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Energy positions of 4f and 5d levels of lanthanide ions in fluoride compounds

Pedepar (yKp.)

OcHoBHa yBara B po0OTi 30cepekeHa Ha BCTAHOBJIEHHI eHepreTuyHuX 1osioxkeHp 4f Ta 5d piBHIB iOHIB s1laHTaHITiB, pO3paxyHKY
3Ha4YE€Hb €HEPreTUYHNUX LIiJIMH Ta aHAJIi3y MEXaHi3MiB JIIoMiHecLeHLii y cepisix kpucranis CeX3 (X=F, Cl, Br, I) ta LaF3:Ln (Ln=Ce-
Lu). B po6oTi copmMoBaHO KOMITIOTEPHI MOZEJi KPUCTAIiYHMX KOMIpOK Ta NPOBEJNEHO TEOPETUYHi PO3PaxyHKU MHapliasbHOI
TyCTUHU CTaHIB, 3arajibHOi T'YCTUHM CTaHIiB Ta 30HHOI CTPYKTYPH, METOJLOM IPUENHAHUX NPOEKUiMHUX xBUib (PAW) B pamkax
teopii ¢pyHkuioHany ryctunu (DFT), nns nBox cepiit kpuctainis: CeX3 (X=F, Cl, Br, I) Ta LaF3:Ln (Ln=Ce-Lu). 30kpemMa, BIanaoch
MIPOJEMOHCTPYBAaTH €(PEKTUBHICTb BUKOPUCTAHHS Ti6puaHOro GyHKLiOHamy oOMiHHO-KopesauiliHoi B3aemonii PBEO y Bunmagxy
CeX3 (X=F, Cl, Br, I) Ta oTpuMaTu JOCTaTHLO TOYHi NojiokeHHs 4f Ta 5d piBHIB i0OHIB JITaHTAHOIAIB, 3aBISKYU BKJIIOUEHHIO [TONIPABOK



