Dy:YCOB crystal, on the other hand, gives an exceptionally high a,,, in the
deep red spectral range, which is 2.5x10"%! cm?2. This feature makes it interesting for laser operation

around 760 nm using Dy:YCOB as gain medium.
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The fluorescence dynamics of the upper laser level of *Fs/, were studied by recording the decay profiles
from this level. The decay curves of the grown crystals are non-exponential, whereas those of the
polycrystalline samples with low active-ion concentrations are single exponential. This is due to the
cross-relaxation processes of Dy** in these crystals. Their mean fluorescence lifetime were calculated
to be 262 us (Dy:CYA), 267 ps (Dy:CAS), and 354 pus (Dy:YCOB).

The Judd-Ofelt analysis was performed to derive the theoretical oscillator strengths, branching ratios,
and radiative lifetimes. The resulting oscillator strengths and branching ratios are comparable to the
experimental values. The radiative lifetimes are slightly larger than the fluorescence lifetimes
measured with the low-doping-level samples. The calculated radiative lifetimes result in quantum
efficiencies of 54%, 25%, and 21% for Dy:CYA, Dy:CAS, and Dy:YCOB.

Laser experiments were performed using a fiber-coupled LD emitting at around 442 nm. The quality of
this pump was examined by Pr¥*-activated gain media of Pr:-YAP and Pr:YLF. The analysis of Pr¥*-laser
performances suggested that the pump has worse beam quality than the single-mode LDs, but
comparable to the other reported fiber-coupled LD. A linear plano-concave cavity was built up for

lasing the yellow or deep red transitions. In practice, no laser output could be obtained.

The spectroscopic data of the Dy3*-activated crystals, including the maximum absorption and emission
cross-sections (in units of 1022 cm?) and the corresponding peak wavelengths, branching ratio of the
F9/,>®H13/, transition, fluorescence lifetime from the “Fg;; level, and quantum efficiency, are

summarized in Table 3.28. Those of the reported Dy**-activated gain crystals are given as reference.

Table 3.28 Spectroscopic properties of the Dy**-activated crystals.

o, A o, A
Matrices . abi abs . e? em Pexv 75 (*For2) n
(*Hisp>%1s2)  (nm)  (*Fop>°Hiz)  (nm)  (*Fep>®Haspa)
3.7 at% Dy:
33 452.2 4.0 582.7 58% 262 ps 54%
CaYAIO,
12 at% Dy:
1.3 452.0 14 581.9 51% 267 ps 25%
CazAI25i07
8.6 at% Dy:
1.8 453.6 1.5 585.7 53% 354 us 21%
Yca40(803)3
3 at% Dy:
1.6 447 3.0 583 - 376 us -
Y3Als01;
5 at% Dy:
- - 6.4 575 - 158 ps -
ZnWO4
3.0 at% Dy:
1.4 450 1.7 574 - 865 us -
LiLuF,4
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SUMMARY AND OUTLOOK

Summary

In the framework of this thesis, several Tb*- as well as Dy**-activated oxide-based crystals were
fabricated and studied. These two active ions were chosen through a detailed state-of-the-art
investigation of all the lanthanide ions in terms of the application prospect to visible lasers. The
synthesis procedures for the selected materials were optimized to achieve single crystals with
sufficient optical quality and size for the physical-property characterizations. Their potentials as visible

laser gain media were investigated by characterizing the thermal and optical properties.

A preliminary investigation into the Th3 ion revealed that a couple of its characters may impede the
laser operation in Th3*-activated oxide-based media, such as the propensity to excited-state absorption
(ESA), the weak transition cross-sections, and the possibility of charge transfer upon excitation. These
inconveniences can be to some extent circumvented by selecting a suitable host material, the criteria
of which are described as follows: (1) a small crystal field strength, usually quantified by the crystal
field depression D(A), to enlarge the energy gap between the ground state and 4f75d? configuration,
which is the probable terminal level of an ESA process; (2) the availability of high-concentration doping
of Tb3 to compensate the weak transition cross-sections; (3) the absence of ions with large
electronegativity to avoid the charge transfer processes. Based on these considerations, the phosphate
of BasTb(PO4); (BTP) as well as borates of Sr3Tb(BOs)s; (STB), LisTb(BOs)s (LTB), and TbCa,O(BOs);
(TbCOB) were chosen. With regard to Dy**, the scope of suitable host material is larger, as it is not
prone to suffer ESA or charge transfer processes. The oxide-based matrices of CaYAIO, (CYA),
YCas0(BOs); (YCOB), and Ca,Al,SiO; (CAS) were selected for hosting Dy**, which have smaller D(A)

than YAG that can produce laser emission from Dy>".

The conventional Czochralski technique was applied to grow the selected Tbh3*-based and Dy**-doped
crystals. The doping concentrations of Dy**, which impacts the cross-relaxation rate, were designated
to be around 4.5x10%° cm? by referring to the reported Dy*-doped laser gain crystals. The
polycrystalline starting materials were synthesized by solid-state reactions at high temperature. Their
purities were examined by powder X-ray diffraction and were able to satisfy the subsequent crystal
growths. A couple of problems occurred during the crystal fabrication processes. On one hand,
formation of color centers were observed during the growth of STB and LTB in air atmosphere. The
mechanism of the color centers were studied by absorption spectroscopy and electron paramagnetic
resonance. By analyzing these data as well as the results reported in the literatures, the color centers
could be attributed to oxidation of Th3" to Tb* in air. To circumvent this detrimental effect that
influences the luminescence property of the material, further growths were carried out for STB and
LTB in the reducing atmosphere containing 10% of H, and 90% of Ar. The resulting crystals are colorless.

On the other hand, the as-grown crystals of LTB suffered cleavage or cracking. These drawbacks were

177



eliminated by employing a suitably oriented seed crystals and optimizing the growth conditions,
including the crucible, growth parameters and control. Finally, single crystalline materials with good
optical quality and without color centers were obtained. Besides, flux grown crystals of TbAl;(BOs);

(TAB) and KTb(W0.), (KTW) were also available for the following spectroscopic study.

The Dy3* concentrations in different parts of the boule crystals were measured experimentally by
electron probe micro-analysis. The segregation coefficients of Dy3* in CYA and YCOB were found to be

1.06 and 0.86, respectively.

Thermal properties of the as-grown Tb%-based crystals were characterized. Their thermal
conductivities and specific heat capacities were measured. LTB yields the largest thermal conductivity
and specific heat capacity among these materials. The thermal expansion coefficients between 298 K
and 1078 K were calculated from the temperature-dependent cell parameters, which were derived
from the PXRD patterns recorded in this range. TbhCOB was found to exhibit the least significant

anisotropy in terms of thermal expansion coefficients.

All the crystals were oriented to the principal optical directions. For biaxial crystals of LTB, TbCOB,
Dy:YCOB, and KTW, the relationship between the indicatrix and crystallographic axes were identified.
The wavelength-dependent refractive indices of BTP, STB, and LTB were measured for the first time,
using the standard method of minimum deviation. The resulting data can be fitted into Sellmeier

dispersion equations.

The spectroscopic investigations mainly include absorption and emission spectra, fluorescence decay,
and ESA. These data were used to calculate important parameters such as transition cross-sections,
branching ratio, fluorescence lifetime, and experimental oscillator strength. The “Fs—>°D, transition
around 485 nm of Th3* and the ®His/2>%15/, transition around 450 nm of Dy** are particularly of interest
since they match the output wavelengths of semiconductor pumps. These transitions have relatively
small cross-sections ranging in orders of 1022 to 102! cm? owing to the spin-forbidden nature. However,
all the Tb*- as well as Dy**-activated crystals have comparable or even superior peak absorption cross-
sections to the corresponding reported gain materials. With respect to the emission transitions, the
green °D;—>’Fs transition of Tb*" and the yellow *Fs,—>%Hi3; transition of Dy3* feature large
fluorescence branching ratios more than 50% in these matrices. Except for BTP and STB which have
relatively weak transition cross-sections due to the significant spectral broadening, Tb**-activated
crystals of LTB, TAB, and TbCOB as well as the Dy**-activated crystals exhibit comparable maximal
emission cross-sections with the other gain materials. Besides, the TbCOB and TAB crystals are
especially promising for lasing the yellow *Ds—>’F4 transition, as they give relatively large o,,, at 593
nm and 584 nm, respectively. Furthermore, the Dy:YCOB crystal can provide an exceptionally high a,,,

at 760 nm, which is interesting for laser operation in the deep red spectral range.

In addition, anisotropic behavior of the magnetic dipole absorption and emission transitions was
universally observed in both Tb3*- and Dy3*-activated crystals. This phenomenon is due to the relatively
large contribution from the magnetic dipole interaction for several transitions of Tb3* or Dy*, which

has been confirmed by theoretical calculations and experimental measurements. Routine polarized
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spectral measurements that only take into account the anisotropy of electric dipole transitions result
in inaccurate spectroscopic data. Moreover, the magnetic dipole transitions of *Ds;—>’Fs and
®H1s/,>%15/2 exhibit significant anisotropy. The former is used for green laser operation of Th* and the
latter is the most promising pump transition for Dy3**-activated media. The inaccurate spectroscopic

data of these two transitions may lead to a large uncertainty regarding the gain-crystal/cavity design.

