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Pedepar

AKTYaJbHOCTH TeMbI

HuszkocummerpuyHble  KpUCTaUibl, K  KOTOPBIM  OTHOCSATCS
pOMOMYECKHE U MOHOKJIMHHBIE KPUCTAJUIbl BOJIb(pamMaToB U MOIMOAATOB
[1], B mocneaHue To/ibl BRICTYMAIOT B KAU€CTBE MEPCHEKTUBHBIX aKTUBHBIX
cpen nazepoB. K 0cOOEHHOCTH TaKMX KPUCTANIOB MOKHO OTHECTU HaJIM4YUe
3HAUYUTEIBHON aHU30TPOINHUH CIEKTPAIbHO-TIOMUHECIICHTHBIX CBOMCTB B
MOJISIPU30BAHHOM CBETE. AHAJIU3 COBPEMEHHOTO COCTOSIHUSI UCCIEIOBAHUM
HU3KOCHUMMEPTUYHBIX  KPHUCTAUIOB  [OKa3al, 4YTO BbIOpAaHHBIE B
JUCCEPTAIIMOHHON paboTe KpUCTaUThl BOJb(PpaMaToB W MOJUOMATOB,
JONUPOBAHHBIE HOHAMH PEAKO3EMEIbHBIX 3JIEMEHTOB, MMEPCIEKTUBHBI AJISI
noJiydeHus: B HUX J(G(EKTUBHON Ja3epHON TeHepanuu B BUIAUMOU U
omxueit UK ob6nactu ciektpa [2-5]. K mpeuMyniecTBam Takux KpUCTAJIOB
OTHOCHUTCSI BO3MOXHOCTb JIOCTHKEHHSI BBICOKMX 3HAUYEHUIN KOHIIEHTpalun
HMOHOB-aKTHMBATOPOB 0€3 3aMETHOr0 TYIICHHUS JIOMUHECIHEHIMU [6],
BBICOKHE MOINEPEYHbIE CEUEHUS MOTJIONIEHUS U BBIHYKAECHHOTO UCITYCKaHUs
B TOJISIPU30BAHHOM CBeTe [7,8], XOpoliue TepMOONTUUYECKHE CBOMCTRA [9].
Taxxe Takue kpuctaiuibl ABIsOTCAS KP-aktuBHBIMMU.

CemeicTBO BRIOPAHHBIX JIJIS1 H3yYECHUS KPUCTAIIIOB OY€Hb OOIIMPHOE,
MHOTHE KpPHUCTAUIbl YX€ JIOCTATOYHO XOpOIIO M3YYE€HbI, IpPU 3TOM
CHEKTPaIbHO-TIOMUHECIICHTHBIE CBOMCTBA BHIOPAHHBIX B AUCCEPTAIIMOHHOMN
paboTe KpUCTAUIOB, KaK W BO3MOXKHOCTH HMCIOJB30BaHHUS MX B KAa4ECTBE
aKTHUBHOM JIa3€pHOM Cpellbl HA MOMEHT MOCTAHOBKH 3aJ1aud M JO CUX IOp
OCTAIOTCSl MAJIOM3YYCHHBIMM U MYyOJUKAIMi 10 JaHHOM TeMaTuKe
OTHOCHUTEIBHO HEMHOTO.

N3BecTHO, YTO KPHUCTAJLIBI, AKTUBUPOBAHHBIE HOHAMHU HWTTEpOUS
(Yb*") u tymua (Tm>"), mo3BONAIOT MONYYMTH IAa3€PHYI0 T€HEPALUIO B

OomxkHeM uMH(pakpacHOM auarna3oHe (B 00yacTu JUIMH BOJH ~1 MKM U ~2
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MKM, cooTBeTCTBeHHO) [10-12]. Jlazepst Onuxuero MK nuanazona umerot
JOCTATOYHO  INMUPOKYH0  00JacTh  MOPUMEHEHHM:  MOJEKYyJspHas
CHEKTPOCKOMUS, MEUIIUHA, JaJTbHOMETPHUS, CUCTEMBI CBSI3U U KOHTPOJIS U
T.0. N3nyuenne UK nauamnazoHa xapakTepusyercsi MajdbIMUA NOTEPSMH IPH
IPOXOKAEHUH depe3 arMocdepy, a MoHBl Tm’" IIOMUHECHMPYIOT B TaK
Ha3bIBAEMON yCJIOBHO-0€30MacHOM 1Jig ceT4yaTku Tiasa obOmactu UK
Jara3oHa.

Kpucramiel, conepxaiue uonsl esponust (Eu’t) [13-18] u Tepbus
(Tb3*) [19-26], moMHHECLUPYIOT B BUAUMOM 001acTy crekTpa. OHM MOTYT
HaWTHU PUMEHEHUE B KauecTBe JIoMUHOGOPOB [13-15, 22-26], a Takke OHU
MPEACTABIAIOT OOJIBIION HHTEPEC JIsl UCTIOIB30BaHUS B KAUECTBE aKTUBHBIX
na3epHbIX cpef [16-21], reHepupyOKX B BUIUMOM JIHAIIa30HE.

CrnenyeT OTMETUTD, UTO B MOCJIEAHUE TOJIbI OJTHUM U3 HEMAJIOBAKHBIX
HaIpaBJICHUII B pa3pabOTKE COBPEMEHHBIX YCTPOMCTB BO BceX cdepax
ABJISIETCS YMEHBIIIEHUE BCEX KOMIIOHEHTOB - MHHHaTiopuzanus. C 3Toi
TOYKA 3peHUsi OONBIION MHTEPEC BHI3BIBAIOT KOMIIAKTHBIE JIa3€ephl,
oOjamaronye MUKpOYUTI-KOHGUTypanueld pe3onaropa. OHU 00mamaroT
JI0OCTaTOYHO MPOCTON KOHCTPYKIIMEH, 0qHAKO 715 3¢ (HEeKTUBHOM reHepauu
MUKPOYHII-JIA3€POB TPeOyeTCsl OUCHbD TIATEIbHBINA BEIOOP aKTUBHOM CPEJIBI.
[Togxondmumu cpeaamMu SBISIIOTCS CPEAbl, KOTOPBIE XapaKTepU3yHTCS
MTOJIOKUTEIIBHOM TEPMHYECKOW JIMH30M, IO3BOJSIOT JOCTUIaTh BBICOKHX
KOHIICHTPAIlUii MOHOB-aKTUBATOPOB U 00JIANAIOT OOJIBIIMMU 3HAYEHUSIMHU
MONEPEYHBIX CEYEHUW TOTJOMICHUS, BBIHYXXICHHOTO WCIYCKaHUS H
ycunenus. [loatomy B HacTosimiee BpeMsi OOJBINON HHTEPEC BBI3BIBACT
UCCIIEJOBAHUE  CIIEKTPAIbHO-IIOMUHECIIEHTHBIX CBOICTB  KpPHUCTAJIOB
JIBOMHBIX MOJIMOATOB, CJIOUCTAsI CTPYKTYpa KOTOPHIX MO3BOJISET CO3/1aBaTh
3¢ (HeKTUBHBIE aKTUBHBIE CPEIbI JIa3epa TOMIMHOM 10 HECKOJIBKUX JIECSITKOB
MHUKpOMETpoB  [27], a  Takke  IPOBEJACHHE  IKCIEPUMEHTOB,

MOATBEPXKIAIONIUX BO3MOKHOCTh TMOJy4YeHUs dS(PPEeKTUBHON Na3epHON
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TEHEpAIlMM HAa TOHKUX IUIACTUHKAX W IUIEHKAX, U3TOTOBJICHHBIX W3 TaKHUX
KPHCTAJJIOB.

Takum 00pa3oM, KOMIUIEKCHOE HCCJIEIOBaHUE CIEKTPaIbHO-
JIOMUAHECUECHTHBIX CBOWMCTB HOBBIX KPUCTAJUIOB, BKJIIOYAIOMIEE KAaK
W3y4YEHUE  AHU3O0TPOINHMHU  CHEKTPAJbHO-IIOMUHECHEHTHBIX  CBOWCTB,
ONPEAECIECHUE OCHOBHBIX  CIEKTPOCKOIMYECKHX  XApPAaKTEPUCTHK U
YCTaHOBJIEHHE BO3MOKHOCTH HCIIOJIb30BAHUS TAKUX KPUCTAJIOB B KAYECTBE
AKTUBHOU CpeIbl Ja3epa, TaK U MPOBEACHUE SKCIIEPUMEHTOB I10 MOJTYYEHUIO
JA3€pHOM TEHEpalUWM HAa J3THUX KpPUCTAUIaX, B TOM YHUCJIE HA TOHKHX
KPUCTAINIMYECKUX MJIACTUHKAX U TUIEHKAX, MPEICTaBIsET O0IbIION HHTEpEC

Y SBJISICTCS AKTYaJIbHOM 3aJa4€EH.

Leau u 3a1a4u Uccae0BAHNUS
[{enpro HaACTOSIIEH AMCCEPTAIMOHHON PabOTHI ABISIETCS JIETATHHOE

UCCJICIOBAHUE AaHU30TPOIMUU CIEKTPATbHO-IIIOMUHECIIEHTHBIX CBOWCTB
HU3KOCUMMETPHYHBIX (POMOMYECKHX W MOHOKJIWHHBIX) KPHCTAJJIOB
MoIMOIaToB U BoNb(ppamaroB ¢ noHamu esponus (Eu®"), tepous (Tb>"),
tymusg (Tm*") u nrrepous (Yb*"), a Taxke onpeneneHre BO3MOKHOCTH
WCIIOJIb30BAHUS TAKUX KPUCTAUIOB B KAUECTBE aKTUBHBIX CPEJT JIA3EPOB IS
BuauMor u OmmwkHed MK o6nactu cmekTpa W TOJIydYeHHE Jla3epHOU
TeHEepaIy B 3TUX Marepuajgax, B TOM YUCJI€ B MUKPOYHIT-KOH(PUTYpAITUU
pe3oHaropa.

B nuccepraimonHoil paboTe ObLUIHM MOCTABJIEHBI CIEIYIONINE 3aIaYU:

- UI3yYUTh AHU30TPOINHIO CHEKTPATHHO-TIOMUHECIICHTHBIX CBOWCTB
BBIOPAHHBIX KPUCTAIIJIOB B TIOJIIPU30BAHHOM CBETE;

- HCCJICOOBATb aHU30TPOIINIO MAaIrHUTHO-AHUIIOJBbHBIX IICPCXO0A0B HOHOB

Eu** B kpucramiax KY(WO4)2 u KY(MoOa)s;
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- paccuuTaTh BEPOATHOCTH IMEPEXOJO0B, IMOIMEPEYHBbIE CEUCHUS
MOTJIONMICHUS, BBIHYXKJICHHOTO WCIYCKaHHWS W YCWJICHHS, a TaKKe
ONpPEeNIUTh BPEMEHA KU3HU JTIOMUHECIEHIIN HOHOB-aKTUBATOPOB;

- U3y4YUTh AHU3OTPOIUIO KOJEOATEIbHBIX CBOMCTB KPHUCTANIMUECKUX
MaTpHII;

- onpenemuth LlITapkoBCKOE paciierieHue ypoBHeil moHOB Yb*' B
KPUCTAITTNYECKOM MOJIE;

- IOJy4YHTh Ja3epHYI0 reHepauuio B kpucramie Yb*' Li:ZnWOs, a
TaK)X€ BBISICHUTh BO3MOXHOCTb MOJIYYEHHUSI JIa3€PHOUM reHepalii Ha OCHOBE
TOHKUX IIEHOK KPUCTAIOB ABOMHBIX Monu6aaToB Tm>":KY(MoOs): u
Yb:KY(Mo0O4), M IOIyYHTh Ja3€PHYI0O TIEHEPALUI0 B MHUKPOYHII-
KOH(Urypauuu pe3oHaTopa.

Obvexmom WCCIEeNOBaHUs SIBISUIUCH MOHOKJIMHHBIE U POMOUYECKHE
kpuctaiibl  BosibpamatoB u MonaubmatoB: KY(WOis)2, KLu(WOs4),
KY(Mo00O4)2, CsGd(M00O4)> u ZnWQO4, B KauecTBE HOHOB aKTHUBATOPOB
BbIcTynanu uoHkl esporus (Eu*"), tepous (Tb*"), tymus (Tm>") u urrepOus
(Yb*).

IIpeomemom UCCIIeIOBAHUS SBJISUTUCH CHIEKTPaTbHO-
JIOMUHECLIEHTHBIE  CBOMCTBA HMOHOB B  YyKa3aHHBIX  KpHUCTallax,
KojeOaTebHbIE  CBOMCTBA  KPUCTAIUIMYECKUX  MATPHIl, a  TaKXKe

T'CHCPAIUMOHHEIC CBOMCTBaA KpHUCTAaJIJIOB.

Hayuynasi HoBU3HA pa0dOThI

1. HccnenoBaHbl — KIIIOYEBHIE  CIEKTPATLHO-TIOMHHECLIEHTHBIE
xapakrepucTuku MoHOB esporus (Eu®®), tepbus (Tb*"), tymus (Tm>") u
urrepous (Yb*) B kpucrammax KY(WOs), KLu(WOs)2, KY(Mo0O4),
CsGd(Mo00O4)2 1 ZnWOq;

2. Biepssie onpeneneno L tapkoBckoe paciierieHue ypoBHEH HOHOB

Yb*" u mupuna 6ec)OHOHHOI TMHUU >TOro MoHA B KpucTamiax ZnWO4 u
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KY(Mo00y4)2. O6HapykeHO, UTO MEXaHU3M IFeTEPOBAJIECHTHON KOMIIEHCAIIUH
3apsga B kpuctamiax ZnWO4 nNpuUBOAUT K 3HAYUTEIBHOMY YBEIWYEHHIO
MUpUHBL 0ecPOHOHHON JIHMHUM M K Ooisbiiol BenuuuHe I[lITapkoBckoro
pacHIeTUICHUS HIKHETO MYJIbTHUILIETa HOHOB UTTEPOUS;

3. BrepBrie chopmynupoBaHbl MOJSIpU3AIMOHHBIC TTpaBUja 0TOOpa
JUTSI TIEPEXOJI0B MAarHUTO-TUTIOJIBHONW TPUPOJIBI B ONTUYECKH JBYXOCHBIX
kpuctamuiax. OHM ObUTH SKCTIEPUMEHTAILHO TMOTBEPIKICHBI B KPUCTAIIAX
Eu":KY(WO4): u Eu**:KY(Mo00O4).

4. Brepsele B kpuctamiax Tm* :KY(MoOs): u Yb*":KY(Mo0Oa).
OblJIa TPOIEMOHCTPUPOBAHA BO3ZMOKHOCTD JIa3€PHOUN r'eHepaliii B TOHKUX
KPUCTAUIMUECKNX TUIEHKAX W IUTACTHHKAX, TMOJYYCHHBIX METOJIOM

MCXaHHNYCCKOI'O CKOJIA.

TeOpeTI/I‘leCKaH H MPAaKTHYIECCKAasA 3HAYUMOCTDb paﬁoTLI

Teopemuueckas 3sHauumocms pabOTHI 3aKIIOYAETCA B TOM, YTO Oblia
nosrydeHa uHpopmarus 00 aHU30TPOMHH CHEKTPATHHO-TIOMHHECTICHTHBIX
CBOICTB HWOHOB €BpPOIHUSA, TEpOWs, Tyiaus W UTTEpOUS B KpHUCTAIIaX
KY(WOs4)2, KLu(WOs4)2, KY(M0O4)2, CsGd(MoO4) m ZnWO4. B
YaCTHOCTH, OBLI HCCIEOBAaH MATrHUTHO-IWUIIOJIBHBIA TEPEX0]] HOHOB
esponus B kpuctamiax Eu’":KY(WOs4): u Eu’":KY(M004)2 ¥ ycTaHOBIEHBI
MOJIIPU3AIMOHHbIE TTPaBUJIa 0TOOPA JUIsl MAarHUTHO-TUTIOJIBHBIX TTEPEX0I0B
B ONTHYECKH JBYXOCHBIX KpPHUCTaUIaX. bblma yCTaHOBIICHA CBS3b MEXKIY
CJIOMCTOM CTPYKTYpol KpucTainoB ABOMHBIX MohuOaaToB KY(MoOs4),
CsGd(Mo0O4)2 1 cunbHOM aHU30TPOIKEHN UX CIEKTPATIbHBIX CBONCTB.

IIpaxmuueckasn 3uauumocms pabOTHI OMPENENICTCS TeM, YTO ObLIH
OTIPEJICIICHBl KJIFOYEBBIC CIEKTPOCKOTMYECKUE XapaKTEPUCTHKHA HOBBIX
KPUCTAJUIOB, OBUIM pACCUYUTAHBI TIOTMIEPEYHBIC CEUYCHUS TOTJIONICHUS,
BEIHY)KJICHHOTO HWCITyCKaHUS W YycuieHus. JlJis KpHUCTAIJIOB C HOHAMH

CBpPOIINA H Tep6I/I$I ObLIH OoIpCACICHbI INBCTOBBIC XAPAKTCPHUCTHKH
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JroMHUHECTICHIINH. [loTydeHHbIe B JAMCCEPTAlMOHHON paboTe pe3ysIbTaThl
MOTYT B JaJIbHEHUIIIEM HCITOIB30BATHCS TSI pa3pab0OTKH HOBBIX J1a3€pOB, B
TOM YHCIE JUISi CO3/JaHWs MHUHHUATIOPHBIX J1a3€pOB C MHUKPOUHII-
KoH(pHUTypanue pe3oHaTopa. beu1o MPOIEMOHCTPUPOBAHO, YTO HA OCHOBE
KpuctaJioB ABOMHBIX MoynOnatoB KY(MoO4)2, 00manamommx CiIouCTOM
CTPYKTYpOH, METOAOM MEXaHWYECKOTO CKAJBIBAHHUS MOXKHO TOJIYYaTh
TOHKHE KPUCTAJUTMYECKHE TJIACTUHKY U TUIEHKH (TONIIUHON 10 HECKOIBKUX
JIECSITKOB MKM), TIPUTOJHBIC JJI WCIIOIH30BAHUS B KAYECTBE AKTHBHBIX
Ja3epHBIX cpel. beia mpomeMoHcTpupoBaHa 3(deKTHBHAS TeHEparus
MUKPOYHII-JIa3epa HA OCHOBE TAKUX TOHKUX KPUCTALTUIECKUX IUIACTUHOK U
IJIEHOK M3rOTOBJIEHHBIX M3 KpucTamioB KY(MoQOs): ¢ nonamu Tm** mumm
Yb,

HO.]IO)KCHI/IH, BBIHOCUMBIC HaA 3aIllIATY

1. Kpucramnel aoitHeix mMonu6aaToB KY(MoOs): u CsGd(MoOs)2
XapaKTepU3yrTCd UCKIIOYUTEIbHO CHJIBHOM aHM30TPOINHEH MOMepeyHbIX
CEUYEHUH MOTJIONIEHUS Y BBIHYKJICHHOTO UCITYCKAHUS ISl peIKO3eMENIbHBIX
MOHOB, YTO CBA3aHO C MX CJOUCTOW CTPYKTYPOM M HU3KOM JIOKAJIbHOMU
CUMMETPHEH JIIOMUHECIICHTHBIX 1IeHTPOB (C2).

2. MOHOKIHUHHBIE KpPUCTAIUIBI LHUHKOBOrO BoJb(pamata ZnWOq,
COAKTMBUPOBAaHHEIE MOHAMU Yb>" u Li* (o6ecmeunBaromymy I10KaabHYIO
KOMIICHCALUIO 3apsja), XapaktepusyroTcss OonbmuM I[llTapkoBckum
paclIeIUICHHEM HMKHETO MYJIbTUIDIETa MOHOB wuTTepous (804 cm),
BBICOKOUM aHU30TPONUEN MONIEPEUHBIX CEUEHUN BBIHYKICHHOTO UCITY CKAHUS
B TMOJSPU30BAHHOM CBET€ M IIUPOKMMH CHEKTPAMH YCHIICHHS, YTO
00ycnaBlIMBaeT WX MPUBIEKATEIBHOCTh IS TEHEpaluud UMITYJIbCOB
CBEPXKOPOTKOM JUIUTEIHHOCTH.

3. IonspuzanmonHele mpaBuia oTOOpa AJIE MarHUTHO-IUIOJIbHBIX

MePexXoJ0B pCAKO3CMCIIbHBIX HOHOB B OIITUYCCKHU JABYXOCHBIX KpHUCTAJJIaX C
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JIOKaJbHOM CHMMETPHUEH JIOMUHECHEHTHBIX MEHTPOB Cz ompeaessitoTcs
B3aUMHOM OPHUEHTAIMEW BEKTOpa HAINPSHKEHHOCTH MArHUTHOTO TOJS U
MAarHUTHOTO IMUNOJISI OTHOCUTEIIBHO OCU CUMMETPHUH BTOPOTO MOPSIKA.

4. Cnoucrasg CTPyKTypa M COBEPUICHHAs CHAaWHOCTh KPUCTAJJIOB
Kani-urtpueBoro aBorHoro monubnara KY(MoOs)2, akTHUBHpPOBaHHBIX
noHamMu Yb*" u Tm>", nossonser U3roTaBnMBaTh TOHKUE KPUCTAIIMIECKHE
MJIACTUHKU U TJIEHKH, TOJBEPKEHHbIE YIIPYTroi AedopMannu, TOJIUHON A0
HECKOJIBKUX JIECATKOB MHKPOMETPOB, I HCHOJIb30BaHUSI B KadeCTBE
AKTUBHBIX 3JIEMEHTOB 3(PPEKTUBHBIX MUKPOUYUII-JIa3€POB, TCHEPUPYIOIIHX B

CHEKTPAJIbHOM 001aCTH ~1 MKM U ~2 MKM.

JIMYHBIA BKJIAJ COUCKATEJIS
ConepxaHue IUCCEPTAIMOHHON pabOThl W HAYUYHBIC IOJOKEHUSA,
BEIHOCHIMBIC Ha 3alllUTy, OTPAKAIOT JIMYHBIN BKJIAJ aBTOpa B padoTy.
[IpoBeneHne CHEKTPOCKONMMYECKUX HKCIEPUMEHTOB, MPEJACTABICHHBIX B
JMCCEPTAIIMOHHON paboTe, BBHITIOMHEHBI jauccepTaHToM. OOCyKaeHue
MOJIYYCHHBIX PE3YyJIbTATOB W MOJTOTOBKA MX K MyOJWKAIMKM TPOBOIUIACH
COBMECTHO ¢ coaBTopamu. COBMECTHO C COaBTOpaMH ObUIM IPOBEACHBI

Ja3epHble SKCIEPUMEHTHI. BKkiag nuccepranTa ObUT ONIPEACIISIIOIINM.

Anpo0auus pe3yjibTaTOB JUCCEPTALMHU

OCHOBHBIE PE3yNbTATHl NUCCEPTAIMU JTOKIAIBIBAINCH U OOCYKIATUCh HA
CIICTYIOIINX KOH(DEPECHITUAX:

1. VII Konrpecc monoasix yuensix, Poccus, Cankr-Ilerepoypr, 2018.

2. VIII Konrpecc Mmonoabix yuenbix, Poccus, Cankr-IlerepOypr, 2019.

3. “Saint Petersburg OPEN 2017” 4th International School and

Conference on Optoelectronics, Photonics, Engineering and

Nanostructures, Poccus, Cankr-Ilerepoypr, 2017.
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4. Hayunas u yuyeOHO-MeTOAMYECKass KOH(DepeHIusi YHHUBEpCUTETa
NTMO, Poccus, Cankt-Iletepoypr, 2018.

5. 6th International School and Conference Saint-Petersburg OPEN,
Poccus, Caukr-IlerepOypr, 2019.

6. SPIE Photonics Europe, ®panius, online, 2020.

7. 9th Eps-Qeod Europhoton Virtual Conference, Yexus, online, 2020.

8. Mexnynaponanas koHbepeHius PuzukA.CII6, Poccusa, CaHkt-
[TerepOypr, 2020.

9. 19th International Conference on Laser Optics ICLO 2020, online.

10.CLEO/EUROPE-EQEC 2021, online, 2021.

11.“Saint Petersburg OPEN 2021”, Poccus, Cankt-IleTepOypr, 2021.

JlocTOBEpHOCTH HAYUYHBIX JOCTUKEHU I

J1oCTOBEPHOCTH PE3yJILTATOB UCCIEAOBAHUM, HAYUHBIX MTOJOKEHUN U
BBIBOJIOB,  MPEJACTABICHHBIX B  JUCCEpPTALMH,  NOATBEPKIACTCS
VCIIOJIb30BAHUEM COBPEMEHHBIX M MPOBEPEHHBIX METOJIOB HMCCIEAOBAHUS,
BOCIPOU3BOJIMMOCTBIO U SICHOW TPAKTOBKOW MOJIYYEHHBIX PE3YJbTATOB U
MOATBEPKAAETCSA MOJOKUTEIbHBIMU OLIEHKAMU PELEH3EHTOB KYPHAJIOB, B
KOTOPBIX OITyOJIMKOBAHBI pe3yJIbTaThI paboTHI. [Tony4yeHHbIE
JKCIIEPUMEHTAJIBHBIE TAHHBIE COTJIACYIOTCS C PE3YJIbTATAMH TEOPETUUYECKUX
pacué€ToB, a TAKXKE C IKCIEPUMEHTAIBHBIMU U TEOPETUYECKUMU JTaHHBIMU,

IIOJIy4YEHHBIMH IPYTUMH aBTOPAMHU.
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CrpykTypa u 00beM JUCCEPTALUU
JluccepTauusi COCTOUT U3 BBEACHUS, IISITHU IJ1aB, 3AKJIIOUEHUS U CIIUCKA
auTepaTypbl U3 92 HammeHoBaHWil. Marepuan paOOThl M3JIOXKEH Ha 272

CTpaHULAX U COAEPKUT 56 pucyHkoB 1 10 Tabmnui.

OcHOBHOE coaepkaHue

Bo BBegeHum v B mepBOil rjiaBe 0OOCHOBBIBAETCS aKTyaJbHOCTb
WCCJICIOBAHMM, POBOJIUMBIX B paMKax TUCCEPTAIIMOHHON paboThl. [lepBas
rJIaBa TIOCBSIIIIEHA JHUTEpaTypHOMy 0030py. B Heit ma€rcs oOmiee
npeAcTaBiieHHe 00  aHU3OTPOMHBIX  KpUCTAIaX  MOJUOJATOB U
BOJIb()paMaTOB B KadeCTBE MEPCHEKTHUBHBIX JIA3epHBIX cpea. B mepBom
paszene riaBbl ONMCHIBAIOTCS CHEKTPOCKONHMYECKUE XapPAKTEPUCTUKH
PEIKO3eMENBHBIX MOHOB B KPHUCTAJUIMYECKUX MaTpuuax. Bropou pasnpen
MOCBSAIIEH Pa30opy METONOB pacdyéTa CHEKTPOCKOMHMYECKUX MapaMeTpoB,
IIOIIEPEYHBIX CEYEHUW M BPEMEH JKU3HU JIOMUHECUEHIUU. B HEM Takxke
NpPUBOAUTCS KpaTkoe omucanue Teopuu JIxanma-Odensta. B mocnegnem
paszaene pacCMaTpUBarOTC HU3KOCUMMETPUYHBIE KPUCTAIIBI KAK AKTUBHbBIE
cpenbl nazepoB MK nuamazona. IlpuBomurtcst mnutepartypHbli  0030p
ONTUYECKUX CBOMCTB M TE€HEPALMOHHBIX XapAKTEPUCTUK KPHUCTAILIOB
BOJIb()paMaTOB M MOJIMOIaTOB, aKTUBUPOBAHHBIX HOHAMHU PEAKUX 3€MEITh.
Bo BTOpOIi rnaBe npuBoaUTCS ONMKMCcaHne 00BEKTOB UCCIIEIOBAHUSA, KPATKOE
OMMCAaHWE METOJOB  BBIPAIIMBAaHHS MOHOKPUCTAJIOB,  OIHCBIBACTCS
HKCHEPUMEHTAJIbHASI TEXHUKA U HCIIOJIb30BAaHHBIE METOJbl UCCIEIOBAHUS
CTPYKTYpbl M  CHEKTPAJbHO-TIOMUHECLUEHTHBIX CBOMCTB, a TaKke
MPUBOJATCS METOIUKHU MTPOBEICHUS JIA3€PHBIX SKCIIEPUMEHTOB.

B Tperbeidt riiaBe TPUBOIATCA PE3YIbTAThl  HMCCIEIOBAHUSA
CHEKTPAJIbHO-TIOMUHECLIEHTHBIX CBOWCTB KPUCTAJJIOB, AKTUBUPOBAHHBIX

nonamu Bu*" m Tb*. O6mas xumudeckas (popMmynia KpUCTAUIOB MOKET
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obITh 3anucana B Bujae AM(X04)2 (A=K, Cs; M =Y, Lu, Gd; X =W, Mo).
boun uccnenoBanbl KpUCTAUIBI IBOMHOTO KaTUW-UTTPUEBOTO MO0 aTa U
JBOMHOTO  I€3MI-TaIOIMHUEBOTO  MOJMOAaTa C€ HOHAMH  €BpPOMNUA
Eu:KY(Mo0O4), u Eu*":CsGd(MoO4),, KpuCTam1 IBOWHOIO KajHii-
UTTPHUEBOTO BoJb(ppamara ¢ noHamu esponus Eu’":KY(WOs): u xpucramn
JBOMHOTO  KaJlUM-JIFOTEIIMEBOTO  BoJib)pamMaTa ¢ HOHAMH  TepOus
Tb3*:KLu(WO4)2.

B nmepBoM paznene mnpuUBOASTCS  pe3yNIbTaThl  UCCIEAOBAHUS
CTPYKTYpbl KPHUCTaUIOB. MeETOJ0M MOPOIIKOBOTO PEHTreHO(a3oBOro
aHanu3a Obl1a MOATBEpkAeHA (a3oBasi UUCTOTA U CTPYKTYpa KPUCTAIIOB.
boinu onpeneneHbl MpOCTPAHCTBEHHBIE U TOYEUHbIE TPYIIIBI KPUCTAJUIOB,
MOCTOSIHHBIE PEIIETOK U O0BEMBI JIEMEHTapHbIX stueeK. [1o momyueHHbIM
JJAaHHBIM ¥ B COOTBETCTBHHU C pe3yJibTaTaMHM YTOUYHEHHUs PutTBenbaa Oblia
CXEMaTUYECKU MOCTPOCHA CTPYKTypa Kpuctaiua. Ha pucynke 1 npuBenén
dbparMeHT  TakoOW  CTPYKTYypbl, TOCTPOCHHOW  MJis  KpUCTaia
Eu*":KY(Mo0Os),. BbuI0 10Ka3aHO, 4YTO OCHOBHOH OCOOEHHOCTBIO

KPHUCTAJJIOB JIBOMHBIX MOJIMOIATOB SBISETCS UX CIOUCTAas CTPYKTYypa.

Pucynok 1 —  (¢parMeHT  CTPYKTyphl  KpHCTajlia

Eu*":KY(Mo0Os4)2 B npoeKIuK Ha ILIOCKOCTh a-b

Bo BTOpOM pa3znerne omucaHbl pe3ysibTaThl UCCIEIOBAHUS METOJOM
CIIEKTPOCKONIMM  KOMOWHAIIMOHHOTO  paccesiHus cBeTa. M3mepeHus

IMPOBOJUIINCE B IOJIAPHU30BAHHOM CBCTC AJIsI BCEX BO3MOZKHBIX FeOMeTpI/Iﬁ
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kpuctaioB. Ha pucyHke 2 mnpuBeleHbl CHEKTPbl KOMOMHAIMOHHOIO
paccesHHs CBETa, 3apEerucTpupoBaHHble i kpucTamia Eu?':KY(MoOs)..
Buano, 4To CrieKTphl CUIIBHO MOJSPU30BAHBI, B HUX MOXHO BBIJCIUTH TPU
JMafna3oHa, pa3IMYalomuecs IO HWHTEHCUBHOCTH KoiieOanuii. IlepBbiii
HH3KOYACTOTHBIM auana3oH (1o 275 cm!) comepsxkur crnabbie koneGaHmus,
cesa3annble ¢ T'-momamu K, Y u Mo, R-Momamu ¥ akyCTOONTHYECKUMU
CBA3aHHBIMM MojaMHu. Bo BTopoMm auanaszone konebanuii (319-435 cm™!)
HaOJIOAAI0TCS BHYTPEHHHE MOJbI, CBS3aHHBIE C AeOpMAIMOHHBIMHU (0)
KOJIe0aHUAMHM MOCTHKOBBIX KHCIOPOIHBIX TeTparapos [MoO4]*. HanbGonee
WHTEHCHUBHBIN JMana3oH KoJieOaHUM COAEPKUT CHIHHO MOJISIPU30BAHHbBIC
MOJIOCHI, OTHOCAIIMECS K BaJIGHTHBIM  KOJEOAHUSM  MOCTUKOBOTO

KHCIIOPOIHOTO TeTpasdapa [MoOa]”.

1.0 v T v ] M ] M T g M T

—~ 0.8 _ ©
L 0.6 a(cc)a
“I’. 0.4 a(ch)a o

7 a(bc)a 3
50.15F a(bbJa
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5012}
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=
S I
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e ' 28\. 3
=< 0.03 -“’!vg\,‘_\"‘:’ég 223‘
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PucyHok 2 — nossipu3oBaHHbIE CIIEKTPbl KOMOMHAIIMOHHOTO
paccesiHus CBETa, U3MEPEHHbBIE ISl @-Cpe3a KpUCTalia
Eu’":KY(M004)2, Asoss = 488 HM.

B tperbem paznene paccmaTpuBaeTCs MCCIEAOBAHUE MOTIIOUICHUS
MOJISIPU30BAHHOTO CBETA KPHUCTAJNIAaMHU M MPUBOJSITCS PE3yIbTaThl pacuéra
CHEKTPOCKOMUYECKUX IMapaMeTpOB B COOTBETCTBUU ¢ Teopued [Ixanna-
Odenbra B nOpUOTMIKEHUH TPOMEKYTOUYHOIO  KOH(DUTYpALMOHHOIO
B3aumogericteust (ICI). Bo Bcex kpucramnax HaOmoganach CUJIbHas

AHU3O0TPOIIHA CIICKTPOB IIOTIOIICHUSA IIOJIAPU30BAHHOIO CBCTA, 3TO CBA3aHO
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C TE€M, UTO KPHUCTaJIbl JTBOWHBIX BOJb(PpamMaToB U MOJHUOATOB SIBISIOTCS
HHU3KOCMMMETpHUUHBEIMU. Jlng  woHoB Tb**  maGmromaemele  momochl
MOTJIONIECHUS MpPU KOMHATHOM TemIepaType OOyCIOBJIEHBI EPEXOJaMU U3
ocuoBHoro cocrosiuusi ('Fs) B BO30yKaéHHBIE cOocTOsHMA. HecmoTps Ha
CXOJHYIO CTPYKTYPY SHEPIE€TUUECKUX YPOBHEH, 11 noHoB Eu' B ciexTpax
MOTJIONIEHUS HAOIIOAAI0TCS IEPEXO/IbI HE TOJIBKO U3 OCHOBHOTO COCTOSTHUS
("Fo), Ho u w3 Tepmuuecku 3acenéHubix ('Fi) m Bo3Oyxnéuneix ('F2)
coctostHuit. B 6mmxnelt UK oGnactu crniektpa HaOMOAAI0TCS MEPEXOJIbI B
HM3KOJIeXKaIue Bo30yKIEHHbIE cocTostHus (cocTosnus 'Fi — 'Fe u 'Fs — 'Fo
n1s nonos Eu* u Tb** coorsercTBenno). Takue nepexosl ABISIOTCS CIIHH-
pa3pelI€éHHBIMU, TaKUM OO0pa3oM, HaOJro/JaemMass MHTEHCUBHOCTH IOJIOC
MOTJIONIEHUS B 3TOM 00JIaCTH 3HAYUTENBHO BBIIIE, YEM B BUANMOI 00jacTu
CIEKTpA.

B d4erBéprOoM pazzpene NPUBOASTCA Ppe3yJbTaThl HCCIEIOBAHUM
aHU30TPOINUHU JIIOMUHECIIEHTHBIX CBOMCTB. CIIEKTPBI TIOMUHECIEHIINY ObLITN
3aperuCTPUPOBAHBI IS TPEX TIaBHBIX NoNsApu3anuii ceeta. s nonos Eu®*
B CHEKTpax HAOMIOJAINUCh TMOJIOCH, OTHOCSIIMECS K DHEPreTUYeCKuM
ImepexoJaM M3  METAaCTaOWILHOTO YpPOBHA Do B HIDKEIEKAIIUE
sHepreTnueckue coctossHus 'Fy (J = 0-6). Jna woHoB Tb** momockl
JIOMMHECHEHIMU COOTBETCTBYIOT IIEPEXOAaM H3 COCTOSHHS °Di B
HIDKETIeXKalMe YHEPreTUUeCKUe COCTOSsIHUA. Bee monochl JIIOMUHECIIEHIIUN
CWIBHO TONsipu30oBaHbl. Ha pucyHke 3 mnpuBeIeHbl pacCUYUTaHHbBIEC IO
3apETUCTPUPOBAHHBIM CIIEKTPaM JIOMUHECICHI[UU CHEKTPHI MOMEPEUHbIX
CEueHUH BBIHYKIEHHOro ucnyckanus (osg) kpucramios Eu’":CsGd(MoOas),
(a), Eu":KY(Mo0O4): (6), Tb*":KLu(WOa4): (B).

B nsitom pasnene paccMarpuBaeTCs MarHUTHO-JIUIOJIBHBIN MEPEX0/
Do — 'Fi1 nono Eu** B kpucrammax KY(XOs), (X = W, Mo). Ilpu
UCCIIEIOBAHUM JIIOMUHECLICHIIMM 3TOro mnepexoja (pucyHok 4) Obuio

06Hap}’)KeHO, 9qTO KOJIHMYCCTBO M OTHOCHTCIIbHAsA HHTCHCHBHOCTBL IITHMKOB
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3aBUCAT HC TOJBKO OT IIOJIIpHU3allkMK CBCTA E, HO MW OT HaIIpaBJICHUA

pacnpoctpaHeHus k.
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Pucynok 3 — Ilonepeunsle cedyeHUs MOIAPU30BAHHOTO

BBIHYKJICHHOTO UCITYCKaHUS, OSE, B KpUCTAILIAX

Eu**:CsGd(MoQs): (a), Eu*":KY(Mo0O4): (6), Tb*": KLu(WOs4),

(B).

Takoii >pdexT He HaOMOMaeTCS IS OCTANBHBIX Mepexo0B Do — F)

(J =2 - 6), KOTOpBIE ABIAIOTCSA YUCTO ANEKTpUuuecKuMu nunoiasHbiMu (ED).
MarHuTHbId ~ JUIIONBHBIA  TIEpeXxoJl OOYCIIOBJIEH  B3aMMOJIEUCTBUEM
aKTUBHOT'O MOHA C KOMIIOHEHTOM MarHUTHOTO TIOJIsI CBETA YE€pPEe3 MarHUTHBIN
JIATIOJNb, OPUEHTALUS KOTOporo 3amaércs BekropoM M. IIpu stom mmeer
3HAYEHUE OPUEHTAIMs BEKTOpa HAIPSHKEHHOCTH MarHuTHoro mnons H mo

OTHOIIIEHUIO K M.
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Pucynok 4 — CriekTpbl TOJSIPU30BAHHOM JIFOMUHECLICHIIMA IS
MarauTHO-munonsHoro (MD) nepexona “Do — ’Fi monos Eu®t B
kpucrauie Eu:KYMo, Asoss = 458 HM. Hcnone3yroress 0003HaueHns
[Topto. Ctpenku yKa3bIBarOT JICKTPOHHBIE TEPEXOIBI.

Takum o00pa3oMm ObLIM YCTAaHOBJIEHBI MOJIAPU3ALMOHHBIE MpaBUiia

oTOopa (cMm.

TaOJIUITY

1) nnsa

MAarovuTHO-AUIIOJIBHBIX  IIEPCXOJ0B

PCAKO3EMCEIIbHBIX HOHOB B OIITHYCCKH JABYXOCHBIX KpHUCTAJIJIaX C JIOKaJIbHOM

CHUMMETPHEHN JTIOMUHECIIEHTHBIX IEHTPOB Co.

Ta6auua 1 — [TonspusaoHHbIE IPaBKiIa 0TOOpa /ISl MArHUTHO-AUIIOIBHOIO
nepexona Dy — 'Fi nonos Eu** B kpuctamiax Eu*":KY(Mo0QOs), 1 Eu*":KY(WO4),

Hanpasnenue Paspemennsie bnaronpusitasie Bo3smoxHzble
OpHUEHTALIUU epexosl HallpaBJICHUA HOJISIPU3ALUY Epk
BekTOpa M Do = 'Fy u3myueHus k
M| C: M || a) =13 | b K

K | b
M| CoM|b,c) T1->TaO 1  |a | b, ¢

| b | a, ¢

e la. b

B miectom pas3acic ObLIH OoIIpCACIACHbI IBCTOBLIC XAPAKTCPHUCTHKHU

(HBCTOBBIG KOOpAWHAThl, NOMHWHAHTHAA JJIKMHA BOJIHBI M YHUCTOTA I_[BCTa)

moMuHecueHuMu uoHoB Eu?* m Tb¥ (Tabmmma 2) B kpuctamiax B

COOTBETCTBHUM C IBETOBBIM NpocTtpancTBoMm CIE 1931.
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Ta6auna 2 — [[BeToBbIE KOOPAUHATHI JFOMHUHECHeHIMH KprcTauioB Eu?": K'Y (MoOs),
1 Tb3":KLu(WOs4)2, paccunTanHble B COOTBETCTBUH C IIBETOBBIM TpocTpancTBoM CIE

1931
Kpucrann X y Yucrora upera JloMuHAHTHAs IJIMHA
BOJIHBI
Eu*":KY(Mo00Qs4):  0.665 0.335 >99%. 612 HM, KpacHBIN
Tbh:KLuW 0.380 0.608 >97% 561 uM,

JKEJITOBATO-3€IEHBIN

YerBépTasi riaaBa TOCBSIIEHA UCCICJOBAHUSIM CIEKTPAIbHO-
JFOMUHECIIEHTHBIX U T€HEPAIMOHHBIX CBOMCTB KPUCTAJIJIAa JIBOMHOTO KaJIUK-
UTTPUEBOrO MoaMOaaTa ¢ uoHamu Tyaus, Tm*:KY(MoOs),. s
NOATBEPAKACHUS CTPYKTYPhI U (Da30BOM YMCTOTHI KpUCTaJla ObLI MPOBEIEH
MOPOIIKOBBIM peHTreH0(a30BbIil aHAIN3, ONMUCAHHBIM B MEPBOM pasjelie
riaBbl. Kpuctain OTHOCHUTCS K KJlaccy OPTOPOMOUYECKUX KPHUCTAJIOB C
IPOCTPAHCTBEHHOM rpynmoii Phna - D', No 60. Bo BTopoM pas/ese IiaBbl
NoAPOOHO OMHCHIBAIOTCS MCCIEAOBAHUS JIAaHHOTO KpHUCTajla METOJAO0M
KOMOMHAIMOHHOTO PacCesiHUs CBETA.

B Ttperbem paznene nOpUBOASTCA PE3YyJbTAThl  UCCIEAOBAHUS
a0COpOLMOHHBIX CBOMCTB KpucTamia. [1o7dochkl MOTIOMIEHUS B CHEKTpE
00yCIIOBJIEHEI TEPEXOAaMH MOHOB Tm>" M3 OCHOBHOIO SHEPIrETUYECKOIO
coctosnusa (*He) B BhIENEKamMe BO30yxkIeHHBIE cocTosHus (oT *F4 mo
'D,). Chekrp norIomeHHus CHIBHO IIOASPH30BaH, OJHAKO 3aMETHAs
aHU30Tponus noriouieHus B miaockoctu (100) He MoxkeT ObITh OTHECEHA K
CJIOUCTOU CTPYKTYpE M, CKOpEe BCEro, CBs3aHa C HU3KOM CHUMMeETpuein
JIOMUHECLUEHTHBIX HEHTPOB Ca.

Duepretndeckuii nepexos; “He — 3Hs4 monoB Tm*" moaxomut mus
HAKa4K{, HAMpUMEpP, MOIIHBIMH MPOMBINUICHHBIMU JazepHbiMH AlGaAs
auoAamMu. MakcuManabHOE 3HAYEHHE MOMNEPEYHOTO CEUEHHMS TMOTJIOLICHUS
Gabs cocTaBmsier 7.70x1072° cm? mHa simHe BomHel 802.8 HM, a
COOTBETCTBYIOIIAS MOJYIIMPUHA MOJOCHI OTIOMEHUs cocTaBigeT 10.0 am

(nnsa monsipuzanuu E || b).
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B detrBépTOoM pazgene NOpUBOAUTCS aHAIW3 JIFOMUHECIIEHTHBIX
CBOMCTB, CIIEKTPOB TMIOMEPEUYHbIX CEUCHHN WCIYCKAaHUS U YCUICHUS
kpuctamia Tm:KY(MoOs),. Morsl Tm** mromunecuupyror B 6mmkneii MK
o0JlacTH cCHeKTpa, B YCIOBHO-0€30MacHOM JUIsi TJia3 CHEKTPaTbHOM
nuara3oHe, pUCYHOK 5(a). MakcumanbHOe  3HAYEHHUE  CEUCHUM
BBIHYXJICHHOTO MCIyCKaHus Osg cocTaBisier 2.70x107%° cm? ma pmmne
BOJIHBEI 1856 HM ¢ momymupuHoil nosnockl u3nyyenuss (FWHM) > 110 um
(nnsa E || b).

Kpupas 3aTyxanus JmoMuHecneHIuU Tm’" mu3 cocrosnus °Fs HOCHT
MOHOJKCIIOHEHIIMATbHBIN  XapakTep. Bpems KU3HU JIFOMUHECIEHIIUU

COCTABJISET Tlum = 2.29 MC.

3.0 . . . . Bt T T e ]
3,3 —E|a 7k T4 He 3
[ F4—"Hg —E|b 1
25 6 i
C ~ +-0.10]
N s
=20 3 5; 0,151
& N 4 R ——0.20 |
o 15} = [N -0.25 ]
< =3 rr "‘~-.“\~_\ 0301
w1.0f Py [ M, 0.35 |
c o f \ 0.40]
0.5 1 / |
00 T -
500 1700 1800 1900 2000 2100 1800 1850 1900 1950 2000 2050
(a) [invHa BOMHI (HM) (6) AnvHa BonHbl (HM)

PucyHok 5 — (a) momepedyHbie ceUeHUs BEIHYKICHHOTO UCITyCKaHUS

ose 1 °Fs — *He mepexoma B kpuctamie Tm* :KY(MoOs)s,

nossipuzauuu ceeta E || a, b, ¢; (06) Ceuenus ycuneHus Jisl iepexoaa
3F4 <> 3He nono Tm** B kpucramne KY(MoOs):

UToOBl MOTYyYNUTH BO3MOXKHOCTH ONPENETUTh OXHIACMYIO JITUHY
BOJNIHEI M3IyueHUs Jnaszepa Ha kpucramie Tm>:KY(MoOs),, Obuiu
paccUuTaHbl CEUEHUsl YCWIEHHS, Ogin. Ha pucyHke 5 (0) mpuBEACHBI
MOJIYYCHHBIC CTEKTPBI, pacCUYUTaHHBIC MJIA Tojsspusanuu cBeta E || b.
CreKTpbl OTHOCUTEIHHO MMUPOKHUE U TIAJKHUE.

B mATOM paszzgene OMHMCHIBAIOTCS JIa3€PHBIC JKCIEPUMEHTHI U
NPUBOAATCS pe3ybTaThl MO TOJYYEHHUIO JIA3epHON TeHeparuu Ha
KPUCTAUIMYECKNX  IUTACTHHKAX ©  TOHKMX  IUIEHKaX  KpHCTalia

Tm:KY(Mo0O4)2, moiy4yeHHBIX METOJOM CKajbiBaHUs 0e€3 KaKou-11ubo
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nocieaywmein  odpaborku. B pazmene moapoOHO — omHCHIBaeTCA
SKCTIEpPUMEHTalbHAsl  Jla3epHasi yCTaHOBKa (PUCYHOK 6), TJaBHOM

0COOCHHOCTBIO KOTOPOH SIBJISETCS MUKPOUYHUIT-KOH(PUTYpALIUST PE30HATOPA.

: : nasepHoe
802HM L — F n3ny4yeHue

PucyHnok 6 — (a) Cxema MUKpOYHII-JIa3epa ¢ TUOTHOM HaAKauyKOM Ha
kpuctaiie Tm:KY(MoO4)2: LD - nazepusiit nuoa, PM — BxogHoe
3epkaino pesonaropa, OC — BeixonHoe 3epkano, F - ¢uiastp; (0)
dboTtorpadus nazepa Ha KPUCTATITNYSCKOHN TJIACTUHKE.

JI71s1 HaKauKy Kcnoab30Baics jdazepHbii quoa AlGaAs, usnnydaromuii

HEMOJIIPU30BaHHOE M3JIydeHHWE Ha JiauHe BoJHbI 802 HM. bbuia

MpoeMOHCTpUpoBaHa 3¢ (PeKTUBHAS JTa3epHas TeHepalusl, PUCYHOK 7.
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Pucynox 7 — BBIXOZHBIE  XAapakTEpUCTHKHM Jazepa  Ha
Kpuctasmyeckon tuiactuake (t = 700 mxm) (a) ¥ Ha TOHKOU

Kpuctaminyeckon mienke (t = 70 mxm) (B), (0, T) — CHEKTpbI
Ja3epHOT0 U3TYUYEHUs, U3BMEPEHHBIE P MAKCUMAIIBHBIX Pabs.
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MakcumanbHasi BBIXOJIHAS MOIIHOCTH Jia3epa Ha KPHUCTALIMYECKOU
mnactuHe, umermen tonuuuay 700 MM, cocraBuna 0,88 Bt Ha giuHe
BOJIHBI 1840-1905 um ¢ nuddepenunanbHoit 3pHEeKTUBHOCTBIO 7 = 65,8%.
Bo BTOpOM 3KCIIEPpUMEHTE HA KPUCTATIIMYECKOM TIIEHKE TOMIMHON 70 MKM
ObLJIa JOCTUTHYTAa MaKCUMaJbHas BbIXOAHAs MOITHOCTH 131 MBT Ha manuHe
BOJIHBI 1801-1872 um ¢ 17 = 45,2%.

B mnfATO#Nl riaBe ONMCHIBAIOTCS CHEKTPAIbHO-TIOMHUHECIIEHTHBIE |
IreHEepaIllMOHHBIE CBOHCTBA KPHUCTAUIOB, COACPXKAIMMX HOHBI HTTEPOMS:
KpUCTa/ula Kanui-urTpresoro momubaara Yb* :KY(MoOs): n kpucramia
IMHKOBOTO Boabdpamara Yb**, Li*:ZnWOs.

B mnepBoMm paszgene riaBbl NPUBOASATCS MCCIACIOBAHUS METOIAOM
peHTreHoa3oBOro aHajn3a, MOATBEPKIAIONINE CTPYKTYpy U (hpa3oBYIO
YUCTOTY  KpPHUCTAJJIOB. Kpucrann Yb**:KY(M00O4): SABJISIETCS
OpPTOPOMOMYECKMM U 00JIalaeT CIIOUCTOM CTPYKTYpoil (pUCYHOK 8),

kpuctamt Yb*' Li":ZnWO4 — MOHOKIMHHBII.

Pucynok 8 — M300pakeHue kpasi CKOJIOTOr0 KpucTasia
Yb3*:KY(Mo0O4)2, IOIy4EeHHOE € TIOMOIIBIO CKAHUPYIOIIETO
3JIEKTPOHHOTO MUKpPOCKOIa. OCh @ pacroiaoKeHa BEPTUKAIBHO.

Bo BTOpOM pasznene nmpuBOASITCA AETATbHOE ONMMCAHUE PE3YIbTATOB

HCCICOA0BAHNA KPHUCTAJZIOB METOA0OM KOM6I/IHaHI/IOHHOFO pacCceiaHuA CBCTA,

MPOBENEHHOTO I BCEX BO3MOKHBIX T€OMETPUI U MOJISPU3ALINI CBETA.
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B Ttperprem pazmene paccMmaTpuBaeTCsa aOCOpPOIMOHHAS CIEKTPOCKOIHS
KpUCTAIIOB. B criekTpax morjiomeHus: HaOI01aeTcsl CHIIbHAsE aHU30TPOITHUS
nosisipu3oBaHHoro ceeta. [lomoca mornomienust Ha ~1 MKM OTHOCUTCA K
sHepreTnueckomy nepexony 2Fr, — Fsp nona Yb*'.

B yeTBEépTOM pazzene OMUCHIBAIOTCSA CHEKTPbI MOMEPEUHbIX CEUCHUM
BEIHY)KJICHHOTO WCIYCKaHUSI M YCWICHHS, a TaKXe BpPEMEHa JKU3HU
moMuHecueHuu. Cneayer OTMETUTh, UYTO KPUCTAIIBI  I[IMHKOBOTO
Bonbppamara ZnWQs, COaKTHMBUPOBaHHbIE uoHamu Yb*' wum  Li*,
XapaKTEPU3YIOTCA  BBICOKOM  AHM30TPONMHUEH  MONEPEUYHBIX  CEYCHUH
BBIHYKJCHHOTO UCITyCKaHUs B MOJSPU30BAHHOM CBETE, PUCYHOK 9 (a), u
HIMPOKUMHU CHEKTPAMHU YCUJIEHUS, pUCYHOK 9 (0). DT0 00ycliaBiuBaeT ux
MPUBJIEKATEILHOCTh B KAYECTBE AKTUBHOM Cpejbl Jazepa s FeHepaluu

VMITYJIbCOB CBEPXKOPOTKOMN JJIUTEIBHOCTH.
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Pucynok 9 — (a) ceueHus BBIHYKJACHHOTO HCIYCKAHUS, OSE, JJIA
noHo Yb* B Yb*'Li:ZnWOi, nonspusamus csera E | N,
KOMHATHasi Temreparypa, (0) monepednble CEYeHUsl YCUICHUS, Ogain,
crekTpsl nepexona “Fsp <> 2F7n nonos Yb* B ZnWO.a.
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B nsaTtoM paszaene onmuchIBarOTCS pe3yiabTaThl HU3KOTEMIIEPATYPHOM
cnekrpockonuu u 1ITapkoBCKOE paciueruieHue MYJIbTUILIETOB HOHOB Yb*'
B kpuctaiuiax KY(MoOas)2 u ZnWOq. [lonsipu3oBaHHbIE CIIEKTPHI MOTIIOMIECHUS

1 JroMuHecteHIH (pucyHok 10) ObUTH 3amucanbl B MIHTEpBajie Temreparyp 6 —

T T T T T T T T
10t (@) s _1,0}(6)
g o 27 g ggsK
S08F_ Losk Z0.81__ 250k
5 ——250K o 200K
=06 200K 2 g L— 150K
2 ——150K T 100K ‘
z 100K 2 [—50K ‘ s
£04f—50K o4l 6K gy N
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[nunHa BonHbI (HM) [nvHa BonHbI (HM)

Pucynok 10 — Huzkoremnepatypuas (6—293 K) cnexkrpockomnust

kpucrtama 1,8 ar.% Yb*",Li":ZnWO4: criekTpsl norsomnieHus (a)

U roMuHecueHnuu (0) uist nonsipuzanuu ceeta E || b

[Tpu temneparype 6 K snexkrpoH-(hOHOHHAS CBSI3b CHIIHO MOAABIISIETCS,
oHAaKo 11 HoHOB Yb®' B kpucramie ZnWO4 HabmogaeTcsa 6obluas NUpHHA
oechononnort auHuu AAdzpe = 3,0 HM u Ooxbpuioe IlltapkoBckoe
pacLIeIIeHHE HIKHETO MyJIbTUILIETa HoHOB Yb* (804 cm™!). OHO HamHOrO
mmpe, yeM B kpuctamwie KY(MoOs)2, B koTopom BennuunHa LlITapkoBckoro

pacmienenus cocrapisger 601 cm™!, cm. pucynok 11.

2' 10936
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22 10500 \ Fse
1"10423 — 17 _ 11' 10440 S
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Pucynok 11 — (a) Paciienienue sHepreTuueckux ypoBHEH HOHA
Yb** B kpucTanaMueckoM 1oje, ompeneaeHHoe I KPUCTaIIa
ZnWO4 (a) u nis kpuctamuia KY(MoOs)2 (0)
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M3BECTHO, YTO I BCEX PEIKO3EMENbHBIX MOHOB SHEPIHs OapuLeHTpa
JO0Or0  M30JIMPOBAHHOTO MyjbTHILIeTa 2Ly 4f' nuHeiiHO M3MeHsETCH C
sHEprueit bapuieHTpa J00ro APyroro MyabTUILIETA, PUCYHOK 12. DHepruu
GapuueHTpoB <E(*Fsp)> u <E(*F7)> ana kpucramioB Yb*' Li:ZnWOs u
Yb*":KY(Mo0O4)2 XOpoIIO coracyioTcss ¢ JMHEHHOH ammpoKcuMalyeit
BeipaskeHus  E(°Fsp)=10166.6+0.997xE(*F72) [cm™!],  omnmceiBaromero
3aBUCHMOCTH OapHUIIEHTpa BO30YKIEHHOIO YPOBHS PEIKO3EMEILHOIO HOHA

OT OCHOBHOT'O YPOBHSI.
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Pucynok 12 — 3aBucumocTtb OapuileHTpa BO30YKIEHHOTO

YPOBHS OT OCHOBHOTO, TOKAa3bIBAIOWIAS  IOJOKEHHUE

kpuctamios  Yb*'LimZnWOs u Yb:KY(MoOs), (cunue

KPYXKKH).

B mectom paszmene HpUBOAATCS PE3YJbTAThl 3KCIEPUMEHTOB IIO
noiaydyeHuto  3GQeKTUBHOM — JazepHo  reHepauuu. M3 kpucramwia
Yb*":KY(Mo0O4), METOmZOM MEXaHMYECKOro CKOJa 0e3 IOCIexyIomei
0o0paboTku ObUla M3rOTOBJIEHA TOHKAs KpHUCTANIMUECKas IUIACTHUHKA
tonmuHo 286 MkMm. IlmacTuHka Obula TOMEINIEHAa B KOMIAKTHBIN
pe3oHaTop, 00JIalaloIMil MUKpOUHUII-KOHGUTryparuel. B kauecTBe Hakauku
Obu1 BeIOpaH InGaAs nmazepHblil A0, U3TyYarOUUMid Ha JJIMHE BOJHBI 968
HM. Pe3ynpraTel ja3epHbIX 3KCIIEPUMEHTOB NPUBEAECHBI Ha PUCYHKe 13.
MakcumManbHasi BBIXOJHAs MOIIHOCTh Ja3epa Ha TOHKOM IUIACTHUHKE

kpuctamia Yb* :KY(MoOs), cocransna 0,81 Bt Ha anmune Bonasr 1021-

1044 um c Beicokum nuddepennnansasiM KITJ[ = 76,4%.
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Pucynok 13 — (a) BbIXOJIHbIE XapaKTEPUCTUKN MUKPOUHUII-TIa3epa HA

KpucTauinueckoi miactuake Yb* :KY(MoOs)2 ¢ quoaHoii

HaKa4KoH, (0) CIIEKTPHI JTA3€PHOTO U3TyUEHUSI MUKPOUHII-JIa3epa,

u3mepeHHblie pu Pans = 1,0 BT. [onsipuzauus nazepa E || b.

Bo BTOpoM »JKcrepuMeHTe u3 Kpucramia Yb¥',Li:ZnWOs 6bin
MOJITOTOBJIEH  MPSIMOYTOJIbHBIM ~ AKTUBHBIA ~ 3JIEMEHT, BBIPE3AHHBIA  JUIA
pacrpoCTpaHeHus CBETa MO OCH @, BXOJHASI U BBIXOJIHASI TPAHU KOTOPOro ObLTH
OTIIOJIMPOBAHBI JI0 JIa3epHOTro KadyecTBa. Kpucramn ObuT TOMENIEH B JTMHEHHBINA
IUIOCKO-BOTHYTBIM pe3oHarop. Hakauka ocymectBisiack tem xe InGaAs
naszepHbIM auozpoM. Jlasep Ha kpucramie Yb*'Li**:ZnWOs renepuposan
MAaKCHMAaJIbHYI0 BBIXOJHYIO MOIIHOCTh 2,90 BT Ha nnune BosHbI ~1059 HM
¢ muddepennuanbHoit d3PphekTUBHOCTRIO # = 57.9% (O OTHOIIEHUIO K
MOTJIONIEHHON MOITHOCTH HAaKAauKH).

OcHOBHbBIE Pe3yJibTATHI JUCCEPTAIMOHHOI PadOTHI

B nmwucceprammonHoil paboTre OBUIO MPOBENEHO KOMIUIEKCHOE
UCCIIEIOBAHUE CIIEKTPAIbHO-TFOMUHECIIEHTHBIX CBOMCTB HOBBIX
poMOnYecKuX U MOHOKIMHHBIX KpUCTaIoB KY(WO4)2, KLu(WOs)2,
KY(Mo004)2, CsGd(M004)2 1 ZnWO4, akTHUBUPOBAHHBIX HOHAMU €BPOIIHS,
TepOusi, Tynauss W UTTepOUs, a Takke Obula NPOJIEMOHCTPUPOBAHA
saddexTrBHas nazepHas renepanus B UK obnactu criekTpa, B TOM YHCIE B
MUKPOUHII-TIa3epe.

bbuio mokazaHo, 4TO KpUCTaUTbl JBOMHBIX MOJMOAATOB, K KOTOPBIM

OTHOCATCS ~ KPUCTAJIBI ~ KaJUU-UTTPUEBOTO  JIBOMHOTO  MOJMOaTa
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KY(Mo004)2 u nesuit-ranonunueBoro nBoitHoro moauoaata CsGd(MoOs)s,
XapaKTepU3yTCS UCKIIOYUTEIBHO CHIBHOW ISl peIKO3EMENIbHBIX HOHOB
AHU30TPONUEH TMOMEPEYHbIX CEUYECHUN TOTJOMIEHUS W BBIHYXJIECHHOIO
ucnyckanus. Hampumep, s xpucramia Tm*" :KY(MoOs): Benuuuna
MONEPEYHOr0 CEUEHMs MOIOLIEeHUs sl nojisipuzanuu E || b Ha mopsaok
BBINIE, YeM s noaspusaumu E || ¢, m coctaBnser 7.70x1072° cm?. A
BEJIMYMHA TOIMEPEYHOTO CEUYEHHUSI BBIHYXKJICHHOTO HCIYCKAHUS JJIsI 3TOU
noJsipyu3anuy B 6-8 pa3 OoJblle, 4eM JJisd OCTaIbHBIX HoJisipu3aruid. Takas
AHU30TPONUS MPEKJIE BCErO0 CBA3aHA C HU3KOM JIOKAJbHOW CUMMETPHUEN
JIOMUHECIHEHTHBIX IIeHTpoB (C2), a Takke CO CIOUCTON CTPYKTypOu
KPUCTAILIOB.

boumn cpopMynupoBaHbl MOJApU3ALMOHHBIE TpaBUjiia O0TOOpa IS
MarHUTHO-JUIOJIBHBIX MEPEXOJ0B B ONTHUYECKU JBYXOCHBIX KPHUCTAIAX C
JOKAIBHOM  CHMMETPHEN  JIOMUHECUEHTHBIX LEeHTpoB Cz.  OHu
OMPENENAITCS B3aUMHOW  OpHUEHTAIlMed BEKTOpa  HANpsSKEHHOCTU
MarHMTHOTO TOJIi U MarHUTHOTO JIUMOJIE OTHOCUTEIBHO OCHU CUMMETpPUH
BTOporo mnopsaka. Ilpu jgeTtasibHOM  HUCCIEIOBAHUM  AHU3OTPOIUU
JIIOMHMHECIEHIIMU MarHUTHO-TUIIOJIBHOTO nepexona *Do — 'Fi nonos Eu®* B
kpuctamiax Bu?:KY(WO4): u Eu’":KY(MoOs4), 6bul0 06Hapyk’eHO
BIIMSIHUE MOJISPU3aIluy BO30YyKAaI0IIEro CBeTa U OPUCHTAI[UU KPUCTasia Ha
dbopmy criekTpa JiroMuHecieHIIMU. Takum 00pa3oM, ObLIO MOTYYEHO MEPBOE
AKCHEPUMEHTAITLHOE MOITBEPKICHHUE MOJIIPU3ALMOHHBIX IIPaBUII 0TOOpA.

Bnepseie Obutio omnpeneneno lllapkoBckoe paciierieHue ypoBHEH
noHoB Yb** B kpucramnax ZnWO4 u KY(MoQOs),, GbII0 YCTaHOBJIEHO, YTO B
KpUcTaJljie IMHKOBOTrO Bosib(pamara ZnW 4, COAKTUBUPOBAHHOTO MOHAMHU
Yb** u Li" (obecneunBaromuMy JIOKadbHYIO KOMIIEHCALMIO 3apsfa),
Habmopaerca 6ombmoe (804 cm!) IllTapkoBCcKOE pacIIEIUICHHE HUKHETO
MYJIBTHUILIIETA HOHOB UTTEPOUS, B TO BpeMs Kak aiis kpuctamuia KY(MoOs):

sra BenuuuHa cocTaBusger 601 cm!. Takke B kpuctamie ZnWOs
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Ha0I0/1aeTCsl 3HAYUTEIBHOE YBEIMYCHUE IUPUHBI O€3()OHOHHOU JTUHUU
AdzpL = 3.0 HM, 9TO HaMHOTO TIHpe, 4eM B kpuctaiie Yb:KY(WOs4)2 (AdzeL
<0.1 um). Taxxe kpuctamty ZnWO4 CBOMCTBEHHA BBICOKAsi aHU30TPOIHUS
MONEPEYHBIX CEUECHHI BBIHYXJICHHOTO HCIYCKaHUsS B MOJISIPU30BAHHOM
CBETE U IIUPOKUMU CIIEKTPAMU yCUIICHUSI.

Bbru1o mokaszano, 4To ciaouCTast CTPYKTypa U COBEPIICHHAs CIIAitHOCTh
KPUCTAJJIOB  Kanui-utrtpueBoro aoitHoro wmosmbnara KY(MoOs):,
MO3BOJISIET U3TOTABIMUBATh TOHKUE KPUCTAIUNIMUECKUE TUTACTUHKU U TUIEHKH,
NOABEPKEHHbIE yIpyrod neopManuu, TONIMIMHOM J0 HECKOJIbKHUX
JECATKOB MUKPOMETPOB. Takue MmiI€HKU U IJIaCTUHKU 00JIaIatoT JIa3epHBIM
KaueCTBOM M MPUTOAHBI [JIsi MCIIOJIb30BAHUSI B KAueCTBE AaKTUBHBIX
AJIEMEHTOB MUKPOYHII-JIa3epoB 0e3 KaKoU-11u00 mociienyroiiei o0paboTKH.
BnepBeie Obula mnpoAeMOHCTpUpOBaHAa palboTa Jiazepa Ha TOHKHUX
KPUCTAINIMYECKUX IJIACTUHKAX M I€HKax KpuctamwioB Tm:KY(MoOs): u
Yb*":KY(Mo0O4),. MaxkcumanbHas BBIXOJHAsS MOIIHOCTH Jla3epa Ha
KPUCTAJUIMYECKUA TUIACTUHKE TOJIIUHOM 286MKM HW3rOTOBIEHHOW W3
Yb*":KY(Mo0O4)2, cocrapuna 0,81 Bt nHa anuae Bomubl 1021-1044 HM c
BhIcCOKUM auddepennuansapiM KIII = 76,4%. MakcumanbHas BbIXOIHAS
MomHOCTh Jiazepa Ha Tm:KY(MoO4): KpHUCTaNIMUECKON TMIIACTUHKE
tonumHon 700 MmxM coctaBuna 0,88 Bt. JIazep renepupoBan u3iydeHue Ha
nuHe BosiHbL 1840—-1905 uMm ¢ nuddepennmanbHoil 3PHEKTUBHOCTBIO 7 =
65,8%. Jlazep Ha ToHkOM Tm:KY(Mo0Os4): Kpucramimyeckoud IUIEHKE
FEHEPUPOBAJ U3IYUYEHUE C MAKCUMAJIbHOW BBIXOHOM MOIIIHOCTHIO 131 MBT
Ha juiuHe BOHbI 1801-1872 uMm ¢ n = 45,2%.

Iy0aukauuu mo reMe JUccepTaALUU

[To Teme mucceprauuu ObBUIM CHENaHbl CIEAYIONIUE MyOJUKAlUA B

n3faHusIX, uHaekcupyembix B Web of Science u Scopus m BXonsmux B

nepeueHb BAK:



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

32

1. Subbotin K., Loiko P., Slimi S., Velokitina A., Titov A., Lis D.,
Chernova E., Kuznetsov S., Solé¢ R.M., Griebner U., Petrov V., Aguilo M,
Diaz F., Camy P., Zharikov E., Mateos X. Monoclinic zinc monotungstate
Yb** Li":ZnWOs: Part 1. Czochralski growth, structure refinement and
Raman spectra // Journal of Luminescence — 2020, Vol. 228 pp. 117601, IF
3.28, JCR-Q2

2. Volokitina A., David S.P., Loiko P., Subbotin K., Titov A., Lis D.,
Solé¢ R.M., Jambunathan V., Lucianetti A., Mocek T., Camy P., Chengh W,
Griebner U., Petrov V., Aguilé M, Diaz F., Mateos X. Monoclinic zinc
monotungstate Yb**,Li*:ZnWOQs: Part I1. Polarized spectroscopy and laser
operation // Journal of Luminescence — 2021, Vol. 231, pp. 117811, IF 3.28,
JCR-Q2

3. Loiko P., Mateos X., Dunina E., Kornienko A., Volokitina A.,
Vilejshikova E., Serres J.M., Baranov A., Yumashev K., Aguil6 M., Diaz F.
Judd-Ofelt modelling and stimulated-emission cross-sections for Tb*" ions
in monoclinic KYb(WO4), crystal // Journal of Luminescence — 2017, Vol.
190, pp. 37-44, IF 3.28, JCR — Q2

4. Kurilchik S., Loiko P., Yasukevich A., Trifonov V., Volokitina A.,
Vilejshikova E., Kisel V., Mateos X., Baranov A., Goriev O. Orthorombic
Yb:Li2Zn2(MoOs)3 — a novel potential crystal for broadly tunable lasers //
Laser Physics Letters — 2017, Vol. 14.8, pp. 085804, IF 2.328, JCR — Q1

5. Volokitina A., Loiko P., Vilejshikova E., Mateos X., Dunina E.,
Kornienko A., Kuleshov N., Pavlyuk A., Eu*:KY(MoOs): A novel
anisotropic red-emitting material with a layered structure // Journal of Alloys
and Compounds — 2018, Vol. 762, pp. 786-796, IF 4.65, JCR — Q1

6. Loiko P., Volokitina A., Mateos X., Dunina E., Kornienko A.,
Vilejshikova E., Aguilo M., Diaz F. Spectroscopy of Tb*" ions in monoclinic
KLu(WOs): crystal application of an intermediate configuration interaction
theory // Optical Materials — 2018, Vol. 78, pp. 495-501, IF 2.023, JCR — Q2

7. Volokitina A., Loiko P., Pavlyuk A., Slimi S., Sol¢ R.M., Salem E.B.,
Kifle E., Serres J.M., Griebner U., Petrov V., Aguilé6 M, Diaz F., Mateos X.
Laser operation of cleaved single-crystal plates and films of Tm:KY(Mo0O4):
/I Optics express — 2020, Vol. 28.7, pp. 9039-9048, IF 3.669, JCR — Q1

8. Volokitina,A., Loiko P., Pavlyuk A., Serres J.M., Slimi S., Salem
E.B., Kifle E., Griebner U., Petrov V., Wang L., Solé¢ R.M., Aguil6 M., Diaz
F., Mateos X. Spectroscopy and efficient laser operation of cleaving



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

33

Yb:KY(MoOa): crystal // Optical Materials Express — 2020, Vol. 10.10, pp.
2356-2369, IF 3.064, JCR — Q1

9. Loiko P.; Vilejshikova E.V., Volokitina A.A., Trifonov V.A., Serres
J.M. Mateos X., Kuleshov N.V., Yumashev K.V., Baranov A.V., Pavlyuk
A.A. Growth, structure, Raman spectra and luminescence of orthorombic
LixMg>(MoQs); crystals doped with Eu** and Ce*" ions // Journal of
Luminescence — 2017, Vol. 188, pp. 154-161, IF 3.28, JCR — Q2

10. Volokitina A., Loiko P., Pavlyuk A., Solé¢ R.M., Aguilé6 M., Diaz F.,
Mateos X., Novel Molybdate Laser Crystal with a Layered Structure:
Orthorombic Er**: KY(MoOs), // International Conference Laser Optics
(ICLO). IEEE - 2020.

11. Loiko P. Volokitina A., Serres J.M., Trifonov V., Pavlyuk A., Slimi
S., Salem E.B., Sol¢ R.M., Aguilé M., Diaz F. Laser Operation of Cleaved
Single-Crystal Plates and Films of Tm:KY(MoOs), // Laser Applications
Conference - 2019

12. Volokitina A., Loiko P., Serres J.M., Mateos X., Kuleshov N.,
Trifonov V., Pavlyuk A. Growth and spectroscopy of orthorombic
Yb:KY(Mo0Os): laser crystal with a layered structure // Journal of Physics:
Conference Series — 2019, Vol. 1410, No. 1

13. Volokitina A.A., Subbotin K.A. Loiko P.A., Titov A.L., Lis D.A.,
Slimi S., Solé R.M., David S.P., Jambunathan V., Lucianetti A.,
Spectroscopic  Study and First Laser Operation of Monoclinic
Yb*',Li":ZnWO4 Crystal // 2020 International Conference Laser Optics
(ICLO) IEEE - 2020.

14. Volokitina A., Loiko P., Pavlyuk A., Serres J.M., Slimi S., Salem
E.B., Sol¢ R.M., Baranov M., Kifle E., Aguil6 M., Diaz F., Griebner U.,
Petrov V., Mateos X. Efficient laser operation in cleaved single-crystal plates
of Yb:KY(Mo0O4)2: A novel molybdate compound // Fiber Lasers and Glass
Photonics: Materials through Applications I — 2020, Vol. 11357

Cnucok JuTepaTypsbl

1. Klevtsov P. V. et al. Polymorphism of the double molybdates
and tungstates of mono-and trivalent metals with the composition
M*R**(EO4)2 // Journal of Structural Chemistry — 1977, Vol 18, Ne. 3 pp.
339-355.



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

34

2. Liu J. et al. Efficient high-power laser operation of
Yb:KLu(WO4): crystals cut along the principal optical axes // Optics letters
—2007, Vol 32, Ne. 14, pp. 2016-2018

3. Serres J. M. et al. Diode-pumped microchip Tm:KLu(WO4)>
laser with more than 3 W of output power // Optics letters — 2014, Vol 39,
No. 14, pp. 4247-4250.

4. Loiko P. et al. In-band-pumped Ho:KLu(WO4)2 microchip laser
with 84% slope efficiency // Optics letters — 2015, Vol 40, Ne. 3, pp. 344-
347.

5. Griebner U. et al. Passively mode-locked Yb:KLu(WOa)>
oscillators // Optics Express — 2005, Vol 13, Neo. 9, pp. 3465-3470.

6. Pujol M. C. et al. Growth, optical characterization, and laser
operation of a stoichiometric crystal KYb(WOQs), // Physical Review B —
2002, Vol. 65, Ne. 16, pp. 165121.

7. Mateos X. et al. Crystal growth, spectroscopic studies and laser
operation of Yb**-doped potassium lutetium tungstate // Optical Materials —
2006, Vol. 28, Neo. 5, pp. 519-523.

8. Lagatsky A. A. et al. Diode-pumped CW lasing of Yb:KYW
and Yb:KGW //Optics communications — 1999, Vol. 165, Ne. 1-3, pp. 71-75.

9. Silvestre O. et al. Thermal properties of monoclinic KLu(WOa)2
as a promising solid state laser host //Optics express — 2008, Vol. 16, Ne. 7,
pp. 5022-5034.

10.  Petrov V. et al. Growth and properties of KLu(WOs)>, and novel
ytterbium and thulium lasers based on this monoclinic crystalline host
//Laser & Photonics Reviews — 2007, Vol. 1, Ne. 2, pp. 179-212.

11. Cascales C. et al. Structural, spectroscopic, and tunable laser
properties of Yb**-doped NaGd(WOs4), //Physical Review B —2006, Vol. 74,
Ne. 17, pp. 174114.

12.  Voron’ko Y. K. et al. Growth and spectroscopic investigations
of Yb**-doped NaGd(MoOQs)> and NaLa(MoOs),—new promising laser
crystals //Optical Materials — 2006, Vol. 29, No. 2-3, pp. 246-252.

13.  Wakefield G. et al. Luminescence properties of nanocrystalline
Y203:Eu //Advanced Materials — 2001, Vol. 13, Ne. 20, pp. 1557-1560.

14. Neeraj S. et al. Novel red phosphors for solid-state lighting: the
system NaM(WO4)2 x(MoQOu4)x:Eu** (MGd,Y,Bi) //Chemical Physics Letters
—2004, Vol 387, Ne. 1-3, pp. 2-6.



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

35

15. Wang Z. et al. Luminescence of (Lio.333Na0.334K0.333)Eu(M00s)2
and its application in near UV InGaN-based light-emitting diode //Chemical
Physics Letters — 2005, Vol 412, Ne. 4-6, pp. 313-316.

16. Bagaev S. N. et al. 25% Eu:KGd(WOs4)> laser crystal:
spectroscopy and lasing on the *Do— 'F4 transition //Quantum Electronics —
2011, Vol. 41, Ne3, pp. 189-192.

17. Dashkevich V. I. et al. Red Eu,Yb:KY(WOs): laser at~ 702 nm
// Laser Physics Letters — 2015, Vol. 12, Ne. &, pp. 085001.

18. Loiko P. A. et al. Spectroscopic characterization and pulsed
laser operation of Eu*":KGd(WOs); crystal // Laser Physics — 2013, Vol. 23,
Ne. 10, pp. 105811-1-7.

19. Krinkel C. et al. Out of the blue: semiconductor laser pumped
visible rare-earth doped lasers // Laser & photonics reviews — 2016, Vol 10,
No. 4, pp. 548-568.

20.  Metz P. W. et al. Efficient continuous wave laser operation of
Tb3+-doped fluoride crystals in the green and yellow spectral regions //
Laser & Photonics Reviews — 2016, Vol 10, Ne. 2, pp. 335-344

21. Metz P. W. et al. Performance and wavelength tuning of green
emitting terbium lasers // Optics express — 2017, Vol. 25, Ne. 5, pp. 5716-
5724.

22. Hayakawa T. et al. Visible emission characteristics in Tb>*-
doped fluorescent glasses under selective excitation // Journal of
luminescence — 1996, Vol 68, Neo. 2-4, pp. 179-186.

23.  Sun X. et al. Luminescence behavior of Tb** ions in transparent
glass and glass-ceramics containing CaF> nanocrystals // Journal of
Luminescence — 2009, Vol. 129, Ne. 8, pp. 773-777.

24. Hao Z. et al. Blue-green-emitting phosphor CaSc,O4:Tb**:
tunable luminescence manipulated by cross-relaxation // Journal of The
Electrochemical Society — 2009, Vol 156, Ne. 3, pp. H193-H196.

25. Liao J. et al. Synthesis and luminescence properties of
Tb**:NaGd(WOs4)2 novel green phosphors // Journal of luminescence — 2009,
Vol. 129, Ne. 7, pp. 668-671.

26.Ju X. et al. Luminescence properties of ZnMoO4: Tb3+ green
phosphor prepared via co-precipitation // Materials Letters — 2011, Vol. 65,
Ne. 17-18, pp. 2642-2644.

27. Kaminskii A. A. et al. Ribbon and sheet miniature crystal laser //
Quantum Electronics — 1994, Vol. 24, No. 12, pp. 1029..



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

36

Synopsis

Relevance of the chosen topic

Recently, families of the low-symmetry crystals, including rhombic
and monoclinic tungstate and molybdate crystals, are attractive as laser
media [1]. The main feature of such crystals is the significant anisotropy of
the spectral-luminescent properties in polarized light. An analysis of the
current state of research on low-symmetry crystals has showed that
tungstates and molybdates crystals doped with rare-earth ions selected for
study in the thesis are promising for obtaining efficient lasing in the visible
and near-IR spectral regions [2-5]. The advantages of such crystals include
the possibility of achieving high concentrations of rare-earth ions without
noticeable quenching of luminescence [6], high value of absorption and
stimulated emission cross sections in polarized light [7,8], and good thermo-
optical properties [9]. Also, such crystals are Raman-active.

The family of crystals selected for the study is very wide, many
crystals have already been known and well-studied. However, at the time of
establishing the thesis goals, the spectral-luminescent properties of the
crystals selected in the thesis, as well as the possibility of using them as
active laser media still have been poorly studied and relatively few
publications on this topic were made.

Crystals doped with ytterbium (Yb*") and thulium (Tm?") ions are
known for their lasing in the near infrared range (in the wavelength range of
~1 um and ~2 pum, respectively) [10-12]. Near-IR lasers have variety of
applications: molecular spectroscopy, medicine, ranging, communication,
control systems, etc. The IR radiation is characterized by low losses in the
atmosphere, and the Tm** ions luminesce in the so-called eye-safe region.

Crystals containing europium (Eu**) [13-18] and terbium (Tb*") [19-

26] ions luminesce in the visible region of the spectrum. They can be widely
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used as commercial phosphors, and they are also laser-active for the visible
range.

It should be noted that in recent years, one of the important directions
in the development of modern devices in all areas is the miniaturization of
all components. In these terms, compact microchip lasers are of great
interest. They have a relatively simple constriction of the resonator.
Nevertheless, for the efficient lasing, microchip lasers require very careful
selection of the active medium. Suitable media have to provide high doping
concentrations, high values of absorption, emission and gain cross sections,
and a positive thermal lens. Thus, at present, it is of great interest to study
the spectral and luminescent properties of double molybdates crystals with
layered structure providing the creation of active media for lasers with a
thickness of up to several tens of micrometers [27]. The carrying out
experiments confirming the possibility of obtaining efficient lasing on thin
plates and films made of such crystals is of a great interest as well.

Thus, a comprehensive study of the spectral-luminescent properties of
new crystals, including both the study of the anisotropy of the spectral-
luminescent properties, the determination of the main spectroscopic
characteristics and the establishment of the possibility of using such crystals
as an active medium for a laser, and the conduct of laser experiments on thin

plates and films of these crystals, is of great interest and is a relevant task.

Research goals and objectives
The main goal of this thesis is a detailed study of the anisotropy of the
spectral-luminescent properties of low-symmetry (rhombic and monoclinic)
molybdate and tungstate crystals doped with europium (Eu’*), terbium
(Tb3"), thulium (Tm?*") and ytterbium (Yb>") ions, as well as determining the

possibility of using such crystals as active laser media for the visible and
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near-IR spectral regions and obtaining lasing in these materials, including in

the microchip-laser configuration.

In order to achieve the goal in the framework of the thesis, the
following objectives have been established:

- Study the anisotropy of the spectral-luminescent properties of chosen
crystals in polarized light.

- Investigate the anisotropy of magnetic-dipole transitions of Eu** ions
in KY(WO4)2 and KY(Mo0Os); crystals.

- Calculate the probabilities of transitions; absorption, stimulated
emission and gain cross sections; as well as to determine the lifetimes of the
luminescence of the rare-earth ions.

- Study the anisotropy of the vibronic properties of the crystals.

- Determine the crystal-field splitting of the Yb*" ions in the
KY(Mo00O4); and ZnWOj4 crystals;

- Obtain lasing in a Yb*',Li":ZnWOjs crystal, find out the possibility of
lasing on the thin films of Tm*":KY(Mo00O4): and Yb*":KY(Mo0OQs): crystals
and achieve lasing in the microchip-laser configuration.

The objects of the study were monoclinic and rhombic crystals of
tungstates and molybdates: KY(WOs)2, KLu(WO4)2, KY(Mo0Os)2,
CsGd(Mo00Os), and ZnWOs, dopped with europium (Eu*"), terbium (Tb*"),
thulium (Tm**) and ytterbium (Yb**).

The subjects of research were the spectral-luminescent properties of
1ions in these crystals, the vibronic properties of crystal hosts, as well as the

laser operation and lasing properties of crystals.

Scientific novelty of research
1. The main spectral-luminescence characteristics of europium (Eu*"),

terbium (Tb*"), thulium (Tm*") and ytterbium (Yb**) ions in KY(WOs),,
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KLu(WO4)2, KY(M004)2, CsGd(Mo00O4)2 and ZnWO4 crystals have been
studied.

2. The Stark splitting of multiplets and the width of the zero-phonon
line of the Yb* ions in ZnWO4 and KY(MoOs), crystals have been
determined for the first time. It was found that the heterovalent mechanism
of substitution in ZnWO4 crystals leads to a notable broadening of the zero-
phonon line and to a high value of the Stark splitting of the Yb** multiplets.

3. The polarization selection rules for the pure magnetic-dipole
transitions in optically biaxial crystals have been established for the first
time. They were experimentally confirmed in Eu**:KY(WO4): and
Eu**:KY(MoOs), crystals.

4. For the first time in Tm*:KY(MoOs), and Yb*":KY(MoO4),
crystals, efficient lasing was achieved in thin crystal films and plates

obtained by the method of mechanical cleavage.

The theoretical and practical significance

The theoretical significance of this work 1is that the detailed
information about the anisotropy of the spectral-luminescent properties of
europium, terbium, thulium and ytterbium ions in KY(WO4)2, KLu(WO4),
KY(Mo0Os)2, CsGd(M004)2 and ZnWO4 crystals was obtained. In particular,
the pure magnetic-dipole transition of europium ions in Eu*":KY(WO4), and
Eu**:KY(MoOs), crystals was studied, and polarization selection rules for
magnetic-dipole transitions in optically biaxial crystals were established.
The dependence of strong anisotropy of spectral properties of double
molybdates KY(Mo0Os)2, CsGd(MoOa4)2 crystals and their layered structure
was described.

The practical significance of the work is determined by the fact that
the key spectroscopic characteristics of the new crystals were determined,

and the absorption, stimulated emission and gain cross sections were
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calculated. For crystals doped with europium and terbium ions, the color
characteristics of the luminescence were determined. The results obtained in
the thesis can be further used for the development of new lasers, including
for the miniaturized microchip-lasers design. It was demonstrated that the
method of mechanical cleavage of double molybdate KY(MoO4) crystals
with a layered structure can be used to obtain thin crystal plates and films
(up to several tens of microns thick) suitable for use as active laser media.
Efficient laser operation in cleaved crystal plates and films of KY(MoO4):

crystals doped with Tm3*, and Yb*" ions was performed.

Research statements of the thesis to be defended

1. Double molybdate KY(MoO4)2 and CsGd(MoOs): crystals exhibit
extremely strong anisotropy of absorption and stimulated emission cross
sections for rare-earth ions, which are associated with their layered structure
and low local symmetry of luminescent centers (C>).

2. Monoclinic zinc tungstate ZnW Oy crystals co-doped with Yb** and
Li" ions (providing heterovalent mechanism of substitution), are
characterized by a large Stark splitting of the lower multiplet of ytterbium
ions (804 cm™), high anisotropy of stimulated emission cross sections in
polarized light, which determine their attractiveness for generating ultrashort
pulses.

3. Polarization selection rules for magnetic-dipole transitions of rare-
earth ions in optically biaxial crystals with local symmetry of luminescent
centers C; are determined by the mutual orientation of the magnetic field
vector and the magnetic dipole relative to the second-order symmetry axis.

4. The layered structure and perfect cleavage of potassium-yttrium
double molybdate KY(MoOQs), crystals, doped by Yb**, and Tm?" ions,
provide the possibility to produce thin (up to several tens of micrometers

thick) crystal plates and films subject to elastic deformation, suitable for laser
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active media for effective microchip-lasers emitting in the spectral range of

~1 pm and ~2 pm.

Personal contribution
The content of the thesis and research statements for the defense
reflect the personal contribution of the author to this work. The spectroscopic
experiments presented in the thesis were performed by the author. The
discussion of the obtained results and their preparation for publication were
carried out jointly with co-authors. Laser experiments were carried out

jointly with co-authors. The contribution of the candidate was decisive.
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The reliability
The reliability of the results, research statements and conclusions
presented in the thesis is confirmed by using modern and proven research
methods, reproducibility and a clear interpretation of the obtained results is
confirmed by the positive reviews in the journals in which the results of the
work are published. The obtained experimental data agree with the results of
theoretical calculations, as well as with experimental and theoretical data

obtained by other authors.

The structure and scope of the thesis
The thesis consists of the introduction, five chapters, a conclusion and
a list of references with 92 items. The total volume of the thesis is 272 pages,

including 56 figures and 10 tables.

Main content

In the introduction and in the first chapter, the relevance of the
research carried out within the framework of the thesis is discussed. The first
chapter is devoted to the literature review. It shows a general idea of
anisotropic crystals of molybdates and tungstates in terms of promising laser
media. The first section of the chapter describes the spectroscopic
characteristics of rare-earth ions in crystal hosts. The second section is
devoted to the analysis of methods for calculating spectroscopic parameters,
absorption, stimulated-emission and gain cross-sections, and luminescence

lifetimes. It also provides a brief description of the Judd-Ofelt theory. In the
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last section, low-symmetry crystals are considered as active media for IR
lasers. A literature review of the optical properties and lasing characteristics
of tungstate and molybdate crystals doped with rare-earth ions is presented.