Xab6appa (DFT+U) y pospaxynkax njs kpuctanis LaF3:Ln (Ln=Ce-Lu). [I711 mOpiBHANIBHOTrO aHai3y i NifTBEPA’KEHHS! KOPEKTHOCTI
TEOPETUYHUX PO3paxyHKiB MeTonom CTOKOaprepa, B iHepTHill atMocdepi, BupomeHo moHokpuctanu LaF3:Ce, CeF3 ta CaF3:Ce
Ta [POBEIEHO CEpil0 EeKCIEPUMEHTAJIbHUX JOCJIIXEHb CIEKTPAJIbHO-KiHETUYHUX BJIACTUBOCTEN  JIIOMiHECLIEHTHUX
XapaKTEPUCTUK 3a3HAYEHUX KPUCTaJliB. basylounch Ha OTPMMAaHUX B POOOTI JAHUX, BAAIOCh NPOILEMOHCTPYBATH, IO BaJ€HTHA
3oHa kpucranis CeX3 (X=F, Cl, Br, I) popmyeTbcsi np craHamu raznoreHis (n=2,3,4,5), a 4f craHu GopmMyOTb By3bKy 30HY, sIKa
pO3TalloBaHa BUIIEe BaJIeHTHOI 30HU. 30HU NpoBifHOCTI y KpucTtanax CeF3, CeCl3 ta CeBr3 cpopmoBani ctaHamu 5d 1epito, 110
MalOTb OCOOJIMBICTb Y BUIJISILi €HEPreTUYHO pOo3ZiseHux Mifg-30H 5d1 Ta 5d2 3 pisHMMU €PEKTUBHUMMU MacaMy €JIeKTPOHiB. Y
Bunagky Cel3 1i mif-30HM NepeKpUBAIOTHCS, WO YCKJIAAHIOE BUHUKHEHHS JtoMiHecueHuii 5do4f 3a kiMHaATHOI TemmepaTypu.
[TopiBHIOIOYM OTPUMAaHi €KCIIEPMMEHTAJIBHI Ta TEOPETUYHI JaHi BAAJIOCh MifTBEPAUTH KOHLUEILIO NIPEICTaBIE€HHS €HEPreTU4HOI
ctpykrypu CeX3, gK pe3ysbTaT HaKJIaJaHHS €HePreTUYHUX CTPYKTYp LaX3 Ta LepieBUX JOMINIKOBUX CTaHiB B cucreMmax LaX3:Ce,
10 JO3BOJIMJIO IIPOBECTU MOPIBHSIHHS PO3pPaxOBaHUX eHepreTuyHux rnapametpis 4f ta 5d piBuiB B CeX3 3 eHepri€lo 1[uX CTaHiB y
LaX3:Ce. [IpoleMOHCTPOBAHO, 10 PO3paxOBaHa €HepreTWyHa 30HHA CTPyKTypa KpucraniB CeX3 (X=F, Cl, Br, I) Bigmnosinae
O4iKyBaHHSIM TOTO, IO €eHepreTuyHa CTpykTypa CeX3 € pe3ysbTaTOM CYINepIIo3ullii eHePreTUYHUX CTaHiB €JIEKTPOHA Y MOJIi AipOK
4f0 ta np XO0. [Ins kpucrany CeF3 pospaxoBani edpexTuBHi macu mif-30H 5d1 ta 5d2 ctaHoBnaTe m*5d] = 4,9m0 Ta m*5d2 = 0,9mO0
BimmoBinHo. Taki 3HauYeHHS edEeKTUBHMX Mac IMependayvaloTh HASBHICTh JIOKATiI30BAaHUX CTAHIB €JIEKTPOHIB B min-3oHi 5dl1 Ta
JleJI0KaJTi30BaHMX CTaHIB Mifg-30HU 5d2. 3 Takoi TOuKu 30py, nepexoau 4fo5d1 MoXKyTh BifIOBimaTH BHYTPILIHIM I1€PEXOAAM TPbOX-
BaJIETHOTO iOHY Liepilo, MO CIpUsIE YTBOPEHHIO eKCUTOHiB OpeHkers, a nepexonu 4f05d2 moxxyTs GyTy MOB'sI3aHi 3 ioHi3alliio ioHiB
nepio. EHepreTnyHa mjinuHa MK mig-3oHamu 5d2 ta 5d1 mposiBASIETHCS SIK IPOBAIMHA B CIIEKTPax 30YAKEHHS JIIOMiHECIeHIii
€KCUTOHY B okoJi 7,1 eB, abo sk MakcrMyM JoMiHecleHlii 3 mikom npu 340 HM B cnekTpi 36ykeHHs B okoJi 7,1 eB. MexaHizm
NepeHoCy eHeprii 3 LepieBux eKCUTOHIB OPpeHkess [0 JIIOMiHECHeHTHUX LEHTPIB, MO BiAmnosimaoTs 32 cmyru npu 340 HM, €
BUIIPOMIHIOBaJIbHUM. AHIOHHUI €KCUTOH, IO BiimNoBinae nepexony 2p Fo5d2, acomiloerbest 3i cmyroto 3 mikom mpu 10,8 eB y
cnexTpi 30ymxeHHs LepieBoi mominecuenuii. ¥ kpucranax CeCl3 ta CeBr3 BusiBieHo, mo ctanu 5d uepito GpopmyioTs ninzony 5d1
3 BiJHOCHO BEJIMKMM 3HAY€HHSM €(PEKTUBHOiI Macu HOCIiB 3apsagy (3,6mO0 Ta 2,3m0, BianosigHo). Sk i y Bunagky CeF3, Taki
epeKkTUBHI Macu HOCIiB 3apsfy CHpusioTb 6e36ap’epHiil aBTOJOKami3alii €JeKTPOHiB, IO AOOpPE Y3rOIXKYETbCS 3 MOMAEIUIIO
aBTOJIOKaJli30BaHUX €KCUTOHIB OpeHKessl B LUX CHONyKax. lleil edekT e nepenyMmoBOI0 iCHYBaHHS TUIIOBUX JIIOMiHECLIEHTHUX
nepexozis 5do4f nepito y kpucranax CeCl3 ta CeBr3. BinbHi Hocii 3apsy y 30HI IpOBiZHOCTI BUHMKAIOTb BHACTIJOK II€PEXO/iB 3
BaJIEHTHOI 30HU np X- 1o 30HU 5d2 Ce3+ 3 edpexkruBHuMU Macamu 0,5mO0 Ta 0,ImO ang CeCl3 ta CeBr3 BinnosinHo. Po3paxoBaHo
eHepriio nepexogiB np X- o 5d2 Ce3+, mo craHoButh 6,9 €B, 5,7 eB Ta 2,4 eB, 1o K06pe y3rofKyeThCs 3 €KCIEePUMEHTAIbHUMU
3HaYEHHSIMHU IMPUHU 3a60pOHEHOI 30HM y KpucTanax LaX3 (7,0 eB, 5,9 eB Ta 3,8 eB, BignosigHo). ¥ Bunaaxy kpucranis LaF3:Ln
MIPOJIEMOHCTPOBAHO, 0 BEPXHSl YaCTHHA BaJE€THOI 30HU (POPMYIOTbCS 2p CTaHaMU (PTOPY, HIDKHS YacTHMHA 30HU IIPOBiTHOCTI
yTBOPIO€EThCS Sd PiBHSIMMU JIaHTaHY, a By3bKi 4f CTaHU JIaHTAHOIMIB XapaKTepU3YIOTbCSI BUCOKOIO iHTEHCUBHICTIO I'YCTUHU CTaHIB Ta
371€6i/bIIOr0 po3TallloBaHi y 3abopoHeHOi 30HU. [lemo Hwkde (Big 8 eB mo 10 eB) HMXKHBOI YACTMHU 30HU IPOBITHOCTI
posramoBani 5 mikiB 5d craHiB Ln3+, mo 6ysn0 odvikyBaHo 1jist cumeTpii P3cl, ge ioH Ln3+ 3HaXOOUTbCS B KOOPJUHALIIHOMY