The fluorescence decay curves were recorded to study the fluorescence dynamics of the upper laser
levels. The decay curves of the Tb**-activated compounds from the D4 level show a single exponential
behavior, which indicates the absence of inter-ionic energy transfer processes. The fluorescence
lifetimes were calculated to be as long as 2~3 ms. Thus, the Tb**-based materials are favorable for
storing the pump energy. On the other hand, the decay profiles of the as-grown Dy**-doped single
crystals are non-exponential, while those of the polycrystals with low doping concentrations are almost

single exponential. This is due to the cross-relaxation processes from the *Fg/, manifold.

Judd-Ofelt analysis was performed to further study the 4f — 4f intraconfigurational transitions. The
electrostatic and spin-orbit interaction parameters, which vary with host material, were fitted to allow
more accurate Judd-Ofelt calculations. The three Judd-Ofelt intensity parameters were calculated. The
resulting oscillator strengths and branching ratios are overall in good agreement with the experimental
data. The radiative lifetimes were used to derive the quantum efficiencies. Those of the Th**-based
compounds were found to be closed to unity (except that of KTW around 50%), which suggests
negligible quenching processes such as multiphonon relaxation and cross-relaxation. Among the Dy3**-

doped crystals, Dy:CYA features the highest quantum efficiency of 54%.

Negative gain behavior at 543 nm was observed for the Th*"-based crystals of BTP, STB, LTB, TbCOB,
and KTW. This indicates that the ESA processes overwhelm the stimulated emission at this wavelength.
The ESA is especially significant for KTW, which is expected due to the strong inter-valence charge

transfer band at the energetic position where ESA takes place.

Laser experiments were conducted with several LD or OPSL pumps. The Nichia LD (200 mW) emitting
at 486 nm was not able to generate laser oscillation even using a 15%Tb:YLF crystal as gain medium.
This is probably due to the low absorbed power (75 mW) and the lack of a suitable output coupler.
Further attempts on the Th3*-based crystals of BTP, STB, LTB, and TbCOB were carried out by an OPSL
with output power up to 4 W and excellent beam quality. Although laser operations of the fluorides
could be realized by using this pump, none of the oxide-based crystals were able to produce green
laser emission. This is somehow reflected by the negative results during the gain measurements at 543
nm. With regard to the Dy**-activated crystals, the main problems are the poor quality of the fiber-
delivered LD pump (tested with Pr3*-activated gain crystals) compared to the single-mode ones, and
the mismatch of the pump output wavelength and the peak absorption wavelength of the media (442

nm vs. 453 nm).
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Outlook

For the Tb**-based materials, their spectroscopic properties including the transition cross-sections and
fluorescence lifetimes are overall comparable to the fluorides using which laser operations can be
demonstrated. However, the negative gain and the unsuccessful laser operation in the green spectral
region point toward predominant ESA processes over the stimulated emissions, even though the host
materials were selected for their relatively small crystal-field depression, for example the D(A) of BTP
(17594 cm™) is comparable to that of KY3F1 (16084 cm™). This indicates that ESA from °Ds to higher 4f
levels can make a contribution. More systematic wavelength-dependent gain measurements are

essential at the moment to figure out the origin of the ESA processes in these Tbh3*-based crystals.

On the other hand, the criterion in terms of crystal-field depression should be even stricter. Oxide-
based materials of TbMgBsO10 (P2;/c, 12568 cm™), TbB30s (C2/c, 12526 cm™), LiThb(POs)s (C2/c,
13369 cm™), and TbPO4 (144 /amd, 16007 cm™) with smaller D (A) than KY3Fio (16084 cm™) might be
hopeful to completely avoid ESA into the low-spin 5d states. Crystal growth of these materials or their
isostructral compounds from the flux have been reported [1-4]. It would be an interesting subject to
develop flux growth techniques to synthesize these crystals and study their spectroscopic properties,

as this work mainly fabricates and characterizes terbium-based crystals grown from the melt.

Furthermore, lasing of the yellow °Ds—>’F, transition using these oxide crystals have not been
attempted and is possible. Although its emission cross-section is smaller than the green °Ds—>’Fs

transition, the lower energy (~1300 cm™) might be able to circumvent the intense ESA transitions.

With regard to the Dy3**-activated materials, the 3.7 at% Dy:CYA crystal is the most promising owing to
its superior spectroscopic properties. The quantum efficiencies of the 12.1 at% Dy:CAS and 8.6 at%
Dy:YCOB crystals are relatively low (<25%). Optimizations regarding the doping concentrations should
be concerned. The experimental conditions must be improved as well to realize laser oscillations. A
single-mode LD with better beam quality than the used fiber-coupled one is more favorable.
Meanwhile, the output wavelength of the pump should match better with the main absorption peaks

around 453 nm to increase the absorption efficiency.
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APPENDIX A SUPPLEMENTARY THEORETICAL
BACKGROUND

This appendix chapter acts as an extension of the introduction to the theoretical principles of light-
matter interaction. Beginning with a classical two-level system, the deduction of interaction between
light and atomic systems leads to the concept of transition cross-sections, which are very important

spectroscopic parameters in this study.

After the study of hydrogen atomic spectroscopy by N. Bohr based on a quantized model with great
success, handling the light-matter interaction issue in quantum physical approaches has become a
main stream. According to quantum field theory, light may be considered not only as an electro-

magnetic wave but also as quantum mechanical photons which could be described by wavefunctions.

Atomic systems such as atoms, ions, and molecules exhibit discrete electronic energy states. The
transition of electrons between two energy states is associated with either absorbing or emitting a
photon, which carries an energy corresponding to the energetic gap E, — E; = hv,;. Assume that the
population density on each levels is N; and N,, when a monochromatic electromagnetic wave with
frequency v,; passes through this atomic system, the transition rate of electron from energy level 1

to 2 is given by:

(6N1

—_— = —B,,pN,v A1
ot )abs 12PV1 (A1)

where p is the radiation energy density and B;, is known as the Einstein B coefficient, which is a
constant of proportionality. The product B;,p is the absorption transition probability. After an
electron has been excited to the energy level 2, its population decays spontaneously to the lower

energy level 1 at a rate of:

(aN2

— | =—-4,N A2
3), = ~Aal: (a.2)

where A, is the spontaneous emission transition probability and its reciprocal is known as the
radiative lifetime. Spontaneous emission process undergoes individually in each atoms and thus the
generated photons have random initial directions and phases. On the other hand, emission can also
take place when the excited electron is stimulated by a photon hv,;. This process is called stimulated
emission. In contrast to the spontaneous emission, the emitted photon has the same direction and
phase as the initial photon. The rate equation of stimulated emission is expressed as:

(6N2

ot )St = —B31pN; (A.3)

The above deduction assumed a monochromatic wave with constant frequency v, and the energy

gap has no spectral linewidth. To take into account their optical linewidth, the frequency distribution
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of the incident photon energy density can be simply characterized by a frequency-dependent function
p(v). On the other hand, the atomic transition can be described by the lineshape function g(v), which
indicates the probability that the atom absorbs or emits a photon per unit frequency. It is normalized
to unity over all the frequencies hence [ g(v)dv = 1. Given this definition, equation A.1 and A.3 could

be rewritten in the forms

(%)abs = =By, N, f p(v)g(v)dv (A. 4)
and
(%)St = B1N; f p(v)gv)dv (A.5)

Further consider that the incident light for excitation has good monochromaticity, which is the case
for spectroscopic measurements in this study, the lineshape function of the atomic transition can be

treated as constant over this narrow spectral range. The above rate equations are simplified to be:

aN.
(a_tl)abs = ~Bi2Nig(v) f p(v)dv = —B;;N1g(v)p (A.6)
and
aN
(6_t2>st - BZlNZg(V)fP(V) dv = By1N,g(v)p (A.7)

In the abovementioned two-level system, the change rate of photon density in the medium derived
from the stimulated processes approximately equals to

N, (6N2> (6N1
at  \ot/g \ot

) ) = B21N2gem(V)p — B12N1gaps(V)p (A.8)
aps

The spontaneously emitted photons are omitted since the fraction of these photons in the direction

d
to the incident beam is negligible. The intensity of the incident light is amplified if% > 0. If this light

amplification is small, spatial distribution of N;, N;, and p in an optical medium could be treated as
constant. Hence the change rate of photon density in terms of path length of the incident beam in this

medium is

Ny _ P

a9l c/n (B21N2gem (V) — B12N1gans (V) (A.9)

where c is the light velocity in vacuum and n is the refractive index in the medium. Further associating
equation A.9 to the Lambert-Beer law, the absorption coefficient a(v) could be correlated to the

above equation in the form:

10N, hv

a(v) = _N_I,T = c/_n (B12N19gaps(V) — B21 N2 gem (v)) (A.10)
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Notice that the relationship between the photon density N,, (number of photon per unit volume) and
the energy density p (photon energy per unit volume) is p = hv - Nj,. Deducing from the Boltzmann’s

thermodynamic equation, assuming that sublevels of 1 and 2 are populated equally, the relationship

