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1. OcHoBHa yBara B po060Ti 30cepeykeHa Ha BCTAHOBJIEHH] eHepreTuyHuX noJioxeHs 4f Ta 5d piBHIB ioHIB
JIAHTaHiZiB, PO3PaxXyHKy 3Ha4Y€Hb €HEPreTUYHYX LIIJIMH Ta aHaJi3y MEXaHi3MiB JIIOMIHECLIEHLIIl y CEpisiX KPUCTaIiB
CeX3 (X=F, Cl, Br, I) ta LaF3:Ln (Ln=Ce-Lu). B po60Ti c¢popMOBaHO KOMITIOTEPHI MOJI€Jli KPUCTAIiYHUX KOMIPOK Ta
[IPOBEIEHO TEOPETUYHI PO3PaXyHKHU IapLiaZbHOI ['YCTUHU CTaHIB, 3arajlbHOI 'YCTUHU CTaHIiB Ta 30HHOI CTPYKTYPH,
MEeTOJOM NpUeHaHUX NpoeKLiiiHuX xBuib (PAW) B pamkax Teopii pyHkuionany ryctunu (DFT), nist nBox cepiit
kpuctainis: CeX3 (X=F, Cl, Br, I) ta LaF3:Ln (Ln=Ce-Lu). 3oxpeMa, BIasock NpOJeMOHCTPYBaTU €(PEKTUBHICTb
BMKOPHMCTAHHS ri6puaHOro (pyHKLioHaIy 0OMiHHO-KOpenuiinoi B3aemonii PBEQ y Bunanky CeX3 (X=F, Cl, Br, I) ta
OTPUMATH IOCTATHHO TOYHi rosioxkeHHs 4f Ta 5d piBHIB i0HIB TaHTaHOIAIB, 3aBASKY BKIIOYEHHIO ITOMTPABOK
Xa66appa (DFT+U) y pospaxyHkax g kpucranis LaF3:Ln (Ln=Ce-Lu). [I7151 nOpiBHSIBHOTO aHai3y i
HiATBEPAKEHHS] KOPEKTHOCTI TEOPETUYHUX PO3PAXYHKiB MeTogoM CTokbaprepa, B iHepTHiN aTMOC)EP], BUPOLIEHO
moHokpucranu LaF3:Ce, CeF3 ta CaF3:Ce Ta npoBeieHO Cepilo €KCIIEPUMEHTANILHUX JOCIIIPKEHD CIIEKTPAJIbHO-

KiHETUYHUX BJIACTUBOCTEM JIIOMIHECIIEHTHUX XapaKTepPUCTHK 3a3Ha4eHUX KpUCTasiB. bazyiounch Ha OTpUMaHuX B