The second chapter describes the objects of study, a brief description
of the single crystals growth methods, describes the experimental techniques
and the methods used to study the structure and spectral-luminescent
properties, and also describes the methods of conducting laser experiments.

The third chapter presents the results of a study of the spectral-
luminescent properties of crystals doped with Eu*" and Tb** ions. The
general chemical formula of crystals can be written as AM(XO4)2 (A = K,
Cs; M =Y, Lu, Gd; X =W, Mo). Double potassium-yttrium molybdate and
double cesium-gadolinium molybdate crystals doped with europium 1ons,
Eu*":KY(Mo0O4), and Eu*":CsGd(MoOQs)2, a double potassium-yttrium
tungstate crystal doped with europium ions, Eu*":KY(WQs)2, and double
potassium-lutetium  tungstate crystal doped with terbium 1ions,
Tb*":KLu(WO4), were studied.

In the first section, the results of studying the crystal structure are
presented. The phase purity and the crystal structure were confirmed by X-
ray powder diffraction. Space groups and point groups of crystals, lattice
constants and unit-cell volumes were determined. The structure of the crystal
was schematically illustrated according with the Rietveld refinement. Figure
1 shows an example of such structure constructed for the Eu*":K'Y(Mo00Oa),
crystal. It was shown that the main feature of double molybdate crystals is

their layered structure.
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Figure 1 — fragment of the Eu’":KY(MoOs): crystal
structure in projection on the a-b plane.

The second section describes the results of Raman spectroscopy
studies. The measurements were carried out in polarized light for all possible
crystal geometries. Figure 2 shows the Raman spectra measured for the
Eu**:KY(MoOs), crystal. The spectra are strongly polarized as a result of
layered structure; the spectra contain bands located in three ranges with
different intensity. The first low-frequency range (up to 275 cm™') contains
weak vibrations associated with T'-modes K, Y and Mo, R-modes and
acousto-optic coupled modes. In the second range of vibrations (319-435 cm’
1), there are internal modes associated with bending (J) vibrations of the
oxygen bridged [MoOs]* tetrahedra. The most intense vibration range
contains strongly polarized bands related to stretching vibrations (v) of the
oxygen bridged [MoOs}* tetrahedra.

The third section shows the study of the polarized absorption
spectroscopy of crystals, and the results of calculating the spectroscopic
parameters in accordance with the Judd-Ofelt theory in the approximation of
intermediate configuration interaction (ICI) are presented. In all crystals, a
strong anisotropy of the absorption spectra of polarized light was observed,
this is due to the fact that the crystals of double tungstates and molybdates
possess low-symmetry. For Tb** ions, the observed absorption bands at room

temperature are due to transitions from the ground state ("Fe) to excited
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states. Despite the similar structure of energy levels, the absorption spectra
of Eu®" ions exhibit transitions not only from the ground state ("Fo), but also
from thermally populated (F1) and excited ("F») states. In the near-IR region
of the spectrum, transitions to lower-lying excited states are observed (states
'F1 — "Fe and "Fs — "Fo for Eu®* and Tb** ions, respectively). Such transitions
are spin-allowed; thus, the observed intensity of absorption bands in this

region is much higher than in the visible.
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Figure 2 — Polarized Raman spectra of a-cut

Eu*":KY(Mo0Os4): crystal, Aexc = 488 nm.

In the fourth section, the results of studies of the luminescent
anisotropy are presented. Luminescence spectra were recorded for three
main light polarizations. For Eu*" ions, the spectra exhibit bands related to
energy transitions from the metastable Dy level to the lower "Fy energy states
(J = 0-6). For Tb** ions, the luminescence bands correspond to transitions
from the °Ds state to the lower energy states. All luminescence bands are
strongly polarized. Figure 3 shows the spectra of polarized stimulated-
emission cross-section (osg) of Eu*":CsGd(Mo00Qa): (a), Eu*":KY(MoOs4): (b),
Tb¥*:KLu(WO4)2 (c) crystals calculated from the recorded luminescence

spectra.
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Figure 3 — Polarized stimulated-emission cross-section, gsg, spectra for
Eu*":CsGd(MoOs): (a), Eu*":KY(MoO4): (b), and Tb*":KLu(WOa):2 (c)
crystals.

In the fifth section, the pure magnetic-dipole (MD) transition Do — F|
of Eu** ions in KY(XO4): (X = W, Mo) crystals is considered. By detailed
study of the luminescence of this transition (Figure 4), it was found that the
number and relative intensity of the peaks depend not only on the
polarization of light E, but also on the direction of propagation k.

This effect is not observed for the remaining transitions Do — 'Fy (J =2
- 6), which are purely electric dipole (ED) transitions. The magnetic dipole
transition is caused by the interaction of the active ion with the component
of the magnetic field of light through the magnetic dipole, the orientation of
which is set by the vector M. In this case, the orientation of the magnetic

field vector H with respect to M.
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Figure 4 — Polarized luminescence spectra for the purely
MD transition Do — ’F; of Eu** ions in the Eu:K'YMo
crystal, Aexc = 458 nm. The Kexc(EexcEwm)kum notations are
used. The arrows indicate the Stark-to-Stark transitions.

Thus, polarization selection rules for magnetic-dipole transitions of rare-
earth 1ons in optically biaxial crystals with local symmetry of Cz luminescent

centers were established (see Table 1).

Table 1 — Polarization selection rules for the >Dy — F; MD transition of Eu*" ions in

KYMo.
M vector (MD) Dy — 'Fi Preferred k Possible e,x ~ No.
M||C; (M| a) Ih-nI || b | e 1
e b 2
M1Cy (M| b,c) I — O | a | b, ¢ 3,4
|| b |la,c 5,6
| e la,b 7,8

In the sixth section, the color characteristics (color coordinates,
dominant wavelength, and color purity) of the luminescence of Eu*" and Tb**
ions (table 2) in crystals were determined in accordance with the CIE 1931
color space.

The fourth chapter is devoted to studies of the spectral-luminescent
and lasing properties of a double molybdate crystal doped with thulium 1ons,
Tm*":KY(MoOas),. The first section of the chapter describes the crystal

structure and phase purity confirmed by powder X-ray diffraction. The
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crystal belongs to the class of orthorhombic crystals with the space group
Pbna - D'*;5, No 60. In the second section of the chapter studies of this crystal

by the Raman spectroscopy method are described in detail.

Table 2 — Color coordinates of the luminescence of Eu*":KY(Mo00Qs), and
Tb3":KLu(WOs),, crystals, calculated in accordance with the CIE 1931 color space

Crystall X y Color rurity Dominant wavelength

Eu:KY(Mo00Os)2 0.665 0.335 >99%. 612 nm, kred

Tb:KLuW 0.380 0.608 >97% 561 nm, yellowish
green

In the third section, the study results of the absorption properties of the
crystal are presented. The absorption bands in the spectrum correspond to
the transitions of Tm*" ions from the ground energy state (*He) to the excited
states (from F4 to 'D,). The absorption spectrum is strongly polarized;
however, the noticeable absorption anisotropy in the (100) plane cannot be
attributed to the layered structure and is most likely associated with the low
symmetry of the C> luminescent centers.

The *H¢ — 3H4 energy transition of Tm>" ions is suitable for pumping
by high-power industrial/commercial laser AlGaAs diodes. The maximum
absorption cross section Gabs is 7.70x1072° cm? at the wavelength of 802.8
nm, and the corresponding full width at the half maximum (FWHM) is 10.0
nm (for polarization E || b).

In the fourth section, an analysis of the luminescence properties,
stimulated-emission, and gain cross-section spectra of the Tm:KY(MoOa)>
crystal is presented. Tm** ions emit in the near-IR region of the spectrum,
Figure 5 (a). The maximum value of the stimulated-emission cross-sections
osk is 22.70x107%° cm? at the wavelength of 1856 nm with FWHM > 110 nm
(for E || b).

The decay curve of Tm** luminescence from the °F4 state is single-

exponential. The luminescence lifetime is 7jum = 2.29 ms.
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Figure 5 — (a) stimulated-emission (SE) cross-sections, asg, for the
3F4 — 3He transition, light polarizations are E || a, b, c; (b) Gain
cross-sections for the *F4 «» 3Hp transition of Tm*" in KY(Mo0O4)2
crystal the light polarization is E || b.

The determination of the expected laser emission wavelength on the
Tm?*":KY(MoOs) crystal, the gain cross-sections, Ggain, were calculated.
Figure 5 (b) shows the obtained spectra calculated for light polarization E ||
b. The spectra are relatively smooth and broad.

In the fifth section, laser experiments and results of achieving lasing
on crystal plates and thin films of a Tm:K'Y(Mo0O4): crystal obtained by
cleaving without any subsequent processing are described. The section
describes in detail the experimental laser setup (Figure 6), the main feature

1s the microchip laser cavity.

Crystal
plrgte / film

(a) f=30mm (b)M
Figure 6 — (a) Scheme of the diode-pumped microchip
Tm:KY(MoO4); laser: LD — laser diode, PM — pump mirror, OC
— output coupler, F — cut-off filter; (b) photograph of the
microchip laser.
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The AlGaAs laser diode emitting unpolarized light at the wavelength
of 802 nm was used for pumping. Efficient lasing was demonstrated,
Figure 7.

The laser on a crystal plate with a thickness of 700 pum generated a
maximum output power of 0.88 W at 1840-1905 nm with a slope efficiency
n = 65.8%. In the second experiment on a crystal film with a thickness of 70
um, a maximum output power of 131 mW was achieved at 1801-1872 nm
with 7 = 45.2%.

The fifth chapter describes the spectral-luminescent and lasing
properties of crystals doped with ytterbium ions: potassium-yttrium

molybdate Yb*":KY(MoOQs): crystal and zinc tungstate Yb*',Li":ZnWO4

crystal.
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(a) (b) Ellb
Crystal plate 2,5 -
800 | t = 700um . Toc= ”|
% TOBc; 46.7% 220 = |
S | = n=46. % i =
5 600 ® 1.5% n=55.7% % 5%
> 3% Nn=57.4% £15
] | v5% n=65.8% % 1 & i
S90T Dow n=s26% g Zq0| 2%
z ' : |
) 0,
O 200+ 1 Zo0s5 1.5%
MDY ool ... M
0 300 600 900 1200 1500 1800 1750 1800 1850 1900 1950 2000 2050 2100
Absorbed pump power (mW) Wavelength (nm)
150 T T T T T T 3,0 T T T T T -
(Ccn/)stal film (d) Ellb

120 | 12 70um 25 Toc* ]
3 Toc™ — 9%
€ 9o ® 0-1%1=12.4% | £20
g ©1.5% n=45.2% 5 H 59
0 3% 1n=39.8% 815 °
960l v 5% n=37.5% | &
= 9% n=18.2% > 3%
5 21,0
Q. c
330} o J 1.5%
3 30 20,5 vt [

0.1%
0 = L L L I L 0,0 MLMMLM
0 50 100 150 200 250 300 350 1750 1800 1850 1900 1950 2000 2050 2100
Absorbed pump power (mW) Wavelength (nm)

Figure 7 — Input-output dependences of the laser on a crystal plate
(t =700 um) and on a thin crystal film (t =70 um) (c); (b,d) typical
spectra of the laser emission measured at maximum Pabs. The laser
polarization is E || b.
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In the first section of the chapter, X-ray powder diffraction studies are
presented, the phase purity and crystal structure was confirmed. The
Yb*":KY(MoO4); crystal is orthorhombic and has a layered structure (Figure
8), the Yb**,Li*:ZnWOQjs crystal is monoclinic.

In the second section, a detailed description of the results of studying
crystals by Raman spectroscopy method, carried out for all possible
geometries and polarizations of light, is given.

The third section shows the results of the absorption spectroscopy. The
absorption spectra exhibit strong anisotropy of polarized light. The
absorption band at ~ 1 um corresponds to the 2F72 — 2Fs); energy transition

of the Yb>" ion.

Figure 8 — agé of the eage of a cleaved Yb*":KY(Mo0O4),
crystal obtained using a scanning electron microscope. The a
axis is vertical.

Section four describes the stimulated-emission and gain cross-section
spectra, as well as the luminescence lifetimes. It should be noted that crystals
of zinc tungstate ZnWOs4, co-activated with Yb*" and Li" ions, exhibit a high
anisotropy of the stimulated-emission cross-sections in polarized light,
Figure 9 (a), and wide gain cross-sections spectra, Figure 9 (b). This feature
makes them attractive as an active laser media for generating ultrashort

pulses.
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Figure 9 — (a) stimulated-emission cross-section, asg, spectra of
Yb*" Li":ZnWOjs crystal. The light polarizations is E || Np; (b) gain
cross sections spectra of the *Fsp < 2F7 transition of Yb** ions

in ZnWQu.

Section five describes the results of low-temperature spectroscopy and

the Stark splitting of Yb** multiplets in KY(MoOs), and ZnWOj4 crystals.

Polarized absorption and luminescence spectra (Figure 10) were recorded in

the temperature range 6 — 300 K.
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Figure 10 — Low-temperature spectroscopy of Yb*",Li":ZnWO4
crystal: absorption (a) and luminescence (b) spectra for light
polarization E || b.

At the temperature of 6 K, the electron-phonon coupling is strongly

suppressed; however, for Yb*" ions in the ZnWOj crystal, a large bandwidth

of the zero-phonon line AizpL = 3.0 nm, and a large Stark splitting of the

lower multiplet of Yb*" ions (804 cm™) are observed. It is much wider than

in the KY(MoOs), crystal, in which the Stark splitting is 601 cm™, see

Figure 11.
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Figure 11 — Crystal-field splitting for Yb*" ions: Scheme of the
Stark sub-levels for the ZnWO4 crystal (a) and for the
KY(Mo0Oa4): crystal (b).

It is known that for all rare-earth ions, the barycenter energy of any
isolated 25*1Ly 4f multiplet depends on the barycenter energy of any other
isolated multiplet in a linear way, Figure 12. The barycenter energies
<E(*Fsp)> and <E(*F7)> for Yb*" Li":ZnWOs4 and Yb*":KY(Mo0Q4), are in
well agreement with the linear approximation of the equation E(*Fsp) =
10166.6 + 0.997xE(*F72) [ecm™'], which describes the dependence of the
barycenter of the excited level of a rare-earth ion on the ground level. This

analysis confirms the correctness of the constructed energy-level scheme.
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Figure 12 — Barycenter plot for Yb*" ions in Yb** Li":ZnWOQ4 and
Yb:KY(MoOas): crystals (blue circle). The red line denotes the
linear fit of all the crystalls.

In the sixth section, the results of experiments on obtaining efficient

lasing are presented. A thin (286 um) crystal plate was mechanically cleaved
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from the large Yb’":KY(Mo0Os): crystal. No post-cleavage treatment was
applied to both surfaces. The crystal plate was placed in a compact microchip
cavity. The InGaAs laser diode emitting at a wavelength of 968 nm was used
as a pump source. The results of laser experiments are shown in Figure 13.
Laser generated a maximum output power of 0.81 W at the wavelength of

1021-1044 nm with a slope efficiency = 76.4%.
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Figure 13 — Diode-pumped Yb:KY(Mo00O4); crystal-plate
microchip laser: (a) input-output dependences, # — slope
efficiency; (b) typical laser emission spectra measured at Paps = 1.0
W. The laser polarization is E || b.
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In the second experiment, a rectangular active element was prepared
from a Yb*" Li":ZnWOQjs crystal. It was cut for light propagation along the a-
axis. The input and output facets were polished to laser quality. The crystal
was placed in a linear plane-concave cavity. The same InGaAs laser diode
was used for pumping. The Yb* Li**:ZnWOs laser generated a maximum
output power of 2.90 W at ~ 1059 nm with a slope efficiency = 57.9% (with

respect to the absorbed pump power).

In the conclusion, the main results of the research were summarized,
and the main findings were presented.

In the dissertation work, a comprehensive study of the spectral-
luminescent properties of new orthorhombic and monoclinic KY(WOs),

KLu(WO4)2, KY(M004)2, CsGd(Mo00O4)2 and ZnWOy4 crystals, dopped with
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europium, terbium, thulium and ytterbium ions was performed. The efficient
lasing in the IR region of the spectrum was demonstrated.

It was shown that double molybdates crystals, which include
potassium-yttrium double molybdate KY(MoOs): crystals and cesium-
gadolinium double molybdate CsGd(MoOa): crystals, are characterized by a
strong anisotropy of absorption and stimulated-emission cross-sections for
rare-earth ions. For example, for a Tm>":KY(MoO4): crystal, the absorption
cross-section for polarization E || b is an order of magnitude higher than for
polarization E || ¢, and it is 7.70x1072° cm?. And the value of the stimulated-
emission cross-section for this polarization is 6-8 times more than for other
polarizations. This anisotropy is primarily associated with the low local
symmetry of the luminescent centers (Cz), and with the layered structure of
the crystals as well.

Polarization selection rules were formulated for magnetic-dipole
transitions in optically biaxial crystals with local symmetry of C;
luminescent centers. They are determined by the mutual orientation of the
magnetic field vector and the magnetic dipole relative to the second-order
symmetry axis. A detailed study of the luminescence anisotropy of the
magnetic-dipole transition *Do — "F1 of Eu®" ions in Eu®":KY(WOs): and
Eu*":KY(MoOQs), crystals revealed the influence of the exciting light
polarization and crystal orientation on the shape of the luminescence
spectrum. Thus, the first experimental confirmation of the polarization
selection rules was obtained.

Shark-splitting of the energy levels of Yb** ions in ZnWO4 and
KY(MoO4); crystals was determined for the first time. It was found that a
large (804 cm) Stark splitting of the lower multiplet of Yb*" ions is
observed in the zinc tungstate ZnW Qs crystal co-dopped with Yb*" and Li*
ions (providing heterovalent mechanism of substitution), while for the

KY(MoQs): crystal this value is 601 cm™.
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Also, in the ZnWO4 crystal, a significant increase in the bandwidth of
the zero-phonon line AAzpL = 3.0 nm is observed, which is much wider than
in the Yb:KY(WOa4)2 crystal (AdzeL <0.1 nm). Also, the ZnWO4 crystal is
characterized by high anisotropy of the stimulated-emission cross-sections
in polarized light and broad gain cross-sections spectra.

It was shown that the layered structure and perfect cleavage of the
potassium-yttrium double molybdate KY(MoO4): crystals make it possible
to produce thin crystal plates and films subject to elastic deformation up to
several tens of micrometers thick. Such films and plates have laser quality
and are suitable for active elements in microchip lasers without any post-
cleavage processing. The laser operation in thin crystal plates and films of
Tm*":KY(MoOs): and Yb*":KY(MoOs): crystals was demonstrated for the
first time. Laser based on a 286 um thick Yb*":KY(MoOs4): crystal plate
generated a maximum output power of 0.81 W at the wavelength of 1021-
1044 nm with a slope efficiency = 76.4%. Laser based on 700-um-thick
crystal plate of the Tm:KY(Mo0O4): generated a maximum output power of
0.88 W. The laser emitted at the wavelength of 1840-1905 nm with a slope
efficiency # = 65.8%. A thin-film Tm:KY(MoOs), laser generated a
maximum output power of 131 mW at the wavelength of 1801-1872 nm
with n = 45.2%.
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BBenenue

HuszkocummeTpuyHble  KpPUCTaUibl, K  KOTOPHIM  OTHOCATCS
pOMOMYECKHE U MOHOKJIMHHBIE KPUCTAJIbl BOJIb(pamMaToB U MOIMOAATOB
[1], B mocieaHue To/ibl BRICTYMAIOT B KAU€CTBE MEPCHEKTUBHBIX aKTUBHBIX
cpen jazepoB. K 0cOOEHHOCTH TaKMX KPUCTAJIOB MOKHO OTHECTH HallM4uue
3HAUYUTENIHbHON aHU30TPONHUH CIEKTPAIbHO-TFOMUHECIICHTHBIX CBONCTB B
MOJISIPU30BAHHOM CBETE. AHAJIU3 COBPEMEHHOTO COCTOSIHUSI UCCIEIOBAHUM
HU3KOCHUMMEPTUYHBIX  KPHUCTAUIOB  [OKa3all, 4YTO BbIOpAaHHBIE B
JMCCEPTAIIMOHHON paboTe KpUCTaUIBl BOJb(PpaMaToB W MOIMOIATOB,
JOMUPOBAHHBIE HOHAMH PEAKO3EMEIbHBIX 3JIEMEHTOB, MEPCIEKTUBHBI JIS
nosiydeHus: B HUX 2(G(EKTUBHON Ja3epHON TeHepanuu B BUANMOU U
omxueit UK obnactu cnekrpa [2-5]. K mpeuMyniecTBam Takux KpUCTAJLIIOB
OTHOCHUTCSI BO3MOXHOCTb JIOCTHKE€HHSI BHICOKMX 3HAUYEHUIN KOHIIEHTpalui
HOHOB-aKTHMBATOPOB 0€3 3aMETHOro0 TYIICHHUS JIOMUHECHEHIUU [6],
BBICOKHE MONEPEYHbIE CEUEHUS TOTJIONIEHUS U BBIHYKAEHHOTO UCITyCKaHUs
B TOJISIPU30BAHHOM CBeTe [7,8], XOpolue TepMOONTUYECKHE CBOMCTRA [9].
Taxxe Takue Kkpuctaiuibl ABIsOTCS KP-aktuBHBIMMU.

CemMeicTBO BRIOPAHHBIX JIJIS1 H3yUYE€HUS KPUCTAIIOB OY€Hb OOIIMPHOE,
MHOTME KpPHUCTAUIbl YX€ JIOCTATOYHO XOpPOIIO U3YYEHBbI, IPU 3TOM
CHEKTPATbHO-TIOMUHECIICHTHBIE CBOMCTBA BHIOPAHHBIX B IMCCEPTALMOHHOM
paboTe KpUCTAUIOB, KaK M BO3MOXKHOCTH HCIOJB30BaHUS MX B KAa4ECTBE
AKTUBHOM JIa3€pHOM Cpelbl HA MOMEHT MOCTAHOBKHU 3aJa4d U JI0 CUX IOP
OCTAaIOTCSl MAJIOM3YYCHHBIMM U MyOJUKAIMi 10 JaHHOM TeMaTuKe
OTHOCHUTEJIBHO HEMHOTO.

N3BecTHO, YTO KPHUCTAIBI, aKTUBUPOBAHHBIE HMOHAMU UTTEPOUS
(Yb*") u tymua (Tm>"), mo3BONAIOT MONYYHTH IAa3€PHYI0 TE€HEPALUIO B
OmxkHeM uMH(pakpacHOM Juarna3oHe (B 00iacTu JUIMH BOJH ~1 MKM U ~2

MKM, cooTBeTcTBeHHO) [10-12]. Jlazepst Onuxuero MK nuanazona umeror
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JOCTATOYHO  IIMPOKYH0  00JacTh  MOPUMEHEHHM:  MOJEKyJspHas
CHEKTPOCKOMUS, MEUIIMHA, JaTbHOMETPHUS, CUCTEMBbI CBSI3U M KOHTPOJIS U
T.0. N3nyuenne UK nauamazoHa xapakTepusyercsi MajdbIMUA NOTEPSMU IMPH
IPOXOKAECHUH depe3 arMocdepy, a MOoHBI Tm’" IIOMUHECHMPYIOT B TaK
Ha3bIBAEMOM YCIIOBHO-0€30MmacHOM st ceTtyaTku ria3za ooOmactu MK
Jara3oHa.

Kpucramiel, conepxaique uonsl esponus (Eu’t) [13-18] u tepbus
(Tb3*) [19-26], moMHuHECHUPYIOT B BUAUMOM 001actu crekTpa. OHM MOTYT
HaWTHU PUMEHEHUE B KauecTBe JIoMUHOGOPOB [13-15, 22-26], a Takke OHU
NPEACTABIAIOT OOJIBIION HHTEPEC JUIsl UCTIOIB30BaHUS B KAUECTBE aKTUBHBIX
na3epHbIx cpen [16-21], reHepupyromux B BUINMOM JHANa30HE.

CnenyeT OTMETUTb, YTO B MOCJEAHHE TOJbl OJHUM K3 HEMaJIOBaKHBIX
HaIpaBlICHUII B pa3pabOTKE COBPEMEHHBIX YCTPOMCTB BO BceX cdepax
ABJISIETCS YMEHBIIIEHHE BCEX KOMIIOHEHTOB, TO €CTh MHUHHMaTIopu3anus. C
ATON TOYKM 3peHHs] OOJBIION HMHTEpPEC BHI3BIBAIOT KOMIIAKTHBIE JIa3€phl,
oOjamaroniye MHUKpOYUTI-KOHpUTypanmend pe3onaropa. OHU 00mamaroT
JI0OCTaTOYHO MPOCTON KOHCTPYKIIMEH, 0qHaKO 715 3G (HEeKTUBHOM reHepanun
MUKPOYHII-JIA3€POB TPeOyeTCsl OUCHD TIATEIbHBINA BEIOOP aKTUBHOM CPEJIBI.
[Togxongamumu cpeaamMu SBISIIOTCS CPEAbl, KOTOPBIE XapaKTEepU3yHTCS
MTOJIOKUTEIIBHOM TEPMHYECKOW JIMH30M, IO3BOJSIOT JTOCTUIaTh BBICOKHX
KOHIICHTPAI[Mil MOHOB-aKTUBATOPOB U 00JIANAIOT OOJIBIIMMU 3HAYEHUSMHU
MONEPEYHBIX CEYEHUN TOTJOMICHUS, BBIHYXXICHHOTO WCIYCKAHUS H
ycwinenus. [loatomy B HacTosimiee BpeMsi OONBIIION HHTEPEC BBHI3BIBACT
UCCIIEJOBAHUE  CIIEKTPAIbHO-IIOMUHECIIEHTHBIX CBOICTB  KpPHCTAJIOB
JIBOMHBIX MOJIMOATOB, CJIOUCTAsI CTPYKTYpa KOTOPHIX MO3BOJISET CO3/1aBaTh
3¢ (HEeKTUBHBIE aKTUBHBIE CPE/IBI JIa3epa TOIIIMHOMN 10 HECKOJIBKHX JIECATKOB
MUKpOMETpoB  [27], a  Takke  NPOBEACHUE  DSKCIEPUMEHTOB,

MOATBEPKIAIONIUX BO3MOXKHOCTh TMOJy4YeHUus d(PQPEeKTUBHON a3epHON
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TEHEpAIlMM HAa TOHKUX IUIACTUHKAX W IUIEHKAX, U3TOTOBJICHHBIX W3 TaKHUX
KPHCTAJJIOB.

Takum o0pa3oMm, KOMIUIEKCHOE HCCJEIOBaHUE CIEKTPaIbHO-
JIOMUAHECUECHTHBIX CBOWMCTB HOBBIX KPHUCTAJUIOB, BKJIIOYAKOMIEE KaK
W3y4YEHUE  AHU3O0TPOINHMHU  CHEKTPAJbHO-IIOMUHECHEHTHBIX  CBOWCTB,
ONPEAECIECHUE OCHOBHBIX  CIEKTPOCKOIMYECKHX  XApPAaKTEPUCTHK U
YCTaHOBJIEHHE BO3MOKHOCTH HCIIOJIb30BAHUS TAKUX KPUCTAIIOB B KAYECTBE
AKTUBHOU CpeIbl Ja3epa, TaK U MMPOBEAECHUE SIKCIIEPUMEHTOB I10 MOJTYYEHUIO
JA3€pHOM TE€HEpalUWM HAa J3THUX KpPUCTAUIaX, B TOM YHUCJIE HA TOHKHX
KPUCTAINTMYECKUX MJIACTUHKAX U TUIEHKAX, MPEICTaBIseT O0IbIION HHTEpEC

U SBJISICTCS AKTYaJIbHOM 3aJa4en.
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I''TABA 1. AHM30TpOINIHbIE KPUCTALIbI BOJIb(pamMaToB U MOJIUOIATOB
— MepPCHeKTHUBHBbIE Ja3epHbIe cpeabl (JIuTepaTypHbIH 0030p)

1.1 CHeKTpOCKOHI/Iﬂ HOHOB PE€AKO3€MCJ/IBHbIX 3JICMCHTOB

B pamkax Hacrosimieil paboThl OBLJIO TPOBEAECHO KOMIUIEKCHOE
UCCIIEIOBAHUE KPUCTAUIOB POMOUYECKUX M MOHOKJIMHHBIX BOJIb()paMaToB
Y MOJIMOJaTOB, IONMUPOBAHHBIX TPEXBAJICHTHBIMU HOHAMHU PEAKO3EMETbHBIX
snementoB (RE®"). JllOMMHECLEHTHBIE CBOWCTBA TAKHX KpPHUCTAJIOB
ONPEEISIOTCS IIaBHBIM 00pa30M JIFOMUHECIIEHTHBIMU XapaKTePUCTUKAMU
noHoB RE*". TlosToMy md [eTanbHOrO aHANM3a  CHEKTPAIbHO-
JIIOMUHECLIEHTHBIX CBOMCTB KPHCTAILIOB ¢ noHamu RE', BaxHO moHuMars
CHEKTPAJIbHBIE XapaKTEePUCTUKHU CAMUX MOHOB-aKTUBATOPOB.

K penkozemenbHbIM 3J€MEHTaM OTHOCUTCS rpynma u3z 17
XUMHUYECKUX DJIEMEHTOB, B KOTOPYIO BXOIAT ckaHaui (Sc), uttpuil (Y),
nantan (La) u nantanounsl (uepuii (Ce), mpazeogum (Pr), neogum (Nd),
npometuit (Pm), camapuii (Sm), eBponuii (Eu), ranonunuii (Gd), tepOuii
(Tb), nucnposuii (Dy), ronsmuit (Ho), spouit (Er), tynuii (Tm), urrepouit
(YD), moreruii (Lu)).

Bce 3T heMeHThI TPOSBIISIIOT CXOAHBIE XUMUYECKUE CBOMCTBA. DTO
OOBSACHSIETCA MPAKTUYECKH OJMHAKOBBIM 3alOJHEHUEM DIJIEKTPOHHBIX
000JI04€K aTOMOB, a MMEHHO: CTPYKTypa JBYX BHEIIHUX 3JICKTPOHHBIX
o0osouek (5s u Sp) He U3MEHSIETCA C YBEIMUYEHUEM 3apsAjia, a DJIEKTPOHbI
3aMOJHSAIOT BHYTPEHHIOK TITyOOKOIEKAIIYIO AJIEKTPOHHYI0 00070uKy 4f-
opbutanb. HecnapeHHbIe 2JIEKTPOHBI, HAXOAIIUECS HA ATOW 000I0UYKe, HE
y4acTBYIOT B  O0pa3oBaHMM XWMHUYECKHX CBSI3€M W HAJCISIIOT
peaKo3eMeNbHbIE MOHBI JIIOMUHECIEHTHBIMU U MarHUTHBIMU CBONCTBAMH.
Takum 06pa3oM CHEKTPHI JIFOMHHECHEHIME HOHOB RE** 06yciosiens
anekTpoHHbIMU 4f-4f mepexonaMu BHYTpU He3anojdHEHHOW oOosnouku. Ha
CHEKTpalbHbIC XapaKTepUCTHKH MOHOB RE* B 3HaumMTensHO#l cTeneHu

BIIMSET SKPAHUPOBAHUE ONTUUECKU-aKTUBHBIX 3JIEKTPOHOB Ha 4f 00ooukax
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BHEIIHUMHU TIOJHOCTBHIO 3alOJIHEHHBIMU JJIEKTPOHHBIMU 00OJOYKAMH.
DNEeKTpOHHbIE MEPEeXOAbl B CHEKTPax MOTJIONIEHUS W JIIOMUHECICHIIUU
OoObIYHO cocTosAT u3 y3kux JjauHui [28]. Ilpu sTOoM 4f-31meKTpOHBI
MPAKTUYECKU HE UYBCTBUTEIbHBI K JIOKAJTbHOMY OKPYEHHUIO HOHA, TO €CTh
NoJ BJIUSHUEM KPUCTAIUIMYECKOrO TOJiE HE MNPOUCXOAUT CHUIIBHOIO
CMEIIECHUSI MaKCUMYMOB TOJIOC MOIJIOIIEHUSI WIM JIFOMUHECIEHIUU MpHU
paCIOI0KEHUU UOHA B y3JIe KPUCTAILUTMYECKOUN PEIIETKY.

JIromuHecuennus RE?" noHoB MoxeT HaOmogaThcs B OmmkHeill Y O-,
BuauMmon, ommxkaert MK m MK obmactax cmektpa. OHa XapakTepuzyercs
BBICOKOM YMCTOTOH 11BeTa, uTo aenaeT RE*" nonbl MPUBJIEKATEIbHBIMU JIJIS
MCIIOIb30BaHMs B JIazepHbIX Kpuctamnax [1]. Ilpu stom kaxaeii RE* non
00J1aJlaeT CBOMM XapaKTEPHBIM CIIEKTPOM IOIJIOLIECHUS U JIIOMUHECIICHIIUN
1 00J1aJ1aeT YHUKAIbHBIMU CBOMCTBAMH.

B Hacrosieit pabote B kauecTBE HOHOB-AaKTUBATOPOB OBLIN BHIOPAHBI
nonsl esponus (Eu*'), tep6us (Tb*"), tynmusa (Tm®") u urrep6us (Yb).
Huxe OyayT paccMOTpEHbI CHEKTPOCKOMMMYECKUE OCOOCHHOCTH KaXKI0TO U3

9THUX MOHOB.

1.1.1 Monn! esponus Eu®*

TpéxBaieHTHbIE HOHBI €BpPOIMHUS IIUPOKO PACIPOCTPAHEHBI B
CHEKTPOCKOMUYECKUX HccienoBaHusAX. OHU XapaKTEepU3yeTCsl UHTEHCUBHON
KpacHOH (~610 HM) JIIOMHHECIIEHIIUEH, CBS3aHHOW C JOMUHUPYIOIIUM B
CIIEKTpPE DHEPreTHYeCKUMH mepexonoM °Do — “Fa. Cnektp mono Eu’’
OTHOCHUTEJIbHO JIETKO HMHTEpHpeTHpoBaTh. (OCOOEHHOCTHIO CTPYKTYpbI
SHEPreTHYECKHMX YpoBHel noHos Eu' sBnsercs Hanumune MeTacTabUIbHOTO
cocTosiHus °Do, OTAEAEHHOrO OT 6OJIEeE HU3KOJIEKAIIUX DHEPrEeTUUECKUX
coctosiunii “Fo—*Fy, rne J =0...6, sHepretrdeckuM 3azopom ~12000 cm! [13,
29]. Takas BenWYMHA IHEPTETHUECKOTrO 3a30pa OOyCIaBIMBAET cClalylo

0e3bI3IydaTeIbHYI0 penakcaiuo. biaromaps aTomy HaOIr0a€TCS BHICOKAS



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

66

kBaHTOBasA > PexTuBHOCTE HOoHOB Eu’’. Ha pucynke 1.1.1 mpuBenena cxema
SHEPreTHYECKMX ypOBHEH HoHOB Eu’’, mocTpoeHHas mo pesynbTaTam

HCCICA0BAHUA JIOMUHCCICHIIMH B KPUCTAJLIIC KaHHﬁ—HTTpHCBOFO HBOﬁHOFO

BOJIb(pamara.
27+
5L6
24 3
214 i 2 5p
< T
m§18— slsls
2152
£ o
@ 57
& 4
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Eu®?
Pucynok 1.1.1 — Cxema »>HEPreTMYeCKUX YPOBHEM HOHOB E€BPOIMUSL.
[IBeTHBIMU cTpesikaMu O0O3HAYE€HBI MOIJIOMIATEIbHBIE U M3JydaTelIbHbIC
MEePEXOIbI.

Kak y»xe ObUI0 OTMEYEHO, KPUCTAIIIMIECKOE OKpykKeHHe noHoB RE
MPUBOJUT JIUIIIb K HEOOJIBIIOMY CMEIICHUI0O MAKCUMYMa MOTJIOMIECHUS WIH
moMmuHecueHuu.  OpHako, Onarojaps  CBOMM  JIIOMUHECLEHTHBIM
cBolicTBaM MOHBI Eu®" M3BECTHBI B KauecTBe CTPYKTYpHBIX 1pob [30-33]. Mx
JFOMUHECHEHIMS YYBCTBUTEIbHA K CUMMETPUH JIOKAJIBHOTO OKPYKEHUA
MOHOB. B wacTHOCTH, >nexkTpudeckuii aunonsHbli (ED) nepexon *Do—*F»
SIBJIIETCSL OYEHb YYBCTBUTEIBHBIM MEPEXOIOM, U3MEHEHUE NHTEHCUBHOCTH
Y PAaCUICIUIEHUS] 3TOTO MEPEXOAA CBSI3aHBI C W3MEHEHUSIMHU B JIOKAIHBHOM
OKpyXeHuu. JlaHHBI Tepexo] He HalIaaeTcss B cpelax C LEHTPOM
WHBEPCHUU WU B CpelaX ¢ BHICOKOM JIOKaJIbHON CUMMETpHUEH, a B cpeax 0e3
LEHTPA UHBEPCUH ITOT MEPEXO] JOMHUHUPYET HAJ MATHUTHBIM JTUIOJIbHBIM

(MD) nepexomom *Do—*F.
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1.1.2 Monsl Tepous Th>*

CxeMa DHEPreTUYECKUX YpPOBHel HOHOB Tepbus Tb®" cxomma co
CXeMO#l »HepreTMdeckMx ypoBHel wnoHoB Eu’'. Momel Tb*" Ttaxxe
XapaKTEPU3YIOTCA BHICOKO JIEKAIIMM METacTaOMIBHBIM COCTOSHHEM Ds
(~20500 cm") u HaGopoM Huskonexammx cocrosHuil 'Fy (J = 0...6) [29]
(pucynox 1.2). Bnaromaps dsHepretmdeckuMm mnepexomam °Ds — ’Fj, B
BUJIUMOM 0OJIaCTU CHEKTpa HAONIOAAeTCSd H3IYyYEHHUE Ha HECKOJIbKHUX
JUTMHAX BOJIH, MOMAJAalONIUX B CHHHUM, 3€JCHBIM, JKEITHIA W KPACHBIU
CIIEKTpajbHble Auana3zoHbl [20], a CTpyKTypa BBICOKO JIEXKAIIUX
BO30YXKJEHHBIX COCTOSHMH HOHOB Tb*" mosBomger s¢dexTuBHO
BO30y»X1aTh A3TU HOHbI Y@ wusnydeHueM. Haunbonee WHTEHCUBHBIM
IIEPEXOJOM B CIIEKTPE JIOMHUHECLEHIMN sABIseTCA mepexon “Ds — 'Fs Ha
JUTMHE BOJHBI U3Iy4eHUs ~545 HM, clieoBaTeNbHO, TPH BO30ykaeHun Y @
U3JIy4YEHUEM MOHO HaOJI0/1aTh MHTEHCUBHYIO 3€JIEHYIO JTIOMUHECLICHITUIO

nonos Tb* [25,26,33].

5D2564 EA 03 cm'1
5G
579 \
L1oQ
5D.5Gy

Pucynok 1.1.2 — Cxema »dHEpPreTMYeCKUX YypOBHEH HOHOB TepOus.
[[BeTHBIMU CcTpenKaMu O0O03HAYEHBI M3JIydaTelIbHbIE MEPEXOAbl C YPOBHS
D4 B kpucTamie KYW

VpoBens “Ds ABIAETCS TOITOKUBYIINM (BpEMS KHM3HH: OT COTEH MKC

10 HecKoJbkuX McC) [20], ¥ COOTBETCTBYIOIIMN KBAHTOBBIH BBIXOJ



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

68

JIOMHMHCCHOCHIINHN TAaKXXC KaK U IJI51 HOHOB Eu3+ MOJKET OBITh BBICOKHM H3-3a

c1a0bIX O€3bI3NTyYaTeIbHbIX MPOIIECCOB.

1.1.3 Vons! Tyaus Tm3*

XapakTepHoii 0coGeHHOCThIO MOHOB Tm’' sBiIsiercs MHTeHCHBHas
moMmuHecteHnus B onumxHen UK obnactu ciektpa (~2 MKM), BO3HUKAIOIIAS
3a cuér oHepreTmueckoro mepexoma °Fs — °Hg [10,34-36]. Dror
CHEKTPAJIbHBIA JIMana30H OTHOCHUTCS K YCJIOBHO-O€30MacHOMY Jif IJias.
VY cnoBHO-0€30MacHON CUMTAETCs Takas ClieKTpajibHasi 001acTh, B KOTOPOW
pOroBHIla W XpPYCTaJMK TJiaza 0O0JIalaloT BBICOKUM KO3 PUIHEHTOM
MOTJIONIEHHUS, a 3HAYUT JIMIIb Majasi J0Jis JIa3€PHOr0 U3JIyYEHUS B 3TOM
JMarna3oHe JOCTUTAeT CeTYATKHU IJ1a3a.

B kpucrannuueckux MaTpuiiax MOXHO JOCTUTHYTh BBICOKHX YPOBHEH
KOHLEHTpanuu noHoB Tm>*. Jlna Bepxuero nasepHoro yposHs (*F4) nonos

Tm?*" xapakrepna cnabas 6e3pI3TydaTenbHas penakcanus i KP-aKTUBHOCTS.

1.1.3 Uonbl urrepous Yb**

Worsl Yb*" 061agaroT mpocToil cxeMol SHEpreTHYeCKUX yPOBHEH,
MCKJIIOYAIOIIEeH HeXeNaTeNbHbIe MPOIIECChI, TAKUE KaK al-KOHBEPCHUOHHBIM
MEPEHOC AHEPrUU WJIU TMOIJIOLIEHUE B BO30OYXKIEHHOM cocTOSSHUU. OHH
moMmuHecuupyotr B OmmkHedt MK obnactu cnekrpa (~1 MkM), kKoTopas
COOTBETCTBYET SHEPreTHUECKOMY Iepexoy ¢ ypoBHs “Fsy Ha ypoBeHb 2F7p.
B HU3KOCMMMETPUYHBIX U Pa3yNOPSIOYCHHBIX KpHUCTaJIaxX HaOII0JaeTCs
YIIUPEHUE TOJIOC MOTJIONIEHUS W JTIOMHHECHEHIIMH, YTO MOXET SIBISTHCS
JOMOJNHUTENFHEIMU  IIPEUMYIIECTBOM  MOHOB  Yb**.  Marepuansr,
monupoBaHHele  Yb?', MOryT HakauMBaThCd MOIIHBEIMH JIa3€PHBIMU
nuronamu, Harpumep InGaAs, nznydarommu Ha ~0,98 MKM.

Ha cerogusiminuii neHb OBUIO TPOJIEMOHCTPUPOBAHO JTOCTATOUYHO

MHOT'0 YCHEIIHBIX SKCIIEPUMEHTOB IO MOIYYEHUIO 3D PEKTUBHOMN JTa3epHOM
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ICHCpAaluu Ha AJIMHEC BOJIHBI ~ 1 MKkM Ha KpucrajajlaX, aKTHBHPOBAHHBIX

noHamu Yb>' [2, 5, 12, 37-41].

1.2 PacyeT CIEKTPOCKONMUYECKUX MAPaMeTPOB H MONePeYHbIX
CeYeHUIl mepexoa0B

1.2.1 Teopus xxaxna-Odeabta

Jlns onucaHusi WHTEHCHUBHOCTU f-f JIIEKTPOHHBIX IIEPEXOJIOB B
CIIEKTpax PeAKO3EMEIIbHBIX HOHOB IIUPOKO MpUMEHsETCa Teopus [xanma-
Odenbra. OHa ObuTa He3aBUCHUMO MpennioxkeHa B 1962 rony bpaitanom P.
Jlxanmom [42] w3 Kamudopawmiickoro yHuBepcuteta B bepxinm u
noktopanToM Jlxopmxem C. Odenbrom [43] m3 YHuBepcurera JIkoHa
XonkuHca. biaarogapst 3Toii Teopuu ObUTH N3YYEHBI CXEMBI YPOBHEH MHOTHUX
pelKo3eMeNbHbIE HMOHOB, a a1 MoHOB RE’', mnoMeméHHbIX B
KPUCTAINTMYECKYIO PEIIETKY, ObUIO OOBSICHEHO BO3HHUKAIOIIEE B CIEKTpax
MOIJIOLICHUS U JIIOMUHECIICHIIUH PACHIEIIJICHUE YPOBHEU.

B cootBetrcTBUM ¢ Teopuei [xanna-Odenbra CIEKTPOCKONMHYECKHE
XapaKTEPUCTUKH PEAKO3EMENBHBIX HOHOB, K KOTOPBIM OTHOCSATCSI CHJIBI
OCHWIIATOPOB, IApaMETPbl MHTEHCHUBHOCTH, BEPOSITHOCTH CIIOHTAHHBIX
nepexoyioB, KOIQ(UIMEHTHl BETBJICHUSA JIIOMUHECIEHIUH, a TaKke
palHalMOHHBIE  BPEMEHA  JKW3HW, B3aUMOCBA3aHBI C  COCTaBOM
KPHUCTAJUIMYECKON MATpPHULIBI U OINPEIEISIOTCS CTPYKTYPOU OKPYKECHUS
noHoB RE*" 1 xapakTepoM B3aMMOIEHCTBUS HOHOB C OKPYYKAIOLIAM IIOJIEM.

CHJIBI OCHMJIIATOPOB B IOTJIONIATENBHEIX IepeXoaax A HoHoB REY

PaCcCUUTHIBAIOTCS U3MEPEHHBIX CIIEKTPOB MOTJIOMIECHUS Kak [44]:

z " — mec? /
(fexp)(]] ) - 7T32NRE3+<1)2 <F(]] ))P (1)
TJI€ Me U € — Macca U 3apsii 3JEKTPOHA COOTBETCTBEHHO, € — CKOPOCTh CBETA,
Nre — KoHueHTpamusi uoHoB, <['(JJ)» — wuHTerpanbHbiii KO3PUIHEHT

MIOTJIOMICHUS, A 4> — LEHTP TAKECTH» MOJIOCH MmorjoiieHus. B Teopun J-O
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BCE 3HAYEHMS A8 TPEX MOJAPM3ALUM yCPENHAIOTCS, HANPUMED, (Fexpp =
3(Fp+ fim+ fo).
Takke cuiabl OCHWLIATOpa B IOIVIONIEHUHM MOYKHO TEOPETHUYECKHU

paccuurath Kak [44]:

8 ((n)*+2)?

(feae)UI) = smzmmnm o Seate)UID + (feae) 1) (2)

3mece h — mocrtosHHas Ilmanka, a (n)- cpeAHMil IOKa3aTelb

npenomnenns, (SED )— cuma ocounnaropa ED nepexona.

Teopus J-O onuceiBaeT snekTpuyeckue aumnonbHbie (ED) mepexossr.
Bxmag wmarautHbIX gunonabHBIX (MD) mepexomoB ¢ J-J= 0, £ 1
paCCUUTBIBAECTCA OTACIBHO.

B npubamxeHnu mpoMeKyTOUYHOT0 KOH(PUTYPAIlMOHHOTO B3aUMOACHCTBUSA

(ICI) cunbl ntunuu ED nepexonoB npuBenieHsl B [45,46]:

(Sea) ()= 3, UGy 3)
k=2,4,6
rac:
Q, =Q, [1+2R (E; + E; —2ED)], (4a)

UM =((4f™)SLT || U || (4f™)S'L'T Y. (46)

3mece UM — marpuuHBIE 3IEMEHTH HENPMBOIAMMEIX TEH3OPHBIX
onepaTopoB UX s mepexonos B nornomenun [47], Rk (k = 2, 4, 6) —
nmapaMmeTphl, TPECTABIAIOMNUE KOH(PUTYpaIlMOHHOE B3auMojeicTBue. B
MOJENH  TPOMEXYTOYHOTO  KOH(PUTYPAITMOHHOTO  B3aMMOJICUCTBUS
06OGIICHHBIC TTapaMeTPbl MHTEHCHBHOCTH ), — IMHEHHbIC (YHKIUH
SHEpruil 1ByX MyIbTUILIETOB (E) 1 Ey), yuacTByIOmHUX B Iepexoe, a £ —
cpenussi SHeprus KoHduryparmuu 4f,. B Momenm mpomexyTOYHOTO
KOH(HUTYpAIIMOHHOTO B3aUMOJICUCTBHUS UMEETCS 6 CBOOOHBIX TTAPAMETPOB,
aumeHHO Q1 Rk (k=2, 4, 6). Ecniu B koH(UTYypallnOHHOE B3aUMOICHCTBUE

BXOAUT TOJBKO BO30yXJEHHAs KOHQUTrypalusi MPOTUBOIOIOKHOU
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gyernoctn 4f15d!, 10 R, = R4 = Rs = a = 1/(2A) u ypasuenue (4a)

yrpouiaercs ao [45]:
Q, =Q[1+2a(E; + E; —2E)]. (5)
VpaBuenne (3) ¢ mapaMeTpaMu HMHTEHCHUBHOCTH, 3aJaHHBIMH
ypaBHeHHeM (5), ynoMuHaeTca Kak MoauduuupoBanHas teopust [xanna-
Odenbra. B aTOM ciyuae cymiectByet 4 cBOOOAHBIX apaMeTpa, a UMEHHO
Qo, Qu, Q¢ U a. 31ech A WMeEET 3HAYCHHE DHEPrHUU BO30YKICHHOM
xkondurypauun 4f15d'. Jna cmydas Belmenexkamel  Bo30YKIEHHOM

KOH(UTypaluy NpOTUBOMOJI0KHON YETHOCTH (A — 00):

(SaIn="> UvMa,. (6)
k=2,4,6
Otor cinyvail coorBerctByer Teopun Jlxaama-Odenvra. B sTOoM
clydae ecTh TpU CBOOOJHBIX mapameTpa: 22, Q4 1 Qs.
BepoaTHOCTH CIOHTaHHBIX U3y4aTEeIbHBIX MEPEXOJ0B BBIUUCIAIOTCSA MO
cuiam JinHuu [44]:

2

647’ 2 4+2) e oo ,
SEDI (M) + Ayp (JT). @)

I+ |3

AT =

Cpennue 3HaYeHHS JJIMH BOJIH <A> IJIa Kaxkaoro mepexoxa J — J'
ONPEECIISIIOTCSA 10 OapulleHTpam CIIEKTPOB TTOTJIOIICHUS u
JTIOMUHECHECHIIMKU. M3 3HaueHUd A JUIsi OTHEJIBHBIX M3JIy4YaTeIbHBIX
nepexonoB.J — J' BEIYMCIISAETCS HOIHAS BEPOATHOCTE A% o, paqualinOHHbIC
BpEMEHA JKWU3HU BO30YXICHHBIX COCTOSIHUM Trad M KOI(PPUIMEHTHI

BCTBJICHUA JIIOMHMHCCHCHIMWKU OJIA OTACIIBHBIX H3JIY4YaTCIbHBIX IICPEXO0OA0B

BQI):
1
i A= T AT,
fot — tme J! (8a)
Acalc (JJ')
B(JJN=—22 )
( ) ZAEC‘:LIIC (JJI)

7 (8b)
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1.2.2 Onpenesienue monepevYHbIX Ce4YeHU M MOTJI0MIeHMS,

BBIHYKACHHOI'0O HCTYCKAHUA H YCUJICHUA

B Hacrosmeit pabotre uUcCHeaylOTCS ONTUYECKH JIBYXOCHBIE
KPUCTAILJIbI, CIIEIOBATEIbHO, OHM HMMEIOT TPU OCHOBHBIX IOKa3aTels
MPETOMIICHUS Hp < Hm < Ng. CHEKTPOCKOMUYECKUE XAPAKTEPUCTUKU TAKUX
KpUCTAILJIOB MOTYT OBITH 0XapaKTEPU30BAHbI CIIEKTpamHu,
3apETUCTPUPOBAHHBIMU B MOJISIPU30BAHHOM CBETE TaK, YTOOBI MOJISIPU3ALIUS
cBeTa ObLjia MapasuiesibHa OCSIM ONTHUYECKON UHIUKATPUCHI (E || Np, E || Nm,
E || Ny) [10]. B TakoM ciiyyae momnepeyHble CEYEHUsI MOTIOMICHUS (Tabs)
BBIUHCIISIIOTCS CIICTYIOIIUM 00pa3oM:

Oabs = O/ NRg** 9)
rae o — KodphuimeHT noraomieHus, Nre* — KOHIIEHTpAIs HOHOB RE?".

CrexkTpbl CeueHHIl BBIHY>KJIEHHOTO HCIYCKAHUSI BBIYUCISAIOTCA IO
bopmyne Droxtdayspa-Jlanenoypra (DJI) [48], b0 Mo HUHTErpaTbLHOMY
metoay cootBeTcTBHS (Reciprocity Method) [49].

Jlnst pacuéra CHEKTPOB MOMNEPEYHBIX CEYEHUU MOJISIPU30BAHHOTO
BBIHYKJEHHOTO HcCIyckaHus (osg) mo Merony Proxrtbayspa-JlagenOypra

HCIIONIb3yeTCs cieaytomas hopmyna [48]:

: A° W.(A)B(AT)

ar(A) = d . 10

7se(4) 87N Trqc 113 Y [AWi(2)dA (10)
i=p,m.g

3nece Wi(l) — u3MepeHHas CHeKTpaibHas IIOTHOCTh MOIIHOCTH
JIOMHUHECTICHITNH JIJIS1 -1 TIOJISIpU3AIiy, [ = p, m, g, ni — COOTBETCTBYIOITUI
NOKa3aTellb MPEJIOMIICHUS, Trad — pPAJAWALUOHHOE BpeMs JKU3HU
BO30YXIEHHOTO COCTOSIHUSI, MHTETPUPOBAHUE BBHITIONHACTCS B Tpeaesiax
TIOJIOCHI U3JTY4YEHUS, COOTBETCTBYIOIIECH KOHKPETHOMY TIEPEXOTY.

IIpu ucnonwszoBanuu dopmynsl Droxrdayspa-Jlanendypra xopoiio

HUCIIOJIB30BaTb TOHKHC 06pa3m>1, YTOOBI MHUHHUMU3UPOBATh BJIMAHHUC
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MIePETIOTIIONIEHUS U3TYUYCHHS, KOTOPOE MOXKET MCKaKaTh HUCTUHHBIN CIIEKTP
JIFOMUHCCIICHIHAH.

B nnvHHOBOIHOBOW 00JIACTH CIIEKTpa MOTJIONIEHHE OYeHb Majo M
MOTYT BO3HHKaTh OIIMOKH TIPH OMNpPECICHUH CEUYCHHH BBIHYKICHHOTO
ucrmyckanusa. YToObl MUHMMHU3UPOBATH OIIMOKM MOXHO HCIOJIH30BaTh
ONTHUYECKH 00Jiee MIIOTHBIE 00pa3Ilbl, UTO HE BCET/ia ObIBAET BO3MOXKHBIM.

1 pacuéra CHEKTPOB IOMEPEUHBIX CEUCHHH TMOISIPHU30BAHHOTO
BBIHYKJACHHOTO UCITyCKaHMUS (OSE) IO HHTETPATIbHOMY METOIY COOTBETCTBUS
HCIIONIb3yeTes cienyomas hopmyna [50,51]:

_(hC//l)_EZPLj

i i 23
o (4) = Gabs(l)Z—IeXp( T (11)
2

rne h — nocrosunas Ilnanka, (hc/A) - smeprus ¢orona (B cml), k —
noctosiHHass bonbiMana, 7 — Temmeparypa KpucTamia (KOMHaTHas
temneparypa), FEzp. — odHeprus OecoHOHHOTO mepexoma, a Zm —
CTaTUCTUYECKUE CyMMbl HuxHero (m = 1) u BepxHero (m = 2)
MHOT000pa3Hii:
Z,=> gl exp(—E}' IKT). (12)
k
3nech g™k = 1 —3TO BBIPOKICHUE MMOyPOBHS C HOMEPOM k U SHEPTHEH
E™, oTcuuThiBaéMOM OT CaMOro HIKHETO TMOAYPOBHS — KaXJI0TO
MYJIbTHUILIETA.
3adacTyro MEeTOJibl COOTBETCTBUS U MeToa Droxtdayspa-JlanenOypra
JOTOJIHSIIOT APYT APYyTa U UCIOIB3YIOTCS BMECTE JIJIsl pacuy€Ta IOCTOBEPHBIX

CIICKTPOB IIOIICPCYHBIX CEUCHUM BBIHYKJICHHOI'O UCITYCKAHM.

1.2.3 OnpenesieHue BpeMeHH KU3HHU JIOMHUHECHCHIIU A

JIns  peructpauMu — KpHUBBIX  3aTyXaHHs  JIFOMHUHECLECHIMU
WCIOJIb30BAIMCh TOHKHE OO0pas3ibl, 4TOOB W30€XKaTh MEPEerorIONICHUS

JFOMUHECLEHIIUU. [Tony4yeHHbIe KpUBBIE AIMpOKCUMUPOBAJIUCH
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MOHOJKCIICHEHIIMATbHBIM 3aKOHOM [um(?) = loexp(-#/tium), M3 KOTOPOTO
OTIPEICIISIIOCH BPEMS 3aTYXaHHS Tlum.

KBaHTOoBas 3(¢heKTUBHOCTh JTIOMHUHECICHIIMN OIpeaesaaach Kak
OTHOIIICHUE BPEMEHU 3aTyXaHWs JIOMHHECICHIIMM K paJdalliOHHOMY

BPEMCHHM JKU3HH JTIOMUHECICHITUHN: #]q = Tlum/Trad (13).

1.3 HuzkocuMMeTpHYHbIe KPUCTALIbI BOJIbpamMaToB U

MOJIHﬁI[aTOB KaK aKTHBHBIC CPCAbI Jda3€poB UK ANaMma3oHa

Kpucramnbl ABOMHBIX MOIMOAATOB M JABOMHBIX BOJb(PpamaToB
NPEACTaBIAIOT OOJBIION KIAacC OKCHAHBIX MAaTpHULl, MOAXOASIIUX IS
JOMMPOBAHKsT TPEXBAICHTHBIMH MOHaMHU peikux 3emens (REY). O6mas
XxuMuueckas popMysia TaKMX KpHCTAIIoB umeeT Bua RE*:A*Ln(XOy),, rae
A = ogHoBanenTHsIH katnoH K, Li, Na, Rb nmm Cs; Ln — katuons! Y3, Lu**
wm Gd** u t.1., X — Mo nnn W, a RE**— nonsl-aktuBaTtopsl. TakuMm 06pazom
9TU CEMEWCTBA KPUCTALIOB MPEJACTABISIOT OOJIBIIOE MHOMXECTBO
KpucTammyeckux cucrem [l1]. Takume KpucTaiibl U3BECTHBI JIOCTATOYHO
JOJITOE BpPEMs, HO HEKOTOpbIE W3 HHUX JO CHX IOpP OCTalTCA Majo
U3YYCHBIMH, B TOM YHUCJE C TOYKH 3pEHUS NPUMEHEHHUS B KayecTBE
aKTUBHBIX JIa3epHBIX cpen. B mociaegHue roabl JIOCTaTOYHO MHOIO
UCCIIEIOBAHUM OBLJIO TOCBAIIEHO MOHOKJIMHHBIM KaJIMEBBIM JBOWHBIM
Bosb(ppamatam KRE(WO4): [10], TeTparoHanbHbIM HATPUEBBIM JIBOMHBIM
Moaubaatam W JBOWHBIM BoJibppamatam NaRE(W/MoOs), [52]. DOtu
KPUCTAJIBI OKAa3aJIUCh OYEHb MPUBJICKATENbHBIMU JJIs1 3(PEKTUBHBIX
HETIPEPBIBHBIX J1a3epoB [2-4] W A J1a3epoB ¢ CHHXpPOHM3auen Mo [S],
n3nydaromux B ommkHeM MK-nuamna3one crnexkrpa Ha OCHOBE MOHOB Yb,

Tm>" wim Ho ™.

K MAJIOU3YYCHHBIM  KpHCTalllaM 3OTHX CEMEHUCTB  OTHOCSTCA

BbIOpaHHBIE B pabOTe POMOMYECKHE KPUCTAUIbI JBOMHBIX MOJUOIATOB U
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MOHOKJIMHHBIC  KPHUCTAJJIBI HBOﬁHBIX BOJII)(l)paMaTOB N IHMHKOBBIX

MOJIMO/IATOB.

1.3.1 Kpucraaiabl MoJaudaaToB

B nacrosimeit pabote MCCAEAYIOTCS KPUCTAIbl KaJIUH-UTTPUEBOIO
JIBOMHOTO MOJIMOJaTa W I€3UH-TaJOINMHHEBOrO ABOMHOrO Moaubpara, C
o0wmeli xummuaeckoi Gpopmynoit RE*:ALn(MoQy),, rae A = K mmu Cs; Ln —
Y3, wm Gd**, a RE**— uonsl penkux 3eMens. PaHHMe wHccienoBaHus
MOJOOHBIX KPHUCTAIOB OBLIIM COCPEAOTOUCHBI Ha CTpYKType [53]. [lo3anee
OB TPOBEACHBI UCCIIEIOBAHUS CIEKTPOCKONHH [27, 54| U BBIHYKAECHHOTO
nazepHoro uznydenus [55,56] uonos Nd B kpucramie KY(MoO4)..

bruto mokazaHo, 4TO KpUCTAUIBl ABOWHBIX MOJMOIATOB 00Ja7ar0T
CJIOMCTOM CTPYKTYpPOH C COBEPIIECHHOMN criaitHOCThIO [53]. biarogaps stum
CTPYKTYPHBIM OCOOCHHOCTSIM B TaKWX KpHUCTaJlax HaOmrogaeTcs
WJIealIbHBIN CKOJI BAOJIb OJTHOM M3 KpucTalmorpadudeckux oceit. C ogHoM
CTOPOHBI, 3TO B HEKOTOPOM CTENEHU OTrpaHUYMBAET MPUMEHEHHE TaKHUX
KPHUCTAJIJIOB B KAU€CTBE aKTUBHBIX JIA3€PHBIX CPEl, OJJHAKO OHM OKa3aJIuCh

MPUBJICKATEIbHBI JJIs1 U3TOTOBJICHUS TOHKOTUICHOYHBIX JIazepoB [27].

1.3.2 KpucraJuisl BoJibppamaToB

B HacTosiiiee Bpemsi OOJIbIION HAay4YHBIM MHTEPEC TAKKE BBI3BIBACT
WCCJICIOBAHNE KPHUCTAJJIOB JIBOWHBIX BOJh()paMaToB, MMEIOMUX OOMIYIO
xumudeckyro Gopmyny RE:KLn(WO4),, rae Ln — nonsr Y**, Yb*" umm Lu®”,
a RE — nonsb! penkux 3emens. C TOUKM 3pEHHUS JIa3€PHBIX IPUMEHEHUN TaKUE
KpUCTAJIBI 00JIalal0T PSIAOM MPEUMYIIECTB MO CPABHEHUIO C JAPYTUMHU
OKCHJHBIMU KpucTaummdeckumu marpunamu [10, 17-19, 57]. Onun umeror
BBICOKHME MOKAa3aTeI MEXAaHUYECKOW MPOYHOCTH, IMO3BOJSIOT JTOOUTHCA
BBICOKMX KOHIEHTpAllUi aKTUBHBIX HMOHOB, B KpHUCTAJJIaX HaOIIOgaeTcs

cnabasi Oe3bI3MyuyaresibHas penakcalusi U3 BO30YKIEHHBIX COCTOSHUM
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noHoB RE*| B HuMX pocrurarorcs 6Gojiee BHICOKHE MHKOBLIE 3HAUYCHHUS
MONEPEYHBIX CEYCHU MOTJIONIEHUS U BBIHYKJIECHHOTO UCITYCKaHUs, a TAaK¥Ke
BBICOKAsl aHM30TPOIHUS CIEKTPATbHO-JTIOMUHECIIEHTHBIX CBOWCTB HMOHOB-
aKTUBATOPOB, YTO HEOOXOAUMO 7151 3P (HEKTUBHOTO BO3OYKIACHUS Ja3epHON

renepanuu [10, 17, 18].

I''TABA 2. MaTtepuaJibl 4 MeTOAbI IKIIEPUMEHTA
2.1 O0beKTHI HCC/IeI0BAHMS

B kauecTBe 00BEKTOB HMCCIEAOBAHMS B HACTOSIICH TUCCETPAIIMOHHOM
paboTe ObLIM BBIOpaHBI MOHOKPHUCTAIUIBI BOJILGPAMAaTOB U MOJUOIATOB,
AKTUBUPOBAHHbIC TPEXBAJEHTHBIMA HOHAMHM pEIKUX 3eMelb. bbuin
UCCIIEIOBAHbl KPUCTAJUIbl JBOMHOIO KaJIUH-UTTPUEBOrO0 MojuOiara u
JBOMHOTO  I€3UI-TaIOIMHUEBOTO MOJMOAaTa C HOHAMH  E€BpOMUSA
Eu?:KY(Mo0Os), u Eu*":CsGd(MoQOs),, KpuCTaml ABONMHOrO Kaluii-
urTpuesoro Bombdpamara Eu*':KY(WOs)2, KpUCTamn IBOMHOIO Kalluid-
JIIOTELUEBOroO Bob(ppamara ¢ noHamu Tepous Tb> :KLu(WOs),, kpucrasn
JBOWHOI0 KaJaui-UTTPUEBOro MonubaaTa ¢ HoHaMu Tyus Tm* :KY(WO4)2,
KPUCTAILJT JABOMHOTO KAJIUU-UTTPUEBOTO MOJIMOAATAa C MOHAMH UTTEpOUS
Yb*":KY(WOQs)2 u KpucTamn qMHKOBOTO BOIb()pPaMaTa, COAKTHBUPOBAHHBIIA

MOHAMU UTTepOus u mutus Yb>* Lit:ZnWOsa.

2.2 KpaTkoe onucaHme MeT0/10B BbIpAIIMBAHUS
MOHOKPHCTAJLJIOB

JI1s1 McclieIOBaHMM CIIEKTPaIbHO-TIOMUHECIICHTHBIX CBOWMCTB OBLIH
HCITOJIb30BaHBI KPUCTAJLIBI, MPEI0CTABJICHHBIE NuctutyToM
Heopranmdeckor xumuu uMmeHn A.B. Hwukomaesa, CO PAH, Poccus,
HoBocuOupck, a Takxke B YHuBepcutetom PoBupa u Bupxunuii, Mcnanus,

Tapparona.
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Kpucramnbl aBONHBIX BoOJb()paMaToB ObLIM BbIPAIIEHBI PACTBOP-
pacIuIaBHBIM METOJIOM C MCITOJIb30BaHueM AuBoJbppamara kaaus (Ko W207)
B Ka4yeCcTBe pacTtBopuTens. JlaHHbIM MeToa moapooHo onucaH B [18, 19]. B
KaueCcTBE UCXOAHBIX MaTepuanoB Obu1H BeIOpanbl okcuasl K2CO3, Ln2Os (Ln
=Y unm Lu*"), RE,03 1 WO3 uncroroii >99.9%. J{iis Havana 3apoKIeHus
U pocTa KpuCTajyla WCIOJb30Bajach 3aroTOBJIEHHAs 3aTpaBKa U3
HenerupoBanHoro KLn(WOs)2, koTopass Oblia OpUEHTHpPOBaHA BIOJIb
kpuctaimorpaduueckoir ocu [010]. CTpykTypa BbIpalllEHHBIX KPUCTAJLIOB
NOATBEPKAAIACH METOJAOM MOPOIIKOBOIO PEHTTeHO(Pa30BOro aHAIH3a.

Kpucrannsl cemeiicTBa IBOMHBIX MOJMOIaTOB XUMHYECKH CTAOMIIHHBI
1 00J1aJal0T OTHOCUTEILHO HU3KOM TemnepaTtypoi miasieHus (~ 970 C), ue
MPOSIBIISIS. HUKAKUX MOJTUMOP(HBIX MPEBPAIICHUN HUKE TOUYKU TIIaBICHUS.
Takue KpUCTaUIbl MOTYT OBITh BBIPAlIEHBl METOAOM YOXpaibCKOro.
[ToapoOHBIH TIpoIlecC pocTa KpUCTaJlla ONMKcaH B ctaThe [92]. B kauectBe
UCXOAHbIX MmaTepuanoB Obutn B3aThl RE20s, (uucrtota: 4N), Y203 (5N),
MoO3 (4N) m KoCOz (5N), oHm ObUIM THIATEIBHO HW3MEIbUYCHBI,
nmepeMellanbl U MOMEIIEHbl B IUIATHHOBBIM Turensb (o6bem: 140 cm?,
nuametp: 50 mm). Tpumonubpar kamus (K:Mo3Oio) moOapmsuim anis
NpeAOTBpallleHUsT YaCTUYHOW JMCCOLIMAIlMK pacilaBa W CcTaOWIn3aluu
npouecca pocta. Turenp HarpeBaica no0 1050°C Ha BoO3gyxe wu
BBIJICPKUBAJICA IIPU 3TOM TEMIIEPATYPE B T€UEHHE 2—3 Y JJIsl TOMOT€HU3AIUU
pacriaBa. 3aTeM paciuiaB OXJIaXJajics J0 HayajdbHOM TeMIlepaTyphl pocTa
kpuctaima (~960°C). 3atpaBka u3 HejerupoBaHHOro kpuctamia KYMo
OblJIa OpUEHTUPOBaHA TakK, 4ToObl €€ Kpucrammorpaduueckas ocb [001]
ObLIa IEpHEHAUKYJISIPHA pacIuiaBy. 3aTpaBKa Bpallajiach CO CKOPOCThio ~20
000pOTOB B MHUHYTY; CKOPOCTh BBITATHBAaHUSA COCTaBiswia 1-2 Mwm/d;
CKOPOCTh OXJIAXKJEHUsSI pacruiaBa coctarisuia ~2°C/cyt. CKOpocTh pocTa
kpuctaymia coctasisia 5-10 r/cyrt. Ilocne 3aBepmieHus mporecca pocra

KpHUCTAaJJI BBIHMMAJIHW U3 pacCiliiaBa U MCIJICHHO OXJIAXKIaJIN A0 KOMHATHOM
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temneparypbl. OTXHAT TIOCIAE POCTAa KpPUCTaia HE IPOBOIUIICA.

BripanieHHbIi KpUCTaILT UMEIT WlealibHbINA cKoJI 1o T1ockocTu (100).

2.3 MeToab! HcC/IeJ0BAHNS CTPYKTYPbI KPUCTAJLJIOB

2.2.1 Uccneoosanue memooom penmeernoghazosoco ananuza (PPA).
Jlns 3anmucu peHTreHorpamMMm o0pasilibl KPUCTAUIOB OBUIA TIIATEIHHO
u3Menb4YeHbl. CrekTpbl peHTreHorpaMm ObutH 3anucansl B HUTHOM BHI
"TOU um. C.M. BaBuniosa" u ucnonb3zoBanuem audpakromerpa Shimadzu
XRD-6000 ¢ ucnonszoBanuem CuKa-uznydenust u Ni GpuibTpa, a Takxke B
YuuBepcutere Rovira 1 Virgilii B MUcnanun ¢ nomomibio audpakromeTpa
Siemens D-5000 ¢ ucnons3osanuem CuKo-nznydenns (1.5406 A).

2.2.2 Cranupyrowas 21eKmpOoHHASI MUKDOCKONUSL.

HccnenoBanre CKOJIOTOM TOBEPXHOCTH M OOKOBOW IMOBEPXHOCTH
KPUCTAINIMYECKUX IUIACTUHOK MPOBOJMIIUCH METOJOM CKaHUPYIOLIEH
anekTpoHHor mukpockonuu (SEM) ma mukpockorie MERLIN (Carl Zeiss)
B yauBepcutere UTMO u B ynuBepcutere Rovira 1 Virgilii B8 Mcnanum.
Kpucrannmuueckue miacTHHBl OBUIM TMOJATOTOBJICHBI METOJOM IIPOCTOTO
MEXaHUYECKOT0  CKOJa, C  HUCIOJb30BaHUEM  OCTpPOro  JIe3BHS,
PaCIIOJIOKEHHOT0 NEPHEHAUKYJIPHOIO HAMPABJICHUIO POCTa KpHUCTaJa.
Jlns monydeHus M300pakeHWid OOKOBOM IMOBEPXHOCTH IIJIACTUHKA ObLTa
AaKKypaTHO pa3jioMaHa B0JIb HAIIPAaBJIEHUS POCTa KpUCTAJLIA.

2.2.2 Uccneoosarnue memooom KOMOUHAYUOHHO20 PACCESHUS C8eMA.

Komb6unammonnoe paccesinue (KP) cBeTa — 310 HEynpyroe paccesiHue
CBETa, MPU KOTOPOM YACTOTA PACCESIHHOTO W3JIyYEHUsS HM3MEHSETCS Ha
4acToTy (POHOHOB, TO €CTh HAa YACTOTY KOJEOATEIBHOTO ABUKEHUS aTOMOB
Kpuctamnyeckoi pemetku. [Ipu yBenmnuennun yactotel KP HaOmomgaeTcs
AHTHUCTOKCOBO pACCESHHUE, IMPU YMEHBIIEHUH — CTOKCOBO. Yucio u
nojioxkenue nosioc B cunekrpe KP ompenernsiercss cTpyKTypor U COCTaBOM

BCIICCTBA.
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Cnextpel KP wucciemyembix KpUCTAIOB OBbUIM 3allMCaHbl MpU
KOMHAaTHOW TeMmmeparype Ha crnekrpomerpe Mukpo-KP InVia Renishaw
(BenukoOpuTanusi), MO3BOJISIONIEM HPOBOJAUTH MU3MEPEHUS B T€OMETPUU
oOpatHoro paccesinusi cBeta. Jlanueiii nmpudop obopyaoBaH 50-KpaTHbIM
00bekTuBOM (prpmbl Leica, KOTOPBIM OJHOBPEMEHHO (POKYCUPYET Ja3epHOe
U3JlydyeHrue Ha oOpaslie U coOupaeT paccesHHoe u3nydenue. g 3anucu
ciektpoB KP B cpennem mnpoBoaunoch no 30 HaKOIJIEHWH CHUTHAajNa.
Cuexrpsl KP Bo30y:kaanuch u3aydeHneM Ar' jia3epa Ha JJIMHAX BOJH 457,
488, 514 wnm 633 HM. B 3aBUCMMOCTH OT CHEKTPOB JIOMHHECIICHIIUU
KpUCTaJljla BbIOMpAliach JJIMHA BOJIHBI BO30YXIAIOIIETO W3IYyUYCHHS, C

MHWHHUMAJIbHBIM BKJIIaAOM JIOMHUHCCICHIIMHU B CIICKTP KP.

2.4 MeToabl CCJIEIOBAHUSA CNIEKTPAJIbHO-TIOMUHECIIEHTHBIX
CBOMWCTB

2.4.1 lloenowenue

Cnextpsl mnorjiomenuss B yhbTrpaduoneroBoin (YD), BuguMon u
ommxuert nHppakpacuorr (UK) ob6mactu cnektpa (0.3 — 2 mMkMm) Obutm
3ammcanbl Ha cnekTpodoromerpe Shimadzu B Yauepcurere UTMO unm
Varian CARY-5000 B ynumBepcutere Rovira 1 Virgilii B Hcnanum.
CnexrpanbHas mupuHa mwenu (SBW) npu nzmepenusix cocrapisiia 0.01 am.
st peructpanuu criektpoB nornomenuss B K obmactu mcnonp3oBancs
FTIR cnekrpodoTomerp Bruker Tensor 27 co criekTpaabHBIM pa3perieHueM
1 em!. Jlng 3amucu CrEKTpOB MOIJIONIEHMS B IOISPU30BAHHOM CBETE B
CHEKTPO(POTOMETp MAOMOJHUTEIBHO YCTAHABIUBAJIACH MOJISPU3ALMOHHAS
npusma ['nmana-Teitnopa, npeoOpasyromias W3JIy4Y€HUE C MPOU3BOJIBHOU
MOJISIPU3ALKEN B IMHENHO-TIONSAPU30BaHHOE [S8].

2.4.2 Jlromunecyenyus

CroexTpbl  JIOMUHECHEHIMH  U3MEPSUIMCh  HAa  Pa3IuYHOM

000pyI0BaHUU:
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1. Ha cnextpodnyopumetpe Cary Eclipse (Algient).

2. Ha ontuueckux ananmuzatopax crnekrpa (OSA Hamamatsu,
AQ6373, OSA Yokogawa, AQ6315-E,). B kadyecTBe UCTOYHHKA
BO30YXKJAIOIIETO M3JIyYeHHUsT B HTOM ciydae ObUl  HCIOJIb30BaH
HacTpauBaeMbIil HEMPEPBIBHBIN TUTaH-canupoBbId sa3ep, a Takxe 0.96-
0.98 wmkm InGaAs nasepHble nauoabl. CHEKTpaJIbHOE pa3pelICHUE
coctaBysuio 0.1 Hm. [y peructpanuu CeKTpoOB B MOJAPU30BAHHOM CBETE
JIOMOJIHUTENIBHO UCTIOJIb30Baach npusMa I mana-Tenmnopa.

3. HekoTopble CHEKTPbI JIOMUHECHEHIUH ObUIM 3apEruCTPUPOBAHBI
Ha cniekTpomerpe Mukpo-KP InVia Renishaw. Bo30Oyxnaromee nzmyuenue
CIEKTPOMETPAa HMMEET JIMHEUHYIO NOJSIPU3alMI0, TaKXe CIEKTPOMETP
MOXXHO JIOMOJIHUTEIFHO 000PYyIOBaTh MOJSIPU3ATOPOM M TIIIACTUHKOU A/2,
JUIS1 3aIIMCH TIOJISIPU30BAaHHBIX CIIEKTPOB JIFOMUHECHIEHIIMU. TakuM o0pazom
MOXHO TMPOBOAUTh HW3MEPEHUS CHEKTPOB JIIOMUHECIEHLIUH, 3Hasd
MOJISIPU3ALIMIO BO30YKIAIOIIET0 U U31ydaeMoro cBeta. O003HauYeHUs TaKOH
MOJIIPU3AIH OB IPUHSITHI B COOTBETCTBHH ¢ 0003HaueHussMu [lopto st
CIIEKTPOCKOTIMM KOMOWHAIIMOHHOTO paccesiHusi cBera. KoHdokambHBIM
MUKPOCKOT 000pys0oBaH 00bekTHBOM X50 1 permetrkoit 1800 n/mm. [InunHa
BOJIHBI BO3OYKICHHS Aexc COCTaBIsIA 458 HM min 488 HM, a MOTyYCHHBIE
CHEKTPbl MPU HEOOXOIUMOCTH OOBENUHSIIUCH IJI1 0XBaTa CIEKTPAIbLHOIO
nnanazona 0.48-0.7 MxMm. CriekTpanabHOE pa3peleHne cocTaBiano ~1 em™!.
CrexTpsl JIIOMMHECHEHIMH OBUIM KaduOpoBaHbl Ha CIEKTPaIbHYIO
YyBCTBUTEIHHOCTH TPUOOpA.

2.4.3. Bpemena sxcuznu niomMunecyeHyuu

JInst  uccneqoBaHUM — KUHETHKM — 3aTyXaHWsl  JIIOMUHECUECHIIMU
ucnoJib3oBasicss ¢ayopecieHTHbI cnekTpoMmeTp Cary Eclipse (Algient).
JlnnHa BOJTHBI BO30YXKIEHHUS Aexe ONPEAEISIIACh U3 CIEKTPOB MOTJIOLIEHUS.
3aTyxaHWe KOHTPOJHUPOBAIOChH U3 HMHTEPECYEeMOro BO30YXKIEHHOTO

QHCPIrCTUICCKOro COCTOAHUSA, TOUHOC 3HAYCHUEC KOTOPOI'o ONPCACIIAIOCH I10
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CIIEKTpaM  JIIOMHHECHEHIIMM.  [lodydeHHble  KpUBBIE  3aTyXaHHs
JIOMUHECICHIIUA CTPOWJIMCh B TONYyJIOrapuPpMHUUECKOM Maciitadbe u
aTnMmpOKCUMHUPOBAJIUCH MOHOJKCIICHEHIINATbHBIM 3aKOHOM
Tum(?) = Ioexp(-t/Tium), M3 KOTOPOTO OMPEASIAIOCH BPEMS 3aTyXaHHUS Tium.

2.4.4 HuskomemnepamypHas CneKkmpoCcKonus

I 3amycHW CIIEKTPOB TIOTJIONICHHUS TPU HU3KOM TeMmrmepaType B
criektpooromerp Varian CARY-5000 g0modHUTENBHO IOMEIIAICs
kpuoctar Oxford Instruments Ltd., paborarouuii Ha XKUJIKOM TE€IUU C
pa3MelieHueM oopasiia B Bakyyme. Kpruocrat xapakTepuszyeTcsl IMIHPOKUM
JIHANIa30HOM TEMIIEPATYP Y MO3BOJISIET TOHMKATh TemMneparypy oT 300 K 1o
6 K ¢ He0OXOAUMBIM IIarOM.

VKazaHHBIM KPUOCTAT HCIMOJB30BAICS TaK K€ M JJIA PEruCTpaIuu

CIICKTPOB JJIOMUHCCLUCHI WY IIPX HU3KHUX TCMIICpATypax.

2.5 MeToauka npoBeIeHUs Ja3ePHbIX IKCIIEPUMEHTOB

[Iponiecc MOArOTOBKM KPUCTAIJIOB BOJIb)pPAMATOB K JIa3€pPHBIM
HKCIEPUMEHTAM 3aKJIIOYAJICS B M3TOTOBJICHUH MPSAMOYTOJIBHOTO o0pasua u
MOJIMPOBKE BXOJHBIX U BBIXOJHBIX IpaHEl KpHUCTalIa, IPU HEOOXOIUMOCTH
Ha I'PAaHU HAHOCUJIOCHh TTOKPBITHE.

OOpa3ipl TOHKUX KPUCTAUIMUECKMX IUIEHOK W TUIACTUHOK U3
KPUCTAJJIOB JBOMHBIX MOJIUOIATOB, 00JIAIAIONINX CIOMCTON CTPYKTYpOH,
OBLITH MOJTYYEHBI METOJIOM IPOCTOT0 MEXAHMYECKOTO CKoJja. Takue oOpasiisl
UMEIN HACATbHYI0 TOBEPXHOCTh CKOJIa U HE TpeOOBaIM JajbHEHIICH
00pabOTKH BXOJTHOW U BBIXOJHOM MOBEPXHOCTH.

Jns  ucciaegoBaHWs TE€HEPALMOHHBIX CBOWMCTB A KaXJOro
OTIIETTLHOTO KpHUCTajula coOupanach CBOS ycTaHOBKa. (CXeMaTH4ecKH
Ja3epHas yCTaHOBKa M300pakeHa Ha pucyHke 2.4.1. Mccnenyemslit oOpazen
KpUCTAJUIA TMOMEIIAETCS B  KOMIIAKTHBIA  ONTHYECKHH  PE30HATOP,

obpazoBanHbiii HabopoMm BxojHOro (PM) m BeixomHbIX (OC) 3epkan. B
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Ka4eCTBE BXOJHOTO 3€pKajia pe30HaToOpa B AKCIEPHMEHTaxX OBbLIO BHIOPAHO
MJIOCKOE 3€pKajo C BHICOKUM KOA(DPUIMEHTOM MPOIyCKaHUs Ha JJIMHE
BOJIHBI HAKAYKH U C BBICOKUM KOA(DPUIUEHTOM OTPaKEHUS Ha ITTUHE BOITHBI
Ja3epHON TreHepanuu. B KadecTBEe BBIXOJHOIO 3€pKajia pe3oHaTopa
BBIOMPANIOCH IUIOCKOE WM BOTHYTOE 3epkajgo ¢ kodbduiueHTom
nponyckanus 0.1% — 10% wHa npnuHE BOJHBI TeHepaluu Jiazepa. B
MUKPOUYHUIT-KOH(PUTYPALIUU PE30HATOPA BXOJHOE U BHIXOJHOE 3€pKajIo ObLIH
IUIOCKUMHU M aKKypaTHO MPWIKUMAJIUCh K JA3epHOMY OO0pasily Tak, 4TO
reoMeTpUYecKasl JIJIMHAa ONTHUYECKOrO0 pe30HaTopa Oblla paBHA TOJIIHMHE

obOpasiia.

Kpuctann

PM

oC
1:1) i»
nasepHoe

L — F N3nyyeHue

Pucynok 2.4.1 — (a) Cxema na3epHOW YCTAaHOBKM B MHKPOUMII-
KOH(Urypauuu ¢ 1Mo iHon Hakaukou: LD — nazepusiii tuoa, PM — 3epkano
Hakauku, OC — BwIXOAHOE 3epkano, F — orcekaromnuii ¢unbtp; (0)
dboTtorpadus pezoHaTOpa JIazepa Ha KPUCTATUTMIECKOM TIIIaCTUHKE.

Haxauka ya3epHOro 3emMeHTa OCyIecTBIAIACh ¢ TOMOLIBIO
ONTOBOJIOKOHHOTO JIA3€PHOTO AuoAa. JIyd HaKauKu KOJUIMMUPOBAJICS U
(oKycCUpOBAJICA B JIJA3EPHBII 3JIEMEHT C OMOILBIO JINH3BI ¢ (DOKYCHBIM
paccrosinueM f = 30 mm. B pe3ynbrare nuaMeTp msiTHA HAKAYKWA COCTABIISLI
2wp =200 £ 10 MxM. 17151 OTZIETIEHHS] OCTATOYHOIO U3JIyYEHHS] HAKAYKU OT

nazepHoro uznydenus ucrnonbzoBaics punstp (FEL1000, Thorlabs).



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

83

I''TABA 3. AHU30TpPONHS CNIEKTPAJIbHO-JTIOMHHECHEHTHBIX
cBoiicT nonos Eu®" u Th*" B kpucramnax AM(XOq):
A=K, Cs; M=Y, Gd; X=W, Mo)

B Hacrosmeil r1aBe NOpUBOASTCA peE3yNbTaThl HCCIEIOBAHUS
CIIEKTPAIbHO-TFOMUHECIICHTHBIX CBOMCTB KPHUCTAJIOB, AKTUBUPOBAHHBIX
noHamu Eu’" m Tb*. OOmas xumumueckas GopMmysia KPUCTAIIOB MOYXKET
ObITh 3anucana B Bune AM(X0,), (A=K, Cs; M =Y, Lu, Gd; X =W, Mo).
beimn ncciaeoBanbl KPUCTAIIIBI JBOMHOTO KaTUH-UTTPUEBOTO MOJIMOAaTa U
JBOMHOTO  I€3WI-TaIOTMHUEBOTO MOJMOAaTa C€ HMOHAMH  E€BpPOMNUS
Eu?:KY(Mo0Os), u Eu*":CsGd(MoOs)2, KpuCTaaa IBOMHOIO Kaluii-
UTTPHUEBOro Bodbppamara ¢ nonamu esponus Eu*":KY(WOs): u xpucramn
JBOMHOTO  KaJuW-ITIOTEIMEBOrO  BoJbPpamaTa ¢ HOHAMH  TepOusd

Tb3*:KLu(WO4)2.

3.1 Crpykrypa kpucrasioB (Pentrenopa3zoBbliii aHaIN3)

@dazoBasi 4MCTOTA © CTPYKTypa BbIPAIIEHHbIX KPHUCTAJUIOB
Eu’":KY(MoOs), Obuld  HOATBEPXKIEHBI  METOIOM  IOPOIIKOBOIO
pentrreHodazoBoro ananmm3a (XRD), cm. pucynok 3.1.1. Kpuctamn
Eu*":KY(Mo0QO4), poMOUYECKHii, OH OTHOCHTCA K IPOCTPAHCTBEHHOM
rpyrnne Pbna — D'"n, Ne 60, Toueunas rpymma mmm). B cOOTBETCTBHHU C
NpOBEAEHHBIM YyTOUHEHHEM PutBenbaa [59] Obuin onpeiesieHbl MOCTOSIHHbBIE
pemeTku kpucTamna: a = 18.1976(6) A, b=7.9528(7) A uc=5.0832(4) A, yrusl
a=p=y=90° 00bEM dMeMeHTapHOIl sueiiku V coctaBiser 735.65(9) A3, a
pacyeTHas IIOTHOCTb Palc = 4.083 r/cM® (KOIMYECTBO CTPYKTYPHBIX €IMHHIL
Z = 4), cm. pucynok 3.1.1, kpacnas kpuBad. [IpuBeneHHOe 3HaUECHHE XU-
kBaapat x> = (Rwp/Rexp)’ UIs1 3TOr0 06pasna paBHo 1.291 (Rwp = 7.00%, Rexp =
6.16%).
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Pucynoxk 3.1.1 — Pentrenorpamma kpucramia 6 atr.% Eu:KYMo [59], yucna
obo3HavaroT uHAekchl Mumnepa (hkl). Cumeonvl — SKCIEpUMEHTAIbHBIC
JAHHBIC, KPACHAs Kpusasi — pe3yiabTaT yTouHeHus PutBenbna, cepas kpusas
— OCTAaTOYHBIA TpaduK, GepmuKaibHble WMPUXU — PACCUUTAHHBIC
MOJIO’KEHUSI TTUKOB.

C nomompio aHanu3za PurtBenpga ObUIM TMOMYYEHBl KOOPJMHATHI

aTOMOB U MEKaTOMHbIE PACCTOSIHUS, CM. Tabnuiy 3.1.