oTo4eHHi 9 ioHiB pTOpy. Po3paxoBaHa muprHa 3a60poHeHOi CTAaHOBUTD 9,6 €B.
Pedepar (aHrJ1.)

The main focus of the work is to establish the energy positions of 4f and 5d levels of lanthanide ions, the values of energy gaps
and to analyze luminescence mechanisms in the series of crystals CeX3 (X = F, Cl, Br, I) and LaF3:Ln (Ln = Ce-Lu). In this work,
computer models of crystal cells were created, provided calculations of partial density of states, total density of states and
energy band structure using projector augmented wave method (PAW) within density functional theory (DFT) framework for two
groups of crystal series: CeX3 (X=F, Cl, Br, I) and LaF3:Ln (Ln=Ce-Lu). In particular, it has been demonstrated the effectiveness of
using the PBEO exchange-correlation hybrid functional in the case of CeX3 (X=F, Cl, Br, I) and it has been obtained sufficiently
accurate positions of the 4f and 5d levels of lanthanide ions, thanks to the inclusion of Hubbard corrections (DFT+U) in the
calculations for LaF3:Ln crystals (Ln=Ce-Lu). Single crystals LaF3:Ce, CeF3 and CaF3:Ce have been grown in an inert atmosphere
and a series of experimental studies of the spectral-kinetic properties of the luminescent characteristics have been performed
for the purpose of comparative analysis and confirmation of the theoretical calculations correctness. It is shown that the valence
band of CeX3 crystals (X = F, Cl, Br, I) is formed by np halogen states (n = 2, 3, 4, 5), and 4f states form a narrow band, which is
located above the valence band. The conduction bands in CeF3, CeCl3, and CeBr3 crystals are formed by 5d cerium states which
have a feature in the form of energetically separated subbands 5d1 and 5d2 with different effective electron masses. In the case
of Cel3 these subbands overlap, what makes the occurrence of luminescence 5do4f at room temperature complicated. By
comparing the obtained experimental and theoretical data, easy to confirm the concept that the energy structure of CeX3 is a
result of the superimposition of the energy structures of LaX3 and cerium impurity states in the LaX3:Ce systems, which allowed
compare the calculated energy parameters of the 4f and 5d levels in CeX3 with the energy of these states in LaX3:Ce. It has been
demonstrated that the calculated energy band structure of CeX3 (X=F, Cl, Br, I) crystals corresponds to the expectation that the
energy structure of CeX3 is the result of the energy states superposition of the electron in the field of holes 4f 0 and np XO. It