3
between the Einstein coefficients has been found to be gB1, = g,B51 and 4, = %821, where

g1 and g, are the degeneracies of energy level 1 and 2. Applying the former relational expression to

equation A.10 and integrating over all the frequencies in the transition spectral range yields:

_ [ Baihv (9>
a(V)dV - _ngabs(v) - Nzgem(v) dv (A- 11)
c/n \g1
Recall the assumption made for equation A.6 and A.7 that the incident light is quasi-monochromatic
and thus the frequencies in this narrow spectral range can be averaged to v, where the spectral line
center at. Moreover, the lineshape functions g,;,s(v) and g.,,(v) are only frequency-dependent and
normalized over the spectral range of the transition. Finally, we are able to obtain the Fiichtbauer—
Ladenburg equation, which relates the integrated absorption coefficient, a measurable physical

guantity, to the Einstein coefficients and the energy-level populations:

B,1hvy (92 ) (A.12)

—N; — N,
c/n 1 2

91
According to the Einstein relationship mentioned above, B,; could be substituted by A4, which is

ja(v)dv =

easier to be achieved. The equation A.10 becomes:

Ayic? (go _
W == N19abs(V) = NaGem (V) | = 012N, — 031N, (A.13)

alv) = g1

where 07, and g,; are the absorption and emission cross-section, respectively. The stimulated
emission cross-section is thus written as:

Ay c?

021 (v) = Wgem(v) (A.14)

In the occasion of a laser operation where the initial photon that triggers stimulated emission comes
from spontaneous emission, v, in the above equation can be simply replaced by v. Further extend the
two-level system described above to a more realistic situation where multiple excitation states decay

simultaneously from an upper level j to several multiplets i. Under steady-state low level excitation,
ON; . . T - T .
where (?) is constant and stimulated emission is negligible, the spontaneous emission intensity
sp
of the j — i transition in a spectral range of dv is expressed as:

Lij(v)dv = AjiNjhvgem (v)dv (A.15)

where I(v) is light intensity in dimension of photon power per unit frequency. The integral

I..
fZl- ];LS/) dv stands for the total number of emitting photon per unit time. Assume that nonradiative
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decay is negligible, it is equal to ZiAﬁNj. By introducing this relationship to equation A.15 and

integrating over all frequencies, the lineshape function is described as:

[(v)/hv

(A.16)
1(v)
fﬁ dv

Gem (V) =

Summing all the j — i transitions and expanding the lineshape function, equation A.15 becomes:

c2v3I()

8MN27,44 fl(v—v)dv

NOE (A.17)

In this study, the emission spectral measurements are based on a grating monochromator, which
measures spectral intensity as a function of wavelength. By introducing the relationship of I(v)dv =

—I(A)dA, the effective stimulated emission cross-section g, can be deduced to be:

A1)

1) =
Oem(1) 8TN2CTrqq [ A(A)dA

(A.18)

This equation gives g, (1) as a consecutive function of wavelength and makes it possible to measure
O.m from spontaneous emission instead of stimulated emission which is much more difficult to be
observed. The I (1) values, which stand for spectral irradiance in dimension of photon power per unit
wavelength, can be obtained from a calibrated fluorescence spectrum and t,,4 is usually calculated
from Judd-Ofelt analysis.
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APPENDIX B EXPERIMENTAL PROCEDURES

B.1 Synthesis of polycrystalline materials

All the polycrystalline raw materials in this work were synthesized via conventional solid-state
reactions. The weight of raw materials to be prepared are determined by assuming that the molten
polycrystals would fill 70-80% of the crucible. The reactants were weighed and ball-milled for 3x20
minutes (200 rpm). A Fritsch PULVERISETTE planetary mill equipped with agate bowls and balls was
employed for the ball milling. The ground mixtures were then transferred to a ceramic mortar and
further mixed up with a pestle. The powders were isostatically compressed into a cylinder. The cylinder
was placed on platinum foils and sintered in a resistance furnace. The heating rates were set to be 1-

5°C/h, depending on the material, and the cooling rate was a uniform value of 5°C/h.

Phase purity of the as-sintered polycrystals was verified with Powder X-ray diffraction by a Panalytical
X'Pert Pro diffractometer. Diffraction patterns were collected with Cu Kal radiation (45 kV and 40 mA).
The assignment of phase as well as the quantification analysis were performed using the High Score

software.

It is worth noting that the preparation methodology of the polycrystalline raw materials for the
Czochralski growth were optimized in advance by using pressed tablets in small quantity (~5 g). The

program that gives the XRD pattern with least impure phases was adopted.
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B.2 Crystal growth and supplementary crystallographic data

This part mainly describes the general setup for the furnace and procedure for the Czochralski growth

in this study. The growth parameters, which vary with material, will be given in each subsection.

Two different Czochralski furnaces were used in this study. One is home-made (denoted furnace 1)
and another is a JGD series furnace manufactured by Sichuan Institute of Piezoelectric and
Acoustooptic Technology (denoted furnace 2). The former enables crystal growth in running
atmosphere while the latter in sealed atmosphere. The power regulation is realized by a fuzzy control
system for furnace 1 and by a PID controller for furnace 2. A graphical representation of a typical setup
using furnaces 2 is give in Figure B.1. The setup for furnace 1 is similar, except that the external wall is

replaced by a silica tube filled with alumina fiber.

A crucible charged with polycrystalline raw materials was placed at the center of the inductive coil.
The crucible was surrounded by zirconia grains and its vertical position could be adjusted. The top of
the crucible was usually placed 1 cm below the topmost coil. Several kinds of alumina or zirconia
refractories were installed as thermal insulator. These refractories could also be removed or added to

optimize the temperature field for the crystal growth.

alumina pulling rod

zirconia “top lips”

alumina fiber
/
| iridium or platinum seed holder

| growing crystal

| __ zirconia cone

RF cail
melt
zirconia grain

mullite wall

OO0OO0OO0O0

zirconia tube

Figure B.1 Schematic setup for a typical Czochralski growth using furnace 2.
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Furnace 2 has a sealed chamber which enables different protection atmosphere. Air was pumped out
of the chamber until the pressure reached ~5 Pa to ensure the air tightness, followed by the inlet of
the designated atmosphere. A sensor was equipped inside the chamber to monitor the real-time

pressure during the growth process. Protection gas could be supplemented automatically if necessary.

After the atmosphere was applied, the crucible was inductively heated to melt the raw materials. The
elevation of power, which was conducted linearly by a preset program, was set to be as slow as
possible (usually ~14 h) to avoid the thermal shock to the crucible and refractories. In most cases,
further more raw materials were needed to fill the crucible after melting the first batch. For furnace 1,
raw materials could be supplemented directly from the top of the furnace chamber, while for furnace
2, they could only be refilled after cooling down the crucible. This process was repeated for 2 to 3 times

until the total amount of the raw material could fill 70 to 80% of the volume of the crucible after melted.

For a growth using the Pt/Ir wire as a growth starter, the power was carefully increased until the raw
materials were almost completely melted. At this moment, a small polycrystalline crust should be
floating at the center of the crucible and the wire was introduced to it, which then acted as a seed. For
a growth with a crystal seed, the seed was slowly descended toward the melt after the raw materials
were just completely melted. In both cases, the descent stopped as soon as the wire/seed contacted

the crust/melt.

After the contact, the position of the wire/seed was kept unchanged and the rotation was turned on
with the designated speed during the growth. The power of the RF generator was adjusted manually
until the equilibrium of the crystallization, where the reading on the electronic scale no more changes.
The crystal was then pulled up and the growth parameters as well as the power regulation were
controlled by a preset program. Nevertheless, these parameters could be modified during the growth

if needed.

At the end of growth, the crystal was removed from the melt with a pulling rate of 8-12 mm/h. After
separation from the melt, the crystal was continued to elevate to a position around 5 mm above the

melt. Typically, the crystal was slowly cooled down to room temperature in 36-48 h to avoid cracking.

B.2.1 BasTb(POu)s

According to the single crystal refinement in the literature [1], the atomic coordinates of BTP are listed
in Table B.1.

The Czochralski growth of BTP was carried out using furnace 2. The growth parameters are presented
in Table B.2, where ®1 and @2 stand for the designated diameter of the crystal at the beginning and
the end of the part, respectively, and PID are the parameters for the power regulation (same below).

Evolutions of the actual weight, growth speed, and power are schematically presented in Figure B.2.
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Table B.1

Atomic coordinates of BTP (space group: 143d).

Atom Wyckoff occupancy X y z
Ba 16¢ 0.75 0.9402 0.4402 0.0598
Tb 16¢ 0.25 0.9230 0.4230 0.770
P 12a 1 1 0.75 0.125
0(1) 48e 0.75 1.0990 0.6799 0.0445
0(2) 48e 0.25 1.1140 0.7770 0.0490
Table B.2 Designated growth parameters of BTP.
Length  Pulling speed Rotation
Part ®1 (mm) @2 (mm) I D
(mm) (mm/h) (rpm)
neck 7 7 40 1.5 12 0.01 100 30
shoulder 7 25 30 1.5 12 0.01 100 30
body 25 25 50 1.5 12 0.01 100 30
bottom 25 1 20 1.5 12 0.01 100 30
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Figure B.2
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Evolution of weight of crystal, growth speed, and power during the growth of BTP.