Ta6auua 3.1 — J[pobubie koopanHaThl aTOMOB Kpuctasuia 6 at.% Eu: KYMo [59]

Atom  Cumson Baiikodda Cummerpuss  x/a /b zlc
K 4c G 02732) 1/4 0
Y|Eu 4c G 0.5042) 1/4 0
Mo 8d Ci 0.101(5)  0.006(7)  0.025(9)
01 8d Ci 0.181(5) 0.524(7) 0.114(2)
02 8d Ci 0.080(8)  0.706(8)  0.198(6)
03 8d Ci 0.069(8)  0.155(4)  0.205(4)
04 8d Ci 0.447(4)  0.002(1)  0.275(8)

B cootBercTBUM ¢ O3TUMHU pe3ylbTaTaMU C HCIOJIb30BaHUEM
nporpaMMHoro oOecrneuenus Image] Oblla cXxeMaTUYECKH MOCTPOEHA
crpykrypa kpucramia Eu’":KY(MoOs),, npuBenéHnas Ha pucyHke 3.1.2. B
ctpykrype kpuctamia KY(MoOs), KoopAMHAIMOHHOE YHCIO (TO €CTh
XapaKTepUCTHKA, TMOKa3blBalOllas YHUCIO  OJNMkKaWlux  HOHOB B
KPUCTAUIMYECKON peméTke) 1 katuonos K, Y3 u Mo®" cocrasnser 6+4,
8 u 4+1 coorsercrenno. Koopaunanuonnoe uncio 4+1 mis nonos Mo®*
0003HAYaeT UCKAXXEHHYIO TETPa’PUUYECKYI0 KOOPIUHAIIUIO C YETHIPhMS

OJIM3KO PacHoNokKeHHbIMU HoHaMu O (MexkaToMHEIE paccTosnus: 1.48-1.84
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A) v oHUM HonOMTHUTENLHBIM KaTHOHOM O, pacroNoKeHHbIM Ha HEMHOTO
GonbieM pacctosHuu (2,53 A). Ananornunsiii >ppexT HabMOKACTC IS
nonudapoB [KOg]. HenpepbiBHbIE Mosica UCKaKEHHBIX OKTa’ApoB [YOs] ¢
o0mumMu pedpamu napasuienbHsl ocu b, puc. 3.1.2 (a). B mockocTtu a-b onu
uMeroT oOmue yriael ¢ Terpa’apamu [MoOs]. Takum obpazoMm pamukan
[Y(Mo00O4)2]” 06pa3yeT nopucThie Cliou, MapajuiesibHble MII0CKOCTH b-¢, uTo
xopomo BuaHo Ha puc. 3.1.2 (0). CBsA3b 3THX CJIOEB, pa3JeleHHBIX a/2,
obecnieunBalOT TOJLKO MHOrorpaHHuku [KOg]. Otum  oObscHseTcs

HJeanbHBIN CKOJI 1o 1ockocTu (100) B 3TOM KpHUCTaLIe.

Pucynok 3.1.2 — Crpykrypa kpucramia Eu**:KY(MoOs), B mpoekiyiu Ha
KpucTajuiorpauueckue IIOCKOCTH a-b u  a-c. Kénmwvle UM 3enéHble
MHOrorpanHuku o6o3Havarot rpymiisl [ Y/EuOg] u [MoQOs] cOOTBETCTBEHHO.

Jns  xpuctamioB KY(MoOs), MexaTtomusle paccrosHus Y-O B
nonudapax [YOs] Haxoasarcs B auanaszone 1.82-2.50 A, a camoe kopoTkoe
paccrosuue Y>-Y3" cocrtaBnger 3.98 A, uro 6mm3ko kK TakoBOMy B
MoHOKIMHHOM KYW, 4.06 A [53]. Haumensiuee paccrosHue Y '-Y3*
HAOJIFOIaeTCsl BJOJb OCU b I KATHOHOB, JISXKAIINX B TUIOCKOCTH CJ10s b-c,
BJIOJIb OCH € 3TO paccTosHKHe HeMHOro 6onbie — 5.08 A. HamHoro 6onbluee
paccrosiaue Y>*-Y>" mabmrogaeTcs BIOMIb OCH @ (TO €CTh OT CJIOs K CJIOK0), a

umeHHo 9.49 A.
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Kpucramny KY(MoO4): cBOMCcTBEHHA HU3KAS JIOKAJIbHAs CUMMETPHS
JTIOMHUHECHEHTHBIX LEeHTpoB Cz. Och cumMmerpuu Co meprneHIMKYJIsSIpHA

mockocTu craitnoctu (100) (To ecth mapanienbHa ocu @) [60].

3.2 CHeKTPOCKOHI/Iﬂ KOMﬁHHaHI/IOHHOFO paccessHudA CBETa

Jns u3mepeHuit nonsipuzoBaHHbIX crnekTpoB KP kpucrtamioB ObLa
UCIIOJb30BaH KOHGOKaIbHBIM MUKPO-KP  MHUKpOCKOI, AJMHA BOJHBI
BO30YKIEHUS COCTaBHIIA Aexe COCTaBsia 488 HM (MOHHBIN Jasep Ar).
[TockonbKy HalWuMe JWHUM pa3HbIX KOJIEOAHWM M MX HWHTEHCUBHOCTH
3aBUCAT OT HalpaBlieHH pacnpocTpaneHus (k) u mnonspuzanuit (E)
BO30YXKJAIOIIET0 U PACCESTHHOIO U3My4YeHUsl, ObUIH u3MepeHsl crekTpbl KP
JUISl BCEX BO3MOXKHBIE T€OMETPHUM KPUCTAIIOB, a JJISI UX 0O0O3HAYEHUS
UCIoIb30BaNNCh 0003HaueHus [lopro.

[Monspusosannbie crnektpsl KP kpucramma Eu’':KY(MoOs): mis
reomeTpuil a(xx)a, b(xx)b u c(xx)c mokazanel Ha puc. 3.2.1. 3xech
ctangapTHbie 0003HAYCHUS kexc(EexcEsc)kse UMEIOT BU, 1€ BEKTOPHI Eexc|Esc 1
kexclkse: 0003HAYaIOT TMOJSPU3AIMIO W HAMpPaBICHHE PaCIpPOCTPaAHEHUS
BO30Y>K/JIAIOIIETO U PACCESTHHOTO CBETa COOTBETCTBEHHO. CIEKTPhI CUIIBHO
MOJISIPU30BaHbl M3-32 OCOOEHHOCTU CIIOMCTOM CTPYKTYphl KpHUCTasa.
KonebarenbHbie cBOMicTBA HegompoBaHHOTO KprcTamuia KY(MoOs), 6b1mu
noapobHo omucaHsl panee [60,61]. B HacTosmied padboTe OPUBOAATCS
TOJIKO OCHOBHbIE ocoOeHHocTH crnektpoB KP  mius  kpucramia
Eu*":KY(Mo0Oa4)s.

Kak yxe ObUIO OTMEYEHO, OCHOBHOW OCOOEHHOCTBIO KpHUCTAaJIa
SBJISIETCS €T0 CIIOMCTasi CTPYKTypa, KOTopasi 0€3yCIIOBHO CKa3bIBAE€TCS U HA
KoJie0aTeIbHbIX CBOMCTBaxX KpucTauia. B crnexkrpe KOMOMHAIMOHHOIO
paccestHus JJIs TEPIEHIUKYJSIPHBIX CJIOSM BOJHOBBIX BEKTOPOB Ha
OTHOCHUTEJIbHO  HU3KHMX  4YacTOTaX  TMOSBISAIOTCA  JOIMOJHUTEIbHbIC

KonebaTenpHble Tosiockl. Takke mnpu aHanusze crnektpoB KP  BaxkHO
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YUUTBHIBATh B3aUMOJCHUCTBUSL MEXKIYy H30JMPOBAHHBIMU TETpadipaMu
[MoO4]* [60]. DnemenTapHas sueiika pomoudeckoro K'Y (MoQOs):2 conepKuT
48 aToMOB, COOTBETCTBEHHO B KpHCTame cymecrByer 48x3 = 144
byHaaMeHTaIbHBIX KojeOaHusa. CUMMETpUHU ATUX KOJIEOAHUN MOXKHO
OnucaTh HEMPUBOJAUMBIM MIPEACTABICHUEM B LIEHTPE 30HBI bpuiuitosHa (k=
0) kak ['=17Ag+ 19Big+ 17B2g+ 19B3g + 17Au + 19B1u+ 17B2u + 19B3u. Tonbko
72 detHble (g) KoJeOaTenbHbIE MOMIBI SBISIOTCI KOMOWHAIITMOHHO-
aKTUBHBIMU, B TOM 4Hcie 17 CHUMMETpPUUHBIX KojeOaHul Ay 72
AHTUCUMMETPUYHBIX HEUETHHIX (U) MOAbl B, B u Bsuw sBmstores UK-
aKTUBHBIMU, a 17 konebaHuit CkMMeTpun Ay HE SIBIISIOTCA AKTUBHBIMU HU B
KP, au B UK cnekrpax.

[IpaBuiia oT6opa AomyckarT KojieOaHusi cuMMeTpun Big TOIBKO 11t
reoMeTpuil Kexc(@c)ksc 1 Kexc(ca)kse, Bog — 1151 Kexo(bC)kisc 1 kexo(ch)ksc, @ B3z — 1
151 kexc(@b)kse M kexd(ba)ks.. 15t cUMMETpUYHBIX KOJI€OaHUN Ag TOJBKO
JMaroHaabHbIE JIEMEHTHI TEH30pa MOJISPU3YEMOCTH OTIUYHBI OT HYJIS, YTO
COOTBETCTBYET TeOMETPUAM Kexc(@@)ksc, kexc(bb)kse 1 kexe(cc)kse. Tlpumensis
CTPYKTYPHYIO MOJENb, B KOTOpoil mapbl [MoQO4]* TeTpasapoB, CBA3aHHBIX
KUCJIOPOJAHBIMM MOCTHUKAMH, pacCMaTpPUBAIOTCA KaK MHOTOATOMHBIE
WOHHBIE Tpynmbl, (QakTop-TpyNIoBOM aHalmu3  pacnpenenser 72
KOMOMHAIIMOHHO-aKTUBHBIX Kojebanus no n(T') = 18 TpaHCHALMOHHBIM
moaam, n(R) = 6 BuOpaunoHHbM U n(Mo020s) = 48 BHYTpEHHUM Mojam
MOHHOM rpymmsl [Mo,Os]*. YrpomeHHoe paccMOTpeHUE B paMKaxX MOJEIH,
B KOTOpoW Terpasapsl [MoOs* H301MpOBaHEL, JaeT TOIBKO 36
KOMOMHALMOHHO-aKTUBHBIX ~ BHYTPEHHMX Mox  [MoQO4]*,  KOTOpBIX
HEJIOCTATOYHO JIJIs UHTEPIIPETALUK BCEX HAOII0JaeMbIX KOJIeOaHUH.

[Monspuszosannbie cnektpel KP  xpucramna  Eu’":KY(MoOs):
npuBeAeHbl Ha pucyHke 3.2.1. OHH comepkaT MOJIOChl, PACHOJIOKEHHBIE B

TPCX AWaIla30Hax, Pa3jindarOmuxcsda 110 MHTCHCUBHOCTH.
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Pucynoxk 3.2.1 — [IlomapuzoBannbie cnektpel KP  kpucramia

Eu*":KY(Mo0Oa), a-cpe3 (a), b-cpes (b) u c-cpe3 (¢), Asoss = 488 HM.

Ilepeii auamaszon (57-275 cM™') comepskur cnabble KojeOaHMs,
cBs3anuple ¢ T'-momamum umonoB K, Y uw Mo, R-momamu wu
aKyCTOONITHYECKUMHM CBSI3aHHBIMH MOJIaMHU, JISKAIIIUMHU B JUANTA30HE YaCTOT

menee 80 cm™!

. BHyTpeHHue Mojabl HaOm0narOTCA Ha 0ojee BBICOKUX
gyacrorax >300cm™!. Bropoil samamazon konebanmii (319-435 cm)

COACPKUT II0JIOCHI HpOMe)KYTOqHOﬁ HWHTCHCHUBHOCTH, CBA3aHHBIC C



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

89

nedopMaliiOHHBIMU (J) KOJIEOAHUSIMH KUCTOPOIHBIX MOCTHUKOB TETPA3POB
[MoOs}*. Tlocneauuii auanason (4actoTel 726-1006 cM™) comepxutr oueHb
WHTEHCUBHBIE MOJIbl HM3-32 BAJCHTHBIX (V) KOJeOaHUW KHUCIOPOIHOIO
moctka [MoQO4]*. HaunbGosee MHTEHCHBHBIE M CHIBHO MOJSPU30BAHHBIE
MOJIOCHl KOMOMHAIMOHHOTO PAacCesHUsl MOSBISAIOTCA Ha 4acToTax 866 u
945 cm!. Maxkcumanenas sueprus  (GoHoHOB Eu’":KY(M0Os)2  AVmax
cocTassier 955 cml.

MOHOKJIMHHBINA KpucTaan ABoiHOro Bombdpamara Eu*":KY(WOs),,
nMeeT 6ollee HM3KYI0 MaKCHMaJbHyI sHepruro (Gononos 905cm! [44]. B
yacTHOCTH, B ero crnekrpe KP orcyrersyer mens 450-700cm™!, xapakrepnas
JUIsl KPUCTAJJIOB THUIIA IlI€eNInuTa, HarpuMep teTparoHaibHoro NaY(WOs):
[63]. OTa mienb BO3HUKAET M3-3a U30JIMPOBAHHOTO XapakTepa TETPa’apOB
[WO4] B Takux xkpuctamiax. s xpuctamia KY(WO4)2, Hanmpotus,
nonudApel [WOs] cBsizaHbl ABOMHBIM KUCIOPOAHBIM MocTHKOM (WOOW)
[10]. B kpucramie KY(MoOs4)2 kuciaopoaHbslii MOCTUK TeTpa3ipoB [MoO4]
TOJIbKO YaCTUYHO MOSIBISIETCS B TUIOCKOCTH b-c.

Takum 00pa3zom koisiebaTebHbIe CBOMCTBA POMOMYECKOTO KpUCTasia

KY(Mo00O4); nexar Mexay kouedaTeIbHbIMU CBOMCTBAMU TETPArOHAILHOIO

NaY(WOs)2 u monokmuaHOro K'Y (WO4)..

3.3 A0copouuonnas cnekrpockonusi. Teopusi :xkanna-Odgennra

3.3.1 Kpucrauisl ¢ uonamu esponusi Eu®*

Ha pucynke 3.3.1 mnpuBeneHbl CHEKTPAIbHBIE 3aBUCUMOCTH
rmoKasaTess moryiomeHus s kpuctamia 6 at.% Eu:KY(MoO,), B Buaumoit
00JIacTH CIEKTpa.

HccnenoBanue CiekTpoB MPOBOAUIOCH B MOJISIPU30BAHHOM CBETE JIJIA
JUTS TOJISIPU3alMi CBETa MapauIeIbHBIX 4, b U ¢. BuIHO, 4TO CHEKTPHI

NOTJIOIMCHUA CHUJIBbHO IIOJIAPHU30BAHBI. Takas AHU30TPOIINA CBOMCTBEHHA
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BCEM KpucCTaJlllIaM HBOﬁHBIX MOJ'II/I6I[aTOB Hn3-3a X HI/ISKOCHMMCTpH‘lHOﬁ u

CJIOMCTOU CTPYKTYPBHIL.

5 T T T T T T T T T T T T T T T T
—Ella
—Elb
—Ellc |

o 1 1 1 1 1 1 1 1
340 350 360 370 380 390 400 410 420
Wavelength (nm)

1,0 T T T T T T T T
=
T —
L 7 1 i
08 Fo 7F1 — Ellc

0,0 = & -
420 450 480 510 540 570 600 630
Wavelength (nm)

Pucynoxk 3.3.1 — Cnexrpsl norsorierns kpuctaiuia 6 at.% Eu:KY(MoO,),
B BUJIMMOM 00JIaCTH CTIeKTpa: (a, 0) MoJsipU30BaAHHBIC CTIEKTPhI MOTJIOIIEHUS 1S
nonsipuzaiuii ceeta E | a, b, c.

Jlns monos Eu®* Bce mepexompl MOrnomeHus B BHAUMON 00IacTH
CIEKTPa 3aMpeIlIeHbl IO CIIHUHY, U MO3TOMY UX BEPOSITHOCTH OTHOCHUTEIIBHO
mana. CTOUT OTMETHTB, 4TO I HoHOB Bu' Himkenexamue Bo30yKIeHHbIC

'Fin'F F
coctossaus ('F1 u 'F2) oTeneHsl oT OCHOBHOTO COCTOSTHUS 'Fo OTHOCUTEBHO
He001b10M 1o cpaBHenuIo ¢ kT (~203 cm!) (k — mocrosnnas Bonsumana, T
— TemmepaTypa) OSHepretudeckod mensto (360 cm? w1020 cm’!
coorBeTcTBeHHO [29]. Takum oO0Opa3oMm, 3THU COCTOSHHS SIBIISIFOTCS

TEPMHUYECKH 3aCEIEHHBIMHU JIa)Ke PU KOMHATHOM Temrieparype. B cnekrpax
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nornonieHus kpuctamwia Eu:KY(MoQ,), uétko Habm0Aat0TCs Iepexobl HE
TOJILKO U3 OCHOBHOTO cocTostHus ('Fo), HO U M3 TEPMUYECKH 3aCENEHHBIX
("Fi)) m Bo30yxnéuHbix ('F2) CcOCTOSHUMI, a HX OTHOCUTENbHAS
MHTEHCUBHOCTh OMpEAeNsIeTCs KaK MpaBujiaMu OTOOpa, TaK U TEIUIOBOM
3acenEéHHOCTRIO, KoTtopas coctaBuger 0.33 mma Fir u 0.02 mna "Fa, mo
cpaBHenuIo ¢ 0.65 ms "Fo [18].

PaccmoTtpuM mepexoasl B cocrosaue “Do. Ilepexox 0—0 (J — J°)
sanpemted s ED u MD. Ha pucynke 3.3.1 (0) cooTBeTCTBYIOIIECH TUHUM
HB CIIEKTpE HET, a Mepexoasl M3 cocrosuuid 'F» m 'Fi orTuernmso
HaOJIOMAlOTCs Ha JUIMHAX BOJH ~ 613 um 589 HM COOTBETCTBEHHO.
AHAJIOTMYHBIM 00Pa30M MOKHO OTHECTH IIEPEXOJBI M3 COCTOSHUM 'Fo B
Boienexamue °Di (526-558 M), °D2 (464-492 um), °Ds3 (407-450 am) 1 °Le
(394-404 um). s monoknunHoro kpucrtamia Euw:KYW npu xomuatHOU
TEMIIEpaType B CHEKTPaX MOTJIOMICHHUS PErUCTPUPOBAIICS TOJBKO MEPEXO0]
"F2 — °Dy [18]. ITomocsl mornomenus, o0yCIOBIEHHBIE MEPEXOJAMU B
BO30y)eHHble cocTosHus Eu®™ Bemme °Le (°Ga, Gs+L7, °Gas, °Ls),
MEPEKPHIBAIOTCA, U HUX TOYHOE OTHECEHHE 3arpyAHeHo. HHTeHcuBHas
T0JI0CA Ha JUIMHE BOJIHEI ~ 362 HM CBs3aHa ¢ epexomoM 'Fo — Da.

Kpait nornomenus kpucramia Eu:KYMo B Y® obnactu cocraBisier
340 um (Eg = 3,64 »B). 310 3Hauenne Eg meHpIe, 4em 11 MOHOKJIMHHOTO
Eu: KYW (4.24-4.32 5B) [18].

B cnektpax noriomenus kpuctamia Eu:K'YMo naGmarogaercs cuiibHas
noJisipu3aliioHHas aHu3oTponusa. Kak BUAHO U3 CHEKTPOB, CAMOE CHIIBHOE
MOIJIONIeHUE COoOTBEeTCTBYeT mnossipusanuu E || ¢. Ha pucynke 3.3.2
NpeACTaBIeH 0030p CHEKTpa MOTJIONIEHUS MJig 3TOW MOJspU3aluu C
IIBETHOM 3aJIMBKOM, COOTBETCTBYOIIEH JJIMHAM BOJIH IOIJIOIIAEMOI0 CBETa
¥ yKa3bIBAIOIIEH HAa BO3MOKHOCTH B030yxaeHus Eu’’. Jlazepsl Ha MOHAX
Eu’* B 3enéHoM QuamazoHe MOTYT HAKAYHMBATBHCSA C MOMOIIBIO YIABOECHHOM

gacToTel (20) Nd nma amune Bomuel 0.53 mm ("Foi — °Di) [17]. ITogo6HO
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HAaKa4yKe  JIa3epoB BUAMMOIO  JaMama3oHa  (Hampumep, Tb**)
IOIYIIPOBOIHUKOBBIMH JIa3€paMH C YABOEHHOI uactoroii [20], nonsr Eu*t
7
NOTEHIIUAIBHO MOTYT BO30Y»KJaTbcsi Ha nnuHe BoJHbI 0.46 mxMm ('Foi —
SD;). Camast cuilbHAS MOJIOCA MOTJIomeH s HoHoB Eu®" B BuanMoli o6actu
cektpa Ha 0.40 MM ("Foy — °Le) XOpOIIO COIIACYETCS ¢ M3JIyYEHHEM

ronyosix GaN-11o10B.

b\ o, ]

v - b, I L P ¥

350 400 450 500 550 600
Wavelength (nm)

Pucynox 3.3.2 — OO030p chnekrpa moromeHuss kpuctamia 6 ar.%
Eu:KY(MoO,), B Buaumoii obnactu crnektpa aist E || ¢, ygemosasa 3anuexa
COOTBETCTBYET JUIMHE BOJIHBI MOTJIOIIAEMOT0 CBETA.

Jns mepexona 'Foi — “Di MAKCHMAIbHOE CEUEHUE IOTIIOLIEHMS Cabs
cocrapuger 0.37x10%° cm® ma 5339 um mn E || c¢. Tomymupuna
COOTBETCTBYIOIIEH TMOJOCHI MOTJIOMIEHHUST COCTaBysieT <2 HM. [[J1s1 Toro xe
nepexo/ia 3HAYEHUS 0w HAMHOTO HIUDKE ISl monsipu3anuii ceera E || a
(0.11x10% cm? Ha 537.2 am) u ga E || b (0.03x10% cm? Ha 533.9 uM). Dt
3HAYCHUS HWXE, YeM [UJIS MOHOKJIMHHOTO Kpuctauia BEwKYW, s
KOTOPOTO MaKCUMYM 0abs cocTaBisgeT 1.71x10%° ¢cm? na nuune Bonusl 534,3
HM g nossipu3auuul E | N [18]. 3T0 M0OXHO 00BACHUTH O0jee HU3KOM
CUMMETPHUEN KPUCTAJUIMYECKOM MATpHUIlbl JBOMHOIO  BOJib(ppamara.
[TonymuprHa COOTBETCTBYIOIIEH TMOJIOCHl  TOIJIOIIEHHS  KpHCTalia
Eu:KYW cocrasnser Bcero 0,5 am [18].

B O6mmxneit MUK obnactu cnekrpa (pucyHok 3.3.3) HaOmronaroTCs
MOJIOCHI TIOTJIOIIEHUSI, OTHOCSIIIUECS K MTEPEX01aM U3 OCHOBHOTO COCTOSTHUS

nonos Eu’* B Hmskonexamue Bo30yxkaénnbie cocTosnus 'Fi — "Fe. Takue
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MEepexo/ibl  SBISAIOTCA CIUH-PA3pEIIEHHBIMHU, T[O3TOMY HabrogaeMas
MHTEHCUBHOCTbH TOJIOC MOTJIONIEHUS B ATOM 00JacTH 3HAYUTEIHHO BBIIIIE,
yeM B BUIuUMOW oOnactu crnekrtpa. Juna kpuctamia Eu:KYMo kpait
nornonieHus B UK obGnactu cocrasisier 5.14 mm (~ 1950 cMm-1). Takum
00pa3oM, B CIIEKTPax HAOIIOJAIOTCS TOIBKO nepexonbl 'Foi — 'Fe, 'Fs, 'Fan

yacTU4HO 'F3.

5 T T T T T T T T
—  Ella
7e —Ellb
4t 4 —EllcT
‘_A3 I~ A
§
~— F h
3 23
' L ’\LL \

0 1 1 L 1 1 1 1 -
2000 2500 3000 3500 4000 4500 5000 5500
Wavenumber (cm'1)

Pucynok 3.3.3 — Ilomsipu30BaHHbIE CHEKTPHI MOIJIOLIEHHS KpUCTauia 6
at.% Eu:KYMo B ommkuem MK nuanazone: nonspusaiyiu cBeTa paBubl E || a, b,
c.

CrnexTp HenoJisipru30oBaHHOTO BO30yxkaeHus kpuctamia Eu:KYMo s

JUTUHBI BOJHBI Amov = 612 HM moka3an Ha puc. 3.3.4. OH X0po1Io0 corjiacyercs

C UISMCPCHHBIMU CIICKTPpaMHU ITOTJIOIICHUA.

- 5 Lum. 612nm 4

Intensity (a.u.)
o o =
» oo o
(&)
I

o
»

450 500 550
Wavelength (nm)
Pucynok 3.3.4 — CriekTp HENoJsipU30BaHHOTO BO30YKJIEHUSI KpUcTasia 6

at.% Eu:KYMo, Aum = 612 HM.

350 400
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3.3.2 Kpucrajuibl ¢ nonamu esponus Th*

Crnextpsl nornomenus nonos Tb¥* B xpucramne Tb* :KLu(WOs), B
BUAMMOM oOjacTH Toka3zaHbl Ha puc. 3.3.5. Ha pwc. 3.3.6 mnpuBeaeHbI
cnekTpbl nornouieHus: B omkaem MK nuanazone. MccnenoBanue ciekTpos

IMPOBOJHIIOCH B IIOJIAPU30BAHHOM CBCTC IJIA HOJI;IpI/ISauHI?'I CBE€Ta BAOJIb E ||
]Vb,]Vh111]Vé.

45
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Pucynok 3.3.5 — CriekTpbl NOMVIONICHUS HOISIPU30BAHHOIO CBETA BUUMOTO
muanasona pu KT kpucramiom 3 ar.% Tb* : KLu(WOs),: nepexonst 'Fg — “Ds,
3Ge, °Lio (a) m mepexog 'Fe — D4 (0).

B kpucramie Tb*":KLu(WOs), Habmomaercs CHIbHAS aHU30TPOIHUS
CHEKTPOB TMOTJIOMICHUSI TMOJSPU30BAHHOTO CBETa, TakKas aHU30TPOMNUs
CBOMCTBEHHA BCEM KpHCTaJlIaM JBOWHBIX BOJIb()paMaToB, AOMUPOBAHHBIX
noHamMu RE*", u3-3a MX HM3KOCHMMMETPHYHOH CTPYKTyphl. Kak BumHO M3
CIIEKTPOB, MAKCUMAJIbHOE MOTJIONICHUE COOTBETCTBYET MOJIIPU3ALIUU CBETA
E || Nm. ®opma crexktpoB jjisi E || Nm u E || Ny 10CcTaTo4HO MOX0Xka U
oTiinyaetcsi OT GOpPMBbI CIEKTPOB A nossipusauuu E || Ny, 310 cBsizaHO ¢

HaIlpaBJICHUEM OCH Np B TaKHX KpHUCTAJIaX, OHaA IIapaJlyiIcibHa OCH
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cummerpun (2. M3-3a storo mnpaBuna otbopa nns 4f-4f-nepexonos
pa3IUYHBI IS CBETA, TOJSIPU30BAHHOTO BIOJIb OCH Np U BAOIb Oceid Nm U
Ng [63].

Juis moHoB Tb®" Bce MONOCH IOrIOIIEHUS IIPH KOMHATHOMN
TeMreparype oOyCIOBJIEHbI MEPEX0JaMU TOJIbKO U3 OCHOBHOTI'O COCTOSHUS
("F6) B BO30yxkaeHHbIe. Takoe MOBEIECHNE OTIMYAETCS OT IOBEACHUS HOHOB
Eu’* ¢ oueHb CXOMHON CTPYKTYpOH JHEpPreTM4ecKHX ypoBHeH [44], mus
KOTOPBIX B CIIEKTPAX IMOTJIOMICHUS MOSBIISIOTCS MEPEXObI, POUCXOISIITIE
HE TOJIBKO U3 OCHOBHOTO coCTOsHUS ('Fo), HO M U3 TEpMUYECKH HACEIECHHBIX
'Fi n maxe "F2 BO30y>KIEHHBIX cOCTOsHUN (cM. pasgen 3.3.1).

Ha pucynke 3.3.5 (0) npuBeaeHa ciiabasi moyjoca MOTJIONICHUsI CBETa
kpuctamioM Tb*:KLu(WOs): B Buaumoii obmactu (480-500 HM). Ona
00yCIIOBJIEHA CIMH-3AMPEIIEHHBIM T1epexoaoM 'F¢ — D4, MakcumanbHOE
3HAaYEHWE TIOTIEPEYHOTO CEUSHUS TIOTIIOMIEHUS, Tabs, JUTSI TTOJISIPU3AITUN CBETA
E || Nm, cocraBnser 3.42x10%' cm® ma nnume Bommsl 486.7 HM c
MOJTYIIUPUHONM COOTBETCTBYIOLIETO MOJIOCHI MOTJOmeHus] paBHord 1.0 HM.
3HaYEeHUE Tabs IPUMEPHO B JIBA pasza HUXKE Jis nossipusanuu cseta E || N,
(1.73x102! cm? na 487.8 um) u E || Ny (1.43x10°%! cm? na 486.7 HMm).
MHOro4YHnCIIEeHHbIE TOJOCHl TOTJOHIEHHUsT B Auama3zoHe 365-385 HM
OOyCJIOBIIEHbI ~ CIHH-3aMPENICHHBIMU  TEpeXoJaMd K  BBICIIAM
BO30YXKIEHHBIM cocTosiHusM D3, °Ge m °Lio, puc.3.3.5 (a). Kpaii
ontuueckoro mnornomenus kpucramia Tb*:KLu(WOs) B V@ obnactu
COOTBETCTBYET JUIMHE BOJHBI Ag ~360 HM (Eg = 3.44 5B).

B 6mmxneii UK-o6nactu (puc.3.3.6) monocs! noraomenus HoHos Th>*
00yCIIOBIIEHBI TIEPEXOJAMHU B HUKHKE BO30YKIEHHBIE COCTOsHMSA 'Fs — 'Fo.
[TockombKy 3TH MEPEXOIbl SBISIOTCS Pa3pEHICHHBIMU 1O CIIUHY, TTHKOBBIC
3Ha4YeHMs MOIEPEYHBIX CEYEHUH MOTTIOMEHHS Tabs (0KOIIO 2 ... 31072 cm?)

Ha MOPSIAOK BBIIIE, YEM JIJISI TTOJI0C TOTJIOMIEHU B BUAUMON u Y@ obiactu
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(1...2x10%! cm?). B UK guanaszone kpuctama Tb>:KLu(WOas), mpo3pauen

0 ~5.3 MKM.

7 T T T T T
oL —a
7 F
s[ rs . EIN -
\—A4 L 7F a
- 3
e 7
S3t Fi2 i
3
2 a
1L 7.
Fo
0 1
2000 3000 4000 5000 6000

Wavenumber (cm'1)

Pucynoxk 3.3.6 — Cnextpsl norsorieHus B Omokaer MK-obmactu kpucraiia
3 ar.% Tb:KLuW B nosnsipu30BaHHOM CBETE MPYU KOMHATHOM TEMIIEpATypeE.

s xpuctamma  Tb>:KLu(WOs), ObUIM  BBINOJHEHBI  PACYETHI
CIIEKTPOCKOMUYECKUX TMapaMeTpOB B COOTBETCTBUU C Teopuei Jlxanma-
Odenbra [42, 43] u e€ Mmonudukaluen, yauTbiBaroneid KOHPUTrypanoHHOe
B3aUMOJICHCTBUE, B IPUOIMKEHUN TPOMEXKYTOUYHOTO KOH(DUTYPALITMOHHOTO
B3aumoaeictBusa (ICI). Cunbl OCHMIIATOPOB B  MOTJIOIIATEIBHBIX
nepexomax s uMoHOB Tb*" ompemensmuch U3 U3MEPEHHBIX CIIEKTPOB
noryomenus mo dopmyie 1, cMm. pazaen 1.2.1. TeopeTudeckue 3HaYCHUS
CUJI OCHMJIISITOPOB ¢fcalc> B TIOTJIONIEHUU OBLIA paccyuTaHbl o popmyse 2.
[TonyueHnHble 3HaAUEHUS (feale> C YKa3aHUEM BKJIaja 3nekTpuyeckoro ED u
MAarHuTHOro aumnojieii MD, a TakKe JKCIEPUMEHTAIBHBIE 3HAYEHUS fexp
CHJIBI OCLHUILISTOPOB, YCPEIHEHHE MO MOJAPU3ALUK: o = 1/3(Fp+ fm+ Fo)
v 7ms dev. - CPEIHEKBAJAPATHIHOE OTKIOHEHUE MEXIY (Fexp and (Feaior =
Peao> + P> puBeneHsI B TabHIE 3.2.

Teopus J-O omuceiBaeT snekTpuueckue aunonabHbie (ED) mepexossr.
Bxnang marauto-gunonsHeix (MD) mepexomoB ¢ J — J'= 0, £ 1 Obin
paccuuTaH OT/AENIbHO corjlacHo npubiamwxkenuto Paccenma-Caynaepca s
cB00OIHOr0 HOHA. JIJIs paccMaTpUBAaEMOro CIieKTpa noromenus Th*" sto

nepexopl 'F6 — "Fs u "Fg — 3Ge.
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Cunbl nuauu  ED  mepexolloB B MNPUOIUAKEHUH MPOMEKYTOUHOTO
koHurypauronnoro B3aumopeiicteust (ICI) Obuim  paccuwTanbl MO
dbopmyine 3. PacueTHas cuiia OCUMIUISITOpA B MOTJIONMIATENBHBIX MEPEX0aax
*Peaie> mns kpucramna Tb:KLuW ¢ ucnonszoanuem mozeneit J-O, mJ-O n
ICI MIPUBEJICHA B tadmuiie 3.2. Teopus MPOMEKYTOUYHOTO
koHurypaunonnoro B3zaumoneiictBus (ICI) obecneunBaer HanMeHbIIEe
cpeaHekBagpaTuuHoe oTkiaoHeHue (0.295) skcrnepuMeHTaIbHbIX 3HAYCHUM
CHJIBI OCHMJLIATOPA fexp> OT PACCUMTAHHBIX </ calc> = (T Pcale> + ¢MPeate>. [tst
teopun Jxagna-Odenprta (J-O) ono paBuo 0.477, a nua
MouduirpoBannoi Teopun (mJ-O) — 0.482.

Tabauna 3.2 — DKcriepUMEHTAIbHAS U paCUETHAs CUIIbI OCLIJLISITOPOB MOIVIOLIEHUS JJIs
kpuctaiuia 3 ar.% Tb: KLuW.

ITepexon Fexp, 10 Feop®, P 10° PMPoio>
No Nm Ne 10° JO  mlO ICI

"Fe—'Fs 720 945 426 697 63850 6270 633ED  (.57MD
"Fe—F4 497 504 215 4.06 432ED  438ED 428ED
"Fe—'F3 433 3.60 297 3.63 32780 322ED 33pED
"Fe—F12 498 622 324 481 4980 495ED 4 Q9ED
"Fe—Fo 096 1.07 045 0.83 0.86*>  0.85E0 (.85 -
"Fe—°Ds 034 059 016 036 0.20FP  0.22EP  024F0 .
"Fe—D3+Ge 142 270 125 1.79 0.64*P  0.76tP 1550 (21MP
rms dev. 0477 0482  0.295

Haunyumine mapaMmeTpbl BCEX UCIOIb3YEMbIX TEOPUN MPUBEICHBI B
tabaure 3.3. B wactaoctH, mug mogenu ICI Qo = 18.170, Q4 = 23.394, Qs =
13.459 [102° cm?] m Ry = —0.102, R4 = 0.203, R¢= 0.170 [10* cm].
CpenHekBaJipaTUYHOE OTKJIOHEHUE, MOJIyYEHHOE B HACTOsAIIEH padoTe 1s
Tb:KLuW namuoro nuxe, uem ykazano juist Tb:KYbW (0.887 nnst reopuu
J-O u 0.726 nns SCI) [47]. B 0CHOBHOM 3TO CBSI3aHO C JOTIOJTHUTEIbHBIMHU
W3MEpPEeHUSIMH  CIIEKTPOB  morjomieHuss B  OmmwxkHer  MK-o6mactu,
BBIITOJIHCHHBIMU B HacTtosiiel padote (puc. 3.3.6), rae HaOmomaroTCs

MHTEHCHUBHEIE CIIUH-Pa3pelIeHHbIE epexobl 'Fs — "Fj mOIIomeHus.
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Table 3.3 — ITapamerps! Teopuii lxanna-Odensra (J-O), MoaudumpoBaHHOM
teopun [Pxagma-Odensra (mJ-O) u npuOmDKeHHs KOH(PUTYPAIMOHHOTO
B3aumogiericteust  (ICI), mpumensiemble Uit pacyeTa CUl OCLJUISITOPOB
noryomenust st kpuctawia Tb: KLuW.

Teopus ITapamerpbl 3HayeHue
J-O Q [10%° cm?] 2 =23.524,(4=8.111, Q= 6918
mJ-O Q [10%° cm?]; Q) =25.496, (4 =9.590, Q6 =7.589;
a [10* cm] a=0.033
ICI Q [10%° cm?]; € =18.170, 2y =23.394, Qs = 13.459;
R [10* cm] R>=-0.102, R4=0.203, Rs=0.170

BeposaTHOCTH CHOHTAaHHBIX U3Iy4aTEIbHBIX MEPEXOJ0B  ObLIH
BBIUMCIIEHB! 10 popmyine 7. 3nauenus UY nns mepexonos B McIycKaHHMU
obmu B3aThl U3 [47] ans kpuctamna KYb(WO4):. B xnmag MD Obun
paccuuTaH COrjacHO MPHUOIMKEHUI0 CBOOOJHOTO MoHA. M3 OGapuileHTpoB
nornomenus (puc. 3.3.5 u 3.3.6) u JIOMUHECLEHIMH HMOHOB Tb>" Gblm
OMpeNIeNIeHbl CPEeIHUE 3HAYCHUs JIJIMH BOJH <A> JUIS Ka)XXJIOTOo Iepexojia
J — J'. 13 3HaueHU BEPOATHOCTH CIOHTAHHBIX U3J1y4aTEIbHBIX MIEPEX0JIOB
Ayy WIS KaXI0ro OTIAEIBbHOTO H3JydyaTelbHOro mepexona J — J' Obuia
BBLIUKMCIICHA TOJIHAS BEPOATHOCTH Ay, pamualMOHHBIE BPEMEHA KU3HU
BO30Y)X/IEHHBIX  COCTOSIHUM  Trad M KO3((QUUUEHTHl  BETBJICHUS
JIOMUHECICHITUN JUISI OTJAEIbHBIX HM3JIy4daTelbHBIX TepexonoB B(JJ'), cM.
dbopmyy 8.

Pe3ynbTaThl ~ BEpOSTHOCTEW  M3NMydaTENbHBIX  MEPEXOJOB W3
BO30YKAEHHBIX COCTOSAHUM D4 1 *D3 (COrIacHO TEOPHHU MPOMEKYTOUHOTO
KOH(QUT'YpallMOHHOTO B3aWMOJICUCTBUSA) NpUBEICHB B Tabinuie 3.4.
PasuanmoHHOE BpeMs KU3HH METACTaOMIIEHOTO COCTOAHMA “D4 cocTaBiuser
0.450 mc. B Tabnune 3.5 cpaBHUBAIOTCS 3HAYCHUS Trad JUI COCTOSHUIM *Da

D3, OIPEAENEHHBIX ¢ HOMOIIBI0 Teopuii J-O, mJ-O u SCIL.
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Ta0mmua 3.4 — PaccuntanHble BEPOSITHOCTU M3JTy4aTelIbHBIX NIEPEXOJIOB HMOHOB
Tb** B xpucramie 3 ar% Tb:KLuW (w1 Teopud IIPOMEXKYTOYHOIO
KOH(HTYPAIMOHHOTO B3aUMOJICHCTBHIS).

Bo30yxnéHHbI  YPOBEHD Ay, ¢! Bir,% Ao, €' Trad, MC
YPOBEHb nepexoza
Dy— Fe 351.4EP 15.8 2221.6 0.450
Fs 1076.6FP+90.5MP 525
Fy 241.3EP+() 4MD 10.9
F3 139.5EP+10.8MP 6.8
F, 65.58P 2.9
Fy 148.7EP 6.7
Fo 97.9ED 4.4
Dy— Fe 383.2FD 8.5 4535.0 0.221
Fs 1227.5EP 27.1
Fy 916.98P+105.2MP 225
F3 340.2EP+1.6MP 7.5
F, 772.2EP+3( 4MP 17.7
Fy 413.6FP 9.1
71::0 . _
Dy 294550449 MD 76

s uzoctpykrypHoro kpuctaia Tb:KYbW [47] paccuutannoe ¢
MCIIOJIb30BaHUEM TEOPUH CUIIBHOTO KOH(PUTYPAIIMOHHOTO B3aUMOICUCTBUS
Trad(°D4) coctaBmio 2.08 Mc. D10 3HaUeHHE OOJBIIE, YEM ONMPEAEIEHO UL
kpuctaima Tb:KLuW. Ckopee Bcero, 310 Takxke CBsi3aHO Oojiee HHU3KOU
TOYHOCTBIO MPOBEJIEHHOr0 B [47] anamu3a, B KOTOPOM OTCYTCTBOBAJIO
uccienoBanue morjomieHus B OmmwkHer MK-o6Gmactu, mpoBeneHHOE B
Hactosmed padore (puc. 3.3.6). Kpucramn Tb:KLuW obGnagaer Ooiee
KOPOTKMM PaJHalMOHHBEIM BPEMEHEM KHM3HU COCTOSHHA D4 10 CPaBHEHHIO
¢ IpyrumMu okcuAHEIMU KprucTamiaMu TbAl3(BO3)4 (trad(°D4) = 2.07 mc) [64]
1 TbA1O4 (trad(°D4) = 3.5 mc) [33].

Tabmmua 3.5 — PacuuranHble paJualMOHHbIE BpEMEHA KU3HU
BO30YXKIEHHBIX cocTosiHuit 5D4 u D3 uonos Tb** B kpucramie KLuW
(st Teopwmii J-O, mJ-O u ICI).

Bo30yxnénnoe Trad, MC
COCTOSIHHE J-O mJ-O ICI
Dy 0.500 0.449 0.450

D3 0.323 0.275 0.221
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3.4 AHM30TPONUS JJIOMUHECHEHTHBIX CBOICTB

3.4.1 Kpucrawisl ¢ uonamu esponus Eu’*

CriekTpbl JIFOMUHECLECHIUN KpUCTajia Eu*":KY(MoOs4)s,
3aperucTpUpPOBaHHbIE I TPEX TIaBHBIX nojspusauuil ceera (E || Np, E ||
Nm, E || Ng) npuBenensl Ha pucyHke 3.4.1; Ha pucynke 3.4.2 — 11 Kpucrasiia
Eu*":KY(WO4)2; u na pucynke 3.4.3 — s kpucramia Eu’*:CsGd(MoOs),

JlnuHa BOTHBI BO30YKAAIOMIEro U3TyUYeHUs! COCTaBIsa 488 HM.

2,5 T r T T 12 T T —— .
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O T af
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w L i
& o
05} ? 5l .
0,0 0 ! : !
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Pucynok 3.4.1 — Ilomepeunble cedeHUs] MNONSPU30BAHHOTO BBIHYKICHHOTO
ucryckanus noHoB Eu®' B kpucramie KY (MoQs)o.
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Pucynok 3.4.2 — Cnextpsl momuHecueHmu kpucramia Eu? :KY(WO4),
st nonspuszaunid ceeta £ || Np, E || Nm u E || Ng. [dnuHa BOJIHBI
BO30Yy K 1aro1ero u3inyuyeHus 488 Hwm.
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Pucynok 3.4.3 — Crexrpsl momuHecueHnun kpuctamia Eu?':CsGd(WO4),
s nonsipusauuii ceeta E || Np, E || Nm u E || Ng. JlnvHa BOJHBI
BO30Yy K 1aro1ero u3inyyeHus 488 Hm.

I[Ipu Bo30Yyk1eHNK HOHOB Eu’" u3nyuenuem Ha nnmHe BoHbI 488 HM
(4TO COOTBETCTBYET BO30YKIEHHIO B KOPOTKOKMBYIIEE COCTOIHME D2, U3
KOTOPOTO MOHBI IIONAJAI0T B METACTAOMILHOE COCTOSHHUE Do), B CIIEKTPe
JIOMUHECLCHIINU HAOII01aeTCs Pl MOJIOC C MAKCUMYyMaMH Ha IJTMHAX BOJIH
580, 593, 614, 655, 703, 752 u 811 HM. DTH NOJOCHI OTHOCITCA K
SHEPTETHYECKMM IEPEXOJaM U3 METacTaOMILHOTO ypoBHS °Do B
HIDKEJIeKAIIME dHepreThdeckue cocTossHus 'Fy (J = 0 — 6), COOTBETCTBEHHO

('Fo — ocHoBHOe cocTosHue uOHOB FEu’'). MuTeHcuBHas mnonoca
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JIOMHUHECICHIIMHA Ha JIJIMHE BOJIHBI ~614 HM, COOTBETCTBYIOIIAS MEPEXOIY
Do — "F2, IOMUHHPYET B CIIEKTPE U OOYCIABIUBAET KPACHO-OPAHIKEBBIM
[BET JIOMUHECUECHIIMU KpUCTauia. Bce moaockl TIOMUHECHEHIIMN CUIIBHO
MOJISIPU30BAHbBI, YTO YKa3bIBA€T HA CHIIbHYI0 aHU30TPOMUIO CIEKTPaTbHO-
JIOMHUHECIICHTHBIX CBOICTB KPHCTAIIJIOB Eu*":CsGd(Mo00O4)2,
Eu’:KY(MoOs), u  Eu’:KY(WOs). Haubonee  HUHTEHCHBHAS
JIOMUHECLECHIINS HaOmo1aeTcs s nojiasipuszanuu ceera E || Nm.
Nutepnperanus HaOIIOJa€MbIX MOJIOC JTIOMHUHECHEHIIMM B KPUCTAILIIE
Eu*":KY(WO4), npusenena Ha puc.3.4.4 B BUjE CXEMbI DHEPreTUYECKUX
coctosuuii nonos Eu*’. CTpenkamu 0603Ha4€HBI BO3MOKHEIE JIMHEI BOIH
1151 BO30Y KI€HUS JIIOMUHECIIEHIIUH U TIOJIOCHI JIIOMUHECIICHIIUU B BUTUMOM

00JIacTH CIEKTpa.
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Pucynok 3.4.4 — CxeMma DHEPreTHYECKUX YpoBHeH HOHOB Eu’’ B
KpHCTaJIe KY(WOa4).. [{BeTHBIMU CTpeIKaMu 0003HaYCHBI
MOIJIOLIATENbHBIE U U3Ty4YaTEIbHbIE IEPEXOIBI.

Ucnonw3ys napamerpsl Jxanna OdenbTa, onpeaeaeHHbIe U3 CIIEKTPOB
nornomenns kpucrtamia Eu?':KY(MoOs), (cMm. Ttabmumy 3.6), 6buin
PAaCCYMTAHBI BEPOSATHOCTHU CIIOHTAHHBIX M3JTy4aTeIbHbIX EPEXON0B A~y U3
BO30YKAEHHBIX cocTosuuii *Do u °Di. Bkiaag MD nepexoma ObUI B3T H3

paboThI [65].
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Ta6auua 3.6 Paccunrannsie napamerpsl xagna-Odenbta
st nonos Eu®* B kpucramie KYMo.

Paccuér o Qi, 10X cm?
CIEKTpaM: (9)) (O Qs
TOTJIOILICHUS 13.16 5.86 3.60
JIFOMUHECHCHIUN 13.47 6.61 3.61
Ha ocnoBe A%y mo ¢opMynam 7 u 8 ObUIM ONpENENIEHBI ITOJHEIE

BEPOSTHOCTH PaadallMOHHOrO 3aTyxaHus A', paauannoHHbIE BpEMEHa
KUBHU Trad M KOIPDUIMEHTH BeTBIeHUs groMuHecueHunun B (J]'),

MOJIyYEHHbIC 3HAaUCHUsI IPUBEICHBI B Tabnuiie 3.7.

Tabumuna 3.7. PaccuntanHble MO CIEKTpaM JIFOMUHECLICHIIMM B paMKax
teopuu Jkaaa-Odensra BeposTHOCTH u3iydenus voHoB Eu’' B KYMo.

Ilepexon  «<b,EM Ay, ¢! Biry,%  Awot, ' Trad, MC
Do— Fy 591 127.95MP 8191 1562  0.640
F, 614 1168.18EP  74.787
"Fy4 700 255.94ED  16.385
Fs 816 9.938EP 0.636

PaguannvoHHOe BpeMsl XKHM3HH (Trad) COCTOSHHSL Do B KpHCTaILIE
Eu*":KY(MoOs4), coctaBisier 0.640 Mc. DTO BpeMs KU3HU OOJIBIIE, YEM Y
kpuctaia EBu’":KY(WOs), (0.464 MC), 4YTO MOXKHO OOBACHHTEH
ocobeHHOCTIMU CTPYKTYpbl KY Mo, cocTosiero u3 u30JupoOBaHHbBIX CIIOEB,
coaepxkamux moaudapsl [Y O8].

CIexTphl JIIOMHMHECHEHIINY I Kaxa0ro nepexona Do — "Fy (J = 1
... 6) I3MEPSUTHCH B TIOJIIPU30BAHHOM CBETE. M3 3TUX CIIEKTPOB M 3HAYCHUS
Trad U181 COCTOSIHMS “Do 110 hopmyiie 10 [48] ObLIM pacCUUTAHEI TIOIIEPEYHEIE
CCUCHMsI BBIHYXKJICHHOTO WUcHyckaHus. [lomyueHHbie 3HaYeHUS IS
kpucramna Eu*": K'Y (MoOs), npeacrasiens! Ha pucyHke 3.4.1.

Jlnsa mepexonos Do — "F2 m Do — Fs, KOTOpBIE IPENCTABISIOT
WHTEpEeC IS JIa3epHOW TEHepallid, CaMble BBICOKHE 3HAUYCHUS OSE
COOTBETCTBYIOT mojsapusamuu E || ¢, a umenno 11.4x102° ¢cm? ma numne

BOMHEI 613.9 uM u 2.5 x102° cm? Ha 703.5 HM, cooTBeTcTBeHHO. HecMoTps
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Ha GoJIbIee paMALMOHHOE BPEMS KM3HH COCTOSHUS *Do 1t nonos Eu®’ B
kpuctaie KY(MoQs):, MMKOBBIE 3HaYeHHs osg Oonble, yeM a1 Eu®’ B
MoHOKIHHHOM KY(WO4): (Hanpumep, 4.0 X102 cm? Ha 613.4 um) [44]. D10
CBSI3aHO ¢  OoJjiee  CWJIBHOM  MOJAPU3ALMOHHOM  AHU3OTPOIHUEH
JTIOMHMHECHEHTHBIX cBoiicTB Eu*": K'Y (Mo0Os4)s.

V3MepeHHbIe KPHUBBIE 3aTyXaHWs IIOMHUHECHEHIUM HOHOB Eu’’ B
kpuctamie Eu’":KY(MoOs4),, HOCTpoeHHBIE B MHOMyIOrapuhMUIECKOM
macmrabe, MMOKa3zaHbl Ha pucyHke 3.4.5. JlrommHecuenmus uonos Eu’t
PETHCTPUPOBANAch U3 cOCTOsSHMA °Do (Ha juuHE BOJHBI 612 HM). Bpulo
UCIIOJIb30BAaHO HECKOJBKO [IJIMH BOJH BO30YXKIAIOIIETO WU3JIy4YEHHUs, Ha
PUCYHKE TMPHUBEACHBI Ass = 400 HM u 532 uM. M3MmepeHHbIE KpUBBIC
3aTyXaHusl JIIOMUHECICHIMA HMEIOT $SBHO MOHOJKCIOHEHIIMAIbHBIN
xapaktep. BpeMs 3aTyxaHus JIOMUHECIEHLINH Tlum COCTABIAET 650-654 Mkc.
Paccuntannsiii mo gpopmyse 12 KBaHTOBBIN BBIXOJ JTIOMUHECILIEHIINHN OoJiee
99%. 3Ot10 cornacyercsi ¢ OOJBUIMM DHEPreTUUECKUM 3a30pOM MEXIY
BO30YXIEHHBIM METACTAOMIILHBIM COCTOSHMEM °Do M  HIDKEIEXKAIIUM
ypoBHeM 'Fe (~12200 cm! [29]). MakcumanbHas (pOHOHHAs 4acTOTa B
kpuctamie Eu’:KY(MoO4)2, Avmax = 955 cm™!, cm. pasgen 3.2, pucyHOK
3.2.1, a 3HAYUT BEPOSATHOCTH OE3bI3TYUYATEIbHBIX MEPEXOJ0B MPAKTHUECKU
nynesas. C 5710l Touku 3penus kpuctaan Bu*':KY(MoOs), — OTIM4HBIA
JIOMUHECLIEHTHBIN MaTepual.

Ha pucynke 3.4.5 MOXHO Takke yBHUJIETb HEOOJIbIIOE pa3ropaHue
JFOMUHECICHITUN C XapaKTEPHBIM BPEMEHEM Tgosr = 16 MC IS Asoss = 400 HM
U Teosr = 11 MC A Aswss = 532 HM. DTO CBS3aHO CO BPEMEHEM KHU3HU

BO30YKIE€HHBIX COCTOSHMI BhIIIE YPOBHS °D.
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Pucynok 3.4.5 — KpuBble 3aTyxaHusi JFOMUHECHECHIIMH JJIs1 KpUCTaLia 6
at.% EBu’":KY(Mo0O4)2, Asoss = 400 wmm 532 HM, Aum = 612 HM, cumeons: —
OKCIICPUMEHTAIbHBIC ~ JaHHBIC, JUHUU — WX  OJHOIKCIIOHCHIIUATIBHBIC
COOTBETCTBUSL.

JIBe BbIOpaHHBIC 711 BO30YXKJCHHUS JIMHBI BOJIHBI COOTBETCTBYIOT
nepexogaM 'F1 — °L¢ m 'Fi — °Di, coorBerctBeHHo. Monbsl Eu’”,

5 5
BO30YXJ€HHBIE B COCTOSIHHSA “L¢ mmm D1, MOTyT u3ny4daTh ()OTOHBI WJIH
WCTIBITBIBATh  OE€3BI3TyYaTEIbHYI0  pelaKkcaliid B  MeTacTaOMIbHOE
cocrosnue °Do. Bropoii npouecc 6onee BEposSTeH. DTO CBA3AHO C MaIbIMU
SHEPreTHYECKUMH 3a30paMH MEKIY BO30YKICHHBIMH COCTOSHUSAMH °L¢ 1
Dy (<3000 cm!) [29]. Takum o6Gpa3om, BpeMs KH3HH COCTOSHMA °Di

cocTaBisieT okoyso 11 Mc, a Bpemsi Ku3HU Oo0jie€ BBICOKMX COCTOSIHUU

COCTaBJISICT OKOJIO HCCKOJIBKHUX MC.

3.4.2 Kpucrajuibl ¢ vonamu tep6us Th>*

CHeKTphl JTIOMHUHECHEHIME MOHOB Tb>" Takxke ObLIM M3MEpEHBI IS
BCEX TPEX OCHOBHBIX nonspusauuii ceera E || Np, Nm u Ng. B crekrpax
HabmonaroTcs nepexonsl *Ds — 'Fj (J=6 ... 0): 484-500 um (cunwii, J = 6),
540-552 um (3enensbilt, J = 5), 578-593 um ( opanxkeBsiil, ] =4), 614-627 um
(kpacHbiii, J = 3), 639-665 uMm (kpacHbiii, J = 2), 665-685 HM (TE€MHO-
kpacublid, J = 1) u 686-700 um ( TemMHo-kpacusblii, J = (). Hauboinee
WHTEHCUBHAS TOJI0CA JIFOMHHECIICHITUHU, XapaKTepHas ISl MaTepHalioB,

nonupoBaHHbIX HoHaMu Tb3*, oTHocHTCs K mepexony *Ds — "Fs [33].
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[To aTuM cniekTpaM ¢ nomoipio ypasHenust @roxroayspa-JlagenOypra
(bopmyna 10) OblTH paccuMTaHbI TIOMEPEUHBIE CEUCHUS TOJISIPU30BAHHOTO
BBIHYXJACHHOTO Hcnyckanus (osg). [lokazarenb morionieHus ObLT B3AT U3
[10]. Paccuutannbie cnekTpbl osg Kpuctaia Tb:KLuW mokazanbl Ha

pucyske 3.4.6.
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Pucynok 3.4.6 — Ilonepeunbie ceueHNs BBIHYKICHHOTO UCITYCKaHUSI, OSE,
st nonoB Tb>* B kpucramne KLuW npu KOMHATHO# TeMIieparype.

640 650

B chmekTpax JIIOMHMHECHEHUMH HMOHOB Tb®" kpucramme KLuW
HaOdIOaeTcsl  CUJIbHAs ~ aHU3O0TPOMNHUSA  TOJIIPU30BAHHOTO  CBETA.
MakcuManbHble 3HAY€HUSI OSE COOTBETCTBYIOT mnojsipu3zaiuu E || Nm
(ciemoBatenbHO, MMEHHO JTa MOJSpU3ALMS  ABJSIETCS  Haubolee

. o 5 7
NpUBJIEKaTEIbHON Uil J1azepHOi reHepanuu). s nepexona "Dy — 'Fs,
COOTBETCTBYIOILETO JJIMHE BOIHBI 549.4, HM oHO cocTapiuseT 11.4x1072! cm?,
Camble HU3KHE 3HAYEHUS OSE HAOJIOJAIOTCS ISl CBETA, MOJSIPU30BAHHOIO

BIOJIb OCH Ng. IIMKOBbIE 3HAYEHMs OSE I BCeX IepexonoB °Di — Fj

npuBelIeHbI B Ta0muIe 8.
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Tabsmna 3.8. IlukoBele  3HaueHUs  IONEPEUYHBIX  CEUEHUI
BBIHYKIEHHOTO MCITyCKaHus, osg, MOHOB Tb** B kpuctauie KLuW mjist
nonsiprsaryu ceera E || Nm..

ITepexon osg, 107! cm? Jmax, HM  LlBeT

5D4—>7F6 1.15 487.9 CHHUM

>Dy—Fs 114 5494 3CIEHBIN
SD4—"F4 229 590.9  opamxkeBbIi
SDs—F3 1.75 6250  KpacHbIi
SD4s—"F, 1.84 652.5  KpacHbIii
SDs—'F, 1.88 670.6  TEMHO-KpaCHBbIH
SDs—"Fo 0.23 6884  TEMHO-KpacHBIH

CxeMa HHepreTHueckux ypoBHell noHoB Tb** B kpucramie KLuW wu

HaOJTI0JaeMBbIe TIEPEXO/Ibl B TTOTIIOICHHNH U UCITyCKaHWH TIOKa3aHbl Ha puc. 3.4.7.
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absg\,rptior; absorption Tb
Pucynok 3.4.7 — CxeMa sHepreTudeckux ypoBHeii nonos Tb** B kpucramne
KLuW wu HaGmogaemple nepexoAbl B TMOIVIOIMIEHMM W HCIyCKaHUU
(moka3aHsbl CIUTOMIHBIMU cTpesikaMu). NR — Oe3bI3inyuarenbHas penakcanus,
CR — kpocc-penakcanus. 3almTpuxoBaHHas 00JIaCTh — IMOTJIOIIEHUE CBETa
kpuctasmmyecko marpuneid KLuW.

V3MepeHHbIe KPHMBBIE 3aTyXaHHs JIIOMUHECLEHIMH HOHOB Tb’" B
kpuctaie 3 at.% Tb:KLu(WO4)2, moctpoeHHbIe B OJIyJI0rapupmMuyeckom
MaciuTabe, MokaszaHel Ha pucyHke 3.4.8. JlromMHuHecleHIMs HOHOB Tb**
PETHCTPUPOBANAch M3 COCTOSHMA °Ds (Ha juuHE BOJHBI 545 HM). BpuIo
WCIIOJIb30BAaHO HECKOJBKO JUIMH BOJH BO30YXKIAIOIIEr0 H3JIYyYCHHS, a

uMeHHO 475 HM (TIpsiMoe BO30yXeHHE B U3Tydaroliee coctosinue), 380 Hm
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(no cocrosHus °D3) m 365 HM (10 6Gomee BBICOKOIHEPTETHYECKOTO
coctosanus °Lio). Bce m3aMepeHHBIE KPUBBIE 3aTyXaHHS JTIOMUHECLICHIMN
UMCIOT IBHO MOHOAKCIIOHCHITHAIBHBIN XapakTep. ITO XOPOIIIO COTIacyeTcs
¢ pasMerieHneM MoHOB Tb*" B mosumuax oguoro tuma (mosunus Lu®® ¢

cummerpueii C, u VIII-kpaTHoit koopaunanueii O [10]).

1 E T T T T T T T
3 Lum.545nm
S 01t ]
S E
>
5 L Exc.%ﬁ?qm
5001k Tum=411us i
< E Exc.3%(%réms
£ 4 T,,m=4121
_ Tum=409us lum
1E-3 L L
0 1 2 3 4
Time (ms)

Pucynok 3.4.8 — Kpusble 3aTyxaHus TIOMHHECLICHIMK HOHOB Tb*" Ha 545 Hm
st kpuctaiuia 3 at.% Tb:KLuW, mmna Bonxel Bo30yxaenus 365 um, 380 um
win 475 HM, Tium — BPEMS 3aTyXaHUsI TFOMUHECLIECHIHH.

Bpemsa 3atyxaHus JNIOMHUHECHEHUHMH Tlum cocTaBisgeT 411 £ 3 mkc.
Paccuntannas kBaHTOBas 3(P(EKTUBHOCTH JIOMUHECHEHIUMU 7q = 91%.
Takoe Oosbllioe 3HaUeHUE KBAHTOBOM 3(()EKTUBHOCTH JIFOMUHECIEHIIUU
1noHOB Tb*>* MOXHO OOBACHUTH HATMYMEM OOJNBIIOIO HEPreTUYECKOrO
3a30pa MEXKIY COCTOSHHEM °Di M HMKHMM BO30YKIEHHBIM COCTOSHHEM
("Fo), BelMuYMHA KOTOPOro cocTapiasgeT npuMepHo 15000 cm™!' [29].
MakcumainbHast yactota (POHOHA Avmax B Kpuctaiie KLu(WO4), cocTaBinsieT
908 cm! [10], Takum 00pa3oM Ge3bI3ITydaTeNbHAS PEIAKCALHS U3 COCTOSHUS
Ds He sBusercs BepoATHOH. IlomoOHbI >(dexT Habmomancs Uit
MeTacTabuinpHoro coctostHus Do nonos Eu*' B kpucramie KLu(WOs)2 [44],
u B kpucramie KY(MoOs): (cm. paznen 3.4.1).

s m3octpykTypHbiX KpuctamoB 1 at.% Tb:KYbDW u 5 ar.%
Tb:KYW BpemeHa 3aTyXaHus TIOMUHECUEHIUH Tium(°D4) OBLIM OIIPEAEICHBI
kak 395 mMrxc um 460 MKc cooTBeTcTBeHHO [47,66], 4TO OIM3KO K

nonyuyeHHoMy Juist kpuctaiia Tb:KLu(WOs), 3Hauenuto.
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3.5 MaruuTHO-1un0abHLIA nepexoa Do — "Fi nonos Eu’" B
kpucraiax KY(X04): (X =W, Mo)

Jns KpUCTaniaoB KaduH-UTTPUEBOIO JBOMHOIO MOJMOJaTa M KaJlMii-
uTTpueBoro aBoWHoro BodbPpamara KY(XO4)2 (X = W, Mo),
AKTMBUPOBAHHEIX HOHaMK Eu** GbLIO MpOBEIEHO JETaIbHOE HCCIIEI0BAHUE
AHU30TPONMHA MATHUTHO-JMUIIOIBHOTO MEPEX0aa Do — ’Fi nonoB Eu’",
KOTOPOMY COOTBETCTBYET JIIOMUHECIEHIIUS Ha JJIMHE BOJIHBI 590 HM.

Ha pucynke 3.5.1 npuBeeHBI COEKTPHI IIOMUHECHECHIIME HOHOB Eu’’,
coOoTBEeTCTBYIOIIME 3TOMYy Tmiepexony B kpucramie Eu:KY(MoO4): u B
kpuctaiie Eu:KY(WO4),. Cnektpbl OblIM 3amuicaHbl JJis Pa3idyHbIX
OpUEHTAIMi BEKTOpa HANPSHKEHHOCTH AyeKTpuueckoro mons E  ang
BO30YXKJAIOIIET0 U PETUCTPUPYEMOTO U3TYyUCHHUS.

ITepexon Do — "Fi ABISETCA YMCTO MATHUTHBIM IUNOILHBIM (MD) n
npu UCCIIEIOBAHUU COOTBETCTBYIOIIECH JFOMUHECLCHIINU B
MOJISIPU30BAHHOM ~ CBETE€ ObUIO OOHApY’>KEHO, YTO KOJIMYECTBO W
OTHOCHUTEJIbHAs UHTEHCUBHOCTh MTUKOB 3aBUCAT HE TOJBKO OT MOJIApU3ALUU
ceera E, HO W oOT HampaBieHusi pacrnpoctpaHeHus k [67]. IlogoOHoe
MMOBEJCHUE W3BECTHO I OJHOOCHBIX KPUCTALIOB [68], I KOTOPBIX
ONTUYECKAasl OCh MapaijieJbHa OCH C.

Taxoii >pdexT He HAOIOMAETC I OCTANBHBIX epexoa0B Do — F)
(J =2 - 6), KOTOpBIE ABIAIOTCSA YUCTO ANEKTpUuUecKuMuU nunoiasHbiMu (ED).
MarHuTHbId ~ JUIONBHBIA  TEpeXxoJl OOYCIOBIEH  B3aUMOJICUCTBUEM
aKTUBHOT'O MOHA C KOMIIOHEHTOM MarHUTHOTO MOJIsI CBETA YE€PE3 MarHUTHBIN
JUII0Jb, OpPUEHTAIUsl KOTOporo 3amaétcs Bektopom M. Ilpu sToM mmeet
3HAYEHUE OPHUEHTAIMs BEKTOpa HAIpPSHKEHHOCTH MarHuTHoro mnons H mo

OTHOILIEHUIO K M.
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Pucynoxk 3.5.1 — AHM30TpONHS CHEKTPOB JIFOMHUHECLCHIINH,

COOTBETCTBYIOIIEH MarHUTHOMY aunonsHoMy (MD) mepexoxy Do — ’Fi
nonoB Eu’" B kpucramne KY(MoOs): (a) u B kpuctamie KY(WO4), (6).
JlnuHa BoJiHBI BO30Y kaaroniero uznydeHus 488 um. BepTukanbHble TUHUU
o6o3nauarot [lITapkoBckue nepexoapl. McnmonbiyroTest o6o3nauenus a(be)a
(a) umu m(dg)m (6), coorBeTcTBYIOIME MeToAuKe [lopTo ans onucaHus
cneKTPOB KP, kexe( EexcFlum)kium.

BepostHocte MD MeXIITapKOBCKOTO MEPEXoJa B M3IIYYCHHH PaBHA

[69]:

3
w _ Yy
27hc’

e, (K (M8} ] 2. (13)

Ha BepxHeit uactu pucynka 3.5.2 (6) (monsipuzanus JIOMUHECIICHIUU:
E || Ng, 1.€. paznuunsie reomeTpun a(bg)d) 1Ba muka OTHOCSTCS K epexoaam
I — LW, 1P, Ha cpennem uacTu pucyHKa A CIEKTpoB g(mm)g u
g(pm)g nosiBAsieTCA JOMOJIHUTENbHBIN 10 CPABHEHUIO C BEPXHUM PUCYHKOM

IIVK, OTHOCAIUNCS K nepexony 't — I'1. Ha HrokHeN yacT pucyHKa Takxke
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Ha0ro1aeTes nojaoca, 00ycioBieHHas nepexoaom 'y — I', oTHocsmascs K
nosisipu3anusM m(gp)m u m(pp)m.

Takum o00pa3oM ObUIM YCTAaHOBJEHBI MOJSPU3ALUOHHBIE IpaBUiia
orbopa (cM. Tabmuily) I  MAarHUTHO-JUIIOJBHBIX  TEPEXOJI0B
pEeIKO3eMENbHBIX HOHOB B ONITUYECKH JIBYXOCHBIX KPUCTAJLIAX C JIOKAIbHOMN
CHMMETPHUEN JIIOMUHECIIEHTHBIX LHEHTPOB C».

Tab6auua 3.9 — [lonspusannonHslie MpaBuia 0TOOpa A MarHUTHO-TUIOIBHOTO
nepexona Do — "F monos Eu®* B kpucramiax KY(MoO4): u KY(WO4)2

Hanpasnenue Paspemennsie bnaronpusitasie Bo3smoxzble
OpHUEHTAINU HIEPEXO0/IbI HaIpaBJICHUS HOJIIPU3ALUH €pk
BeKTOpa M Do — 'Fi U3Iy4eHus k
M| C; (M| a) I'—1I, | b | ¢

e b
M1CM|bc) |T—=DO T |a | b,

b la c

e la. b

3.6 HBeTOBble XApPpaAKTCPUCTHKH JIIOMUHECCIHCHIIUN

Crnextp mromunectennun kpucramia Eu* :KY(MoOs), moayueHHbIH npu
BO30Y>KJIEeHUU Ha JJIMHE BOJIHBI 488 HM, MOKa3aH Ha pucyHke 3.6.1. 3anuBka
CIIEKTpa COOTBETCTBYET LBETY M3NyueHHUs. IHTEHCMBHAsA y3Kas Iojoca Ha
nnuHe BOIHEL ~614 HM (Do — 'F2 Eu®' nepexon) 1oMUHMpYET B CHIEKTpE U
00yCNaBIUBAET KPACHO-OPAHKEBYIO TFOMUHECIICHITHUIO.

Ha BcTaBke mokazana ¢gotorpadust Kpuctamia noj cBeroM Y @-jgamiibl.
[IBeTOBBIE KOOPAMHATHI U3My4YeHUs] ObUIH ompenenensl o cranaapty CIE
1931 (Commission internationale de I'éclairage) ¢ wucnonbzoBaHueM
nporpaMmMHoro  obecneuenuss MathCad. IlomydeHHble  IIBETOBBIC
koopauHatel X = 0.665 n y = 0.335, 4T0 COOTBETCTBYET KPACHOMY LIBETY.

JloMuHaHTHAs JUIMHBI BOJIHBI A4 paBHa 612 HM, a yncTOTa 11BeTa p >99%.
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Pucynok 3.6.1 — ChekTp arOMUHECHEHIMM Kpucrtamia 6 ar.%
Eu*":KY(M00O4), Asoss = 458 HM, ysemosas 3a1u6ka COOTBETCTBYET JJIMHE
BOJIHBI M3nyuyeHus. Ha BctaBke — poTorpadus kpucTauia npu BO30YKISHUN
Y ®-nammon.

Ha pucynke 3.6.2 npuBeI€H CHEKTP JIOMUHECLUEHIMUA KpUCTaJa
Tb:KLuW npu B030yXJA€HUU CHUHUM CBETOM JJIMHON BOJHBI 488 HM (70
BO30YKIEHHOTO COCTOSHUS °Di) It monaspu3oBaHHOro cBeta E || Nm.
[Tonoca, cesa3anHas ¢ mepexomoM °Ds — 'Fe, m3Mepsiaach OTHEIBHO
WCIIOJIb30BaHMEM Ja3epa Ha JiuHe BOJHBI 458 HM. COOTBETCTBYHOLIME
[BETa W3JIYYEHHs] yKa3aHbl Ha pHUCYHKe 3aiuBkoil 1nBera. Haumboiee

HMHTCHCHBHAasA II0J0Ca JIOMHMHCCHOCHIINH O6YCJ'IOBJ'IGH3 epexogoM

D4 — 'Fs, THINYHBIM 715 MaTepHanos ¢ npuMeckio Tb¥* [33].
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Pucynok 3.6.2 — Criektp mroMuHectieHIun kpuctauia 3 at.% Tb:KLuW
COOTBETCTBYIOLIMI nossipu3aiiu cBeta E || Nm; JuyinHa BOJTHBI BO30YxkaeHus 488
HM. []eem 3anueku COOTBETCTBYET IJIMHE BOJIHBI W3MydeHus. Ha ecmaske
npuBeseHa ororpadus Kpucrauia.

PL intensity (a.u.
o
B

o
N

Ha BcraBke mokazaHa ¢ortorpadusi JIFOMUHECHEHIIMM KpUCTaILIA.

Ha6moz[aeMa;1 JIOMHHCCOCHI A TAaKXKC ObLIa O0XapaKTCpru30BaHa COrjiaCHO
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crangapty CIE 1931. IlonyueHHble 3Ha4€HUs] LBETOBBIX KOOPAWHAT: X =
0.380 u y = 0.608. Takum 00pa3zom H3Ty4YEHUE KpHUCTala IMOMaJaeT B
KEJITOBATO-3€JIeHyI0 001acTh. JloMUHAHTHAsT 7IMHA BOJHBI Ag = 561 HM,

napamMeTp YUCTOTHI iBeTa p > 97% (ans HabmoaaTesns Ha 2 rpagyca).

3.7 KpaTkue BbIBOJBI 110 IJIaBe 3

B nanHOW rnaBe NPOBENEHO MCCICAOBAHUE JIIOMUHECUCHIMUA U
nornomerus noHoB Eu*" u Tb3*. Bee uccnenoBannble KpUCTaIbI HOKA3aIIU
BBICOKYIO aHU3O0TPOIHIO CHEKTPATbHO-IFOMUHECIIEHTHBIX CBOWCTB MOHOB-
aKTHUBAaTOPOB. bBbUIM  paccuWTaHbl OCHOBHBIE  CHEKTPOCKOIMYECKUE
napaMeTpbl, BEpPOSITHOCTH TMEpPexX0A0B, KOAXDPUUUEHTHl  BETBICHUS
JIOMUHECUEHIINY, paJUuallMOHHbIE BpPEMEHAa JKU3HHU JIIOMHUHECUEHIINH,
MONEPEYHbIE CEUECHUS TMOTJIOMICHUS, BBIHYXIEHHOIO WCITYCKAaHUS H
yCuJieHus, ObLIU ONPEAeIICHbl BPEMEHA 3aTyXaHuUs JIIOMUHECIIEHIIUA NOHOB
Eu’* u womoB Tb* B wuccmenyeMblx KpucTamiax. BbUIO IIPOBENEHO
JETAIBHOE MCCIIEIOBAHUE aHU30TPOIMM MArHUTHO-JIHUIOJBHOTO IMEpexo/a
Do — ’Fi wnonos Eu** B momoxmuanom xpuctamie KY(WOs): u B
poMOMYECKOM KpUCTaJIe KY(Mo0Os)>. brun YCTaHOBJICHBI
NOJISIPU3alMOHHbBIEC TIPaBUiia 0TOOpA ISl MATHUTHO-UIIOIBHBIX TIEPEX0JI0B
pEIKO3eMENbHBIX HOHOB B OINTHUYECKU JBYXOCHBIX KpHUCTaiax. bbuin
ONPEAECIICHbl [BETOBBIC XapPAaKTEPUCTUKH JIFOMUHECHEHIIUH HCCIETYyEMBIX

KPHUCTAJJIOB.
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I'/TIABA 4. CieKTpaJjibHO-JIIOMHHECHEHTHbIC U TeHePAllMOHHbIE
cBoiicTBa KpucTamia Tm3 : KY(MoOy):

N3BecTHO, YTO KPUCTAIIBI KATUU-UTTPUEBBIX MOJIUOAATOB 00JaJal0T
coBepiieHHON cmaitHocThio [53, 54, 60, 61]. Kpucramn Tm:KY(MoOa4)>
TaKk)ke 00J1alaeT JaHHBIM CBOMCTBOM U B HEM, KaK U B JIPYTUX KpUCTaJIax
TOT0 CeMeiicTBa, HAOJMIOHJAETCS HCANIBLHBIA €CTECTBCHHBIM CKOJI BJOJIb
OJTHOM M3 KpHUCTALIOrpadUUECKUX IIOCKOCTEeH. DTa OCOOECHHOCTh MOKET
HCIOJIb30BAThCSI B TOHKOIUIEHOYHBIX  MHUKpouuI-iazepax [27]. A
KpUCTAJJIMYECKass MaTpuila JOJDKHA OOecneyuBaTh MOAXOJAIINE IS
MHKpOYMII-Ja3epa TepMoontuueckue cpouicta [70, 71]. B Hacrosmen
IJ1aB€ OIKCBHIBAIOTCA HCCIEAOBAHUS CIEKTPAJIbHO-TIOMUHECUECHTHBIX H
TEHEPALMOHHBIX CBOMCTB KpPUCTAUIA JBOWHOTO  KAJIMU-UTTPUEBOTO
Moau6aata ¢ noHamu tysus, Tm:KY (MoOs),.

4.1 Crpykrypa kpucraiia (PenrrenogazoBblii aHaaus)

Bripamiennsldi U3 pacrmiaBa MeToAOM YoXpalbCKOro KpUCTaII
Tm:KY(MoOs); nokazan Ha pucynke 4.1.1 (a). OTxkur nocine BeIpaiiuBaHus
KpUCTAJlJIa HE TPUMEHsUICS. BbIpallleHHbI KpUCTal HE UMEN TPEIIUH U
BKIoueHui. Monsl Tm*" npuaanu kpucTamty caerka ;xearoBaTyio OKpackKy.
Mertogom  audpakiuu PEeHTIEHOBCKUX Jiydedl Oblla  ompejelieHa
OpUEHTAlMsl OCeN KpucTasia. MaeanbHblid €CTECTBEHHBIN CKOJ KpUCTasla
Tm:KY(MoOs), Habmogaercs BAOJb KpUCTaLIorpapuyeckoil MmiIOCKOCTH
(100), TO ecTh MEePNEHAUKYISIPHO HAIPABICHUIO POCTa KpHUCTaIa

Ha pucynke 4.1.1 (06) mnpuBeaeHo H300pa)x€HHUE U3JIOMa Kpas
MEXaHUYECKH CKOJI0TOM KpucTtamindeckod maacTuHbl Tm:KY(MoOs),
MOJYYEHHOE HAa CKAHUPYIOLIEM JJIEKTPOHHOM  MHKpockome. Ha
M300paXEHUU XOPOUIO BUAHBI MJIOCKOCTH €CTECTBEHHOT'O CKOJa, MAYIIHE

napajjeabHo ocu ¢ B 1mockocTH (100).
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(100)
Cleavage

Pucynok 4.1.1 — (a) @otorpadus BbIpalieHHOW OyiM KpucTaia
3 at1.% Tm:KY(Mo0Os),. HantpaBnenue pocta - o ocu [ 100] (BepTUKAIBHO);
(b) HzoOpaxkenue wu3iaoMa OOKOBOW ITOBEPXHOCTH KPHUCTAIINYECKON
MJIACTUHKHU, TMOJYYEHHOE C TIOMOIIbI0 CKAaHUPYIOIIETO 3JIEKTPOHHOIO
mukpockona (SEM), ¢ ykazanuem kpuctamuiorpaduueckux oceil.

Crpykrypa u dazopas umucrtora kpucramia Tm:KY(MoOs), Obuin
MNOATBEPKACHB METOJOM TOPOIIKOBOIO PEHTreHO(a30BOro aHain3za
(Puc. 4.1.2). Kpucramn Tm:KY(MoO4) oTHOCHMTCS K  KIaccy
OPTOPOMOUIECKUX IIEHTPOCUMMETPUIHBIX KPUCTAJIIOB C
IPOCTPAHCTBEHHOM rpynmoii Phbna - D', No 60. Cnensl Kakux-am6o
JIPYTUX MPUMECHBIX (ha3 B KpucTaiuie He ObuiH 0OHapy>keHbl. [locTosiHHBIE
pelIeTKH KpucTaiiaa, gonupoBaHHOro 3 aT.% Tm, ObUTM OMpeaeNieHBI C
MOMOIIbIO0 MeToa yTouHeHus: PutBenbaa [73] u coctaBmmm a = 18.2012(9)
A, b=7.9301(5) A, c =5.0666(4) A, a = =y =90°, pacuéTHast IIOTHOCTb
Ppaca cocTaBsieT 4.0897(4) r/cm® (kOIMUECTBO CTPYKTYPHBIX eUHUL Z = 4).
KonnenTtpanuss uoHoB Tm®" Obula paccuMTaHa 0OpU  yCIOBUM, YTO

ko3 dunment cerperanu Krm = 1, TakuM 06pazoM Nm = 1.95x1020 cm>.
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—— Measured |
—— Calculated

(501)

100 4

—— Difference

XRD intensity (counts)

15 20 25 30 35 40 45 50 55 60 65 70
2° (degrees)

Pucynoxk 4.1.2 — Jlubpakrorpammsl Kkpuctawa 3  aT.%
Tm:KY(MoOs); uncna ob6o3HavaroT uuaekcsl Musiepa (hkl) (cn. tp. Pona).

Crpykrypa Tm:KY(MoO4) cnouctas u oHa mojoOHa CTPYKType
kpuctaia Eu:KY(MoOs), koTopas Obl1a moJipoOHO onucaHa B pazzene 3.1.

Kpucrann cocTout u3 HENpephIBHBIX JEHT UCKAKEHHBIX OKTad3JApOB
[YOgs], pacnonokeHHBIX NapauieibHO ocu b. B miockoctn a—b »tu
OKTa3JIpbl MMEIT oO0mue yriasl ¢ Terpadapamu [MoOs]. Panuxansi
[Y(M0O4)2]~ 00pa3yroT MOPUCTHIE CIIOU, TapajjielbHbIe IIOCKOCTH b—c.
CBs13b 3THX CIOEB II0 OCH @ cliabasi, YTo OOBICHSICT HACANLHBINA CKOJI I10
miockoctd  (100). HMomsr Tm** 3amemaror Y3>* B onHol no3MLIUM
(koopnuHamonHoe uwuciio kucinopoaa VII, cummerpuss Cz). Dtomy

croco6CTBYeT GIIM30CTh HOHHBIX paanycoB Tm* (0,994 A)u Y3 (1,019 A).

4.2 CieKTpoCcKONus KOMOMHAIIMOHHOT0 PaccesiHUs CBeTa

Ha pucynke 4.2.1 npuBeneHsl mnonsipu3oBaHHble CIHEeKTpel KP,
KOTOpble ObUIM  M3MEpPEHbl Il TOHKOW IUJIACTUHKKA  KpHCTajlia
Tm:KY(MoO4) opuentupoBannoit Baonb (100). JInuHa  BOJHBI

BO30YXKJAIOIIETO U3IIYYEHUS Aexc COCTaBUIA 488 HM.
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Pucynok 4.2.1 — Cnektpbel KP kpucramia Tm:KY(MoOs): nns
reomeTpuu a(ij)a, rae i, j = b wnu ¢ (o603naueHust [1opto), Aexc = 488 HM.

BuaHo, 4To CIEKTphI CUIBHO MOJIApU30BaHbl. OHU COAEPIKAT MOJTOCHI
C pa3JIMYHONM MHTEHCUBHOCTBIO, PACIIOJI0KEHHBIE B TPEX JUana3oHax JJIUH
BosH [60, 61]. HuskouacToTHBIN auanasoH (<275 cM ') comepkuT ciaadble
KoJebaHus, cBsi3aHHble ¢ noctynareabHbiMu T'-monamu K, Y|Tm u Mo u
BpamarenbubiMu R-monmamu pemetku. Ilockonbky crektpsl KP Obuin
m3Mepensl ot 100 cM ', B HUX HeE TMOMAaIH AKyCTOOINTUYECKUE MOJbI,
nexamue B quanazone Huke 80 cM . BHyTpeHHne Moabl HabIIOIal0TCsA Ha
Oonee BBICOKHMX 4acTOTaX, B Auama3oHe KonebOanwii 318—436 cm'. 3mech
HaOMIOAIOTCS.  TOJOChl  CpelHe  MHTEHCUBHOCTH, CBSI3aHHBIE C
neopMallMOHHBIMU ~ (0)  KOJICOAHHSIMU ~ MOCTHUKOBBIX  KHUCJIOPOJHBIX
Tetpasapos [MoOs]*. TpeTuii, BEICOKOYACTOTHBIN auana3oH 727-945 cm!
COJICP’)KUT HMHTEHCHUBHBIE MOJBI, OOYCJIOBJICHHbIE BaJEHTHBIMH (V)
KOJe0aHUSAMHU  KOJIEOAHMSIM MOCTHKOBOTO  KHUCIOPOJHOIO  TEeTpajjapa
[MoOs]*. HamGonee HMHTEHCHBHAs M CHJILHO IIOJAPU30BAHHAS II0JIOCA
KOMOMHAIIMOHHOTO PacCesHMsl CBETa MOSBIISIETCS B CIEKTPE HA 4YaCTOTE
865.6 cm !, eé momymmpuna 10.5 cm!. OHa OTHOCHTCA K OJHOMY W3
BHyTpeHHUX (v) konebanuii [MoQO4]. MakcumanbHasi sHeprusi (pOHOHOB

Tm:KY(MoOs) cocrapmusier 945 cm .
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4.3 CiekTpbl NONEPEYHbIX CEYEHUI MOTIOMeHUSI

Kpucramn  Tm*":KY(MoQOs),  saBusercs  poMOMYECKUM W,
CJIeIOBATEIbHO, ONTHYECKH JIBYXOCHBIM. A 3HA4YUT, MJIS [OJHOIO
UCCIICIOBAHUSI AHU3OTPOINUU CHEKTPAIbHO-TIOMUHECIIEHTHBIX CBOMCTB
KpUCTaJlJla CyIIECTBYET TPU HampasiieHus nojspuszanuu cseta E || a, b, c.
s xpuctamia Tm*":KY(MoOs), U3BECTHO TOJBKO CpPEJHEEC 3HAYCHHE
nokazareas mpemomieHus (n) ~ 2 [27]. Bce cmekTpockomuveckue
UCCIIEIOBAHUS JUIsl 3TOrO KpHUCTajyla MPOBOAWINCH TMPU KOMHATHOM
temneparype (293 K).

JInst u3MepeHusi CHEKTPOB TMOTJIOMICHUS] M JIIOMUHECIEHIUUA ObLI
MOATOTOBJIEH O00pa3zell KPUCTAUITMYECKOM IIACTUHBI TOJIIUHOM ~1 MM,
MEXaHUYECKU CKOJIOTBIM C WEJIOro Kpucramia. [[imd Takou IUIACTUHKU
BO3MOKHO OBLIO U3MEPUTH CIIEKTPHI MOTJIONIEHUS ISl MOJSpU3aluii cBeTa
E | b u E || ¢, cuiekTpsl u3Mepsunch Ha criekrpodoTomerpe Varian CARY
5000 ¢ wucnons3oBanueMm npusMbl [maHa-Teinopa B KayecTBe
nosisipu3aropa. [loAroToBUTh MOJMPOBAHHBIM 00pa3el], OPUEHTUPOBAHHBIM
NEPHEHIUKYJIIPHO TJIOCKOCTU CHAaMHOCTH, U TaKUM 00pa3oM, MOIYYUThb
BO3MOXHOCTh U3MEPEHUsI CIIEKTPOB MOTJIONICHUs A noisipusanuu E || a
0Ka3aJ10Ch HEBO3MOXHBIM, IO3TOMY IMOIJIOLIEHNE JIsl JAHHOW NOJIpU3alun
HE UCCIIEI0BAIIOCH.

Cnextp nornomenus kpuctamna Tm:KY(MoOs): nns nonspuzanuit
ceeta E || b u E || ¢ noka3zan Ha puc. 4.3.1 (a). Ilomockl mornomieHus,
HAOMIOZaeMble B CIIEKTPE, OOYCIIOBIEHBI NepexogamMu HMoHOB Tm’' wus3
OCHOBHOTO dHeprermueckoro cocrosaus (‘H¢) B BbINIENEXamue
B0O30yxkaeHHble cocTosiHus (0T °F4 go 'Dy). Kpaii mornomenus B Y-
00JaCTH HaXOJUTCA Ha JUIMHE BOJHBI Auv = 327 HM (11 nossipuzanuu E ||
c¢) u Auv = 340 um (ansa E || b). DTO COOTBETCTBYET ONTUYECKOW IIMPUHE

3anpenieHHou 30HbI Eg 3.64—3.80 3B.
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Pucynok 4.3.1 — Ilormomenue xpucramia Tm:KY(MoOs): nns
nosigspusanuii ceera E || b u E || ¢: (a) noynHbIi criekTp nornouieHus; (0)
THionepeyYHble ceueHus orouienus, a4 nepexonos *He — Ha n *He — °Fa.

