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Pedepar:

1. OcHoBHa yBara B po060Ti 30cepepkeHa Ha BCTAaHOBJIEHH] eHepreTUYHuX noJioxeHs 4f Ta 5d piBHiB ioHiB
JIQHTaHiAiB, pO3pPaxyHKy 3HaY€Hb €HEPreTUYHMX LIJIMH Ta aHaJi3y MEXaHi3MiB JIIOMIHECLIEHIIi y CepisiXx KpUCTaJIiB
CeX3 (X=F, Cl, Br, I) ta LaF3:Ln (Ln=Ce-Lu). B po60Ti c(popMOBaHO KOMIT'IOTE€PHI MOZEJi KPUCTANTiYHUX KOMIPOK Ta
IIPOBENIEHO TEOPETUYHI PO3PaxyHKH IapLiasbHOI [YCTUHU CTaHIB, 3arajJIbHOI [YCTUHU CTaHIiB Ta 30HHOI CTPYKTYPH,
METOJIOM NIpUeHAHUX IPOEKUiHUX XBUIIb (PAW) B pamkax Teopii pyHKuionany ryctunu (DFT), gyis nBox cepiit
kpucranis: CeX3 (X=F, Cl, Br, I) ra LaF3:Ln (Ln=Ce-Lu). 30kpema, BIasoCbh NPOJEMOHCTPYBATU €(PEKTUBHICTb
BHMKOPHUCTaHHS ribpuaHoro PpyHKLioHaTy 0OMiHHO-KOpessniiinoi B3aemonii PBEQ y Bunanky CeX3 (X=F, Cl, Br, I) ta
OTPUMATHU JIOCTaTHLO TOYHi rosioxkeHHs 4f Ta 5d piBHIB iOHIB 1aHTaHOIAIB, 3aBASKYU BKIIOYEHHIO [TOMPABOK

Xab66apga (DFT+U) y po3paxynkax 1 kpuctaniB LaF3:Ln (Ln=Ce-Lu). [l715 nmopiBHANBHOTO aHami3y i