PXRD pattern of the as-grown crystal sample of BTP is shown in Figure B.3. No secondary phase could

be detected. A theoretical line profile was refined using the software FullProf Suite [2] to match the

measured diffraction profile. Profile matching refinement yields a cubic cell parameter of 10.466 A,

which is consistent with the value of 10.4484 A based on single-crystal XRD refinement [1].
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Figure B.3 Experimental and refined PXRD pattern of BTP crystal sample.

B.2.2 SrsTb(BOs)s

The atomic coordinates of STB based on a PXRD refinement [3] (ICCD code:04-009-3070) are listed in

Table B.3.
Table B.3 Atomic coordinates of STB (space group: R3).
Atom Wyckoff X y z
Sr 18f 0.0966 0.2934 0.1419
Th(1) 3a 0 0 0
Th(2) 3b 0 0 0.5
B 18f 0.1927 0.1366 0.2661
0o(1) 18f 0.1554 0.0350 0.3600
0(2) 18f 0.1644 0.1122 0.1191
0(3) 18f 0.4030 0.0743 0.0198

The Czochralski growth of STB1 and STB2 were carried out using furnace 1 and 2 respectively. The

growth parameters are presented in Table B.4 and B.5. Curves of the monitored data during the growth

of STB2 are illustrated in Figure B.4. The oscillating growth rate at the bottom part is somehow related

to its irregular shape.
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Table B.4 Designated growth parameters of STB1
Length  Pulling speed Rotation
Step ®1 (mm) @2 (mm)
mm) (mm/h) (rpm)
neck 6 6 25 0.7 10
shoulder 6 22 22 0.7 10
body 22 22 37 0.7 10
bottom 22 0 11 0.7 10
Table B.5 Designated growth parameters of STB2?
Length Pulling speed  Rotation
Step ®1 (mm) @2 (mm) I D
(mm) (mm/h) (rpm)
neck 7 7 10 1 10 0.1 100 50
shoulder 7 25 25 1->0.6° 10 0.1 100 50
body 25 25 35 0.6 10 0.1 100 50
bottom 25 1 20 0.6->1 10 0.1 100 50

2 Several trials of the growth have been performed. A large fluctuation of the electronic scale was

recorded at around 6:00 a.m. for each failed growth. The problem was solved by turning off the heating

system in the Czochralski furnace room.

® The pulling speed was changed gradually by the program within this part (same below).
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Figure B.4 Evolution of weight of crystal, growth speed, and power during the growth of STB2.

PXRD pattern of STB is shown in Figure B.5. No difference could be detected between the patterns of
STB before and after annealing in reducing atmosphere. Profile matching refinement gives cell
parametersofa = b = 12.520 A, ¢ = 9.258 &, which are comparable to the data obtained by single-
crystal XRD.
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Figure B.5 Experimental and refined PXRD pattern of STB crystal sample.

B.2.3 TbAI3(BOs)as

The atomic coordinates of TAB based on the refinement (reference ICCD code: 00-0008-7538) are
listed in Table B.6.

Table B.6 Atomic coordinates of TAB.
Atom Wyckoff X y z
Tb 3b 0 0 0.5
Al 9e 0.4557 0 0.5
B(1) 9d 0.5465 0 0
B(2) 3a 0 0 0
0o(1) 18f 0.20977 0.19783 0.31723
0(2) 9d 0.1337 0 0
0(3) 9d 0.41050 0 0

B.2.4 LicTb(BO3)s

Crystal growth of LTB1 was performed using furnace 1, while for LTB2 and LTB3, furnace 2 was

employed. The setups of the furnace chamber regarding these three growth were almost the same.
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The zirconia grains surrounding the crucible and the cone were taken off. The set growth parameters
are presented in Table B.7-2.9. The growth curves of LTB2 and LTB3 are shown in Figure B.6 and B.7,

respectively.

Table B.7 Designated growth parameters of LTB1

Length  Pulling speed Rotation
Step O1 (mm) @2 (mm)

(mm) (mm/h) (rpm)
neck 6 6 25 0.5 5
shoulder 6 22 16 0.5 5
body 22 22 45 0.5 5
bottom 22 0 11 0.5 5
Table B.8 Designated growth parameters of LTB2
Length  Pulling speed Rotation
Step O1 (mm) @2 (mm) P I D
(mm) (mm/h) (rpm)
neck 9 9 15 1 5 0.05-0.15* 120 90
shoulder 9 25 30 1-0.5° 5 0.15 120 90
body 25 25 50 0.5 5 0.05-0.15 120 90
bottom 25 1 20 0.5 5 0.15 120 90

@ Modifications regarding the feedback parameters were attempted to stabilize the growth.

Table B.9 Designated growth parameters of LTB3

Length  Pulling speed Rotation

Step ®1(mm) @2 (mm) P I D
(mm) (mm/h) (rpm)

neck 7 7 25 0.6 6 0.05 120 90

shoulder 7 25 30 0.6-0.4 6 0.05 120 90

body 25 25 30 0.4 6 0.04-0.05 120 90

bottom 25 1 20 0.4-0.6 6 0.05 120 90

tail 1 1 45 0.6 6 0.05 120 90
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Figure B.7 Evolution of weight of crystal, growth speed, and power during the growth of LTB3.

Single crystal X-ray diffraction data for LTB were collected on an Oxford Diffraction Xcalibur-S
diffractometer equipped with a Sapphire 3 CCD detector with Mo Ka radiation (A = 0.71073 A, graphite
monochromator) at room temperature. The size of the single crystal sample is 0.12 x 0.49 x 0.86 mm,
which was obtained from LTB2. The structure was resolved by Patterson method and the refinement
was carried out with SHELX-2017 by full-matrix least-squares minimization and difference Fourier
methods. All atoms were refined with anisotropic displacement parameters. The atomic coordinates

and anisotropic displacement parameters are given in Table B.10.
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Table B.10 Atomic coordinates and displacement parameters (in units of 103 A3) of LTB (space
group: P/2c).

Atom X y z Un Uz Uss Uz Uz U
Tbh(1) 0.4198 0.8102 0.8464 6.23 5.67 7.31 -0.12 2.09 -0.08
O(1) 0.3509 0.8159 1.1653 14 8.1 7.4 -0.6 25 -2
0O(2) 0.7614 0.7987 0.9456 9 7.4 13.6 0 1.5 0
O(3) 0.2227 0.9319 0.7694 7.4 8.6 13.9 -1.6 2.1 -0.9
O(4) 0.0765 0.8031 0.7249 10 6.6 15.7 -0.5 1.8 0.5
O(5) 0.6221 0.9267 0.9577 8 8.1 21.9 -4 2.8 1.4
O(6) 0.4935 0.8258 0.5265 13.5 10.9 7.1 0.9 34 -0.2
O(7) -0.1069 0.9222 0.5765 8.5 134 14.3 1.3 2.6 1.3
O(8) 0.9640 0.9119 1.0884 7.8 14 14.2 -4.4 -2.7
0(9) 0.4148 0.9469 0.3253 15.1 6.7 11.5 -0.4 -0.3
B(1) 0.4170 0.8652 0.3384 6 7.4 12.5 0.3 4.4 -0.6
B(2) 0.7865 0.8801 1.0013 9 6.7 7.2 3 2.3 -0.1
B(3) 0.0590 0.8858 0.6874 7.1 10.7 10.6 -2.1 3.8 -1.2
Li(1) 0.0594 0.7054 0.5475 14 12 25 -4 2 3
Li(2) -0.3602 0.9492  0.5852 17 17 23 -5 2 6
Li(3) 0.7849 0.7052  1.1333 11 16 24 4 0
Li(4) 05721 0.9964 0.1774 12 11 22 0 6 -2
Li(5) 1.1935 0.9635 1.0573 17 29 22 -5 9 -8
Li(6) 0.9538 0.9699 1.3290 25 13 15 -1 5 -3

PXRD was performed as well on the ground powder sample from the as-grown LTB1 crystal. The

diffraction pattern indicates no secondary phase, as is illustrated in Figure B.8. Profile matching

refinement using Fullprof Suite gives cell parametersof a = 7.210 A,b = 16.476 A,c = 6.672A,8 =

105.36°. They are in good agreement with the values obtained by single crystal refinement (a =
7.2030(2) A, b = 16.4723(3) A, c = 6.6678(2) A, B = 105.326°).
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Figure B.8 Experimental and refined PXRD pattern of LTB crystal sample.

B.2.5 CasTbO(BOs)s

Crystallographic positions of atoms in ToCOB are presented in Table B.11 [4]. Designated parameters

for the crystal growth of TbCOB is given in Table B.12. Curves of the monitored data during the growth

are illustrated in Figure B.9.

Table B.11 Atomic coordinates of TbCOB (space group: Cm).