[TonepeyHble ceYEHHs MOTIIOMEHUS Gabs IS TIEPEX010B “He — *Ha u
SHe — °F4 mokazamsl Ha puc. 4.3.1 (6). Jua monocer *H¢ — 3Hy

20 1 p2
MaKCHUMAaJILHOE 3HAYEHHUE Gabs cOcTaBiIsIeT 7.70%x107°" cM* Ha UIMHE BOJIHEI
802.8 HM, a COOTBETCTBYIOIIAs MOJYLIHPHUHA TOJOCHl TOTJIOUIEHUS
coctasiset 10.0 um (ans E || b). 1Jist BTOpoit AOCTYMHOM NOJIIpU3allU CBETA
(E || ¢) oaps Ha mopsnok Menbie: 0.32x1072° cm? Ha 792.9 um. Ilepexon
’Hs — *Hs4 moaxoauT mis HAaKadykd MOHOB Tm ™, MPOMBIIUICHHBIMA U
MoitHbIME AlGaAs mazepHbIMU JHOJaMU. MaKCUMaJIbHOE 3HAYCHHUE Oabs
ns nepexona *He — 3Hs nonos Tm** 8 KY(MoO4)2 aHATIOTMYHO TAKOBOMY
B MOHOKIMHHOM KLu(WO4)2, gabs = 9.5x1072° cm? na 793.6 um [10], ogHako
MOJIYIIMPUHA TOJIOCKH! nornomenust 1.7 am (nonsipuzanus cseta: E || Np).
[Monyuaercs, uro kpuctamn Tm>":KY(MoOs): Gonblle HOAXOAMT IS
JTUOAHON HAaKaYKU M3-3a MEHbIIEH YYyBCTBUTEIBHOCTH K TEMIIEPATypPHOMY
. 3 3
nperdy IIMHBI BOJHBI M3Iy4deHus auonaa. s nepexona "He¢ — °F4 nonos
Tm?*" B xpucranie KY(MoQs): 3Ha4eHHE Gabs JocTuraet 3.95x1072° cm? na
JnuHe BoJIHBL 1785 uM (monspuzanusd E || b). DToT nepexo NOaX0UT AJIs
BHYTPUIIOJIOCHOM Hakauku MOHOB Tm*" HemocpencTBEHHO Ha BepXHMIA
Ja3epHbIA YpOBEHb, HAIPUMED, i BOIoKOHHBIX KP 51azepoB Ha s3pOueBomM

V3JIyUYE€HUU C JJIMHOW BOJHBI ~1,7 MM [74].
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3aMeTHas aHU30TPOMHS CEUYESHUM ToromeHus B miockoctu (100) He
MOYET OBITh OTHECEHAa TOJBKO K CIIOMCTOM CTPYKTYpE H, CKOpee BCETO,

CBs3aHa C HU3KOW CHMMeTpHEil TIOMHHECIIEHTHBIX 1IeHTpoB Tm>" (C>).

4.4 CreKkTpbl NONEPEYHBIX CEYCHU MCIIYCKAHUS U YCUJICHUS.
BpemeHa »Ku3HU JJIOMUHECHEHIIUU

CrexkTpsl JIOMHHECHEHUIMM Ha JUIMHE BOJHBI ~ 2 MKM ObUIX
u3MepeHsl s Tpex nojspuszanuid E || a, b, c¢. IcTouHUKOM BO30YXIEHUS
CJLY>KUJT HEIPEPBIBHBIA TUTaH-CaNl(PUPOBBIiA J1a3ep, HACTPOEHHBIN HA JJIUHY
BOJIHBI ~ 802 HM.

[Tonepeunble ceueHHs] BBIHYKJIEHHOTO HCITYCKaHUS GSE Iepexoja
3F4 — 3He monoB Tm** 6bum paccumrtansl mo meromy Proxrdayspa-
JlanenOypra (popmyna 10). [TonyueHHBIN B pe3yabTaTe CIEKTP MOKa3aH Ha

pucynke 4.4.1.
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~
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o
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PucyHnok 4.4.1 — [lonepeunslie ce4eHUS BBIHYKIECHHOTO UCITyCKaHUSA
ose mna nepexona ‘Fua — 3He monoB Tm*" B kpucramie KY(MoOs)s,.
[Honspuzauuu ceera E || a, b, c.

MakcuManbHOE 3HAYEHHUE TMOMEPEYHOr0 CEUYEHUS BBIHYXIECHHOIO
ucnyckanus osg cocrapuseT 2.70x1072° cm? Ha mmHe BonHBI 1856 HM C
nonympuaoi > 110 um (ans E || b). B cnekTpax JIOMUHECUEHIIMU U B
CIIEKTpaxX MOMEPEYHBIX CEUEHUU BBIHYXJIEHHOI'O HCIyCKaHUs KpHCTajlia
Tm:KY(MoOQO4), HaOmtomaercss 3aMeTHas aHU30TPOMNUS: OTHOUICHUS

osi(b):ose(c) = 7.5 u ose(b):ose(a) = 5.7 Ha puHE BOJAHBI ~1.86 MKM. DTO
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COOTBETCTBYET HEOOXOJAMMOMY YCIOBHIO [l TOJYy4YEHUS JIUHEUHO
MOJIIPU30BAHHOTO JIA3€PHOTO U3ITyYECHHS.

3aTyxaHue JIOMHMHECIIEHIIMM M3 COCTOSHMsA °F4 IpeACTaBIEHO Ha
pucynke 4.4.2. OHO SBISETCA MOHOAKCIIOHEHIIMAIbHBIM, BPEMS >KU3HHU
JFOMHUHECHEHIUH Tium = 2.29 MC. DTO corjiacyercst ¢ pacioyiO)KEHHEM HOHOB
Tm* B nosumuax ogmoro tuma (cummerpus: Cz). Bpemsa xusHu
JIFOMUHECIICHIINN YPOBHS HAKAYKH 3H4 coctaBnser 48 mkc. O6a BPEMEHU
JKU3HU OBLIHM M3MEPEHBI JIi TOHKUX TUICHOK, YTOOBI MCKIIOYUTH dPhEKT
IEPENOrIOIIECHHS. 3HAYEHUE Twm (I ypoBHA °Fi), momydeHHoe s

KPUCTAINTMYECKOU MIIaCTUHBI, ObLIO0 HaMHOTro OoJbie 3.35 Mc.
1 T T T T T T T T T

0,1+ E

Intensity (arb.units)

Exc. 800nm
Lum. 1860nm

O1|||||||||
01 2 3 45 6 7 8 910

Time (ms)

o

Pucynok 4.4.1 — Kpupas 3aTyXaHus JTIOMUHECLIEHIIMU HOHOB Tm>" B
kpuctamie KY(MoOs), u3 cocrosuus *Fa, Asoss = 800 HM, Aum = 1860 HM.

Ilepexon  *Fs—’He¢ wmonos Tm*"  mpexacrtaBmger  coboit
KBa3UTPEXYPOBHEBYIO CXEMy Jia3epa C TMOTEPSIMU Ha TEPETOTJIONICHUE.
Ceuenus ycuineHUs (Ggain) PACCIUTHIBAIOTCS, YTOOBI TOJYIUTH BOZMOXHOCTh
ciaenaTth  BBIBOA 00  OXHJaeMOW  JJIMHE  BOJHBI  W3TyYCHUS:
Ogain = 0sE—(1—B)0abs, T1€ B = N2(®F4)/N1m — K0P urrent uasepcuu, a Na —
HACEJIEHHOCTh BEPXHETO Ja3epHOro ypoBHs (*F4). CIIEKTPHI YCHUIICHUS Ggain
JUIsl IOJIsIpU3anuu cBeta ¢ 0oapiuM ycwieHueM (E || b) mokazanbl Ha puc.

4.4.3. OHY OTHOCHUTENBHO TJIAAKUE U IIUPOKHUE.
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Pucynok 4.4.3 — CeueHust ycuieHHUs, paCCUNTAHHBIE JJIs MEPEXO0AA
3F4 <> *He nonos Tm>" B kpuctamne KY(MoOas),, nonspusanus csera E || b.

4.5 JlazepHasi reHepanus B KPUCTAINYECKUX IJIACTUHKAX U
Tonkux miaénkax Tm*":KY(Mo0O4)2, moJyd4eHHBIX METOI0M
CKAJILIBAHU

4.5.1 Cxema J1a3epoB ¢ MUKPOUYMINI-KOHUTrypanuei pesoHaTropa

Jl1s1 a3epHbIX SKcepuMeHToB U3 kpucTtamia 3 at.% Tm:KY(MoO4):
ObLTM TOATOTOBJEHBI JBa oOpa3una. OHM ObUIM M3rOTOBJIEHBI METOJIOM
MEXaHUYECKOTO OTKaJIbIBAaHUSI TOHKOM IIJIACTUHKU KPHUCTalIa OCTPhIM
JIE3BUEM, PACIOJIOKEHHBIM BJIOJIb KPUCTAIIOTpAaPUUECKON IIIOCKOCTH
(100). K ne3Buio OBUIO TPHUIOKEHO JIMIIL HEOOJBIIOE JaBJICHUE, B
pe3ysibTare 4ero oOpa3oBajach HaudallbHash TpeEIIMHA, KOTopas B
JaJdbHEWIlIeM JIETKO pPacHpoCTpPaHsuiach IO IMOMNEPEYHOMY CEUYEHUIO
KpHUCTajia 3a CYET CIOUCTOM CTPYKTYPhl M COBEPIICHHOM CIIAMHOCTH,
MPUBOJAIIEH K HIeaIbHOMY ckoity. [TepBblii 00pasel, mpeACcTaBIsAIONINN U3
ceOsl TOHKYI0 KPUCTaJUTMYECKYIO TUIEHKY, uMen ToimuHy (1) 70 £ 5 MKM.
BTopoii oOpaselr — ToHKas KpUcTauImdeckas riaactuHa toiamnuuaon 700 £ 10
MKkM. TomnmuHa 00pa3ioB ObLIa U3MEPEHA C TOMOIIHI0 MUKPOMETPA U 3aTEM
JUIs TOHKOW TUIEHKHA ObLJIa TOATBEpXICHA C IMOMOIIBIO CKaHHPYIOUIEH
AIIEKTPOHHON MUKpockonuu. OOpa3iibl OB OJHOPOIHBIMU M0 CEYEHUIO B
npenenax 3amaHHON morpemHocTd. [lepBbrit oOpasem ObUT TOABEPKEH
ynpyroii aedopmanuu. [locnenyromas o0padboTka oOpa3ioB mociae cKoja

(HampuMmep, TOJHMPOBKA, MOKPHITUE W T.A.) HE MNpuUMeHsnach. Yucras



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

124

anepTypa o6pasLoB cocTasisa 6onee 1 cm?. OOpasibl ObLIM U3rOTOBJIEHE
3 00bEMHOrO KpucTamia, Tak uro opueHtauus oceit [010] u [001] Obuia
M3BECTHA.

OO6pa3upl ObUIM TOMENIEHbI B KOMMNAKTHBIM TUIOCKUN (MHUKPOYMIT)
pe3oHaTop, 00pa30BaHHBIN MIOCKUM 3epKaioM Hakauku (PM) ¢ mokpsiTem
JUT BBICOKOTO MPOMYCKaHMWs Ha JJIMHE BOJIHBI Hakadyku ~0.80 MKM u 114
BBICOKOTO OTPAXKEHUS HA OKHUIAAEMOU JUIMHE JIa3€pHOro u3irydeHus 1.8-2.1
MKM, U Ha0OpoM T1ockux BeIXOAHBIX 3epkail (OC) ¢ nponyckanueM Toc =
0.1% —9% Ha nnuHE BOJHBI Te€HEpaluu jaszepa, puc. 4.5.1 (a). Bxognoe u
BBIXOJIHOE€ 3€pKaja pe3oHaTopa ObUIM  OCTOPOXKHO  MPUXKATBl K
KPUCTAINIMYECKON MUIACTUHE WJIM IUIEHKE, TaK YTO Te€OMETpUuecKas JIJIMHA
noJiocTl Leay = t TONIUMHE wHcclenyeMoro oOpasiia aKTUBHOW Cpebl.
JlazepHbIii 35eMeHT ObLI MACCHBHO OXJaXJIeH, Ha pucynke 4.5.1 (0)

npuBeneHa Qotorpadusi KPUCTAIIIMYECKOW IUIACTHHBI, Pa3MEHIEHHON B

MUKPOYHUII-PE30HATOPE.

(a)

Kpuctann

xoc
nasepHoe

------------ F MsnyquMe

©L

Pucynok 4.5.1 — (a) Cxema MUKpoUMI-jia3epa ¢ JUOJHON HAKaYKOM
Ha kpuctaie Tm:KY (MoOs): nazepa: LD — na3epusbiit nuoa, PM — 3epkano
Hakauku, OC — BwIXOAHOE 3epkano, F — orcekaromuii ¢unbtp; (0)
dboTorpadus nazepa Ha KPUCTANIMUECKOMN TIIACTUHKE.

Hakauka 1na3epHOro »3jeMeHTa OCYLIECTBISIACh C MOMOIIBIO
ONTOBOJIOKOHHOTO Jja3zepHoro auona AlGaAs (nuamerp cepAleBUHbI
BojokHa: 200 wmkm, N.A. = 0.22), wusnyvaromero po 17 Br

HEMOJIIPU30BAaHHOTO M3JIy4yeHHs Ha JiuHe BOJHBI 802 HM. MomHOCTH
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HaKa4yKyd OblJIa OrpaHUYeHa, YTOOBI M30€KaTh ONTUYECKOTO MOBPEKICHUS
Ha rpaHuIlax pa3jesna KpucTtami / 3epkano. Jlyd Hakauky KOJUTMMUPOBAJICS U
dboKycHpoBaJiCs B Ja3epHBINA 3JIEMEHT C MTOMOIIbI0 Habopa nuH3 ((HOoKyCcHOE
paccrosinue f = 30 MM), B pe3yJibTaTe 4ero AUaMeTp IMsITHA HAKAYKU 2wp =
200 = 10 mxM. M3-3a 4aCTUYHOUN OTpaKkaTeIbHOM CTOCOOHOCTH BBIXOIHOTO
3epKajia Ha JMHe BOJHBI Hakadku (R = 40%) mnHakauka Oblia
JIBYXIIPOXOAHOM. BBIXOOHOW cHrHan Jiazepa OTAEISAICA OT OCTaTOYHOU

HaKa4yK¥ C TMIOMOIIBIO JJTMHHOIPOXOAHOTO (hUIIbTpA.

4.5.2 BbIX0AHbIE XapaKTePUCTHKHU J1a3€POB

B nepBoM n1a3epHOM SKCIEPUMEHTE B KAUECTBE aKTUBHOTO JIEMEHTA
Ja3epa BhICTyNajaa KpUCTALIMYECKAs IUIACTUHA TOMUHOM £ = 700 MKM, puc.
4.5.2. MakcuManbHast BRIXOJHAsi MOIIHOCTh TaKoOTO Jiazepa coctaBmia (.88
Br mwa gmune BomHel 1840-1905 H©HM ¢ auddepeHnuanbHON
3¢ (HEKTUBHOCTHIO B 3aBUCUMOCTH OT MOTIIOMIEHHONW MOIITHOCTH HAKAYKH Pabs
n = 65.8%, a mopor JazepHOW reHepauu ObLT Ha ypoBHE Paps = 210 MBT
(m71 BBIXOAHOTO 3epKaia ¢ nponyckanueM Toc = 5%). J1ns Bcex BBIXOAHBIX
3epKaj MOJIyYEHHbIE 3aBUCUMOCTH MOIIHOCTH JIa3€PHOTO H3JIYUYEHHUS OT
NOTJIONIEHHON MOIIHOCTH ObuTM JuHeWHbIMU. [lonspuzanusa jazepa Oblia
nuneriHou (E || b), u coOTBETCTBOBAJA MOJSPU3AIUHU, ONPEACIEHHON MO
aHU30TponuU cedyeHud ycuieHus. CHeKTpsl Ja3epHOro MU3Ny4eHUs
nokazanbl Ha pucyHke 4.5.2 (0). C yBenuueHreM 3HaueHUsI 7oc CIEKTPHI
CABUTAIUCH B 0OojJee KOPOTKOBOJHOBYIO oOnacte. Hampumep, mnpu
MaJIEHbKOW BenuuuHe Tmponyckanus 7Toc=1.5% ma3ep reHepupoBai
u3JydyeHue ¢ JUMHOM BOJHBI 1970 — 1978 HM, a mpu BBICOKOM 3HAYCHUU
Toc = 9% — Ha 1826 — 1835 Hm. Takoe cMeleHrne XOpOIIO COTIacyeTcs CO

CIIEKTpaMu ycuiieHus Juis nonsipusauuu ceera E || b, puc.4.4.2.
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Pucynok 4.5.2 — XapakTepuCTHKH JIa3epa ¢ JTUOJHONM HAKAYKOW JIJIs
ckonotoil mnactuHku 3 ar.% Tm:KY(MoO4): kpuctamia ¢ opueHTaluen
(100) (t = 700 MKM): a — B3aBHUCHMOCTb BBIXOJHOW MOIIHOCTH OT
MOTJIONIEHHON MOIIHOCTH, # — AuddepeHnuanbuas 3pHEeKTUBHOCTh; 0 —
CHEKTPbl JIA3€PHOTO H3JIYUYEHUS, U3MEPEHHBIE MPU MAKCUMAIBHBIX Pabs.
[Honsipuzanus nasepa E || b.

BTopoil 3KCHEpUMEHT 3aKiIoYalcsd B HCCIEJOBAHUM JIA3€PHOU
reHepallid Ha TOHKOW KPUCTAUIMYECKOW IIEHKE B KAayeCTBE AKTUBHOIO
JIa3€pHOro 3JIEMeHTa, pUCYHOK 4.4.3. MakcumasbHas BbIXOJIHAS MOIIHOCTb
Takoro jasepa cocraBwia 131 MBt nHa gnune BosHbl 1801 — 1872 HM ¢
n=45.2 % u noporom JaszepHoi renepaiuu Bcero 35 MBT (mns Toc =
1.5%). U3ny4yenue nazepa Takxke ObLIO TMHEHHO nojsipuzoBaHHbIM (E || b).
C yBenWYEHHEM TMPOIYCKaHUs BBIXOJHOTO 3€pKajia MOpOor Ja3epHOU
rerepanuu yseaunauics: ¢ 13 MBt gyist Hanmensiero Toc = 0.1% g0 54 mBt
s Toc=9%, 1npu STOM  OCTaBasCh  OTHOCHUTEIBHO  HU3KHUM.
Huddepenuuanbuas 3PpGeKTUBHOCTh Jla3epa CHayajla yBEJIMYHUBAIach C
YBEIIMYEHUEM MTPOMYCKaHUSI BBIXOAHOTO 3€pKaja, a 3aTeM yMEHbIIANach AJIs
Toc > 1.5%. B03M0XHO, 3TO CBA3aHO C CHJIBHBIM aIl-KOHBEPCHOHHBIM
MEPEHOCOM DHEPruu. ITOT MNEPEHOC HHEPruu HaNpsIMyI0 BIHUAET Ha
3Ha4YE€HHUE MOpora Ja3epHOoU reHepanuu [75], npuBOIUT K O0Jiee CUIIbHBIM
TepMoonTUYeCKUM 3 (PeKTaM B aKTHUBHOM CpeAe, UYTO MOXKET KOCBEHHO

BIUATH Ha AU epeHnanbHyo 3QPEeKTUBHOCTD
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bonee wnuskas nuddepenunanbHas 3¢PGEKTUBHOCTh Jiazepa Ha
KPUCTAINTMYECKON MIIEHKE MO CPABHEHMIO C JIa3epOM Ha KPUCTAILITUYECKOU
IJIACTUHKE, OOBsCHsieTcs Oojee BBHICOKMMHU TMAaCCUBHBIMU MOTEPSMH,
BO3HUKAIOUIMMH U3-32 BO3MOXHOTO MEXAHMYECKOI0 MCKaXKEHUs U u3ruda
IIeHKU. BO3MOXHO, Takue TMOTEepU MOTYT ObITb YCTPAHEHbI IMYyTEM

JaJbHENIIEH ONITUMHU3ALNU TPOLEYPhl CKAIBIBAHUS.

150 T T T T T T T T T T T T 3,0 T T T T T T T T T T T T
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Pucynok 4.5.2 — XapakTepuCTHKH JIa3epa ¢ JTUOJHONM HAKAYKOW JJIs
ckojoroir ToHkoM TEHKH 3 ar.% Tm:KY(MoOs): xpucramia c
opuenTanuei (100) (t =70 MKM): a — 3aBUCUMOCTb BBIXOJTHOM MOIITHOCTH OT
MOTJIONIEHHON MOIIHOCTH, # — nuddepennunansHas 3PEGeKTUBHOCTb; 0 —
CIIEKTPHI JIa3€PHOT0 H3IYUYCHHUS, U3MEPEHHBIC MPH MAKCUMAIBHBIX Pabs.
[Tonsipuzanus nasepa E || b.

B naHHOM sKciepyMEHTE TakKe HaOJII0alCs CABUT JJIMHBI BOJTHBI
JA3epHOr0 H3JIYyYEHHS] B CTOPOHY KOPOTKHMX BOJIH TPU YBEIWYECHUH
MPOMYCKaHUs BBIXOJHOTO 3€pKajia pe3oHaropa, puc. 4.5.2 (0). B crnekrpax
MPUCYTCTBOBAJIM SKBHUANCTAHTHBIC CIEKTpaJbHbIE JIMHUU, Pa3/ICJICHHbIC
paccrosinuem A4 = 12,2 um ipu ~ 1,85 mxm (u1st Toc = 1,5-9%). D10 MOKHO
00bsicHUTh 3TanoHoM Dadpu-Ilepo. CBOOOAHBIN CIEKTPaIbHBIN AMANA30H
stanona dadbpu-Ilepo ToNIUHOMN ¢ U ¢ TTOKAa3aTeNeM MPETOMIIECHUS Ng TPU
HOPMAJIbHOM MAJ€HUU CcOCTaBIsIeT AArsr = Ao/(ngt). U3 3TOl (popmyiibl
MOJy4aeM TONIMHY dTajoHa 71 mxm nipu n = 2.0, 4TO XOpOIIO COTJIacyeTcs

C TOJIIIMHOM KPUCTAJIINYECKOM TIJIEHKHU.
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Jlazepbl Ha KPUCTAINIMYECKUX IUIACTUHKAX W IUIEHKAaX KpUcCTaia
Tm:KY(MoO4), pabotaiin B OCHOBHOI mnomnepeuHoil moje. Ilapamerpsi
KauecTBa Jiyya OBbUIM M3MEpPEeHbl CcTaHaapTHbiIM wmetoaoMm ISO ¢

oxycupyromeit nuu30i M%y < 1.2 (x =b,y = ¢).

4.6 KpaTkue BbIBOJBI 110 IJIaBe 4

PoMOuueckuii kpuctaiyl KaIMU-UTTPUEBOTO JBOMHOIO MOJUOIaTa
Tm:KY(Mo0Os4)2 sBaseTcsS NEPCIEKTUBHBIM KPHUCTAIJIOM ISl CO3JaHUS
3¢ PEeKTUBHBIX Ja3epOB, TEHEPUPYIOIINX B YCIOBHO-0€30MACHOM IS ria3
CIIEKTpaJbHOM 00J1acTH ~2 MKM. B TakoMm KpucTajie BO3MOXKHO IOCTHTaTh
BBICOKMX KOHIICHTpAIlUd HOHOB-aKTHUBATOPOB 0€3 3aMETHOr0 TYUICHUS
JIOMUHECLECHIINY, B KPUCTAJJIE HAOJIIOAAI0TCSI MHTEHCUBHBIC, IIUPOKHUE U
CUJIBHO TOJIAPU30BAHHBIEC IOJOCHI IMOTJOUIEHUS W HCIYCKaHUS, a TaKXKe
takon kpucramun siBisiercss KP aktuBHOUM cpenoi. Cioncras CTpyKTypa
kpuctamia KY(MoO4), cmocoOCTBYeT aHHU30TPONMUH €ro ONTHYECKHUX
CBOWCTB, a TaKXe IO3BOJSET JIETKO  H3TOTaBIMBAaTh  TOHKHUE
KPpUCTAINIMYECKUE  IUJIACTUHKM W IJIEHKUM  JIa3€pHOrO0  KayecTsa,
NOABEPKEHHBIE YIPYTod aedopMalnuu, TOJIMHON OT HECKOJIBKUX MM JO
JECSITKOB MKM. bplIa mpoeMOHCTpHUpOBAaHA T€HEpalUs jJa3epa Ha JJIMHE
BOJIHBI ~2 MKM C MaCCHUBHBIM OXJIQXKJICHUEM HA TOHKUX KPUCTAIITUMYECKHUX
miactuHkax (700 mxm) um mnénkax (70 mxMm) ¢ auddepeHunanbHOMR

3¢ pekTUBHOCTHIO 710 65.8% U BhIXOHON MOIIHOCTHIO 0,88 BT.
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I'/IABA 5. CnieKTpaJjibHO-JIIOMHHECHEHTHbIE U TeHePAllMOHHbIE

cBoiicTBa kpucTawios Yb¥ Li* :ZnWO4s n Yb*:KY(Mo0O4):

5.1 Ctpykrypa kpucraiioB (Penrrenoga3oBblii aHAIU3)

Kpucrannuueckas ctpykrypa u ¢azoBasi YUCTOTa KPUCTAIOB ObLIU
NOATBEPKACHBI C MOMOILIBIO peHTreHo(a3zoBoro ananu3a. Ha pucynke 5.1.1
IpHUBEJEHA pEHTreHorpamMma kpuctamia 5 ar% Yb*',Li":ZnWOs.
PentrenodasoBsiii aHanu3 moapoOHO omnucaH B [76], ObLIO MPUHSHO, YTO
KpUCTAILI ~ HMMeeT  cocTaB  Znove4YbooisLinoisWOs.  dakrtHueckas
KoHIleHTparusi uoHoB Yb (1.8 ar.%) Obuta ompezaeneHa ¢ MOMOIIBIO
MUKPO30HJOBOT0 aHajiu3a, U ObUIO MPUHATO, YTO MOHBI Yb u Li umeror
paBHbIe aTOMHbIE [107U. OTHOCHUTENIbHAsE MHTEHCUBHOCTh M IMOJOKEHUE
TUu(pakIMOHHBIX MUKOB o0Opasiia Xopollo coriacytres ¢ kaproi JCPDS
(OO0benMHEHHBIN KOMHUTET MO MOPOIIKOBBIM JTU(PPAKIIMOHHBIM CTAHIAPTAM )
Ne 96-210-1676 nna wenonupoBanHoro kpuctamia ZnWOs. pyrux ¢as,
KpoMe MOHOKJIMHHOM, He OblI0 00Hapy»xkeHo. Bce 3To yka3bIBaeT Ha TO, UTO
BbIpalieHHbIN 00pa3zen kpuctamia ZnWO4 onnodaszubiit. PeHtreHorpamma,
u3MepeHHas Jijisl 6oJiee MIUPOKOro auana3zoHa yrios nudpaxuuu 26 ot 14,5

1o 120°, 6puta yrouneHa MmetojioM PutBensaa [77].

0
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Pucynok 5.1.1 — Pentrenorpamma kpucramia 5 at.% Yb*" Li':ZnWO4 [77];
TeopeTHUeckass KapTuHa HemonupoBaHHoro ZnWOQO4 mokazaHa A
cpaBHeHus (kapta JCPDS Ne 96-210-1676), yucra 0603Ha4arOT WHJIEKCHI

Munnepa, (hkl).
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Kpucramn  Yb* Li":ZnWO4  sBnsercs  MOHOKIMHHEIM, OH
NPUHANICKUT K IPOCTPaHCTBEHHOM rpymne P2/c — Chy, Ne 13 m
HEHTPOCUMMETPUYHONW TOUeUHOU rpymnme 2/m. IlocTosiHHBIE peleTKH
a=4.70212) A, b=5.718(6) A, c=4.930(4) A, 06bEM dmeMeHTapHOI STUeHKH
Veae = 132.571 A3, yron monokiauHHOCTH cocTapiseT f = a’c = 90.713(5)° u
TeopeTHYecKas IIIOTHOCTh KPUCTAILIA Ppacy = 7.553 T/em?.

[Ipennonaranock, uro uoHbl Yb** B kpucramie ZnWOi 3aMeHAT
KaTHOHbl Zn?". A g1ns oOecredeHMss KOMIIEHCALUMM 3apsAfia KPUCTAJLI
COAaKTUBUPOBAJICS  OJHOBAaJEHTHHIMM  KaTwoHamu  Jjmmtus  (Li").
Hcnonp30BaHrWe OJHOBAJICHTHBIX KATHOHOB MIEJIOYHBIX METAJIOB B
KpUCTAIJIaX C TETEPOBAJICHTHBIM MEXaHM3MOM KOMIICHCAIlUU 3apsjia
noapoObHo ommcaHo B [77-78]. Jns umcciemyeMoro KpucTajia HOHHBIC
paauychl KAaTHOHOB, YYaCTBYIOIIMX B MPOIIECCE JOTUPOBAHUSA, COCTABISIOT
0.868 (Yb*"), 0.74 A (Zn*) u 0.76 A (Li") [79], nostomy oxkumaercs
yBelnueHue o0bEéMa dJIeMeHTapHOU siuelku. Takke mpeanosnaraercs, 4yto
CyLIECTBEHHOE Pa3IMuhe MOHHBIX pamuycoB Zn?', Yb’" um Li*, a taxxe
pa3ivuMe HX BaJGHTHOCTU TMPHUBEAECT K HEOJAHOPOAHOMY YIIUPEHUIO
CHEKTPaIbHBIX [10JI0C IOTIOIECHHS M IIOMUHECHEHIIME HOHOB Yb**,

Ha pucynke 5.1.2 mnpuBeneHa crpykrypa kpuctamma ZnWOs,
nonuposanHoro uonamu Yb**, Li*. CTpykTypa mocTpoeHa B COOTBETCTBHU
C KOOpJIMHATAMU aTOMOB, KOTOpbIE OBUIM OMNPEACIICHHbI C MOMOIIbIO
yrounenusi Pursensna. W' cBasan ¢ mectero monamu xucnopoga O* u
oOpasyet uckaxx€Hubie okTa’ipel [WOg], KOTOpble UMEIOT OOIIUE YIJIBI C
BOCEMbIO SKBUBAJICHTHBIMU OKTadpaMu [(Zn|Yb|Li)Os] u kpast ¢ AByMs
SKBUBAJICHTHBIMU OKTayaApamu [WOs], Kak mNOKa3aHO B NPOEKIUMU Ha

KpUCTALTOTPaPUIECKYIO TNIOCKOCTH b-c.
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Pucynok 5.1.2 — Cxematuueckuii pparMeHT KPUCTAIMIECKON CTPYKTYPHI
ZnWOyu, nonuposanHoro nonamu Yb>" u Li': (a) mpoekuus B maockocTu b-
c¢; (6) mpoexkmmst B TIOCKOCTH a-b. Yepnvimu saunusmu o0O3HAUCHA
AJIEMEHTapHas STYEHKa.

Takum ob6pazom cTpykrypa Yb*' Li*:ZnWO, mpexncrasnser coboii
3ur3arooOpasHpie IEMoYKH, oOpa3oBaHHBIE OKTa’Apamu [(Zn|Yb|Li)Os] c
obmumu pedpamu unu oktadapamu [WOe] ¢ oOmmmu pedpaMu, HIyIIMu
napaienbHo ocu c¢. Kaxmas memouka, oOpasoBanHas [(Zn|Yb|Li)Os],
CBsSI3aHA YTJIaMU C 4YeThIpbMs 1enoukaMu, oOpazoBaHHbIMU [WO¢]. Takum
o0pa3oM, CTpyKTypa COJEPXHUT OTKPBIThIC KaHAbl, TaKKe WAYIIUE

mapaulenbHo ocu  ¢. B kpuctamie Yb¥ LiT:ZnWOs nabmrogaercs

€CTEeCTBEHHBIN CKOJI 1Mo mockocTtu (010).

5.2 CnekTpockonusi KOMOMHALIMOHHOTO PaccesiHUSA CBeTa

[Monspusosannbie crnektpsl KP kpuctamia 5 ar.% Yb*',Li":ZnWO4
nokaszanel Ha puc. 5.2.1. JIng wu3mMepeHuid ObT  TOATOTOBIICH
IPSIMOYTOJIbHBIN oOpasen. bplmum m3ydeHsl Bce BO3MOXKHBIC HAIPABICHUS
pacmpoCTpaHEHUsI TMAJAONIET0 W PACCESTHHOTO CBETa, JJIS 00O3HAYCHUS
reOMETPHI MCIOIB30BaAUCh 0O03HaueHus Ilopto, m(nk)l rtne m wn [ -
HAIPaBJICHUS PAaCIIPOCTPAHCHUS IMAJA0IIET0 U PACCESTHHOTO CBETa, a 1 U K -

COOTBETCTBYIOIINE COCTOSIHUSA nosipuzanuu [80].
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Pucynok 5.2.1 — Cnexrpsl KP kpucramna 5 ar.% Yb** Li":ZnWO4 s
reomerput (a) a(ij)a, (b) b(ij)b u (c) c(ij)E (o603uauenus [lopto). Lugpwi
yKa3bIBalOT 4acToThl nonoc KP B cm!. JlnuHa BONHBI BO30YIAIOILETO
U3ITyYEHHS Asoss = 514 HM.

OnemeHTapHas stueiika ZnWO4 coiepKuT 1Be (hOPMYJIbHBIE €TUHULIBI

(Z = 2). ®akTop-rpyIIoBoi aHaIU3 MPEACKa3bIBaeT B 00IIEH CI0KHOCTH 36



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

133

cTeneHe cBoOOMbI aiig 12 aTOMOB B KaXkJOW SJIEMEHTApHOU siUEHKe.
CoOTBETCTBYIOIIME HEMPUBOJUMBIC MPEACTABICHUS B ILIEHTPE 30HBI
bpunmiosna I' (k = 0) paBabl 8Ag + 10Bg + 8Ay + 10By, U3 KOTOPBIX YETHBIE
KoJieOaHus (g) SIBIAIOTCS KOMOMHAIIMOHHO-aKTUBHBIMH, a ocTanbHbIe — K-
akTuBHBIMU [81, 82]. Takum 00pa3zoM, BO3MOXKHBI 18 KoieOaTEeTbHBIX MO/
(8Ag + 10Bg). Ha 3apeructpupoBanubix crektpax KP nadmroganocs 17 Mo
u3 18 Bo3MOXkHBIX (kpome Hu3kowacToTHoi <100 cm™'). YacToTsl
KoJie0aTeIbHbIX MOJI 0003HaYEHBI HAa puc. 5.2.1, a UX MUKOBBIE YACTOTHI U

cummetpui (Ag min Bg) nepeuncienst B Tadbnuie 5.2.1.

Tabmmma 5.1 — Yacrorsl KomeOaTebHBIX MOJ, 3apPETUCTPUPOBAHHBIC B
kpuctawie Yb**Li*:ZnWO4 npu KOMHATHOM TeMIeparype.

Neo Yacrora, cm™! Cummerpust  BHyTpeHHsIst
Yb¥,Li'"ZnWOs  ZnWO4 [81] Mozia
1 906 906.8 Ag +
2 784 7859 B, 4
3 707 7001 A, 4
4 677 6787 B,
5 545 546.4 Ag
6 513 5153 B,
7 406 406.9 Ag +
8 353 3554 B,
9 340 418 A, 4
10 312 314.6 B;
11 275 2744 Ag
12 266 267.3 B;
13 194 1953 A,
14 188 1900 B, 4
15 163 164.5 B
16 144 146.3 B;
17 122 123.2 Ag
18 _ 915 B,

Cnextpsl KP kpucramma Yb*' Li:ZnWOQO4 CHIBHO INOJSAPU3OBAHBL.
Hanbonee wuHTEHCHMBHasi MOJiOCA B CHEKTPAax HAXOJUTCA HA YaCTOTE
906.0 cm™!. Eé nmonymupuna Av coctaiser 11.9 cm™. Dta monoca HemMHOro
CMEIIIEHA M YIIMPEHA MO CPAaBHEHHUIO C HeserupoBaHHbIM ZnWOs, s

kotoporo vi = 906,8 cm-1 u cooTBeTcTBytomee Av = 8,3 cM-1 (Bce 3HauCHUS
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yKa3aHbl i1 CIEKTPOB, 3apErUCTPUPOBAHHBIX MPU  KOMHATHOM
temneparype) [81].

Cnextpel KP kpucramia Yb:KY(MoOs), mokazansl Ha puc. 5.2.2.
OHU CWIBHO TOJSPU30BAHBI, HAWOOJIBbIIAST HWHTEHCUBHOCTH TOJIOC
HaOmonaercss B reomerpun  a(bb)a. Bce mosnockl B CHEKTpax
MOJPA3ACIISIIOTCS Ha TP Tpymnmbl Kojebanuit [59,60]. HuzkodgacToTHBIN
nuanaso, 80272 cm™!, comepaxut nocrynarensusie T'- u Bpamarensusie R-
moasl kaTtuoHOB K, Y|Yb u Mo. Ilonmocel cpenHeil MHTEHCHBHOCTH,
OTHOCSIIIIMECS. K BHYTPEHHUM Je(OpMalMOHHBIM  KoJiebaHusiM  (0)
MOCTHMKOBBIX ~KHCJIOPOAHBIX TeTpasapoB [MoOs]> HabmrogaroTcs B
MHTEpBae 4acToT 315-435 cm™!. BeIcOKOYaCTOTHBIN fuana3on 726-944 cm
! ComepKHUT MHTEHCUBHBIC BAJCHTHBIE KoJeOaHUs (V) STUX TETPadApOB.
Pa3pbiB B criekTpax KOMOMHAIIMOHHOTO paccestHust (B auamnazone 500-700
cm!) 06ycroBIEH OTHOCHTENBHO ¢1ab0il KUCTIOPOIHOM CBA3BIO TETPasAPOB
[MoOs] B mmiockoctu cios. Hawmbonee UWHTEHCHMBHAS UM CHJIBHO
nonspu3oBanHas noynoca KP mossisercs B CieKTpe Ha yacToTe 865.6 cm ! ¢
nonymupuHoi 18.8 cM!. OHa OTHOCUTCS K OJHOMY M3 BHYTPEHHHX (V)

konebanuii [MoQO4]. MaxkcumanbHass »Heprusi (OHOHOB COCTaBISET

944 cm !,

rExc. 488nm 1
—~12 ——a(bc)a .
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Pucynok 5.2.2 — Cnekrpel KP kpucramia 3 ar.% Yb*": KY(MoO4), nns
reomerpun a(ij)a, i, j = b wu c. [ughpol ykas3piBaroT 4actotsl mojoc KP B
cm’!. JlnvHa BOJNHEI BO30YKIAIOIIET0 M3yYEHHS Aposs = 514 HM.
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5.3 CneKTpbI NONEPEeYHbIX CeYEHUI MOTIOIeHUSI

Kpucrann Yb*",Li*:ZnWOQ, sBnseTcs ontudecku ABYyXOcHBIM [83].
Ero onrudyeckue CBOWCTBA ONHCBHIBAKOTCS B paMKax  B3aUMHO
OpPTOTOHAJIBHBIX OCEM ONTUYECKOU MHIUKATPUCHI, 0003HAUEHHBIX KaK Ny, Nm
u N,. Kpucrannorpaduueckas ocb b napayiensaa ocu cummetpun Ca, a 18e
JPYTHUE PACHOJIOKEHBI B OPTOTOHAJIBbHOW IUIOCKOCTH @-C, COCTaBIISIOIIEH
OTPEICNICHHbIE YTIIbI C KPUCTAIIIOTPAPUUECKUMU OCSIMHU.

[Tonepeunble ceueHus noraomenns nonos Yb** B kpucramne 1.8 at.%
Yb*,Li":ZnWO4 Obuim  ompeneneHsl MO CIIEKTPaM  IOTJIOIICHHS,
WU3MEPEHHBIMU TIPU KOMHATHOW Temrieparype. Pe3ynbTaThl mokazaHbl Ha
pucynke 5.3.1. MakcumanbHOE 3HAYCHUE Oaps = 2.40x10%° cm? Ha mume
BOJIHBI 972.7 HM, @ COOTBETCTBYIOIIAs MOJYIIHUPHUHA TOJIOCHI MOTJIOECHUS
coctaBiser 8.3 HM (mis nomspuzauuu cBera E || Ng). DOta mnonoca
MOTJIONIEHUS COOTBETCTBYeT OecoHOHHOM nuHuu (ZPL) npu xoMHaTHOM
TemnepaType. B kpucramte Yb’',Li:ZnWOs nHaOmomaercss 3aMeTHas
AHU30TPOMNUS CEUEHUM TMOIJIONICHHS, YTO BBIPAXKACTCS OTHOILICHUSIMU
Oabs(Ng) : Gabs(Np) = 2.6 : 1 ¥ Gas(Ng): Gars(Nm) = 4.7: 1 HA JIUHE BOJHBI
~0.97 MxM. [lpyras uMHTEHCHBHas M HEMHOro OoJiee MIMpOKas IMojoca
TIOTJIONIEHHS TTOABJIAETCS Ha JUTMHE BOJTHBI 958.4 HM (0abs = 1.84%1072 cm? ¢
nonymupuHoit 9.8 um 1151 E || Ng). O0e moaockl NOTIOMEHHS TOAXOAST AJIs
HaKayku JazepHbiMu auoaamMu InGaAs. MOXHO NpeanosoxKnuTh, 4TO U3-3a
INMPOKMX  IMHUKA  moriomenuss  Yb*'Lit:ZnWOs OGymer MeHee
YyBCTBUTEJBHBIM K TEMIIEPATYPHOMY Apel(y IIUHBI BOJHBI JA3€PHOTO
auoja.

[lo cpaBHeHMIO € JpYyrUM XOpOIIO HW3BECTHHIM MOHOKJIMHHBIM
JNa3epHBIM KpUCTALIOM Bodb(ppamara, Yb*' Li:ZnWOQs, unccnemyemsiii
MaTepualn TMOKa3biBaeT Oojiee HU3KHUE 3HAYCHUSI TOMEPEUYHOrO0 CEYEHUs

IMMKOBOI'O IIOINIOIICHUA IIPHU Iropasao oonee IMUPOKUX IMHMKAX IMOIJIOIICHMA.
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Juist kpucramaa Yb* " : KLu(WOs)2 3HaueHUE Gabs ocTHracT 11.8x1072° cm? Ha
981.0 uM ¢ monymupuHO# Beero 3.5 HM 115 modisipusanuu ceera E || Nm [10].
B pabore nmo wuccaenoBanuio Yb**:ZnWOs (6e3 Li") coobmanocs o
MaKCHMaJIbHOM cedeHHH roromienns 2,6x1072° cm? a ~ 972 um [84]. Do

COorjIaCyeTc:Aa C HAaCTOAIINMU HCCIICAOBAaHUAIMU I Kpucrajiia

Yb*,Li":ZnWOu.
3,0 T T T T T
-(a) Yb,Li:ZnWO,
25¢ —EIIN, "
] —EIN,
ool —EIIN,
£2
o
AN
1 1 5 - 4
o
210¢ :
et
0,5+ -
0 O aitbad ad L

850 900 950 1000 1050 1100
Wavelength (nm)

Pucynok 5.3.1 — Cnextpbl MONEPEUHBIX CEUCHUH IMOIJIOLICHUS KPUCTAILIA
1,8 ar.% Yb* Li":ZnWOs4 npu xommuarHoii Ttemmneparype (293 K):
[Honsipuzanuu ceera E || Np, Nm, Ne.

st opropombuueckoro kpuctaiia KY(MoQO4), U3BECTHO TOJBKO
cpelHee 3HAUeHUE MokaszaTens npenomieHusa ~1.95. B uém nabmrogaercs
cunbHOe aByJyuenpenomiieHue An = 0.018-0.087 [84]. Ocu onTuueckon
WHJIMKATPUCHI COBNAAAIOT C KPUCTAIIIOrPAPUUECKUMU OCSMH.
Crnextp npomyckanus kpucramia 3 aT.% Yb:KY(MoOs), 6611 m3MepeH s
obOpa3zna ToiamuHoil ~1 cMm, pucyHok 5.3.2 (a). Jmana3oH mpo3padyHOCTH
kpuctauimdeckord Matpuibl oT 0.33 1mo 3.4 mxm. CTpyKTYypHpPOBAaHHOE
MOTJIONIeHHe Ha Oojee JIMHHBIX BOJHAX (0 5 MKM) CBS3aHO C V-
KoJebaHusamMu TetTpa’apoB MoOa.

[Tornomenne Ha mIMHE BOJHBI ~] MKM  OTHOCHTCS K
SHepreTHdeckoMy nepexony 2F7» — 2Fs; nona Yb?". CriekTpsl monepeuHsIx
CEYEHUI MOTJIONIEHUS 3TOTO MEepPexo1a Jjisi OCHOBHBIX MOISPU3ALMI CBETa

E || a, b, ¢, paccuuTaHHble MO CIEKTpPaM IMOIJIOLICHUS, MPUBEAEHBI Ha
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pucynke 5.3.2 (6). B cnekTpax HaOIr0maeTCA CUIIbHAS TOJSIpU3ALMOHHAS

aHU30TPOIUS.

100 T T T T T I' ed
unpolarize

(@) light

(100) plate

[e4]
o
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()]
o
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o
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Pucynok 5.3.2 — Cpoiicta noriomenus kpuctawia 3 at.% Yb:KY (MoOa)a:
(2) HEMOISPU30BAHHBIN CIEKTP NPOMYCKAHUS KPUCTALTNYECKON MIACTUHKU
¢ opuenTtanueit (100) Tonuumuoi ~1 cm; (0) CrieKTpbI MONEPEYHBIX CEUYECHUM
HOTJIOIIEHUS Oabs, OJIApU3anK cBeta E || a, b u c. Ctpenka yka3pIBaeT
JUTMHY BOJIHBI HAKAYKH, UCTIOJIb30BAHHYIO B JIA3€PHBIX SKCIIEPUMEHTAX.

MakcuManbHOE 3HAUEHUE Oabs cOcTaBigeT 1.77x102° cm? na nmmne
BOJIHBI 977.1 HM, a MOJlylIMpHHA MOJOCKHI paBHa 19.6 HM U1 MoJIIpU3aun
ceera E || b. DTa qyiriHa BOJIHBI COOTBETCTBYET MEpeXoay B OecHOHOHHYIO
JVHHUIO TPU KOMHATHOM Temmeparype. [nd AByX Apyrux nossipu3auui
CBETA 3HAUYCHUS MOTIEPEUHBIX CEYEHUMN MOTTIOMICHUSI HUXKE, UTO BhIpaKaeTcs
OTHOIICHUSAMH Tabs(D): dabs(€) = 1.26 U 0avs(b): 0avs(@) = 4.2 HaA JJIHHE BOTHBI
~980 HM. DTa aHM30TPONUA YAaCTUYHO BO3HUKAET H3-3a CJIOUCTOU
KPUCTAINTIMYECKON CTPYKTYphl (3HAUUTENbHOE TMaJICHUE ONTHYECKOIo
MIOTJIONICHUS CBETA, MOJSIPU30BAHHOTO OPTOTOHAJIBHO TIJIOCKOCTH CJ10s b-C)

i 3+

Y YaCTUYHO M3-3a HU3KOM CUMMETPUHU MO3UIMK HOHOB Yb’". HaGmtonaembie
mupokue  cnektpbl  noromeHuss  Yb:KY(MoOs),  mokassiBaroT
BO3MOKHOCTb HCTOJIb30BaHUS Ja3epHbIX A10A0B InGaAs, H3aydarommnx Ha
IIUHE BOJHBI ~980 HM JJIi HAaKauykKW AaKTUBHBIX JIA3€pPHBIX Cpel,
W3TOTOBJIEHHBIX U3 JAHHOT'O KPUCTAIA.

Habnronaemsie B kpucrtamie Yb:KY(MoOs), monepeunbie ceueHHs
MOTJIONIEHUS HUXKE, YeM B MOHOKIMHHOM kpuctamie Yb:KY(WOa)2, mns

KOTOPOTO 3HAa4eHUE aps = 10.8x1072° ¢cm? ma nnmue Bomuer 981.0 HM, C
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COOTBETCTBYIOIIEN NOJYIIUPUHON JUHUU 4.0 HM [ NOJNSpU3ALUMA CBETA

E || N [85].

5.4 CneKkTpbl NONEPEYHbIX CEYEHNI UCTTYCKAHUS U YCHJICHUS.

BpeMeHa AKU3HH JIOMHHECCHCHIINHU

[lonepeunble ceyeHUsT BBIHYKIEHHOIO MCIyCKaHUsS, Osg, OBLIU
OTIPEIENICHBl U3 U3MEPEHHBIX MOJISIPU30BAHHBIX CIIEKTPOB JTIOMUHECLICHIINH
C UCIoJIb30BaHUEM ypaBHeHHs1 DroxToayspa — JlagenOypra (dbopmyina 10).
YroObl un30€KaTh HEXKENATEIbHOIO BIUSHUA MEPENOroOlEeHNs IS
U3MEPEHUS CIEKTPOB JIIOMUHECIICHIIMU UCTI0JIb30Banuch ToHKue (MeHee 100
MKM) CKOJIOTBIE IUIACTUHKM KpucTamaa Yb*',Li":ZnWOs. Pesynbrarsl

MOoKa3aHbl Ha puc. 5.4.1.
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Pucynok 5.4.1 — IlomepeuHble CEYEHHS BBIHYXKICHHOIO MCITYCKaHUS
kpuctamna 1,8 ar.% Yb**,Li":ZnWOs. [onsapuzauun ceeta E || Ny, N, Ng.

[Tonepeunbie ceyeHUsI BBIHYXJACHHOTO HCHYCKaHUsSI OBUIA TaK K€
paccuuTaHbl C UCMOIB30BAaHUEM AIbTEPHATUBHOTO METO/Ia pacyETa, TO €CTh
MeTo1a cootBeTcTBUA (Ppopmyma 11) [50, 51].

CpaBHeHUE pe3yJbTaTOB PACCUUTAHHBIX IONEPEYHBIX CEUYEHUU
BBIHYKJCHHOTO HMCIYCKaHMS, MOJIYyYEHHBIX C Nomollbio DroxTdayspa —
JlanenOypra (popmyna 10) u Merona cootBercTBUs (dopmyna 11), mns

nosspusanuu ceeta E | N, mokazaHo Ha pucyHke 5.4.2.
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JlBa HUCIONB30BAaHHBIX METOAA pacdyéra JOCTATOYHO XOPOIIO
COTJIaCyIOTCS, YTO CBHJICTCIIBCTBYET O IMPABWIBHOCTH BBIOPAHHOIO
3HAYEHUS Trad (0.37+0.02 McC), a Takke 0 c1abOM BIUSHUHN MTEPETOTIIOMICHUS

Ha U3MCPCHHLBIC CIICKTPBI JTIOMUHCCICHIIH.
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PucyHnok 5.4.2 — [lonepeunbie ceUeHUsI BBIHYXKICHHOIO HUCIYCKAHUS, OSE,
noHoB Yb** B kpucramne Yb*",Li*:ZnWQ4, paccunTaHHbIE C HCIONB30BAHUEM
ypaBuenusi ®droxrbayspa — JlagenOypra (F-L) u mMeTooM COOTBETCTBUS
(RM). [Honsipuzanus ceeta E || Np.

MakcumanbHOE 3HAYCHUE IOMEPEYHOTO CEYCHHS BBIHYKICHHOTO
ucnyckanus osg = 2.81x10%° cm? mabmronaerca Ha anuHe BOnHEL 1055.6 HM
U COOTBETCTBYIONIAS MOJYIIUPUHA MONOCH Adem = 12.1 M (ansa E || Np).
AHamOTHUYHO TepexoJaM B  TOTJIONMICHWH HAOIIOJAETCS  CHJIbHAs
aHU30TPOIHS TIOTIEPEYHBIX CEUCHUI BEIHYKIEHHOTO HCITYCKaHUsI, 8 UMEHHO
0SE(Np) 1 0sE(Ng) =4.6: 1 1 ose(NVp) : 0sE(Nm)=6.2:1 HA ~1.06 MKM. DTO
CBUIECTEIBCTBYET O TOM, 4YTO W3JIyYeHHE Ja3epa HAa KpPHUCTAJUIC
Yb** Li":ZnWO4 Oymer nMHEHHO MNONAPM30BAaHHBIM. B CIEKTpax osk
HaOIro1aeTcs enié ogHa 6oJee MUpoKas MoyIoca ¢ IICHTPOM Ha JJTMHE BOJTHBI
1004.1 um ¢ nonymupuHoit = 28.5 uMm (st E || Np).

[To cpaBHenuo ¢ kpucramiom Yb*:KLu(WOs), MakcuManbHbIC
3HaueHus osE B Kpucramie Yb*',Li":ZnWO, 613K, HO CIIEKTPHI U3ITyYEHHUS

namuoro mmpe. s Yb* :KLu(WO4): ose = 2.64x10%° cm? Ha 1026.6 M, a

COOTBETCTBYIOIIAs MOAyImUpuHA Adem = 10.2 HM [10]. MakcumanbHOE
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3HaueHue osg B Kpuctawie Yb* :MgWOs ose = 2.64x10%° cm? ma 1056.7 am
(115 E || Nm), nonymupuna 19 um [86].

Ha pucynke 5.4.3 mnpuBeaeHbl pacCUMTAHHBIE MO CIEKTpaM
JIOMUHECLECHIINYU TONEPEYHbIE CEUCHUS! BBIHYKJICHHOTO HCITYCKaHUS, GSE,
ns kpucramaa Yb:KY(MoOs),. MakcumyM ose coctapiseT 3.70x1020 cm?
Ha gnuHe BoaHbI 1008.0 M, a momymupuHa Adem = 37.0 HM 1014
MOJISIPU3ALIMK CBETA C BEICOKUM K03 duninenTom ycuiienus E || b. CiexTpsl
U3JIyYEHUS TaK)K€ CHIIBHO MOJISIPU30BAHbBI, YTO BBHIPAXKAETCS OTHOIICHUSMHU
ose(b): ose(c) = 3.9 u 6se(b): ose(a) = 6.0 Ha nnuHE BOJAHBI ~1.01 MKM. ITO
ABJISIETCA TPEANOCBUIKON [ TeHepaluu JHUHEHHO MOJISIPU30BAHHOTO

Ja3CpHOIro U3J1y4YCHHUA.

0 1 1 I N
925 950 975 1000 1025 1050 1075 1100
Wavelength (nm)

Pucynoxk 5.4.3 — CnekTpsl TMONEPEUYHBIX CEUEHUN BBIHYKJICHHOTO
ncnyckanus noHoB Yb** B kpucramne KY(MoO4), ms nonspusanuii ceera
E || a, b u c. CTpenka yka3biBaeT Ha0JII0AaEMYIO JJTUHY BOJIHBI Jla3epa.

[Io CpaBHEHMIO C aHAJIOTMYHBEIM KpHucTamly Yb’":KY(MoO4),
MOHOKJIMHHBIM KPHMCTAILIOM ABOMHOro Bonb(ppamara Yb*":KY(WO4),, nus
koToporo 6sg = 3.2x102° cm? mpu 1021.9 aM ¢ Adem = 30.2 uM 111 E || Nm
[85], kpuctamn Yb:KY(MoO4): obmamaeT Oojee BHICOKUMH 3HAYCHUSIMU
MONEPEYHBIX CEUYCHUN BBIHYXKJIECHHOIO HUCIyCKaHUs W 0oJjiee MIHPOKOM
MOJIOCOM W3JTyYCHUS. Ot 0COOEHHOCTH SBJISFOTCS OYEHb

IMPUBJICKATCIbHBIMHA JJI U3IOTOBJICHUSA IMMPOKO HACTPAUBACMBIX JIA3€POB U

Ja3€poOB C YJIbTPAKOPOTKHUMHU UMITYJIbCAMHA HAa AJTMHC BOJIHBI ~1 MKM.
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Pe3ynbTaThl pacyéTa NONepeUHbIX CEUCHUN YCUIICHM S, BBITIOJHEHHBIC
nng nepexona “Fsp <> 2F7p nonos Yb*" B kpucramie ZnWO4 1okaszaHsl Ha
pucynke 5.4.4 nns monspu3anuid cBeTa € BBICOKUM KOA()hUIIMEHTOM
ycunenusd E | Np u E | N;. OHU BBIUUCIAIOTCA JJIi MPOTHO3UPOBAHUS
BO3MOKHBIX JJIMH BOJIH Jla3epa JJisl pa3IUYHbIX OTHOIICHUN HMHBEpPCUU f.
Jns nongpuzanuu ¢ 6onpiiuM ycusienueMm E || Np, B clieKTpax yCUJICHUS
JOMHUHUPYET JIOKAIbHBIA MUK Ha JinuHE BOJHBI ~1056 HM. Ilonymmpuna
MOJIOCHl yCUJIEHUSI Adgin cocTaBisier 11.6 um (mus f = 0.15). s
nossipuzauuul E | Ny, Tpu yBEIUYEHUU CTETNEHU WHBEPCUHU HAOIIOJAETCS
HECKOJIBKO JIOKAJIbHBIX MAKCUMYMOB B ciekTpax ycuienus Ha ~1056, 1040,
1022 u 1003 am. [HonymMpuHa nMoaockl yCUieHus Mupe, Algin = 22.2 HM

(mpu Tom ke f = 0.15).
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Pucynok 5.4.4 — CrieKTpbl HOIEPEYHBIX CEYEHHH yculeHus nepexona 2Fsp
< F7p nonoB Yb* B kxpucramie ZnWOs. CHeKkTpsl pacCUUTaHbl s
nossipuzanuu ceera: (a) E || Nyu (0) E || V.

3aTyxaHue JIFOMUHECIICHIIMM WOHOB Yb?' B kpucramie 1.4 ar.%
Yy

Yb*',Li":ZnWO4 6b110 MCCIEI0BaHO IpHM KOMHATHOM Temmeparype. Jlis
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U3MEPEHUS UCTIONB30BAIUCH TOHKHUE (MeHee 100 MKM) CKOOThIE TIACTUHBI,
yToOBl M30€XKaTh MEPENOIOMEHHs JTIOMUHECIEHIINH. JIFOMUHECIIEHIIUS
BO30yXXJanach M3JydeHHEM Ha nHe BoJHBI 960 HM. 3aTyxaHue
JIIOMHUHECLIEHIIMU MCCIIEN0BANOCH ¢ YpoBHS “F7» Ha mmHe BonHb ~1030 HM,

pucyHok 5.4.5.

1 T T T T T T
F 1.4 at.%Yb Li:ZnWO,
0
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‘»
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PucyHnok 5.4.5 — KpuBas 3atyxanus gtomMuHecueHIMu kpucrawia 1.4 at.%
Yb3 ', Li:ZnWOs, dsoss = 960 HM, Awm = 1050 ®BM. Cumsons: —
AKCHEPUMEHTANbHbIC  JIaHHbIC, JUHUS —  MOHOAIKCIIOHEHI[MAIbHas
anmpoKCUMaIus.

KpuBas 3aTyxaHusi HOCUT MOHOZKCIIOHEHIIMAIbHBINA XapakTep,
ANIPOKCUMUPYETCS BBIPAKEHUEM [um(?) = LoXexp(—#/tum), T1€ Tum = 367 MKC —
BpeMsl JKM3HHU JIIOMUHECLEHIIMU. Takoe TOBEIEHHE COrjacyeTcs
pacrosokeHneM HOHOB Yb*" B mosunusax oguoro tuna (cummerpust: Ca).
Jina  kpuctamwia Yb*:ZnWOs (6e3 wmomos Li*) [84] Bpems xusnu
JIOMUHECICHIIUN OBLIO ompenesieHo Kak 644 Mkc, m3MmepeHus B [84]
MPOBOAMIIMCH Ha 00BEMHOM KPUCTAILIE, IOATOMY 3TO 3HAUEHUE MOKET ObITh
3aBBIIICHO U3-32 3(PdeKTa NepenoraonieHusI.

CornacHo  pacy€Ty  NOMNEPEYHBIX  CEUEHHH  BBIHYXIECHHOIO
UCITyCKaHUs JBYMs HE3aBUCUMBbIMU MeTojaMu (ypaBHeHue droxtdayspa —
JlagenOypra 1 METOJ1 COOTBETCTBUSA ), OBLIIO MOIYUYEHO PaJUallMOHHOE BpEMS
KUBHU Trad = 0.3740.02 Mmc. Taxum oOpazom, kBaHTOBasi 3(P(EKTUBHOCTH

JTIIOMHMHECIEHIIMH, pacCUUTaHHas Ui KpucTanaa Yb*' Li":ZnWOs #q = Tium/Trad
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OnM3ka K eAuHule. JTO corjacyercsa ¢ mocTtyiatroM [87] o ToM, 4TO
Oe3bI3NTyvaTebHas pelaKkcalus siBIseTcs cadoi, KOoTia 3anpelieHHas 30Ha
10 HIKenexamero Myastamiera (AE = 9481 em! mia Yb*,Li*:ZnWOs) kax
MUHMUMYM B 4 pa3a Oojplie, 4eM MaKCUMalibHas »Heprusi (HOHOHOB
OCHOBHOM Matpuubl (hvph = 906 cm! s Yb** Li*:ZnWOy).

Ha pucynke 5.4.6 mpuBeneHbl pe3ynbTarTbl paccu€ra MOMEPEUYHBIX
CEUEHUH YCHJICHHS, BBIIOIHEHHBIE 171 nepexoaa “Fsp <> 2F7n nonos Yb* B
kpuctaiie: KY(MoO4), ans nonspuzanuu cBeta E || b. Jns manbix
3HaueHud f < 0.03 crekTpsl yCUIICHHS OUeHb IUTOCKHE U mupokue (ot ~1040
10 1100 um). s npoMexkyTouHbix oTHOIeHuM nuBepcuu 0.05 < £ <0.10 B
CIIEKTpax MOSIBIISIETCA JOKAJIBHBIN MUK HA JJMHE BOJHBI ~ 1039 HMm. [{ns eme
0oJiee BHICOKHMX OTHOIIEHWU MHBEPCHUM HAOJI0Ia€TCs €lle OJIUH MaKCUMyM
Ha Oojee KOpoTKoM mmuHe BOJHBI ~1019 HM. B cooTBeTcTBHH ¢
UCCIIEIOBAaHUSIMU JIFOMUHECTIeHIIUU Juist £ = 0.15 mupuHa noj0Ckl yCUIEHUS

AZg coctaBnsietT 33.0 HM.
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PucyHnok 5.4.5 — CnekTpsl ONEPEYHBIX CEUEHNN YCUIICHUS, BBIIIOJIHEHHbBIC
a1 mepexona 2Fsp <> “Fzp moHoB Yb*' B kpucramie: KY(MoO4),,
nossipu3anus ceera E || b.

KpuBass 3aryxaHusi JTIOMUHECLECHIIMM KPUCTAUIMYECKOU TUIEHKH,
CKOIOTOH 0T 00BEMHOro kpucramia Yb*":KY(MoO4),, moctpocHHas B

noxyjgorapupMuueckoM maciutade, NpUBEIeHAa Ha pucyHKe 5.4.6.

JlromuHecueHnust Bo30yXJajlach HC UMIyJbCaMH OT TeHepaTopa,
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HACTPOEHHOTO Ha JUIMHY BOdHBI 930 HM. Jlnsg uckmroueHus 3¢dexra
MIePETIOTIIONIEHUS TIOMHUHECIICHITUN B U3MEPEHUSAX MCIIOIb30Bajach TOHKAs
(~30 mMxm) CKOJIOTas IUIEHKA. 3aTyxaHue JIIOMHUHECLICHIITNNA
pPEeTUCTPHUPOBATIOCH HA JJIWHE BOJHBI Aum = 1030 aM. KpuBas 3atyxanus
HOCHUT MOHOAKCIIOHCHITMAJBbHBIM XapaKTep, YTO COOTBETCTBYET OIHOMY
i 3+
TAMYy TO3WIHMK  pPacmojoXeHUss HMOHOB Yb”'. Bpems 3aryxaHus
JIOMUHECIHEHITUH Tum = 458 MKC 00JIbIIIe, YeM Y MOHOKJIMHHBIX KPUCTAJIJIOB

Yb:KY(WO4): (tum = 231 mxc [85]).
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Pucynok 5.4.6 — KpuBas 3aryxaHus JIIOMUHECHEHUHMH JJIs1 CKOJOTOH
mwiénku kpuctamia Yb¥:KY(MoO4)2, Aexe = 930 HM, Aum = 1030 HMm,
CUMBOJIBI: IKCIIEPUMEHTAJIBHBIE JAHHBIC, JIMHUS: OJHOAKCIIOHCHIMAIbHAS
arnmpoOKCUMAaIHs.

o
[=}

5.5 HuzkoremneparypHasi CHEKTPOCKOIMS

5.5.1 lllTapkoBCcKoOe pacuienenne ypoBHeii snepruu nouos Yb**

Jliist ompeeNe s MTapKOBCKOTO PACLIEIUIEHHs] My I6THILIETOB Y b
B ZnWO4 ObUIM U3MEPEHBI MOJSPU30BAHHBIE CIEKTPHI MOTJIOUICHUS U
JIOMHUHECICHIIMKM B wuWHTepBaie temneparyp 6-300 K, pwuc. 5.5.1.
HccnenoBanusi mpoBOAWINCH JJIsl CIEAYIOMIMX noJispu3anuid ceeta: E || a u
E || b (Np) B nornomienuu u E || c u E || b (Np) B niomuHectieHuuu. Jjist HOHOB
Yb** B mosunusx ¢ cummerpueii Ca cymecTByeT Beero J+1/2 mrapKoBCKHX
MOTYpOBHS JUIS Kakaoro MmynsTuiuiera 257Lj, o603HadaembIx kak 0..3 g4
2F7p u 0'..2" mus 2Fsp cOOTBeTCTBEHHO. VIHTeprpeTanus 3JIeKTPOHHBIX

MEPEX00B MPOBOJIMIACH C YUETOM crieKTpoB KP.
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Pucynok 5.5.1 — HuskoremneparypHas (6293 K) cnexrpockomnus
kpuctamna 1,8 ar.% Yb*',Li":ZnWOs: (a, 6) CIEKTPHI MOIIOMIEHUS IS
nossipu3anuii ceeta (a) E || a u (6) E || b; (B, T) CIEKTPHI JIIOMUHECIIEHIIUH
nu1st nossipu3anuii ceera (B) E || c u (1) E || b, Asoss = 965 HM.

[Ipu Temneparype 6 K »3iexkTpoH-(GOHOHHAS CBSI3b CHIIBHO
MIOJABIIAETCS, OJHAKO UIA HOHOB Yb®™ B kpuctamie ZnWQO4 HabmrogaeTcs
Oonpiras mupruHa 6echoHonHo nmuHUU (AAzpr = 3,0 HM), T.e. Tepexona
MEXIy HUKHUMU ITAPKOBCKUMU TIOTyPOBHSIMHU JIBYX MYJIbTHUIUICTOB, WU
0 < 0' mepexo.

[To cpaBHEHHMIO ¢ MOHOKIMHHBIM KpucTamioM Yb*":KY(WO4),
(AAzpL < 0.1 am nna E || Npy) [88], OechoHoHHast NuHMS B KpHUCTaie
Yb*',Li":ZnWO4 HamsOro mmpe. DTO 3aMETHOE pa3jIdYUe MOXKHO
OOBSICHUTh, HEOJHOPOJHBIM YIIUPEHHEM Mepexona 0ecPoHOHHOW JIMHUU,
CBA3aHHBIM C Pa3sIMYHMEM HOHHBIX paguycoB HoHOB Yb*, Li* u Zn?" (Ry, =
0,868, Rii = 0,76 A u Rzn = 0,74 A ana VI-kpaTHoO# KOOpAMHAIUH

kuciaopona [79]). bechoHoHHas JUHHS B TMOTJOIIEHHMHM HMEET IIJI0XO
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pa3pellieHHyI0 cierka acuMmmeTpuunyio ¢opmy. IlomobGHoe ymmpenue
0ec()OHOHHON JTMHUU HENABHO OBLUIO OOHAPYKEHO ISl U30CTPYKTYPHOIO
kpuctaia MgWQ,, gommpoBaHHOrO MoOHaMu Yb®', B KoTopoM
AdzpL = 3.3 um 1151 E || N [86].

Cxema »HepreTH4ecKHX ypoBHeil moHoB Yb*" B kpucramme ZnWOs
nmokazaHa Ha pucyHke 5.5.2 (a). bechoHOHHAs JTUHHS HUMEET SHEPTHIO
Eze = 10285 cml. TIpu temmeparype 6 K cOOTBEeTCTByIOmIasi MEPEXomy

JUTAHA BOJHEI A = 972.3 HM.
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Pucynok 5.5.2 — Pacuienienue >HepreTMdeCKMX ypoBHel MoHOB Yb*' B
Kpuctajimyeckom mnoje kpucramia ZnWOs4: (a) Cxema IITapKOBCKHUX
NOAYPOBHEM; CUHSIS cTpenka o00o3HauaeT 6echoHoHHYO0 TunHuio (ZPL) npu
MOTJIONIEHUHU, KPACHBIE CTPEIKH 0003HAYAIOT JIIOMUHECIIEHTHBIE MEPEXOIbI
npu 6 K. Zi(Z2) - cTaTUCTHYECKHWE CYMMBI [Jii HIKHUX (BEPXHHUX)
MYJIBTHUILIETOB; (0) CpaBHEHHUE PACIICTUICHHUS] KPUCTAJUIMYECKOIO OIS s
noHoB Yb*" B kpucramnax sonsppamara ZnWOs, MgWO4 [86], KLu(WO4):
[10] u NaGd(WOs)2 [89].

[lonrHOoe IITAQPKOBCKOE  pAaCIICIUICHHE OCHOBHOTO  COCTOSTHUS
AE(’F72) = 804 cm!. B nienom, Gonbmiee 3HadeHne AE(*F72) moapasymeBaer
Jy4Illi€ BO3MOXHOCTHU JJIi HACTPOMKH JJIMHBI BOJIHBI U OOJiee JJIMHHBIC
JIOCTUKUMBIE JITUHBI BOJHBI jJa3epa. PacuienieHue OCHOBHOTO COCTOSIHUS
noHOB Yb** B kpuctamie ZnWOs HpeBOCXOAMT pPACHICIUIEHHE APYTHX
U3BECTHBIX KPHUCTAIJIOB BOJL(PAMATOB, MCIOJB3YEMbIX [Jis JA3€pOB C
JTUOAHON HakKaukol Ha ~1 MKM, TaKMX KaK MOHOKJIMHHBIN (Tip. Tp. P2/c)

ynopsaaoueHHbiit Yb:MgWOs, 765 cm! [86], MoHOKIHMHHSBIHA (mp. rp. C2/c)
ynopsaodennsiii Yb:KLu(WO4), 559 cm! [10], u TeTparonanbHslii (TIp. rp.
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I41/a) neynopsanouennsiii kpuctamn Yb:NaGd(WOs),, 482 cm™! (2d mo3unyn)
u 492 cm! (2b nmosuumm) [89], puc. 5.5.2 (6). [l Bcex pacCMOTPEHHBIX
MOHOKJIMHHBIX KPUCTAJUIOB CUMMETPHs MOo3ULMil HoHOB Yb* onunHakoBa —
Ca, M1 TETPAaroHaJabLHOIO KpHCTaIa — ¢ S4.

Tak e, kak U B Kpuctamie ZnWOs, m1d noHos Yb*" B xpucramie
Yb*":KY(Mo0O4), kaxnmeiii mynstumier 25*'L; pas6usaerca ma J + 1/2
IITAPKOBCKUX IIOAYPOBHS, KOTOpBhIE MpOHyMepoBaHbl kKak 0 ... 3 g
ocHOBHOTO0 cocTosiHus (2F72) u 0'... 2' 1151 Bo30ysk1eHHOro cocTostHus (2Fsp).
Jlns  ompedeneHus WX ~ OHEPrud  OBIM  HM3MEPEHBI  CIICKTPBI
HEIOJIIPU30BAHHOTO IIOTJIOMICHUS MW  JIOMHUHECICHIIMM TIPU  HH3KOM

temmneparype (6 K), puc. 5.5.3.

Emission 0'>1 0->1' Absorption
Rt AbsC 4

—— 293K
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o
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o
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Pucynok 5.5.3 — CnekTpbl NMOIJIONICHUS W JIOMUHECIHCHIIUM KPUCTaJIa
Yb*":KY(Mo0O4): B 3aBHCHMOCTH OT pa3HOCTU 3Hepruii (Eph — EzpL), TJe
Eph = h(c/A) — sreprus Gpotona, a Ezpr = 10246 cm™! — sHeprus 6echoHOHHOM
auanu (ZPL), m3mepennas npu Hu3kod (6 K) m xomuatHoi (293 K)
TEMIIEpaTypax B HEMOJSIPHU30BAHHOM CBETE. Asoss = 976 HM. DICKTPOHHBIC
nepexo/ibl 0003HaYEHbI KaK i<>j ', (HOHOHHBIE MOJIOCHI — KaK /v.
Becpononnas muuus MoHOB Yb*' B kpucramie Yb*':KY(MoOs),
HabrogaeTcs Ha ypoBHe »Hepruu 10246 cm’!, 4To cooTBETCTBYeT AnMHE
BOJIHBI 976.0 HM (nipu Temmneparype 6 K). [lonnbiit Habop ypoBHE s3Hepruu
B kpucramie Yb* :KY(MoOs), pasen 2F7 = (0, 315, 411, 601) cm™ 1 2Fspp =
(10246, 10440, 10749) cm!. Ha pucynke 5.5.4 npeBesieHa cxemMa ypOBHeEMH

SHEPrHU M JJIMHEI BOJIH JIEKTPOHHBIX IIEPEX010B HOHOB Yb>' B kpucrame
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KY(Mo00Os); npu nornomiennu u ucnyckanuu. [lonyuennoe nis kpucramia
Yb*":KY(Mo0O4), 3HaueHHEe pacLICIUIEHUs] OCHOBHOTO M BO30YkKJIEHHOIO
COCTOSIHM OTJIMYAETCS OT paCHICIUICHUS] B MOHOKJIMHHOM KpHCTalie
Yb:KY(WO4)2, mist kotoporo 2Fr72 = (0, 169, 407, 568) cm™! n ?Fs» = (10187,
10476, 10695) cm! [90]. IllTapkoBcKoe pacLICIUIEHHE OCHOBHOIO

cocrosuusa AE (*F7) nonos Yb** B kpucramne KY(MoOs), cocrapuser

60 cml.
(a) Absorption  Emission
108001 5 10749 .
10500 1 10440 ‘;Fiz
'7,=1.469
<102004 0" 10246 !
'E 1 £|glgl E|E|E
< 900 SR SS
=) olool 2[E°
C 6003 601 "
w 300 411 VFop
11 318 124=1.397
040 o '

Z4/Z,=0.951
Pucynok 5.5.4 — Pacumiennenue >HepreTHYeCKMX ypoBHeH uoHa Yb’' B
kpuctaimueckom mnonie kpuctamia KY(MoOs)2, cmpenku yka3blBaroT
MepEeXO0bl B MOIJIONIEHNH U B ucyckanuu npu 6 K.

5.5.2 IIpumeHuMoOCTh  «IIpaBWJIAa  OAPUUEHTPOB»  JJIA
HCCJIeAyeMbIX KPUCTAJLI0B

M3BecTHO, 4YTO IS BCEX PEAKO3EMENIbHBIX HOHOB SHEPrus
GapuIeHTpa JH0O0r0 H30JUPOBAHHOTO MynbTHIuieTa 2>'L; 4f" nuHeiHO
U3MEHSETCS] ¢ DHEprueu GapuieHTpa Jod0ro Apyroro MyJbTHUILUIETa. DTO
BBIpAXKaeTCs TaK Ha3bIBaeMbIM rpadukom OapuiieHTpoB [91], Ha pucynke
5.5.5. ata cBs3b BbIpaxaeTcs TrpadUKOM 3aBUCUMOCTH OapHUIIEHTpA
BO30YykIEHHOIO YPOBHS OT OCHOBHOTO. JDHEpruu 6apuieHTpoB <E(°Fsn)> u
<E(*F7p)> nna kpucramios Yb*,LitZnWOs n Yb*":KY(MoOs), xopomio
COTJIACYIOTCS C JIMHEMHOU anmpokcuMalue 3Toro rpaduka, BIpaKeHHOTO
ypasaenneM E(*Fsp)=10166.6+0.997xE(F72) [B cM'], ommchIBaromero
3aBUCHUMOCTb OapHUIEHTPa BO30YKAEHHOTO YPOBHS PEIKO3EMEIbHOTO HOHA

OT OCHOBHOI'O cocTosiHMsA. B BeIpakenuun Eo = 10166.6 cM™' nmeer cmbicn
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SHEPTUM BO30YykKIeHHOro Yb’" cocTosHus, mpeamonaraioniee cBoOOIHBIH
WOH. DTOT aHajau3 TMOJATBEPKIAAET MNPABWIBHOCTh MOCTPOCHHOM CXEMBI

YPOBHEU YHEPIUMN.

10800 T T T T

10700

's 10600 |
S

A 10500 F
N

>
[
oL 10400 -
g
Vv
10300

E(°F5,,)=10166.6+0.997E(°F )

100 200 300 400 1 500 600
<E("F7/0)> (cm )

10200

Pucynok 5.5.5 — 3aBucumocth OapulleHTpa BO30OYXKIEHHOIO YpPOBHS OT
OCHOBHOTO, IIOKA3bIBAIOIIAs IOJIOXKEHHE KpuUcTawioB Yb*' Li:ZnWOs u
Yb*:KY(Mo0Os), (cunue KpyKKu).

5.6 JlazepHble IKCIIEPUMEHTHI

5.6.1 DkcnepuMeHTAJIbHASA JIa3epPHAasl YCTAHOBKA

Jlnst  mpoBefeHUs JIa3epHBIX OAKCIEPUMEHTOB Ha KpUCTAIIAX
BOJIb()paMaTOB U3 BHIPAIICHHOTO KpUCTAIIa ObUIH OATOTOBIEHBI 00pa3Ilbl
C MOJMPOBAHHBIMU BXOJIHBIMU M BBIXOJIHBIMU IpaHaMU. JJisl ucciaeqoBaHus
TEHEpAllMOHHBIX CBOMCTB OblTa coOpaHa YCTaHOBKA, B KOTOPOW
HCCIeayeMbIii 00pa3ell ObLI MOMEIIEH B MOJyC(PEpHUIECKHA PE30HATOD,
00pa30BaHHbIA IIJIOCKMM 3€pKaJOM HaKaykKd M HAa0OpOM BOTHYTBIX
BbIXOAHBIX 3epkan (OCs) ¢ mOpomyckaHWEeM Ha  JIJIMHE  BOJIHBI
npenamnonaraemoit nazepuoi renepauuu TOC = 3%, 5% u 10%. AKTUBHBIN
AJIEMEHT ObUT OOMOTaH WHIWEBOW (DOIBTONM CO BCEX YETHIPEX OOKOBBIX
cTopoH mns 3G(EKTUBHOTO TEPMOOTBOJAA M YCTAHOBJIEH B MEIHBIN
nepskatensb (puc. 5.6.1), oxnaxaaemslil nupkynupytoiei Bogoit (7= 12°C).
Hakauka na3epHOro 3jeMeHTa OCyLIECTBIISIACH C UCOJIb30BaHneM InGaAs

Ja3epHOro 11ojJa Ha 968 HM.



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

150

t=3.85mm
N.A.=0.22 Crystal RoC=50mm
Hn L o
LD pump 5~5 | output
968nm A T
Lens
Assembly Cu-holder
f=30mm 12°C

Pucynok 5.6.1 — Cxema nasepa na 1.8 ar.% Yb*",Li":ZnWO. ¢ auoanoii
Hakaukoil: LD — nmazepubiii nnon, PM — 3epkano Hakauku, OC — BBIXOJHOE
3epKajo.

CTpyKTypHBIE OCOOEHHOCTH KPHUCTAJIOB JIBOMHBIX BOJIb)paMaToB (B
ToM uncie kpuctamma YbY:KY(MoOs):), a HMMEHHO COBEpIIEHHAs
CMAaHOCTb, TO3BOJISIOT U3TOTOBUTH IS JTA3€PHBIX SKCIIEPUMEHTOB 00pa3Ib
KPUCTAINIMYECKUX TUJIEHOK U IUIACTHHOK TOJIIMHON JI0 HECKOJIbKHUX
JECATKOB MKM. B HacTosIieM 3KCIepuMEeHTE NU3TOTOBIECHHbBIN 00pa3el] UMel
TonmuHy ¢ = 286 MkM. OOpazen ObLI MOTy4YeH METOJ0M MEXaHUYECKOTro
OTKaJIbIBAaHUSI BJIOJb IMIOCKOCTH €CTECTBEHHOI'O CKOJIa C UCIOJIb30BaHUEM
ocTtporo Je3Busa. Hwukakux mocieayomux o0paboTok (Hampumep,
MOJIMPOBOK M JHUAJIEKTPUYECKUX MOKPBITUN MOBEPXHOCTEH, MOJYYEHHBIX
MOCJI€ CKOJIa) HE MPUMEHSIIOCH.

Cxema Ja3epHOM YCTAaHOBKHM [Jii TMPOBEJICHHUS HKCIEPUMEHTOB 10
MOJIYYEHUIO T€HEepallMi Ha KPUCTAJUIMYECKOW TUIACTUHKE, MOJYYEHHOU W3
kpuctamia KY(MoOs), mokazana Ha puc. 5.6.2 (a). Kpucrammmaeckas
MjacTuHa Oblla yCTAHOBJIEHA B KOMIIAKTHOM JIA3€PHOM pE30HATOpE C
MUKpPOUYHUI-KOHUTypareid, o0pa3oBaHHOM IIJIOCKUM 3€pPKAJIOM HaKaYKH
(PM) ¢ BBICOKMM MpOIyCKaHHWEM Ha JJIMHE BOJIHbI HAKAYKU U BBICOKUM
OTPa)KEHHEM B JIMAIIa30HE 0KUJAEMbIX JIJIMH BOJIH Jia3epa, a Tak:ke HabopoM
mIockuX BeIXOJHBIX 3epkai (OC) ¢ mponyckanuem 0,5%, 1%, 2,5%, 5% u
10% (Toc). BxonHoe u BbIXOJIHOE 3epKaja pe3oHaTopa ObUIM aKKypaTHO
npuxaThl K Kpuctammumyecko miuactude. Dororpadusa crenma ¢
DKCIEPUMEHTAIIBHON J1a3€pHOM yCTAaHOBKOW M PEaJM30BAHHBIM HA HEU

nazepom Ha kpucramie KY(MoOs): nokazana Ha pucynke 5.6.2 (0)
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Hcnonp30Baochk TOJBKO TAacCMBHOE oxjaaxiaeHue. Kpucrammmueckas
IJTACTUHA HAaKauYMBaJIach C TOpPIA JIa3epHBIM AUMOA0M Ha OCHOBe InGaAs,

W3JIY4YaroIeM Ha JUIMHE BOJHBI 968 HM.

KpucTtann

.............

oC
11 -
: nasepHoe

............ F nanyyenne

Pucynok 5.6.2 — (a) Cxema MUKpOUHUII-TIa3epa ¢ TUOJHON HAKAYKON Ha
kpuctaiie Yb:KY(MoOs)2: LD — na3epusbiit quoa, PM — BxoaHoe 3epkaio
pe3onaropa, OC — BeixogHoe 3epkaio, F — puiasTp; (6) hoTorpadus
naszepa Ha kpuctamnnueckoi miactuake KY(MoOys),.

5.6.2 BbIXoHbIe XapaKTePUCTUKH MUKPOYMII-JIa3epa HA OCHOBe

KPHCTALIHYEeCKHX mIacTHHOK Yb¥ :KY(Mo0O4):

3aBUCUMOCTh BBIXOJIHOM MOIIHOCTH OT MOIJIONIEHHONW MOIIHOCTH
HaKauyKyd ObLIa JIMHEHHOW NJi1 BCEX 3HAYECHHM MPOMYCKAHUS BBIXOJHOIO
3epKana, puc. 5.6.3. MakcumanbHas BEIXOHHas MOIHOCTh Yb* : K'Y (Mo0O4),
Jazepa Ha KPHUCTAUIMYECKON TIUIACTUHKE B MHUKPOYUI-KOH(PUTYypauuu
pe3onatopa coctaBwia 0,81 BT nHa anune BonHbl 1021-1044 ¢ BhICOKMM
nuddepennmanpaeiM KITJ # = 76,4% B 3aBUCHMOCTH OT IOTJIOIIEHHOU

MOIIHOCTH Hakadyku. [lopor na3epHoi reHepanuu cocTaBuil Bcero 56 MBT.
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Pucynok 5.6.3 — BpixoaHble XapakTEpUCTUKHM MHKPOUMII-JA3epa Ha
kpucTaie Ha kpucramie Yb3 :KY(MoOs), ¢ anoaHoi HakauKoii.
Jlazep paboTan Ha OCHOBHOW TMOINEPEYHOH MOJ€ C ECTECTBEHHO
BbIOpaHHON JmHeHoN mnonapuzanuei (E || b). ChoekTpbl j1a3epHOro
U3JIy4eHUs MOKa3aHbl Ha puc. 5.6.4. J[nuHa BOJHBI, HA KOTOpOUl paboTan

Ja3Cp, 3HAYUTCIBbHO CABHUIaJlaCbh C YMCHBIICHNCM IIPOITYCKaHHUA BBIXOAHOI'O

3epkana Toc (¢ 1010-1022 um 1o 1021-1047 um).
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O I ) (]
NI
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<05 1%
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0,0 '
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Wavelength (nm)

Pucynok 5.6.4 — CnexkrTpbl JIa3epHOTO M3JIy4eHUS MUKPOYHII-JA3epa Ha
kpuctamie Yb*" :KY(MoQs)2, usmepennsie npu Pays = 1.0 Br. [Tonspusanus
nazepa E || b.

5.6.3 BpbIxoaHble XapaKTePUCTHUKH Jiazepa HAa KpPHUCTaJe
Yb*,Li*:ZnWO4

Jlazep na xpucramie Yb*' Li*":ZnWOQO4 reHeprpoBal MakCHMAaIbHYIO

BBIXOJIHYI0O MoOIHOCTh 2,90 Bt Ha pamuHe BogHbl ~1059 HM ¢

muddepenunanboin 3ppekTuBHOCTEIO 7 = 57.9% (MO OTHOIIEHUIO K
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MOTJIONIEHHOM MOIIHOCTH HAKayKyh) W MOPOroM Ja3epHOW TeHepaluu
Pn=0.41 Br, puc. 5.6.5 (a). [Ins Bcex BBIXOJHBIX 3€pKajl 3aBUCHUMOCTh
BBIXOJIHOW MOIIHOCTH JIa3epa OT MOTJIOIIEHHONW MOITHOCTHU ObliIa TUHEUHOU
10 Pas = 5 BT, ipu 3Ha4eHUsIX Paps > 5 BT 3aBUCHMOCTD TiepecTaBayia ObITh
JMHENHOMN. DTO CBSA3aHO C HEONTUMHU3UPOBAHHBIM OXJIAXKICHUEM JIA3€PHOTO

QJICMCHTA.