po6OTi JaHux, BOAIOCh IPOJLEMOHCTPYBATH, 110 BasieHTHA 30Ha KpuctaiiB CeX3 (X=F, Cl, Br, I) popmyeTbCs np
cTaHamu rasoreHis (n=2,3,4,5), a 4f cranu GopmMyIoTh By3bKy 30HY, sIKa pO3TallloBaHa BUIlle BaJIEHTHOI 30HU. 30HU
nposigHocTi y kpuctanax CeF3, CeCl3 ta CeBr3 copmoBani ctaHamu 5d 1iepilo, 1110 MalOTb OCOOJIMBICTD Y BUIJISA]
€HepreTUYHO po3iineHux nifg-30H 5d1 ta 5d2 3 pisHUMU ePEeKTUBHUMU MacaMu eJ1eKTPOHiIB. Y Bunanxy Cel3 ui mif-
30HU NIEPEKPUBAIOTLCS, 110 YCKIIa[HIO€ BUHMKHEHHS JMoMiHecueHLii 5do4f 3a kimHaTHOI Temnieparypu. [TopiBHIOI0UM
OTPUMaHi eKCIIEPUMEHTAJIbHI T TEOPETUYHI JaHi BAAJIOCH MiITBEPAUTH KOHLEII0 IPEeACTaBIE€HHS €HEPreTUYHOI
cTpykTypu CeX3, sIK pe3ysbTaT HaKJIaJaHHS €HEPreTUYHUX CTPYKTYp LaX3 Ta LepieBux NOMILIKOBUX CTaHIiB B
cucremax LaX3:Ce, m0 103B0OINIIO IPOBECTU [TOPIBHSHHS PO3PaxXOBaHUX €HepreTUYHUX rnapametpis 4f Ta 5d piBHIB
B CeX3 3 eHepriero nux cradis y LaX3:Ce. [IpoieMOHCTPOBaHO, 1110 PO3paxOBaHa EHEPreTUYHA 30HHA CTPYKTYypa
kpuctaini CeX3 (X=F, Cl, Br, I) Binnosigae ouikyBaHHSIM TOrO, 1110 eHepreTuyHa cTpykrypa CeX3 € pe3ysibTaTom
cyneprnosulii eHepreTUYHUX CTaHiB esleKTpoHa y noJi aipok 4f0 ta np X0. [Ins kpucrany CeF3 po3paxoBani
edektuBHi Macu mif-30H 5d1 Ta 5d2 cranosngaTs Mm*5d1 = 4,9m0 ta m*5d2 = 0,9mO0 BignosigHO. Taki 3HaYeHHS
edeKTUBHUX Mac Mepe16avyaoTh HAsIBHICTh JIOKAIi30BaHUX CTaHIB eJIeKTPOHIB B mifi-30Hi 5d1 Ta mesiokanizoBaHUX
cTaHiB nizg-30Hu 5d2. 3 Takoi TOUkM 30py, nepexoau 4fn5d1 MOXKyTh BiMOBiaTH BHYTPILIHIM I€peXoaM TPbOX-
BaJIETHOTO i0HY Liepilo, IO CIpUsie YTBOPEHHIO eKCUTOHIB OpeHkens, a nepexoau 4fo5d2 MoxxyTs 6yTy MOB'sI3aHi 3
ioHizariito ioHiB 1epito. EHepreTnyHa minvHa MixX mig-30Hamu 5d2 ta 5d1 nposBIIIE€THCS SIK TPOBAJIMHA B CIIEKTPAX
30yIpKEHHS JIIoMiHecLieHIii eKCUTOHY B 0KoJli 7,1 €B, a60 K MakCUMyM JIIoMiHecleHLii 3 koM rpy 340 HM B
CIIEKTPi 30y KeHHs B OKoJIi 7,1 eB. MexaHi3m nnepeHocy eHeprii 3 epieBux eKCuToHiB OpeHkers 1o
JIIOMIHECLIEHTHUX LI€HTPIB, 10 BiAOBINAIOTh 32 cMyrHy 11pu 340 HM, € BUIIPOMIHIOBAJIbHUM. AHIOHHUI €KCUTOH, 1110
BifnoBinae nepexony 2p Fo5d2, acouitoeTscs 3i cmyroto 3 nikom npu 10,8 eB y cniektpi 30ymKeHHs LiepieBoi
moMinecnentii. ¥ kpucranax CeCl3 Ta CeBr3 BusBieHo, o ctanu 5d 1epito ¢opmytoTs nif3ony 5d1 3 BifHOCHO
BEJINKUM 3Ha4Y€HHSIM e(EeKTUBHOI MacH HOCIiB 3apany (3,6mO0 Ta 2,3m0, BinnosigHo). Sk i y Bunagky CeF3, taki
eeKTUBHI Macu HOCIIB 3apsy CIIpusitoTh 6e36ap’'epHill aBTOJI0Kai3allil eJIeKTPOHIB, 110 J06Pe Y3rOIKyETHCS 3
MOJIEJIIIO aBTOJIOKAJII30BaHUX €KCUTOHIB OpeHKed B IUX CIIosyKax. llei e(eKT € nepesyMoBOIO iCHYBaHHS
TUIIOBUX JIIOMiHeCLleHTHUX nepexofis S5do4f nepito y kpucranax CeCl3 ta CeBr3. BinbHi Hocii 3apsgy y 30Hi
IIPOBiIHOCTI BUHMKAIOTh BHACJIIOK [TePEX0IiB 3 BaJIEHTHOI 30HU np X- 110 30HU 5d2 Ce3+ 3 e)eKTUBHUMU MacaMu
0,5mO0 Ta 0,ImO0 g5 CeCl3 ta CeBr3 BignosigHo. Po3paxoBaHo eHeprito epexofiB np X- 0 5d2 Ce3+, [0 CTaHOBUTD
6,9 eB, 5,7 eB Ta 2,4 eB, m0 106pe y3rofxKyeThCs 3 eKCIIePUMEHTATbHUMU 3HAYEHHSIMU IIMPUHU 3a00pOHEHOI 30H1
y Kpuctanax LaX3 (7,0 eB, 5,9 eB ta 3,8 eB, BinnosigHo). Y Bunanky Kpucrainis LaF3:Ln npoieMoHCTPOBaHO, 10
BEPXHS$I YaCTHHA BaJIETHOI 30HM (POPMYIOTbCS 2P cTaHaMU (GTOPY, HUKHS YaCTHHA 30HM IIPOBiHOCTI yTBOPIOETHCS
5d piBHSIMU JIaHTaHY, a By3bKi 4f cTaHU JIaHTAHOIMiB XapaKTepU3yIOThCS BUCOKOIO iHTEHCUBHICTIO T'YCTUHM CTaHIB Ta
37e€6i7bIIOr0 PO3TAIIOBaHi y 3200pOHEHO]I 30HMU. [Jlemo Hikye (Bif 8 eB o 10 eB) HKHBOI YaCTMHYU 30HU
IpoBizHOCTI po3ramosadi 5 mikiB 5d craniB Ln3+, mo 6yso ovikyBaHo 1151 cumetpii P3cl, e ioH Ln3+ 3HaxoouThCS B

KOOpAMHAaLiltHOMY oTo4eHHi 9 ioHiB ¢pTopy. Po3paxoBaHa mupuHa 3a60poHEHOi CTaHOBUTD 9,6 €B.

2. 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 X0. It was found that in the case of CeF3 the effective masses of 5d1
and 5d2 subbands are m*5dl = 4.9m0 and m*5d2 = 0.9m0, 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 4fn5d1 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 (3.6m0 and 2.3m0,
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 0.1mO for CeCl3 and CeBr3, respectively. Calculated energies for np X-05d2 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 P3c1, where the
Ln3+ion is in the coordination environment of 9 fluorine ions.
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