Atom Wyckoff Occupancy X y z
Th(1)/Ca(1) 2a 0.96(2)/0.04(2) 0.00003 0 0.0041
Th(2)/Ca(2) 4b 0.043(7)/0.957(7) 0.1400 0.38742 0.3192

ca(3) 4b 1.0 0.2589 0.18157 0.6424

B(1) 2a 1.0 0 0.684 0.008
B(2) 4b 1.0 0.1945 0.065 0.011

0(1) 2a 1.0 0 0.409 0.009

0(2) 4b 1.0 0.4579 -0.0736 0.735

0(3) 2a 1.0 0.192 0 0.594

0(4) 4b 1.0 0.0818 0.1426 0.064

0O(5) 4b 1.0 0.9665 0.2688 0.263

0(6) 4b 1.0 0.7876 0.1718 -0.130
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Table B.12 Designated growth parameters of ThCOB

Length Pulling speed Rotation

Step O1(mm) @2 (mm) P I D
(mm) (mm/h) (rpm)

neck 7 7 30 1 20 0.05 120 90

shoulder 7 25 30 1 20 0.05 120 90

body 25 25 50 1 20 0.03-0.05 120 90

bottom 25 1 20 1 20 0.03 120 90

PXRD pattern of the as-grown TbCOB, as is shown in Figure B.10, indicates no secondary phase. Profile
matching refinement yields cell parameters of a =8.083A,b = 16.024A,c =3.5514,8 =

101.241°. They are in good agreement with the values obtained by single crystal refinement [4].
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Figure B.10 Experimental and refined PXRD pattern of TbCOB crystal sample.

B.2.6 KTb(WOa);

The atomic coordinates of TbCOB based on the refinement [5] are listed in Table B.13.

Table B.13 Atomic coordinates of KTW.

Atom Wyckoff X Y z
K 4e 0 0.70006 3/4
Tb 4e 0 0.27161 3/4
w 8f 0.19551 0.00004 0.23581
0(1) 8f 0.1267 0.5787 0.1887
0(2) 8f 0.0239 0.1078 0.9714
0(3) 8f 0.2265 0.3419 0.1277
0O(4) 8f 0.1894 0.9250 0.9410

B.2.7 Dy:CaYAIO4

Crystallographic as well as selective physical properties of CYA are presented in Table B.14. An iridium
crucible with a height of 50 mm and a diameter of 50 mm was used. Designated parameters for the

crystal growth of Dy:CYA is given in Table B.14. Curves of the monitored data during the growth are
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illustrated in Figure B.11. The significant oscillation of the growth rate could be caused by the

evaporation of Al,Os from the crystal or improper power regulation.

Table B.14 Designated growth parameters of Dy:CYA.

Length Pulling speed Rotation

Step ®1 (mm) @2 (mm) P I D
(mm) (mm/h) (rpm)

neck 6 6 35 1 15 0.12 120 90

shoulder 6 25 25 1-50.7 15 0.1 120 90

body 25 25 45 0.7 15 0.1 120 90

bottom 25 1 20 0.7->1 15 0.1 120 90

In spite of the evaporation phenomenon during the growth, no secondary phase formation could be
detected in the PXRD pattern of the as-grown crystal sample (Figure B.12). The cell parameters were
found to be a = 3.645 A and ¢ = 11.875 A via profile matching refinement. These values are very
close to those of the pure CYA. This is due to the proximity of the ionic radius of Dy** and Y**, and the

relatively low doping level in terms of the Ca/Y site (~1.8 %).
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Figure B.12 Experimental and refined PXRD pattern of Dy:CYA crystal sample.

B.2.8 Dy:CAS

The atomic coordinates of CAS are presented in Table B.15.

Table B.15 Atomic coordinates of CAS [6] (space group: P42, m).

Atom Wyckoff Occupancy X y z

Ca de 1 0.3389 0.1611 0.5104

Si de 0.5 0.1434 0.3566 0.9540
Al(2) 4e 0.5 0.1434 0.3566 0.9540
Al(1) 2a 1 0 0 0
0o(1) 2c 1 0.5 0 0.1765
0(2) de 1 0.1427 0.3573 0.2835
0(3) 8f 1 0.0876 0.1678 0.8078

PXRD pattern of Dy:CAS (Figure B.13) does not exhibit any secondary phases, in spite of the significant
optical inhomogeneity and inclusions inside the crystals. The refined cell parameters were found to be
a = 7.691 and ¢ = 5.065, which do not deviate too much from pure CAS. This can be accounted for
by the fact that the cell parameters are simultaneously affected by doping smaller Dy** ions
(r =91.2 pm) in larger Ca®* (r = 100 pm) sites and doping larger AI** ions (r = 53.5 pm) in smaller
Si*" (r = 40 pm) sites.
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Figure B.13 Experimental and refined PXRD pattern of Dy:CAS crystal sample.

B.2.9 Dy:YCOB

The designated parameters for the crystal growth of Dy:YCOB is given in Table B.16. Curves of the

monitored data during the growth are illustrated in Figure B.15.

Table B.16 Designated growth parameters of Dy:YCOB.

Length Pulling speed Rotation

Step O1 (mm) @2 (mm) P I D
(mm) (mm/h) (rpm)

neck 7 7 30 1 15 0.08-0.15 120 90

shoulder 7 22 30 1 15 0.08-0.1 120 90

body 22 22 50 1 15 0.08 120 90

bottom 22 1 20 1 15 0.08 120 90

Profile matching refinement of the ground crystal sample of Dy:YCOB (PXRD patterns are shown in
Figure B.14) gives cell parameters: a = 8.076,b = 16.018,c = 3.531,8 = 101.172. The unit cell
volume is 448.08 A3, which is larger than that of YCOB owing to the slightly larger ionic radius of Dy>*

than Y3*.
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Figure B.15 Experimental and refined PXRD pattern of Dy:YCOB crystal sample.
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B.3 Physical property characterization

B.3.1 Optical microscopy

Optical microscopic photographs were obtained by a KEYENCE VHX-5000 microscope. An objective
with a maximum capacity of 200x was used. The light passed through a polarizer, the crystal, an
analyzer, and into the objective, orderly. The polarizer and analyzer were crossed with each other so

that optical inhomogeneity could be easily detected in the medium.

B.3.2 Electron probe micro-analysis

Electron probe micro-analysis was performed on a CAMECA SX100 micro-analyzer with 4 wavelength-
dispersive spectrometers. Crystals from different parts of the boule and the residue inside the crucible
after the crystal growth were used for the analysis. A series of measurements was performed at ten

random positions of each samples and the resulting data were averaged.

B.3.3 Electron paramagnetic resonance

The EPR measurements were carried out at room temperature using a Bruker ELEXSYS E500
spectrometer operating at X-band (~9.4 GHz) with 10 kHz field modulation. The magnetic field was
swept from 50 to 5000 G. Before measuring the specimen, a blank was recorded to eliminate the
possibility of interference by the background resonance of the cavity and/or sample tube. The spectra
were recorded with Bruker 4122SHQE/0111 resonator.

B.3.4 Thermal conductivity and effusivity

Thermal conductivity as well as effusivity of the bulk crystal samples were measured at room
temperature by a TCi thermal conductivity analyzer based on modified transient plane source. Water
was used as contact reagent. The measurements were repeated for 10 times and the resulting data
were averaged. Some significantly deviated data were excluded, which were usually observed during

the first run.

B.3.5 Thermal expansion

Temperature-dependent PXRD measurements were carried out with an Anton Paar HTK 1200 N
furnace directly mounted in the diffractometer. The temperature was increased to the designated
value at a rate of 15°C/min. Before each measurement, the diffractometer was standby for 2 minutes
in order to reach thermal equilibrium. The obtained PXRD patterns were refined by the Fullprof Suite

to derive the cell parameters.
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B.3.6 Laue X-ray diffraction

An ENRAF NONIUS DIFFRACTIS 601 was used as the X-ray (Cu Kal radiation) source for Laue diffraction.
The typical working voltage and current of the X-ray tube were 45 kV and 35 mA. APHOTONIC SCIENCE
2000 CCD camera with a resolution of 254x166 pixels was used to detect the X-ray photon signal. A
precisely oriented silicon wafer mounted on the sample holder was used as a reference and the crystal
sample was optically aligned to the silicon wafer to obtain accurate diffraction patterns. The exposure
lasted for 450 seconds. The obtained diffraction patterns were dealt with ORIENTEXPRESS software to
find the crystallographic orientations. Figure B.16 illustrates the diffraction patterns of LTB and TbCOB

oriented to the b-axis.

Figure B.16 Laue diffraction patterns of b-oriented (a) LTB and (b) TbCOB.

B.3.7 Ground-state absorption

Ground-state absorption spectra were recorded with Varian CARY 5000 or CARY 6000i
spectrophotometers at room temperature. The former allows for measurements in a spectral range
from 175 to 3300 nm (detectors: scintillating from 175nm-800nm; PbS from 800nm-3300nm) while
the latter limits to 1800 nm (detector: InGaAs from 175nm-1800nm). The double beam mode was used
for all the measurements with an empty sample holder as reference and the background was

calibrated automatically by the photometers.