35 T T T T T T

(a)
3.0 1.8 at.%Yb, Li:ZnWO, A A
T .= A
— L ‘oc™ —
£ 257 w 3%n=a15% 0o * £
e | ® 5% mn=50.1% ] =1
o 201 & 10% 1=57.9% -t g
215 e
S or =
= =
210+ gt
= ‘9 b
o 05 a-cut £05-
{=3.85mm L 3%
0‘0 1 1 1 1 1 1 0’0 1 N 1
0 2 3 4 5 6 7 1000 1020 1040 1060 1080 1100
Absorbed pump power (W) Wavelength (nm)

Pucynok 5.6.5 — Jlasep Ha kpucramie 1.8 a1.% Yb*",Li":ZnWOs ¢ auoanoit
HaKayKoi: (a) BBIXOJHBIC XapaKTEPUCTUKH J1azepa; (0) CIIEKTPHI Ja3epHOTO
u3nydenusd. JlazepHoe uznyudenue JTMHEHHO noisipu3oBano (E || V).
N3nyuenne mnazepa ObuIO JUHEWHO mnoJspuzoBaHHbBIM (E || Ny),
noJisipu3anvisi BhIOMpAIach €CTECTBEHHBIM 00pa3oM MO aHU30TPOIUU
ycuienusa. CHekTpbl u3iIyuyeHus, puc. 5.6.5 (0), cmabo 3aBucenu oOT
MPOMYCKaHUsI BBIXOAHOTO 3epKaja. Jlazep paboTas Ha JIMHE BOJHBI OKOJIO

1.06 MKM, 4TO COOTBETCTBOBAJIO PACCUUTAHHBIM CIIEKTPAM yCHUJICHHS.
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5.7 Kparkue BbIBO/bI 110 I'J1aBe 5

B nmanno#i TiaBe OBUIO TPOBEACHO MCCIEIOBAHUE CIIEKTPaIbHO-
JIOMUHECLIEHTHBIX, KOJEOATEeNbHBIX U TE€HEPALMOHHBIX CBOWMBCTB JABYX
KPUCTAIOB ¢ HOHaMH Yb’': OpTOpoMOMYECKOro KpuCTaaaa Kalluii-
uttpueBoro asorHoro Mmoinuoaara KY(MoOs)2 1 MOHOKIIMHHOTO KpHUCTaLIa
IIMHKOBOTO Boib(ppamara ZnWOs, comonupoBaHHOro woHamMu Li". Beuio
onpeneneno llItapkoBckoe paclielieHMe ypoBHeH HOHOB Yb®' B
kpuctamiax ZnWO4 nu KY(MoO4)2, ObUT0 YCTAaHOBIIEHO, YTO B KpUCTAJLIE
LIMHKOBOTO Bonb(ppamara ZnWO4, COaKTUBHPOBAaHHOTO HoHamu Yb** u Lit
(oOecreunBarOMUMU  JIOKAIbHYI0 KOMIICHCAILIMIO 3apsija), HaOJrogaeTcs
conbioe (804 cm ) IllTapkoBcKoe paclielUIEeHHEe HHMKHETO MYJIbTHILIETA
MOHOB UTTEpOUs, B TO BpeMs kak s kpuctamwia KY(MoOs), aTa BennunHa
cocraBmsier 601 cm!'. Taxke B kpucramnie ZnWOs HaOmomaercs
3HAUYUTENIbHOE YBEJIWYCHUE MUPUHBI 0e3¢oHOoHHOM TuHuKn AAdzpr = 3.0 HM,
4yT0 HaMHOTO mupe, 4yeM B kpuctaiuie Yb:KY(WOs)2 (Akzer <0.1 HM).

brina npoaemoHcTpupoBaHa 3pQpeKTUBHAS J1a3epHas reHepaluu Ha
JAHHBIX  KpucTayuiax. Jlazep Ha  KPUCTAUIMYECKOW  IUIACTHHE
Yb*":KY(Mo0O4), Tommuuoii 286 MKM Te€HEpHPOBal MAaKCUMAIbHYIO
BbIXO/HYI0O MomHOCTh 0.81 BT nHa pgmuue Bomubl 1021-1044 uM ¢
nuddepenuuansaoin 3ddexTuBHOCTRIO 76.4%. Jlazep Ha Ha KpucTasie
Yb*' Li*:ZnWOs reHepupoBal MaKCHMMAdbHYH0 BBIXOJHYIO MOLIHOCTb
290Br wna gauHe BoaHbl ~1059 HM ¢ auddepeHunanbHOM

s pexTuBHOCTHIO 77 = 57.9%.
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3akioueHue
B nawucceprammonHoil pabotre ObUIO MPOBEICHO KOMIUIEKCHOE

UCCIIEIOBAHUE CHEKTPAIbHO-TIOMUHECIIEHTHBIX CBOMCTB HOBBIX
poMOMYecKuX U MOHOKIUMHHBIX KpUCTALOoB KY(WOs)2, KLu(WOs4),
KY(Mo00s)2, CsGd(M004)2 u ZnWO4, akTUBUPOBAHHBIX HOHAMU €BPOIIHS,
TepOusi, Tynausi W UTTepOUs, a Takke Obula NPOJIEMOHCTPUPOBAHA
saddexTrBHas nazepHas renepauus B UK obnactu criekTpa, B TOM YHCIE B
MUKPOYHII-JIa3epe.

bbuio mokazaHo, 4TO KpUCTaUTbl JBOMHBIX MOJMOAATOB, K KOTOPBIM
OTHOCSITCSL ~ KPHUCTaJUIbl  KAJIUU-UTTPUEBOTO  JBOMHOrO  MoyinOjara
KY(Mo00O4); u ne3uit-ranonuuaueBoro aoinoro Mmoiaudoaata CsGd(MoOs)s,
XapaKTepU3yrTCsS UCKIIOYUTEIbHO CHIBHOM ISl pEeIKO3EMENIbHBIX HOHOB
AHU30TPONUEH TMOMEPEYHbIX CEUYECHUN TOTJOMIEHUS W BBIHYXJIECHHOIO
ucnyckanus. Hampumep, s xpucramia Tm*":KY(MoOs): Benuuuna
MONEPEYHOr0 CEUEHMS MOIOLIEeHUs sl nojsipuzanuu E || b Ha mopsaaok
BBINIE, YeM s noaspusaumu E || ¢, m coctaBnser 7.70x1072° cm?. A
BEJIMYMHA TOMEPEYHOTO CEUYEHUSI BBIHYXKJICHHOTO HCIYCKAHUS IJIsI 3TOU
MoJIsipu3anuy B 6-8 pa3 Ooblle, 4eM JJisd OCTaIbHBIX moJisipu3aruid. Takas
AHU30TPONUS MPEKJIE BCErO0 CBA3aHA C HU3KOM JIOKAJbHOW CHUMMETPUEHN
JIOMUHECIHEHTHBIX IIeHTpoB (C2), a Takke CO CIOUCTON CTPYKTypOu
KPUCTAILIOB.

boumn copmynupoBaHbl MOJApU3ALMOHHBIE TIpaBUiia OoTOOpa IS
MarHUTHO-JUIOJIBHBIX MEPEXOJ0B B ONTHUYECKU JBYXOCHBIX KPHUCTAIAX C
JOKAIBHOM  CHMMETPHEN  JIOMUHECUEHTHBIX LEeHTpoB Cz.  OnHu
OMPENENAITCs B3aUMHOW  OpHEHTAIlMed BEKTOopa  HaNpsSKEHHOCTU
MarHMTHOTO TOJIi U MarHUTHOTO JIUMOJISE OTHOCUTEIBHO OCH CUMMETPUU
BTOporo mnopsaka. Ilpu jgeTtasibHOM  HUCCIEIOBAHUM  AHU3OTPOIUU
JIIOMHUHECLIEHIIMU MarHUTHO-IUIIONBHOTO nepexona *Do — 'Fi monos Eu’' B

kpuctamiax Bu?t:KY(WO4): u Eu*":KY(MoOs), 6610 06HApYXkEHO
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BIIMSIHUE MOJISIPU3aIlui BO30YKAAI0IIEro CBeTa U OPUCHTAI[UU KpUCTasia Ha
dhopMy criekTpa JroMuHeceHInH. Takum o0pa3oM, ObLIO TTOTYUYE€HO MEPBOE
AKCIEPUMEHTAITLHOE MOJITBEPK/ICHHUE MOJISIPU3ALMOHHBIX TIPaBUI 0TOOpA.

Bnepseie Obutio omnpeneneno IllapkoBckoe paciierieHue ypoBHEH
noHoB Yb** B kpucramnax ZnWO4 u KY(MoOs),, GbII0 YCTaHOBJIEHO, YTO B
KpUcTaJlJie IMHKOBOTrO Bosib(pamara ZnW 4, COAKTUBUPOBAHHOTO MOHAMHU
Yb** um Li" (obecneunBaronmuMy JIOKadbHYIO KOMIIEHCALMIO 3apsja),
Habmopaerca 6ombmoe (804 cm!) IllTapkoBCKOE pacIIEIUICHHE HUKHETO
MYJIBTHUILJIETA UOHOB UTTEPOUS, B TO BpeMs Kak ais kpuctamia KY(MoOs):
sra BenuuuHa cocTaBuger 601 cm!. Takke B kpuctamie ZnWOs
Ha0II0/1aeTCsl 3HAYUTEIBHOE YBEJIMYCHUE IHPUHBI O€3()OHOHHOU JTUHUU
AhzpL = 3.0 HM, yTO HaMHOTO TIHIpe, 9eM B Kpuctamuie Yb:KY(WO4)2 (AAzeL
<0.1 uMm). Taxxe kpuctamty ZnWO4 CBOMCTBEHHA BBICOKAsi aHU30TPOIHUS
MONEPEYHBIX CEUECHHI BBIHYKJICHHOTO HUCIYCKaHUsS B MOJISIPU30BAHHOM
CBETE U IIUPOKUMU CIIEKTPAMU yCUICHUSI.

Bbru1o mokaszano, 4TO clIOKUCTast CTPYKTypa U COBEPIICHHAs CIIATHOCTh
KPUCTAIJIOB  Kalui-utrtpueBoro naBoitHoro wmosmbnara KY(MoOs),
MO3BOJISIET U3TOTABIMUBATh TOHKUE KPUCTAIUNIMUECKUE TUTACTUHKU U TIEHKH,
NOABEPKEHHbIE yIpyrod nedopmanuu, TONIMIMHOM 0 HECKOJIBKHUX
JECATKOB MUKPOMETPOB. Takue MmiI€HKU U IJIaCTUHKU 00JIaIatoT Ja3epHbIM
KaueCTBOM M MPUTOAHBI [JIs HCIIOJIB30BAHUSI B KAueCTBE AaKTUBHBIX
AJIEMEHTOB MUKPOYHII-JIa3epoB 0e3 KaKoU-11u00 mociienyroiieit o0paboTKH.
BnepBeie Obula mNpoAeMOHCTpUpOBaHAa paldoTa Jiazepa HAa TOHKHX
KPUCTAINIMYECKUX IIACTUHKAX M MiI€Hkax KpucTtamwioB Tm:KY(MoOs): u
Yb*":KY(Mo0O4),. MaxkcumanbHas BBIXOJHAs MOIIHOCTH Jla3epa Ha
KPUCTAJUIMYECKU TUIACTUHKE TOJIIUHOM 286MKM HW3rOTOBIEHHOW W3
Yb*":KY(Mo0O4)2, coctauna 0,81 Bt na anune Bomusl 1021-1044 um ¢
BhICOKUM auddepennuansabiM KIII = 76,4%. MakcumanbHas BbIXOIHAS

MomHOCTh Jiazepa Ha Tm:KY(MoO4): KpHUCTaNIMUECKON TMIIACTUHKE
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tonuHon 700 MmxMm coctaBuna 0,88 Bt. JIazep renepupoBan u3iydeHue Ha
nuHe BosiHbl 1840—-1905 uMm ¢ nuddepenimanbHoit 3PHEeKTUBHOCTBIO 7 =
65,8%. Jlazep Ha ToHkoM Tm:KY(Mo0Os4): kpucTamindyeckod MiI€HKe
FEHEPUPOBAJ U3JIYYEHUE C MAKCUMAJIbHOW BBIXOJHOM MOIIIHOCTHIO 131 MBT

Ha juinHe BOHbI 1801-1872 uMm ¢ n = 45,2%.
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We report on the crystal growth, structure determination and the vibronic and spectroscopic properties
of a novel red-emitting anisotropic crystal featured by a layered structure, the Eu®>*-doped orthorhombic
potassium yttrium double molybdate crystal, KY(MoO,4),. The transition probabilities of Eu** ions are
determined within the Judd-Ofelt theory. The stimulated-emission cross-sections are calculated for the
5Dy — 7F transitions of Eu** with polarized light. The maximum osg reaches 11.4 x 1072 cm?at
613.9 nm for E || c. The strong anisotropy of the spectroscopic properties of Eu?" is attributed to the
layered structure of KY(MoO,),. The lifetime of the °Dy state is 0.65 ms. Under UV excitation, Eu:KY(-
MoOy); provides red emission (CIE 1931 coordinates, x =0.665 and y = 0.335) with almost unity color
purity. Eu3* ijons are studied as structural probes, revealing a single type of site (C; symmetry). The
polarization-anisotropy of the purely magnetic-dipole Dy — ’F; transition is discussed. Eu:KY(MoOy); is
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promising for red phosphors and deep-red lasers.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The tungstate and molybdate crystals represent an important
class of oxide host matrices for doping with trivalent rare-earth
(RE) ions. The most prominent examples are the double tung-
states (DTs), and double molybdates (DMos), A*R3*(X6"04),, where
A* stands for a univalent alkali cation, K, Li, Na, Rb or Cs, R>* - for a
trivalent cation including RE (Sc, Y, La-Lu), Bi, In, etc., and X5* =W
or Mo, respectively. The DTs and DMos exhibit a variety of crys-
talline systems [1]. In recent years, multiple studies have been
dedicated to monoclinic potassium rare-earth DTs [2], KRE(WO4,),,
and tetragonal sodium rare-earth DTs [3] and DMos, NaRE(W/
Mo0,),. These crystals have been found to be very suitable for
efficient continuous-wave (CW) [4—6] and mode-locked [7,8] lasers
emitting in the near-IR spectral range based on Yb>*, Tm3* or Ho>*
ions.

* Corresponding author.
E-mail addresses: pavel_loiko@corp.ifmo.ru, kinetic@tut.by (P. Loiko).

https://doi.org/10.1016/j.jallcom.2018.05.235
0925-8388/© 2018 Elsevier B.V. All rights reserved.

In the visible spectral range, the search for active ions is focused
on Sm3*, Eu?*, Tb** and Dy>* [9]. In particular, trivalent europium
ions (Eu*, electronic configuration: [Xe]4f®) are well-known for
their red emissions due to the Do — 7Fj (J=0 ... 6) 4f-4f electronic
transitions. The most intense transition to the ’F, state typically
occurs at ~610 nm resulting in red luminescence of high color pu-
rity; the property which is widely used in commercial red phos-
phors, e.g. based on Eu?*:Y,0; [10]. Eu3>*-doped DT and DMo
phosphors are also known [11,12]. Eu?* ions are laser-active as well.
It is worth noting that the first room temperature (RT) lasing of
Eu3* ions (°Dg — ’F4 transition) was achieved using monoclinic DT
crystals, namely, Eu:KGd(WOQ4); and Eu:KY(WOy), (shortly
Eu:KYW) [13,14]. Eu**-doped monoclinic DTs show high transition
cross-sections for polarized light and high luminescence quantum
yield (>99%) due to the weak non-radiative (NR) relaxation [15].
Besides phosphor and laser applications, Eu>* ions are recognized
as structural probes [16]. This is because the Dy — ’F; transition is
purely magnetic dipole (MD) and it is almost not sensitive to the
symmetry of the crystal field which is not the case of the purely
electric-dipole (ED) °Dg — ’F, one [17].
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The orthorhombic potassium yttrium DMo crystal, KY(MoO4);
(shortly KYMo) is known for decades but poorly investigated as
compared to its monoclinic DT counterpart, KYW. The early studies
of KYMo crystals focused on their structure [18]. Later on, laser
action [19,20] and spectroscopy [21,22] of Nd>*-doped KYMo were
reported. Due to their structure features (a layered structure),
KYMo crystals exhibit a perfect cleavage limiting, to a certain
extent, their applications in bulk lasers. However, using these ma-
terials, the concept of thin-film lasers was proposed [23]. A detailed
study of the vibronic properties of undoped KYMo crystals was
performed [24]. In addition, Dy**, Pr**, Er** and Tm3" doped
KYMo crystals are known [25—28]. In recent years, KYMo micro-
crystalline phosphors doped with Eu* ions as well as stoichio-
metric KEu(MoO4); (KEuMo) have been studied [29,30]. Note that
KEuMo has a different structure (it is triclinic or monoclinic,
depending on the synthesis conditions) [31].

In the present study, we aimed to grow large-volume Eu:KYMo
single-crystals and to perform a detailed study of their structural,
vibronic and spectroscopic properties, for the first time, to the best
of our knowledge.

2. Crystal growth and structure

The family of potassium double molybdate crystals with general
chemical formula K*R3*(MoO,),, where R includes rare-earths
(RE =Sc, Y, La-Lu), Bi and In, exhibits a variety of structural types,
see Fig. 1 [1]. One of them is the orthorhombic KYMo-type phase
which is observed for potassium rare-earth double molybdates
with R varying from Sm to Lu. For R =Dy, Ho, Y, Er, Tm this is the
only possible phase. The KYMo-type crystals are orthorhombic [18].

KYMo is chemically stable, it possesses a relatively low melting
temperature (~970°C) and it does not exhibit any polymorphic
transformation below the melting point as in the case of its DT
counterpart, KYW [1]. Thus, KYMo can be grown by the conven-
tional Czochralski (Cz) method. The preliminary growth studies of
KYMo by the Cz method indicated a partial dissociation of the
KYMo melt resulting in the formation of yttrium oxomolybdate
(Y2Mo00Og) and a low melting point (~560 °C) phase of potassium
trimolybdate (K;Mo0309) according to the equation: 2KY(Mo0Oy),
— Y5Mo0Og + K3M0301g [32]. Y2M0Og has a high melting point and
high density and its solubility in the KYMo melt is low. Thus, it
prevents the growth of high-quality KYMo crystals. The dissocia-
tion of the melt depends strongly on the evaporation of K;Mo0301¢.
Thus, to stabilize the growth, 5—7 mol% of K;Mo0301¢ were added to
the melt.

As raw materials, Eu03 (purity: 4N) Y203 (5N), MoOs (4N) and

SITIEFEIIEIEIFECEE
I8 EEs5883855888 369w
A v v v v & & v &« & - < - 0 0 6 oS o
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Fig. 1. Structural types of potassium double molybdates, K*R**(MoQ4),, where R in-
cludes rare-earths (Sc, Y, La-Lu), Bi and In, see Ref. [1]. The vertical arrow indicates the
temperature. The numbers on top — ionic radii of the R** ions for VIil-fold 0>~ coor-
dination. A — unknown structure.

K2CO3 (5N) were taken according to the composition 100 mol%
KY09Eup1(MoO4); — 5-7 mol% K;Mo3019 (e.g., the Eu’* atomic
fraction with respect to the replaced Y3* was 10 at.%) They were
carefull}y grinded, mixed and placed in a Pt crucible (volume:
140 cm”, diameter: 50 mm). The crucible was heated until 1050 °C
in air and kept at this temperature for 2—3 h to homogenize the
melt. Then, the melt was cooled to ~960 °C. The seed from an
undoped KYMo crystal oriented with its [001] crystallographic axis
being perpendicular to the melt was rotated at ~20 rpm (revolu-
tions per minute); the pulling rate was 1—-2 mm/h; the cooling rate
for the melt was ~2 °C/day. The temperature gradient in the melt
was below 3°C/cm. The growth rate was 5—10 g/day. After the
growth, the crystal was removed from the melt and slowly cooled
down to RT. No post-growth annealing was performed. The grown
crystal exhibited a perfect cleavage along the (100) plane.

The photograph of the as-grown Eu:KYMo crystal boule is
shown in Fig. 2. The boule has a slightly elliptic cross-section
extended along the [010] axis. The boule is free of cracks and in-
clusions and it is transparent. The crystal has a slight rose coloration
due to the Eu* ions. The actual Eu>* concentration was deter-
mined with the Energy-Dispersive X-ray emission spectroscopy
(EDX) to be Ngy=2.4 x 1020 cm™3 (6 at.%). The stoichiometric for-
mula of the crystal is then KYg g4Eug 0g(M004), and the segregation
coefficient for Eu>* ions Kg, is about 0.60 + 0.05. The Eu** doping
was almost the same, 6.0 + 0.5 at.%, over the cylindrical part of the
boule. As mentioned above, the Eu* ions (ionic radius: 1.066 A for
VIII-fold 02~ coordination [33]) in the KYMo lattice replaces the Y3+
ones (ionic radius: 1.019 A [33]). The difference in ionic radii de-
termines the value of Kg, < 1. It is known that KEu(MoQ4), has a
different structure, Fig. 1.

The phase purity and the structure of the grown Eu:KYMo
crystals was confirmed by X-ray diffraction (XRD), see Fig. 3. The
Eu:KYMo sample was fine powdered to avoid the orientation ef-
fects in the measured XRD patterns. The Eu:KYMo crystal is
orthorhombic (space group Pbna — D',;,, No. 60, point group
mmmo). Its lattice constants are a = 18.1976(6) A, b = 7.9528(7) A and
c=5.0832(4) A, a=f=y=90°, the volume of the unit-cell
V=735.65(9) A3 and the calculated density pc is 4.083 g/cm>
(the number of the structural units Z=4), according to the per-
formed Rietveld refinement, Fig. 3. The initial set of atomic co-
ordinates (for undoped KYMo) used for the structure optimization
was taken from Ref. [18]. The reduced chi-squared value of ¥ =
(pr/Re,q:,)2 for this sample is 1.291 (Ryp = 7.00%, Rexp = 6.16%).

Note that the nonconventional crystallographic setting Pbna
was initially introduced for KYMo according to the growth forms
and single-crystal XRD studies, while another (standard) setting
Pbcn was also used in later works [18,20]. The rule for equivalence

Fig. 2. Photograph of the as-grown 6 at.% Eu:KYMo crystal; the growth direction is
along the [001] axis.
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Fig. 3. X-ray powder diffraction (XRD) pattern of the as-grown 6 at.% Eu:KYMo crystal,
the numbers denote the Miller's indices (hkl) (sp. gr. Pbna). The rule of equivalence of
Miller's indices between Pbcn — Pbna crystallographic settings is h' — I, k' — hand I'
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of crystallographic axes between these two settings (Pbcn — Pbna)
isa' — ¢,b' — aand ¢ — b. This situation is similar to the case of
monoclinic KYW crystal (space group C%y, No. 15) for which two
crystallographic settings (C2/c and I2/c) were used. The latter one is
more suitable for the description of the crystal habit [15].

The fractional atomic coordinates and interatomic distances
determined with the Rietveld analysis are listed in Tables 1 and 2,
respectively.

The structure of Eu:KYMo is schematically illustrated in Fig. 4
according to the results from the Rietveld refinement. In the
structure of KYMo, the coordination number (C.N.) for the K*, Y3+
and Mo®* cations is 6 + 4, 8 and 4 + 1, respectively. Here, the C.N.
4 + 1 for Mo®* refers to a distorted tetrahedral coordination with 4
closely located 0%~ jons (interatomic distances: 1.48—1.84 A) and
one additional 0%~ cation positioned at slightly longer distance
(2.53 A). A similar effect is observed for the [KOg] polyhedra. The
continuous belts of edge-sharing distorted [YOg] octahedrons
(distorted Thomson cubes) are parallel to the b-axis, Fig. 4(a). In the
a-b plane, they share corners with the [MoO4] tetrahedra. The
radical [Y(MoOg);]” forms porous layers parallel to the b-c plane.
The linkage of these layers separated by a/2 is provided only by the
[KOg] polyhedra, Fig. 4(a). This explains the perfect cleavage along
the (100) plane in this crystal. The sites for the K* and Y3+ cations in
KYMo are different (e.g., this is an ordered crystal) which is

Table 1

Fractional atomic coordinates for the 6 at.% Eu:KYMo crystal (sp. gr. Pbna).
Atom  Wyckoff symbol  Site symmetry x/a y/b z[c
K 4c C, 0.273(2) 1/4 0
YEu  4c C, 0.504(2) 1/4 0
Mo 8d G 0.101(5) 0.006(7) 0.025(9)
o1 8d C 0.181(5) 0.524(7) 0.114(2)
02 8d C 0.080(8) 0.706(8) 0.198(6)
03 8d C 0.069(8) 0.155(4) 0.205(4)
04 8d G 0.447(4) 0.002(1) 0.275(8)

The rule for equivalence of atomic coordinates between Pbcn — Pbna settings is x'
—z,y' > xandz' — y.
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Table 2

Selected interatomic distances for the 6 at.% Eu:KYMo crystal.
Atoms Number Distance, A Atoms Number  Distance, A
Y[Eu—-03 x2 1.82(1) K-o01 x2 2.75(1)
YEu—-02 x2 2.46(1) K-o01 x2 2.79(2)
YEu—04 x2 2.50(1) K—-02 x2 2.99(1)
YEu—04 x2 2.50(2) K—-01" x2 3.70(2)
Mo — 02 x1 1.48(1) K—03 x2 4.03(1)
Mo - 01 x1 1.66(0) Y|Eu — Y[Eu x2 3.98(3)
Mo — 04 x1 1.82(1) K-K x4 4.79(3)
Mo — 03 x1 1.84(1) K—-K x2 5.08(4)
Mo — 04’ x1 2.53(1)

different from the case of disordered tetragonal scheelite (CaWQ,)
type NaY(WOy,), (NaYW) crystal for which the Na* and Y3+ cations
statistically occupy the 2b and 2d sites (both possessing the same S,
symmetry).

For KYMo, the interatomic Y-O distances in the [YOg] polyhedra
are in the range 1.82—2.50 A and the shortest Y3*-y3* distance is
3.98 A which is close to that in monoclinic KYW, 4.06 A. The
shortest Y>*-Y3* distance is observed along the b-axis for cations
lying in the b-c “layer” plane. Note that along the c-axis (in the
“layer” plane) and along the a-axis (layer-to-layer), these distances
are much longer, namely 5.08 A and 9.49 A, respectively.

The symmetry of the Y>* site is C; (no center of inversion
symmetry). In KYMo, the C; axis is perpendicular to the cleavage
plane (100) (parallel to the a-axis) [24].

3. Experimental

The Eu:KYMo crystal is orthorhombic and thus optically biaxial.
Its optical properties are characterized in the frame of the optical
indicatrix, with the three orthogonal axes (Np, N, Ng) [2] being
parallel to the crystallographic a, b, ¢ ones. The exact values of the
principal refractive indices (np, ny, and ng) are unknown for KYMo
(only a mean value of ~2 was reported [21]). Thus, the assignment
of the optical indicatrix axes was performed to date. Because of this,
we will describe the spectroscopic properties of the Eu* ions for
the principal light polarizations E || a, b, c.

All spectroscopic studies were performed at RT (293 K). We
carefully cut a rectangular sample from the Eu:KYMo boule ori-
ented in the {a, b, c} frame. It was polished from all lateral sides
thus giving access to all three principal polarizations.

The RT polarized absorption spectrum in the visible
(0.33—0.63 pm) was measured with a Varian CARY-5000 spectro-
photometer (Agilent). The spectral bandwidth (SBW) was 0.01 nm.
The absorption cross-section was calculated from the absorption
coefficient, oaps = @abs/Ngu. The RT polarized absorption spectrum in
the near-IR (2000-5500 cm™') was measured using a FTIR spec-
trometer Bruker Tensor 27 with a spectral resolution of 1 cm~". For
the polarization-resolved measurements, a Glan-Taylor polarizer
was used.

The polarized RT emission spectra of Eu:KYMo were measured
with a Renishaw inVia confocal micro-Raman microscope with
a x50 objective and an 1800 gr/mm grating. The excitation wave-
length Aexc was 458 nm (Ar* ion laser). The spectral resolution was
~1cm™L The unpolarized RT excitation spectrum was measured
with a Cary Eclipse fluorescence spectrometer (Agilent). The
luminescence was monitored at 612 nm and the spectral resolution
was ~1 nm.

For the RT luminescence decay studies, the same Cary Eclipse
spectrometer was employed. The excitation wavelength Aey. was
400 or 532 nm. The decay from the Dy state was monitored at
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(@) .

Fig. 4. Structure of Eu:KY(MoO,), (the axes are indicated according to the Pbna crystallographic setting) in projection on the a-b and a-c crystallographic planes. Yellow and green

polyhedra indicate the [Y/EuOg] and [MoO,] groups, respectively. For Mo®* cations, only the closest coordination polyhedron (C.N.=

=1V) is shown. (For interpretation of the ref-

erences to color in this figure legend, the reader is referred to the Web version of this article.)

612 nm. The luminescence decay time 7jym was determined ac-
cording to a single-exponential law, Ijym(t) = Ioexp(-t/Tium)-

The polarized Raman spectra were measured for a-, b- and c-cut
Eu:KYMo crystals using the same Renishaw inVia confocal micro-
Raman microscope as used for the polarized RT emission spectra,
Aexc wa]s 488 nm (Ar" ion laser). The spectral resolution was
~lcm™

4. Results and discussion
4.1. Raman spectroscopy

The polarized Raman spectra of the Eu:KYMo crystal for the
a(xx)a, b(xx)b and ¢(xx)c geometries are shown in Fig. 5. Here, the
standard Keyxc(EexcEsc)Ksc notations are used where Eg|Esc and
Kexc|ksc vectors stand for the polarization and direction of propa-
gation of the excitation and scattered light, respectively. The
spectra are strongly polarized as a result of the layered structure
feature of KYMo. The vibronic properties of undoped KYMo were
described previously in detail [24,34]. Thus, we will discuss only the
main features of the Raman spectra of Eu:KYMo.

The main features of KYMo concerning its vibration properties
are the layered structure, causing vibrational branches in the
Raman spectrum for layer-perpendicular wave vectors at relatively
low frequencies, and the necessity to consider interactions between
isolated tetrahedra [MoO4]*" [24]. The primitive unit-cell of the
orthorhombic KYMo contains 48 atoms giving rise to 48 x 3 =144
fundamental vibrations. According to the factor group analysis for
KYMo, the symmetries of these vibrations can be described by
irreducible representation at the center of the Brillouin zone (k = 0)
as
[ = 17Ag + 19B1g + 17B2g + 19B3g + 17Ay + 19B1y + 17B2y + 19B3y.
Only 72 modes of even (gerade, g) parity are Raman active,
including 17 symmetric vibrations of Ag, 72 antisymmetric odd
(ungerade, u) modes B1y, B2y and B3y, are IR active and 17 vibrations
of Ay symmetry are silent both in Raman and in IR spectra.

The selection rules allow vibrations of Bjg symmetry only for
kexc(ac)ks. and kex(ca)ks. geometries, By - for Kex(bc)ks. and
Kexc(cb)ksc, and Bzg - for Kex{(@b)ksc and Kexc(ba)ksc ones. For
symmetric vibrations Ag, only diagonal elements of polarizability
tensor are non-zero, corresponding to Key(a@a)ksc, Kexc(bb)ks. and

kexc(cc)ksc geometries, Fig. 5. Applying structural model, in which
pairs of [MoO4]?" tetrahedra linked through the oxygen bridges are
considered as polyatomic ionic groups, the factor-group analysis
distributes the 72 Raman-active vibrations over the n(T')=18
translational modes, n(R) = 6 librational ones and n(Mo,0g) =48
internal modes of the [MoyOg]* ionic group. The simplified
consideration within the model where the [MoO4]?" tetrahedra are
isolated gives only 36 Raman-active internal modes of [MoO4]%,
insufficient for interpretation of all observed vibrations.

The Raman spectra of Eu:KYMo contain bands located in three
ranges, being different by their intensity. The first range (at 57-
275 cm‘l) contains weak vibrations related to T' modes of K, Y and
Mo, R modes and acousto-optic coupled modes (at <80 cm™!). In-
ternal modes are observed at higher frequencies >300 cm™ The
second range is at 319-435 cm™! containing bands of intermediate
intensity related to the bending (¢) vibrations of the oxygen bridged
[MoO4]*" tetrahedra. The last range, 726-1006 cm ™, contains very
intense modes due to the stretching (v) vibrations of the oxygen
bridged [MoO4]%". The most intense and strongly polarized Raman
peaks appear at 866 and 945 cm™ .. The maximum phonon energy
of Eu:KYMO hvppay is 955 cm ™,

The DT counterpart of KYMo, namely the monoclinic KYW, has a
lower maximum phonon energy of 905cm™L. More specific, its
Raman spectrum does not contain a gap at 450-700 cm™~! being
characteristic for scheelite-type crystals, e.g., tetragonal NaYW [35].
This gap appears due to the isolated nature of the [WO4] tetrahedra
in such crystals. In contrast, for KYW, the [WOg] polyhedra are
double-oxygen-bridge connected (WOOW) [2]. In KYMo, only a
partial oxygen bridge of the [MoO,] tetrahedra appears in the b-c
plane. Thus, the vibronic properties of KYMo are intermediate be-
tween those for tetragonal NaYW and monoclinic KYW.

4.2. Optical absorption

The polarized absorption spectra of Eu:KYMo crystal in the
visible are shown in Fig. 6(a and b). In general, for Eu®* jons, all
transitions for the absorption falling in the visible are spin-
forbidden and thus their probability is relatively low. Note that
for Eu>* ions, the lower-lying excited states (‘F; and F) are
separated by a relatively small energy-gap from the ground-state,
7Fo (360 cm™! and 1020 cm™, respectively, compare with the kT
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Fig. 5. Polarized Raman spectra of a-cut (a), b-cut (b) and c-cut (c) Eu:KYMo crystals,
Aexc =488 nm.

(k is the Boltzmann constant and T is the temperature) value of
~203 cm! at RT) [36]. Thus, these states are thermally populated
even at RT (their fractional populations Xj are 0.33 for 7Fy and 0.02
for 7F,, compare with 0.65 for “Fp) [15]. In the RT absorption
spectrum of Eu:KYMo, the transitions from the “Fo, ’F; and 7F,
states are clearly observed and their relative intensity is deter-
mined both by the thermal population and the selection rules.

A clear example are the transitions to the °Dy state. Note that the
0 — 0 (J — J') transition is ED and MD forbidden. Indeed, the cor-
responding line cannot be found in Fig. 6(b), while the transitions
from the ’F, and 7F; states are clearly observed at ~613 and 589 nm,
respectively. In a similar way, the assignment of the transitions

Fig. 6. Visible absorption spectra of a 6 at.% Eu:KYMo crystal: (a,b) polarized absorp-
tion spectra for light polarizations E || a, b, c; (c) overview of the absorption spectrum
for E || ¢, color fill corresponds to the light wavelength.

from the 7Fo., states to the higher-lying °D; (526—558 nm), °D,
(464—492 nm), °D3 (407—450 nm) and °Lg (394—404 nm) ones can
be assigned. Note that, previously, for monoclinic Eu:KYW, only the
7F, — Dy transition for the absorption was detected at RT [15]. The
absorption bands due to the transitions to the excited-states of Eu3*
above the °Lg one (°Gy, G3+°Ly, Ga.g, Lg) are overlapping and
their exact assignment is complicated. Finally, an intense band at
~362 nm is due to the 7F0 — 5D4 transition.

The UV absorption edge of the Eu:KYMo crystal is at 340 nm
(Eg=3.64eV). This Eg value is smaller than that for monoclinic
Eu:KYW (4.24—4.32 eV, depending on E) [15].
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The absorption spectra of Eu:KYMo exhibit a strong
polarization-anisotropy and the strongest absorption corresponds
to E || c. Fig. 6(c) presents an overview of the absorption spectrum
for this polarization with a color fill indicating the possibilities for
Eu* excitation. Eu lasers were pumped in the green by frequency-
doubled (2w) Nd ones, at 0.53 pm (’Fo; — °D1) [37]. This scheme is
also beneficial because of the smallest quantum defect. Similarly to
the blue pumping of visible lasers (e.g., Tb>* ones) by 2w optically
pumped semiconductor lasers [38], the Eu3* ions can be potentially
excited at 0.46 um (’Fo; — °D5). Finally, the strongest absorption
band of Eu3* in the visible, at 0.40 pm (7F0‘1 — 5[4;), is well
matching the emission of blue GaN diodes.

For the 7Fo'1 — 5Dy transition, the maximum absorption cross-
section aps is 0.37 x 1072°cm?at 533.9nm for E || ¢. The full
width at the half maximum (FWHM) of the corresponding ab-
sorption peak is < 2 nm. For the same transition, the o,ps values are
much lower for light polarizations E || a (0.11 x 102 cm?at
537.2nm) and for E || b (0.03 x 1072°cm?at 533.9nm). These
values are lower than those for the monoclinic Eu:KYW crystal for
which the maximum ¢, = 1.71 x 1072° cm? at 534.3 nm for E || Ny,
[15]. This can be ascribed to the lower symmetry of the latter host.
Indeed, the FWHM of the corresponding absorption peak for
Eu:KYW is only 0.5 nm [15].

The polarized absorption spectra of Eu:KYMo in the near-IR are
shown in Fig. 7. As mentioned above, the feature of Eu* is a series
of lower-lying excited-states, from ’F;—’Fg. The transitions to these
states are spin-allowed and thus the corresponding absorption
bands are rather intense (as compared to those in the visible). The
IR absorption edge of Eu:KYMo is at 5.14 um (~1950 cm™!). Thus,
only the “Fo; — 'Fs, 'Fs, 'F4 and partially ’Fs transitions are
observed in the spectra.

The unpolarized excitation spectrum of the Eu:KYMo crystal (for
Alum = 612 nm) is shown in Fig. 8. It is in good agreement with the
measured absorption spectra.

4.3. Judd-Ofelt analysis based on the absorption spectra

The measured absorption spectra were analyzed within the
standard Judd-Ofelt (J-O) theory [39,40] with thermal correction.
The details of the J-O analysis for Eu>* ions in a biaxial crystal can
be found elsewhere [41]. We will describe only the main steps. The
absorption transitions of Eu?* mostly originate from the ’Fy and ’F;
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Fig. 7. Polarized absorption spectra of a 6 at.% Eu:KYMo crystal in the near-IR: light
polarizations are E || a, b, c.
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Fig. 8. Unpolarized excitation spectrum of a 6 at.% Eu:KYMo crystal, Ay, =612 nm.

states for which the corresponding fractional thermal populations
X; have to be taken into account:

X = where By = (2] + 1)3—51/(kT)’ )

By
Z BJ” ’
J'=0-6

where By is the Boltzmann factor of the ’Fj state for which the actual
population Nj is XjNg,. For most of the absorption transitions in
Eu:KYMo, it was difficult to separate the contribution of the tran-
sitions from the “Fo and F; states to the integrated absorption.
Thus, we considered its total value and, accordingly, effective
experimental absorption oscillator strengths:

2
<f§p>(a>1’) - %@(W)} @)

where m, and e are the electron mass and charge, respectively, c is
the speed of light, (I'(()J')) is the total integrated absorption coef-
ficient for the transitions from the “Fo states (indicated by (), (A) is
the “center of gravity” of the absorption band. All parameters are
considered as averaged over the three principal light polarizations,
eg., (frexp) = 1/3(fzexp(a) +f2exp(b) +fzexp(c))- The (fzexp% (4 and (I')
values are listed in Table 3. Here and below, the = superscript in-
dicates the total (ED + MD) value.

The absorption oscillator strengths can be also calculated from
the ED line strengths (SF0ca10):

2
(ny? +2
< c§1c><<l>1’) = %w (gm)<sﬁﬁc><w]’) + < c“§1‘3><<1>1'),
3)

Here, h is the Planck constant and (n) is the mean refractive index.
The contribution of magnetic-dipole (MD) transitions with J —
J'=0, +1 can be found elsewhere [42] and they should be thermally
corrected. The ED line strengths can be calculated theoretically as:

<SEBC><<I>J'> = 3 URQY)Q. (4)
k=246

Here, Q;, Q4 and Qg are the J-O (intensity) parameters and UX((J’)
are the effective squared reduced matrix elements for the transi-
tions in absorption:
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Table 3
Experimental and calculated polarization-averaged absorption oscillator strengths (fexp) and (fcaic) for Eu?* ions in KYMo.
Transition @, o), Uk (Fexg> (Fearc)
TFg1— nm cm 'nm e ) 1) x10 x10°
A 3473 1079 0 0.10966 0 3.887 3.975%°
7Fs 2637 281.7 0 0.01395 0.00637 1.76 0.853P
Fg 1999 4747 0 0 0.13461 5.162 52155
Dy 526.5 1.45 0.000283 0 0 0.206 0.160%°+0.021MP
5D, 464.9 1.48 0.000533 0 0 0.295 0.346%°+0.002MP
5Dy 409.2 0.83 0.000047 0.00013 0 0215 0.081FP
SLs 3945 7.41 0 0 0.01083 2.068 2.344P
5G4 L7, °D3s, °Gy 376.4 6.63 0.00047 0.00067 0.00596 2.036 2.018F°
5Dy 3625 0.876 0 0.00077 0 0.29 0.303°
rms dev. 0.432

Averaging () is performed over the three principal polarizations, E || a, b, c; () - barycenter of the absorption band, (I') — integrated absorption coefficient, U)((J)]') — effective
squared reduced matrix elements (accounting for the transitions from both the 7Fy ground-state and the thermally populated ’F; excited-state), ED and MD stand for the
electric-dipole and magnetic-dipole contributions, respectively, rms dev. — root-mean-square deviation between (Fexp) and (Feald).

X
ud gy = Sy, (5)
y :Z;,]Z] +1

The calculated (fzcam values are shown in Table 3. The root-
mean-square (rms) deviation between (Fexp) and (.0 is 0.432.
The J-O parameters Qg determined from the absorption spectra are
listed in Table 4.

4.4. Photoluminescence

We measured the unpolarized photoluminescence (PL) spec-
trum of Eu:KYMo, see Fig. 9 where the spectrum is color-filled ac-
cording to the emission color. The intense and narrow line at
~614nm (°Dy — ’F, Eu3* transition) dominates in the spectrum
and determines the red-orange color of the luminescence. The inset
in Fig. 9 shows a photograph of the crystal under excitation by an
UV lamp. The color coordinates of this emission was determined in
the CIE 1931 (Commission internationale de I'éclairage) color space,
x=0.665 and y =0.335 (red color). The dominant wavelength A4
was 612 nm and the color purity p is >99%.

4.5. Stimulated-emission cross-sections

Using the J-O parameters determined from the absorption
spectra (cf. Table 4), we calculated the probabilities of spontaneous
radiative transitions from the >Dg and °D; excited states A%

: e 242\ 0 /1 ,
AL () = 3h(§]4+ 1e)</1>3<"> ((n) 3+ 2) S () + AP (1),
(6)

the MD contribution was taken from Ref. [42]. On the basis of A%}y,
the total probabilities of radiative decay A'®, the radiative lifetimes
Trad and the luminescence branching ratios B(JJ') were determined:

Table 4
Calculated J-O parameters for Eu** ions in KYMo.

Calculation based on: Qy, 1072°cm?

Q, Q4 Qg
Absorption 13.16 5.86 3.60
Emission 1347 6.61 3.61
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Fig. 9. Unpolarized photoluminescence (PL) spectrum of a 6at% Eu:KYMo crystal,
Aexc =458 nm, the color fill corresponds to the emission wavelength. Inset — photo-
graph of the crystal under excitation by an UV lamp.

1
Trad = 470t where AQl. = > Az, ('), (7a)
calc J
A"
B() =SS, (7b)
calc

see Table 5. The radiative lifetime of the Dy state is 0.658 ms. This
lifetime is longer than that for Eu:KYW (0.464 ms) that can be
ascribed to the structure features of KYMo composed of isolated
layers containing the [YOg] polyhedra.

The PL spectra for each Dy - 7FJ (J=1 ... 6) transition were
measured with polarized light, W'ﬂ- (i=a, b, c). Here, the index i
numbers the orientation of the electric field vector E and the
magnetic field vector Hfor ED (=2 ... 6) and MD (J = 1) transitions,
respectively, see more details below. From these spectra and the
Trad(sDo) value determined above, we calculated the stimulated-
emission (SE) cross-sections, osg. For this, the Flichtbauer—Laden-
burg (F-L) formula was used [43]:

8m()> 7 54C 1 D> / AWj,,(A)dA

i=ab,c

(8)

ake(2)

where c is the speed of light, A is the light wavelength and the
integration is performed within the spectral range covering all °Dg
— 7FJ transitions. Note that typically in Eq. (8), only separate
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Table 5
Calculated emission probabilities for Eu** ions in KYMo (within the J-O theory, based on the absorption spectrum).
Transition (A), nm A%y, 57! By, % A S! Trad, MS
5Dy— F, 591.0 127.95MP 84 1521 0.658
F, 614.1 1140.87%° 75.0
A 700.2 242.07%P 15.9
Fe 816.4 9.92FP 0.65
5Dy — Fo 528.6 11.306MP 03 4327 0.231
F 539.3 1388.205°4+0.03MP 32.1
F, 553.8 378.10%P+104.5MP 11.2
Fy 585.2 1917.43%0 443
F, 623.6 415.45F0 96
7Fs 661.2 90.09%° 2.1
"Fe 718.6 19.855° 05
Do 5934.7 2.15MP 0.05

(A - estimated barycenter of emission band, A% — probability of spontaneous radiative transition, By — luminescence branching ratios, A - total probability of radiative
spontaneous transitions from the excited-state, 7,4 — radiative lifetime of the excited-state; ED and MD stand for the electric-dipole and magnetic-dipole contributions,

respectively.

emission channels (J — J') are considered and Willr is multiplied by
the corresponding By value. However, for Eu* ions, the J-O theory
does not allow for the calculation of the Bjy values for some of the
Do — 7 transitions (for J=0, 3 and 5). The 0 — 0’ is both ED and
MD forbidden, as mentioned above. According to the Wigner-
Eckart theorem, the possible k indices for the Qy parameters
satisfy the relation:

UJ1<k<U+J], 9)

and thus, for the 0 — 3’ and 0 — 5’ transitions, the corresponding
AP — 0 (as Q3 = Qs = 0) [44]. Obviously, the corresponding AMP)y
values are also zero. Because of this, we used the whole measured
emission spectrum or, in other words, the experimental B(JJ')exp
values (see Section 4.6).

The results achieved for osg are shown in Fig. 10. The spectra are

strongly polarized. For the 5Dy — 7F, and °Dg — F4 transitions,
which are of interest for laser applications, the highest asg values
correspond to E || ¢ polarization, namely 114 x 1020 cm?2at
613.9 nm and 2.5 x 1072% cm? at 703.5 nm, respectively. Despite the
longer radiative lifetime of the 5Dy state for Eu3* ions in KYMo, the
peak osg values are larger than those for Eu>* in monoclinic KYW
(e.g., 4.0 x 1072° cm? at 613.4 nm) [15]. This is related to a stronger
polarization-anisotropy of the SE properties of Eu:KYMo. Indeed,
for the °Dg — ’F, transition, the ratios of the peak o values are as
high as asg(c):osg(a) =22.7 and ogg(c):ase(b) =8.6. For Eu:KYW,
these ratios are gsg(m):osg(g) = 5.6 and asg(m):asg(p) = 2.6 [15].
For the Eu:KYMo crystal, several weak emissions in the
525—580 nm spectral range were also observed, Fig. 11. They are
related to the transitions from the higher-lying °D; excited-state to
the 7Fo, ’F1, ’F3 and F; states [45]. We have not calculated the osg
spectra for these transitions because they are not suitable for laser
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Fig. 10. Polarized stimulated-emission (SE) cross-section, o, spectra for Eu** ions in the Eu:KYMo crystal, plotted for the orientations of the electric field vector E || a, b, ¢ (b—f) and
magnetic field vector H || a, b, ¢ (a). The arrows in (a,b) indicate the Stark-to-Stark transitions.
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4.7. Asymmetry parameter

The feature of the purely MD transition 5Dy — 'Fy generating
the emission at ~590 nm is that the adjacent emission band is due
to the purely ED transition °Dg — ’F,. The latter is known to be
hyper-sensitive to the symmetry of the Eu3* site [17]. If the site has
no inversion center, this transition will be dominant over the
5Do—7F; one. The ratio of the integral intensities of the corre-
sponding emission bands is known as an asymmetry parameter:

/<W§B>(V)dv
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Fig. 11. Emissions of Eu** ions originating from the °D; state in Eu:KYMo, light po-
larizations are E || @, b, ¢, Aexc =458 nm.

operation due to the strong NR relaxation for the °D; — °Dg
channel (see also Section 4.8).

4.6. Judd-Ofelt analysis based on the emission spectra

Eu?* jons are known for their purely MD transition >Dg — ’Fy.
The probability of this transition is weakly dependent on the host
and can be calculated as:

AGR(01) = AZR (01 o (m)?, (10)
where the first term is the vacuum probability, 14.5 s~ [41]. Thus,
one can calculate the probabilities of all spontaneous transitions
5Dy — 7FJ from the experimental luminescence branching ratios

B() Jexp:
B(0]")ex
R OF) = ROV o=, (1)
[ W)
B exp = (11b)

%: /(W”,)(V)dv.

Here, » is the light frequency. From the set of values, a derivation of
the J-O parameters is possible with Eq. (6) and (4). The 7;2q(°Do)
value can be directly determined with Eq. (7a). More details can be
found in Ref. [46]. The results are presented in Table 6. The radiative
lifetime of the °Dy state is 0.640 ms. The determined Qy parameters
are listed in Table 4 showing a good agreement with the values
determined from the absorption spectra (see Section 4.2). This
confirms the accuracy of the performed ]J-O modelling.

(R) = (12)

/ <W3’{P>(v)du.

For Eu:KYMo, a polarization-averaged (R) parameter is 9.6 (a
strong prevalence of the ED transition, in agreement with the C;
site symmetry for Eu>*/Y3* jons). This value is only slightly smaller
than that for Eu:KYW, R=12 [15].

4.8. Luminescence decay

The measured luminescence decay curves for Eu:KYMo with
excitation at Aexc=400nm and 532 nm are shown in Fig. 12. For
both studied excitation wavelengths, these curves are linear when
plotted in a semi-log scale. This indicates a single-exponential
decay and agrees well with the assumption of a single type of site
for Eu* ions. The mean measured luminescence decay time jym is
0.652 ms. Thus, the intrinsic efficiency of luminescence from the
5Dy state 1q = Tlum/Trad is >99%. This is in agreement with the large
energy-gap from the metastable °Dy state to the lower-lying ’Fg one
(~12200 cm™! [36]) even for a relatively high maximum phonon
frequency of Eu:KYMo, hvmax = 955 cm ™), so that the NR relaxation
is almost zero. Under this point of view, Eu:KYMo is an excellent
luminescent material. Note that the actual value of the lumines-
cence quantum yield should be measured using an integration

1 . . .
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[}
£001¢ Exc. 532nm E
2 Tjum=650us
o
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1E-3 ! ! L 1 1
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Fig. 12. Luminescence decay curves for a 6at.% Eu:KYMo crystal, Aexc=400nm or
532 nm, Aym =612 nm, symbols — experimental data, lines — their single-exponential
fits.

Table 6
Calculated emission probabilities for Eu** ions in KYMo (within the J-O theory, based on the luminescence spectrum).
Transition (A, nm Ay, s7! (By), % Atot, s Trad, MS
*Do— F 591 127.95MP 8.191 1562 0.640
F, 614 1168.18%° 74.787
A 700 255.945P 16385
Fg 816 9.938E0 0.636

(Byy) — polarization-averaged luminescence branching ratios calculated from the measured emission spectra.
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sphere and a reference luminescent material (e.g., Eu’*-based
phosphor).

In Fig. 12, one can see a short rise of luminescence with a
characteristic time 7rse of 16 pus and 11 ps for Aexc =400 nm and
532 nm, respectively. It is related to the lifetimes of the excited-
states above °Do. The two applied excitation wavelengths corre-
spond to the transitions ’F; — °Lg and ’F; — °Dy, respectively. Eu3*
ions excited to the °Lg or °D states can emit photons or experience
a NR relaxation to the metastable Dy state. The second process is
more probable. This is because of small energy-gaps between the
5L and °Dj excited-states (<3000 cm™!) [36]. Thus, the Tjym lifetime
of the Dy state is about 11 ps and the lifetimes of the higher-lying
states is about few ps. Such a short Tlum(5D1) compared to the
determined radiative one (0.231ms) confirms the strong NR
relaxation and explains the weakness of the emission bands in
Fig. 11.

4.8. Magnetic-dipole °Dy — ’F; transition

A polarization-resolved study of the Dy — ’F; emission band,
Fig. 13, revealed some specific behavior. For this transition, the
number and relative intensity of the corresponding emission peaks
was found to depend not only on the light polarization E, but also
on its propagation direction k. In Fig. 13, we used the Kexc(EexcElum)
kjum notations adopted from the Raman spectra to illustrate it. Note
that such an effect is not observed for all the remaining Do — ’Fj
(J=2 ... 6) transitions, which are purely ED.

This behavior can be understood by taking into account that the
5Dy — ’Fy transition is of purely MD nature. The MD transition is
caused by interaction of the active ion (e.g., the RE>* ion) with the
magnetic field component of the light through a magnetic dipole
which orientation is set by the vector M. In other words, the
orientation of the magnetic field vector H with respect to M is now
relevant.

A similar behavior is known for uniaxial crystals [47] for which
the optical axis || c-axis. In general for both ED and MD transitions,
the principal light polarizations are ¢ (E L¢,H || c),a (ELc,H Lc)
and 7 (E || ¢, H L c). For ED transitions, the spectra for ¢ and « are
identical, and for the MD ones, the spectra are the same for « and =.
For orthorhombic, monoclinic and triclinic crystals (optically
biaxial), this approach should be generalized.

For the C; site, each 251 multiplet of the RE>* ion is split in the
crystal field to 2] + 1 Stark sub-levels, namely 1 for the °Dy state and

=k !

- 14 ;
= bfag, N
5 [—bl(ca)b A |
e I AV
3 a bB 57 \ f 1
(2 a}cb

2?3?)% ] -
580 585 590 595 600

Wavelength (nm)

Fig. 13. Polarized photoluminescence (PL) spectra for the purely MD °Dy — ’F;
transition of Eu** ions in the Eu:KYMo crystal, Aeyc =458 nm. The Key(EexcEium)Kium
notations are used. The arrows indicate the Stark-to-Stark transitions.

3 for the F; one. For the Dy state, it corresponds to an irreducible
representation I'y (projection of quasi-momentum: x =0). For the
5D1 state, one sub-level corresponds to I'y and two sub-levels
equivalent for the selection rules correspond to I'; (denoted as
r5Y and F&Z), with g = 1). The polarization selection rules for the 5Do
— 7F; MD transition are I’y — I'; for the orientation of the M vector
along the C; axis (M || @) and T’y — I'8).T%) for M L C; (M || b, c).

The probability of MD inter-Stark transition in emission in our
case is [48]:

3
Wi

AWM — 2T le -k x (M| de, (13)

T 2mhe3

where, w =27y, h = h/2m, i and f mark the initial and terminal Stark
sub-level, Q is a solid angle, e, is the polarization vector, p indicates
the two possible polarization states. The square brackets [..] stand
for a vector product. The latter is maximized when the k and M
vectors are orthogonal. The whole mixed product e, -[k x (f]M[i)] is
maximized when all three vectors are mutually orthogonal. This
allowed us to construct the table of polarization selection rules and
the corresponding preferred orientations of k and ey vectors,
Table 7.

Now, let us analyse Fig. 13. For an a-cut crystal, all spectra in
Fig. 13 correspond to geometries 3, 4 from Table 7, so that I’y —
'5) 1P, Indeed, only two peaks are detected in the spectra, at 590.1
and 593.8 nm. For a b-cut crystal, the b(ac)b and b(cc)b spectra
correspond to geometries 1, 5, 6, so that all three I’y — Ty, [%1), 1%
transitions are allowed as indeed observed in the spectra. The
additional peak at 595.8 nm is due to the I'y — I'; transition. The
b(ca)b and b(aa)b spectra correspond only to geometries 5,6 (I'y —
i ),I‘Ez)) and only two peaks are observed. For a c-cut crystal, the
spectra c(ab)c and c(bb)c correspond to 2, 7, 8 geometries (I'y — I'y,
'9) %)) and the c(ba)c and c{aa)c spectra — to the 7, 8 geometries
('t — TI41) and indeed three and two lines are observed,
respectively.

The analysis Table 7 and Fig. 13 indeed indicates the relevance of
the orientation of H vector (defined by a pair of k and e) for the
polarization selection rules of MD transitions.

Note that the emission intensity is also determined by crystal
absorption. In our case, Aexc = 458 nm (’Fy — °D, ED transition), so
that the absorption is determined by Eey.. This explains why all
spectra in Fig. 13 are different in shape and intensity: all of them
correspond to different (Eexc, Hyym) pairs.

Because the shape of the emission spectra for the MD 5Dy — 'F
transition is determined by the Hj,, vector, we plotted the osg
spectra in Fig. 10(a) for three H orientations, along the a, b, c axes.

According to [16], the polarization-resolved analysis of the MD
5Dy — F; and ED °Dy — ’F, transitions is a powerful tool to
conclude about the site symmetry. If the Dy — ’F; emission band
contains 3 spectral lines, this will be an orthorhombic, monoclinic
and triclinic crystal. Furthermore, if the °Dy — ’F, band contains 5
lines, the site symmetry will be C;, C; or Cs and only C; and C; are
kept if this band exhibits polarization-anisotropy. This is in excel-
lent agreement with our observations for C, Eu>* site in KYMo.

Table 7
Polarization selection rules for the 5Dy — ’F; MD transition of Eu** ions in KYMo.
M vector (MD) 5Dy — 'Fy Preferred k Possible e, No.
M| C (M| a) rh-n [I'b [Ie 1
Ie [I'b 2
M LCy (M| b,c) Iy — MO re) |la || b, c 3,4
[I'b ||ac 5,6
Il e || a b 7,8
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5. Conclusion

The orthorhombic KYMo double molybdate crystal is a prom-
ising host matrix for optically active RE>* ions. In the present work,
we have grown, by the Czochralski method, large-volume KYMo
crystals doped with Eu* ions with high optical quality. This was
facilitated by a proper melt composition with an addition of po-
tassium trimolybdate (K2Mo3010) and low temperature gradients
in the melt, <3 °C/cm. The Eu?* ions were studied both as optical
centers and structural probes. KYMo exhibits a layered structure
leading to a perfect cleavage along the (100) plane. This structure
feature promotes a strong polarization-anisotropy of spectroscopic
properties of the Eu* ions, as well as vibronic properties of the
host crystal exceeding those for monoclinic KYW double tungstate.
Moreover, the perfect cleavage of KYMo can be used for the prep-
aration of thin-film optical elements. Regarding the structural
probing by Eu?* doping, the accommodation of these ions in a
single type of site (C;) was confirmed. A magnetic-field vector
dependent spectroscopy of the °Dg — ’F; MD Eu?" transition has
been described.

Eu:KYMo is of interest for red phosphors of high color purity and
for red and deep-red lasers operating at the Dy — 7F2'4 transitions.
We believe that this study will motivate the development of KYMo
crystals doped with other RE3* jons such as Yb** or Tm3*, for
emission in the near-IR. RE3*-doped KYMo crystals are expected to
feature strong polarization anisotropy of transition cross-sections
being beneficial for efficient laser operation.
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quantum yield is >90%. The polarized stimulated-emission cross-section spectra for all D4 — 7Fj J=0...
6) emission channels are evaluated. The maximum osg is 11.4 x 102! cm?at 549.4nm (for E || Np).
Tb3*:KLu(WO,); features high transition cross-sections for polarized light being promising for color-
tunable visible lasers and imaging.

© 2018 Published by Elsevier B.V.

1. Introduction

Among the trivalent rare-earth ions (RE>*), Sm3*, Eu®*, Tb**
and Dy3+ are rather attractive for obtaining multi-color laser
emission in the visible [1]. In particular, the Tb*>* ions (electronic
configuration: [Xe]4f8) are featuring a higher-lying (energy:
~20500 cm ') metastable excited state (°D4) and a set of lower-
lying 7FJ states (J=6 ... 0 in order of increasing energy) [2]. This
leads to multiple visible emissions due to the °D4 — ”F; transitions
that fall into the blue, green, yellow and red spectral ranges [3]. The
5Dy state is long-living (from hundreds of ps to few ms) [3] and the
corresponding luminescence quantum yield can be high due to the
weak non-radiative (NR) processes even in oxide matrices with
high phonon energies. The °D4 — ’Fs transition at ~545 nm is the
most probable one and a purely green emission from Tb>* has been
observed [4]. The rich structure of higher-lying excited-states of
Tb3* allows for efficient UV excitation of these ions.

* Corresponding author.
E-mail address: xavier.mateos@urv.cat (X. Mateos).

https://doi.org/10.1016/j.o0ptmat.2018.03.014
0925-3467/© 2018 Published by Elsevier B.V.

Aside from the interest to Tb lasers, there are multiple studies of
Tb>*-based green phosphors based on various matrices, i.e., glasses,
glass-ceramics and nanoparticles [5—10]. This extended the un-
derstanding of Tb>* spectroscopy. In recent years, the main interest
shifted towards (Eu>*, Tb>*) and (Yb>*, Tb>*) codoped materials.
The former codoping scheme brings the advantage of continuous
color tuning (from red for singly Eu’t doping to green for the b+
one) [11,12]. The second codoped system is promising for down-
conversion (DC) suitable to enhance the efficiency of silicon solar
cells [13,14]. Such DC materials provide emission of up to 2 near-IR
(~1 pm) photons from Yb3* ions after the absorption of a single UV
photon by a Tb** ion [13].

There are several early reports about the stimulated-emission
from a Tb3*-doped glass [15], an organic solution [16] and a
Tb:LiYF4 crystal [17] under broadband flashlamp-pumping, and
from a Tb>*-doped fiber laser [18]. Recently, efficient room-
temperature (RT) Tb lasers were demonstrated using various
fluoride crystals, namely LiYF4, LiLuF4, KY3Fq9, BaY2Fs, CaFy, LaF3
and TbF; [3,19]. Lasing at ~545 nm (in the green, >D4 — ’Fs transi-
tion) and at ~585nm (in the yellow, °D4 — ’F,4 transition) were
achieved. In the study of Metz et al, a highly-doped (28 at.%)
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Tb:LiLuF4 laser pumped by a frequency-doubled optically pumped
semiconductor laser (2w-OPSL) at 486nm (to the Dy state)
generated a maximum green output power of 1.13 W with a slope
efficiency of 52% with respect to the absorbed pump power. In
Ref. [19], wavelength tuning of Tb:CaF, and Tb:LiLuF4 lasers be-
tween ~540 and 550 nm was also demonstrated.

The physical reason for application of fluoride crystals in Tb
lasers is the following. Among the RE3* jons, Tb>* has one of the
lowest energy separations between the multiplets of the 4f%
configuration and the 4f85 d' excited one [20]. The 4f% — 485 d!
transitions (e.g., the excited-state absorption (ESA)) are parity-
allowed and thus more intense than the 4f% — 4f® transitions.
Such interconfigurational ESA can strongly affect the laser perfor-
mance [1,3]. For fluoride crystals, the so-called crystal field
depression (CFD, which determines the splitting of the 4f%5d!
levels and depends strongly on the host material) is small [20].
Thus, the unwanted interactions with the excited configuration are
diminished. However, as it was shown by Metz et al., different host
materials even with high CFD (e.g., oxide crystals) can be poten-
tially suitable for Tb lasers.

Among the oxide crystals, the monoclinic double tungstates
(MDTs) having a chemical formula of KRE(WQ,); (shortly KREW)
where RE stands for Y, Gd, Lu or Yb, are very attractive for RE3+
doping [21]. The two main features of MDTs are the high transition
cross-sections for polarized light and high available RE3* doping
levels accompanied by weak luminescence quenching. Besides the
ions suitable for near-IR lasers (at ~1 pm and at ~2 pm) [21], MDTs
are recognized to be promising for visible lasers [22,23]. Dashke-
vich et al. presented a RT Eu:KGdW laser operating at 702 nm [23].
Stimulated-emission of Dy3+ ions in KYW (at 574 nm and 664 nm)
was observed by Kaminskii et al. [24] at low temperature. Con-
cerning Tb3*-doped MDTs, very scarce data can be found in the
literature. The previous work on Tb:KLuW focused only on the
crystal growth and thermal properties [25]. In Refs. [26—28], the
luminescence of Tb3* ions in isostructural KYW and KYbW crystals
was studied. In particular, Loiko et al. reported on the polarized
spectroscopy of Tb3* ions in KYbW [28]. However, this is a stoi-
chiometric crystal and it is less attractive for laser applications due
to the possible Yb*>* « Tb3* energy-transfer processes.

The aim of the present work is to study the optical absorption
and emission of Tb3* jons in the monoclinic KLuW crystal with
polarized light and to calculate the Th3* transition probabilities
using the modified Judd-Ofelt theory.

2. Crystal growth

The KLuW  crystal doped with 3at% Tb>*
(Ntb=193 x 107°cm ™3, crystal density, p=7.613g/cm?) was
grown by the Top Seeded Solution Growth (TSSG) Slow-Cooling
method using potassium ditungstate, K; W07, as a solvent, see
more details in Ref. [21]. The starting materials, K»CO3, Lu;03, Tb203
and WOs, were from Aldrich and Fluka (>99.9% purity). A seed from
an undoped KYW crystal was used for starting the nucleation and
was oriented along the [010] crystallographic axis. The structure of
the grown crystal was confirmed with X-ray powder diffraction.
Tb:KLuW is monoclinic (space group C%n — C2/c, No. 15, point
group: 2/m). The as-grown crystal was transparent, it was free of
cracks and inclusions. The crystal had a slight yellow-brown
coloration due to the Tb3* ions.

3. Experimental
The MDT crystals, including Tb:KLuW, are optically biaxial and

have three principal refractive indices, n, < ny, <ng [21]. The spec-
troscopic properties are then characterized in the frame of the

optical indicatrix, with the three orthogonal axes, denoted as Np,
Nm and Ng, respectively. For all monoclinic crystals, one of the op-
tical indicatrix axes (it is Np for MDTs) is parallel to the C; symmetry
axis (or b crystallographic one). The two remaining optical indica-
trix axes are located in the orthogonal mirror plane (the a-c plane).
For KLuW, the angles Nm"a = 59.3° and Ng'c = 18.5° [21].

For the spectroscopic studies, we cut and polished a parallele-
piped sample from the 3 at.% Th:KLuW crystal with thicknesses t of
4.25 mm and 5.00 mm along the Ng- and Np-axes, respectively, and
thus giving access to all three principal polarizations.

The RT (293K) absorption spectrum in the visible
(0.36—0.51 pum) was measured with a Varian CARY-5000 spectro-
photometer (Agilent). The spectral bandwidth (SBW) was 0.01 nm.
The absorption cross-section was calculated from the absorption
coefficient, oabs = a/N1p. The RT absorption spectrum in the near-IR
(1800-6200 cm ') was measured using a FTIR spectrometer Bruker
Tensor 27 with a spectral resolution of 1cm~. The spectra were
measured for polarized light using a Glan-Taylor polarizer.

The polarized RT emission spectra of Th:KLuW were measured
with a Renishaw inVia confocal micro-Raman microscope with
a x50 objective and an 1800 1/mm grating. The excitation wave-
length Aexc was 458 nm or 488 nm. The spectra were combined to
cover tllle 0.48—0.7 pm spectral range. The spectral resolution was
~lcm™

For the RT luminescence decay studies, a Cary Eclipse fluores-
cence spectrometer (Agilent) was used. The excitation wavelength
Aexc Was 365, 380 or 475 nm. The decay from the °Dy state was
monitored at 545 nm. The decay time 7y, was determined ac-
cording to a single-exponential law, Ijym(t) = loeXp(-t/T1um)-

4. Results and discussion
4.1. Absorption

The absorption spectra of Tb>* ions in KLuW are shown in Fig. 1

4v5 T T T T
40h (@) — ElIN,,]

35 —E|IN, ]
3,0 EIIN ]

365 370 375 380 385
Wavelength (nm)
0,7 T T T

08r P4 —EIIN,
05} —EIN,
o4l ]
§os
30,2
0,1

0,0
470 480 490 500 510

Wavelength (nm)

—ElIN,, |

Fig. 1. Visible absorption spectra of a 3 at.% Th:KLuW crystal with polarized light at RT:
Transitions “Fg — °D3, °Gg, °L1o (a) and "Fg — °Dy4 (b).
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(for visible) and in Fig. 2 (for near-IR). The spectra are plotted for the
principal light polarizations E || Np, N and Ng. Tb:KLuW provides a
strong anisotropy of the absorption spectra for polarized light
which is inherent for all RE3*-doped MDTs due to their low-
symmetry structure. The maximum absorption corresponds to
the E || Nm polarization. The shape of the spectra is similar for E ||
Nm and E || Ng polarizations while being different from that for E ||
Np. This is because for MDTs, the Np-axis is parallel to the C; sym-
metry axis while both the Ny, and N, axes are lying in the mirror
plane. Because of this, the selection rules for the 4f-4f transitions
are different for light polarized along the N, and (Nm, Ng) axes [29].

For Tb3* ions, all the absorption bands at RT are due to transi-
tions solely from the ground-state (’Fg) to excited ones. This
behavior is different from that for Eu3* ions featuring very similar
structure of the energy-levels while exhibiting transitions in ab-
sorption originating not only from the ground-state (’Fo) but also
from the thermally populated ’F; and even ’F, excited ones [30].

For Tb:KLuW, the weak absorption band in the visible
(480—500 nm) is due to the spin-forbidden ’Fs — Dy transition,
Fig. 1(b). The maximum o ps is 3.42 x 10~2! cm? at 486.7 nm with a
full width at half maximum (FWHM) of the corresponding ab-
sorption peak of 1.0 nm (all values are specified for E || Ny,). The a5
is about two times lower for the light polarizations E || N,
(173 x 102! cm?at 487.8nm) and E || Ny (143 x 102! cm?at
486.7 nm). The peak o,y value is higher than that for the iso-
structural Tb:KYbW crystal (oaps=2.3 x 1072 cm?at 486.7 nm)
[28] and they are much higher than those for Tb3*-doped fluorides,
e.g., Tb:LiLuF, (0.3 x 10~2! cm? at 488.8 nm for 7t-polarization) [3].
The multiple absorption peaks at 365—385 nm are due to the spin-
forbidden transitions to the higher-lying 5D3, SGG and 5L10 excited-
states, Fig. 1(a). The UV absorption edge of Th:KLuW is at ~360 nm
(Eg=3.44¢eV).

In the near-IR, Fig. 2, the absorption bands of Tb3* are due to the
transitions to the lower-lying ’Fs — Fy excited-states. As these
transitions are spin-allowed, the peak absorption cross-sections
abs (@about 2 ... 3 x 10720 cm?) are one order of magnitude higher
than those for the absorption bands in the visible and UV (1 ...
2 x 102! cm?). The Tb:KLuW crystal is transparent until ~5.3 pm.

The spectroscopic properties of the Tb>* ions were modeled
within the standard Judd-Ofelt (J-O) theory [31,32] and its modi-
fications accounting for the configuration interaction. First, the
absorption oscillator strengths for Tb>* ions were determined from
the measured absorption spectra as [30]:

mec?
me2Npy Ay

exp) (1) = ram), (1)

where me and e are the electron mass and charge, respectively, c is

7 T T T T T

. —E|IN,, |
6_ - —E||Nm
5[ N -
<4
£
83
3, h
1A
0

4000 5000
Wavenumber (cm'1 )

6000

Fig. 2. Near-IR absorption spectra of a 3 at.% Th:KLuW crystal with polarized light at RT.

the speed of light, (I'(J]')) is the integrated absorption coefficient
and (4) is the “center of gravity” of the absorption band. In the J-O
modeling, we consider all the values as averaged over the three
principal light polarizations, e.g., (Fexp) = 1/3(Fp + Fm + %) [30].
The experimental (fzexp) values are listed in Table 1. The absorption
oscillator strengths were also calculated theoretically as [30]:

8 ((n)z - 2)2

(fcilc>(”') = 3h(2]/ ¥ 1)(}) 9(11) <555c>(l/’) + gl?)(l”%

(2)

Here, h is the Planck constant and (n) is the mean refractive
index, (S0 are the ED line strengths. The ]J-O theory describes
electric-dipole (ED) transitions. The contribution of magnetic-
dipole (MD) ones with J] — J'=0, +1 was calculated separately
within the Russell-Saunders approximation on wavefunctions of
Tb3* jon under the assumption of a free-ion. For the considered
absorption spectrum of Tb**, these are the Fs— ’Fs and "Fg — °Gg
transitions.

In the case of an intermediate configuration interaction (ICI), the
ED line strengths are given by Refs. [33,34]:

Sy = > ubg,, 3)
k=246

where:

Q= Q [1 + 2Ry (E, +E — 259)] , (4a)

U = <(4f")5LjHuk|((4f“)s/L/jz>2 (4b)

Here, UX are the squared reduced matrix elements for the
transitions accounting for the absorption [28], Ry (k=2, 4, 6) are
the parameters representing the configuration interaction. In the

ICI model, the J-O (intensity) parameters Qk, Eq. (4a), are the linear
functions of the energies of the two multiplets (Ej and Ey) involved
in the transition, while Ef is the mean energy of the 4f" configu-
ration. In the ICI model, there are 6 free parameters, namely Q and
Rk (k= 2,4, 6).If only the excited configuration with opposite parity
4f15d! contributes to the configuration interaction, then
Ry=Rsa=Rs=a = 1/(2A) and Eq. (4a) is simplified to [33]:

0y = O, [1+ 20 () + B — 260) . (5)

Equation (3) with the intensity parameters given by Eq. (5) is
referred as the modified J-O (mJ-O) theory. In this case, there are 4
free parameters, namely Q,, Q4, Qg and a. Here, A means the energy
of the excited configuration 4f"'5d". For the case of higher-lying
excited configuration of opposite parity (A — ):

(SEBowy = > ubg. (6)

k=246

This case corresponds to the standard J-O theory. There are three
free parameters in this case, namely Q;, Q4 and Qs.

The calculated absorption oscillator strengths ()‘EDcalc) for
Tb:KLuW crystal using the J-O, mJ-O and ICI models are listed in
Table 1. The ICI theory provides the smallest root mean square
deviation (rms dev.) between the experimental, (fxexp), and calcu-
lated, (Fcaio = FPeai) + (MPealo), absorption oscillator strengths,
0.295 (compare with rms dev. = 0.477 for the J-O theory and 0.482
for the mJ-O one). The best-fit parameters of all the used theories
are listed in Table 2. In particular, for the ICI model, Q, =18.170,
Q4 =23.394, Qg=13.459 [1072° cm?] and R, = —0.102, R4 =0.203,
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Table 1

Experimental and calculated absorption oscillator strengths for a 3 at.% Tb:KLuW crystal.
Transition Fexps 10 6 (Fexp)‘v (Feac)’, 1076 (MPeare)

N, N Ng 10°¢ J-0 mJ-0 ICI

7Fg—Fs 7.20 9.45 426 6.97 6.38EP 6275 6.33P 0.57MP
TFg—Fy 497 5.04 215 4.06 43280 4.38EP 4280 -
TFg—F3 433 3.60 297 3.63 32780 32280 33280 -
TFe— "Fi12 498 6.22 324 481 4,980 49550 4.89F° -
TFg—"Fo 0.96 1.07 0.45 0.83 0.86%° 0.85%P 0.85%P -
7Fg—°Dy 0.34 0.59 0.16 036 0.20%P 02280 0.24%P -
7Fg—°D3+°Gg 1.42 2.70 1.25 1.79 0.64t° 0.76E° 1.55%P 0.21MP
rms dev. 0477 0482 0295

i exp - €xperimental oscillator strengths, polarization-averaging: (fZexp) = 1/3(f%p + Fm + f5g), (feare) - calculated ones (ED and MD stand for electric and magnetic dipole
contributions, respectively), rms dev. - root-mean-square deviation between (eyp) and (FPcaic) = (f¥Pcatd) + (MPatd)-

R =0.170 [10~4 cm)]. The rms dev. obtained in the present paper for
Tb:KLuW is much lower than that reported for Tb:KYbW (0.887
with the J-O theory and 0.726 with the SCI one) [28]. This is referred
mostly to the measurements of the absorption spectra in the near-
IR performed in the present work, Fig. 2, where intense spin-
allowed transitions "Fg — ’F; are observed.

4.2. Emission

The probabilities for spontaneous radiative transitions are
calculated from the line strengths [30]:

A ) 64nte? (nz +2

2
alc
3h(2]'+1)(1)3" 3 ) SEWn +Amp . (7)

The values of U for the transitions accounting for the emission
are listed in Ref. [28]. The MD contributions were calculated in the
present paper under the assumption of a free ion as described
above. The mean emission wavelengths for each ] — J' transition,
(A), were determined from the barycenters of the absorption, Figs. 1
and 2, and emission, Fig. 3, bands of Tb>* ions. From the values of A

for separate emission channels ] — J/, we calculated the total T T T T T T T T
probability A€, the radiative lifetimes of the excited-states 7,q 1.0 Ex%ﬁ?VSnm 1
and the luminescence branching ratios for the separate emission —~ m
channels B(JJ'): (:‘:- 0.8 1
> L -
T = L where A¢lc — ZACGIC(”/) (8a) a 06
rad = Acalc’ tot = >l ) c
tot I 204t .
£
1 7 7F
ASale (17) 002, Fy 3 - .
= Sagew) o A G TR W4
J ’ 500 525 550 575 600 625 650 675 700

The results on the probabilities for radiative transitions are lis-
ted in Table 3 for transitions from the D4 and °D3 excited states
(according to the ICI theory). The radiative lifetime of the meta-
stable ®Dy state is 0.450 ms. In Table 4, we have compared the 7raq
values for the °D,4 and °Dj states as determined with the J-O, mJ-O
and SCI theories. In our previous study of an isostructural Tb:KYbW
crystal [28], the 7aq(°D4) was calculated as 2.08 ms using the strong

Table 2

configuration interaction (SCI) theory. This value is longer than that
determined in the present work. We attribute this difference to a
lower precision of the analysis in Ref. [28] due to the lack of ab-
sorption studies in the near-IR as performed in this work, cf. Fig. 2.
Tb:KLuW possesses a shorter radiative lifetime of the 5Dy state as
compared to oxide crystals such as  TbAl3(BO3)s
(7rad(°D4) = 2.07 ms) [35] and TbAIO4 (7rad(°Da) = 3.5 ms) [4].

The photoluminescence (PL) spectrum of Th:KLuW under exci-
tation at 488 nm (to the >Dy state) is shown in Fig. 3 for light po-
larization E || Ny The band related to the D4 — Fg transition was
measured separately under 458 nm excitation. The PL spectrum
thus includes all the D4 — 7Fj (J =6 ... 0) transitions: 484—500 nm
(blue, J=6), 540—552 nm (green, J=5), 578—593 nm (orange,
J=4), 614—627nm (red, J=3), 639—665nm (red, J=2),
665—685 nm (deep-red, J=1) and 686—700 nm (deep-red, = 0).
The corresponding emission colors are indicated in Fig. 3 by filling
the spectra. The most intense emission band is due to the °D4 — Fs
transition that is typical for Tb>*-doped materials [4].

The scheme of energy-levels of Tb®* jons and the observed
transitions in absorption and emission are shown in Fig. 4. In this

Wavelength (nm)

Fig. 3. Combined photoluminescence (PL) spectrum of a 3 at.% Tb:KLuW crystal at RT
for light polarization E || Nyy; the excitation wavelength is 458 nm (°D4 — Fs emission
band) and 488 nm (remaining bands). The color fill corresponds to the emission
wavelength. Inset shows a photo of the crystal under excitation. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Parameters of J-O, mJ-O and ICI theories applied to calculate the absorption oscillator strengths for a Tb:KLuW crystal.

Theory Parameters Value: Tb:KLuW
J-0 Q, [102°cm?] Q,=23.524,Q,=8.111, Q3 =6.918
mJ-0 Q, [1072° cm?[; [1074cm] Q, =25.496, Q4 = 9.590, Qg = 7.589;a = 0.033

ICl @ [1072° cm?];Ry [10% cm]

Q,=18.170, Q4 = 23.394, Qg =13.459; R, = —0.102, R4 =0.203, Rg =0.170
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Table 3 namely 475 nm (direct excitation to the emitting state), 380 nm (to
Calculated emission probabilities for Tb** ions in a 3 at.% Th:KLuW crystal (for the ICI the SD3 excited-state) and 365 nm (to the higher-lying 5L10 one). All
theory). the measured curves are clearly single-exponential as revealed in
Excited state Terminating state Ay, s ' By, % At S”! Trag, Ms Fig. 5 plotted in a semi-log scale. This agrees with the accommo-
5Dy 7 351.4E0 158 22216 0450 dation of Tb>" ions in a single type of site (Lu>" site with a G,
;F_r, 1076.E;°+9(:;E)MD 52.5 symmetry and VIII-fold 0>~ coordination [21], ionic radii: 0.977 A

7? ?g;“’;ED+?b48MD ;%—9 for Lu>* and 1.04 A for Tb3*). The luminescence decay time 7iym is

7Fz 65,550 +I0- 29 411 +3 ps The 7yym is slightly shorter than the radiative one,

7F, 148,750 6.7 resulting in a luminescence quantum efficiency 7q = Tium/7rada of

Fo 97.9P 44 91%. Such a high value can be expected for Tb>* ions due to the

5Dy TFg 383.2ED 85 45350 0221 large energy gap between the Dy state and the lower-lying excited-
7F 1227.5E0 271 state (’Fo) which is about 15000 cm ™! [2]. Indeed, as the maximum

;F,, 916.92?105“;'%""" 225 phonon frequency hvmax of KLuW is 908 cm™! [21], the non-

7? 3‘7‘;";0*;;?4“40 1757 radiative relaxation from the >Dy state is not probable. A similar

7Ff 4 3:6,,:[,* : 01 effect is observed for the metastable °Dy state of Eu>* ions in KLuW

7, _ = [30]. Previously for the isostructural 1at.% Tb:KYbW and 5at.%

Dy 2945804149 7M0 76 Tb:KYW crystals, Tjum(°D4) was determined to be 395 s and 460 ps,

Ay - probability of spontaneous transition (ED and MD stand for electric and mag- respectively, which is close to the value measured in the present

netic dipole contributions, respectively), By - luminescence branching ratio, Ao -
total probability of spontaneous transitions, 7,,q — radiative lifetime.

Table 4
Calculated radiative lifetimes of the °D, and °Dj excited-states of Tb>* ions in KLuW
crystal (for J-O, mJ-O and ICI theories).

Excited state Trad» MS

J-0 mJ-0 (e
5Dy 0.500 0.449 0.450
D3 0.323 0.275 0.221

figure, we have also indicated the efficient resonant cross-
relaxation (CR) process, °D; + 'Fg — D4 + 7F0,1, responsible for
the depopulation of the °Ds excited-state [36].

The measured PL decay curves for Tb>* jons in a 3 at.% Th:KLuW
crystal are plotted in Fig. 5. The emission was monitored at 545 nm
(from the Dy state). Several excitation wavelengths were tested,

work [26,28].

The PL spectra of Tb3* ions were measured for all three principal
light polarizations, E || Np, Ny, and Ng. Using such spectra, the
polarized stimulated-emission (SE) cross-section, asg, spectra for
Tb3* ions were calculated with the Fiichtbauer—Ladenburg (F-L)
equation [37]:

X WiBW)
AW;(D)dA

75 = 8T TraaC 1/3 ©

i=pmg

Here, Wj(4) is the measured spectral power density of lumi-
nescence for the i-th polarization, i = p, m, g, n; is the corresponding
refractive index taken from Ref. [21], 7raq is the radiative lifetime of
the °Dy state of Th>* and integration in Eq. (9) is performed within
the emission band corresponding to the particular °Dg — 7FJ tran-
sition. The osg spectra are shown in Fig. 6. The Tb** jons in KLuW
exhibit strong anisotropy for polarized light. The maximum osg
values correspond to E || Ny (so that this polarization is the most
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Fig. 4. Scheme of the energy levels of Th®* ions in KLuW and the observed transitions for absorption and emission (shown by solid arrows). NR — non-radiative relaxation, CR —

cross-relaxation. Dashed area — host absorption of KLuW.
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Fig. 5. Decay of the green luminescence of Tb>* ions at 545 nm for a 3 at.% Tb:KLuW
crystal at RT, the excitation wavelength is 365 nm, 380 nm or 475 nm, 7y, is the
luminescence decay time according to a single-exponential fit. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)

attractive for laser operation), the intermediate ones — to E || N, and
the lowest ones — to light polarized parallel to the Ng-axis. This
trend is similar for most of the RE>* ions in MDTs [21]. For the
5D, — ’F5 transition, the maximum ogs=114x 10-2'cm?at
549.4nm (for E || Np). The peak s values for all the °Ds — 7F
transitions are listed in Table 5. The maximum os; value for Tb**
ions in KLuW is much larger than those for Tb:LiLuF,4 crystal,
namely ~1.6 x 102! cm? at ~540 nm for o-polarization [3].

The unpolarized PL spectra of the Tb:KLuW crystal under blue
excitation were characterized in terms of the CIE 1931 (Commission
internationale de I'éclairage) chromaticity diagram. The color co-
ordinates are x =0.380 and y = 0.608 that fall into the yellowish
green region. The dominant wavelength A4 is 561 nm with a color
purity p of >97% (for a 2° observer).

5. Conclusion

The Tb>*-doped monoclinic KLu(WO4); crystal is promising for
color tunable visible (green and yellow) lasers. Due to its low-
symmetry structure, it features high transition cross-sections for
absorption and emission with polarized light. The upper-laser level
(°D4) lifetime of Tb>* jons is 411 ps (for 3 at.% Tb3* doping) and the
luminescence quantum yield is >90%. We have successfully applied
the J-O theory modified for the case of an intermediate configura-
tion interaction (ICI) for the description of the transition probabil-
ities of Tb3* ions in KLu(WO4),. Due to the measurements of the
characteristic Tb®* absorption (’Fs — "F;,J=0... 5) in the near- and
mid-IR, we were able to improve the quality of the J-O analysis and
to predict a higher luminescence quantum efficiency of
Tb3*:KLu(WOy,), crystals, similarly to those doped with Eu>* ions.
We determine that KLu(WO,), doped with Tb3* is more attractive
than the isostructural stoichiometric crystal Tb>*:KYb(WO,),
studied recently due to the higher transition cross-sections and the
lack of parasitic cooperative 2 Yb>* « Tb3* processes.

As the transitions suitable for Tb>* pumping (e.g., "Fg — °Da,
falling in the blue spectral range) are spin-forbidden, relatively high
doping concentrations of Tb>* are required to ensure high pump
absorption efficiency. The future work will focus on the growth of
highly Tb**-doped KLu(WOy), crystals (the isostructural series of
monoclinic KLuy_4Tb,(WO4), up to the stoichiometric KTb(WQ4),
exists) and the study of the concentration effects on the Tb>*
spectroscopy, e.g., the luminescence quenching and the cross-
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Fig. 6. (a)—(e) Stimulated-emission cross-sections, osg, for Th** ions in KLuW crystal at
RT (for the principal light polarizations, E || Np, Ni, and Ny, as calculated with the F-L
formula using the luminescence branching ratios from Table 4).
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Table 5

. Peak stimulated-emission cross-sections for E || Nm, osg, for Th** ions in KLuw
crystal, as calculated with the F-L formula using the luminescence branching ratios
from Table 4).

Transition ose, 1072 cm? Apeak, NM Color
5D4—Fg 1.15 4879 blue
5D4—"Fs 114 549.4 green
5Dy—Fy 2.29 590.9 orange
5D4—"F; 1.75 625.0 red
5D4—"F, 1.84 6525 red
5Dy—"Fy 1.88 670.6 deep-red
5D4—"Fy 0.23 688.4 deep-red

relaxation. The study of an excited-state absorption of Tb** in
KLu(WOy4); (from the °Dy state) to the higher-lying excited states of
the 4f% configuration and to the °D and 7D states of the excited
4f75 d! configuration is also relevant for obtaining lasing in the Th3*
jons.
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Terbium (Tb**) ions are promising for the development of visible lasers. We report on the spectroscopy of Tb**
in the monoclinic KYb(WO,), (KYbW) crystal, including the Judd-Ofelt (J-O) modelling of the transition
probabilities, evaluation of the absorption and stimulated-emission (SE) cross-sections with polarized light, and
emission lifetime study. Within the strong configuration interaction (SCI) approximation of the J-O theory, the
intensity parameters of Tb** are Q, =0.864, Q; =1.657, Q¢ =1.975 [102° cm?] and A=38810 cm™. The
maximum o,p; for the Fg — °D, transition reaches 2.3x 102! cm? at 486.7 nm and the maximum ogg for the

green emission according Lo the 5D4 — 7F5 transition is 2.3x102! cm? at 549.3 nm (both for E || Nm). The
measured lifetime of the °D, state for a 1 at% Tb>* doping is 395 * 5 ps. Under blue excitation, Tb: KYbW
exhibits intense green emission with the CIE 1931 coordinates of (0.312; 0.644).

1. Introduction

The trivalent terbium ions (Tb®*) possess an electronic configura-
tion of [Xe]4f® and have an energy-level scheme featuring a metastable
5D, excited-state separated by a large energy-gap (~15000 cm™) from
the lower-lying ’F y (J =6...0) multiplets [1]. This determines the
appearance of multiple visible emissions from this ion falling into blue,
green, yellow and red spectral ranges, high luminescence quantum
efficiency and long lifetime of the emitting state (ranging from
hundreds of ps to few ms) [2]. The Tb3* ions can be excited in the
blue and UV. Some Tb**-doped materials have been studied for green
phosphors and fluorescence imaging [3-6]. The former application is
related to the fact that the °D, — “Fs emission of Tb®>* at ~545 nm
typically dominates in the spectrum resulting in a green emission with
high color purity.

The Tb** ions in single-crystals have also been considered for the
development of visible lasers. After the first demonstration of stimu-
lated emission (SE) in Tb:LiYF4 crystal [7] and a Tb:fluoride fiber [8],
efficient room-temperature continuous-wave (CW) Tb>* lasers emitting
in the green and yellow (transitions to the “Fs and ’F,4 terminating
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states, respectively) have been realized recently [2,9]. For this, various
fluoride host crystals, e.g. LiLuF,, KY3F,o, BaY,Fg or LaF;, were used
[2]. Tb®* lasers offer high slope efficiency, > 50%, and certain
tunability of the emission wavelength [2,9]. This makes them promis-
ing as compared to the conventional ~532 nm green frequency-doubled
Nd lasers. As the ground-state absorption transitions in the blue are
spin-forbidden for Tb®*, the corresponding cross-sections o, are about
102! cm? [9,10]. This determines the necessity of high Tb®>* concen-
trations leading potentially to strong parasitic effects, e.g. cross-
relaxation and energy-transfer upconversion [2,11-13].

The development of novel Tb®>*-doped laser materials using me-
chanically strong oxide crystals is of high interest [9]. Such matrices
should allow for high Tb®>* doping levels and keep weak inter-ionic
interactions. A crystal family of monoclinic double tungstates (MDTs),
having chemical formula KRE(WO,),, where RE = Gd, Y, Lu or Yb
(shortly KREW), is well-known for doping with various rare-earth ions
(RE®*), e.g. Yb®*, Tm®* or Ho®", resulting in efficient lasing in the
near-IR [14]. The RE** ions in KREW crystals exhibit high transition
cross-sections in polarized light and weak luminescence quenching
under high doping levels due to the long RE**-RE** distances [15].
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Very recently, MDTs were employed for europium (Eu®*) doping [16]
resulting in CW deep-red lasers [17]. The similarity of the energy-level
structure of Eu®* and Tb®* promotes the study of the Tb®*-doped
MDTs.

The information about the Tb®>*-doped MDTs is scarce. The Th3*
ions in MDTs replace the RE** ones which are VIII-fold O%*-coordi-
nated. The ionic radius of Tb®*, Ry, =1.040 A, is close to those of the
replaced ions [18], which allows for high Tb®>* doping levels preserving
the monoclinic structure [19]. There exists a monoclinic stoichiometric
crystal, KTbW [20]. The crystal growth and thermal properties, as well
as luminescence of Tb: KLuW were studied [21]. The crystal structure
and luminescence quenching for Tb:KYW have also been reported [19].

In the present work, we report on a detailed polarization-resolved
study of Tb®>* spectroscopy in a stoichiometric KYb(WO,), crystal
(shortly KYbW), accompanied by a Judd-Ofelt modelling and an
evaluation of the SE cross-sections, in order to evaluate the key
spectroscopic parameters relevant for the further application of Tb®*-
doped MDTs in lasers. Recently, this crystal was studied for Eu®*
doping [22]. The previous studies of Tb:KYbW [23,24] focused on
cooperative upconversion of this self-activated material. It should be
noted that for Tb:KYbW, the Yb®* ions are considered as “passive”
(host-forming).

2. Crystal growth

The KYbW crystals doped with 1 at% or 5 at% Tb* were grown by
the Top Seeded Solution Growth (TSSG) Slow-Cooling method using
potassium ditungstate, K,W,0,, as a solvent. The starting materials,
K»CO3, Yb03, Tb,03 and WO3, were from Aldrich and Fluka (> 99.9%
purity). A seed from an undoped KYW was used for starting the
nucleation and was oriented along the b crystallographic axis. More
details can be found in [14,22]. The phase purity and the structure of
the grown crystals were determined with X-ray diffraction. Tb:KYbW is
monoclinic (space group C°, ;, — C2/c, point group: 2/m). The as-grown
crack- and inclusion-free crystal was of high optical quality and had a
slight yellow coloration due to the Tb®** ions, Fig. 1.