was found that in the case of CeF3 the effective masses of 5d1 and 5d2 subbands are m*5d1 = 4.9m0 and m*5d2 = 0.9mO,
respectively. Such values of effective masses assume the presence of localized states of electrons in the 5d1 subband and
delocalized states in the 5d2. From this point of view, the 4fo5dl transitions may correspond to the internal transitions in the
Ce3+ ion, which promotes the formation of Frenkel excitons, and the 4f o 5d2 transitions may be associated with the ionization of
cerium ions. The energy gap between subbands 5d2 and 5d1 occurs as a gap in the excitation spectra of exciton luminescence at
7.1 eV, or as a luminescence maximum with a peak at 340 nm in the excitation spectrum at 7.1 eV. The mechanism of energy
transfer from cerium Frenkel excitons to the luminescent centers, which are responsible for bands at 340 nm, is radiative. The
anionic exciton corresponding to the 2p Fo5d2 transition is associated with a peak band at 10.8 eV in the cerium luminescence
excitation spectrum. It was stated that in CeCl3 and CeBr3 crystals conduction states form a 5d1 subband with a relatively large
value of the effective mass of charge carriers (3.6mO0 and 2.3mO, respectively). As in the case of CeF3, such effective masses
contribute to the barrier-free autolocalization of electrons, which agrees well with the model of self-trapped Frenkel excitons in
these compounds. This effect is a prerequisite for the existence of typical 5do4f Ce luminescent transitions in CeCl3 and CeBr3
crystals. Free charge carriers in the conduction band exist due to the transitions from the valence band np X- to the band 5d2
Ce3+ with effective masses 0.5m0 and 0.ImO for CeCl3 and CeBr3, respectively. Calculated energies for np X-o05d2 Ce3+
transitions are 6.9 eV, 5.7 eV and 2.4 eV, what is in good agreement with the experimental values of the energy band gap in
LaCl3, LaBr3 and Lal3 crystals (7.0 eV, 5.9 eV and 3.8 eV, respectively). In the case of LaF3:Ln crystals, it was demonstrated that
2p states of fluorine form the top of the valence band, the bottom of the conduction band is formed by 5d lanthanum levels, and
narrow 4f lanthanide band is characterized by high intensity of state densities and are mostly located within the forbidden band.
There are 5 peaks 5d of Ln3+ states slightly below the bottom of the conduction band (from 8 eV to 10 eV), as it was expected
due to the symmetry of P3cl, where the Ln3+ ion is in the coordination environment of 9 fluorine ions.

TonoBa cnenianizoBanoi BueHoi pagu: Cragnuk Bacumb Mocudosud (1. ¢.-M. H., mpodecop, 01.04.10)

TonoByrounii Ha 3aciganni: CtagHuk Bacusbs Mocudosud (1. ¢.-m. H., mpodecop, 01.04.10)

[Migric M.IL.

BignoBimanbpHui 3a moganHa gJokyMeHTiB: )Kak O. B. (Tes.: 380636075982)

[Migrnuc

KepiBHUK Bigainy peectpanii HayKoBoi AisgibHOCTi

IOpuenko T.A.
YxpIHTEI