Except for the optically isotropic BTP, all the crystals were measured with a polarizer placed between
the lamp source and sample to obtain polarized spectra. For the measurements in the spectral region
less than 1800 nm, a calcite-based polarizer was employed. A TiO,-based polarizer which shows a wider
transparent range was utilized for wavelength larger than 1800 nm. To avoid the different response of
the photometer to different polarized light, direction of the crystal sample was adjusted to obtain
different polarized spectra instead of turning the polarizer. Optical loss of the polarizers was taken into

account for the background calibration as well.

The aperture of the sample holder was 5 mm providing good signal-to-noise ratio. The thickness of the
samples was typically around 5 mm. To record the intense 4f — 5d transitions in the terbium-based

crystals, samples with thickness less than 1 mm were prepared in order to avoid saturation. The slit
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width of monochromator and data interval of each measurement were properly configured to ensure

that the obtained spectra were fully resolved.

For a typical measurement, a spectrum with absorbance as a function of wavelength was obtained.
After calibrating the spectrum for reflection of the crystal, the absorbance values can be converted to

absorption coefficients according to Lambert-Beer law:

Abs(2)

a() = [-log,pe

where [ is the thickness of the crystal sample. The optical density of light for absorption spectroscopic
measurement is so small that the excited-state population in the crystal is negligible. The equation

A1.13 described in Appendix A thus becomes:
a(v) = ogpsN

where N is the density of active ion in the crystal. For terbium-based crystals, which have
stoichiometric chemical formula, the nominal concentrations of Tb3* were used. The concentrations of

Dy** in dysprosium-doped crystals were derived from EPMA analysis.

B.3.8 Judd-Ofelt analysis

Judd-Ofelt analysis in this work was performed with the RELIC software developed by M. P. Hehlen and
coworkers [7], including, chronologically, the fitting of electrostatic intensity parameters and spin-orbit
coupling parameter, the calculation of reduced matrix elements, the fitting of Judd-Ofelt intensity
parameters, and the calculation of transition oscillator strengths and probabilities. The electrostatic

interaction parameters F(y), F(4), F(¢), and spin-orbit coupling parameter ¢ are directly related to the

corresponding H-matrices in the forms below:

3
(4fNSL||A,||4fNS'L) = Z ey E®

k=0
in which
E(O) = F(O) - 10F(2) - 33F(4) - 286F(6)
EW = (70F 5y — 231F 4y — 2002F 4))/9
E(Z) = (F(Z) — 3F(4) — 7F(6))/9
E® = (SF(Z) + 6F(4) — 91F(6))/3
and

(4FNSLI||Hso||4FNS'LT'Y = ((=1)T 45" 1L+ 1) (21 + 1)

S S 1 e
<y 5 Hsvanfes )
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The F o) parameter simply produces a uniform shift of the energies of all the states of the configuration
and thus is not necessary to be calculated. These four parameters are host-dependent and can be
obtained by fitting the default values given in the manual of the software to a couple of experimental
ZS“LJ multiplet energies. The barycenter energies can be precisely calculated from determining the
energy and degeneracy of the stack levels generated by crystal-field splitting. Considering the
complexity of this method, it is usually more realistic to obtain these values from ground-state
absorption spectroscopy by assuming that the ground state is equally populated at room temperature
and that all stack-level transitions contribute to the observed absorption spectrum. As a result, the
barycenter energy Ep of a ground-state absorption transition is approximately equal to the energy
where the integrated absorption cross-sections, which are proportional to the amount of populated
electrons, of the low-energy side (E < Eg) and of the high-energy side (E > Eg) are equal (Figure B.17).
For Tb3*-based materials, relatively strong GSA transitions to the manifolds of °Dg, °Gs, °L1o, °Gs, °Lo, °Ls,
and °L; were used for the fitting of the electrostatic and spin-orbit interaction parameters. For Dy3*-

based materials, GSA transitions to ®His/, ®Hi1/2, Fs/2, 8Fs/2, *Foy2, #lis2, and G/, were used.

21000

2S+1
Ly

-

2
3
3
5
c
=

19000

Ground state
H, +H,, H, + Hy, + Hef

Figure B.17 Determination of the barycenter energy of an energy level from ground-state

absorption spectrum. The integral area of the red part is equal to the blue part.

With the electrostatic and spin-orbit interaction parameters, the reduced matrix elements for the
electric and magnetic dipole transitions can be calculated accordingly. It should be pointed out that
the model for calculating the magnetic dipole elements (INSLJ||L + gS||INS'L']’) employed in the

RELIC software is rather rough. It is only related to the S, L, and /] quantum numbers:

(INSLJIIL + gSIIINS'L)"y = gJU + D] + 1)

forJ' =] and

S+L+]+DJ+L-J+S-L)(S+L—-]+1)
4]

(INSLJIIL + gSIIIVS'L')'y = (g — 1)]
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for /' = 1 + J. The calculated oscillator strengths derived from the magnetic dipole transitions using
this method matched poorly with the observed data, especially in the case of /' = J. More recently,
C. M. Dodson and R. Zia managed to calculate the magnetic dipole oscillator strengths for all the
trivalent lanthanide ions in a much more sophisticated approach in which a multi-parameter free ion
Hamiltonian was used [8]. The vacuum MD oscillator strengths reported by C. M. Dodson and R. Zia
are tabulated in Table B.17 and Table B.18. The calculated values are in good agreement with the
experimental data, for example, the °Ds=>’F, (] = 3,4, 5) emission transitions of Tb3" [9-11]. Further
considering that the reduced matrix elements of the L + gS§ tensor operator do not vary a lot with the
coordination environment, the reported values in the literatures were used for Judd-Ofelt calculations
for all the terbium and dysprosium-based compounds in this thesis. The obtained and used reduced

matrix elements are tabulated in Table B.19.

Table B.17 Reported energy level, matrix elements (in aqueous solution) of
2
[(INSL ||[UP|[INS'L'J’)|” , and non-zero MD oscillator strengths of the ground-state absorption

transitions of Tb3* [8,12].

Transitions Energy (cm) A(nm) U@a U@ U® fpacuum
Fe> x10¢

°Ds 20545 487 10 8 13
°Ds 26336 380 0 2 14
>Ge 26425 378 17 45 118 5.0x10°8
>Lio 27146 368 0 4 592
>Gs 27795 360 12 18 135 3.8x10°
°D, 28150 355 0 ~0 8
Gy 28319 353 1 3 91
’Lo 28503 351 0 21 446
°G; 29007 345 0 1 31
3Lg 29202 342 ~0 1 235
3Ly 29406 340 5 1 119 4.8x101!
’Le 29550 338 1 1 3 1.4x10°
°G, 29577 338 0 ~0 5
Dy 30658 326 0 0 3
Do 31228 320 0 1
°H; 31557 317 60 19 131 4.8x10°%0
>He 33027 303 27 ~0 126 3.7x101°
>Hs 33879 295 4 2 37

a U()l) — |(lNSL1||U(/1)||ZNSILIJI)|2

212



Table B.18

Reported energy level, matrix elements (in aqueous solution) of

[(IVsLy||u™@ ||l"’S’L’]’)|2 , and non-zero MD oscillator strengths of ground-state absorption

transitions of Dy** [8,13].

U@ U@ U®
Transitions ®His/,—> Energy (cm™) A(nm) T frogcuum
®Hy32 3506 2852 2460 4140 6820 2.2x107
®H11/ 5833 1714 920 370 6410
®Hgy, 7692 1300 0 176 1980
®F11/2 7730 1294 9390 8290 2050
®Fo/2 9087 1100 0 5740 7210
®Hy/, 9115 1097 0 7 392
®Hs/, 10169 983 0 0 26
®F7/2 11025 907 0 1360 7150
®Fs/2 12432 804 0 0 3450
®F3s2 13212 757 0 0 610
*Fos2 21144 473 0 47 295
1572 22293 449 73 3 654 5.5x10%
‘G2 23321 429 4 145 3
AF+4+K+M 25750-26400 388-379 150° 931 2268 6.1x10°
D+HF+HIGHI+K+M
+4p 27200-30200 368-331 28 5410 2630 2.4x107°
AFHAGHKHAL+M+P 30800-32000 325-312 64 270 1260

2 sum of the squared matrix elements of all the included transitions
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Table B.19 Calculated reduced matrix elements which were used for Judd-Ofelt analysis of the terbium- and dysprosium-based compounds in this
thesis. The (INSLJ||L + gS||INS'L'J') terms were collected from the literatures [8,9].

o | sy | WOSUTU@EsLy) (Sulu@[Ps ) ESylu@S e [+ gS
/ / BTP STB LTB TbCOB BTP STB LTB TbCOB BTP STB LTB TbCOB
°D(3). 0 0 0 0 0.0119 | 0.0141 | 0.0140 | 0.0142 | 0.0402 | 0.0365 | 0.0365 | 0.0365
>D(3)s 0 0 0 0 0.0295 | 0.0316 | 0.0315 | 0.0317 | 0.0424 | 0.0411 | 0.0411 | 0.0412

°D(3)s | 0.0298 | 0.0275 | 0.0275 | 0.0274 | 0.0364 | 0.0399 | 0.0399 | 0.0401 | 0.0360 | 0.0364 | 0.0365 | 0.0365