3. Experimental

The monoclinic Tb:KYbW is optically biaxial [15]. Its spectroscopic
properties are characterized for the principal light polarizations E || N,
N,, and N, (along the optical indicatrix axes) The N-axis is parallel to
the b crystallographic axis and the two remaining axes are located in
the a-c plane such that the angles N;,,"a =59.7° and N;"c =19.0° [15].
For the spectroscopic studies, we cut and polished a sample from the
1 at% Tb:KYbW crystal having thickness t of 2.29 mm and 2.62 mm
along the N,- and Nj-axes, respectively, and thus giving access to all
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Fig. 1. Image of the as-grown 1 at% Tb:KYbW crystal: b-axis is pointing towards the
observer.
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three principal polarizations.

The room-temperature (RT, 293 K) absorption spectrum was
measured with a Varian CARY-5000 spectrophotometer. The spectral
bandwidth (SBW) was 0.01 nm in the visible (0.36-0.5 pm) and 0.1 nm
in the near-IR (1.8-3 pm). The absorption cross-section was calculated
from the absorption coefficient, 0,,; = a/Ny,. The actual Tb®*
concentration in the crystal was Ny, =0.65%x102°cm™ (crystal
density, p=7.554 g/cm®). This value was calculated according to the
known segregation coefficient, Ky, =1, determined previously with the
Electron Probe Micro-Analysis (EPMA). For low-temperature (LT)
absorption measurements at 6 K, we used an Oxford Instruments Ltd.
cryostat (SU 12 model) with helium-gas close-cycle flow.

The polarized emission spectra of Th:KYbW were measured with a
Renishaw inVia confocal micro-Raman microscope with a x50 objective
and an 1800 1/mm grating. The excitation wavelength Ay was 458 nm
or 488 nm. The spectral resolution was ~1 cm™’. The spectral sensitivity
of the set-up was determined by means of a halogen lamp with a
calibrated spectral power density.

For the luminescence decay studies, a nanosecond (ns) optical
parametric oscillator Lotis TII LT-2214 tuned to Aexc =480 nm was
used. The decay curves were detected with a MDR-12 monochromator
(SBW ~1 nm), a fast photodetector, Hamamatsu C5460 (response time,
40 ns) and a 500 MHz Textronix TDS-3052B digital oscilloscope. The
decay from the 5D, state was monitored at 543 nm. The decay time 7
was determined according to a single-exponential law, I(t) = Ipexp(-t/

7).
4. Results and discussion
4.1. Absorption

The absorption cross-section, g,ps, Spectra of Tb3* ions in KYbW are
shown in Fig. 2 (for light polarizations E || Ny, Ny, and Ng, at RT).
Contrary to Eu®* [16], the energy-gap between the ground-state of
Tb®>*("F¢) and the lowest excited-state ('Fs) is relatively large,
~2100 cm™, so the thermal population of the latter state is negligible.
Thus, all transitions observed in the RT absorption spectra occur from
the “Fe state. Tb:KYbW exhibits a strong polarization anisotropy of the
0.ps Which is typical for RE3* ions in MDTs, e.g. as observed before for
Eu®* in KYbW [22], and is related to their low-symmetry structure. The
maximum 0,ps corresponds to the light polarization E || Np,.

In the near-IR, Fig. 2(c), the characteristic bands of Tb3* related to
the transitions to the lower-lying “F4 (with center of gravity of the
absorption band at ~2.85 um), “F; (2.28 um), “F, (1.98 um), “F;
(1.85 um) and “F, (1.78 pm) states are observed. These transitions are
spin-allowed and thus the corresponding o4y, values are larger, at about
~1...2x10"2° cm?. In the visible, Fig. 2(b), the weak absorption band is
related to the spin-forbidden transition to the °D, metastable state and
it is usually used for the pumping of the Tb lasers, e.g. by using the
frequency-doubled optically pumped semiconductor lasers (20-OPSL)
[2]. The maximum 0,ps =2.3 X 102! cm? at 486.7 nm with a full width
at half maximum (FWHM) of only 1.0 nm (for E || Ny,). The oy is
almost two times lower for E || N, (1.3 X 10! cm? at 487.9 nm) and for
E || Ny (1.2% 10" cm? at 486.7 nm). The determined 0,y for Th:KYbW
are much larger than those for fluoride crystals, e.g. 0.3 x 102! cm? at
488.8 nm for Tb:LiLuF, (w-polarization) [2]. In the UV, Fig. 2(a), the
weak overlapping bands are assigned to the spin-forbidden transitions
to the ®Ds, °Gg, °Ly0, °Gs higher-lying excited-states. The UV absorption
edge of Tb:KYbW is at ~320 nm (Eg ~3.9eV).

The spectroscopic properties of the Tb®>* ions were modeled within
the standard Judd-Ofelt (J-O) theory [25,26] and its modification for
the strong configuration interaction (SCI) approximation [27,28]. The
absorption oscillator strengths for Tb®>* ions were determined as:

mec?

R (g)) = —eC
LR 7e’N, (4)?

rJn, o
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Fig. 2. Absorption cross-sections, 0y, spectra of 1 at% Tb: KYbW crystal in polarized
light at RT: transitions “Fg — F, (a), "F — °Dy (b) and “Fg — °Ds, 5Gg, 5Ly, (€).

Table 1
Experimental and calculated polarization-averaged absorption oscillator strengths for a
1 at% Tb:KYbW crystal®.
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band. In the J-O modelling, we considered all values as averaged over
the three principal light polarizations, e.g. <f>=1/3(f, + fn + f;). The
experimental f values are shown in Table 1. The absorption oscillator
strengths were also derived from the line strengths:

8 (P42

e (g1’ = B () + fup (JT),

= 3020 + 1){A)  9n

@

Here, h is the Planck constant and n is the refractive index of the
crystal. The J-O theory describes electric-dipole (ED) transitions. The
contribution of magnetic-dipole (MD) ones with J —J' =0, + 1 can be
found in [29]. For the considered absorption spectrum of Tb®*, these
are the “Fg — °Gg and °Gs transitions. The ED line strengths within the
conventional J-O theory are given by [25,26]:

Sy =Y, UDQ, UD = (@f")SLINUMIE")SLT Y.
k=246

(€))

Here, U® are the squared reduced matrix elements and Q2,, Q4 and
Qg are the intensity parameters (J-O parameters). The values of U for
the considered transitions in absorption were calculated in the present
paper using the crystal-field parameters from [30], cf. Table 1.

In the previous studies of Eu®* ions in MDTs, a much better
agreement between the experimental and calculated absorption oscil-
lator strengths was observed for a modification of the J-O theory for the
case of strong configuration interaction (SCI) [22]. The approach by
Judd and Ofelt corresponds to the second order of the Perturbation
theory in terms of the energies of virtual transitions of a 4f electron to
the states with an opposite parity (5d, 6s). The SCI model refines this
scheme by incorporating the third-order perturbative effects: it is
assumed that the excited configurations have the same average energy
A. Then, the formula for ED line strengths is [22,27,28]:

2
) “@

The calculated absorption oscillator strengths for Tb:KYbW using
both the standard J-O theory and the SCI approximation are shown in
Table 1. The latter approach provides lower root mean square (RMS)
deviation between the experimental and calculated f of 0.726 (as
compared with the standard J-O theory with RMS =0.887). The best-
fit parameters of both theories are listed in Table 2. For the SCI
approximation, Q, =0.864, Q4 =1.657, Q¢ =1.975 [10%° cm?] and
A=38810 cm™. In Table 3, we have compared the J-O parameters for
Tb** in KYbW with the previously reported values for various oxide
and fluoride crystals.

To determine the energy of the Stark sub-levels of the multiplets of

1 A A
Sgsle(JI'y = — vhQ +
ep (JT) k=2214‘6 k(A_E] ey

Transiton b, foup U@, U®, U, feato 10 Tb®* ions, we performed LT absorption measurements, Fig. 3. The
Tb®* jon has an even number of active electrons, 4%, and it is located in
1 -6 -3 -3 -3 . . :
nmxem™ 10 10 10 10 J-0 scl the C, site (in KYbW). The number of Stark sub-levels according to the
. . . 3 . . .
7Eg—7F, 123.3 268  90.0 5158 2653 272 277 irreducible representations (T';, I';) for the Tb®* multiplets in KYbaW is
TRg—"F3 75.1 264 - 2323 4126 2.59 254 shown in Table 4. The total splitting of the “F¢ ground-state of Tb>* is
7Fe—"F2 55.3 250 - 48.18  469.4 242 227 typically large (450-700 cm™) while the two lowest Stark sub-levels are
:Fs":Fl 267 138 - - 376.1 185 172 relatively close and separated by 8E ~3-8 cm™ [34,35]. At 6 K, the
,:":SFD" (1)32"1‘ 3’?; ; 061 6795 14;1'3 8'31 3'82 absorption occurs from one of these two lowest Stark sub-levels,
7F:—~5D: 176> 2028 - 0228 1421 045 166 depending on the polarization. For Tb®* in KYbW, the polarization-
7Fe—Gg 2314 4543 11.84 dependent selection rules are different for E || N, and E || Ny, (Ny), see
:Fs—’:Llo - 0.363  59.20 [22], as the corresponding optical indicatrix axes are parallel and
Fe—"Gs 1.608  1.866  13.53 orthogonal to the C, symmetry axis, respectively. Thus, the peaks
RMS dev. 0887 0726 g 2 try axis, resp 4 ’ P

“ Polarization-averaging: f =1/3(f, + fm + f), I' - integrated absorption coefficient,
fexp - experimental oscillator strengths f., - calculated ones, U®’ - calculated squared
reduced matrix elements, RMS - root-mean-square deviation.

® The transitions to the °D3 + °Gg + °L;o + G states are analyzed together.

Table 2
Parameters of J-O and SCI theories applied to calculate the absorption oscillator strengths
for Tb:KYbW.

Theory Parameters Value: 1 at% Tb:KYbW
where m, and e are the electron mass and charge, respectively, c is the Judd-Ofelt  Q, [102° cm?] Q, = 1.909, Q, = 2.414, Qg = 4.911
speed of light, I'(JJ") is the integrated absorption coefficient within the scl Q, [10%° cm?]; Q, = 0.864, Q; = 1.657, Q¢ = 1.975; A =

absorption band and <> is the “center of gravity” of the absorption

39

Ap, em™ 38810
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THULIUM, AND YTTERBIUM IONS

Judd-Ofelt intensity parameters (£2,) and spectroscopic quality factor, X, for Tb®* ions

in various hosts.
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Energies of the Stark sub-levels of excited-states of Tb®* ions in KYbW determined from

the LT absorption spectra.

Material Ref. 2y, 102° cm? Xas6 State  Splitting  E, em?  Polariz.  State  Splitting E, cm™  Polariz.
2, 2, 2 7Fg 7T +6I, 0 26551 p
7Fs 5ry+6Iy - 26571  mg(p)
Tb:KYb(WO,), This work 1.91 2.41 4.91 0.49 7B, 5[ 44T, - 26659 mg
Tb:YAIO; [31] 3.25 7.13 2.00 3.57 7Fy  3r,+4T, 4408  mg 26662 p
Tb:YLiF, [10] 28.30 1.65 2.15 0.77 4503 mg 26805 mg
Tb:KY3F; o [32] 3.92 0.30 3.02 0.10 4542  mg 26807 p
TbAl3(BO3)4 [33] 8.15 0.29 2.44 0.12 4579  mg Ly 11T, +10r, 26958 mg
TbPsO14 [34] 3.77 1.78 3.43 0.52 7F,  3M,+2l, 5006 p 26961 p
7F,  T;+2l, 5083 p 26992 p
5172 m,g(p) 26996 mg
observed in the LT absorption spectra can be attributed to the energies 5231 mg 27029  mg
of the Stark sub-levels with a precision of the 8E. The determined :ﬁ;g 2 z;ggé Ir’", ¢
energy level position for the excited-states of Tb** (from ’Fj to °Gy) are 5606 mg() 27152 mg
listed in Table 4. 5634 P 27204 mg
7Ey I, ? 27445  mg(p)
5 5,
.. D,  5[,+4T, 20529 p Gs 5[y +60, 27769 mg
4.2. Emission 20531 mg w773 p
. o " . 20542 p 27801 mg
The probability of spontaneous radiative transitions is calculated 20545  mg(p) 27809 p
from the corresponding line strengths: 20953  mg(p) 27823 mg
s 20614 p 27851  mg(p)
647x%e? n?+2 20652  mg(p) 27882 p
Al (I = - n SEHe (JI') + Apgp (JT'). s
SCLD 32T+ 1)(A) ( 3 in () wp (JT) ®) Ds 3r,+4r, 26324 p 27894 mg
26329 mg 27941 mg(p)
The set of UY for emission transitions, as well as the MD :Zggg mg . 3riear ;g‘l)gf P
contributions can be found in the literature. The mean emission 26350 fn’ . 2 2 28197 ;1’3
wavelengths for each J — J' transition, <4>, are estimated from the 26366 p 28225 p
energies of each multiplet for the Tb®>* free-ion. From the values of A 26372 mg 28313 mg
for separate emission channels J — J, we calculated the total %Ge 7Ty +6Ty 26417 mg . 28317 p
probability A, the radiative lifetimes of the excited-states 7,,q and igﬁz P Gs  STy+4l, igizz P
luminescence branching ratios for the emission channels B(JJ'): 26471 I:", < 28413 ig
1 ] . , 26491 p 28455 mg
Traa = — -, where AS" = Y AZ (JT'), 26513 myg 28495 mg
Arol 7 (63)
1 ’
B(JI) = _ATU) The results are presented in Table 5 for transitions from the *D4 and
X, A5 (I (6b) 5D excited states. Fig. 4 shows the scheme of energy-levels of Tb®>* in
51,0 a NP1 SOV 5 NP
©0,8 ml 1 m
basibad A ~ 0’8 I 1
= c
506 Gs | Sos J
2 e
b= 0,4 1 e 0,4 D3 1
3 o
3802 1 802 -
< 0,0 = 0
1 . 4
348 352 356 360 364 '365 370 375 380 385
Wavelength (nm) Wavelength (nm)
~~ 1 ,0 'C == N j 1 )0 'd Np )
=] 5 m
20,8 80,8} = ;
N C 1 '2
5 06 S06
= Q.
804 204
o ]
@ 0,2 00,2
Q L <
< 0,2 £ h 0’0 M M A
82 484 486 488 490 1600 1800 2000 2200 2400

Wavelength (nm)

Wavelength (nm)

Fig. 3. Absorption spectra of Tb:KYbW crystal at 6 K for light polarizations E || N,, and E || N,..
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Emission probabilities for Tb>* ions in 1 at% Tb:KYbW crystal (calculated within the SCI theory)*.

Transition U@, U@, u®, Ayy, By, Ao Trads
102 10° 102 st % st ms
5Dy~ 7Fq 2.061 0.795 1.310 98.9%° 20.6 480.3 2.082
7Fs 15.30 1.354 2.209 103.0%P + 98.2MP 41.9
7F, 0.303 2.190 1.340 77.8"P 16.2
7Fy 2.275 0.543 0.586 32,280 6.8
7Fy 1.142 0.400 0.115 12.5%° 26
7F, - 2.540 - 34.6"° 7.2
7Fo - 1.722 - 22.6"° 4.7
5Dy— 7Fe - 0.228 1.421 319.55° 18.3 1746.1 0.573
7Fs 0.247 2.852 1.537 586.75P 33.6
7F4 6.989 0.169 0.202 138.3%P + 90.4MP 13.1
7Fy 0.812 0.955 0.041 110.0%° 6.3
7Ry 1.452 2.560 - 239.2°P 13.7
7By 1.129 1.332 - 125.7%° 7.2
7F0 _ _ _ _ _
5D, 54.76 27.99 9.159 136.250 7.8

A - mean emission wavelength, U - calculated squared reduced matrix elements, A, - probability of spontaneous transition (ED and MD stand for electric and magnetic dipole
contributions, respectively), By, - luminescence branching ratio, A, - total probability of spontaneous transitions, 7.,q — radiative lifetime.

< A S
DG E,10°cm 1,045y ¢ :
5Ge A\ Zopl BN~ [
Gs -130 508f 'm Fs ]
PL10N o
B B 206} _
D3"CGg @
—125 So4t ]
= 7
a 0,2, F e 1
5 Fg 4 3 T g7
D4 -120 0,0 . . AL M2 ,J._fo
500 525 550 575 600 625 650 675 700
Wavelength (nm)
- 1 5 Fig. 5. Photoluminescence (PL) spectrum of Tb:KYbW crystal at RT for light polarization
E || Nm; the excitation wavelength is 458 nm.
E|E|E|IE|E| E|E
Sl& ‘E ch) c% ‘S o% (with the standard J-O theory), 2.07 ms [33], and shorter than for
e I P P o sy e -110 TbAIO, (3.5 ms) [10] and Tb:KYsF;, (4.8 ms) [32], see also Table 6.
The luminescence spectrum of Tb:KYbW under blue excitation at
458 nm is shown in Fig. 5 (for light polarization E || Ny,). The observed
8 emissions are related to the °D, — “F; (J =6...0) transitions. The
3 15 polarized SE cross-sections for Tb*>* ions in KYbW were calculated with
4 the Fiichtbauer-Ladenburg (F-L) equation [37]:
5
; 5 3W()B(JT)
6........ sssssssssssssssssssssnsns - 0 ole (1) = ( .
8anltaac 3, . [AW (D) @

Fig. 4. Scheme of energy levels and emission channels from the D, metastable level for
Tb** ions in KYbW crystal: solid rectangles — data based on the Stark splitting, dashed
horizontal lines — data based on RT emission spectroscopy.

Table 6

Radiative lifetimes (7,,q) of the °D, state of Tb** ions in various hosts and the
corresponding experimental lifetimes (zey,) for Tb®* ions in various double tungstate
compounds.

Here, W;(A) is the measured spectral power density of luminescence
for the principal polarization states, i= p, m, g, n; is the refractive index
corresponding to i-th polarization, 7,4 is the radiative lifetime of the
emitting state (°D, level of Tb®*). The results are shown in Fig. 6 for all
seven °D, — ’F; (J =6...0) transitions. Tb:KYbW exhibits a strong
polarization-anisotropy of the og spectra with maximum cross-sections
corresponding to E || Ny, For the °D, — ”Fj transition, that occurs in

Material Traq» MS  Ref. Material Texp» S Ref. .. . . . .

the green and it is most interesting for laser operation, the maximum
Tb:KYb(WO4);  2.08 This work  Tb:KYb(WOs);  0.395  This work Osg =2.3%10! cm? at 549.3 nm (for E || N,,). The og; is much lower
TbAIO, 35 (101 TbKY(WO,), 050 1191 for E || Np (1.1x10! cm? at 542.6 nm) and for E || Ny (0.44x10°
g;(‘gpm ;'22 gii iT"tI,’b(‘?,vfI)S)z) 851,51; gg 2! ¢m? at 547.6 nm). The maximum og value for Tb:KYbW also exceeds

5014 - a 4)2 8 1 21 2 . .

TbAL,(BOs), 2.07 [33] Tb:NaGd(WO,), 1.03 [5] the one for Tb:LiLuF4, ~1.6X10™“ cm* at ~540 nm (o-polarization)
Tb:YPO, 2.6 [36] Tb:NaLa(WO,),  1.40 [39] [2].

KYbW and the transitions from the ®D, state observed in our experi-
ments. The radiative lifetime of the °D, state is 2.082 ms (SCI theory).
This value is close to the one calculated previously for TbAl3(BO3)4

41

The luminescence decay curves for Tb>* ions for the 1 at% and 5 at
% Tb:KYbW crystals are shown in Fig. 7 (direct excitation at 480 nm to
the 5Dy state). They are clearly single-exponential. This agrees with the
accommodation of Tb** ions in a single type of site in the KYbW lattice
[15]. The luminescence decay time 7ex, equals 395 + 5 s (1 at% Tb)
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Fig. 6. (a)-(e) Stimulated-emission cross-sections, osg, for Tb** ions in KYbW at RT (for principal light polarizations, E || Ny, Ni and Ng, calculated with the F-L formula).

and 388 + 5 ps (5 at% Tb). The 7.y, is shorter than the radiative one,
resulting in a luminescence quantum efficiency 7q = Zexp/Traa =19%
(for 1 at% Tb®** doping). This shortening cannot be attributed to the
non-radiative relaxation [9], due to the large energy gap between the
metastable °D, state and the lower lying excited-state "Fo, ~15000 cm®
!, as compared with the maximum phonon frequency in KYbW, vy
=911 em™ [15]. In Table 6, we compare the 7., values reported
recently for various Tb**-doped double tungstates. In [19] for a 5 at%
Tb:KYW single-crystal, the zex, was measured to be ~460 s that is only
slightly longer than the one determined in our work for Tb:KYbW with
the same doping. In [20] for a stoichiometric KTbW single-crystal, the
Texp Was 114 ps and it was even longer for a polycrystalline KTbW,
292 ps [19]. Regarding 5q for Tb>*-doped crystals, the values varying
from ~38% (for TbAl3(BOs)4) [33] and (Tb: KY3Fyo [32]) to 57%(for
TbAlIO4 [10]) were reported.
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The MDTs exhibit long interionic distances. In particular for KYbW,
the shortest Yb®>*-Yb®* distance is 4.049 A [40]. As shown in [19], the
critical doping Tb®* level for KYW in terms of the concentration-
quenching is about 40 at%. Further increase of the Tb®* concentration
leads to a notable alteration of the optical properties of the host by
lowering the band of metal-to-metal charge transfer (M.M.C.T.) be-
tween Tb®* and the [WOg] octahedra. As a result, the overlap between
the crystal-field components of the [Xe]4f’5d® excited configuration
and the M.M.C.T. band becomes stronger. It is known that Tb®>* has one
of the smallest energy separations between the ground-state (“F¢) of the
[Xel4 f® configuration and the lowest excited states (°D) of the [Xe]
4f75d® one [2,41]. Moreover, the position of these states is strongly
dependent on the crystal field [41]. The SCI theory for Tb: KYbW yields
a value of A=38810 cm™ that is much lower than that for Eu: KYbW,
A=50160 cm™ [22]. These considerations may explain the shortening
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Fig. 7. Decay of the green luminescence of Tb>* ions at 543 nm for 1 at% (a) and 5 at%
(b) Tb:KYbW crystals, excitation wavelength is 480 nm: points — experimental data, solid
line - single-exponential fit, 7 is the decay time.
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Fig. 8. CIE 1931 color space with the indicated color coordi (x, y), d
wavelength (A4) and color purity (p) for luminescence of Th®* and Eu®* ions in KYbW
crystals.

of the rexp(sD4) in Tb:KYbW with respect to the radiative lifetime.

It is known that the host crystals self-activated with Yb®* and doped
with the RE®* ions, e.g. Er®*, Eu*, Tb®*, etc. exhibit up- and down-
conversion emissions [24,42]. In the case of Eu>* and Tb®*, they are
related to the cooperative energy-transfer involving excited Yb®*-Yb%*
ion pairs [24,43]. Such effects have been discussed for Tb:KYbW before
[23,24]. In the case of Tb:KYbW and Eu:KYbW this process is rather
inefficient due to the large Yb3*-Yb®* distances. Our studies on
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luminescence decay of Yb®>* ions in Tb:KYbW revealed no significant
shortening of the experimental lifetime, 7exp(2F5/2) =200 * 10 ps, as
compared with that for undoped KYbW. This is similar to the previous
findings for Eu:KYbW [22]. Thus, the cooperative effects cannot fully
explain the shortening of 7.,(°D,) with respect to 7,,q for Th:KYbW.
This supports the above-discussed mechanism.

The CIE 1931 (Commission internationale de l'éclairage) color coordi-
nates for the luminescence of Tb:KYbW are x=0.312 and y =0.644 that
fall into the green region in the chromaticity diagram, see Fig. 8. The
dominant wavelength for the emission spectrum A4 is 550 nm with the
purity p of 88%.

5. Conclusion

Monoclinic double tungstates are promising oxide crystals for Tb>*
doping. They can provide high Tb** doping levels (potentially up to
100 at% in the stoichiometric KTbW material) and weak concentration-
quenching of luminescence. According to the present study, Tb>* ions
in MDTs (on the example of Tb:KYbW) also exhibit high transition
cross-sections in polarized light for absorption in the blue (the "F¢ —
5D, transition) and for SE in the green and yellow (the °D4 — "Fs, "F4
transitions). The possible drawback of the Tb®*-doped MDTs is the
shortening of the D4 emission lifetime with respect to the radiative
one. For Tb:KYbW, this process is assigned to the M.M.C.T. involving
the [Xel4f’5d® excited configuration. Further studies of the Tb3*
luminescence in the series of Tb:K(Gd-Y-Lu-Yb)W are required to clarify
this effect and to select the optimum host matrix.
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We report on the growth and the structural, thermal, vibronic and spectroscopic properties of a complex
molybdate single-crystal, Li,Mg,(MoO,); (LiMgMo), doped with Eu®* or Ce** ions. Few cm size crystals were
grown from the flux using Li,MoO, as a solvent. Eu:LiMgMo is orthorhombic (sp. gr. Pnma, a=5.085 A,
b=10.482A, c=17.614 A). It exhibits strongly polarized Raman spectra with the most intense band at
905.2 cm ™!, Eu:LiMgMo possesses positive thermal expansion. Using the Eu®* ion as a structural probe, we
argue its predominant accommodation in a single type of site A(3) with a trigonal prismatic coordination. The

spectroscopy of Eu®* is characterized by the lifetime measurement (t(°Do)=537 ps), Judd-Ofelt modeling
(Q,=21.811, Q,=7.805 and Q¢=1.203 [10~2° cm?]) and the calculation of stimulated-emission cross-sections
for the *Do—"F; (J’=0...6) transitions. The LiMgMo crystals are promising for rare-earth-ion doping with
application as laser materials and Raman shifters.

1. Introduction

Complex tungstates and molybdates crystals are attractive as laser
host materials for doping with trivalent rare-earth ions (RE**) [1] and
they are Raman-active [2]. Due to their (typically) low-symmetry
structure and specific structure features (in particular, large interionic
distances), they provide broad and intense spectral bands of the RE**
ions with a strong polarization-anisotropy [3,4], as well as RE3* doping
in high concentrations [5]. The most known example is the crystal
family of monoclinic double tungstates (MDTs) [1], KRE(WO4), where
RE = Gd, Y or Lu, studied with Nd** [6], Yb®* [7], Tm3* [3], Ho®*
[8], etc. that have been used in efficient near-IR lasers, see [1] and Refs.
therein. Double and triple molybdate crystals, e.g. the orthorhombic KY
(MoO,), [9] and Gd,(MoO,); [10] and tetragonal ALn(MoO,), where A
= Na or Li and Ln = Gd, La, etc. [4,11], have been also studied as
promising laser hosts for RE** jons and as Raman shifters.

The crystals of lithium metal triple molybdates with chemical
formula Li,M,(Mo0O,); where M?* = Mg, Zn, Mn, Ni, Co (shortly
LiMMo) [12] have been poorly studied as hosts for RE®* jons. These
crystals have a lyonsite-type structure and they are orthorhombic [13].
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The incorporation of the RE*>* ions into the LiMMo lattice is due to the
replacement of the divalent M>* cation that may limit the doping range
for the RE®* jons. Because of this, the first studies on the LiMMo single-
crystals were devoted to their doping with divalent transition-metal
ions, e.g. Co?* [14,15]. Later on, the LiZnMo [16] and isostructural
LiMgW [17] crystals doped with europium (Eu®*) ions were prepared
in the form of pum-sized crystals. It was found that doping with Eu®** up
to 10 at% is possible without alteration of the crystal symmetry (despite
the fact that the Eu®* incorporation requires a charge compensation
mechanism). The intense red long-living luminescence was detected
and no signs of Eu** ions were observed.

Among the RE®** ions, the Eu®* ones are known for their red
emission of high color purity that makes them highly suitable for red
phosphors [18-22]. Recently, they have also attracted interest for the
development of visible (red) lasers operating at the D, — 7F,
transitions [23]. Such lasers were based on Eu”-doped MDTs. Conse-
quently, a further search of suitable laser hosts for Eu>* doping is of
high relevance. In the present paper, we report on the growth, structure
and spectroscopy of orthorhombic LiMgMo single crystals doped with
Eu®* and Ce®* ions, for the first time, to the best of our knowledge.
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2. Growth and structure
2.1. Crystal growth

The LiMgMo crystal melts incongruently at 1060 °C and it cannot be
grown by the conventional Czochralski method. In the present work,
Eu®* and Ce®*-doped LiMgMo crystals were grown by the modified
Czochralski method (from the flux) using [010]-oriented undoped
LiMgMo seeds. Lithium molybdate Li,MoO, was used as a solvent.
The solubility of LiMgMo in Li,MoO, decreases from ~50-20 mol% on
the temperature decrease from ~1020 to 910 °C. First, the Li,MoO, was
prepared by melting and then the Li,CO3, MgO, MoO3 and RE,O3 (RE
= Eu or Ce) reagents (5N purity, Soviet supplier) were added in
stoichiometric proportion. The concentration of the RE*>* ions in the
growth charge was 10 at% (with respect to the Mg®* content).

For the crystal growth, a Pt crucible (diameter: 70 mm, height:
120 mm) was used. It was covered by Pt lid with a small hole. The
solution (solute (LiMgMo): solvent (Li;M0O,) =2:3 ratio in mol%) was
heated at ~1000 °C in air and homogenized with a Pt stirrer. Then, it
was cooled to 994 °C and the rotating seed (35 rev/min) was put in
contact to the solution surface. The growth was performed under low
thermal gradients (< 1°C/cm) [24-27]; the temperature was con-
trolled with a precision of 0.1 °C. During the growth, the temperature
was decreased at about 1-2 °C/day, the pulling rate was 1-5 mm/day
and the rotation rate was 20-30 rev/min. The growth period was nearly
30 days. When the growth was completed, the crystal was carefully
removed from the flux and slowly cooled to room temperature (RT) at a
cooling rate of 30 °C/h. No subsequent annealing of the crystals was
implemented. The photographs of the as-grown crystals are presented
in Fig. 1. They were transparent, crack- and inclusion-free. The cross-
section of the grown boules is extended along the [100] direction. The
Eu®*-doped crystal was colorless and the Ce®*-doped one had a slight
yellowish coloration.

2.2. Structure

The crystal structure and phase purity of the grown RE**-doped
LiMgMo crystals were confirmed with XRD. The XRD measurements
were made using a Siemens D5000 diffractometer (Bragg-Brentano
parafocusing geometry and vertical 6-0 goniometer) fitted with a
curved graphite diffracted-beam monochromator, incident and dif-
fracted beam Soller slits, a 0.06° receiving slit and scintillation counter
as a detector. The 20 diffraction range was between 10° and 70°. The
data were collected with an angular step of 0.05° at 3 s per step and

194

Journal of Luminescence 188 (2017) 154-161

8000 T T T
7000
6000
5000
4000
3000
2000
1000

0
10

Eu:LiMgMo
LiFeMo
60

XRD intensity (counts)

20 30 40 50

20 (degrees)

70

Fig. 2. X-ray powder diffraction (XRD) patterns of the Eu:LiMgMo and Ce:LiMgMo
crystals, points represent relative intensities of XRD peaks for a LizFe(MoO,); crystal
(ICCD card 01-072-0754), numbers are the Miller's indices (hkD).

sample rotation. The Cu K, radiation (1.54184 A) was used. For the
XRD studies, the crystal samples were finely powdered.

The obtained XRD patterns are shown in Fig. 2 and compared with
the known pattern of a LizFe(M0O,)3 crystal (ICCD card 01-072-0754)
[28]. The grown Eu:LiMgMo and Ce:LiMgMo crystals are orthorhombic
(point group: mmm, space group: D2,'® - Pnma (No. 62)). The
determined lattice constants are a=>5.085 *+ 0.002 A,
b=10.482 + 0.004 A, c=17.614 + 0.004 A, Z=4, the unit-cell volume
V=938.8 A3, and the calculated density p=3.837 g/cm? (for Eu:LiMg-
Mo, the lattice parameters of Ce: LiMgMo are the same within the error
interval). In Table 1, we have compared the lattice parameters of
various lyonsite-type complex molybdates and tungstates.

The following description of the structure of LiMgMo is according to
the previous structural studies [12,13,29]. The complex molybdate
LiMgMo belongs to the structural type of the vanadate mineral lyonsite
CuzFe4(VO4)s, which includes a number of complex oxides with the
general formula A;6B12045, where A and B are lower oxidation-state
(+1, +2, +3) and high oxidation-state (+5, +6) metal cations,
respectively [12]. In the LiMgMo structure, the B = Mo®* cations
occupy two different tetrahedral sites (4d and 8c Wyckoff positions).
The lower oxidation-state cations A = Li*, Mg?* occupy three
different low-symmetry sites that form chains of octahedral polyhe-
drons (A(1) site), face-sharing highly distorted octahedrons (A(2) site)
and edge-sharing trigonal prisms (A(3) site) [12,29], see Fig. 3(a). The
mean A-O distances for the three sites are 2.09, 2.05 and 2.1 A,

Fig. 1. Photographs of the as-grown 0.4 at% Eu:LiMgMo (a) and 0.5 at% Ce:LiMgMo crystals.
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Table 1
Unit-cell parameters (a, b, ¢) of the orthorhombic lyonsite-type complex molybdates and
tungstates.

Crystal a, A b, A ¢, A Ref.

Eu:Li;Mg5(MoOy),
Li;Mg»(Mo0,),
Li,Mgy(WO,)3
LizZny(MoO,)3
FeLi3(MoO4)3
Co2Li2(M0O4)3
LizV(M0O,);
LizAl(M0O,)3

5.085
5.1167
5.1129
5.1042
5.07
5.086
5.0575
5.0372

10.482
10.4646
10.462
10.506
10.48
10.484
10.4562
10.32

17.614
17.6228
17.612
17.638
17.64
17.606
17.5105
17.272

This work
[13]
[29]
[14]
[30]
[31]
[32]
[33]

A(1) A(2) AR)

oMo
©Mg/RELi

«0

Fig. 3. Structure of the Eu/Ce:LiMgMo crystals: (a) linkages between the [Mg/LiO,] and
[MoO,] polyhedrons for three types of sites for Mg/Li, A(1), A(2) and A(3); (b) projection
of a structure within one unit-cell on the b-c plane, green and blue polyhedrons represent
[Mg/LiO,] and [MoO,], yellow polyhedrons - fragment of the tunnel-like hexagonal
structure.

respectively. In the chains of the face-sharing octahedrons A(2)Og, the
Li* and Mg®" ions are very close: the interionic distance A-A is about
2.5A. In the edge-sharing zigzag-like chains of the AOg octahedrons
and prismatic polyhedrons, the A-A distances are 3.0-3.2 A, as
calculated from the structural data from [13].

In the LiMgMo structure, the isolated [M004)% tetrahedrons are
linked by AO¢ chains creating a tunnel-like hexagonal structure, as
shown in Fig. 3(b). The sides of the hexagonal “tunnel” consist of the

Journal of Luminescence 188 (2017) 154-161

above mentioned chains of octahedrons of the A(1) sites and edge-
sharing trigonal prisms of the A(3) sites, and the face-sharing octahe-
dral polyhedrons of the A(2) sites pass through the center of this tunnel-
like structure.

Though the Li* and Mg?* cations in LiMgMo are randomly
distributed on the VI-fold O%-coordinated cationic positions A(1),
A(2) and A(3), the occupation factors of the A-sites are different. For
undoped LiMgMo, the occupation factors of the A(1), A(2) and A(3)
sites for the Mg2*/Li* ions are 0.659/0.341, 0.471/0.529 and 0.210/
0.790, respectively [13]. In the rare-earth doped LiMgMo, the trivalent
RE** ijons predominantly replace the Mg* ions in the A sites. This
process is accompanied by a cationic redistribution over these sites.

The concentration of RE** jons in the grown crystals was deter-
mined by Energy-Dispersive X-ray (EDX) spectroscopy using an
Electron Scanning Environmental Microscope (ESEM) equipped with
an Inca microanalyzer (Oxford Instruments) to be 0.4 + 0.2 at% Eu®*
and 0.5 + 0.2 at% Ce®*. Thus, the segregation coefficient for the RE>*
ions in LiMgMo, Krg = Nerystat/Naux ~ 0.045 + 0.02. Such a low value is
explained by the difference of the ionic radii of Mg?™* ions (0.72 A for
VI-fold 0*-coordination) and Eu®*(0.947 &), Ce®*(1.01 &) [34].

By performing the XRD studies at various elevated temperatures
over the range of 303 — 773 K, we have determined the linear thermal
expansion coefficients a, which are a, =17.87, a;, =14.02 and a.
=15.63x 10" °K ™, and the volumetric thermal expansion a,,, = @, +
a, + a. =47.52x107%K~! (for Ew:LiMgMo). The values of a are large
and positive for LiMgMo (while negative a are known for some complex
molybdates along certain crystallographic directions, e.g. for
Scy(M00,); [35]). In Table 2, we have compared the a values for
various complex molybdates and tungstates. The anisotropy of the
thermal expansion is very weak for LIMgMo, a,: ap: a. =1.27: 1: 1.11,
e.g. as compared with the MDTs [40].

3. Experimental

For the spectroscopic studies, two polished rectangular samples
from Eu:LiMgMo and Ce:LiMgMo oriented along the a, b, c axes were
prepared. All the studies were performed at RT. It should be noted, that
during the processing of the samples (cut and polishing), tiny cracks
along the {001} plane appeared when some amount of pressure was
applied to the crystal. Such a behavior related to a perfect cleavage is
typical for complex molybdates [41-44].

Raman spectra were measured in polarized light using a Renishaw
inVia confocal Raman microscope with a x50 objective. The excitation
wavelength Aexe was 514nm and an edge filter was used. The
accumulation time was 10 s and the number of accumulations - 30.

The absorption spectra were measured in the visible spectral range
with a Varian CARY-5000 spectrophotometer. The unpolarized emis-
sion spectra were measured under the excitation of a blue GaN laser
diode (Aexc ~400 nm) using a lock-in amplifier (Stanford Research
Systems, model SR810), a grating monochromator (model MDR-23)
and an avalanche photodiode (Hamamatsu, model C5460-01). The
polarized emission spectra of the Eu®* ions were measured with the

Table 2

Thermal expansion coefficients @ [10~° K] along the a, b and ¢ axes for complex molybdates and tung (orth bic and linic)
Crystal Crystal class Temperature range, K a, 107°K™! Ref.

a, a, a.
Eu:LiMga(MoOa)3 orthorhombic 303-773 17.87 14.02 15.63 ‘This work
Gdy(M00,);3 orthorhombic 320-480 18.3 16.7 -4.7 [36]
Fey(MoO4)3 monoclinic 305-780 10.6 10.38 14.45 [37]
orthorhombic 820-1070 -1.94 4.57 0.71

Scy(Mo0y)3 orthorhombic 180-300 —8.41 10.82 -8.73 [35]
Luy(MoOy4)3 orthorhombic 470-1070 —8.88 -1.23 -6.62 [38]
LisBa,Gds(MoO,)g monoclinic 400-1000 16.2 17.3 21.5 [39]
KY(WO4)2 monoclinic 293-473 10.3 2.0 20.3 [40]
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Fig. 4. Polarized Raman spectra for the Eu:LiMgMo crystal for the a(xy)a (a), b(xy)b (b)
and c(xy)c (c) geometries where x, y= a, b or ¢ (directions of the crystallographic axes);
Aexc =514 nm. Numbers in (a) denote the peak positions in em ™. For each graph, the
spectra are in scale.

Renishaw inVia confocal Raman microscope with a x50 objective, Aexc
was 488 nm.

To measure the luminescence decay curve of the Eu®* ions, a ns
optical parametric oscillator Lotis TII LT-2214 tuned to 534 nm was
used as excitation source. The detection system included a monochro-
mator (model MDR-12) set at 610 nm, a fast Hamamatsu C5460
photodetector (response time, 40 ns) and a 500 MHz Textronix TDS-
3052B digital oscilloscope. The luminescence decay of Ce®** was
studied with a laser scanning confocal microscope MicroTime 100
(PicoQuant), which implements the method of time-correlated single
photon counting (A, ~ 400 nm, duration of the pump pulse: ~200 ps).

4. Raman spectra

For Raman spectroscopy, a polished rectangular Eu:LiMgMo sample
oriented along the a, b, ¢ axes was used. The spectra corresponded to
the configurations a(xy)a, b(xy)b and c(xy)c where x, y=a, b or c. The
results are shown in Fig. 4(a—c) (for each configuration, the spectra are
normalized to unity). The Raman spectra of Ce:LiMgMo were very
similar.

The interpretation of the Raman spectra of Eu:LiMgMo is performed
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according to [45,46]. The free [M004]2' tetrahedral (T4) units have four
fundamental modes of vibration: v,(A;) - non-degenerated symmetric
stretching at 894 cm ™7, v,(E) — doubly degenerated symmetric bending
at 318 cm ™, v5(T,) - triply degenerated asymmetric stretching at
833 cm™!, and v4(T,) -triply degenerated asymmetric bending at
381 cm . In the crystal structure of LiMgMo, the MoO, tetrahedrons
are distorted and their symmetry is lowered lifting the degeneracy of
the modes. The factor group analysis leads to 228 vibrational modes of
which 114 are Raman-active, distributed among the irreducible repre-
sentations as 31A; +26B; ; +31B,; +26B; .

The Raman spectra of LiMgMo are strongly polarized. The observed
Raman bands can be classified into three groups of vibrations: (i)
translational and rotational modes of the MoO, tetrahedrons and Li/
Mg-O external modes at < 300 cm™’; (ii) symmetric and asymmetric
0-Mo-O bending vibrations at 300-450 cm ™ %; (iii) Mo-O stretching
modes at 750-850 cm ™! (asymmetric) and at 850-1000 cm ™! (sym-
metric). The most intense band consists of two closely located peaks
centered at 905.3 and 919.9 cm ~ ! attributed to the »; mode; the full
width at half maximum (FWHM) of these peaks are 27.4 and
19.4 cm ™!, respectively. It should be noted that for LiMgMo, no bands
at > 1000 cm ™! (which are related to the cation vacancies [47]) are
observed.

5. Optical spectroscopy (absorption and emission)

LiMgMo is orthorhombic and, thus, it is optically biaxial. Its optical
properties are described in the optical indicatrix frame. The optical
indicatrix axes for orthorhombic crystals coincide with the crystal-
lographic a, b, ¢ axes [48] while their exact assignment for LiMgMo is
still unknown. The reported mean value of n for LiMgMo is ~1.87 [49]
and the birefringence for the isostructural LiZnMo is An ~0.02 [50].

The absorption spectra of the Eu:LiMgMo and Ce:LiMgMo crystals
are shown in Fig. 5. Due to the low doping level of the RE** ions, the
corresponding absorption bands are weak and the spectra are shown in
unpolarized light. For Ew:LiMgMo, the UV absorption edge is at
Ag=324nm (E;=3.82 eV). In the visible, two weak absorption bands
at ~398nm (the ’Fo—°L¢ transition of Eu®*) and at ~466 nm
("Fy—>D,) are observed. For Ce:LiMgMo, the feature of the absorption
spectrum is the long-wavelength shift of the UV absorption edge
(Ag=365 nm) that is partially ascribed to the ce3t doping.

The emission spectra of the studied crystals in unpolarized light are
shown in Fig. 6 (Aeye =400 nm). The red emission of Eu:LiMgMo is
related to the transitions of Eu®>" ions from the metastable °D, state to
the upper-lying 7F, ones (denoted as 0—J’ transitions in Fig. 6(a)). No
signs of blue emission from the divalent europium, Eu®”, are detected.
The bluish-green emission of Ce:LiMgMo detected as a single broad
band centered at ~490 nm is related to the 5d—>2F5/2 (4f) transitions of

80 Eu:LiMgMo
= Ce:LiMgMo
R
— 60} = |
= X774 7
S 77,1 wMM“%' ,"W;M
8 40+ 76,8 v D2 1
g 460 465 470
S 20 76,0 Wﬂ‘
=i 7550 [ 5 | ]
Moy LV
0 ) 390 395 _ 400 405
300 400 500 600 700

Wavelength (nm)

Fig. 5. Unpolarized transmission spectra of 0.4 at% Eu:LiMgMo and 0.5 at% Ce:LiMgMo
crystals in the visible (sample thickness, t=3.7 mm).
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Fig. 6. Photoluminescence (PL) spectra of 0.4 at% Eu:LiMgMo (a) and 0.5 at% Ce:LiMgMo (b) crystals in unpolarized light; ey, =400 nm.
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Fig. 7. Luminescence decay curve for 0.4 at% Eu:LiMgMo (a) and 0.5 at% Ce:LiMgMo (b) crystals: points are the experimental data, red curve in (a) represent a single-exponential fit.

Table 3 [51]. If the site has no inversion center, this transition will be dominant
Lifetime of the metastable °D, state of Eu** ions in complex molybdates and tungstates. over the 5Do—>7F1 transition that is of pure magnetic dipole (MD)
Crystal Ceystal class (sp. g7 o Ref. nature. The ratio of the integral intensities of the corresponding

. emission bands is typically calculated and referred as an asymmetry

Eu:LioMg2(MoOa4)3 orthorhombic (Pnma) 0.537 This work parameter R [52]:

Eu:Li,Mg,(WO,); orthorhombic (Pnma) 0.86 [17]

Eu:LiKGd,(M00,4), monoclinic (C2/c) 0.385 [54] _ I (D, - F)

. R oD~ P ®

Ezfl:;ﬁxgdimood)“ :zﬁzzixz Eg;;g 3'321 E:g For Eu:LiMgMo, R=5.2 which means a strong prevalence of the ED

: )2 - transition or, in other words, the lack of center of inversion for the Eu®*

sites. This value is lower than that for Eu:”-doped MDTs (R=10...13)

Table 4 where the Eu®* ions accommodate in the C, symmetry sites [53] and it

Emission properties of the Eu®* ions in LiMgMo. is close to the results reported previously for Eu:LiZnMo phosphors (R
=5.6...6.2, depending on the Li/Zn cationic ratio) [16].

Parameters Value The luminescence decay curve for the Eu:LiMgMo crystal is shown

Judd-Ofelt parameters [10~2° cm?] Q, = 21.811, in Fig. 7(a). The decay is clearly single-exponential indicating that the

Q4 = 7.805, Eu®* ions accommodate in a single type of site, similarly to the case of

Qs = 1.203 the isostructural Eu:LiMgW [17]. The obtained data on the asymmetry

Calculated luminescence branching ratios (Do — "F,) Boa = 5.8%, parameter for the Eu®>* emission and the luminescence decay indicate

g:'j z ?i%: : that the Eu®* ions mostly accommodate in the trigonal prismatic A(3)

Bog = 0.14% sites without the inversion center. For Eu:LiMgMo, the characteristic

Asymmetry parameter R =52 decay time 7j,m=>537 ps corresponding to the lifetime of the Do

Lifetime (°Do) Trad = Z;f; is, excited-state of the Eu®* ions. In Table 3, we compare the Z1um(®Do)

Texp = :

Luminescence quantum efficiency e "= 93% Hs for v.arlous c?mplex molybdate and tungstate crysFals. The 71ym(°Do) for
Ew:LiMgMo is shorter than that for a 6 at% Ew:LiMgW crystal synthe-
sized in the form of phosphor (860 ps) [17] while it is longer than for

the Ce3™* ions. another well-known host for Eu®* doping, Eu: KY(WO4),, for which
Eu®* is known for its hyper-sensitive purely electric-dipole (ED) 7um(®Do) =430 ps [52].
transition °D, — ’F, that is an indicator of the site symmetry of the ion The luminescence decay of Ce** ions in LiMgMo is shown in

Fig. 7(b). The decay curve can be fitted with a double-exponential law
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Fig. 8. Polarization-resolved emission spectroscopy of Eu** ions in the LiMgMo crystal: (a) emissions from the °D, state; (b-f) stimulated-emission cross-sections, ogg, for the “Dy — ’F,
transitions calculated with the F-L formula, Eq. (7). The principal light polarizations are E || @, b and c.

Table 5 calculating the experimental luminescence branching ratios Bexp(JJ')
Color di (x, y), domi length A4, and color purity p (CIE 1931) of the for the SDo—’F,- transitions:
luminescence of Eu®* and Ce®* ions in LiMgMo under blue excitation.
[ W@dy
Crystal x y g nm P% Bup(JI)=1/3 3, H——
iZane JW @ ®
Eu®*:LiMga(MoO4)s 0.667 0.333 608.6 100
Ce®*:Li,Mg5(MoO,)s 0.156 0.349 491.1 62.0 where W;i(v) is the luminescence spectrum for the i-th polarization

(measured with a spectrally calibrated detector in the spectral range
covering all the *Dy—"Fy transitions for J’ =0...6), v is the light
frequency, one can derive the probabilities of spontaneous transitions
5Dy, — ’F,. and the radiative lifetime of the D, state:

corresponding to two characteristic lifetimes, 7; =0.8 ns and 7, ~5 ns.
This can be explained by a possible accommodation of relatively large
number of Ce** ions in several A sites.

Due to the weakness of the absorption bands of Eu®** in LiMgMo, AIT) = Ayp O1') Bexp (JT')
Fig. 5, it was difficult to evaluate its radiative properties within the Bexp(Ol')’ (4a)
Judd-Ofelt (J-O) theory [58,59] solely based on the absorption
oscillator strengths [52]. Thus, we involved an additional considera- Twd = _
tion. As mentioned above, the *D,—’F, transition is of purely MD 2 AU (4b)

nature. Its probability Ay, is independent on the crystal-field and can

be derived as [60]: Finally, the probabilities of the ED spontaneous transitions can be

expressed as [53]:

Avp©1) = Aypaey O1) - 13, @ 02 (24 o\
App (1) = 7€ (W22 Y 0y,
3y, 3

where Aypac(01) =14.5s7! is the vacuum probability [60]. By ®
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Here, (\;;» is the mean emission wavelength, h is the Planck
constant, e is the electron charge, and S(JJ') is the line strength. The
latter, according to the standard J-O theory [58,59], is expressed as:

sy =Y @aU®.
k=2,4,6

6)

Here, U are the squared reduced matrix elements for the J—J’
transition and Qy are the intensity parameters (J-O parameters).

The results on the radiative properties of the Eu®>* ions in LiMgMo
are summarized in Table 4. The J-O parameters are Q, =21.811, Q4
=7.805, Q¢ =1.203 [10~2° cm?] and the radiative lifetime of the 5D,
state iS 7rag =578 ps. Thus, the luminescence quantum efficiency,
Nq= Tlum/Trad = 93%.

By using the measured polarized emission spectra for the Dy—"F,.
transitions and the determined 7,,4(°D,), we have derived the stimu-
lated-emission =~ (SE)  cross-sections, 0gz. For  this, the
Fiichtbauer-Ladenburg (F-L) equation for biaxial crystals [53,61] was
used:

A5
8an’taac 1133,

Wi () Bexp (JT')
[aw (ayda’

o) =
@

Here, c is the speed of light. The results on osg are presented in
Fig. 8. The osg spectra for Eu:LiMgMo are strongly polarized. For the
5Do—’F, transition, the highest SE cross-sections correspond to light
polarizations E || a (25x10 *°cm? at 619.1nm) and E || b
(1.8x10~2° cm? at 615.5 nm). For the °D, — ’F, transition, that was
recently used to achieve lasing at RT in Eu®>*-doped MDTs [62], the
maximum ogg =3.3X 10~ 2! cm? at 706.7 nm for E || c. In Fig. 8(a), we
also show emissions related to the transitions from the short-living 5D,
state [52].

The accommodation of Eu®>* ions in the sites without center of
inversion may potentially lead to observation of ultranarrow °Do—"Fg
and °D;—"F, emission lines like in monoclinic Euy(MoO4); [20]. In
Fig. 8(b), the peak at 579.4 nm (17259 em™Y) is assigned to the
5Do—"F, transition of Eu®" ions in orthorombic LiMgMo while its
FWHM is larger than that of monoclinic Euy(Mo00O4)3 [20] and Eu: KLu
(WO,), [63] probably due to the higher symmetry of the former host.

The CIE 1931 (Commission internationale de l’éclairage) color co-
ordinates for the luminescence of Eu:LiMgMo and Ce:LiMgMo under
blue excitation are presented in Table 5. For the former crystal,
x=0.667 and y=0.333 that fall into the red region; the dominant
wavelength in the emission spectrum is 609 nm with almost 100%
purity. The color coordinates for the emission of Eu:LiMgMo are close
to those of the Eu: KY(WO,), crystal, x=0.670 and y=0.329 [40].

=a,b,c

6. Conclusions

Orthorhombic lyonsite-type lithium magnesium complex molyb-
date, Li,Mg,(MoO,)s, is a promising host material for RE>* doping
potentially suitable for laser applications and for Raman frequency
conversion. In the present work, we have successfully grown large-
volume and high optical quality LiMgMo single-crystals doped with
Eu®* and Ce®* ions and studied their structural, thermal, vibrational
and spectroscopic properties, for the first time, to the best of our
knowledge. The Raman spectroscopy of LiMgMo shows a significant
polarization-anisotropy of the vibronic properties with the most intense
Raman band at 905.3 cm™'. LiMgMo exhibits a positive thermal
expansion along all three a, b and ¢ axes. Using the Eu®* ion as a
probe, we argued the predominant accomodation of Eu** in a single
site (the A(3) site of Mg>* /Li* with a trigonal prismatic coordination
and without inversion center). The spectroscopy of Eu®* is further
characterized in detail, including the lifetime measurement, the J-O
modeling and the calculation of the SE cross-section spectra.

Further work on LiMgMo and the isostructural LiZnMo will focus on
their doping with the Yb®* laser-active rare-earth ion at higher
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concentrations (up to 10 at%) than the one studied in the present paper
for Eu®*(0.4 at%). A relatively long interionic A-A distances for the
A(3) sites and a strong polarization-anisotropy of the spectroscopic
properties will favor a weak concentration quenching of the lumines-
cence and naturally polarized laser output. In addition, Raman self-
conversion is expected in such Yb lasers.
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Abstract

CrossMark

Crystal with composition Li;Zny(M0QO,); doped with 0.7 at.% Yb (Yb:LiZnMo), with high optical
quality and a length of a few cm is grown from the flux using Li,MoO, as a solvent. Yb:LiZnMo
is orthorombic (sp. gr. Pnma, a = 5.0843 A, b = 10.4927 A, ¢ = 17.6742 A, Z = 4). Polarized
Raman spectra are studied for this crystal; the most intense band is observed at 898 cm™!. The
absorption, stimulated-emission and gain cross-sections of Yb>* ions are determined for the
principal light polarizations, E |l a, b, c. The maximum osg = 6.6 x 107! cm? at 1011 nm for E II
b. The gain bandwidth for Yb:LiZnMo is up to ~50nm. The radiative lifetime of the Yb** ions is
1.55ms. The Yb:LiZnMo crystals are very promising for broadly tunable lasers.

Keywords: molybdate crystals, ytterbium, laser materials, stimulated-emission, Raman spectra

(Some figures may appear in colour only in the online journal)

1. Introduction

Ytterbium (Yb3*) ions are attractive for the development of
efficient lasers emitting at ~1 um due to the 2Fs;, — 2Fyp
transition. They possess a simple energy-level scheme exempt
of excited-state absorption (ESA) and upconversion (UC),
thus leading to weak heat loading, they can be pumped at
0.94-0.98 um by commercial and powerful InGaAs laser
diodes resulting in high laser efficiency and offer a certain
tuning of the laser emission wavelength. When embedded in
low-symmetry [1] or disordered [2] crystals, Yb>* ions can

6 Author to whom any correspondence should be addressed.

1612-202X/17/085804+6$33.00

provide additional benefits arising from the broadening of
their absorption and emission spectral bands. This effect is
relevant, e.g. for broadly tunable [3, 4] or mode-locked (ML)
lasers [5-8] capable of generating sub-100 fs pulses.
Complex tungstate and molybdate crystals are well-known
hosts for Yb** doping. The most prominent examples are
monoclinic double tungstates (DTs), KRE(WQy), [1], and
tetragonal scheelite-like DTs [2, 9] and double molybdates
[10] (DMos), ARE(XO4)2 (A =Na or Li, X =W or Mo),
where RE?* is a rare-earth element. Monoclinic DTs offer
a higher Yb’* doping levels’ possibility [11], better thermal
properties [12] and stronger anisotropy of the transition cross-
sections [13, 14] which determine their use in power-scalable

© 2017 Astro Ltd  Printed in the UK
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continuous-wave (CW) [15, 16], passively Q-switched (PQS)
[17] and especially ML lasers [5-8, 18]. Tetragonal Yb>*-
doped DTs and DMos feature broader spectral bands due to
their locally disordered structure [2, 10].

Besides tetragonal DMos, there are many complex molyb-
dates of different crystal class. For example, orthorhombic
lithium metal triple molybdates exist with chemical formula
LipM»(MoQy); (shortly LiMMo), where M = Mg, Zn, Mn,
Ni, or Co [19]. To date, studies of LiMMo single-crystals
focused mostly on their possible applications as scintillators
[20] and hosts for transition-metal ions, e.g. Co®* [21, 22]. It
was shown that it is possible to grow large-volume LiMMo
crystals of good optical quality. The lyonsite-type structure
[19] of these materials was refined [21, 23] and the elastic
properties are also known [24]. Recently, the authors of [25]
prepared powders of powdered Eu:LiZnMo via the solid-state
reaction method showing an intense red luminescence from
Eu’*. Later on, a LiMgMo single-crystal doped with Eu3* was
grown [26]. Using Eu’* as a structural probe, it was argued
that the rare-earth ions accommodate in a single type of site.

In the present work, we aimed to grow and study the spec-
troscopic properties of Yb>*-doped LiZnMo single-crystal as
a promising laser material, for the first time, to the best of our
knowledge.

2. Crystal growth and structure

2.1. Crystal growth

The Li;Zny(MoOy); compound melts incongruently at 885
°C and during the melting, it is partially decomposed: Li
2Zn(Mo0y); — LiaMoOy4 + 2ZnMoQOy4. Thus, it cannot
be grown by the conventional Czochralski method. In the
present work, Yb>*-doped LiZnMo crystals were grown
from the flux using [010]-oriented (£1°) undoped LiZnMo
seeds with dimensions 5 x 5 x 25mm?. Lithium molybdate
Li;MoO, was used as a solvent. The solubility C of LiZnMo
in Li,MoOy decreases from ~95 to 50 mol% with a decrease
of temperature 7 from ~875 to 845 °C according to the equa-
tion C = —0.00867% + 1.9929T + 765.39 (C is in mol% and
T is in °C) [27]. First, the Li,M0Q, solvent was prepared and
then the Li,CO;, ZnO, MoO; and Yb,0; reagents (34N
purity) were added with an excess of Li,CO3; and MoOs3 (5-15
mol%) over the stoichiometry. The concentration of Yb* in
the growth charge was 2 or 10 at.% (with respect to the Zn>*
content).

For the crystal growth, a Pt crucible (diameter: 70 mm,
height: 120mm) was used. It was covered by a Pt lid with
a small hole. The solution (Li,Zny(M0QOy4); —5-15 mol%
Li;MoOy4) was heated at ~20-30 °C above the equilibrium
temperature and homogenized with a Pt stirrer for 1-2h.
Then, it was cooled down to 880 °C and the seed (rotating
at 12 rev min~!) was put in contact to the solution surface.
The growth was performed under low thermal gradients
(<1 °C cm™"). During the growth, the temperature was con-
trolled and decreased for 10-15 °C with a precision of 0.1
°C, the pulling rate was 1.5-5mm d~! and the rotation speed
was 10-20 rev min~'. The crystallization rate was ~0.3-10g

; Lizﬁz(M»O«);i 6 szﬁ) B3-103-(36

O
BE . T & 5 =

Figure 1. Photograph of the as-grown boule of the LiZnMo crystal
doped with (nominally) 2 at.% Yb; the growth direction is along the
[010] axis.

d~L. The crystal weight was 150-200g. When the growth was
completed, the crystal was carefully removed from the flux
and slowly cooled to room temperature (RT) at a cooling rate
of 30 °C h™!. No annealing of the grown crystals was applied.
A photograph of the as-grown 2 at.% (nominal) Yb:LiZnMo is
shown in figure 1. It was transparent, crack-and inclusion-free
and had a slight brown coloration. For 10 at.% (nominal) Yb**
doping, the as-grown crystal contained numerous inclusions
oriented along the [100] axis.

2.2. Crystal structure

The crystal structure and phase purity of the grown Yb:LiZnMo
crystals were confirmed with x-ray powder diffraction
(XRD). The XRD measurements were performed using a
Shimadzu XRD-6000 diffractometer, Cu K, radiation with a
Ni filter. The obtained XRD pattern for the 2 at.% (nominal)
Yb:LiZnMo crystal is shown in figure 2 and compared with
that of the parent compound—Liz;Fe(MoQOy); (ICCD card
01-072-0754) [28]. The grown Yb:LiZnMo crystals are ortho-
rhombic (point group: mmm, space group: D3S—Pnma (No.
62)). The determined lattice constants are a = 5.0843 A,
b=10.4927 A, ¢ = 17.6742 A, Z = 4, the unit-cell volume
V=942.89 A3 and the calculated density p=4.22g cm™
(for 2 at.% (nominal) Yb3* doping). They are relatively close
to those for undoped LiZnMo with a stoichiometric composi-
tion, @ = 5.1139 A, b = 10.4926 A, ¢ = 17.645 A [29].

The habit of the as-grown boule of Yb:LiZnMo is schemat-
ically represented in figure 3. The bottom part of the boule is
formed by the (0 1 0) pinacoid surrounded by (011) and (01 3)
prismatic faces. The density of dislocations on the (0 10) plane
measured after etching with 10% HCl is ~4 x 10> cm~2. The
boule cross-section extends along the [100] axis. The central
part of the boule is formed by the (00 1) pinacoids and (110)
prisms.
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Figure 2. X-ray diffraction (XRD) pattern of a finely powdered 0.7
at.% Yb:LiZnMo crystal, the numbers indicate the Miller indices
(hkl).
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Figure 3. Habit of the as-grown 0.7 at.% Yb:LiZnMo crystal, the
numbers indicate the crystallographic planes (hkl) and axes (khl).

The fragment of the LiZnMo structure in projection on the
b-c plane is shown in figure 4. The LiZnMo crystal belongs
to the vanadate mineral lyonsite CusFes(VOy)s structural
type. The Mo®" cations occupy tetrahedral sites. The lower
oxidation-state cations Li*, Zn?* occupy three different low-
symmetry sites forming chains of octahedral polyhedrons
(A(1) site), face-sharing highly distorted octahedrons (A(2)
site) and edge-sharing trigonal prisms (A(3) site). According
to our previous study of an isostructural LiMgMo crystal
doped with Eu®* ions serving as a structural probe, the rare-
earth dopants will replace the Zn>* ions in a single type of
site, A(3) [26]. This process will be accompanied by a cationic
redistribution over the A sites to maintain the charge compen-
sation. The A—O distances for the A(3) site are 1.95-2.25 A
and in the chains formed by trigonal prisms, the interionic
distance A-A is ~2.78 A, as calculated from the Rietveld
refinement data. In the LiZnMo structure, the isolated

Figure 4. A fragment of the Yb:LiZnMo crystal structure in
projection on the b and ¢ plane. The Yb** ions replace the Zn*
ones in the A(3) sites. The black rectangle indicates the unit-cell.

[MoO4]*~ tetrahedrons are linked by AOg chains creating a
tunnel-like hexagonal structure, figure 4. The surrounding of
the hexagonal ‘tunnel’consists of chains formed by the A(1)
octahedrons and edge-sharing A(3) trigonal prisms, and the
face-sharing A(2) octahedral polyhedrons pass through the
center of this ‘tunnel’.

The concentration of Yb>* ions in the grown crystals was
determined by energy-dispersive x-ray (EDX) spectroscopy
using an electron scanning environmental microscope (ESEM)
equipped with an Inca microanalyzer (Oxford Instruments) to
be 0.7 £ 0.2 at.% and 3.6 £ 0.2 at.% for the nominal doping
levels of 2 and 10 at.% Yb (Nyp, = 0.60 and 3.1 x 10720 cm?,
respectively). Thus, the segregation coefficient for the Yh3+
ions in LiZnMo, KRg = Nerystal/Nsolution ~ 0.35 £ 0.02. This
low value is attributed to the difference of the ionic radii for
Zn** (0.74 A for VI-fold 0> -coordination), Li* (0.76 A) and
Yb** (0.868 A).

3. Raman spectroscopy

The Raman spectra were measured in polarized light using
a Renishaw inVia confocal Raman microscope with a x50
Leica objective. The excitation wavelength A, was 514nm
(Ar* laser) and an edge filter was used. A polished 0.7 at.%
Yb:LiZnMo sample cut along the growth direction (b-axis)
was used. The spectra corresponded to the configurations
b(aa)b, b(ac)b and b(cc)b, see figure 5.

The Raman spectra of Yb:LiZnMo are strongly polar-
ized. The observed Raman bands can be classified into three
groups of vibrations [26]: (i) translational and rotational
modes of the MoQy tetrahedrons and Li/Zn—-O external modes
at <300cm™!; (ii) symmetric and asymmetric O-Mo-O
bending vibrations at 300—450cm™!; (iii) Mo-O stretching
modes at 750-850cm ™! (asymmetric) and at 850-1000cm ™!
(symmetric). The most intense band consists of two closely
located peaks centered at 898 and 912cm™! attributed to the
v; mode of the [MoO,4]*>~ tetrahedrons (non-degenerated sym-
metric stretching); the full width at half maximum (FWHM)
of these peaks is 26 and 17cm™!, respectively.
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4. Optical spectroscopy

The orthorhombic LiZnMo crystal is optically biaxial.
Consequently, the optical indicatrix axes coincide with the
a, b, c crystallographic ones [30] while their exact assign-
ment is still unknown. In [20], the refractive index of undoped
LiZnMo was measured to be ~1.97 at 579 nm and the birefrin-
gence was determined to be ~0.02.

The absorption spectra of the 0.7 at.% Yb:LiZnMo crystal
were measured with polarized light (E Il a, b, ¢) using a Varian
CARY 5000 spectrophotometer. The absorption cross-sections,
Oabs, Were calculated as aiaps/Nyb, Where aaps is the absorption
coefficient and Nyp = 0.60 x 102 cm~3 (0.7 at.%). The results
are shown in figure 6(a). The Yb:LiZnMo crystal exhibits a
strong anisotropy of the spectroscopic properties. The maxi-
mum ogps = 11.1 x 107 cm? at 972.6nm for light polariza-
tion E Il a. The corresponding FWHM of the absorption peak
is 7.3nm. For E |l b and E |l ¢, the peak o, are lower, 5.5 and
5.1 x 10~ cm?, respectively. These values are lower than those
for Yb**-doped tetragonal DMos, NaLa(MoO,), (NaLaMo)
and LiLa(MoOy), (LiLaMo), namely 2.1 and 1.9 x 10~% ¢m?
at 976nm for E |l ¢, respectively [10, 31]. A broad absorption
band for Yb:LiZnMo relaxes the effect of the temperature drift
of a laser diode wavelength in the pumping process for the reali-
zation of a diode-pumped solid-state laser (DPSSL). Physically,
it is attributed to the distortion of the crystal field due to the
large difference of ionic radii for Zn** and Yb**.

The luminescence spectra were measured with polarized
light using a lock-in amplifier (Stanford Research Systems,
model SR810), a monochromator MDR-23 and an InGaAs PIN
photodiode (Hamamatsu, model G5851). The excitation was
from an InGaAs laser diode emitting at 940nm. The stimulated-
emission (SE) cross-sections were calculated from the meas-
ured luminescence spectra using the Fiichtbauer-Ladenburg
(F-L) equation [32] adopted for biaxial crystals [33]:

X 3Wi()\)

() ) =
756 (V) 8mn274C Ziza,b,cf/\W,-(/\)d/\'

)

Here, i = a, b, c indicates the light polarization, aég are the SE
cross-sections for the ith polarization, A is the light wavelength,

Wavelength (nm)

Figure 6. (a) Absorption, o,ps, and (b) SE, osg, cross-section
spectra for the 0.7 at.% Yb:LiZnMo crystal and light polarizations
Ella,b,c.

n = 1.93 is the mean refractive index of the crystal at ~1 pym
(as estimated from the dispersion [20]), c is the speed of light,
Trad = 1.55ms is the radiative lifetime of the emitting state
(the Fs), state of Yb3*, see below), Wi()\) is the luminescence
spectrum for the ith polarization. The results are shown in
figure 6(b).

The maximum ogg = 8.2 x 107! cm? at 982.9nm for
light polarization E |l a. However, as Yb** represents a quasi-
three-level laser scheme, the laser operation is expected
at longer wavelengths than the zero-phonon-line (ZPL,
Ezpr = 10176cm™! (982.7 nm) for Yb:LiZnMo). In this case,
the largest osg = 6.6 x 1072! cm? is observed at 1011 nm for
E |l b. This is lower than for tetragonal DMos, Yb:NalLaMo and
Yb:LiLaMo, 2.6 x 1072 ¢cm? at ~1000nm and 1.5 x 1020
cm?at ~1011nm for E ll c, respectively [10, 31].

Considering the quasi-three-level nature of the Yb** laser,
the gain cross-sections, o, = Bosg — (1 — B)ows, Where
B= N>(®Fsp)/Nyy is the inversion ratio, were calculated
for the Yb:LiZnMo crystal for the high-gain light polariza-
tions E Il a and b, figure 7. The gain bandwidth (FWHM) is
~51nm and 30nm for the two polarizations, respectively (for
= 0.3). Such a broad gain spectra for the Yb:LiZnMo crys-
tal make it very promising for broadly tunable lasers with a
potential tuning range of >90nm and for mode-locked lasers
generating sub-100 fs pulses. The determined gain band-
widths for Yb:LiZnMo are broader than for tetragonal DMo,
Yb:NaLaMo (~41nm) [10].

To measure the luminescence decay, we used a ns opti-
cal parametric oscillator Lotis TII LT-2214 tuned to 972nm
as an excitation source and a monochromator MDR-12, the
same photodiode (response time, <100 ns) and a 500 MHz
Textronix TDS-3052B digital oscilloscope as a detection sys-
tem. To avoid the radiation trapping effects, the crystal sample
was finely powdered and immersed in glycerin with a powder/
solvent ratio varying from 10 to 70 wt.%.



UNIVERSITAT ROVIRA I VIRGILI
SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED

WITH EUROPIUM,
Anna Volokitina

TERBIUM,

THULIUM, AND YTTERBIUM IONS

206

Laser Phys. Lett. 14 (2017) 085804

S Kurilchik et al

0,5 a : : . . . .
NE 0,41 Ella ——0.051
o ——0.10
& 03F 0.15
|o —_— V.
< 0,2t ——0.20
E ——0.25
80,1}t ——0.30 1
0,0 UL L L e
975 1000 1025 1050 1075 1100 1125
1,2 : : : r . .
& [t;) = 005
_& 08Elb ——0.10]
- ——0.15 ]
< 06 ——0.20
c | —0.25 |
0%0’3 ——0.30

0,0 - v
975 1000 1025 1050 1075
Wavelength (nm)

1100 1125

Figure 7. Gain cross-section, 0y = Bosg — (1 — 3)0abs, spectra for
the 0.7 at.% Yb:LiZnMo crystal and light polarizations E |l a (a) and
E |l b (b), 8 = Ny(*Fsj)/Nyy is the inversion ratio.

1 T T T T T T
2,0

- [BE: ¢
3 ?E;1 6 ¢
~ =0 [ ]
> 3|t '
= J44 Trag=1-55ms
20,1t ' |
S 0 20 40 60 80 100
y— \ Powder/glycerin (wt.%)

Exc.972nm &

Lum.1020nm: 3 %

. L &5 T A

0 2 4 6 8 10 12

Time (ms)

Figure 8. Luminescence decay curve for the 0.7 at.% Yb:LiZnMo
crystal (circles—experimental data; black line—single-exponential
fit); inset: dependence of the measured decay time on the powder/
solution ratio for 3.6 at.% Yb:LiZnMo.

The 0.7 at.% Yb-doped crystal did not show any notable
dependence of the measured decay curve on the powder/sol-
vent ratio, the typical decay curve plotted in a semi-log scale
is shown in figure 8. It is clearly linear supporting the previ-
ous conclusion about a single type of site for Yb>* ions and
the characteristic decay time 7y, is 1.55ms. For the 3.6 at.%
Yb-doped crystal, Tex, = 1.86ms for the bulk crystal and it
decreased to ~1.55 ms for powder/solvent ratios <30 wt.%.

For Yb3t ions, one can estimate the radiative lifetime with
the modified reciprocity method adopted for biaxial crystals
[34]:

2 22 3e—he/kTA
Trad = 8Tn°c— B .
Z Ziza,b,cfo' (/\))\—4e—hc/kT,\d)\

abs
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Here, h is the Planck constant, k is the Boltzmann constant,
T is the crystal temperature (RT), and Z;(y are the partition

functions for the lower and upper states, respectively. The ratio
Z1/Z; can be determined from the Stark splitting of both multi-
plets. According to our low-temperature (6 K) studies employ-
ing an Oxford Instruments Ltd cryostat (SU 12 model) with
helium-gas close-cycle flow, Z,/Z, = 0.909 for Yb:LiZnMo.
This value is very close to that of another complex molybdate,
trigonal Yb:KsBi(MoOy)s (Yb:KBiMo), Z,/Z, = 0.889 [35].
From equation (2), 7y, = 1.55 +0.05ms and the lumines-
cence quantum yield 7q = Texp/Trad > 99%. Such a high value
is in good agreement with the large phonon energies of the host
matrix, figure 5, minimizing the non-radiative relaxation. The
determined 7,4 for Yb:LiZnMo is much longer than that for
the tetragonal DMos, LiGd(MoOy), (Yb:LiGdMo) (250 us),
Yb:NaLaMo (290 pm), and Yb:LiLaMo (390 us) [10, 31, 36],
and slightly shorter than for trigonal Yb:KBiMo (1.93 ms) [35].

5. Conclusion

To conclude, we report on the growth, structure, Raman and
optical spectroscopic characterization of a novel complex
molybdate crystal—orthorhombic Yb:LiyZny,(M0Qy);. This
crystal exhibits strong anisotropy of the transition cross-
sections of Yb>* ions in polarized light favoring linearly polar-
ized laser output, broad emission bands (the gain bandwidth
is up to ~50 nm) which is of interest for broadly tunable lasers
at ~1 pm and good energy storage capability (the lifetime of
the upper laser level is ~1.55ms). The latter is of interest for
Q-switched lasers. Further work will focus on the laser opera-
tion with Yb:LiZnMo. For this, c-cut crystals are of interest
as they will give access to the high-gain polarizations E Il a
and E Il b. The low solubility of Yb>* ions in LiZnMo limits
the available doping level (0.7 at.% Yb3* for crystals of high
optical quality), so further optimization of the growth condi-
tions is necessary to achieve >3 at.% Yb**-doped crystals.
We believe that it can be reached by a proper control of the
solute/solvent concentration and the temperature gradients in
the crucible.
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Abstract. We report on the growth, structure, vibronic and spectroscopic properties of novel
Yb3**-doped orthorhombic potassium yttrium double molybdate crystal, Yb:KY(MoO4),. The
layered structure of this material determines a strong polarization-anisotropy of absorption and
emission bands of Yb?* ions. The maximum stimulated-emission cross-section is 3.7x102° cm?
at ~1.01 pm for light polarization E || b and the lifetime of the Fs; state is 0.46 ms. Naturally
cleaved Yb:KY(MoOs): plates are suitable for microchip lasers at ~1 pm.

1. Introduction

Among the oxide host crystals, potassium (rare-earth) double tungstates (DTs) and double molybdates
(DMos) with a general chemical formula of KLn(X04), (where X = W or Mo, respectively, and Ln =
Y, Gd, Lu, etc.) are attractive for doping with laser-active trivalent rare-earth ions (RE**) [1,2] because
they provide ordered structure, high available RE*" doping concentrations, intense and strongly
polarized absorption and emission bands, weak non-radiative relaxation and strong Raman response.

Ytterbium (Yb*") ions are well-known for their emission at ~1 pum according to the 2Fs» — 2Fr
electronic transition. They exhibit a simple energy-level scheme eliminating the unwanted processes
such as energy-transfer upconversion or excited-state absorption leading to low heat loading and high
laser efficiencies. Yb**-doped materials can be pumped by high-power InGaAs laser diodes emitting at
~0.98 um. To date, Yb**-doped monoclinic DTs have been implemented for efficient continuous-wave
(CW) [3], passively Q-switched [4] and especially mode-locked oscillators at ~1 pum [5,6].

Contrary to DT crystals, their molybdate counterparts, KL.n(MoQs),, are less widespread [2,7].
However, these crystals do not exhibit a polymorphic phase transition below the melting point (like in
DTs) and thus they can be grown by the conventional Czochralski (Cz) method [8,9]. KLn(Mo0Os)2
crystals belong to the orthorhombic class and they feature a layered structure leading to a perfect
cleavage feature. This allows one to fabricate thin crystalline films [10] suitable for microchip or thin-
disk lasers.

In the present work, we report on the growth, structure, vibronic and spectroscopic characterization
of a novel crystal in the orthorhombic DMo family — Yb**-doped potassium yttrium double molybdate,
YbIKY(MOO4)2.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY

of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL
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2. Crystal growth and structure

KY(MoOs): crystals are chemically stable, they have a relatively low melting temperature (about
970 °C) and do not show any polychromic transformation below the melting point. In this work, a
3 at.% Yb:KY(MoOsy), crystal was grown by the Cz method using a [100]-oriented undoped seed.
5-7 mol% of potassium trimolybdate (K,Mo030,0) were added to the melt to prevent its partial
dissociation. The seed rotation speed was 20 rpm, the pulling rate was 1-2 mm/h and the cooling rate
was 2 °C/day. The temperature gradient in the melt was below 3 °C/mm. The growth rate was 5—

10 g/day.
14 ,
m = 3at%
c12} = Yb:KY(MoOy),
5 o)
©10
%
S 8t
o3
26
7]
T 4L
= |. Z=s3
X o T R Ty
1 50 60 70 80

Figure 1. X-ray powder diffraction (XRD) pattern of 3 at.% Yb:KY(MoOs),, numbers indicate the
Miller’s indices, (hkl), inset — photograph of the as-grown crystal; the growth direction is [100].

The as-grown crystal of good optical quality was transparent and free of cracks and inclusions, see
inset in Fig. 1. No post-growth annealing was applied. The crystal was colorless. The phase purity and
the structure of the as-grown crystal were confirmed by X-ray powder diffraction (XRD), see Fig. 1.
Yb:KY(MoOs): is orthorhombic (sp. gr. Pbna — D', No. 60). The Yb*" ions in KY(MoOs), replaces
the Y>* ones in a single type of crystallographic sites (symmetry: C,, VIII-fold O* coordination).
Briefly, the structure of Yb:KY(Mo0O,), is as following [8]: continuous belts of edge-sharing distorted
[Y|YDbOs] octahedrons are parallel to the b-axis. In the a-b plane, they share corners with the [MoO4]
tetrahedra. The [Y|Yb(MoOs):]™ radicals form porous layers in the b-c plane. Because of this, the
crystal exhibits a perfect cleavage along the (100) plane.

3. Raman spectra

All members of the DT and DMo crystal families are Raman-active [1]. This feature may be used for
self-Raman conversion of the laser output. To characterize the vibronic properties of Yb:KY(Mo0Os)2,
the room temperature (RT) Raman spectra were measured with polarized light using a Raman
microscope (Renishaw inVia). The excitation wavelength was 488 nm (an Ar" laser line). A cleaved
crystal plate (i.e., an a-cut) was used and the studied excitation / collection geometries were a(bb)a,
a(bc)a, a(cb)a and a(cc)a (according to Porto’s notations).

The Raman spectra are shown in Fig. 2. They are strongly polarized with the most intense Raman
response in the a(bb)a geometry. The observed bands are classified into three groups of vibrations [8].
The low-frequency range, 80-272 cm’', contains translational (7”) and rotational (R) modes of the K,
Y and Mo cations. Internal bending vibrations (6) of the oxygen bridged [MoQ4]* tetrahedral are
observed in the intermediate range, 300-435 cm™. The high-frequency range, 726-944 cm™', contains
intense stretching vibrations (v) of these tetrahedra.

The most intense Raman mode is at 865 cm’!. The full width at half maximum (FWHM) of this
mode is 18.8 cm™!. The maximum phonon frequency, Avmx = 944 cm™.
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Figure 2. Polarized Raman spectra of an a-cut Yb:KY(Mo00O4),, Aexc = 488 nm, numbers indicate the
frequencies of the Raman peaks in cm™.

4. Optical spectroscopy

Orthorombic Yb:KY(MoOs): crystal is optically biaxial. The optical indicatrix axes coincide with the
crystallographic ones while the assignment of the refractive indices is still unknown. We characterized
the spectroscopic properties for the principal light polarizations indicated as E || @, E || b and E || c. All
the studies were performed at RT (20 °C).

The absorption spectra were measured using a Varian CARY 5000 spectrophotometer and a Glan-
Taylor polarizer. The absorption cross-sections, gans, Were then calculated using the Yb** ion density of
2.29x10% cm™, as shown in Fig. 3(a). The maximum oabs = 1.77x10%° ¢cm? at 977.1 nm for E || b and
the corresponding FWHM of the absorption peak is 19 nm which is advantageous for diode-pumping.
Note that the absorption cross-sections for the light polarizations E || b and E || ¢ are much higher than
that for E || a (orthogonal to the cleavage plane) which is due to the layered crystal structure. The UV
absorption edge Auv is at 334 nm and in the IR, the transparency window is until 5.3 pm.
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g 30 Y e Ellb 2
& 25  J\ Elle 5
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21.0 5]
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Figure 3(a, b). Spectroscopy of Yb** ions in orthorhombic KY(MoO,), crystal: (a) absorption, gabs,
and stimulated-emission (SE) cross-sections, osg, for the ?Fs;, <> 2Fy, transition, light polarizations
are E || a, E || b and E || c; (b) the luminescence decay curve.

The luminescence spectra were measured using an optical spectrum analyser (OSA, Hamamatsu,
model AQ6373) and a Glan-Taylor polarizer; a Ti:Sapphire laser tuned to 928 and 977 nm was used as
an excitation source. The stimulated-emission (SE) cross-section were calculated by the Fiichtbauer—
Ladenburg (F-L) formula [11]:
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where, i = a, b, c is the light polarization, 4 is the light wavelength, <n> = 1.9 is the mean refractive
index of the crystal, c is the speed of light, 7wa is the radiative lifetime of the emitting state (°Fsp, see
below), Wi(2) is the measured luminescence spectrum for i-th polarization. The SE cross-section
spectra are shown in Fig. 3(a). The maximum ogg for the 2Fsp — 2Fy, transition of Yb** ions is
3.70x102° ¢cm? at 1008.0 nm for the light polarization E || b. The FWHM of the emission band is >35
nm. The strong polarization anisotropy of the SE cross-sections is a prerequisite for linearly polarized
laser emission from the Yb:KY(MoOs); crystal.

The luminescence decay curve for Yb:KY(MoOa), was measured under ns pulse excitation from an
optical parametric oscillator using a fast InGaAs photodetector and an 8 GHz digital oscilloscope.
A thin (~100 pm) cleaved film was used to avoid the effect of reabsorption. The excitation wavelength
Jexe Was 930 nm, the luminescence from the ?Fs;, Yb** multiplet was monitored at 1030 nm. The decay
curve plotted in a semi-log scale is shown in Fig. 3(b). It is clearly single-exponential in agreement
with a single type of sites for Yb** ions. The luminescence decay time (zium = 458 ps) was determined
according to a single-exponential law, Jum(t) = loexp(-t/Tium).

5. Conclusion

Orthorhombic Yb:KY(MoOs), crystals featuring simple growth by the standard Cz method, easy Yb**
doping, strongly polarized absorption and stimulated-emission cross-section spectra due to the layered
structure and a perfect cleavage feature are very promising for microchip lasers based on crystalline
films with a thickness of few hundreds of pm and emitting at ~1 pm. Further work will focus on laser
characterization of this material.
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Abstract: We report on the crystal growth, spectroscopy and first laser operation of a novel
double molybdate compound — Tm:KY(MoOy),. This orthorhombic (sp. gr. Pbna) crystal
exhibits strong anisotropy of the spectroscopic properties due to its layered structure. The
maximum stimulated emission cross-section for the 3F; — 3Hg transition is 2.70x1072° cm?
at 1856nm with a bandwidth of >110nm (for E || b). The lifetime of the >F4 state is 2.29 ms.
Crystalline films and plates (thickness down to 70 um) of high optical quality are obtained by
mechanical cleavage along the (100) plane. Continuous-wave diode-pumped laser operation
is achieved in such thin films and plates yielding a maximum output power of 0.88 W at ~1.9
um with a slope efficiency of 65.8% and a linearly polarized laser output. Vibronic lasing is
demonstrated at ~2.06 um. Tm:K'Y(MoOy); is promising for microchip and thin-disk lasers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Monoclinic (sp. gr. C2/c) double tungstate (DT) crystals, KRE(WO4); (where RE =Gd, Y, Lu),
doped with rare-earth ions (RE3+), and, in particular, with trivalent thulium (Tm3*) ions are
known for efficient lasing in the eye-safe spectral range of ~2 um according to the 3F4 — 3Hj
electronic transition [1-3]. This is due to the high achievable Tm doping concentrations, strong
cross-relaxation for neighboring Tm3* ions, 3Hy(Tm; ) + 3Hg(Tmy) — 3F4(Tm;) + 3F4(Tmy) [4],
even at moderate doping levels, broad and intense emission bands at ~2 um with polarized light
[5], weak non-radiative relaxation from the upper laser level (’°F,) and Raman activity. The
host crystals themselves also provide suitable thermo-optical properties enabling microchip laser
operation [6,7]. Monoclinic DTs exhibit a polymorphic phase transformation below the melting
point. Thus, they are typically grown by the Top-Seeded Solution Growth (TSSG) method (from
the flux) [1].

Such attractive spectroscopic properties are also expected for their double molybdate (DMo)
counterparts, KRE(Mo0Oy),. One representative of this crystal family is the potassium yttrium

#384260 https://doi.org/10.1364/OE.384260
Journal © 2020 Received 2 Dec 2019; revised 18 Feb 2020; accepted 24 Feb 2020; published 16 Mar 2020
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double molybdate, KY(MoO4), [8]. It belongs to the orthorhombic crystal class (sp. gr. Pbna)
and does not exhibit polymorphism [9]. Thus, it can be easily grown by the Czochralski (Cz)
method (from the melt). Moreover, KY(MoQ,), features a layered structure further enhancing the
polarization-anisotropy of vibronic [10,11] and spectroscopic properties [12,13] and leading to a
perfect cleavage feature that can be utilized in microchip or thin-film lasers [14]. The structure of
undoped KY(Mo00Oj4); is known [8].

The previous studies of laser properties of RE3*-doped KY(MoQ,), crystals focused solely
on Nd3* ions. The first laser operation of Nd:KY(MoOs); at the wavelengths of 1.067 um and
1.349 pm was obtained in the free-running regime (flashlamp pumping) [15,16]. Continuous-wave
(CW) operation with bulk crystals was later achieved in [17,18]. Kaminski et al. also proposed
the concept of a thin-film or a belt-shaped laser using thin crystalline films (thickness: down to
50 um) of Nd:KY(MoO4), pumped by flash-lamps and Ar* ion laser [14].

Recently, efficient lasers operating at ~1 pm based on single-crystal plates were demonstrated
using other cleaving crystals such as Yb:LuPO4 or Yb:BaGd;(MoOQy4)4 [19,20].

In the present work, we report on the crystal growth by the Czochralski method, structural and
spectroscopic characterization as well as the first laser operation of a novel representative of the
DMo crystal family — the orthorhombic Tm:KY(Mo00Oy), crystal.

2. Crystal growth and structure

2.1. Crystal growth

The crystal growth was performed by the Low Temperature Gradient (LTG) Cz method [21]. The
Tm:KY(MoOy); crystal melts at ~1243 K. The starting materials for preparing the growth charge
were Y,03 (purity: SN), Tmy O3 (4N), MoO3 (4N) and K,CO3 (5N) taken for the composition
100 mol% KY( 97Tmg o3(M004),-5-7 mol% K;Mo30;g. Potassium trimolybdate (Ky2Mo301p)
was added to prevent partial dissociation of the melt and to stabilize the growth process. The raw
materials were carefully mixed and placed in a Pt crucible with a cylindrical shape (diameter:
70 mm, height: 120mm). The crucible was first heated until ~1320K in air and kept at this
temperature for 2-3 h to homogenize the melt. Then, the melt was cooled to ~1240 K (the starting
growth temperature). The crucible was placed in a three-zone resistive heating furnace having
good bottom and top heat insulation [21]. A seed prepared from an undoped KY(MoO,), crystal
was oriented orthogonal to the cleavage plane (i.e., along the [100] crystallographic axis). It was
rotated at 20 rpm (revolutions per minute); the pulling rate was 1-2 mm/h; the cooling rate was
~2 K/day. The temperature gradient in the melt was below 3 K/cm as measured by a Pt/Pt-Rh
thermocouple along the crystal growth direction. After the growth process was completed, the
crystal was removed from the melt and slowly cooled down to room temperature (RT, 293 K). No
post-grown annealing was applied.

The as-grown 3 at.% Tm:KY(MoOy,), crystal boule is shown in Fig. 1(a). The Tm3*
concentration was calculated to be Nm = 1.95x10% cm™ (assuming a segregation coefficient
KTtm = 1). The crystal boule had a donut shape and contained no cracks and inclusions. The crystal
had a slight yellowish coloration due to the Tm** doping. Tm:KY(MoQ4), exhibits a perfect
natural cleavage along the crystallographic (100) plane (i.e., orthogonal to the growth direction
in the present work), as verified by single-crystal X-ray diffraction (XRD). The orientation of
the [010] and [001] axes was also determined by single-crystal XRD. It can be also found in a
different way. The (100) cleaved thin crystal plates of Tm:KY(MoOQ,), brake under bending
along the [001] axis. Along the orthogonal [010] axis, the plates exhibit elastic deformation. The
anisotropy of the thermal properties of Tm:KY(MoQ4); in the (100) plane also determines a
slight ellipticity of the cross-section of the crystal boule with the principal directions along the
[010] and [001] axes.