°G(2)s | 0.0104 | 0.0104 | 0.0104 | 0.0104 | 0.0126 | 0.0131 | 0.0132 | 0.0131 | 0.0976 | 0.0971 | 0.0973 | 0.0971
°G(3)s | 0.0321 | 0.0331 | 0.0333 | 0.0332 | 0.0296 | 0.0297 | 0.0300 | 0.0298 | 0.1246 | 0.1231 | 0.1233 | 0.1232 0.204

>G(3)s | 0.0407 | 0.0444 | 0.0447 | 0.0445 | 0.0515 | 0.0495 | 0.0499 | 0.0496 | 0.1253 | 0.1220 | 0.1220 | 0.1220 0.782

7F6

°Ly 0.0394 | 0.0336 | 0.0325 | 0.0336 | 0.0180 | 0.0137 | 0.0130 | 0.0137 | 0.1171 | 0.1076 | 0.1067 | 0.1076 | 0.0229
SLg 0.0032 | 0.0029 | 0.0030 | 0.0029 | 0.0142 | 0.0143 | 0.0143 | 0.0143 | 0.1343 | 0.1296 | 0.1301 | 0.1297

Lo 0 0 0 0 0.0439 | 0.0419 | 0.0420 | 0.0419 | 0.1953 | 0.1915 | 0.1922 | 0.1917
’Lio 0 0 0 0 0.0247 | 0.0259 | 0.0258 | 0.0259 | 0.2217 | 0.2194 | 0.2202 | 0.2196
"Fo 0 0 0 0 0.0415 | 0.0432 | 0.0433 | 0.0433 0 0 0 0
F1 0 0 0 0 0.0525 | 0.0546 | 0.0547 | 0.0547 0 0 0 0

F, 0.0349 | 0.0369 | 0.0370 | 0.0370 | 0.0283 | 0.0295 | 0.0294 | 0.0295 | 0.0100 | 0.0103 | 0.0104 | 0.0104
>D(3)a ’F3 0.0485 | 0.0497 | 0.0498 | 0.0498 | 0.0072 | 0.0077 | 0.0080 | 0.0077 | 0.0227 | 0.0234 | 0.0235 | 0.0234 0.332
"F4 0.0131 | 0.0136 | 0.0136 | 0.0136 | 0.0263 | 0.0280 | 0.0285 | 0.0281 | 0.0352 | 0.0362 | 0.0363 | 0.0363 0.108
’Fs 0.1146 | 0.1157 | 0.1160 | 0.1159 | 0.0204 | 0.0202 | 0.0205 | 0.0202 | 0.0460 | 0.0466 | 0.0467 | 0.0467 0.790
"Fe 0.0298 | 0.0275 | 0.0275 | 0.0274 | 0.0364 | 0.0399 | 0.0399 | 0.0401 | 0.0360 | 0.0364 | 0.0365 | 0.0365
*L+gS = |(I"SLJIIL + gS|IINS'L']")|

214



o | s [ SLv@sEr)] (S s T (SO T )] L+ gs
Dy:CYA Dy:CAS Dy:YCOB Dy:CYA Dy:CAS Dy:YCOB Dy:CYA Dy:CAS Dy:YCOB
°F3/2 0 0 0 0 0 0 0.2469 0.2471 0.2469
5Fs/2 0 0 0 0 0 0 0.5880 0.5873 0.5880
%F1/2 0 0 0 0.3672 0.3653 0.3660 0.8473 0.8460 0.8475
%Foy2 0 0 0 0.7529 0.7534 0.7497 0.8586 0.8551 0.8619
F11/2 0.9673 0.9796 0.9730 0.9114 0.9041 0.9086 0.4467 0.4816 0.4619
5Hs/, 0 0 0 0 0 0 0.0482 0.0492 0.0471
Hisz | ®Hzp 0 0 0 0.0312 0.0304 0.0332 0.1866 0.1887 0.1819
®Ho/2 0 0 0 0.1539 0.1472 0.1630 0.4225 0.4287 0.4119
*Hi1/2 0.3091 0.2666 0.2903 0.1872 0.2250 0.2042 0.8022 0.7824 0.7936
*His/2 0.4956 0.4956 0.4956 0.6435 0.6436 0.6437 0.8242 0.8254 0.8244 5.06
*F(3)ar2 0 0 0 0.0726 0.0783 0.0830 0.1792 0.1837 0.1880
“G(4)11, | 0.0037 0.0044 0.0006 0.1079 0.1037 0.1007 0.0395 0.0416 0.0460
“3)s, | 0.0852 0.0858 0.0867 0.0193 0.0185 0.0188 0.2728 0.2656 0.2715 1.03
*F1/2 0 0 0 0.0160 0.0153 0.0154 0 0 0
°F3/2 0 0 0 0.0061 0.0038 0.0061 0.0152 0.0137 0.0151
5Fs/2 0.0791 0.0767 0.0784 0.0330 0.0304 0.0324 0.0195 0.0196 0.0190
5F1/2 0.0155 0.0197 0.0189 0.0685 0.0687 0.0720 0.0522 0.0479 0.0488 0.684
%Foy2 0.0314 0.0313 0.0344 0.0788 0.0850 0.0876 0.0313 0.0332 0.0361 0.524
5D(3)e F112 0.0513 0.0431 0.0444 0.0649 0.0665 0.0696 0.0594 0.0524 0.0589 131
®Hs/2 0.0016 0.0021 0.0019 0.0598 0.0598 0.0610 0.0352 0.0399 0.0394
*Hy/2 0.0302 0.0288 0.0304 0.0908 0.0921 0.0935 0.0840 0.0880 0.0897 0.387
*Ho/ 0.0491 0.0446 0.0470 0.0535 0.0586 0.0578 0.0573 0.0603 0.0606 0.321
*Hi1/2 0.1006 0.1057 0.1083 0.0501 0.0542 0.0577 0.0552 0.0582 0.0578 0.553
*His/2 0.2253 0.2293 0.2338 0.1262 0.1252 0.1274 0.2416 0.2408 0.2490
*His/2 0 0 0 0.0726 0.0783 0.0830 0.1792 0.1837 0.1880
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After obtaining the reduced matrix elements (lNSL]HU(A)HlNS’L’]’) (A =2,4,6) and
(INSLJ||L + gS||INS'L']"), the Judd-Ofelt intensity parameters can be fitted from the experimental
oscillator strengths. In a practical case, the overlap of transitions makes it difficult to assign the
oscillator strength of an absorption band to each comprised transitions. The total oscillator strength

of a number of i overlapped transitions is the sum of the electric and magnetic dipole counterparts:

_ 8n2me ng,si N DN e (2
f_3h(2]+1)2i1/i n, lzzszzﬂ(l SLI|[uW|[ivsLy');
hv

_— (N Ncryryry2
+6m662(2]+1)zn1|<l SLIIL + gSIIVS'L )
l

Since the energy and refractive index of each transitions within this absorption band do not vary

significantly, they can be replaced by the averaged values. The above equation becomes:
_8m*m, v xEp
~ 3n (2J+1) n

4 hv
6m,c? (2] +1)

S syl (s L,

A=2,4,6

I(INSLI|IL + gSI|IIVS'L']") 20

where

ryryr 2 _ ryryr 2
(sl @IS L)}, = ) st o @S vy
4
[SLIL + SIS L Mg = ) KIVSLIIIL + gSIIINS" L) )12
i

Using the RELIC software, least-square fitting of the overlapped transitions can be realized by adding

I”

these “total” reduced matrix elements to its database (*.arc file).

It is also worth mentioning the input of the refractive index for Judd-Ofelt analysis. Since “non-
polarized” oscillator strengths are used for calculation, a “non-polarized” refractive index dispersion
equation is required. Typically, the measured refractive indices along principal optical directions are

averaged by the equation ng,; = (2ny + n.)/3 for uniaxial and ng,,g = (ny + ny + ny)/3 for biaxial

abs

crystals. One may notice that this ng,, does not exactly lead to the local-field correction Xle for ED

abs abs abs
transitions (¥255 = (n? + 2)?/9), which should equal to (ZXT‘;—+X:1—)/3 for uniaxial and (XnL+
0 e X

abs abs
X:l'— + Xj—)/3 for biaxial crystals. Nevertheless, it has been deduced that for STB, the relative error
Y Z

regarding the local-field correction generated by this approximation is in the order of 10, which is

totally acceptable.
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B.3.9 Emission spectroscopy and fluorescence decay

A tunable Ekspla NT342B optical parametric oscillator (OPO) laser based on Nd:YAG operated in pulse
mode was adopted as the excitation source to obtain the emission spectra and the fluorescence decay
profiles. The laser pulse has a duration of ca. 7 ns with an energy in the order of 10 mJ. The OPO laser
worked in a repetition rate of 10 Hz. The intensity of the laser beam was adjusted by an external

polarizer.