A Scanning Electron Microscope (SEM) image of the fracture edge of a mechanically cleaved
single-crystal plate of Tm:KY(MoOy), is shown in Fig. 1(b). Note that the whole boule of
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(100):
cleavage plane

Fig. 1. (a) Photograph of the as-grown 3 at.% Tm:KY(MoOQ4); crystal boule. The growth
direction is along the [100] axis (vertical); (b) Scanning Electron Microscope (SEM) image
of the side surface of a cleaved single-crystal film indicating the crystallographic directions.

Tm:KY(MoO4); has single-crystalline nature. The fracture of crystal-plates occurs along the
[001] axis. The SEM image reveals the natural cleavage feature as the fracture edge represents
multiple “stairs” running parallel to the c-axis in the (100) plane.

2.2. Crystal structure and Raman spectra

The structure and phase purity of Tm:KY(MoOy), were confirmed by powder XRD, see Fig. 2(a).
Tm:KY(MoO,); belongs to the orthorhombic centrosymmetric crystal class (sp. gr. Pbna —
D4, No. 60). No traces of any other impurity phases are found. The lattice constants for the 3
at.% Tm-doped crystal were determined using the Rietveld refinement to be a = 18.2012(9) A,
b=17.9301(5) A, ¢ =5.0666(4) A, a = B=v=90°, the calculated density pca is 4.0897(4) g/cm>
(the number of the structural units Z =4). The reduced chi-squared value of x’= (R‘,Vp/Rt,,q;,)2 for
this fit is 1.802 (Ryp = 8.65%, Rexp =4.80%). The initial set of atomic coordinates for undoped
KY(MoQ4); was taken from [8].
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Fig. 2. (a) Rietveld refinement of the X-ray powder diffraction (XRD) pattern of the 3 at.%
Tm:KY(MoOQy); crystal; numbers indicate the Miller’s indices (kkl) (sp. gr. Pbna); (b)
Polarized Raman spectra of the Tm:K'Y(MoOQ4); crystal for the a(ij)a geometries, where i,
Jj=b or ¢ (Porto’s notations), Adexc =488 nm.

The structure of Tm:KY(MoO4); consists of continuous belts of edge-sharing distorted [YOg]
octahedra arranged parallel to the b-axis. In the a-b plane, they share corners with the [MoQO4]
tetrahedra. The radicals [Y(MoOQy4),]~ form porous layers parallel to the b—c plane. The linkage
of these layers along the a-axis is weak, which explains the excellent cleavage along the (100)
plane. Tm>* ions substitute for Y>* in a single site (coordination number (C.N.) by oxygen is
VIII, C/zX symmetry). This is favored by the closeness of ionic radii of Tm** (0.994 A) and Y+
(1.019 A).
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The polarized Raman spectra were measured using a Renishaw inVia confocal Raman
microscope with a x50 objective. The excitation wavelength Aex. was 488 nm (Ar* ion laser
line). The spectral resolution was ~1 cm™'. The Raman spectra of an (100)-oriented plate from
the Tm:KY(Mo0Oy), crystal are shown in Fig. 2(b). The spectra contain bands localized in
three ranges showing different intensity. The low-frequency range (at <275 cm™') contains weak
vibrations related to translational (T’) modes of K, Y|Tm and Mo and rotational (R) lattice modes.
Internal modes are observed at higher frequencies. The second intermediate-frequency range at
318-436 cm™! exhibits bands of medium intensity related to the bending () vibrations of the
oxygen bridged [MoOy] tetrahedra. Finally, the high-frequency range, 727-945 cm™!, contains
intense modes due to the stretching (v) vibrations of [M0oO4]. The most intense and strongly
polarized Raman peak appears at 865.6 cm™! with a full width at half maximum (FWHM) of
10.5 cm™!. It is assigned to one of the internal (v) vibrations of [MoO,4]. The maximum phonon
energy of Tm:KY(MoOy); is 945 cm~!. More details can be found elsewhere [10,11].

3. Spectroscopic study
3.1. Experimental

The KY(Mo00O4); crystal is orthorhombic and, thus, optically biaxial. The frame of the optical
indicatrix axes (X, Y, Z) coincides with the (a, b, c¢) crystallographic frame (not necessarily
respectively). Only a mean value of the refractive index (n) ~ 2 is known [15]. Thus, the
anisotropic absorption and luminescence properties were characterized for the E || a, b, ¢ light
polarizations. All the spectroscopic studies were performed at RT (293 K).

For measuring the absorption and luminescence spectra, we used a ~1 mm-thick cleaved
crystal plate. The absorption spectra were measured for the available light polarizations E ||
b and E || c using a Varian CARY 5000 spectrophotometer and a Glan-Taylor polarizer. The
spectral resolution was 0.1-0.5 nm. It was complicated to prepare a polished sample oriented
orthogonal to the cleavage plane thus accessing the E || @ polarization in absorption.

The luminescence spectra at ~2 um for the polarizations E || a, b, ¢ were measured using an
optical spectrum analyzer (AQ6375B, Yokogawa, spectral resolution: 1 nm) and a Glan-Taylor
polarizer. The spectral response of the set-up was calibrated employing a quartz iodine lamp.
The excitation source was a CW Ti:Sapphire laser tuned to ~802 nm.

The luminescence decay of Tm3* ions was studied using a 1/4 m monochromator (Oriel
77200), an InGaAs detector and a 8 GHz digital oscilloscope (DSA70804B, Tektronix). The
luminescence was excited by the output of a ns optical parametric oscillator tuned to ~802 nm
(Horizon, Continuum).

3.2. Optical absorption and luminescence

The absorption spectrum of the Tm:KY(MoOQ4), crystal for light polarizations E || b and E || c is
shown in Fig. 3(a). In the spectrum, the absorption bands are due to transitions of Tm>* ions
from the ground-state (®Hg) to the excited-states (*F4 to 'D,). There is no color center absorption
in the visible. The UV absorption edge is found at Ayy =327 nm (for E || ¢) and 340 nm (for E
[| &), corresponding to an optical bandgap E; of 3.64-3.80 eV.

The absorption cross-sections, o-aps, for the 3Hg — 3Hy and *Hg — 3F4 transitions are shown
in Fig. 3(b). For the 3Hg — 3Hy4 one, the maximum o aps is 7.70x1072° cm? at 802.8 nm and the
corresponding FWHM of the absorption peak is 10.0 nm (for E || b). For the second available
light polarization (E || ¢), 0 abs is by one order of magnitude smaller: 0.32x10720 cm? at 792.9
nm. This transition is suitable for pumping of Tm3* ions, e.g., by commercial and high-power
AlGaAs laser diodes (the “conventional” pump scheme). The maximum o s value for the
3Hg — 3Hy Tm3* transition in KY(MoOQy); is similar to that in monoclinic Tm:KLu(WOy),,
T abs = 9.5%10720 cm? at 793.6 nm [1] however providing a FWHM of the absorption peak of 1.7
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Fig. 3. Absorption of the Tm:KY(MoOy), crystal: (a) full absorption spectrum; (b)
absorption cross-sections, o-,ps, for the 3Hg — 3F, and 3H, transitions for polarizations E
||pand E || c.

nm (light polarization: E || Np). As aresult, Tm:KY(MoOy), is more suitable for diode-pumping
because of weaker sensitivity to the temperature drift of the diode emission wavelength. For the
3Hg — 3F; Tm?* transition in KY(Mo0Oy),, 0-aps reaches 3.95x10720 cm? at 1785 nm (again for
E || b). This transition is suitable for in-band pumping of Tm>* ions directly to the upper laser
level, e.g., by erbium Raman fiber lasers emitting at ~1.7 um [22].

The notable anisotropy of the absorption cross-sections in the (100) plane cannot be assigned
to the layered structure and is most probably related to the low symmetry of the Tm3* site (C,).

The stimulated-emission (SE) cross-sections, osg, for the >*E; — 3Hg transition of Tm>* were
calculated using the Fiichtbauer—Ladenburg (F-L) formula [23]:

Do 25 Wi(1)
O-SE(A) - 87T<")27'radc 1/3) X f AWi(2)d2 , v
i=a,b,c

where A is the light wavelength, (n) is the refractive index, c is the speed of light, 7,4 is the
radiative lifetime of the emitting state (*F4), W;(A) is the measured luminescence spectrum for
the i-th polarization calibrated for the spectral response of the set-up and i = a, b, ¢. The results
are shown in Fig. 4(a). The maximum osg is 2.70x1072° cm? at 1856nm with an emission
bandwidth (FWHM) of >110 nm (for E || b). Tm:KY(Mo0Q,), exhibits a notable anisotropy of
the SE cross-sections: the ratios osg(d) : osg(c) =7.5 and osg(b) : osg(a)=5.7 at ~1.86 pum,
which is a prerequisite for a linearly polarized laser output.

3.0 - v - v 1 ——
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Fig. 4. Emission properties of the Tm:KY(MoOy), crystal: (a) stimulated-emission (SE)
cross-sections, o g, for the 3F4 - 3H6 transition, light polarizations are E || a, b, c; (b)
luminescence decay curve from the 3F; state, Adexc =800 nm, Alym = 1860nm.

The luminescence decay from the 3Fy state is single-exponential yielding a luminescence
lifetime 71y, of 2.29 ms, see Fig. 4(b). This agrees with the accommodation of Tm3* ions in a
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single type of sites (symmetry: C,). The luminescence lifetime of the *H4 pump level is 48 ps.
This value is expected to be quenched by the cross-relaxation. Both lifetimes were measured for
thin (tens of um) films eliminating the effect of reabsorption (radiation trapping). Indeed, the
T1um(CF4) value obtained using a crystal-plate was much longer, 3.35 ms.

The 3F4 — 3Hg Tm>* transition represents a quasi-three-level laser scheme with reabsorption
losses. Thus, the gain cross-sections, o gain =0sg — (1 — B)0abs, are typically calculated to
conclude about the expected emission wavelength, where 8 = N2(*F4)/Nn is the inversion ratio
and N, is the population of the upper laser level *F4). The O gain spectra for the high-gain light
polarization E || b are shown in Fig. 5. They are relatively smooth and broad.

1*F,0°Hg E|lb]

B= 0107

——0.151
——0.20 ]
——0.25
——0.30
——0.35

0.40]

1800 1850 1900 1950 2000
Wavelength (nm)

2050

Fig. 5. Gain cross-sections, 0gain = 0'sg — (1 — B)0 yps, for the 3F, o 3Hg transition of
Tm3* in KY(MoOy)2: B=N 2(3F4)/NTm is the inversion ratio, the light polarization is E ||
b.

4. Laser operation
4.1. Laser set-up

For the laser experiments, we prepared two samples from the 3 at.% Tm:KY(MoQy); crystal.
They were fabricated by mechanical cleaving the crystal using a thin razor blade placed along
the (100) crystallographic plane. Only a slight pressure was applied to the blade producing the
initial crack which further easily propagated through the crystal cross-section. The samples had
thicknesses (f) of 70 +5 um and 700 + 10 pm, referred further as a thin-film and a crystal-plate,
respectively. The thickness was measured using a micrometer and confirmed by SEM for the
thin-film. It was uniform along the sample cross-section within the specified error. The first
sample exhibited elastic deformation at naked eye. No post-cleavage processing (e.g., polishing or
coating) was applied. The clean aperture of the samples was more than 1 cm?. The samples were
fabricated from the bulk crystal oriented by means of single-crystal XRD so that the orientation
of the [010] and [001] axes was known.

The samples were placed in a compact plano-plano (microchip) cavity formed by a flat pump
mirror (PM) coated for high transmission (HT) at the pump wavelength, ~0.80 um, and for high
reflection (HR) at 1.8-2.1 um, and a set of flat output couplers (OCs) having a transmission 7Toc
of 0.1%—-9% at the laser wavelength, Fig. 6(a). A special band-pass (BP) OC coated for HT at <2
um and for partial reflection (Toc = 1.5%) at 2.05-2.20 um was also used. Both the PM and OC
were gently pressed towards the crystalline sample, so that the geometrical cavity length L.,y = 1.
The laser element was passively cooled, Fig. 6(b).

The laser element was pumped by a fiber-coupled (fiber core diameter: 200 pm, N.A. =0.22)
AlGaAs laser diode emitting up to 17 W of unpolarized output at 802 nm (M? ~ 86). The incident
pump power was limited to avoid optical damage at the crystal / mirror interfaces. The pump
beam was collimated and focused into the laser element by a lens assembly (1:1 reimaging ratio,
focal length f =30 mm) resulting in a pump spot diameter 2wp =200 + 10 pm. Due to the partial
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Fig. 6. (a) Scheme of the diode-pumped microchip Tm:KY(Mo00O,), lasers: LD — laser
diode, PM — pump mirror, OC — output coupler, F — cut-off filter; (b) photograph of the laser.

reflectivity of the OCs at the pump wavelength (R =~ 40%), the pumping was in a double-pass.
The total pump absorption was taken at its small-signal value, 77abs,0 = 6.4% and 47.6% for the
thin-film and crystal-plate, respectively. This value does not account for the possible ground-state
bleaching; however, it does not overestimate the slope efficiency of the laser. The laser output
was separated from the residual pump using a long-pass filter (FEL1000, Thorlabs).

4.2. Laser performance

First, we studied the laser performance of the crystal-plate (=700 um), Fig. 7(a),(b). The laser
generated a maximum output power of 0.88 W at 1840-1905nm with a slope efficiency 7 of
65.8% (vs. the absorbed pump power P,,s) and the laser threshold was at Pyps =210 mW (for
Toc =5%). For higher output coupling, the performance slightly deteriorated probably due
to the upconversion losses. For all OCs, the input-output dependences were linear indicating
weak thermal effects. The laser polarization was linear (E || b); it was naturally selected by
the anisotropy of the gain. Typical spectra of the laser emission are shown in Fig. 7(b). With
the increase of Toc, the spectra experienced a blue-shift due to the quasi-three-level nature of
the 3F4 - 3H6 Tm3* laser scheme. For example, for small Toc = 1.5%, the laser operated at
1970-1978nm and for high Toc =9% - at 1826—1835nm. This behavior agrees well with the
gain spectra for light polarization E || b, Fig. 5.

By implementing the band-pass OC, laser emission beyond 2 um was achieved. The output
power reached 0.34 W at 2047-2074 nm with n = 46.7% and a laser threshold of 205 mW. Such
a long wavelength emission is ascribed to the electron-phonon coupling with the low-energy
Raman modes of the KY(Mo0Oy), lattice [24,25].

The second experiment consisted of inserting the crystal-film into the laser cavity, Fig. 7(c),(d).
The maximum output power was 131 mW at 1801-1872 nm with 7 =45.2% and a threshold of
only 35 mW (for Toc = 1.5%). The emission was linearly polarized (E || ). With the increase of
the output coupling, the laser threshold increased: from 13 mW for the smallest 7oc = 0.1% up
to 54 mW for Toc = 9% still remaining relatively low. The slope efficiency first increased with
Toc (so that the optimum transmission of the OC is expected to lie between Toc =0.1% and
1.5%) and, furthermore, decreased for Toc > 1.5%. The latter effect is probably due to stronger
energy-transfer upconversion (ETU) associated with higher population of the upper laser level
3F, (higher inversion rate $) at increased output coupling. The ETU has a direct influence on
the laser threshold [26]. However, it also leads to a stronger heat dissipation and more severe
thermo-optic effects in the gain medium thus affecting the slope efficiency in an indirect way.

The lower slope efficiency achieved with the crystal-film laser as compared to the crystal-plate
one is ascribed to higher passive losses originating from possible mechanical distortion and
bending of the film. We expect that such losses can be eliminated by further optimizing the
cleaving procedure.
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Fig. 7. Diode-pumped laser performance of (100)-oriented cleaved (a,b) thin-film (#=70
pm) and (c,d) crystal-plate (f =700 pm) 3 at.% Tm:KY(MoOy), crystal: (a,c) input-output
dependences, n — slope efficiency; (b,d) typical spectra of the laser emission measured at
maximum P,,¢. The laser polarization is E || b.

The blue-shift of the emission spectra with the output coupling was also detected, Fig. 7(d).
The spectra contained equidistant spectral lines separated by A2 =12.2 nm at ~1.85 pm (for
Toc = 1.5%-9%). This is ascribed to the etalon effect of the uncoated laser element. The free
spectral range (FSR) of the Fabry-Perot etalon with a thickness ¢ and a refractive index ng (ng ~ n
assuming a weak dispersion) at normal incidence is AAgsg = /12/(ngt). From this formula, we get
the etalon thickness of 71 pm for » =2.0 in good agreement with the measured thickness.

The Tm:KY(MoOy), lasers operated in the fundamental transverse mode. The beam quality
parameters measured using an ISO-standard method employing a focusing lens sz,y <12
(x=b,y=c).

5. Conclusion

To conclude, the orthorhombic double molybdate crystal Tm:KY(MoOy); is a promising material
for efficient ~2 pm lasers owing to its easy growth, high available doping levels, intense, broad
and strongly polarized absorption and emission bands and Raman activity. The layered structure
of KY(MoOy4), promotes the anisotropy of its optical properties and allows one to fabricate easily
laser-quality crystal plates and films with a thickness ranging from few mm down to tens of pm.
This feature is of interest for microchip and thin-disk lasers. In particular, the long lifetime of
the upper laser level of Tm>* is attractive for passively Q-switched sub-nanosecond microchip
lasers. In the present work, we achieved ~2 pm CW laser action in single-crystal plates (sub-mm)

and films (sub-100 pum) featuring up to 65.8% slope efficiency and almost watt-level output for
passively-cooled devices.
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ABSTRACT

We report on the first laser operation of a novel double molybdate compound, Yb:KY(MoOs).. Single-crystals were
grown by the Low Temperature Gradient (LTG) Czochralski method. The crystal structure (orthorhombic, sp. gr. Pbna —
D'%:n) was refined with the Rietveld method. Yb:KY(MoO4) exhibits a layered structure leading to a strong optical
anisotropy and a perfect cleavage along the (100) plane. The stimulated-emission cross-section for Yb*" ions is 3.70x10°
20 ¢cm? at 1008.0 nm and the emission bandwidth is 37 nm (for light polarization E || b). Continuous-wave laser operation
is achieved in a 3 at.% Yb:KY(MoOa): crystal plate (thickness: 286 um) under diode pumping. The microchip laser
generated a maximum output power of 0.81 W at 1021-1044 nm with a slope efficiency of 76.4% and linear
polarization. Yb:KY(MoOa4): crystal films / plates are attractive for sub-ns passively Q-switched microchip lasers and
thin-disk lasers.

Keywords: double molybdate, ytterbium doping, crystalline plates, crystal structure, laser operation.

1. INTRODUCTION

Ytterbium (Yb**) doped materials are known for efficient laser operation at ~1 um according to the 2Fsn2 — 2F
electronic transition [1]. The Yb** ion can be easily pumped by commercial and high-power InGaAs laser diodes
emitting at ~0.96-0.98 um [2]. It also exhibits a simple energy level scheme eliminating the parasitic processes such as
excited-state absorption or energy-transfer upconversion. The in-band pumping scheme of Yb** leads to high pump
Stokes efficiency, and, thus, reduced heat loading. Moreover, as compared to Nd**, Yb** shows larger Stark splitting of
the ground-state (*F72) and, consequently, broader emission at ~1 pm, which is utilized in broadly tunable and mode-
locked lasers [3].

Among the host materials for Yb*" doping, monoclinic (sp. gr. C2/c) double tungstate (MDT) crystals are attracting a lot
of attention. The general chemical formula of MDTs is KLn(WO4)2, where Ln = Gd, Y or Lu.

*e-mail: anna.itmo@gmail.com
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Their advantages include: (i) high attainable Yb®" doping concentrations (up to the stoichiometric composition
KYb(WOs4)2) [4]; (i) weak luminescence quenching, (iii) low non-radiative path from the excited-state, (iv) polarized
intense and broad absorption and emission bands around 1 pm [5,6] and (v) Raman activity. Moreover, MDTs exhibit
satisfactory thermo-optical properties [7,8]. As a result, efficient continuous-wave (CW) [2,9], passively Q-switched
[10] and especially mode-locked [3,11] Yb:MDT lasers were reported. Thin-disk lasers based on these materials were
also demonstrated using thin bulk or epitaxial samples [12,13].

Compared to above mentioned potassium double tungstates, their double molybdate (DMo) counterparts with chemical
formula KLn(MoOs); have been barely studied. One example of the DMo crystal family is potassium yttrium double
molybdate, KY(Mo00Oa4)2. This crystal is orthorhombic [14] and it exhibits an interesting layered structure [15,16] together
with a low-symmetry site for the rare-earth ions (C2) leading to a strong anisotropy of the optical properties as well as to
the natural cleavage habit which is interesting for microchip and thin-disk lasers [17]. The structure and vibronic
properties of undoped KY(MoOa): have been already reported [18]. The RE** site symmetry was revealed using Eu®* as
a structural probe [16].

Regarding the laser applications of rare-earth doped KY(MoOs): crystals, there exist only few studies. Kaminskii et al.
reported on CW laser operation in diode-pumped bulk Nd:KY(MoOs)2 [19]. Later on, Loiko et al. improved the laser
performance using the in-band pumping scheme [20]. A Nd:KY(MoOa4): laser generated 0.43 W at 1067 nm with a slope
efficiency of 71%. Kaminskii et al. also proposed the concept of a thin-film laser using cleaved Nd:K'Y(MoOa): [21].

In the present work, we aimed to achieve the first laser operation in the new DMo compound, Yb:KY(MoOa)2, and to
demonstrate the proof-of-concept of crystal-plate DMo lasers utilizing their natural cleavage feature.

2. CRYSTAL GROWTH AND CHARACTERIZATION
2.1 Crystal growth and structure

Crystals with composition of 3 at.% Yb:KY(MoOa): in the melt (Yb*" ions are substituting for the Y>* ones) were grown
by the Low Temperature Gradient (LTG) Czochralski method [22]. As raw materials, we used Yb203, Y203, MoOs and
K2COs. About 5-7 mol% of potassium trimolybdate (K2Mo3O10) was added to the melt to prevent its possible partial
dissociation resulting in the formation of yttrium oxomolybdate (Y2MoOs) and, thus, to stabilize the growth process. The
growth was performed in a Pt crucible; the starting temperature was ~970 °C. A [100]-oriented seed from undoped
KY(MoOs), was used. More details can be found elsewhere [16].

Once the growth was completed, the crystal was removed from the melt and slowly cooled down to room temperature
(RT, 20 °C). It was transparent and colorless; no post-growth annealing was applied. The crystal boule was oriented by
means of single-crystal X-ray diffraction (XRD). It had a cylindrical shape and could be easily cleaved along the (100)
crystallographic plane, resulting in a mirror-quality surfaces.
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Figure 1. Rietveld analysis of the X-ray powder diffraction (XRD) pattern of 3 at.% Yb:KY(MoOs4)2; (b) Fragment of
Yb:KY(MoOy), crystal structure in projection onto the a-b plane.

The structure and phase purity of Yb:KY(MoO4)2 was confirmed by powder XRD, Fig. 1(a). The crystal belongs to the
orthorhombic class (space group Pbna — D'a). The crystal structure was refined using the Rietveld method. The
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determined lattice constants are @ = 18.223(5) A, b = 7.938(1) A, ¢ = 5.075(7) A, (number of the formula units in the
unit-cell Z = 4). The R-factors obtained were Rwp = 6.44% and Rexp = 5.19%. The volume of the unit cell is 732.7(1) A3
and the calculated crystal density is 4.018 g/cm’.

According to the refined atomic coordinates, the crystal structure projection on the a-b plane was drawn, Fig. 1(b).

The Yb*' ions in KY(MoOa4): replace the Y*' ones in a single type of sites (C: symmetry). The structure of
Yb:KY(MoOas): consists of [Y|YbOs] polyhedra with shared edges which form continuous belts parallel to the b-axis. In
the a-b plane, they share corners with the [MoOQs] tetrahedra. Due to the weak linkage of the [Y(MoOa)2]" layers along
the a-axis, the Yb:K'Y(MoOa): crystal exhibits a perfect cleavage feature along the (100) crystallographic plane.

By mechanical cleavage, we produced thin crystal-plates and crystal-films of Yb:KY(Mo00O4): with a thickness () down
to ~30 pm. The Scanning Electron Microscope (SEM) images of a fracture edge of such a crystal-plate and one of its
(100) surfaces are shown in Fig. 2.

Figure 2. Scanning Electron Microscope (SEM) images of a cleaved crystal-plate of 3 at.% Yb:KY(MoOa)2: (a) the fracture
edge of the plate, the a-axis is vertical; (b) the plate surface parallel to the (100) plane.

2.2 Optical spectroscopy

Prior to the laser experiments, we briefly describe the polarized spectroscopic properties of Yb** ions in KY(MoOs)z.
The orthorhombic KY(MoOs): crystal is optically biaxial with high refractive index (n ~1.95). The optical indicatrix
axes coincide with the crystallographic ones, so that the three principal light polarizations can be defined as E || a, b, c.

The polarized absorption spectra in the 900-1100 nm range (the 2F72 — *Fs» Yb*' transition) were measured using a
Shimadzu UV-3600 spectrophotometer and a Glan-Taylor polarizer. The absorption cross-sections, gabs, were calculated
as aabs/Nyb (Where aabs is the absorption coefficient and Nyb = 2.29x10% ¢cm™ is the Yb** ion density).

2,0

22 2. l ' ' " Ella
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Figure 3. RT absorption cross-section, gavs, spectra of Yb** ions in KY(MoOx), for light polarizations E || a, b and c. The
arrow indicates the pump wavelength used in the laser experiments.

The absorption spectra exhibit strong polarization anisotropy, Fig. 3. The maximum oabs is 1.77%10"% ¢cm? at 977.1 nm
and the full width at half maximum (FWHM) of the absorption peak is 19.6 nm for light polarization E || b. For the other
two light polarizations, the absorption cross-sections are lower, as expressed by the ratios oabs(b) : gavs(c) = 1.26 and
oabs(b) : owbs(@) = 4.2 at ~0.98 um. This anisotropy arises, in part, from the layered crystal structure (note a significant
drop of the optical absorption for light polarized orthogonal to the b-c layer plane) and, in part, from the low symmetry
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of the Yb** ion site. The relatively broad absorption spectra make Yb:KY(MoOsa): attractive for diode-pumping by
InGaAs laser diodes emitting at ~0.98 pm.

The polarized luminescence spectra of Yb:KY(MoO4), around ~1 pm were measured using an optical spectrum analyzer
(Hamamatsu, AQ6373) and a Glan-Taylor polarizer. The stimulated-emission (SE) cross-sections, osg, were calculated
from the measured luminescence spectra calibrated for the spectral response of the set-up using the Fiichtbauer—
Ladenburg (F-L) formula [23]. The radiative lifetime :a of the 2Fs2 Yb** multiplet was taken as 458 ps, as determined
from the luminescence decay studies with thin (tens of pm) crystal films eliminating the radiation trapping effect [24].
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Figure 4. Emission properties of Yb** ions in KY(MoOy), crystal: (a) stimulated-emission (SE) cross-sections, ogg, for light
polarizations E || @, b and ¢. The arrow indicates the observed laser wavelength; (b) gain cross-sections, ogin = fose — (1 —
B)Gabs, B = Na(*Fs12)/Nys is the inversion ratio, the light polarization is E || b.

For Yb:KY(Mo00Os),, the maximum osg amounts to 3.70x102° cm? at 1008.0 nm and the emission bandwidth Adem is 37.0
nm for the high-gain light polarization E || b. The emission spectra are also strongly polarized, as expressed by the ratios
ose(b) : ose(c) = 3.9 and oseb) : ose(a) = 6.0 at 1.08 um. This is a prerequisite for linearly polarized laser emission. Note
that (100)-oriented crystal plates give access to the preferable light polarization E || b.

For Yb** ions exhibiting reabsorption at the laser wavelength, the spectral behavior of the laser depends on the output-
coupling losses via the level of inversion in the gain medium, expressed by the inversion ratio # = N2(*Fs2)/Nys, where
NM: is the population of the upper level (°Fsi2) and N1 + N2 = Nyb. Thus, the gain cross-sections, ggain = fose — (1 — B)dabs,
are calculated to predict the possible laser wavelengths for different . The ogain spectra for E || b are shown in Fig. 4(b).
For small £ < 0.03, the gain spectra are flat and broad extending from 1.05 to 1.1 pm. For higher 8 up to 0.10, there is a
local maximum in the spectra at ~1.04 pm. For even higher inversion ratios, another maximum at a shorter wavelength
of ~1.02 pum is observed.

3. LASER OPERATION
3.1 Laser setup

The active elements for the laser experiments were obtained by mechanical cleavage of the 3 at.% bulk Yb:KY(MoO4)2
crystal along the (100) plane. In this way, we produced a thin crystal-plate. No post-cleavage treatment (e.g., polishing)
was applied to both surfaces which remained uncoated. The measured thickness of the crystal-plate was ¢ = 286 pm and
it was very uniform (+2 pum) over the clear aperture which exceeded 1 cm?. The crystal orientation corresponded to light
propagation along the a-axis (a-cut). It is beneficial in regard to the pump absorption because it gives access to the light
polarizations E || b and E || ¢ corresponding to higher oabs values, cf. Fig. 3.

N.A.=0.22
@=105um PM OC
output
-Q ..... ‘1 1‘ N 8T R
LD
~968nm v ‘C N
Assembl rystal-
:30mn¥ plate

Figure 5. Scheme of the diode-pumped 3 at.% Yb:K'Y(MoOy); crystal-plate microchip laser: LD — laser diode, PM — pump
mirror, OC — output coupler.
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For laser experiments, we selected a plano-plano (microchip) laser cavity, Fig. 5. It was formed by a flat pump mirror
(PM) coated for high transmission (HT) at ~0.97 pm and for high reflection (HR) at 1.02—1.2 pm, and a set of flat output
couplers (OCs) providing a transmission at the laser wavelength Toc of 0.5%-10%. Both cavity mirrors were gently
pressed towards the crystal-film resulting in a nearly monolithic design. The geometrical cavity length Lcav was thus = 7.
The whole stack (cavity mirrors and crystal-plate) was passively cooled.

As a pump source, we employed an InGaAs fiber coupled laser diode (fiber core diameter: 105 pm; numerical aperture
(N.A.): 0.22) emitting unpolarized output at a central wavelength of ~968 nm. The pump was collimated and focused
into the crystal through the PM using a lens assembly (reimaging ratio: 1:1, focal length: f = 30 mm). The pump spot
size 2wp in the focus was 100+10 pm. The crystal-plate was pumped in a double-pass, as all the used OCs provided
reflection at the pump wavelength, R ~90%. The total pump absorption in two passes was estimated from the small-
signal value as #7abs0 = 9.4%. This value does not account for the possible ground-state bleaching but at the same time
does not overestimate the laser slope efficiency.

3.2 Laser performance

Laser operation in the CW regime was achieved for all employed OCs. The input-output dependences of the diode-
pumped microchip crystal-plate Yb:K'Y(MoOa): laser are shown in Fig. 6(a). The laser generated a maximum output
power of 0.81 W at 1021-1044 nm (the spectrum was modulated by etalon (Fabry-Perot) effects) with a high slope
efficiency () of 76.4% vs. the absorbed pump power. The laser threshold Pun was as low as 56 mW whilst the optical-to-
optical efficiency (vs. the pump power incident on the crystal) 7opt Was relatively low, 7.0%, owing to the low pump
absorption in the thin crystal. These characteristics were measured for Toc = 1.0%. With increasing the output coupling,
the laser threshold gradually increased, from 55 mW for Toc = 0.5% to 143 mW for Toc = 10%. The input-output
dependences were linear for all the OCs. The absorbed pump power in the crystal-plate Paps was limited to below 1.1 W
in order to avoid thermal fracture of the passively cooled crystal.

The typical laser emission spectra are shown in Fig. 6(b). The spectra experienced a blue-shift with the increase of the
output coupling: from 1020-1051 nm for Toc = 0.5% to 1012-1020 nm for Toc = 10%. This is due to the quasi-three
level nature of the Yb*" laser transition 2Fs» — 2F722 exhibiting reabsorption. The observed spectral behavior is in
agreement with the gain spectra for E || b, cf. Fig. 4(b). The laser output was linearly polarized (E || b) and the
polarization state was naturally selected by the anisotropy of the gain, Fig. 4(a). As pointed out above, the multi-peak
spectral behavior was due to the etalon effect. The broad laser spectra originated from the broadband emission properties

of Yb** in KY(Mo0O4)z.
The laser operation in the plano-plano cavity indicated a positive thermal lens for a-cut Yb:K'Y(Mo0O4)2.
1000 : ; : : : 3,0 . : : :
(a) Ellb
Crystal plate L J
800 | 12 2860m &8 Toc=
s Toc= Bool 10%
Z 600| " 0.5% 1=65.0% 1g°
g ® 1.0% n=76.4% o | 5%
g 4 2.5% n=68.2% w 1.5 | ‘
3 | v5% 1=38.3% =
2407 Siow neai.3% Brof UL L 2s% ]
3 c
2 2
3 200 1Z0s 1%
0.5%
o 1 1 i 1 O'o A A " i
0 200 400 600 800 1000 1000 1020 1040 1060 1080 1100
Absorbed pump power (mW) Wavelength (nm)

Figure 6. Diode-pumped Yb:KY(Mo00Os): crystal-plate microchip laser: (a) input-output dependences, # — slope efficiency;
(b) typical laser emission spectra measured at Pas = 1.0 W. The laser polarization is E || b.

4. CONCLUSIONS

To conclude, we report on the structure refinement, polarized room-temperature spectroscopy and first laser operation of
a novel double molybdate compound with a layered structure, orthorhombic Yb:KY(MoOs4)2. The structure of this
crystal dictates a strong polarization-anisotropy of transition cross-sections for Yb** ions and a perfect natural cleavage
habit along the (100) plane. As a result, mechanically cleaved thin crystal films and plates (with a thickness down to tens
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of pm) can be directly used for efficient laser operation. We report on a watt-level output from a diode-pumped
microchip 3 at.% Yb:KY(MoOa4): laser operating with a high slope efficiency (76.4%) almost approaching the Stokes
limit. Highly Yb**-doped KY(MoO4): crystal plates and films are attractive for short-pulse (sub-ns) passively Q-
switched microchip lasers [10], as well as thin-disk lasers.
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Abstract: We report on the first laser operation of ytterbium-doped potassium yttrium double
molybdate crystal (Yb:KY(MoQ,),). Single-crystals containing 3 at.% Yb>*-ions were grown
by the low temperature gradient Czochralski method. The crystal structure (orthorhombic, sp. gr.
D4y, — Pbna) was refined with the Rietveld method. Yb:KY(MoOy), exhibits a layered structure
leading to a strong optical anisotropy and a perfect cleavage along the crystallographic (100) plane.
The maximum stimulated-emission cross-section amounts to 3.70x1072° cm? at 1008.0 nm with
an emission bandwidth of 37 nm (for light polarization E || b). The Stark splitting is determined
at 6 K. Continuous-wave laser operation is achieved in a thin Yb:KY(MoOs), crystal plate
(thickness: 286 pm) under diode pumping. The microchip laser generated a maximum output
power of 0.81 W at 1021-1044 nm with a slope efficiency of 76.4% and polarized emission.
Yb:KY(MoOy), crystal lamellae / plates are attractive for sub-ns passively Q-switched microchip
lasers and thin-disk lasers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cleavage is the property of crystalline materials to split along certain crystallographic planes.
The simplest case is basal or pinacoidal cleavage when this happens along only a single plane. It
may result from a weaker bond strength or larger lattice spacing perpendicular to the plane, and it
is frequently observed in crystals with a regular location of atoms forming “layers”. As a result,
crystalline plates with continuous, smooth and flat faces, both strictly parallel to the so-called
cleavage plane are easily obtained. An example of a cleaving mineral is mica showing perfect (or
even “eminent”) cleavage. Crystals with perfect cleavage can cleave without leaving any rough
surface (mirror-quality) [1]. Cleavage is used for identification of minerals. It is also useful for
chipping of wafers of semiconductor crystals (e.g., silicon).

#400894 https://doi.org/10.1364/OME.400894
Journal © 2020 Received 29 Jun 2020; revised 5 Aug 2020; accepted 5 Aug 2020; published 2 Sep 2020
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Laser crystals exhibiting perfect cleavage along a crystallographic plane are known [1-3].
On the one hand, this complicates their mechanical processing (cutting and polishing). On
the other hand, it can turn out to be a useful feature for applications where thin laser elements
with a large aperture and good parallelism / optical quality of the faces are required. Moreover,
this simplifies fabrication of laser elements, especially for soft crystals. Two examples are the
microchip and thin-disk lasers. In particular, a microchip laser consists of a thin (typically, few
hundred pm thick) gain medium placed in a simple plano-plano cavity without air gaps, leading
to a highly-compact and monolithic design (optionally, one or both of the cavity mirrors are
coated on the crystal faces) [4]. Note a positive thermal lens of the gain material for stabilizing
the laser mode of microchip lasers is an important requirement [5]. This robust design is almost
insensitive to misalignment and leads to low intracavity losses, low laser threshold, good cavity
stability and very short cavity roundtrip time beneficial for achieving sub-ns pulses in passively
Q-switched lasers [6].

So far, only few crystals doped with rare-earth ions (RE3*) such as Nd**, Yb** or Tm3*
showing perfect cleavage have been applied for lasers in the near-IR, cf. Table 1. These include
borates (LaB3Og) [7], phosphates (YPO4 and LuPOy) [8,9] and molybdates (BaGd;(Mo00O4)4)
[10]. Other cleaving crystals were proposed as potential laser materials (e.g., CsGd(M00y4)3)
[11] but no laser operation has been reported so far. Yb**-doped materials are known for efficient
laser operation at ~1 pm on the 2Fs /2= 2F, /2 electronic transition. The Yb3* jon can be easily
pumped by commercially available high-power InGaAs laser diodes emitting at ~0.96-0.98
um [12]. It also exhibits a simple energy level scheme eliminating parasitic energy-transfer
processes. In-band pumping of Yb3* leads to high pump Stokes efficiency, and, thus, reduced
heat load and slope efficiencies up to ~80% [13]. Moreover, as compared to Nd**, Yb** shows
larger Stark splitting of the ground-state (*F; /2) and, consequently, broader emission at ~1 um,
beneficial for broadly tunable and mode-locked lasers. Liu et al. reported on a diode-pumped
Yb:LuPOy, laser based on a (100)-oriented unprocessed as-grown crystal plate delivering 1.61
W at 1036-1040 nm with a slope efficiency of 75% [8]. Zhu et al. used cleaved plates of
Yb:BaGd(M004)4 and produced a similar output power (1.16 W at 1046-1054 nm) albeit with
much lower slope efficiency (20%) [1].

Table 1. Laser Performance? of RE3*-doped Cleaving Crystals

Crystal Plane t, mm Pou, W Ar, nm 1, % Py, W Ref.
Nd:LaB30¢ (101) 0.5 0.53 1060 49 ~0.03 [7]
Nd:YPO4 (010) 0.6 2.16 1063 56.4 0.22 [9]
Nd:BaGd;(MoO4)4 (010) 1.1 0.70 1061 51 <0.01 [14]
Yb:LuPOy4 (100) 0.3 1.61 1036-1040 75 0.17 [8]
Yb:BaGd;(MoOy)4 (010) 4.0 1.16 1046-1054 20 5.8 [1]
Yb:KY(MoOy); (100) 0.29 0.81 1021-1044 76.4 0.06 This work
Tm:KY(MoO,), (100) 0.70 0.88 1840-1905 65.8 0.21 [3]
Tm:BaGd(MoO4)4 (010) 1.6 0.35 1905-1921 49 0.1 [10]

“t - thickness, Poy - output power, Ar, - laser wavelength, 7 -slope efficiency, Py, - laser threshold.

Among the host crystals for Yb** doping, complex tungstates and molybdates are attracting a
lot of attention. Their advantages include: (i) high attainable Yb3* doping concentrations; (ii)
weak luminescence quenching, (iii) low non-radiative relaxations and luminescence quantum
yields approaching unity, (iv) polarized, intense and broad absorption and emission bands at 1 ym,
and (v) Raman activity. A prominent example is the crystal family of monoclinic double tungstates
with chemical formula KLn(WO,),, where Ln=Gd, Y or Lu [15,16]. Efficient continuous-wave
[12,17], passively Q-switched [6] and especially mode-locked [18,19] Yb:KLn(WOy), lasers
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are known. Thin-disk lasers based on these materials were also demonstrated using thin bulk or
epitaxial samples [20,21].

Compared to the above mentioned potassium double tungstates, their double molybdate (DMo)
counterparts with chemical formula KLn(MoOy), have been barely studied. One example of
the DMo crystal family is potassium yttrium double molybdate, KY(Mo0O4), [22-24]. Itis
orthorhombic and exhibits an interesting layered structure together with a low-symmetry site
for the RE ions (C3) leading to a strong anisotropy of the optical properties as well as to the
natural cleavage habit [22]. The structure and vibronic properties of undoped KY(MoO4)2 have
been reported [25,26]. The RE** site symmetry was revealed using Eu** as a structural probe
[22]. Very recently, we achieved laser operation in cleaved single-crystalline plates and thin films
of Tm:KY(Mo0Oy4); [3]. A crystal-plate laser generated 0.88 W at 1840-1905nm with a slope
efficiency of 65.8%. The concept of the thin-film laser using cleaved Nd:KY(MoOy), was first
proposed [27] by Kaminski et al.

In the present work, we demonstrate laser operation of a Yb:KY(Mo0Q4); crystal, for the first
time to the best of our knowledge, by using its perfect cleavage feature.

2. Crystal growth

The Yb:KY(Mo0Oy), compound melts at ~1243 K. The single crystals were grown by the Low
Temperature Gradient (LTG) Czochralski method [28]. As raw materials, we used Y,O3 (purity:
5N), Yb,03 (4N), MoO3 (4N) and K,COj3 (5N) taken according to the composition 95-93mol%
KY.97Ybg.03(M0Qy), solute — 5-7 mol% K;Mo301( solvent assuming substitution of Y3* ions
by the Yb3* dopants (3 at.% Yb). The potassium trimolybdate (K;Mo301) was added to the melt
to prevent its partial dissociation resulting in the formation of yttrium oxomolybdate (Y,Mo0Og)
and, thus, to stabilize the growth process [22]. The raw materials were mixed and placed in a
Pt crucible. It was heated up to ~1320 K in air and kept at this temperature for 2-3 hours to
homogenize the melt. Then, it was cooled to ~1240 K (the temperature where the growth started).
A [100]-oriented seed from an undoped KY(Mo0Oy), was used. It was rotated at 20 rpm, the
pulling rate was 1-2 mm/h and the cooling rate was ~2 K/day. The temperature gradient in the
melt was below 3 K/cm (in the vertical direction). After completing the growth, the crystal was
removed from the melt and slowly cooled down to room temperature (RT, 293 K). No annealing
was applied. More details can be found elsewhere [3,22].

The as-grown crystals were transparent and colorless, Fig. 1. They had a cylindrical shape
with an elliptic cross-section with the semiaxes oriented along the [010] and [001] directions.
Neither cracks nor inclusions were observed. The crystals showed an easy cleavage along the
(100) plane (orthogonal to the growth direction). The orientation of the [010] and [001] axes was
determined by single-crystal X-ray diffraction.

e ,ym* Siisy

Fig. 1. A photograph of as-grown 3 at.% Yb:KY(MoQy), crystals. The growth direction is
along the [100] crystallographic axis.
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The actual Yb** doping concentration was determined by Energy Dispersive X-ray (EDX)
spectroscopy to be Nyp = 2.3 +0.5x10%° cm™ (~3.0 at.% Yb), so that the segregation coefficient
for Yb3* doping Ky = Nerystal/Nmelr Was close to unity.

3. Crystal structure
3.1. Rietveld refinement

The structure and phase purity of the 3 at.% Yb:KY(MoOy), was confirmed by X-ray powder
diffraction (XRD), Fig. 2(a). The measurements were carried out in a 0-0 Bragg Brentano
configuration using a Siemens D-5000 powder X-ray diffractometer with Cu Ko (1.5406 A)
radiation. The XRD pattern was recorded in a 20 range from 10° to 65°, a step size of 0.02°
and a step time of 16 s. The crystal belongs to the orthorhombic class (sp. gr. Pbna — D'y,
centrosymmetric point group 2/m). Note that we use the non-conventional space group (the
standard one is Pbcn, No. 60), following the early publications [25,29]. The unit cell parameters
refined using the Le Bail method are: a =18.212(2) A, b=7.9343(6) A, ¢ =5.0705(5) A (number
of the formula units in the unit-cell Z=4). The obtained R-factors were Ry, =6.44% and
Rexp = 5.19% (the reduced y-squared value xz = (pr/Rexp)z =1.54). The calculated volume of
the unit cell V is 732.7(1) A3 and the crystal density pcac =4.083(6) g/cm3. The structure from
[22] was taken as the starting one for the refinement. The fractional atomic coordinates were
refined by the Rietveld method using the TOPAS software, see the results in Table 2, with the
fixed unit cell parameters obtained by the Le Bail’s method and considering the (100) preferred
orientation. For this refinement, Ry, = 8.90% and Rexp =5.19% (x2 =2.94). Figure 2 shows the
Rietveld refinement plot with the observed, calculated and difference patterns. No other phases
except the orthorhombic one are found in the pattern. The min / max residual electron densities
are -0.6 /A3 and +0.1 e/A3, respectively.
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Fig. 2. (a) Rietveld analysis of the RT X-ray powder diffraction (XRD) pattern of a 3 at.%
Yb:KY(MoOy), crystal, the numbers denote the Miller’s indices (hkl) for the sp. gr. Pbna;
(b,c) Ilustration of the layered structure of the Yb:KY(Mo0Q4); crystal: (b) three-dimensional
view, (c) a projection of the a-c plane. Black rectangle denotes the unit-cell.

The unit-cell parameters are slightly smaller than those for undoped KY(MoOy);, a=18.23
A, b=795 A, c=5.07 A [25]. In KY(Mo0O,),, the Yb3* jons substitute for the Y>* ones in
a single type of crystallographic sites (Wyckoff symbol: 4c, site symmetry: C,, coordination
number (C.N.): VIII). The corresponding ionic radii are Ry, = 0.985 A and Ry =1.019 A for
VIII-fold oxygen coordination [30], explaining the observed decrease of the lattice constants. The
closeness of the ionic radii of Yb** and Y3*, the existence of the orthorhombic stoichiometric
KYb(MoOy), phase [31] and the homovalent doping mechanism also explain the observed Ky
~ 1.
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Table 2. Fractional Atomic Coordinates (x, y, z), Occupancy Factors (O.F.) and Temperature Factors
(Biso) for 3 at.% Yb:KY(MoOj,), (Space Group Pbna)

Atom Wyckoff symbol X y b4 O.F. Biso

K 4c 0.2713(4) 0.25 0 1 2.6(3)

Y 4c 0.5060(2) 0.25 0 0.97 0.94(1)
Yb 4c 0.5060(2) 0.25 0 0.03 0.94(1)
Mo 8d 0.1014(1) -0.0163(3) 0.0204(6) 1 0.83(8)
01 8d 0.1885(6) 0.531(2) 0.102(2) 1 1.6(2)
02 8d 0.1001(1) 0.834(2) 0.245(2) 1 1.6(2)
03 8d 0.1039(1) 0.164(2) 0.230(2) 1 1.6(2)
04 8d 0.4716(7) -0.034(4) 0.2804(2) 1 1.6(2)

Using the refined atomic coordinates, the structure of Yb:KY(MoOy); is illustrated in Fig. 2(b,c).
The corresponding interatomic distances are listed in Table 3. The C.N. for Mo®* cations is 4 + 1:
a distorted tetrahedral coordination (with 4 closely located oxygens, with the Mo — O distances
lying in the range 1.644(8) — 1.847(6) A and 1 more distant oxygen at 2.5735 A). For K*, the
C.N. is 6 + 4, defined in a similar manner. The closest 6 oxygens are at 2.742(1) - 2.759(6) A,
while the other oxygens are at 3.335(2) — 4.223(0) A. Such a coordination behavior is common
for tungstates and molybdates with a C.N. of W (or Mo) of V or VI, where the cation — anion
distances may vary in a broad range, so that a formal definition of the C.N. is not possible [25].
For the distorted [Y|YbOg] polyhedra (bicapped octahedra), the bond lengths are in the range
2.26(2) - 2.74(3) A. The belts of edge-sharing [Y|YbOg] polyhedra run along the b-axis. Along
the c-axis, they are separated by an empty polyhedron which is sharing 4 edges with four [MoO4]
tetrahedra. Each Mo-tetrahedron connects two translationally identical belts of Y-polyhedra and,
simultaneously, it connects the corners of two adjacent Y-polyhedra (within the belt). Thus, the
multi-layer structure of Yb:KY(MoOQ4), is determined by [Y|Yb(MoQ4),] layers (lying in the b-c
plane) formed by [MoOy] tetrahedra and [Y|YbOg] polyhedra and containing cavities, as well as
zigzag K*-layers separating two neighboring [Y|Yb(MoO4),] layers. The zigzag K*-layers are
more loose than the [Y|Yb(Mo0Oy),] ones. Moreover, the latter are separated by a relatively large
a/2 spacing of 9.106 A. This determines the natural cleavage along the (100) plane.

Table 3. Selected Interatomic Distances in 3 at.% Yb:KY(MoO,)»

Distances (A)

[Y|Yb]Og [M0]O4+1 [K106.+4
Y|Yb-04=2261(2) X2 Mo - 03 =1.784(6) x1 K-01=2.742(1) X2
Y|Yb-03=2.348(0) x2 Mo - 04 =1.847(6) x1 K-01"=2.759(6) x2
Y|Yb-02=2418(9) x2 Mo - 02 =1.644(8) x1 K-02=2.756(2) x2
Y|Yb-04’=2.743(1) x2 Mo - 01 =1.708(7) x1 K- 02’ =3.335(2)x1

Y|Yb-Y|Yb=3.973(2) x2¢ Mo - 04=2.5735 x1 K-01*=3.587(6) x2
Y|Yb - Y|Yb=5.071(5) x2" K-03=4.223(0)x 1

@bThe shortest Y|Yb — Y|Yb distances are added for comparison.
“Along the b-axis.
b Along the c-axis (sp. gr. Pbna).

The shortest Y|Yb — Y|Yb distance is 3.973 A (along the b-axis, in the layer plane). It is
relatively long and similar to that (Y — Y) in the monoclinic KY(WQ4), crystal (4.06 A) [22].
This distance determines the weak cross-talk of Yb** ions (weak concentration quenching of
luminescence) along the a-axis (orthogonal to the layer plane), 9.45 A.
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The coefficients of thermal expansion (CTE) of Yb:KY(MoOy), were calculated from the
temperature dependence of the lattice constants determined by high-temperature powder XRD.
For the XRD studies in the temperature range of 300-550 K, we used a temperature chamber
(HTK10). The heating rate was 0.17 K/s with a delay of 300 s before each measurement. The
20 angle varied from 10° to 70° with a step size of 0.03° and a step time of 5 s. The relative
evolution of the unit cell parameters with temperature is shown in Fig. 3. The linear thermal
expansion tensor («;j) in abc frame was obtained from the slopes of the linear fits shown in Fig. 3.

Thus, () is:
383 0 0
(@)=| 0 234 0 [x107°K. (1)
0 0 5.36

The coefficient of the volumetric thermal expansion, @y = @, + @} + @ is 67. 1x107¢ K~!.

300 350 400 450 500 550
Temperature (K)

Fig. 3. Relative thermal evolution of the unit cell parameters of 3 at.% Yb:KY(MoOy4),
with the temperature up to 550 K.

The anisotropy of the thermal expansion in Yb:KY(MoOy); is relatively strong, as expressed
by the ratios @, : @, =1.64 and @, : @, =7.15. The thermal expansion in KY(MoOQ4,), is stronger
than in its double tungstate counterpart. Indeed, for KY(WO4),, @, =8.4, @, =2.0 and @+ = 19.8
[1076 K~1] [32].

The thermal conductivity of KY(MoOQy); is unknown but it is expected to be higher in the
layer plane.

By mechanical cleavage orthogonal to the crystal growth direction (along the (100) plane),
we produced single-crystalline plates of Yb:K'Y(MoOy), with a thickness (#) as thin as 100 pm.
They were studied by Scanning Electron Microscopy (SEM) using a MERLIN microscope (Carl
Zeiss). Under bending, the plates exhibited an elastic deformation along the [010] axis and broke
with the fracture edge running parallel to the [001] axis, Fig. 4(a). This SEM image shows
multiple “steps” parallel to the (100) cleavage plane. Both surfaces of the cleaved plates had
mirror-quality. No polishing was applied to them. The SEM study in the um-scale revealed dark
flower-like defects, Fig. 4(b); however, the concentration of these defects was low. The clean
aperture of the obtained crystal-plates was >1 cm?. They contained no macroscopic cracks.

3.2. Raman spectra

Molybdate crystals are known as efficient Raman-active materials. Thus, Yb:KY(Mo00O4), can
serve for self-frequency Raman conversion. The RT polarized Raman spectra were measured
using a confocal Raman microscope (Renishaw inVia) equipped with an x50 objective, an edge
filter and an Ar* ion laser (488 nm). A cleaved crystal plate (a-cut) was used and the excitation /
collection geometries were a(mn)a, where m, n=b, ¢ (according to Porto’s notations).
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Fig. 4. Scanning Electron Microscope (SEM) images of a cleaved single-crystal plate of 3
at.% Yb:KY(MoOy);: (a) the fracture edge of the plate running along the c-axis, the a-axis
is vertical; (b) the plate surface parallel to the (100) plane showing flower-like defects.

The Raman spectra are shown in Fig. 5. They are strongly polarized with the most intense
Raman response in the a(bb)a geometry. The observed bands are classified into three groups
of vibrations [22,26]. The low-frequency range, 80-272 cm™!, contains translational (7”) and
rotational (R’) modes of the K, Y|Yb and Mo cations. Internal bending vibrations (&) of the
oxygen bridged [MoOy4] tetrahedra are observed in the intermediate frequency range, 315435
cm™!. The high-frequency range, 726-944 cm™!, contains intense stretching vibrations (v) of
these tetrahedra. The gap in the Raman spectra (500-700 cm™) is due to the relatively weak
oxygen linkage of the [MoOy] tetrahedra in the layer plane. This feature is similar to the one
found in scheelite (CaWO,) type double tungstate and molybdate crystals with isolated [WO4]
tetrahedra [33].

-
S

Exc. 488nm
a(bc)a
—— a(bb)a

a(chb)a

[N
o N
T

Intensity (x10'3, counts)

o N A O @
T T T T

Raman shift (cm‘1)

Fig. 5. RT Raman spectra of the 3 at.% Yb:KY(MoOQy); crystal for the a(mn)a, m, n=b,
¢ geometries (Porto’s notations), Adexc =488 nm, numbers indicate the peak frequencies in

cm

The most intense Raman mode is at 865 cm™! with a width at half maximum (FWHM) of 18.8
cm™!. The maximum phonon energy hvyay is 944 cm™!.

4. Optical spectroscopy
4.1. Optical absorption

Orthorhombic KY(MoOy); is an optically biaxial crystal. Only a mean value of its refractive
index is known, ~ 1.95. KY(Mo0O4), shows a strong birefringence, An =0.018-0.087 [34]. The
optical indicatrix axes coincide with the crystallographic axes. We will denote the principal light
polarizations as E || a, b and c.

The absorption spectra were measured using a Varian CARY-5000 spectrophotometer (0.3-2
pum) and a FTIR spectrometer Bruker Tensor 27 (2-7 um). A Glan-Taylor prism was used for
polarization-resolved studies.
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The transmission spectrum of a ~1 cm-thick 3 at.% Yb:KY(MoOQy); crystal sample is shown
in Fig. 6(a) revealing a transparency range from 0.33 to 3.4 um (extending up to 5 um to some
extent). The structured absorption at longer wavelengths is related to the v vibrations of the
MoOj tetrahedra. The infrared cut-off is due to the 2v; overtone peak of the [MoO4]*~ group
fundamental vibration.

10— lu — " 2.0
unpolarize
@ light (c) rived

~80 (100) plate 1 1.6 ﬂg toanze
& —~
e o
560 oS 1.2
1]
b 8
2 o
@40 08
®
= @©
L 5

20 vb3* 0.4

0 . R el 0.0 .

1 2 3 4 5 6 7 900 925 950 975 1000 1025 1050 1075 30 32 34 36 38 4.0
Wavelength (um) Wavelength (nm) Photon energy (eV)

Fig. 6. RT absorption properties of a 3 at.% Yb:KY(MoOQy), crystal: (a) unpolarized
transmission spectrum of a ~1 cm-thick (100)-oriented crystal plate; (b) absorption cross-
section, o, spectra for light polarizations E || a, b, ¢. The arrow indicates the pump
wavelength used in the laser experiments; (c) Tauc plot for the evaluation of the optical
bandgap (Eg), Epp — photon energy.

The absorption at ~1 pm originates from the 2F—; /2 = 2F5/2 transition of Yb?* ions. It is
analyzed in Fig. 6(b) in terms of absorption cross-sections, 0 aps = @abs/Nyb (@abs - absorption
coefficient) for the principal light polarizations E || a, b, ¢. The absorption spectra exhibit strong
polarization anisotropy. The maximum o s is 1.77x1072° cm? at 977.1 nm and the FWHM
of the absorption peak is 19.6 nm for light polarization E || b. This wavelength corresponds to
the zero-phonon line (ZPL, see below) transition at RT. For the other two light polarizations,
the absorption cross-sections are lower, as expressed by the ratios o-aps(b) : 0 aps(c) = 1.26 and
Tabs(D) : oaps(@)=4.2 at ~980 nm. This anisotropy arises, in part, from the layered crystal
structure (note the significant drop of the optical absorption for light polarized orthogonal to
the b-c layer plane) and, in part, from the low symmetry of the Yb3* site. The observed broad
absorption spectra qualify Yb:K'Y(MoO4), for diode-pumping by InGaAs laser diodes emitting
at ~980 nm.

The absorption cross-sections in Yb:KY(Mo00Qy); are lower than those for the monoclinic
Yb:KY(WO,), crystal: o-4ps = 10.8x10720 cm? at 981.0 nm corresponding a narrower FWHM of
4.0 nm (for light polarization E || Np,) [35].

The optical bandgap of Yb:KY(MoOy), was evaluated with the Tauc plot, i.e, by plotting
(aabstph)2 vs. the photon energy Ep, = h(c/A). The intersection of the linear fit of the obtained
plot with the horizontal axis yields Ey =3.72 eV (the wavelength of the UV absorption edge is
~330 nm).

4.2. Luminescence: spectra and lifetime

The polarized luminescence spectra were measured using an optical spectrum analyzer (OSA,
Hamamatsu, AQ6373) and a Glan-Taylor polarizer. The stimulated-emission (SE) cross-sections,
osg, for i-th polarization (i =a, b, ¢) were calculated from the measured luminescence spectra
calibrated for the spectral response of the set-up W’ (A1) using the Fiichtbauer-Ladenburg (F-L)
formula [36]:

Yo 3WI(A)
8 () Tragc 2 / AW! (A)da’

i=a,b,c

o) = @
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where A is the wavelength, ~ 1.95 is the refractive index, c is the speed of light in vacuum and
Trad =458 ps is the radiative lifetime of the emitting level (%Fs /2), see below. The results are
shown in Fig. 7(a).

For Yb:KY(Mo0Qy,);, the maximum o gg amounts to 3.70x1072 cm? at 1008.0 nm and the
emission bandwidth (FWHM) Alem is 37.0 nm for the high-gain light polarization E || b. The
emission spectra are also strongly polarized, as expressed by the ratios o"sg(b) : ose(c) = 3.9 and
ose(b): ose(@)=6.0 at ~1.01 pm. These high ratios are a prerequisite for linearly polarized laser
emission. Note that (100)-oriented crystal plates give access to the preferable light polarization
E || b. Compared to its monoclinic double tungstate counterpart, Yb:KY(WO,),, for which
osg=3.2x10720 cm? at 1021.9 nm with Adey, =30.2nm for E || Ny [35], Yb:KY(Mo0O4),
provides higher SE cross-sections and broader emission bandwidth. These are attractive features
for broadly tunable and ultrashort-pulse lasers at ~1 um.
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Fig. 7. Emission properties of Yb3+:KY(M004)2: (a) stimulated-emission (SE) cross-
sections, o-gg, for light polarizations E || @, b and ¢. The arrow indicates the observed laser
wavelength; (b) gain cross-sections, 0"gain = 0°Sg — (1 = B)0abs, B= N2(2F5 /2)/Nyy is the
inversion ratio, the light polarization is E || b; (c) luminescence decay curve for a cleaved
film, Aexc =930 nm, Ay, = 1030 nm, symbols: experimental data, line: single-exponential
fit.

For the Yb** ion, exhibiting reabsorption at the laser wavelength, the spectral behavior of
the laser depends on the output-coupling losses via the rate of inversion in the gain medium,
expressed by the inversion ratio 8= N,(*Fs /2)/Nyy, where N is the population of the upper
level (*Fs ;2) and N1 + N, = Nyy,. Thus, the gain cross-sections, o gajn = 0°sg — (1 — B)0 s, are
calculated to predict the possible laser wavelengths for different 8. The gain spectra for light
polarization E || b are shown in Fig. 7(b). For small 8 < 0.03, the gain spectra are very flat
and broad extending from ~1040 nm to 1100 nm. For intermediate inversion ratios 0.05 < 8 <
0.10, a local peak in the spectra appears at ~1039 nm. For even higher inversion ratios, another
maximum at a shorter wavelength of ~1019 nm is observed. For 8 =0.15, the gain bandwidth
AAg is 33.0 nm in agreement with the luminescence studies.

The luminescence decay curve of the sample was measured using an InGaAs photodetector
under ns pulse excitation from an optical parametric oscillator (Horizon, Continuum) tuned
to 930 nm, a 1/4 m monochromator (Oriel 77200) and an 8 GHz oscilloscope (DSA70804B,
Tektronix). A thin (~30 pm) cleaved film was used to avoid the effect of radiation trapping. The
decay curve plotted in a semi-log scale, Fig. 7(c), is single-exponential in agreement with a single
type of Yb3* sites. The luminescence decay time Ty, =458 ps is longer than that of monoclinic
Yb:KY(WOy); crystals (Tjym =231 ps [35]).

4.3. Crystal-field splitting

For Yb3* ions in C;, sites, each 25*!L; multiplet is split into J + 1/2 Stark sub-levels which are
numbered as 0. .. 3 for the ground-state (*F; ,2) and 0’. . .2’ for the excited-state (%*Fs ;2). To



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

240

Research Article Vol. 10, No. 10/1 October 2020/ Optical Materials Express 2365 |

GPHCIIVEE IS EXPRES S . m

resolve their energies, we measured the unpolarized absorption and luminescence spectra at low
temperature (LT, 6 K) using an Oxford Instruments Ltd. cryostat (model SU 12) with helium-gas
close-cycle flow. The results are shown in Fig. 8. The LT spectra were interpreted accounting for
the Raman spectra in order to assign the possible vibronic sidebands.
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Fig. 8. Absorption and luminescence spectra of Yb>*:KY(MoOy4), plotted vs. the energy
difference (Epy, — Ezpr ), Where Epy, = h(c/4) is the photon energy and Ezpy, = 10246 em™ is
the zero-phonon line (ZPL) energy, measured at LT (6 K) and RT (293 K) with unpolarized
light. For LT emission spectra, dexc =976 nm. Electronic transitions are indicated as i < j’,
phonon sidebands — as hv.

The zero-phonon line (ZPL) is the transition between the lowest Stark sub-levels of both
multiplets, designated as 0 <> 0. It is observed at 10246 cm™! corresponding to the wavelength
of 976.0 nm (at 6 K). The full set of energy-levels of Yb**:KY(MoOy), is 2F7/2 = (0, 315, 411,
601) cm™! and 2Fs); = (10246, 10440, 10749) cm™!, see Fig. 9(a), showing the energy-level
scheme and the wavelengths of the electronic transitions in absorption and emission. In particular,
the emission peak at ~1007 nm corresponding to the maximum SE cross-sections is assigned to
the 0’ — 1 transition. The partition functions for the lower (m = 1) and upper (m = 2) manifolds
are Z) = 1.397 and Z, = 1.469 (the ratio Z,/Z; =0.951). The determined crystal-field splitting
is different from that in monoclinic Yb:KY(WOy), for which 2F; 12=(0, 169, 407, 568) cm™!
and 2F5 /2=(10187, 10476, 10695) cm™! [16]. In particular, the total Stark splitting of the
ground-state, AECF; /2), is larger for Yb:KY(MoOy); (601 cm™!), which explains the broadband
emission properties of this material.
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Fig. 9. (a) Crystal-field splitting of the Yb>* ion in the KY(MoOy); crystal (site symmetry:
C3), Zy(y) are the partition functions for the ground- and excited-state, respectively, arrows
indicate the transitions in absorption / emission at 6 K; (b) barycenter plot [37] for the Yb3*
ion showing the position of Yb:KY(WO,), and Yb:KY(MoOy), crystals (blue circles).

Previously, for the isostructural KYb(MoOy),, it was pointed out that even at LT, the spectra
of the Yb3* ion revealed a strong electron-phonon coupling [31]. Thus, the assignment of the
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Stark levels was complicated. The following splitting for the ground-state (F, /2) was proposed:
(0, 240, 460, 460) cm™. This poorly agrees with our data.

For all RE ions, the barycenter energy of any isolated 25*1 Ly 4f" multiplet depends linearly on
the barycenter energy of any other isolated multiplet. This relation is expressed by the barycenter
plot [37], Fig. 9(b). The determined barycenter energies < E(*Fs /2)> and < ECF, /2)> agree well
with the linear fit to this plot, expressed by the equation E(*Fs 12) =10166.6 + 0.997xE(*F; /2)
cm™!, where Ep = 10166.6 cm™! denotes the energy of the Yb3* excited-state for a free-ion. This
confirms the correctness of the constructed energy-level scheme.

5. Laser operation
5.1. Laser set-up

The active elements for the laser experiments were fabricated by mechanical cleavage of the
3 at.% bulk Yb:KY(Mo0Oy), crystal along the (100) plane. In this way, we produced a thin
cleaved crystal-plate with a thickness =286 um and a high uniformity of +2 um over the
clear aperture. No post-cleavage treatment (e.g., polishing) was applied to both surfaces which
remained uncoated. The crystal orientation corresponded to light propagation along the a-axis
(a-cut) which is beneficial for the pump absorption providing access to light polarizations E || b
and E || ¢ with higher o, values, Fig. 6(b).

For laser experiments, we selected a plano-plano (microchip) laser cavity, Fig. 10, formed by a
flat pump mirror (PM) coated for high transmission (HT) at ~0.97 um and for high reflection
(HR) at 1.02-1.2 um, and a set of flat output couplers (OCs) with a transmission at the laser
wavelength Toc of 0.5%-10%. Both cavity mirrors were gently pressed towards the crystal-plate
resulting in a nearly monolithic design. The geometrical cavity length L.,, nearly equaled the
crystal-plate thickness ¢. The whole stack (cavity mirrors and crystal-plate) was passively cooled.

N.A.=0.22
@=105um PM OC
output
-Q ..... .‘1;1' - -
LD
~068NM e
Lens ’Crystal

Fig. 10. Scheme of the diode-pumped 3 at.% Yb:KY(MoOy), cleaved crystal-plate
microchip laser: LD — laser diode, PM — pump mirror, OC — output coupler.

As a pump source, we employed an InGaAs fiber coupled laser diode (fiber core diameter:
105 pm; numerical aperture (N.A.): 0.22) emitting unpolarized output at a central wavelength of
~968 nm. The pump was collimated and focused into the crystal through the PM using a lens
assembly (reimaging ratio: 1:1, focal length: f=30 mm). The pump spot diameter 2wp in the
focus was 100 + 10 um. The crystal-plate was pumped in a double-pass, as all the used OCs
provided reflection at the pump wavelength, R =~ 90%. The total pump absorption in two passes
was estimated from the small-signal value accounting for the Fresnel losses at the uncoated
crystal surfaces and amounted to 9.4%. In one pass, 7absp =1 — €Xp(—<0T abs>Nypt) = 4.8%,
where <o s> =0.75%10"2 cm? is the polarization-averaged absorption cross-section. This
value does not account for the ground-state bleaching but at the same time it does not overestimate
the laser slope efficiency. Due to the small leakage of the residual pump through the OC, it was
difficult to estimate the pump absorption under lasing conditions.

A long-pass filter (FEL1000, Thorlabs) separated the laser output and the residual pump. The
laser emission spectra were measured with an accuracy of +0.2 nm.
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5.2. Laser performance

Laser operation was achieved for all the employed OCs. The CW input-output dependences of
the diode-pumped microchip cleaved crystal-plate Yb:K'Y(MoOQ4), laser are shown in Fig. 11(a).
For the 1% OC, the laser generated a maximum output power of 0.81 W at 1021-1044 nm with
a high slope efficiency (1) of 76.4% vs. the absorbed pump power P,,s. The laser threshold
Py, was as low as 56 mW whilst the optical-to-optical efficiency (vs. the pump power incident
on the crystal) 7o, Was rather low, 7.0%, owing to the low pump absorption in the thin crystal.
With increasing the output coupling, the laser threshold gradually increased, from 55 mW for
Toc =0.5% to 143 mW for Toc = 10%. The input-output dependences were linear for all the
OCs. The absorbed pump power in the crystal-plate P, was limited to below 1.1 W in order to
avoid thermal fracture of the passively cooled crystal.
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Fig. 11. Diode-pumped Yb:KY(MoOy), cleaved crystal-plate microchip laser: (a) input-
output dependences, 1 — slope efficiency; (b) typical laser emission spectra measured at
Paps = 1.0 W. The laser polarization is E || b.

Typical laser emission spectra are shown in Fig. 11(b). The spectra experienced a blue-shift
with the increase of the output coupling: from 1020-1051 nm for Toc = 0.5% to 1012-1020 nm
for Toc = 10%. This is due to the quasi-three level nature of the Yb>* laser transition 2Fs /2

— 2F, /2 exhibiting reabsorption. The observed spectral behavior agrees with the gain spectra
for E || b, Fig. 7(b). The laser output was linearly polarized (E || ) naturally selected by the
anisotropy of the gain.

The laser spectra were modulated by etalon (Fabry-Perot) effects showing two wavelength
separations, A1; =1.0+0.1 nm and A4, =6.2 +0.5 nm. The smaller one is attributed to the
etalon effect of the crystal itself and the larger one — to the residual small airgap between the
crystal and one of the cavity mirrors. The free spectral range (FSR) of the Fabry-Perot etalon
with a thickness ¢ and a refractive index n at normal incidence is Adgsg ~ A%/(2nf) which yields
0.95 nm for the crystal (t =286 pm and <A> = 1030 nm). The thickness of the equivalent airgap
is ~90 pm. The roughly 20 nm broad laser spectra originated from the large gain bandwidth of
Yb** in KY(MoOy),.

The laser operation in the plano-plano cavity indicated a positive thermal lens for a-cut
Yb:KY(Mo00O,),. Positive thermal lens was observed also for monoclinic Yb:KY(WO,), crystal
[38] and ascribed to the counteraction of negative thermo-optic coefficients dn/dT [39] and the
positive thermal expansion. Negative dn/dT values were also measured for tetragonal double
molybdates [40]. Note that for Yb:K'Y(Mo00O4)., the largest coefficient of linear thermal expansion
(38.3x107% K™!) is along the a-axis which may explain the positive thermal lens for the present
crystal cut.
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6. Conclusion

To conclude, we report on the growth, structure refinement by the Rietveld method, polarized
room-temperature spectroscopy and crystal-field splitting (at 6 K), and first laser operation
of Yb**-doped potassium yttrium double molybdate, Yb:KY(MoOQy,),. Its layered crystal
structure dictates a strong polarization-anisotropy of the transition cross-sections for the Yb>*
dopant and a perfect natural cleavage habit along the (100) plane. Mechanically cleaved thin
crystal films and plates with a thickness as thin as tens of um can be directly applied as gain
medium for laser operation. We report on a watt-level output from a diode-pumped microchip 3
at.% Yb:KY(MoOs4); crystal-plate laser operating with a high slope efficiency (76.4%) almost
approaching the Stokes limit. Highly Yb>*-doped KY(MoO4), crystal plates and films (e.g., up
to 10 at.%, as obtained in our preliminary growth experiments) are attractive for short-pulse
(sub-ns) passively Q-switched microchip lasers, as well as thin-disk lasers.
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Abstract: We report on the crystal growth and spectroscopy of novel orthorhombic Tm:KY(MoO4)2
crystals with a layered structure. CW 2-um laser operation in cleaved single-crystal plates and films of
Tm:KY(MoOys); (thickness: down to 70 um) is achieved. © 2019 The Author(s)

OCIS codes: (140.3380) Laser materials; (140.3070) Infrared and far-infrared lasers; (310.6845) Thin film devices and
applications.

1. Introduction

Monoclinic double tungstate crystals, KRE(WO,), (where RE = Gd, Y, Lu) are known for doping with rare-earth ions,
e.g., Yb** or Tm*" leading to efficient lasing in the near-IR [1]. This is because of high available doping concentrations,
broad and intense emission bands for polarized light, weak non-radiative path and Raman activity. Similar properties are
expected for their double molybdate (DMo) counterparts, KRE(MoOs).. Such crystals are orthorhombic and they feature
a layered structure enhancing the polarization-anisotropy of the spectroscopic properties [2] and leading to a perfect
cleavage feature that can be utilized in microchip or thin-film lasers [3]. Recently, efficient ~1 um lasers based on single-
crystal plates were demonstrated [4]. However, orthorhombic DMo are poorly studied especially for ~2 pm emission.

In the present work, we report on the crystal growth by the Czochralski (Cz) method, structural and spectroscopic
charcterization as well as the first laser operation of a novel representative of the DMo crystal family — the
orthorhombic Tm:KY(Mo0Oy); crystal.

2. Growth and Structure

The 3 at.% Tm:KY(MoOs). crystal (melting temperature: ~970 °C) was grown by A. Pavlyuk by the Cz method using a
[100]-oriented seed. 5—7 mol% of potassium trimolybdate (K2Mo3O10) were added to the melt to prevent its partial
dissociation. No post-growth annealing was applied. High optical quality crystal with a weak yellow coloration due
to Tm>* ions was obtained, Fig. 1(a). Its structure and phase purity were confirmed by XRD, Fig. 1(b). The crystal is
orthorhombic (sp. gr. D'y, — Pbna) with lattice constants a = 5.0782(4) A, b = 18.2206(6) A, ¢ = 7.9506(6) A. The
crystal exhibits a perfect cleavage along the (100) plane, see Fig. 1(c), due to its layered structure. We produced
(100)-oriented crystal plates and films (showing elastic deformation) with a thickness down to 70 pm. The crystal
features intense and strongly polarized Raman spectra with the most intense line at ~865 cm™.

3at%TmKY(MoO,),

(100) i
Cleavagei

O =2 N Wwhs OO N®

XRD intensity (x10'3, counts)

40 50 60
20 (degrees)

(b)

Fig. 1. Growth and structure of orthorhombic 3 at.% Tm:KY(MoO,), crystal: (a) as-grown boule, the growth direction is along the [100]
axis; (b) X-ray powder diffraction (XRD) pattern, numbers denote the Miller’s indices, (44l); (c) Scanning Electron Microscope (SEM)
image of the side surface of a cleaved single-crystal film.

3. Results and Discussion

KY(Mo0y), is an optically biaxial crystal with the optical indicatrix axes being parallel to the a, b, ¢ ones. It has a high
refractive index (n = 2). For (100)-oriented plates, there are two principal light polarizations available, E || b and E || c.
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The maximum absorption cross-section, cas, for the *Hs — 3Hs Tm>* transition is 8.6x10%° cm? at 802.8 nm (the
FWHM of the absorption peak is 10.0 nm) for the light polarization E || b, Fig. 2(a). The stimulated-emission cross-
sections, osg, were calculated using the Fiichtbauer—Ladenburg (F-L) formula, Fig. 2(b). The maximum oy, is 2.01x102
cm? at 1856.4 nm (for E || b) with an emission bandwidth of >110 nm. The luminescence decay from the 3F, state is
single-exponential, Fig. 2(c). The Tm** ions replace the Y>* ones in a single type of sites with the C, symmetry.

10 @ 25 T 1 j
a —E|lb (b) —E|a C
3, 3
8 Hg—>"Hy —Ell¢c 201% % —E|b =
o o z
£ € ]
° 6 ) ) 80 15 s Ty m=2-29ms
§ Hg—"F,4 D ©0,1
o o ~
c4 <10 =
'3 w 0
g & 5
o2 05 b=
= Exc. 800nm
Lum. 1860nm
9 00 0,01 ‘
50 800 8501600 1800 2000 1600 1700 1800 1900 2000 2100 012345673891
Wavelength (nm) Wavelength (nm) Time (ms)

Fig. 2. Spectroscopy of Tm** ions in orthorhombic KY(MoOy,), crystal: (a) absorption cross-sections, oy, for the *Hs — *H4 and *Hgs — °F,
transition; (b) stimulated-emission cross-sections, o, for the *F, — Hg transition; (c) luminescence decay curve, A, = 800 nm, A, = 1850 nm.

The laser operation was first studied with Ti:Sapphire laser pumping tuned at 802 nm. A 700 um-thick cleaved
crystal plate was used. It was not repolished and remained uncoated. The plate was pressed between a flat pump mirror
(PM) coated for HT at ~0.8 um and for HR at 1.8-2.1 pm and a set of flat output couplers (OCs) with a transmission of
1.5%...20% at the laser wavelength, Fig. 3(a). The pump radiation was focused into the crystal by a spherical lens (f= 60
mm). The pump absorption (2-passes of the pump) #as was 49.8%. The crystal-plate microchip laser generated a
maximum output power of 352 mW at ~1.95 um with a slope efficiency # = 57.6% and a laser threshold of 125 mW (for
Toc = 1.5%, vs. Pavs), Fig. 3(b,c). The laser output was linearly polarized (E || b) and spatially single-mode (M2, < 1.1).
Using a special “bandpass” OC, the laser operation at >2 pm (2052-2069 nm, in “vibronic” regime) was achieved.

Moreover, we fabricated a 70 um-thick crystal plate which was studied in a similar cavity under pumping by a fiber-
coupled AlGaAs laser diode at 802 nm. The pump was focused to a spot of 200 pm in diameter; #7.ps Was 9.0%. For Toc
= 1.5%, the laser generated 46 mW at 1861 nm with # = 12.1% and a laser threshold of only ~60 mW (Vs. Pis).

400
(b)

J MNOHD Toc=
Toc™ BP
Py ocC —_
3001 4" 504 n=57.6% 225 L
£ * 3% n=51.2% J 5 \ 20%
= 4 5% n=49.6% | 220
2200+ v 9% n=48.4% < & A 9%
3 20% n=319% 2o 215
- * BP 1=55.8% & 5%
3100 g10
3 / J 2 3%
s (100)-plate; < 0,5
o P t=700um | L 1.5%
0 150 300 450 600 750 900 1800 1850 1900 1950 2000 2050 2100
Absorbed pump power (mW) Wavelength (nm)

Fig. 3. Tm:KY(MoOy), single-crystal-plate laser: (a) photograph of the laser (PM — pump mirror, OC — output coupler); (b) input-output
dependences, 7 — slope efficiency; (b) typical laser emission spectra measured at Py, = 0.85 W. The (100)-oriented plate is 700 pm-thick;
the laser polarization is E || b. BP is a bandpass OC for laser operation >2 pm.

4. Conclusion

To conclude, the torthorhombic double molybdate crystal Tm:K'Y(MoOs), is a promising material for efficient ~2 pm
lasers because of its easy growth, high available doping levels, intense, broad and strongly polarized absorption and
emission bands and Raman activity. The layered structure of KY(MoO,), promotes the anisotropy of its optical
properties and allows one to fabricate easily laser-quality crystal plates and films with a thickness ranging from few mm
down to tens of um. This feature is of interest for microchip and thin-disk lasers. In particular, the long lifetime of the
upper laser level of Tm®" is attractive for passively Q-switched microchip lasers. In the present work, we achieved ~2 um
CW laser action in single-crystal plates (sub-mm) and films (sub-100 pm) featuring up to 57.6% slope efficiency.
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Laser operation

Monoclinic ytterbium-lithium codoped zinc monotungstate crystal (Yb%*+,Li*:ZnWOy) is a promising material for
laser opertation at ~1.06 pm. Absorption, oaps, and stimulated-emission, osg, cross-sections are determined for
light polarized along the optical indicatrix axes, E || Np, Niy and Ny. At room temperature, the maximum osg
amounts to 2.81 x 1072 ¢m? at 1055.6 nm (for E || Np) and the gain bandwidth reaches ~22 nm (for E || Ny).
The radiative lifetime of the upper laser level is 0.37 ms. The Stark splitting of Yb®* multiplets is resolved with
low-temperature (6 K) spectroscopy revealing a relatively large total splitting of the ground-state, AE(2F7/2) =
804 cm™?, being remarkably high as compared to other Yb>*-doped tungstate crystals. A notable inhomogeneous
broadening of the zero-phonon line is detected at 6 K. A continuous-wave diode-pumped 1.8 at.% Yb®*,Li*:
ZnWOy laser generated a maximum output power of 2.90 W at ~1059 nm with a slope efficiency of 57.9% and a
linearly polarized output (E || Np). Yb3,Li*:ZnWO, is attractive for broadly tunable and mode-locked oscillators.

1. Introduction

The ytterbium (Yb®") ion (electronic configuration: [Xe]4f'3) is a
major subject of research on laser emission at ~1 pm owing to its 2Fs»
— 2F; 5 transition. This is because of the following advantages: (i) easy
pumping by commercial InGaAs laser diodes emitting at ~0.96-0.98 ym
[1-3], (ii) simple energy-level scheme leading to high laser efficiencies
and weak heat loading [4,5], (iii) larger Stark splitting of the
ground-state (?F,) as compared with Nd** ion, leading to broader
wavelength tunability and the generation of ultrashort pulses in
mode-locked (ML) lasers [6], (iv) the absence of parasitic
energy-transfer processes [7].

* Corresponding author.
E-mail address: xavier.mateos@urv.cat (X. Mateos).

https://doi.org/10.1016/j.jlumin.2020.117811

Tungstate crystals with different crystallographic structures are
known as excellent hosts for Yb3* doping [8-11]. In general, they
benefit from high transition cross-sections for polarized light [8], broad
emission bands which are attractive for sub-100 fs ML lasers [6,9] and
strong Raman activity making self-frequency Raman conversion feasible
[12].

A prominent example is the crystal family of monoclinic (sp. gr. C2/
¢) potassium (rare-earth) double tungstates Yb:KRE(WQ,), where RE =
Gd, Y or Lu [8,13]. These crystals feature a substitutional rare-earth site
(symmetry: Cy) and easy Yb** doping. Efficient continuous-wave (CW)
[14,15], passively Q-switched (PQS) [16] and ML [6,17] Yb:KRE(WO,),
lasers are known. The drawback of these materials as laser gain media is
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their moderate thermal conductivity (<x> = 3.1 Wm K for KLu
(WOy), [18]) and strong anisotropic thermal expansion [19]. Another
difficulty is that all the KRE(WO,), representatives exhibit a poly-
morphic phase transformation below the melting point and the mono-
clinic low-temperature phase (a-phase) of interest for lasing cannot be
directly obtained from the melt, therefore the Top-Seeded Solution
Growth (TSSG) method (using a flux) [8] is needed for the growth of
these crystals.

A second family of tungstate crystals deeply studied for Yb* doping
comprises materials with a general chemical formula of ARE(WO4),
(where A = Li or Na and RE = La, Gd, Y, Lu or Bi) [9,20-22]. These
crystals belong to the tetragonal class (having a scheelite-like structure,
sp. gr. I4) and they are structurally disordered, as the A* and RE>*
cations share two non-equivalent sites (2b and 2d) [22]. This leads to a
significant inhomogeneous broadening of Yb®* emission bands. Laser
action in Yb®*-doped ARE(WO,), crystals was demonstrated and they
were found particularly attractive for ML oscillators [9]. The majority of
scheelite-like double tungstate crystals can be grown by the Czochralski
(Cz) method (from the melt) [23]. Because of the disordered structure,
the thermal conductivity of these crystals is relatively low, <> ~1.6
wm K", however, an “S” shaped dependence of thermal conductivity
on the temperature is observed leading to higher x values above room
temperature [24].

Recently, another crystal family of monoclinic (sp. gr. P2/c)
divalent-metal monotungstates M2*WO4 (where M = Mg, Cu, Ni, Co, Fe,
Zn, Mn or Cd) has attracted attention for doping with rare-earth ions
(RE3") with laser applications [10,25,26]. Two examples of such host
crystals are magnesium and zinc monotungstates, MgWO4 [27] and
ZnWO4  [28], respectively. These crystals offer better
thermo-mechanical properties in comparison with two above mentioned
families of tungstates, in particular, higher thermal conductivity (<x>
=8.7Wm K ! for MgWO4 [29]) and weaker anisotropy of the thermal
expansion [25], that is important for power scaling of lasers. The large
RE3* ions in the M2'WO, crystals substitute for the smaller
divalent-metal cations (e.g., Mg2+ or Zn2+) via a heterovalent mecha-
nism, so that the segregation coefficients Kgg of the RE3* dopants be-
tween the crystals and the fluxes are typically well below 1, and large
RE3* doping concentrations are hardly achievable in these materials
[26]. However, the differences in ionic radii and valence of the active
ions and the host-forming cations promote enlarged Stark splitting of the
RE>* multiplets and inhomogeneous broadening of the absorption and
emission bands [25,30].

So far, laser operation with RE>*-doped MgWOy crystals has been
demonstrated at ~1 pm (with Yb®*) [5,10] and at ~2 pm (with Tm3*
and Ho®") [25,31,32]. In the first report on Yb:MgWOy, the crystal
growth by the TSSG method, room-temperature (RT) spectroscopy and
preliminary laser experiment were described [10]. Later on, low tem-
perature (LT) spectroscopy and highly-efficient laser operation were
reported: a diode-pumped 1.25 at.% Yb:MgWO4 laser generated 18.2 W
at ~1056 nm with a slope efficiency of 89% and a linearly polarized
output [5]. In Ref. [33], an Yb:MgWO4, oscillator was mode-locked by a
SEmiconductor Saturable Absorber Mirror (SESAM) delivering 125 fs
pulses at 1065 nm with a repetition rate of 117 MHz. In Ref. [34], a
diode-pumped Yb:MgWO, laser generated an optical vortex beam cor-
responding to the first-order Laguerre-Gaussian doughnut beam (LGg,).

Compared to the research on RE>*-doped MgWO, crystals for laser
applications, much less attention has been paid to their zinc counter-
parts. However, unlike MgWO, ZnWO, crystals melt congruently at
1486 K and thus they can be easily grown by the conventional Czo-
chralski (Cz) method [35,36]. The thermal conductivity of undoped
ZnWOy is slightly higher than that for monoclinic double tungstates
(<k> up to 4.3 wWm K1) [24,37]. Undoped ZnWO, is well-known
during many years as a promising scintillating material [35,36]. So
far, one group repetitively presented the results on the growth and brief
optical characterization of ZnWO, crystals doped with Yb%*, Tm®*,
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Er’*, Ho®* and Dy>* [38-42]. Yang reported on laser operation of Yb:
ZnWOy, yielding 0.5 W at 1017 nm with an estimated slope efficiency of
only ~6% [38]. Tm:ZnWO, and Dy:ZnWO, lasers are also known [43,
44].

In the first part of this work [45], we presented the results on the Cz
crystal growth, its coloration, structure refinement and vibronic prop-
erties. In the present work, we assess the potential of Yb®*-doped zinc
tungstate as a promising laser material at ~1 pm. The polarized room
temperature (RT, 293 K) and low temperature (LT, down to 6 K) spec-
troscopy of Yb%'Li*:ZnWO, crystals are studied and efficient
diode-pumped laser operation is achieved.

2. Experimental
2.1. Crystal growth

For spectroscopic and laser studies, two ZnWOy4 crystals codoped
with (5 at% Yb*', 5 at.% Li*) and (3 at.% Yb>', 3 at.% Li") ions
(nominal composition, in the growth charge) were grown by the Czo-
chralski method. The growth was performed in Pt/Rh crucibles. The
starting materials were WO3, ZnO, LiCO3 (as the source of Li* ions) and
Yb,03. The Li* ions were added as charge compensators of heterovalent
Zn%* to Yb3* substitution. The starting composition was calculated
assuming that the Yb®* and Li* ions substitute for the Zn?* ones in the
ZnWOy structure. For the growth, a [100]-oriented undoped seed was
used. The pulling rate was 1 mm/h and the rotation speed was 6 rpm.
Once the growth was completed, the crystal was separated from the melt
and slowly (at a rate of 8 K/h) cooled down to RT to avoid its cracking.
The as-grown crystals were black-colored with a well-developed natural
faceting parallel to the (010) cleavage plane. The crystals were oriented
by means of the single-crystal X-ray diffraction. The crystal exhibited
cleavage on the (010) plane.

The crystal coloration was removed by oxidizing annealing at a
temperature of 800 °C. The duration at the maximum temperature was
24 h. After annealing, thin (few mm) crystal plates became transparent
having a weak rose coloration. More details about the crystal growth,
cleavage, coloration and the ways of its removal can be found in the
parallel paper [45].

The actual Yb®* concentration Nyp, in the crystals was measured by
the microprobe analysis using a Cameca Camebax SX-100 analyzer. It
amounted to Nyp = 2.0 £ 0.7 x 102 cm 3 (~1.4 at.% Yb) and 2.7 + 0.5
x 102 ecm~3 (~1.8 at.% Yb) for the crystals with the nominal doping
level of 3 at.% and 5 at.% Yb®*, respectively.

2.2. Optical spectroscopy

The polarized RT absorption spectra were measured using a Varian
CARY-5000 spectrophotometer and a Glan-Taylor polarizer. To measure
the absorption spectra at LT, the sample was fixed within an Oxford
Instruments Ltd. cryostat (model SU 12) with helium-gas close-cycle
flow. The spectral bandwidth (SBW) was 0.6 nm.

The polarized RT (293 K) luminescence spectra were measured using
an Ando AQ6315-E optical spectrum analyzer (OSA) and a Glan-Taylor
polarizer. As an excitation source, we used a CW Ti:Sapphire laser tuned
to 940 and 972 nm (the two measurements were combined to eliminate
the excitation peak). For the LT studies, a Yokogawa AQ6373 OSA was
employed using a 965 nm InGaAs laser diode as a pump source. The
same cryostat was used.

The luminescence decay of Yb®*:ZnWO4 at ~1030 nm was studied
using a 1/4 m monochromator (Oriel 77200), an InGaAs detector and a
300 MHz digital oscilloscope (TDS 3032B, Tektronix). The luminescence
was excited by the output of a ns optical parametric oscillator (OPO,
Horizon, Continuum) tuned to 960 nm.
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3. Optical spectroscopy
3.1. Optical indicatrix

According to the Rietveld refinement of the X-ray powder diffraction
patterns (see Part I of this paper), Yb>*,Li*:ZnWO, belongs to the
monoclinic crystal class (sp. gr. P2/c — C*,y,, wolframite-type structure).
The lattice constants for the 1.8 at.% Yb>*,Li*:ZnWOy, crystal are a =
4.702(2) A, b =5.718(6) A, ¢ = 4.930(4) A and = 90.713(5)° with Z =
2 [45]. This crystal is optically biaxial [46]. Its optical properties are
described in the frame of mutually orthogonal optical indicatrix axes,
denoted as X, Y and Z. Note that, in general, no relation for the nx, ny and
nz refractive indices is placed. One axis is parallel to the 2-fold mono-
clinic axis (the crystallographic b-axis) and the other two are located in
the orthogonal a-c plane making certain angles with the crystallographic
axes.

The dispersion of the principal refractive indices of undoped ZnWO4
was studied in Ref. [47] yielding the following values at 1.0 pm: n, =
2.1299, np = 2.1447 and ng = 2.2790. Here, we use the notations for
monoclinic laser crystals, where the optical indicatrix axes are labeled as
Np, Ni and Ny according to the relation between the refractive indices:
np < Ny < ng. If the intermediate refractive index (nn) is nearer in
magnitude to the smallest one (np) than to ng, the crystal is biaxial
positive which is the case of ZnWO4. The optical axes are located in the
Np-Ng plane and the angle between them, containing Ny, is 2Vg < 45°
(for ZnWO4, 2V = 38.4° at 1.0 um, and this crystal is quasi-uniaxial).
Here, Vg is the angle between each of the optical axes and the Ng-axis.

There exists a discrepancy in the assignment between the (X, Y, Z)
and (Np, N, Ny) axes for ZnWOy4 in the literature. The only work where
the axes are unambiguously assigned is [48]. We will follow their
convention: the N}, axis is parallel to the b-axis and the N, and N, ones
are located in the a-c plane, Fig. 1. According to Refs. [48], the angle
between the Ny-axis and the c-axis p = 11.93° (at the longest available
wavelength of 0.69 pm), measured within the monoclinic angle 8. This
assignment is in agreement with the early paper of Spengler and O’Hara
where the (X, Y, Z) notations for the optical indicatrix axes were used
assuming that the authors followed the nx < ny < nz convention [46].
However, both these studies disagree with the repetitive publications on

Np 11.7° _...Nm
® __.-—-""'

b (.5‘)-"" —» (1
i,/p)=9o.7°
-
p=124°[ %

Fig. 1. Orientation of the optical indicatrix axes (Np, Nm, Ny) with respect to
the crystallographic frame (a, b, ¢) in monoclinic ZnWO,. The angle p is
specified at the wavelength of ~1 pm.
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RE®*-doped ZnWO, crystals published more recently [39,42].

An overview of the reported refractive indices for ZnWO, is shown in
Fig. 2(a). The data from different authors agree well. The experimental
data on the dispersion of the n,, np, and ng refractive indices were fitted
using a single-pole Sellmeier formula with an IR correction term:

B
»-c?

n2(A) =A; + - DA%, @

Here, A; - D; are the Sellmeier coefficients, 4 is the light wavelength
[in pm], and i = p, m, g. The obtained best-fit Sellmeier curves are shown
in Fig. 2(a) and the corresponding A; - D; coefficients are listed in
Table 1. The average deviation between the experimental data and their
fits is about 0.0002.

The optical bandgap of undoped ZnWOj, Ej is 3.9-4.4 eV [50].

Similarly to other monoclinic tungstates [49], a rotation of the
dielectric frame with the wavelength was determined for ZnWOy in the
angular range of p = 6.88°-11.93° for wavelengths between 0.40 and
0.69 pm [48]. Slightly different values of the p angle can be found in the
literature: Spengler and O’Hara specified p = 9.80° at 0.59 pm [46] and
Bond gave p = 8.20° at ~1 pm [47]. The literature data on p are sum-
marized in Fig. 2(b) while the data from Bond [47] are shifted along the
vertical axis to correspond to two other sources. They were fitted with
the following formula [49]:

B C
PW=A+7+ 0 @)
where p is expressed in deg and  is in pm. The best-fitting parameters A
= 12.792 deg (it corresponds to the rotation angle in the long-
wavelength limit, 2 - ), B = 1.0294 deg x pm and C = —1.4239
deg x pm?. At ~1 pm relevant for the Yb3" ion, Eq. (2) gives p = 12.40°.
This value is indicated in Fig. 1.

3.2. RT absorption cross-sections

The transition cross-sections were determined at RT using a 1.8 at.%
Yb3* Li*:ZnWOy crystal (Nyp = 2.7 x 10%° em™3).

The absorption cross-sections were calculated from the measured
absorption coefficient, Olabs = @labs/Nyp (Where i = Np, Np, Ny is the light
polarization). The results are shown in Fig. 3(a). The maximum o6,ps =
2.40 x 1072 ¢cm? at 972.7 nm and the corresponding full width at half
maximum (FWHM) of the absorption peak is 8.3 nm (for light polari-
zation E || Ng). This absorption peak corresponds to the zero-phonon line
(ZPL) at RT (see below). The Yb3* Li*:ZnWO, crystal exhibits a notable
anisotropy of the absorption cross-sections, as expressed by the ratios
6abs(Ng): Gabs(Np) = 2.6 : 1 and 6abs(Ng): oabs(Nm) = 4.7 : 1 at the
wavelength of ~970 nm. Another intense and slightly broader absorp-
tion peak occurs at 958.4 nm (6abs = 1.84 x 102 ¢cm? and FWHM = 9.8
nm again for E || Ng). Both absorption peaks are suitable for pumping
with InGaAs laser diodes. Due to the broad absorption lines, Yb3+,Li+:
ZnWOy lasers are expected to be less sensitive to the temperature drift of
the diode wavelength.

Compared to its magnesium counterpart (Yb®*:MgWO, [5], for
which 6,45 = 6.16 x 10”2 cm? at 974.0 nm with FWHM = 5.6 nm for E
|| Ng), the studied material exhibits lower peak absorption cross-section
values whilst much broader absorption peaks. This effect is even more
pronounced when comparing with the monoclinic double tungstate
crystal Yb3+:KLu(WO4)2 [8] (for which o,y is as high as 11.8 x 10720
cm? at 981.0 nm with a FWHM of only 3.5 nm for the light polarization E
[| Niw).

In a previous work on Yb3+:ZnWO4 (without Li*), a maximum ab-
sorption cross-section of 2.6 x 1072% ¢m? at ~972 nm was reported [38].
This agrees with the present results. However, due to the probable
confusion with the optical orientation of the sample, it is difficult to
compare the polarized absorption spectra with those from Ref. [38].
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Fig. 2. (a) Dispersion of the principal refractive indices (np, nm, ng) in monoclinic ZnWO,: symbols — literature data [46-48], curves — their fitting using Eq. (1). The
best-fit parameters are listed in Table 1; (b) rotation of the dielectric frame (expressed by the angle p between the N and ¢ axes in the a-c plane, Fig. 1) as a function
of wavelength, filled symbols - literature data [46-48], curve — their fitting using Eq. (2). Open squares — data from Ref. [47] shifted along the vertical axis.

Table 1
RT Sellmeier coefficients for the principal refractive indices of undoped ZnWO,
crystal (this work).

n A; B; Ci, pm D;, pm 2
n, 2.8443 1.6224 0.2222 0.01432
Nm 2.7334 1.7911 0.2195 0.01467
ng 3.0034 2.0939 0.2312 0.02044

3.3. RT stimulated-emission and gain cross-sections

The stimulated-emission (SE) cross-sections, ogg, were determined
from the measured luminescence spectra for polarized light calibrated
for the spectral response of the set-up using the Fiichtbauer-Ladenburg
(F-L) equation [51]:

N, VA
75 S e (13) & [ AW @

where, 1 is the light wavelength, <n> = 2.184 is the mean refractive
index at the mean emission wavelength <Ajym> = 1010.0 nm, c is the

speed of light, 7rag = 0.37 ms is the radiative lifetime of the emitting
state (2F5/2), see below, and Wj(4) is the luminescence spectrum for i-th
polarization (i = p, m, g). To avoid the unwanted effect of reabsorption
on the measured luminescence spectra, thin (thickness: t < 100 pm)
(010)-oriented cleaved plates of Yb3+,Li*:ZnWO4 were used. The results
are shown in Fig. 3(b).

The SE cross-sections can be calculated alternatively by the reci-
procity method (RM), or McCumber equation [52,53]:

) {5,

kT
where h is the Planck constant, (hc/4) is the photon energy (in cm_l), kis
the Boltzmann constant, T is the crystal temperature (RT), Ezpy. is energy
of the ZPL transition, and Z, are the partition functions of the lower (m
= 1) and upper (m = 2) manifolds:

Z, =y grexp(—E}' /KT)
k

(C))

&)

Here, g™ = 1 is the degeneracy of the sub-level with the number k
and energy E™y measured from the lowest sub-level of each multiplet.
Using the crystal-field splitting for the Yb3" ion in ZnWO, (see
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Fig. 3. RT spectroscopy of a 1.8 at.% Yb3+,Lit:ZnWO, crystal: (a) absorption cross-section, o,ps, spectra; (b) stimulated-emission cross-section, ogg, spectra. The light
polarizations are E || Np, N, Ng. The ogg values are calculated using the F-L formula, Eq. (3). For light polarization E || Ny, the results on ogg calculated with the

reciprocity method (RM), Eq. (4), are given for comparison.

Section 3.5), we calculated the SE cross-sections via Eq. (4). A com-
parison of the results obtained with the F-L equation and the RM for the
light polarization E || Np is shown in Fig. 3(b). Note that due to the
exponential term in Eq. (4), the precision of the SE cross-sections
calculated by the RM is lower at longer wavelengths. The two
methods used give a satisfactory agreement indicating the correctness of
the selected 7yag value (0.37 + 0.02 ms), as well as the weak influence of
the reabsorption on the measured luminescence spectra.

The maximum ogg = 2.81 x 1072% ¢cm? at 1055.6 nm and the cor-
responding emission bandwidth Adem (FWHM) is ~12 nm (for E || Np).
Similarly to the absorption transition, strong anisotropy of the SE cross-
sections is observed, namely osg(Np): osg(Ng) = 4.6 : 1 and osg(Np):
ose(Nm) = 6.2 : 1 at ~1.06 pm. This will determine a linearly polarized
output in the Yb®*,Li*:ZnWO, lasers. Note that at the wavelength of
~973 nm (ZPL at RT in emission), the relation for the SE cross-sections is
different, ose(Ng) > ose(Np) > ose(Nm), i.e., in agreement with the one
discussed in Section 3.2. There exists another broader peak in the ogg
spectra centered at 1004.1 nm featuring a FWHM of ~28 nm (again for E

|| Np). The two other polarizations (E || Ng and E || Ny) feature broader
emission bandwidths at >1 pm, however, the spectra are rather struc-
tured. Thus, direct laser studies are needed to determine the optimum
polarization for generation of ultrashort pulses in ML operation.

The peak osg values in Yb®*,Li*:ZnWO, are lower than those for its
magnesium counterpart (Yb3+:MgWO4 [5], for which osg reaches 6.2 x
10%° ¢m? at 1056.7 nm for E || Nm and the emission bandwidth Adem
(FWHM) is 19 nm) and similar to the SE cross-sections for monoclinic
double tungstate Yb3*:KLu(WO4)2 (for which osg = 2.64 x 1072 cm? at
1026.6 nm and Alem is ~10 nm [8]. The emission bandwidth for Yb3+,
Li*:ZnWOy is similar or even better than in the two above mentioned
tungstate crystals. Note that here, we consider the SE cross-sections at
wavelengths longer than the ZPL since such wavelengths are typically
expected in bulk Yb lasers (see below).

The Yb%" ion represents a quasi-three-level laser scheme with reab-
sorption at the laser wavelength. Thus, the gain cross-sections:

Ggain = POse— (1 —f)Oubs, 6)
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where g = N2(2F5/2)/NYb is the inversion ratio and N3 is the population
of the upper laser level (2F5/2), are calculated to conclude about the
possible laser wavelength and gain bandwidths AAgain. The results are
shown in Fig. 4 for the high-gain light polarizations E || Np and E || Ng.
For E || Np, the local peak at ~1056 nm dominates in the gain spectra.
The gain bandwidth Adgain (FWHM) is 11.6 nm (for § = 0.15). For the E
|| Ng polarization, with increasing the inversion ratio, several local
maxima in the gain spectra are observed at ~1056, 1040, 1022 and
1003 nm. The gain bandwidth is larger, Adgain = 22.2 nm (for the same $
= 0.15).

Note that the strongest emission peak of Yb®* ions in the Yb%*,Li*:
ZnWO4 crystal (at the wavelength of ~1056 nm for E || Np) corresponds
to almost zero absorption (the reabsorption cross-section, 6, = 0.05 X
1072 ¢m?). This causes positive gain around this wavelength even at
low g, that gives a hope for obtaining low threshold lasing at ~1056 nm
in the Yb**,Li*:ZnWO, crystal.

3.4. Luminescence decay

The luminescence decay of Yb®*,Li*:ZnWO, was studied at RT. Very
thin (t < 100 pm) cleaved plates were used to avoid the radiation
trapping effect. The decay curve, Fig. 5, is single-exponential and the
luminescence lifetime 7y, is 367 ps. This agrees with the presence of a
single site for Yb%" ions in ZnWO, (symmetry: C,). Previously for Yb%*:

Journal of Luminescence 231 (2021) 117811

ZnWO, (without Li* codoping), 7),,, was determined to be 644 ps using a
bulk crystal [38]. This value may be overestimated due to the reab-
sorption effect.

The calculation of the SE cross-sections by two independent methods
(the F-L equation and the RM, Section 3.3), yields an estimation for the
radiative lifetime 7,9 = 0.37 £ 0.02 ms. Thus, the luminescence quan-
tum efficiency for Yb%*,Li*:ZnWo, flq = Tlum/Trad is close to unity. This
agrees with the “energy-gap law” for non-radiative relaxation [54]
postulating that it is weak when the energy-gap to the lower-lying
multiplet (AE = 9481 cm™), in our case) is at least 4 times higher
than the maximum phonon energy of the host (hvp, = 906 em™! [45]).

3.5. Crystal-field splitting

To resolve the Stark splitting of the Yb®>* multiplets in ZnWO4, the
polarized absorption and luminescence spectra were measured in the
temperature range of 6-293 K, Fig. 6. The studies were performed for the
following light polarizations: E || @ (*Ny,) and E ||b (N},) in absorption
and E ||c (*Ng) and E | |b (Np) in emission. For Yb®* ions in sites with the
Co symmetry, there is a total of J + 1/2 Stark sub-levels for each 25*1L;
multiplet, denoted as 0..3 for 2F7/2 and 0°..2' for 2F5/2, respectively. The
interpretation of the electronic transitions was performed accounting for
the Raman spectra (see Part I of this paper).

At the temperature of 6 K, the populations of all the Stark sub-levels
of the ground multiplet (except of the lowest one) are greatly reduced.
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Fig. 4. RT gain cross-section, 6gain = fose — (1 — f)oans, spectra for the 2F5/2 - 2F7/2 transition of Yb>*:ZnWO,. The light polarizations are (a) E || Ny and (b) E || Ng.
= N2(2F5,2)/NY|, is the inversion ratio, N, is the population of the upper laser level (*F5,»).
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Fig. 5. RT luminescence decay curve for thin (t < 100 pm) cleaved plates of 1.4 at.% Yb3*,Li*:ZnWO, crystal, dexe = 960 nm, Ay, = 1050 nm. Symbols — exper-

imental data, line — single-exponential fit.
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Moreover, the electron-phonon coupling is also suppressed. Neverthe-
less, Yb%* ions in ZnWO, exhibit large bandwidth of the zero-phonon
line (ZPL), i.e., the transition between the lowest Stark sub-levels of
two multiplets, or 0 < 0’. Indeed, Adzp, = 3.0 nm (for E || N, as

determined from the luminescence spectrum measured with a better
resolution of SBW = 0.6 nm). Compared to the monoclinic Yb:KY(WO,),
crystal (Adzpy <0.1 nm for E || Np) [55], this is much broader. Besides
that, the ZPL in absorption has a poorly resolved slightly asymmetric



UNIVERSITAT ROVIRA I VIRGILI

SPECTRAL-LUMINESCENT PROPERTIES OF ORTHORHOMBIC AND MONOCLINIC TUNGSTATE AND MOLYBDATE CRYSTALS DOPED
WITH EUROPIUM, TERBIUM, THULIUM, AND YTTERBIUM IONS

Anna Volokitina

A. Volokitina et al.

shape. The notable inhomogeneous broadening of the ZPL transition in
the Yb3*,Li*:ZnWO, crystal can be explained both by the difference in
the ionic radii of Yb%*, Li* and Zn?" ions (Ry;, = 0.868 A, Ry; = 0.76 A
and Rz, = 0.74 A for VI-fold oxygen coordination [56]), and by heter-
ovalent mechanism of substitution of Zn?>* by Yb®* and Li* ions.

Formally, ZnWO, is an ordered crystal; the Zn?" ions accommodate
in a single type of sites (Wyckoff symbol: 2e). However, in reality, each
Li*, and, especially, Yb®* ion in the Zn?* sub-lattice is a charged point
defect, which brings both the spatial distortions (due to the difference in
ionic radii), and the distortions in distribution of the electron density
(due to the difference in formal charges) in its local environment. Be-
sides that, as it was shown in the first part of this work [45], the actual
Li* amount in the crystal is lower than the content of Yb®* ions. It means
that essential part of Yb®* remains uncompensated by Li* ions. Thus,
there additionally should be some amount of another kind charge
compensators, probably, zinc vacancies. It is the third kind of point
defects, acting in a similar way, as Yb%>* and Li* ions do. Each Yb**
active center has its own kind of surrounding by these three kinds of
points defects, and, consequently, its own kind of crystal field, very
slightly differing from that of other Yb3* active centers. In other words,
some (rather slight) extent of the structural disordering do exist in the
crystal. A similar behavior was detected recently for Yb3*-doped iso-
structural MgWO4 crystal, revealing Adzp;, = 3.3 nm for E || Ny, [5].

The energy-level scheme of Yb®* in ZnWO4 is shown in Fig. 7(a). The
ZPL has an energy of Ezp, = 10285 cm™!. The corresponding transition
wavelength at 6 K is 972.3 nm. At RT, the partition functions Zp, for the
lower (m = 1) and upper (m = 2) manifolds are Z; = 1.345 and Z; =
1.548 (the ratio: Z1/Z5 = 0.869).

The total Stark splitting of the ground-state AE(*F7,2) is 804 cm 1. In
general, larger AE(?F;5) supports wavelength tuning, shorter pulses
under ML operation regime, longer achievable laser wavelengths, as
well as lower lasing threshold and its weaker sensitivity to the temper-
ature increase. The ground-state splitting for Yb* in ZnWO, exceeds
those of other known tungstate crystals employed for diode-pumped
lasers at ~1 pm, such as monoclinic ordered Yb:MgWO4, 765 cem !
[5], monoclinic ordered Yb:KLu(WO4)2, 559 cm™! [8], and tetragonal
disordered Yb:NaGd(WO4)2, 482 cm ! (2d sites) and 492 cm ™! (2b sites)
[22], Fig. 7(b). Note that the local symmetry of the site (sites) for yb3+
ions is the same for all the considered monoclinic crystals (Cz) and it is
different for the tetragonal scheelite-type one (S4).

For all the RE®* jons, it is known that the barycenter energy of any
isolated 25*1Ly 4f" multiplet shows a linear variation with the barycenter
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energy of any other multiplet. This is expressed by the so-called bary-
center plot [57], Fig. 8. The barycenter energies <E(2F5/2)> and <E
(3F7,9)> for Yb>*,Li*:ZnWO, agree well with the linear fit of this plot,
expressed by equation E(2F5 /o) = 10166.6 + 0.997 x E(2F7 ,2) [in cm1],
where Eg = 10166.6 cm ™! has the meaning of the energy of the Yb®*
excited-state assuming a free ion. This analysis confirms the correctness
of the constructed energy-level scheme.

4. Laser operation
4.1. Laser set-up

For laser experiments, we fabricated a rectangular active element
from the 1.8 at.% Yb3+,Li+:ZnWO4 crystal (t = 3.85 mm, aperture: 7.3 x
6.5 mm?). It was cut for light propagation along the a-axis (a-cut). Its
input and output facets were polished to laser quality and remained
uncoated. The element was wrapped with In foil from all four lateral
sides to improve the thermal contact and mounted in a Cu-holder. The
latter was cooled by circulating water (T = 12 °C). The laser crystal was
placed in a linear plano-concave (hemispherical) cavity formed by a flat
pump mirror (PM) coated for high transmission (HT) at the pump
wavelength (~0.97 pm) and for high reflectance (HR) at 1.02-1.2 pm,
and a set of concave output couplers (OCs) with a transmission Toc =
3%-10% at the laser wavelength (~1.06 pm) and a radius of curvature
(RoC) of 50 mm. The scheme of the experimental set-up is shown in
Fig. 9. The PM was placed at ~1 mm separation from the laser element.
The geometrical cavity length was 49 mm.

The pump source was a fiber-coupled (N.A. = 0.22, fiber core
diameter: 105 pm) InGaAs laser diode emitting up to 54 W of unpolar-
ized output at a central wavelength of 968 nm (emission bandwidth: 1.5
nm, M2 ~ 37). The pump was reimaged into the crystal using a lens
assembly (imaging ratio: 1:1, f = 30 mm) leading to a pump spot
diameter 2wp ~ 100 pm and a confocal parameter 22z ~ 1 mm (in the
crystal). Despite the reflectivity of the OCs at the pump wavelength, the
counter-propagating pump beam was focused before the crystal, so that
the second pass of the pump did not contribute to the laser output. The
small-signal pump absorption 7aps0 was calculated from the unpolarized
transmission spectrum to be 32.8%. The value determined from the
pump-transmission measurement at the threshold pump power and ac-
counting for the absorption saturation was smaller, 7apsy. = 23.2%. It
was used to determine the absorbed pump power, P,ps. Here, we took
into account the Fresnel losses at the uncoated crystal surfaces.

E, cm’!
(2d)(2b) 110800
——— 410400
410000
, 41200
804cm™ 765¢m” . 492cm’] 800
-3 % — 559cm’ -1
— 482cm
] — 4400
\ v J L _V_ Jo

2 (’2 CZ S4
ZnWO4 MgWO4KLU(WO,),NaGd(WO,),

Fig. 7. Crystal-field splitting for Yb®* ions in ZnWO,: (a) Scheme of the Stark sub-levels; the blue arrow denotes the zero-phonon line (ZPL) transition in absorption,
red arrows denote the transitions in emission at 6 K. Z;(Z,) are the partition functions for the lower(upper) multiplets; (b) a comparison of the crystal-field splitting
for Yb3* ions in ZnWO,, MgWO, [5], KLu(WO,), [8] and NaGd(WO,), [22] tungstate crystals, C, and S, — site symmetries.
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4.2. Laser performance

The Yb%*,Li®*:ZnWOy laser generated a maximum output power of
2.90 W at ~1059 nm with a slope efficiency = 57.9% (with respect to
the absorbed pump power) and a laser threshold Py, of 0.41 W, Fig. 10
(a). The optical-to-optical efficiency #op (vs. the pump power incident
on the crystal) reached 11.2% (all the values are specified for Toc =
10%). For smaller output coupling transmission, the slope efficiency was
inferior while the laser threshold slightly decreased (7 = 41.5% and Py,
= 0.29 W for Toc = 3%). For all OCs, a thermal roll-over in the input-
output dependences was observed for P,,s > 5 W and assigned to non-
optimized cooling of the laser element.

The laser emission was linearly polarized (E || Np), the polarization
was naturally selected by the gain anisotropy. The emission spectra,
Fig. 10(b), were weakly dependent on the output coupling being an
interesting advantage. The laser operated around 1.06 pm in agreement
with the gain spectra, Fig. 4(a).

In a previous study of a 1.25 at.% Yb:MgWO, crystal in the hemi-
spherical cavity under diode pumping, the laser performance was
similar: 2.52 W at ~1060 nm with # = 61% (vs. Paps) [10]. However, the
laser threshold was higher than in our case, Py, = 0.97 W. Note that
much better CW laser performance was achieved with a microchip Yb:
MgWOy4 laser [5] because of the optimized dimensions of the crystal
leading to its efficient cooling and good mode-matching efficiency
determined by the positive thermal lens.

No thermal fracture of the crystal was observed up to at least Paps of

t=3.85mm
V.7 PM Crystal

RoC=50mm
OoC

output

Cu-holder
12°C

Fig. 9. Scheme of the diode-pumped 1.8 at.% Yb3*,Li*:ZnWOy, laser: LD — laser diode, PM — pump mirror, OC — output coupler, RoC - radius of curvature.

6 W. It is known that M2*WO, crystals exhibit high thermal fracture
limit [5].

5. Conclusions

To conclude, the Yb3*,Li*:ZnWO4 crystal is promising for ~1 pm
lasers since it combines (i) good thermal properties (high thermal con-
ductivity and weak anisotropy of thermal expansion) enabling power
scaling, (ii) intense spectral bands with polarized light leading to line-
arly polarized laser emission, (iii) broad emission bands and large total
Stark splitting of the ground-state (2F7/2) - largest among other Yb*-
doped tungstate laser crystals and (iv) weak reabsorption at the laser
wavelength. The attractive spectroscopic properties of Yb3* Lit:Znwo,
are attributed to the low symmetry of the Yb3t site (C) and inhomo-
geneous broadening arising from the difference in the valence and ionic
radius of the cations participating in the doping mechanism (Yb%*, Li*
and Zn2+). Some of the above characteristics make Yb3+,Li+:ZnWO4
very attractive for tunable and ML lasers as well as ultrafast amplifiers.

We report on efficient diode-pumped RT laser operation of a 1.8 at.%
Yb3* LiT:ZnWO, crystal generating multi-watt output with a slope ef-
ficiency of 57.9%. This result well overcomes the previous report
(which, in addition, was not supported by the laser power transfer
characteristics) [38], proving that Yb3+-doped zinc tungstate is an effi-
cient laser material.

Regarding CW laser operation, further power scaling and improve-
ment of the slope efficiency are possible. One direction of research to
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Fig. 10. Diode-pumped 1.8 at.% Yb>",Li":ZnWO, laser: (a) input-output dependences, 7 — slope efficiency; (b) typical laser emission spectra. The crystal is a-cut. The

laser emission is linearly polarized (E || Np).

reach this goal is the elimination of the residual (rose) crystal coloration,
e.g., by using Pt crucibles and high-purity reagents during the crystal
growth. Another important issue is the control of the charge compen-
sation during Yb®" doping, e.g., by introducing larger amount of Li*
cations or by using other ions (Na*, Nb*). This may help to improve the
segregation coefficient of Yb%* jons in ZnWO4 leading to higher
achievable doping levels and, thus, better pump absorption efficiency.
The design of the laser cavity for diode-pumped Yb®* Li*:ZnWOy4 lasers
requires additional knowledge about the thermo-optical properties, such
as the dn/dT coefficients and thermal lensing.
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We report on the growth of a co-doped divalent-metal monotungstate crystal, Yb>*,Li*:ZnWOy, its structure
refinement, thermo-mechanical properties and polarized Raman spectra. Yb>*,Li*:ZnWOy crystals are grown by
the Czochralski method using Pt/Rh and Pt crucibles. The nature of crystal coloration is discussed and assigned to
color centers based on oxygen vacancies as well as Fe?*(Fe®") species and, possibly, other uncontrolled impu-
rities of transition metal ions. Oxidizing annealing at 800 °C helps to improve the transparency of Yb%* Lit:
ZnWOy4 leading to a weak residual pink coloration. Yb3+,Li*:ZnWO, was confirmed to be monoclinic (sp. gr. P2/c
— C*p, No. 13) with lattice constants a = 4.702(2) A, b = 5.718(6) A, ¢ = 4.930(4) A and $ = 90.713(5)°. The
coefficients of linear thermal expansion are ap100) = 11.71, ago107 = 9.90 and ajoo1; = 7.01 [107% K~']. The
melting point of the crystal is at 1166 °C and no thermal effects are found below the melting point. The Yb%* Li*:
ZnWOy4 crystal shows intense and strongly polarized Raman spectra with the most intense mode at 906.0 em™!
assigned to the W — O stretching vibrations in the [WOg] octahedra. It is thus a promising gain medium for laser
emission at ~1 pm and for self-Raman frequency conversion.

1. Introduction are known as scintillators [8-11]. ZnWO4 exhibits a relatively wide

transmission range (for oxide crystals) of 0.3-5.5 pm, a broad bandgap

The crystal family of monoclinic divalent-metal monotungstates
M2+W04 (where M = Mg, Zn, Cd, etc.) is attracting a lot of attention in
recent years for optical applications [1-5]. These compounds possess the
so-called wolframite [(Fe,Mn)WOj4] type structure belonging mono-
clinic crystal class, sp. gr. P2/c [6]. The M2+WO4 crystals are ordered
and exhibit a single crystallographic site for the M?* cations with a
VI-fold oxygen coordination (site symmetry: Cz) [7]. Two promising
examples of this crystal family are magnesium monotungstate (MgWOj4,
called huanzalaite in the natural mineral form) and zinc monotungstate
(ZnWOyg4, or sanmartinite).

Undoped M2+WO4 crystals and, in particular, MgWO4 and ZnWOy,

* Corresponding author.
E-mail address: xavier.mateos@urv.cat (X. Mateos).

https://doi.org/10.1016/j.jlumin.2020.117601

(~4.5 eV) and an intense luminescence at ~480 nm with a relatively
high quantum yield comparable with that for CAWO4 [10]. As a result,
ZnWOy crystals are promising for low-counting experiments to search
for double beta (2f) decay, dark matter and also to study rare alpha (@)
and beta (B) decays [12,13]. From the point of view of the
thermo-mechanical properties, the MgWO4 and ZnWOj4 crystals are also
attractive because they possess weak anisotropy of thermal expansion
[5], satisfactory thermal conductivity x [14,15] and attractive elastic
properties. For example, the thermal conductivity of undoped ZnWO4 at
room temperature along the crystallographic axes is x[100] = 4.76, x[010]
= 3.17 and x[o01] = 4.54 Wm 'K ! [15].
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Thanks to these attractive optical and thermal properties, the
MgWO,4 and ZnWOy crystals were considered for doping with transition-
metal (TM) and rare-earth (RE) ions with the goal of laser operation. Up
to now, laser operation was achieved with MgWO, crystals doped with
Yb3* (at ~1 pm) [3,16], Tm®* [17,18] and Ho>* [5] ions (both at ~2
pm), as well as with ZnWOy crystals doped with Yb3* (at ~1 pm) [19],
Tm3* (at ~2 pm) [20] and Dy>* ions (at ~0.58 pum) [21]. These studies
revealed some advantageous spectroscopic properties of RE3*-doped
M2*WO, crystals, such as large values and strong anisotropy of transi-
tion cross-sections with polarized light, relatively high Stark splitting of
the ground states of RE3*-dopants, as well as inhomogeneous broad-
ening of the spectral bands. These features originate from the
low-symmetry of the RE>* site (the dopant ions replace for the M?*
host-forming cations) and the difference in the ionic radius and valence
state of the dopant and the host-forming cations leading to distortion of
the local crystal field [22]. A key role of the charge compensation
mechanism, presumably involving monovalent alkali-metal cations (e.
g Na' from the flux in the case of MgWOy) for the spectroscopic
properties of the crystals was also suggested [5,22].

The Yb>*:MgWOy crystals for 1-ym lasers were grown by the Top
Seeded Growth (TSSG) method (from the flux) [3]. Polarized optical
spectroscopy and highly-efficient laser operation were reported in
Ref. [16]. Unlike MgWOyg, its zinc counterpart melts congruently at
1188 °C [23] without any polymorphic phase transitions below the
melting point, and thus large ZnWO4 crystals can be easily grown from
melt by the conventional Czochralski (Cz) method [24-26]. Yang re-
ported on the Cz growth of Yb3+:ZnWO0, and briefly on its spectroscopic
characterization and first laser operation [19].

Despite the growth of undoped ZnWO4 crystals is well documented
[24,26], the information about the growth, coloration, doping mecha-
nism, and structure of Yb%*-doped crystals is scarce. Moreover, the use
of charge compensators for Yb3*-doped ZnWO4 was not studied so far.
On the other hand, it is known from the early studies that the ZnWO,
crystals may exhibit a notable coloration (ranging from almost colorless
to pink and black) affecting their optical properties [24,27,28]. It is clear
that the color centers and defects may also play a key role in preventing
the desired laser operation in Yb3*-doped ZnWO4 crystals. In the present
work, we report, for the first time, to the best of our knowledge, on Cz
growth of Yb®*,Li*-co-doped ZnWO, crystals, as well as on a detailed
study of the nature of their coloration and the ways of removing them,
yb3+ doping, structure refinement, thermal expansion and polarized
Raman spectra. The parallel paper [29] is dedicated to the
polarization-resolved spectroscopy of b3+ jons and first laser
operation.

To ensure the charge compensation (the Yb®* ions replace for the
Zn2* ones, so that the doping is heterovalent), the crystals were co-
doped with monovalent lithium cations (Li*). The use of monovalent
alkali-metal cations in crystals with a heterovalent doping is well
documented [30,31].

2. Experimental
2.1. Equipment for the crystal growth

Yb3*,Li*:ZnWOy, single crystals were grown by the Cz method at the
“Kristall-2” (former USSR) industrial growth facility at Prokhorov
General Physics Institute. The growth was performed in air in Pt/Rh or
Pt crucibles with a diameter of 30 mm and a height of 30 mm. The
pulling rate was 1 mm/h and the rotation speed was 6 rpm. The first
undoped single-crystal was obtained by spontaneous nucleation on an Ir
wire, so that the growth direction was spontaneous. The seeds for the
following growth runs of co-doped crystals were cut from this crystal
parallel to the crystallographic plane (010). It is the easiest cleavage
plane of ZnWO,. After completing the growth process and separating the
crystal from the melt, it was slowly cooled (at a rate of 8 K/h) down to
room temperature (RT) in order to avoid cracking.

Journal of Luminescence 228 (2020) 117601

To prepare the charge for the crystal growth, we used the following
reagents: WOs3, ZnO, Li,CO3 (as a source of Li* ions) and Yb,03 (source
of Yb®* ions). WO5 and ZnO were weighted according to the molar ratio
1:1 with an accuracy of +0.01 g. The amounts of Yb3* and Li* dopant
ions were calculated assuming the substitution of the equimolar
amounts of Zn?* in the crystal. In particular, we prepared charge com-
positions with 5 at.% Yb3*, 5 at.% Li* and 3 at.% Yb®*, 3 at.% Li*, as
well as the charge for the undoped ZnWOy crystal. The chemicals were
dried at 700 °C before weighting. The weighted amounts of the chem-
icals were thoroughly mixed and the obtained mixtures were calcined at
700 °C for 5 h to perform a solid phase synthesis of the compound in
order to avoid selective evaporation of individual components of the
mixture during melting.

We have used WO3 from two different batches of the same supplier
(Lankhit, Ltd., Russia). The batches (labeled as WO3 #1 and #2) had a
supplier-specified purity of 4 N and 5 N, respectively. ZnO reagent from
two suppliers was used. The first one (ZnO #1) was Roanal, Hungary
(the purity was not explicitly specified by the supplier). The second
source (ZnO #2) was the reagent with a composition of 2ZnCO3 x 3Zn
(OH)2 x H20 (old stock from Krasnyi Khimik, former USSR), with a
specified purity of “OSCh 14-2” (4 N). This powder was calcined at
900 °C for 10 h before usage. According to the X-ray powder diffraction
(XRD) analysis (Siemens D-5000 equipment) and weighting before and
after the calcination, the calcined powder contained solely the ZnO
phase (within the precision limits of these methods).

The only source of Yb®* ions in our experiments was Yb03 (YbO-D,
Industry Branch Standard 48-206-81, old stock — p/b M — 5649, former
USSR, purity: 4 N). The source of Li* ions was LioCO3, again from
Krasnyi Khimik with a specified purity of “OSCh 20-2” (4 N). LiCO3 was
added to the crystal compositions for charge compensation of hetero-
valent Yb" entering the Zn?* sub-lattice.

The additional post-growth annealing was performed for color
elimination in a vertical cylindrical furnace with Kanthal AF heater. The
boules were annealed for 24 h at 800 °C. The heating and cooling was at
a rate of 40 K/h to avoid thermal shocks.

2.2. Crystal characterization

The actual Yb®* concentration Ny in the crystals was measured by
the microprobe analysis using a Cameca Camebax SX-100 analyzer. The
impurity composition of the crystals was also analyzed by the spark-
source mass-spectrometry (SSMS) using a JEOL JMS-01-BM2 mass-
spectrometer.

Differential thermal analysis (DTA) experiment was carried out on a
MOM Q-1500 D derivatograph. A Pt-Rh thermocouple and a Pt crucible
were used. The heating and cooling rates were 15 °C/min. The sample
weight was 350-400 mg. The accuracy for temperature measurement
was about +5 °C.

The structural characterization of the Yb%* Li*:ZnWO, crystals was
performed by X-ray powder diffraction. The measurements were carried
out in a 0 - 0 Bragg Brentano configuration using a Siemens D-5000
powder X-ray diffractometer with Cu Ka (1.5406 A) radiation. For
structure identification, the XRD pattern was recorded in a 26 range
from 10° to 70°, a step size of 0.02° and a step time of 16 s. For the
structure refinement, the XRD pattern was recorded over a broad range
of diffraction angles 26 = 14.5-120° in three subranges: (a) 14.5° to 60°
(step size: 0.02°, step time: 16 s), (b) 60° to 92° (step size: 0.02°, step
time: 23 s), (c) and 92° to 120° (step size: 0.02°, step time: 32 s). For the
Rietveld refinement, the merged diffractogram was converted to counts
per second. For temperature dependent (303-773 K) XRD studies, we
used the same diffractometer with a temperature chamber (HTK10). A
heating rate of 0.17 K/s was applied, with a delay of 300 s before each
measurement. The 26 angle varied from 10° to 70° with a step size of
0.03° and a step time of 5 s.

In order to study the coloration of crystals, we measured their un-
polarized RT absorption spectra in the wavelength range of 0.3-2.0 pm
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using a Varian Cary 5000 spectrophotometer. 3. Crystal growth
The Raman spectra were measured with polarized light using a

Renishaw inVia Raman microscope with a x 50 objective. The excitation 3.1. Growth of single-crystals

wavelength was 514 nm (Ar™" laser) and the spectral resolution was ~1

cm™L. The sample for Raman studies was oriented by means of single- As noted above, the growth direction for the first undoped crystal

crystal XRD. was spontaneous, whereas the growth direction of all the following
samples was lying in the (010) crystallographic plane. A clear trend for
natural faceting and cleavage along the (010) plane was observed in all
the grown crystals, Fig. 1(a). The faceting and cleavage along other
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Fig. 1. Photograph of the as-grown 5 at.% Yb%*, 5 at.% Li*:ZnWO, crystal (nominal composition): (a—c) Pt/Rh crucible, ZnO (#1) and WO5 (#2) batches, (a) as-
grown boule; (b) central part oriented by means of single-crystal XRD; (c) thick (t = 5 mm) plate cut orthogonal to the growth direction. The growth direction is along
the [100] axis; (d) Pt crucible, ZnO (#1) and WO, (#2) batches.
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crystallographic planes was less pronounced. The cross-section of the
boules had a shape essentially strangulated along the [010] direction,
Fig. 1(b and c), as compared to the round one being common for the Cz
method. This behavior is assigned to considerably lower thermal con-
ductivity of ZnWO, along this direction [15].

Using the single-crystalline seeds fabricated from undoped ZnWO,
crystal, first, 5 at.% Yb%", 5at.% Li*: and 3 at.% Yb>*, 3 at.% Li*:ZnWO,
crystals (nominal compositions) were grown using the available Pt/Rh
crucibles. The crystals had a deep black coloration, Fig. 1(a), almost
independent of the WO3 and ZnO batches used. In very thin layers, the
crystals were transparent with deep red or brown color. The reasons for
this coloration and the ways for its elimination are discussed in Section
3.2. Higher Yb®* content increased the tendency for cracking of the
grown crystal boules along the (010) cleavage plane. Note that a crack-
free nominally pure (undoped) ZnWOy4 crystal has been easily grown
using the same procedure.

Later on, we grew several Yb>",Li*-co-doped crystals using Pt cru-
cibles (without Rh). The shape and the cracking behavior of the crystals
was similar to those obtained using the Pt/Rh crucibles. However, the
coloration of these samples was different, Fig. 1(d). Even thick (~1 cm)
crystal plates were transparent and slightly red-brown colored.

The actual Yb3" doping concentration (in the crystal) Ny, was
measured by the microprobe method for the crystal with a nominal
composition of 3 at.% Yb%*, 3 at.% Li*:ZnWOy. It amounted to 2.0 + 0.7
x 102 em ™3 (~1.4 at.% Yb), so that the Yb3* segregation coefficient
between the crystal and the melt in the presence of Li* charge
compensator was evaluated by the equation Kyb = Kerystal/Kmelt to be
0.45 + 0.16.

The study of the same crystal by the SSMS method yielded the value
of 0.54 x 102 cm™3 (Kypb > 0.12) which is however close to the upper
detection limit of the method (about 2000 ppm) and thus it can be
considered only as a lower-limit estimate. For the Li* ions, the SSMS
analysis gave 20 ppm, or, equivalently, Ni; = 0.13 x 102° cm ™3 (0.09 at.
% Li). Thus, the actual amount of Li* is essentially lower than that of
Yb3* and charge compensation is in part maintained by other ways,
probably, by zinc vacancies.

In Fig. 2, we plotted the dopant segregation coefficients Kp for
several TM (Ni, Fe) [32,33] and RE (Yb, Tm, Er, Ho, Dy) [19-21,34-36]
ions in ZnWO4. The Kp values show a clear dependence on the dopant
ionic radius Rp for VI-fold oxygen coordination [37] (assuming substi-
tution of the Zn2* cations). This dependence is close to Kp « -(Rp - Rz,,)2
in accordance with well-known Onuma’s principle [38]. According to
previous studies by inductively coupled plasma atomic emission spec-
trometry (ICP-AES) performed for a series of RE>*-doped ZnWO,
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Fig. 2. Segregation coefficients of transition-metal (TM) and rare-earth (RE)
ions in monoclinic ZnWO, vs. their ionic radius for VI-fold oxygen coordination:
this work (blue squares) and literature data (red circles) [23,29-34]. Curve:
parabolic fit of the data according to the Onuma’s principle, Kp = 1 - C(Rp -
Rz)% C=35+3A2
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crystals grown without charge compensators [19,20,34-36], Kgrg =
0.10-0.30, depending on the cation size and, in particular, Ky, = 0.30
[19]. This value agrees with our observations within the specified error.
The residual difference may originate from the use of the Li* charge
compensator.

Previously, for the isostructural Yb®*:MgWO, crystal grown by the
TSSG method, the Yb®* segregation coefficient between the crystal and
the used high-temperature solution Ky;, was determined to be 0.13 using
ICP-AES [3]. However, in that case, no charge compensators were
intentionally added (only some Na* cations might have entered from the
melt, as Na;WO, was used as a solvent for the crystal growth [5]).

3.2. Crystal coloration

The unpolarized absorption spectra of Yb3* Li*:ZnWO, crystals
grown using different combinations of ZnO and WO3 batches in Pt/Rh
crucibles are presented in Fig. 3. Here and below, the crystal plates were
oriented with their surfaces along the (010) cleavage plane. For all the
crystals, absorption related to the 2F7/2 - 2F5/2 Yb3* transition is
observed at ~1 pm. Besides, intense and broad absorption bands in the
visible and near-IR occur. The variation of the ZnO/WOj3 batches leads
to a change both in the intensity and position of local maxima of these
bands. This effect is more sensitive to the kind of the WO3 batch. The
crystal obtained using the WO3 (#1) reagent with 4 N purity had a super-
intense absorption in the visible (at ~500 nm, absorption coefficient
@abs > 100 cm ') making it completely black. Besides that, it had an
additional band in the near-IR (at ~1.36 pm). The use of the WO3 (#2)
reagent with S5N-purity greatly reduced this absorption yielding a
different spectrum. Depending on the ZnO batch, the resolved absorp-
tion peaks were at 450 nm (for both batches), at 545 nm (@aps = 25 cm’l,
for ZnO #1) or 520 and 600 nm (@,ps ~ 18 cm'l, for ZnO #2). Note that
the Yb®* band remained unchanged for all the studied crystals.

Uncontrolled impurities. The study of the impurity composition of the
grown crystals by SSMS reveals that the main spectroscopically active
uncontrolled impurities in all the crystals are the 3d transition-metal
(TM) ions of the iron group: Fe, Mn, Ni, Cr and Cu. The content of
each of these ions in the crystals exceeded 2 ppm. Their presence is
facilitated by the fact that FeWO4, MnWO4, NiWOg, etc., crystallize with
the same structure as ZnWO4 and form isostructural series with it. In
particular, the crystal grown using WO3 #1 contained a lot of Fe (200
ppm) and Ni (20 ppm), see Table 1, as compared to crystals grown with
WOs3 #2. On the contrary, the use of the WO3 #2 reagent led to a higher
content of Cu (20 ppm). The concentrations of Cr and Mn were com-
parable in both cases, ~6-10 ppm. One should also note the essential
amount of Rh in both crystals, 40-80 ppm. Obviously, the used Pt/Rh
crucible is the source of this impurity.

Annealing. Relatively thick (thickness t = 3.6 mm) crystalline plates
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Fig. 3. Unpolarized absorption spectra of Yb®*,Li*:ZnWO, crystals (nominal
composition) at RT (293 K) grown using different ZnO and WO, reagents.
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Table 1

Results of the impurity compositional analysis of the as-grown zinc tungstate
crystals: 3 at.% Yb®', 3 at.% Li*:ZnWO, (nominal composition; reagents: ZnO
(#1) and WO3 (#1)) and undoped ZnWO, (reagents: ZnO (#2) and WO3 (#2))
by the SSMS method.

Element  ppm, weight Element  ppm, weight

Yb3* Li*:ZnWOs  ZnWO, Yb3* Li*:ZnWOs  ZnWO,
Li 20 0.8 Zn host-forming
o host-forming Zr <0.05 <0.05
Na 0.6 20 Nb 40 10
Mg 2 6 Mo 10 60
Si 20 10 Ru <0.1 <0.1
Cl 800 1000 Rh 40 80
K 0.4 2 Cd 2 <0.1
Ca 2 30 In <0.1 <0.1
Sc 0.2 0.2 Sn <0.1 <0.1
Ti <0.01 <0.01 Er <0.1 <0.1
v 0.4 <0.01 Tm <0.1 <0.1
Cr 9 10 Yb >2000 20
Mn 8 6 w host-forming
Fe 200 50 Re <0.2 <0.2
Co <0.02 <0.02 Os <0.2 <0.2
Ni 20 2 Ir <0.2 <0.2
Cu 2 20 Pt <0.2 <0.2

cut from the 5 at.% Yb®", 5 at.% Li*:ZnWO4 crystal (nominal compo-
sition) grown from the Pt/Rh crucible using WO3 #2 and ZnO #1 were
annealed in air at 800 °C for 3 weeks. After annealing, the crystalline
plates changed their coloration from black to brownish-red, as shown at
the inset of Fig. 4(a). The comparison of the absorption spectra before
and after annealing, Fig. 4(a), indicates that the intensity of the broad
absorption band in the visible (centered at ~545 nm) is drastically
reduced after this treatment. The calculated differential absorption
spectrum (Adabs = Qas-grown — Qannealed) iS similar to that of black-colored
scheelite-like double molybdate crystals grown in oxygen-deficient at-
mospheres [39-41]. It contains an intense band spanning from 0.5 to 1
pm and centered at ~580 nm (Aaaps = 21 cm_l). In Ref. [39-41], a
similar absorption band was assigned to F-centers (free electrons local-
ized at oxygen vacancies). After annealing, the absorption spectrum
contains two distinct peaks at ~440 and ~530 nm (@abs ~8-9 cm‘l).

For comparison, we also studied an undoped ZnWOy4 crystal grown in
a Pt/Rh crucible with the use of WO3 #2 and ZnO #2 reagents. The
absorption spectra of the crystal plate (t = 0.7 mm) before and after the
annealing at 800 °C for 3 weeks (the same regime as applied above), see
Fig. 4(b), were similar to those shown in Fig. 4(a) except for the lack of
Yb3* absorption at ~1 pm. The intensity of the bands at ~430 and 520
nm was redistributed and their peak wavelengths slightly shifted. This
indicates a possible indirect effect of Yb>* ions on the nature of these
optical centers, probably via the alteration of the local multi-ligands.

In Fig. 4(c), we compare two samples of different thickness (t = 0.9
mm and 3.6 mm) cut from the same sample grown using the ZnO (#1)
and WO3 (#2) reagents. Accordingly, different duration of the oxidizing
annealing was needed: 24 h and 3 weeks, respectively. After this time,
no noticeable change in the absorption spectrum was detected. The
spectra are very similar and the peak absorption at ~520-530 nm (aps
~8cm V) is nearly the same.

Crucible composition. Finally, we studied the influence of the crucible
composition on the crystal coloration. We grew a 5 at.% Yb%*, 5 at.%
Li*:ZnWOy, crystal (nominal composition) from a rhodium free Pt cru-
cible with the use of the WO3; #2 and ZnO #1 batches. Unlike all the
previous samples grown from the Pt/Rh crucible, this crystal appeared
to be transparent with only light pink-brown coloration (even without
oxidizing annealing), Fig. 1(d). A similar coloration of undoped ZnWO4
is presented in Refs. [42]. The absorption spectrum of the as-grown
crystal is shown in Fig. 5. In the spectrum, a weak and broad band
centered at ~450 nm (@aps ~1.8 cm_l) is present.

For the Yb3*,Li*:ZnWOy crystals grown using the Pt/Rh crucibles,

263

Journal of Luminescence 228 (2020) 117601

30 — T T T T T T
(@) 5at%Yb>* Li*:Znwo,
251 as-grown
—— annealed
__ 20} : - dlflflerence |
A s, ‘pay
£ JIU
o 15+ KTUBb
8 =
S0} F
3 3ar
5f y 1
t=3.6mm N

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

60 — T T T T T
(b) undoped ZnWO,
50 —— as-grown |
—— annealed
40 —-—- difference |
§ 3ot 1
(73
J‘% 20+ .
10+ .
t=0.7mm
0

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

30 T T T T T T T T T
(c) 5 at.%Yb>* Li*:ZnWO,
25 | annealed .
——800°C/24 h
t=0.9mm
—20F — 800°C/3 weeks
.E ...... t= 3.6mm
o 15+
[
Q
‘..'Sm 10 =
5 L
~4

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 4. Effect of oxidizing annealing on the unpolarized absorption spectra of
ZnWO, crystals at RT (293 K): (a) 5 at.% Yb%*, 5 at.% Li*:ZnWO,4 (nominal
composition) grown using the ZnO (#1) and WO3 (#2) reagents, annealing at
800 °C for 3 weeks; (b) undoped ZnWO, grown using the ZnO (#2) and WO3
(#2) reagents, annealing at 800 °C for 3 weeks; (c) 5 at.% Yb%, 5 at.% Li*:
ZnWO, (nominal composition) grown using the ZnO (#1) and WO3 (#2) re-
agents and annealed at 800 °C for 24 h or for 3 weeks. t — sample thickness.
Inset: (a) photograph of the thinner crystal plates before (lower) and after
(upper) the annealing, (c) photograph of the crystal plates before (left) and after
(right) the annealing at 800 °C for 24 h.

the UV absorption edge Ayy is at ~380 nm (after the oxidizing anneal-
ing). For the crystals grown from a Pt crucible, it is shorter, Ayy ~340
nm, corresponding to an optical bandgap of 3.65 eV. The electronic
structure of ZnWO4 was studied in Ref. [43] revealing that it is a direct
bandgap material with the minimum of the conduction band and the
maximum of the valence band at the same Y point of the Brillouin zone
(calculated E; ~4.65 eV). Experimental optical studies of undoped
ZnWO, gave the Eg value of 3.9-4.4 eV [44]. Thus, the observed dif-
ference in the position of the UV absorption edge may be associated with
some local optical centers (see Section 3.3).
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Fig. 5. Unpolarized absorption spectrum at RT (293 K) of a 5 at.% Yb>", 5 at.%
Li*:ZnWO, crystal (nominal composition) grown in a Pt crucible using the ZnO
(#1) and WOj3 (#2) reagents, before and after the annealing at 800 °C for 3
weeks. Inset: photo of the polished sample (t = 2.9 mm).

3.3. Discussion

The coloration of Yb3+-doped ZnWO4 crystals is a relevant issue
because it may affect their laser performance. Let us discuss existing
literature on the topic (mostly, for nominally pure (undoped) ZnWO4
crystals) and interpret the findings of the present work.

The growth of undoped ZnWOj4 crystals by the Cz method is known
for many years. One of the first reports devoted to this crystal is the
paper by O’Hara [45]. It was revealed that the use of Rh crucibles
(unlike Pt ones) gave rise to black melts and opaque crystals. However,
neither absorption spectra, nor any discussion about the reasons of black
coloration nor attempts to eliminate it by oxidizing annealing are given
in this paper. Nagornaya et al. reported on the Cz growth of large and
transparent ZnWO4 crystals from Pt crucibles [25]. The authors
annealed the as-grown boules at 800-1000 °C in oxygen leading to a
change of the crystal coloration from brownish to slightly pink-violet
without giving details. Galashov et al. reported on further improve-
ment of the quality of undoped ZnWOy4 crystals [26]. The authors used
for the growth performed in Pt crucibles high-purity reagents (a
home-made WO3 and commercial ZnO with concentration of impurity
TM ions down to 1 ppm). In Ref. [26], the transmission spectra of
ZnWO4 before and after annealing were presented without giving many
details. Despite the excellent purity of the starting growth charge, the
as-grown crystals exhibited weak absorption at ~500 nm (aaps ~ 0.10
cm’l). The discussion about the nature of residual coloration is absent in
this paper. A systematic study of the optical absorption of ZnWO4
crystals with various coloration was performed by Limarenko et al. [28]:
from almost colorless to pink, dark pink and yellow. The authors dis-
cussed such aspects as the possible assignment of the observed absorp-
tion bands to different optical active centers (mainly, iron ions), the
influence of the crystal annealing in different atmospheres on its residual
coloration and the effect of various decolorating agents (Sb, Bi, Ag, etc.)
onto such a coloration.

There also exist studies of ZnWO,4 in which the colorating and
decolorating impacts of various impurities were studied by a deliberate
doping of the crystal by such impurities. One clear example is iron
doping. The segregation coefficient of iron (Fe) in ZnWOy is close to
unity [33] and, as a result, it is easily introduced in the crystal in its both
valent forms (Fe2* and Fe>*). FeWOy, crystallizes with the same struc-
ture as zinc oxide and forms a solid solution with it. Both ions substitute
for the Zn?* ones in the lattice. Foldvari et al. studied Fe-doped ZnWO4
crystals [46]. The absorption at ~460 and 350 nm was assigned to FeZt
and Fe>* species, respectively. Watterich et al. have also assigned the
absorption of ZnWO4 crystals at ~460 nm to the divalent iron, Fe** [27,
33]. Therefore, one of the absorption peaks revealed in our crystals
(around 430-440 nm) can be assigned to Fe?' impurity. Bencs et al.
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discussed the possible ways to remove the coloration of ZnWO,4 induced
by Fe?* and Cr3* impurity ions, i.e., by (i) applying an electric field
during growth, (ii) using a subsequent oxidizing treatment (iii) adding
decoloration agents (e.g., Sb°+), to the melt or (iv) using chemical pu-
rification of the starting materials [47]. Kornylo et al. investigated Fe,
Li-co-doped ZnWO, [48]. This study reported on a reduction in the
crystal coloration owing to the Li* codoping, as highlighted by the
decrease of the absorption at ~460 nm due to the Fe>* — Fe®* trans-
formation. The same effect was also assumed in Ref. [27]. Therefore, it
can be suggested that in our case, besides acting as a charge compen-
sator, the addition of Li* into the ZnWO4 crystals may be in part
responsible for the reduced absorption at 430-440 nm. Another impu-
rity ion, which was proposed as a source of ZnWO, coloration is trivalent
chromium. In particular, cr®* was considered as the main source of
pinkish coloration of undoped ZnWOy4 crystals in Ref. [27].

The point defects in ZnWO4 and their effect on the crystal coloration
have also been studied. In particular, in the papers [27,33], the crystals
still presented slight pink coloration with an optical absorption at ~510
nm after removing Fe2". Oxygen vacancies, OH™ groups, or W>" ions
were proposed as possible sources of this absorption in Ref. [33]
although they were ruled out in Ref. [27]. As a result, Cr3" was sug-
gested as the possible source of pinkish coloration of undoped crystals.
The electron spin resonance studies of ZnWOj4 crystals revealed impurity
centers with small concentrations (few ppm) such as cr®t, Mn?*, Fed',
Co?*, Cu?*, Rh?* and Pt3* [33]. The latter two ions may enter into the
crystal from the crucible material (Pt or Rh), while the TM ions are
associated with the growth charge as impurities from the reagents. In the
presence of Li* as a charge compensator, as mentioned above, divalent
iron is suppressed at the expense of raising the amount of Fe>*, and,
moreover, Cr>* impurity ions may be promoted to enter the lattice.
Thus, the pink coloration of Li *-doped ZnWO, was assigned in Refs. [27,
28] to Cr>*. Wang et al. reported on the growth of both clear and colored
ZnWO, crystals [49]. In the latter case, two bands in the excitation
spectra centered at ~496 and 520 nm were observed. The corresponding
emission was assigned to defects. It was pointed out that annealing of the
colored crystals in oxygen atmosphere can remove their coloration, as
expressed by the disappearance of the absorption in the visible.

Thus, the problem of coloration of undoped ZnWOy crystals is well-
known and it can be eliminated to a great extent by (i) using specially
purified WO3 and ZnO reagents, (ii) applying annealing in oxygen at-
mosphere and (iii) introducing decolorating agents. However, the in-
fluence of the crucible composition (in particular, the role of Rh) has
been barely studied. Moreover, such analysis has never been performed
for Yb®*-doped crystals.

The information about the coloration and defects of RE-doped
ZnWO4 crystals is scarce. There is a series of studies dedicated to the
growth and characterization of ZnWO, crystals with various RE3*
dopants (RE = Yb, Er, Tm, Ho, Dy) [19,20,34-36], however, without
giving details about their coloration. Nevertheless, in the absorption
spectra of Ho®*:ZnWO, given in Refs. [36], a strong absorption band in
the visible, at ~500 nm (aaps ~5 cm’l) is shown. Kowalski et al. re-
ported on the growth of undoped, Ca%*-doped and Ca?*,Eu3*-co-doped
ZnWOy4 crystals [50]. Particularly in the latter case, a dark internal part
of the grown boule was detected indicating the effect of the RE>* ions.

Taking into account the literature data and our results, we can as-
sume that for the as-grown crystals obtained using relatively pure re-
agents (e.g., ZnO #1 and WO3 #2) and Pt/Rh crucibles, there are
probably two main sources of absorption in the visible, namely (i) the
iron ions (the band from Fe*t at ~350 nm, manifested by the red-shift of
the UV absorption edge, and the band from Fe?t at ~450 nm) and (ii)
the F-centers based on free electrons localized at oxygen vacancies (the
broad band centered at ~580 nm spanning into the near-IR). The latter
defects result from a partial reduction of the crystal composition that
leads to losing a part of oxygen. Moreover, it is obvious that rhodium
from the crucible acts as a catalyst for such a reduction. Rhodium (like
all other metals of platinum group) is well-known to have a strong
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catalytic activity in respect to many redox chemical reactions, which is
widely used in chemical industry. Note that in Ref. [51], the coloration
of oxide crystals with oxygen vacancies was assigned to small polarons
rather than F-centers while there is no evidence of such assignment for
tungstate crystals.

A combination of the above mentioned optical centers leads to black
coloration of the as-grown crystals. The oxidizing annealing removes the
oxygen vacancies and reduces the amount of the Fe?* species simulta-
neously giving rise to the Fe>* ones. As a result, the annealed crystalline
samples are pinkish. This color is determined by the residual Fe%* spe-
cies (the band at ~440-450 nm) and by the band at ~520-530 nm the
nature of which is still unknown. This band cannot be assigned to Cr>*
(see Refs. [27,28]) due to the following reasons: (i) the absorption
spectra of ZnWO4 crystals intentionally doped by chromium revealed
two almost equal in intensity absorption bands at ~520 and 700 nm and
the latter one is not observed in our case, and (ii) the absorption
cross-section obtained by dividing the peak absorption coefficient at
~520 nm by the actual Cr®* concentration in our crystals (see Section
3.2) is by order of magnitude higher than the values commonly accepted
for parity forbidden Az — *T; vibronic transition of Cr>*. In addition, it
seems that the use of the Pt crucibles (instead of the Pt/Rh ones)
somehow diminishes the concentration of TM ion-related defects (for
the same composition of the growth charge).

4. Crystal structure
4.1. Differential thermal analysis

The DTA curves for the 5 at.% Yb®*, 5 at.% Li*:ZnWO4 crystal
(nominal composition) corresponding to sample heating and cooling are
shown in Fig. 6. One can see just one strong and reversible endothermic
(at heating) and exothermic (at cooling) effect, which, certainly, cor-
responds to the congruent melting of the compound. The starting tem-
perature of melting and that of crystallization well correspond to each
other at 1166 °C, in contrast to the DTA curve for undoped ZnWO, given
in Ref. [42], where these two temperatures differed by more than 30 °C.
The determined melting point for 5 at.% Yb%*, 5 at.% Li*:ZnWOy is by
22 °C lower as compared with the data given for the undoped crystal
[23]. Lowering of the melting point of a crystal with introduction of
impurities into its composition is a usual situation. The absence of any
additional thermal effects reflects the absence of polymorphic phase
transformations of the 1st type below the melting point.

4.2. Structure refinement

The crystal structure and the phase purity of the crystals were
confirmed using XRD. The RT XRD pattern of the 5 at.% Yb3+, 5 at.%
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Fig. 6. Differential thermal analysis (DTA) curves for the 5 at.% Yb3t, 5 at.%
Li*:ZnWO, crystal (nominal composition).
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Fig. 7. RT X-ray powder diffraction (XRD) pattern of the as-grown 5 at.% Yb>*,
5 at.% Li":ZnWO, crystal (nominal composition); the theoretical pattern of
undoped ZnWO, is shown for comparison, JCPDS card #96-210-1676, numbers
indicate the Miller’s indices, (hkl).

Li*:ZnWOy, crystal (nominal composition) is shown in Fig. 7. The crystal
composition of Zng ge4Ybg 018Lig.018WO4 was assumed. The actual con-
centration of Yb (1.8 at.%) was determined by the micro-probe analysis
and an equal atomic fraction of Yb and Li was considered. The relative
intensity and position of the diffraction peaks of the sample agree well
with the JCPDS (Joint Committee on Powder Diffraction Standards) card
#96-210-1676 for undoped ZnWO,. No other phases except the mono-
clinic one are found. All this indicates that the sample is of single-phase
nature. The XRD pattern measured for a broader range of diffraction
angles 20 of 14.5-120° was refined by the Rietveld method using the
FULLPROF package; the calculated pattern showed a good matching
with the experimental one, Fig. 8. The crystal structure of undoped
ZnWO, [52] was taken as the starting model for the Rietveld refinement.

Yb3*,Li*:ZnWO, is monoclinic belonging to the space group P2/c —
C*yp, No. 13 and the centrosymmetric point group 2/m. The lattice
constants are a = 4.702(2) A, b = 5.718(6) A, ¢ = 4.930(4) A, the unit
cell volume Veye = 132.571 A3, the monoclinic angle f = a"c =90.713
(5)° and the theoretical crystal density peaic = 7.553 g/cm® (the number
of the formula units Z = 2). The R-factors were Ry, = 11.6 and R, = 8.11
(the reduced chi-squared value x2 = (R‘,.,p/Re,q,)2 = 7.03 and the Bragg
factor R, = 0.89), cf. Table 2. The obtained fractional atomic co-
ordinates are listed in Table 3.

The determined lattice constants are slightly higher than those for an
undoped ZnWO, crystal (a = 4.69263(5) A, b = 5.72129(7) A, ¢ =
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Fig. 8. Results of the Rietveld refinement of the RT X-ray powder diffraction
(XRD) pattern of the as-grown Zng gg4Ybg 018Lig.018WO4 crystal.
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Table 2

Parameters of the Rietveld refinement of the structure of the as-grown

Zno,964Ybo.018Li0.018WO4 crystal.

Parameters Values
System Monoclinic
Space group P2/c - C'y,
Laue class 2/m

Space group IT number 13

Lattice constants (a - b - c) (A)
Angles a - f -y (deg)

4.702(2) - 5.718(6) — 4.930(4)
90-90.713(5) - 90

Cell volume Vegie (A) 132.571

Number of the formula units Z 2

Crystal density pea. (8/cm®) 7.553

26 range (deg) 14.5-120

Radiation Cu-Kal (4 = 1.5406 A)

No. of reflections 399

No. of points 5270

Background Parameters — No. Linear interpolation — 72

Refinement Rietveld (FullProf)

Reliability factors Ry =8.11, Ry, = 11.6, % = 7.03,

Ry = 0.89, Rf = 0.38

Table 3

Fractional atomic coordinates (x, y, ), occupancy factors (O-F.) and isotropic
displacement parameters (Bis,) of the as-grown Zng 964Ybo.018Lio.018WO4 crystal.

Atom Site x y z Biso O-F.
Zn 2e 172 0.687(8) 1/4 0.978 0.964
Yb 2e 1/2 0.687(8) 1/4 0.978 0.018
Li 2e 1/2 0.687(8) 1/4 0.978 0.018
w 2f 0 0.189(9) 1/4 0.552 1
01 4g 0.256(4) 0.365(0) 0.412(0) 1.513 1
02 4g 0.220(8) 0.894(2) 0.429(0) 1.722 1
Table 4
Lattice constants of undoped and RE>*-doped ZnWOy crystals reported so far.
Crystal a, A b, A c, A B° Ref.
ZnWO, 4.69263(5) 5.72129(7) 4.92805(5) 90.6321(9) [7]
ZnWO, 4.6902(1) 5.7169(1) 4.9268(1) 90.626(1) [28]
Yb3*,l.i*:ZnW04 4.702(2) 5.718(6) 4.930(4) 90.713(5)  This work
Eu’*,Ca?":ZnWO, 4.697 5.727 4.938 90.69 [471

4.92805(5) A and B = 90.6321(9)°) [7], see also Table 4. The higher
precision in the reported lattice constants for undoped ZnWOj is
explained by the use of neutron diffraction in Ref. [7].

The Yb®" ions in ZnWOy are expected to replace the Zn?* cations.
The charge compensation is partially maintained by Li* cations and the
excessive charge difference originating from the remaining Yb3" ions is
most likely compensated by cationic (probably, zinc) vacancies (see
Section 3.1). There is a single crystallographic site for Zn?* in the
structure of ZnWO, (Wyckoff symbol: 2e, symmetry: Cy). The Zn?*
cations are located in the [ZnOg] octahedra and, consequently, they are
VI-fold oxygen-coordinated. The ionic radii of the cations involved in
the doping process are 0.868 A (Yb®*h), 0.74 A (Zn%*) and 0.76 A (Li")
[37], so that an increase of the unit-cell volume is expected. The sig-
nificant difference of the ionic radii of Zn?*, Yb3* and Li*, as well as the
difference of their valence are expected to result in inhomogeneous
broadening of the absorption and luminescence spectral bands of Yb3*
ions.

The structure of Yb®*,Li*-doped ZnWO, is shown in Fig. 9 according
to the atomic coordinates determined by the Rietveld refinement. The
metal - oxygen (M — O) interatomic distances in the [WOg] and [(Zn|Yb|
Li)O¢] polyhedra determined by the analysis of the cif file by VESTA
software are listed in Table 5. W is bonded to six oxygen ions 0%
forming distorted [WOg] octahedra that share corners with eight
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[WOy] [Zn|Yb|LiOg] l02-

c
(a) bo—;
b
(b) a
c

Fig. 9. Fragment of crystal structure of Yb®>*-doped ZnWO,: (a) projection in
the b-c plane; (b) projection in the a-b plane. Black lines indicate the unit-cell.

equivalent [(Zn|Yb|Li)Og] octahedra, and edges with two equivalent
[WOg] octahedra as shown in projection on the crystallographic plane b-
c. The W — O bond lengths are in the range 1.752(2) - 2.166(4) A, see
Fig. 10(a). Zn**|Yb3*|Li* is bonded to six oxygen cations 0%~ to form
[(Zn|Yb|Li)Oe] octahedra which, in their turn, share corners with eight
equivalent [WOg] octahedra and edges with two equivalent [(Zn|Yb|Li)
Og) ones. There are two shorter (1.981(0) A), two intermediate (2.032
(9) A) and two longer (2.319(5) A) Zn-0 bond lengths, Fig. 10(b).

As a result, the structure of Yb®*,Li*:ZnWOy is a chain structure
determined by zig-zag chains formed by edge-sharing [(Zn|Yb|Li)O¢]
octahedra or edge-sharing [WOg] octahedra running parallel to the c-
axis. Each chain formed by [(Zn|Yb|Li)O¢] is corner-linked to four
chains formed by [WOg]. Thus, the structure contains open channels
also going parallel to the c-axis. The shortest distance Zn|Yb-Zn|Yb
observed in Yb®*,Li*:ZnWOy is 3.269(6) A along the vector [u v w] =
[0-0.3756 0.5].

Besides, it is clear from Fig. 9(b) that the structure of ZnWO4 contains
[WOe] layers bonded to each other by Zn?* jons only. These ions are not
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Table 5
Characterization of the [WOg] and [(Zn|Yb|Li)Os] polyhedra in the 5 at.% Yb*",
5 at.% Li*:ZnWO, crystal (nominal composition).

Polyhedron [WOg] [(Zn|Yb)Oe]

(Zn|Yb-02) = 1.981(0) x 2
(Zn|Yb-01) = 2.032(9) x 2
(Zn|Yb-01) = 2.319(5) x 2

Interatomic distances
M-0,A

(W-02) = 2.166(4) x 2
(W-02) = 1.963(4) x 2
(W-01) = 1.752(2) x 2

Average bond length, A 1.9607 2.1112
Polyhedral volume, A® 9.5065 12.1496
Distortion index (bond length) 0.07089 0.06581
Quadratic elongation 1.0455 1.0267
Bond angle variance, deg.? 128.863 73.8797
Effective coordination number 4.0237 4.9634

very strong bonders and the breaking energy of the [0O-Zn-0] chemical
bond (which is predominantly ionic) is not very high. Therefore, the
existence of very well expressed cleavage plane in this crystal is easily
explainable. Moreover, when the crystal is doped with Yb®* ions with
not enough amount of the charge compensator (that is somehow valid in
our case), a substantial concentration of zinc vacancies may appear. It
should additionally weaken the bonds between the neighboring [WOg]
layers in the crystal structure leading to enhanced cleavage ability. This
phenomenon occurred in the Yb%*,Li*-co-doped ZnWO4 crystals grown
in the present work. An increase of the crystal cracking was observed
previously for CAWOy4 crystals [42] which are isostructural to ZnWO4 in
the case of Cd?* deficiency. Thus, optimization of charge compensation
during the crystal growth will probably help to reduce the cracking of
Yb3*.doped ZnWOy4 crystals in further studies.

4.3. Thermal expansion

The unit-cell parameters as a function of temperature T were refined
with the FULLPROF program. The relative evolution of the parameters L
=a, b, c and c* = ¢ x cos(#-90°) with respect to their values at 303 K
(L303k), Fig. 11, was used to determine the components of the linear
thermal expansion tensor, @ = (AL/L3o3x)/AT, in the crystallophysical
frame with the mutually orthogonal axes (i.e., X1 || @, X2 || b and X3 ||
c*). All the unit-cell parameters increase nearly linearly with tempera-
ture indicating a positive thermal expansion. The monoclinic angle g
slightly increases with T.

The linear thermal expansion tensor in the crystallophysical frame is:

11710 0 —0.006
a;= 0 9901 0 x 107°K".
—-0.006 0  7.009

2.166 A

2.166 A

(a)
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>badon
ooo-m‘

xcos(B-90°)

*x

500 600 700 800
Temperature (K)

1
300 400
Fig. 11. Temperature evolution of the unit-cell parameters (L = a, b, ¢ and c*)

of 5 at.% Yb®*, 5 at.% Li*:ZnWO, (nominal composition) according to the data
of high-temperature XRD.

The non-diagonal a;3 = a3; elements are very small and the tensor is
quasi-diagonal. The eigen-frame of this tensor in which it takes the di-
agonal form is very close to the crystallophysical one, X' || @, X5 || b and
X'3 || c*, see Fig. 12.

The eigen-values of the thermal expansion tensor of Yb3*,Li*:ZnW0,
ared'1n ~aa=11.71 x 10 °K !, o/9p = ap = 9.90 x 10 °K ! and /33
~ ae+=7.01 x 10"6 K. Thus, the anisotropy of the thermal expansion
is relatively weak, as expressed by the ratios o’11: &’33 = 1.67 and o’22:
a'33 = 1.41. The coefficient of the volumetric thermal expansion aye =
a'11 + @22 + o33 = 28.62 x 106K,

In Table 6, we compare the thermal expansion coefficients for
various M2*WO04 crystals reported so far [4,5,14,53]. Our results are
close to previously reported values for a Ho>*:MgWOy4 crystal, a, =
11.22 x 10 °K™}, 2, =8.09 x 10 °K ! and a. = 8.77 x 10 ° K [5].

5. Raman spectra

The polarized RT Raman spectra of the 5 at.% Yb>*, 5 at.% Li*:
ZnWO, crystal (nominal composition) are shown in Fig. 13. The mea-
surements were carried out using a rectangular sample cut in the crys-
tallophysical frame {a, b, c*}. For simplicity, we will designate c* as ¢
due to the closeness of the monoclinic angle to the right angle, within the
accuracy of the sample orientation. The Porto’s notations for Raman
spectroscopy, m(nk)l, are used, where m and 1 are the directions of
propagation of the incident and scattered light, and n and k are the
corresponding polarization states [54]. We studied all three principal

1.981 A

2.032A

1.981 A

2319 A
c

Fig. 10. Nearest-neighbor coordination of (a) tungsten and (b) zinc | ytterbium | lithium cations in the monoclinic Yb**,Li*:ZnWO, crystal.
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Fig. 12. Mutual orientation of the crystallographic axes (a, b, ¢) and principal
axes of the thermal expansion tensor (X';, X'z, X's) in Yb%*,Li*:ZnWO,.

Table 6

Thermal expansion coefficients for M2*WO, crystals reported so far.
Crystal a,10°°K! Method* Ref.

[100] [010] [001]

Cr¥*:MgWO, 10.5 15.7 10.8 DIL [14]
Ho®* :MgWO, 11.22 8.09 8.77 XRD [5]1
CdWO, 6.39 10.9 6.45 DIL [49]
ZnWO4 9.64 8.63 6.45 DIL [4]
Yb** Li*:ZnWO, 11.71 9.90 7.01 XRD This work

* XRD - high-temperature XRD, DIL — dilatometry.

crystal cuts: a-cut, b-cut and c-cut.

The primitive cell of ZnWO, contains two formula units (Z = 2). The
factor group analysis predicts a total of 36° of freedom for 12 atoms in
each primitive cell. The corresponding irreducible representations at the
center of the Brillouin zone I' (k = 0) are 8Ag + 10Bg + 8A, + 10B, of
which the even (gerade, g) vibrations are Raman-active and the others
are IR-active [55]. Thus, 18 Raman modes (8Ag + 10By) are possible. We
observed 17 modes out of 18 possible ones (except for the low-frequency
one at <100 cm‘l). The modes are labeled in Fig. 13 and their peak
frequencies and symmetries (Ag or Bg) are listed in Table 7. Here, the
assignment is according to Ref. [56,57].

Monotungstates are well-known Raman-active materials. One
prominent example is CaWO4, having a tetragonal (scheelite-type)
structure (sp. gr. I41/a). For this material, the Raman spectra can be
divided into two sets of frequencies at 0-409 cm™! and 797-912 cm ™},
showing a characteristic “gap” at intermediate frequencies. This “gap” is
related to tightly bound atoms in the [WO4]% molecular group with
internal vibrations generally occurring at higher frequencies. In
contrast, the external vibrations due to the loosely bound Ca?t and
[WO4]% occur at lower frequencies. Such a behavior is not observed in
ZnWO4 due to the closeness of two tungstate groups [WO4] corre-
sponding to the octahedra [WOg]. It is only possible to attribute the
high-frequency modes at 707 em! (Ag) and 785 em ! (Bg) (both
assigned as v3) and at 906 em ! (Ag) (assigned as v1) to internal
(stretching) vibrations of the W — O atoms in the [WOg] octahedra [55,
56].
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Fig. 13. Polarized Raman spectra of the as-grown 5 at.% Yb®*, 5 at.% Li*:
ZnWOy crystal (nominal composition) for the (a) a(ij)a, (b) b(ij)b and (c) c(ij)c
geometries (Porto’s notations). The numbers indicate the frequencies of Raman
bands in cm ™. Jexe = 514 nm.

The Raman spectra are strongly polarized. The most intense band in
the spectra is found at 906.0 cm™!. Its full width at half maximum
(FWHM) Avis11.9 cm L. This band is slightly shifted and broadened as
compared to undoped ZnWO4 for which v, = 906.8 em~! and the cor-
responding Av = 8.3 cm™? (all the values specified at RT) [56]. Yb%*,Li*:
ZnWOy is a high phonon energy material.

The Yb%*,Li*:ZnWO4 crystals are promising for self-Raman conver-
sion of the fundamental radiation (~1.05 pm, the 2F5/2 - 2F7/2 b3+
transition) to the spectral range of ~1.16 pm. Kaminski et al. demon-
strated Stokes and anti-Stokes stimulated Raman scattering relying on
the ~906 cm ™! mode in undoped ZnWO, using pulses with picosecond
duration [57].
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Table 7
Raman-active modes observed in Yb3+,Li+:ZnWO4 (at RT).
No. Frequency, cm ' Symmetry Internal
Yb3*,Li*:ZnWO, ZnWO, [55] mode

1 906 906.8 Ag +
2 784 785.9 B, +
3 707 709.1 Ag +
4 677 678.7 By

5 545 546.4 Ag

6 513 515.3 B,

7 406 406.9 Ay +
8 353 355.4 By

9 340 341.8 Ag +
10 312 314.6 By

11 275 274.4 Ay

12 266 267.3 By

13 194 195.3 Ag

14 188 190.0 By +
15 163 164.5 By

16 144 146.3 By

17 122 123.2 Ag

18 - 91.5 By

6. Conclusions

To conclude, we have grown for the first time Yb%*,Li*-co-doped
ZnWOy4 crystals with the goal of developing a novel laser gain material at
~1 pm. This compound melts congruently at 1166 °C and large-volume
crystals were obtained by the conventional Czochralski method. Yb*,
Li*:ZnWOj4 crystallizes in the monoclinic system (sp. gr. P2/c). The main
issues for fabrication of laser-quality crystals are (i) suppressing the
unwanted crystal coloration; (ii) avoiding excessive crystal cracking
which seems to be enhanced by Yb>* doping despite the relatively weak
anisotropy of thermal expansion; and (iii) reaching high actual Yb%*
doping concentrations for efficient optical pumping.

We studied in detail the coloration of as-grown Yb*,Li*:ZnwO,
crystals as a function of the purity of the reagents (WO3 and ZnO) and
crucible composition (Pt/Rh and Pt). For crystals grown from the Pt/Rh
crucibles, the coloration caused mainly by the oxygen vacancies can be
greatly eliminated by oxidizing annealing at ~800 °C for 1-20 days
(depending on the sample thickness). The nature of the residual pink
coloration of samples is probably due to iron ions, as well as other un-
controlled impurities. Therefore, it can be further eliminated by special
purification of the growth charge. The material of the crucible seems to
affect the coloration of the crystals acting as a catalyst of a partial
reduction of the crystal-forming compound and promoting formation of
other impurity centers, such as Fe2+(Fe3+), etc. in the case of Rh. Thus,
there exist two possibilities for obtaining laser-quality Yb®*,Li*:ZnWO4:
(i) the use of Pt/Rh crucibles and a subsequent oxidizing annealing, or
(ii) the use of pure Pt crucibles.

Our studies indicate a moderatelly high segregation coefficient for
Yb3* ions in ZnWO4 (Kyp, = 0.45 + 0.16), despite the heterovalent
doping mechanism and the notable difference of ionic radii of Yb>* and
Zn?*. Indeed, Ky, well exceeds that for the isostructural MgWOy, crystal.
This is assigned in part to the used charge compensator (Li*). Further
studies are needed to clarify the role of oxygen vacancies and Li* cations
in the doping mechanism of ZnWO,. An optimization of the Li* content
in the charge, and/or the search of a more appropriate charge
compensator should be performed.

The quality of obtained crystals was sufficient to achieve diode-
pumped laser operation with Yb®* Li*:ZnWo0, at ~1 pm (see the par-
allel paper [29]).
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Abstract—Monoclinic Yb**,Li":ZnWO, crystals were grown
by Czochralski and their structure is refined. The spectroscopic
properties of Yb*" ions were studied with polarized light and the
scheme of Stark splitting of Yb*" manifolds in these crystals was
determined. The Raman spectra were measured. A diode-pumped
2.90 W laser action at 1059 nm in the crystals was demonstrated

Keywords—laser materials; ions,
tungstates

spectroscopy; ytterbium

I. INTRODUCTION

Monoclinic (wolframite-type) tungstate crystals with general
formula M?>*WO, (where M = Mg, Zn, Mn, etc.) are promising
laser hosts for rare-earth laser-active ions, and attracting
attention in the last years [1, 2]. Like Scheelite-like and
KGd(WO,),-type tungstates, they exhibit broad and intense
spectral bands owing to a partially disordered their structure and
large distortions in the local environment of the dopant ion.
However, M*"WO, crystals possess better thermal properties [3]
and larger ground state Stark splitting of lasing ions. Thus, these
crystals are attractive for mode-locked (ML) oscillators [1]. Up
to now, the studies were focused mainly on the MgWO, host
doped by various lanthanides [1, 2], which can be grown by the
TSSG method only. Its zinc analogue, ZnWO,, can be easily
grown by the Czochralski (Cz) technique. Undoped ZnWO,
crystal is known for a long time as scintillating material [4]. In
this work, we report on spectroscopic characterization, and on
the first laser action of Yb°* and Li* codoped ZnWO, crystal.

II. RESULTS

The Yb* Li:ZnWO, crystals with different Yb
concentrations were grown by the Cz method in Pt/Rh or Pt
crucibles in air using [010]-oriented ZnWO, seeds. The Li"
cations were introduced for charge compensation. The actual
Yb** concentration was determined by microprobe analysis,
and by spark-source mass-spectrometry, and from the results of
these measurements the Yb segregation coefficient in ZnWO,
crystal was evaluated to be 0.12-0.15.

The structure of Yb**,Li":ZnWO, (monoclinic, sp. gr. P2/c)
was refined based on X-ray powder diffraction (XRD),
Fig. 1(a). The lattice constants are a = 4.7024(9) A, b =

This research was supported by Russian Fund for Basic Research (grant # 18-
02-01058)

5.7193(4) A, ¢ = 4.9313(8) A, B = 90.728(1)°. It is slightly
lar%er than for the undoped ZnWO,, because ionic radius of
Yb”" in octahedral environment (0.868 A) is larger than for Zn>*
(0.74 A). The tensor of thermal expansion coefficients was
determined by high-temperature XRD. The polarized Raman
spectra were measured indicating the most intense mode at
~906 cm™. Absorption and stimulated-emission (SE) spectra of
Yb** ions were determined, yielding a maximum SE cross-
section osg = 2.81x10%° cm® at 1055.6 nm (E || Z), Fig. 1(b).
The lifetime of the *Fs;, state was measured to be 367 ps. The
Stark splitting of Yb*" multiplets was determined, Fig. 1(c) to be
804 cm™. It is rather high value, that is important for Yb*" lasers
operating by quasi-three-level scheme. CW diode-pumped laser
action was achieved with maximum power of 2.90 W with a
slope efficiency of 41.3%, Fig. 1(d).
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Fig. 1. Characterization of a § at.% Yb*',Li":ZnWO; crystal: (a) XRD pattern
(black) showing the result of the Le Bail structure refinement (red); (b) SE
cross-section spectra for the *Fs, — F;, Yb*" transition for polarized light (E
|| X, Y, Z — optical indictarix axes); (c) Yb*" Stark splitting in ZnWOs; (d)
input-output dependences of a diode-pumped laser at Yb**,Li*:ZnWO, crystal.
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Abstract—Potassium yttrium double molybdate crystals, 1.5
at.% Er*:KY(MoOy);, are grown by the Czochralski method.
They are orthorhombic and feature a layered structure. The
absorption and emission properties of Er’* ions are studied for
polarized light. The maximum osg = 0.81x102° ¢cm? at 1617.7 nm
for light polarization E || . The Er**:KY(MoOy); crystals showing
a perfect cleavage are promising for eye-safe microchip lasers.

Keywords—molybdate crystals, layered structure, erbium ions,
spectroscopy.

I. INTRODUCTION

Potassium rare-earth double tungstate and double molybdate
crystals with a general chemical formula KLn(XOa4)2, where Ln
=Y, Gd, Lu and X = W / Mo, respectively, are attractive hosts
for doping with rare-earth ions (RE*) [1]. They provide high
RE** doping levels with weak luminescence-quenching, strong
anisotropy of absorption and SE cross-sections in polarized light
and high luminescence quantum yields. The KY(MoO4)2 DMo
crystals exhibit a layered structure enhancing such an anisotropy
and leading to a perfect cleavage [2]. In the present work, we
report on the growth, structure and polarized spectroscopy of
Er¥*-doped KY(MoO4)2 for applications in eye-safe lasers.

II. RESULTS AND DISCUSSION

The 1.5 at.% Er*:KY(MoO4)2 crystal (melting temperature:
~970 °C) was grown by the Czochralski (Cz) method using a
[100]-oriented undoped seed. To stabilize the growth, 5-7 mol%
of KoMo3O10 were added to the melt. The crystal was
transparent and had a slight rose coloration due to the Er?* ions.
The phase purity and the crystal structure were confirmed by
X-ray powder diffraction: sp. gr. Pbna — D, The crystal
exhibits a layered structure leading to a perfect natural cleavage
along the (100) plane, Fig. 1(a). It is optically biaxial.

The polarized absorption spectra of Er**:KY(MoO4)2 (for E
|| @, b, ¢) measured at room temperature are shown in Fig. 1(b).
The strongest absorption corresponds to light polarization E ||
b. For the “lis2 — 4112 pump transition, the maximum gabs =
1.22x102! ¢cm? at 981.8 nm. The transition intensities of Er3*
ions were analyzed within the Judd-Ofelt (J-O) theory.

The Er** ions in KY(MoO4)2 exhibit intense emission in the
eye-safe spectral range of ~1.5-1.6 um due to the *I132 — “lis2

transition, Fig. 1(c). In the spectral range where laser operation
is expected, the maximum ose = 0.81x102° cm? at 1617.7 nm
for light polarization E || b. The luminescence lifetime for the
upper laser level (*I132) 7um = 4.79 ms, Fig. 1(d). According to
the radiative lifetime determined from the J-O calculations, the
luminescence quantum yield is close to unity.
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Fig. 1. Orthorombic Er*":KY(MoOy), crystal: (a) photograph of the as-grown
crystal boule; (b) polarized RT absorption spectra; (b) polarized SE cross-
section, sk, spectra for the *I;3n — “I;sp transition; (d) luminescence decay
curve, Aee = 960 nm, Ay, = 1610 nm.
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III. CONCLUSIONS

Orthorombic Er**:KY(MoOas)2 DMo crystals are promising
for eye-safe microchip lasers emitting at ~1.6 um. Thin crystal
plates (<1 mm) are fabricated by mechanical cleavage and the
laser experiments are in progress.

The reported study was funded by RFBR, project number
19-32-90199.
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