The polarized emission spectra were detected by a CCD camera (Princeton Instruments, 1024 x 268
pixels) equipped with a monochromator (Acton Research, 300 grooves/mm, 500-nm blaze). A spectral
resolution of 0.276 nm could be obtained in this setup. The gate width and gate delay were fixed to be
100 ps for each measurements. Two gate times were averaged for each exposure to improve the
spectral stability. To avoid the different response of the CCD camera to different polarizations, position
of the crystal sample was adjusted to derive the corresponding polarized spectra instead of turning
the polarizer. The laser beam was aligned to the slit so that only the fluorescence in the light route
could be detected. Perpendicularity of the crystal as well as the polarizer to the laser beam was
examined optically. Measurements of the fluorescence spectra were accumulated for >100 times to
increase the signal-to-noise ratio. The resulting fluorescence signals were calibrated to relative spectral

irradiance (power per unit area per unit wavelength) for the response of the apparatus.

Time evolution of the fluorescence intensity was monitored using an RCA 8850 photomultiplier. The
photomultiplier is based on gallium phosphide semiconductor and the response time is ca. 3.3 x 108 s.
The fluorescence decay data were accumulated and averaged for 256 runs. Setup for the fluorescence

spectrum and decay measurements is illustrated in Figure B.18.

CCD camera
Slit
OPO Laser Polarizer PoIan’z\ﬁ\ Photomultiplier
Oriented crystal N
Monochromator
Cut-off filter

Figure B.18 Experimental setup for the fluorescence spectroscopic measurements.

The calibrated fluorescence spectra in units of spectral irradiance (power per unit area per unit

wavelength) are shown in Figure B.19.

217



Spectral irradiance 1(%) (a.u.)

Spectral irradiance I(%) (a.u.)

218

Spectral irradiance I(2) (a.u.)

Spectral irradiance 1(%) (a.u.)

SD,ﬁ D, ——E_Lc BLc (a-polarization)
3 BTP F, STB ——ELc Bl/c (c-polarization)
° —— E//c BLc (n-polarization)
el
s
g
I
o
e
8
o
g
§
B
(7]
Q
w YFs
/\\ -
s
T T T T T 7 T T T T T T T 7 T T T T
450 475 500 525 550 575 600 625 650 675 450 475 500 525 550 575 600 625 650 675
Wavelength (nm) Wavelength (nm)
5D , —— E.c BLc (u-polarization) ——E/IXBIY
! Fy TAB ——E.c B//c (c-polarization) e EJIX BIZ
—— E//c BLc (n-polarization) ——E/NY BIIX
E/IY BlIZ
- ——E/NZBIIX
H e ENIZ BIY
<
I
8
e
3
o
g
%
B
@
Q
»
1F2|o ,F:Ha
450 475 500 525 550 575 600 625 650 675 450 475 500 525 550 575 600 625 650 675
Wavelength (nm) Wavelength (nm)
D —— E/XBIIY D . —— E/XBIY
e EJIX BIZ F, KTW e EIIX BIIZ
——EIIY BIIX ——E/IY BIIX
~EIIY BIIZ E/IY BlIZ
——ENZ BIIX -~ ——E/NZBIIX
e EIZ BINY H e ENIZ BIY
g
I
8
e
8
o
g
é
B
- 2 :
F3
) YFz‘v 0
T T T T = T T T T T T T T T T T T T T
450 475 500 525 550 575 600 625 650 675 450 475 500 525 550 575 600 625 650 675
Wavelength (nm) Wavelength (nm)
w \ ——Elc B.Lc (a-polarization) w \ ——Elc B.Lc (a-polarization)
w2 Hian Dy:CYA —— E.Lc Bl/c (c-polarization) w2 Hian Dy:CAS —— E.Lc Bl/c (c-polarization)
—— E//c BLc (n-polarization) —— E//c BLc (n-polarization)
5
&
S
6 Q
Hise g
8
K
= °H
= 1512 6 6
© Hyt Fiin
=1
®
6 6
H9/2+ FH/2 6 6 5
(2] 6 6
SH“/Z Hm+ Fw SHn/z H7/2+ Fs/z
; . ; PN A , JA.\ ; . . 4 r T T T
450 500 550 600 650 700 750 800 850 450 500 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)




(continued from previous page)

Spectral irradiance I(%) (a.u.)

o2

°H

1512

H|3/2

Dy:YCOB

e E/IZ BIIY
12

—E/XBIIY
----------- E/IXBIIZ
——E/IY BIIX

E/IY BlIZ
——E/NZBIIX

6 8,
H7/2+ F9/2

Figure B.19

450

T
500

¥
550

T
600

T T
650 700
Wavelength (nm)

T
750

T T
800 850

Calibrated fluorescence spectra in arbitrary units of spectral irradiance.

The fluorescence decay curve monitored at 604 nm for LTB, a susceptible parasitic emission band, is

illustrated in Figure B.20. The weak intensity of this emission line results in a small signal-to-noise

ratio. The fluorescence lifetime is linear-fitted to be 2.62 ms.

Fluorescence intensity (a.u.)

LTB@604 nm

= Experimental data
—— Linear fit

Figure B.20

Time (ms)
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Fluorescence decay curve of LTB monitored at 604 nm.
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Résumé

Les lasers visibles sont nécessaire et utilisés
dans large domaine d’applications. A ce jour,
I'obtention de sources lasers visibles de haute
qualité repose sur un processus de conversion
de fréquence des lasers a base de Nd3* ou
Yb3* émettant dans l'infrarouge. Une nouvelle
classe de lasers activés par des ions
Lanthanides émiettant directement dans la
région spectrale visible a été développée
réecemment. Ces lasers ne présentent pas
I'inconvénient des lasers visibles traditionnels,
tels que la perte d'énergie inévitable pendant
le processus de conversion de fréquence, ce
qui ouvre des perspectives de recherche
prometteuses.

Un défi de ce sujet reste la génération
d’émission laser efficace en utilisant des
matériaux a base d'oxyde activés par des ions
Tb3* ou Dy3*. Ces travaux de thése se
concentrent sur la fabrication et I'étude des
propriétés physiques d'une sélection de
monocristaux a base d'oxyde activés par des
ions Th®* ou Dy®*: BasTb(PO4)s, SraTh(BO3)s,
TbAI3(BO3)s, LieTb(BO3)s, TbCasO(BO3)s,
KTb(WO4)2, Dy:CaYAIOs, Dy:YCasO(BO3)s,
and Dy:Caz2Al2SiOr La technique classique de
croissance cristalline dite Czochralski a été
utilisée pour la préparation de monocristaux et
les conditions de croissance ont été
optimisées. Des monocristaux de bonne
qualité optique de ces composés ont été
obtenus. Les propriétés thermiques en
particulier celles des cristaux a base de Tb3*
ont été étudiées. La majeure partie des
travaux a concerné la caractérisation de leurs
propriétés optiques, y compris les indices de
réfraction, les spectres d'absorption et
d’émission, les parametres de Judd-Ofelt, la
dynamique de fluorescence et I'absorption de
I'état excité. Les sections efficaces de
transitions et les durées de vie de I'état excité
des cristaux d'oxyde activés par Tb3* se sont
avérées étre comparables a celles des
cristaux de fluorure. Le cristal Dy:CaYAIO4 a
des propriétés spectroscopiques pour une
émission laser dans le jaune comparativement
aux résultats publiés pour le cristal Dy:YAG.
Des tests lasers ont été envisagés en utilisant
des sources de pompage laser a base de
semi-conducteurs émettant dans le bleu.

Mots Clés

Terbium, dysprosium, croissance
monocristalline, spectroscopie optique, laser
visible

Abstract

Visible lasers are useful in a variety range of
fields. To date, high-quality visible lasers rely
on the frequency conversion of Nd3*- or Yb3*-
based infrared-emitting lasers. A new class of
Ln3*-activated lasers operating directly with
emission transitions in the visible spectral
region has been developed recently, which do
not feature the inconvenience of the traditional
visible lasers, such as the inevitable energy
loss during the frequency conversion process,
and have promising research prospects.

The current challenge is to generate efficient
laser emissions using Tb3*- or Dy3*-activated
oxide-based gain materials. This PhD thesis
concentrates on the fabrication and physical-
property study of several selected Tb3*- or
Dy®%*-activated oxide-based single crystals:

BasTb(POa4)s,  Sr3Tb(BOs)s,  TbAl3(BOs)s,
LisTb(BO3)s, TbCasO(BO3)s, KTb(WOa)z,
Dy:CaYAIOs, Dy:YCasO(BOs3)s, and

Dy:Ca2Al2SiO7. The conventional Czochralski
technique was employed for the single-crystal
preparation and the growth conditions were
optimized. Single crystals of these compounds
with good optical quality were obtained.
Thermal properties of the Th3*-based crystals
were studied. The main effort was devoted to
the characterization of their optical properties,
including the refractive index, absorption and
emission spectra, Judd-Ofelt parameters,
fluorescence dynamic, and excited-state
absorption. The transition cross-sections and
upper-state lifetimes of the Tb3*-activated
oxide crystals were found to be comparable to
those of the fluorides. The Dy:CaYAIOg4 crystal
has comparable spectroscopic properties for
yellow laser operation to the reported results
of the Dy:YAG gain medium as well. Laser
experiments were essayed using pump
sources of blue-emitting semiconductor lasers.

Keywords

Terbium, dysprosium, single crystal growth,
optical spectroscopy, visible laser