HiATBEPAKEHHS KOPEKTHOCTI TEOPETUYHUX PO3PaxyHKiB MeTosoM CTokb6aprepa, B iHEpTHiil aTMOc(epi, BUPOLEHO
moHokpucrtanu LaF3:Ce, CeF3 ta CaF3:Ce Ta npoBefieHO cepilo €eKCIIepUMEHTAJIbHUX JOCiI)KEHb CIIEKTPaIbHO-
KiIHETUYHUX BJIACTUBOCTEN JIIOMIHECLIEHTHUX XapPaKTEPUCTUK 3a3HAYEHNX KPUCTaJIiB. ba3ylounce Ha OTPUMaHUX B
po6OTi JaHux, BIANOCh NPOJEMOHCTPYBATH, 110 BajleHTHA 30Ha Kpuctaiis CeX3 (X=F, Cl, Br, I) popmyeTbCs np
cTaHamu rayoreHis (n=2,3,4,5), a 4f cranu GopmMyIOTh By3bKy 30HY, SIKa pO3TalllOBaHA BUIIE BAJIEHTHOI 30HU. 30HU
nposigHocTi y kpuctanax CeF3, CeCl3 ta CeBr3 cdopmoBani ctaHamu 5d 1iepito, 1110 MalOTh OCOOJIMBICTb Y BUTJISIA]
€HepreTUYHO po3ineHux nifg-30H 5d1 ta 5d2 3 pisHUMU ePEeKTUBHUMU MacaMu eJeKTPOoHiB. Y Bunanxy Cel3 ui mif-
30HU NIE€PEKPUBAIOTLCS, L0 YCKIIaHIO€ BUHMKHEHHS JoMiHecueHuii 5do4f 3a kimHaTHOI Temnieparypu. [TopiBHIOI0UM
OTPUMaHi eKCIIEPUMEHTAJIbHI T TEOPETUYHI JaHi BAAJIOCh MiITBEPAUTH KOHIENIiI0 IPEeACTaBA€HHS €HEPreTUYHOI
cTpykTypu CeX3, sIK pe3ysbTaT HaKJIaJaHHS €HEPreTUYHUX CTPYKTYp LaX3 Ta LepieBux NOMILIKOBUX CTaHIiB B
cucremax LaX3:Ce, 1m0 03BOJIMIIO IPOBECTU [TOPiBHSHHS PO3PaXOBaHUX €eHepreTUYHNxX rnapamerpis 4f Ta 5d piBHIB
B CeX3 3 eHepriero nux craHiB y LaX3:Ce. [IpogeMOHCTPOBAHO, 1110 PO3PaxOBaHA €HEPreTUYHA 30HHA CTPYKTYpPa
kpuctainis CeX3 (X=F, Cl, Br, I) Binnosigae ouikyBaHHSIM TOrO, 1110 eHepreTuyHa cTpykrypa CeX3 € pe3ysbTaTom
CyIepro3ullii eHepreTUYHMX CTaHiB esleKTpoHa y noJi gipok 40 ta np X0. [lng kpucrany CeF3 pospaxosaHi
edekTuBHi Macu mif-30H 5d1 Ta 5d2 cranoBnsaTs M*5d1 = 4,9m0 ta m*5d2 = 0,9mO0 BignosigHO. Taki 3HaYeHHS
edeKTUBHUX Mac Mepe10avaoTh HASIBHICTh JIOKATiI30BaHUX CTaHIB €JIeKTPOHIB B mifi-30Hi 5d1 Ta mesiokanizoBaHUX
CTaHiB Nif-30Hu 5d2. 3 Takoi TOUkU 30py, nepexonu 4f05d1 MOXyTh BiANOBiAATH BHYTPIlIHIM NIepexoiaM TPbOX-
BaJIETHOT'O i0HY Liepilo, 10 CIIpHsie YTBOPEHHIO eKCcuTOHIB OpeHkes, a nepexonu 4fo5d2 MoxxyTs 6yTH MOB'sI3aHi 3
ioHi3auito ioHiB Lepito. EHepreTnyHa minuHa Mix nig-3oHamu 5d2 ta 5d1 nposBisSeThCS SIK IPOBAJIMHA B CIIEKTPAX
30yIpKeHHs JIIoMiHecLieHIii eKCuTOHY B oKoJli 7,1 eB, a60 ik MakcUMyM JIoMiHecleHLii 3 ikom rpu 340 HM B
CIIEKTPi 30y>KeHHs B OKoJIi 7,1 eB. MexaHi3Mm nnepeHocy eHeprii 3 1jepieBux eKCuToHiB OpeHkers 1o
JIIOMIHECLIEHTHUX LIEHTPIB, 10 BiAIOBINAI0Th 32 cMyTHU I1pU 340 HM, € BUIIPOMIHIOBAJIbHUM. AHIOHHUY €KCUTOH, 1110
Bignoginae nepexony 2p Fo5d2, acouitoetscs 3i cmyroio 3 nikom npu 10,8 eB y cniektpi 36ymkeHHs LiepieBoi
smomiHecueHii. Y kpuctanax CeCl3 ta CeBr3 BusiBieHo, o cranu 5d uepito GopMyroTh Nif30HY 5d1 3 BifTHOCHO
BEJINKUM 3HAa4Y€HHSIM e(EeKTUBHOI MacH HOCIiB 3apsany (3,6mO Ta 2,3m0, BinnosigHo). Sk i y Bunagky CeF3, taki
eeKTUBHI Macu HOCIIB 3apsy CIIpusioTh 6e36ap’'epHill aBTOJI0Kai3allii eJIeKTPOHIB, 10 J06PE Y3rOIKyETHCS 3
MOZEJIII0 aBTOJIOKAJIi30BaHUX €KCUTOHIB DpeHKesIs B IUX CIIonyKax. Llei eeKT € nepesyMoBOIO iCHyBaHHS
TUIIOBUX JIIOMiHecLleHTHUX nepexofis Sdo4f nepito y kpucranax CeCl3 ta CeBr3. BinbHi Hocii 3apsgy y 30Hi
IIPOBiHOCTI BUHMKAIOTh BHACJIIIOK MTePEX0IiB 3 BaJIeHTHOI 30HU np X- 110 30HU 5d2 Ce3+ 3 epeKTUBHUMU MacaMu
0,5mO0 Ta 0,ImO0 gy CeCl3 ta CeBr3 BignmosigHo. Po3paxoBaHo eHeprito nepexofiB np X- 0 5d2 Ce3+, 0 CTaHOBUTD
6,9 eB, 5,7 eB Ta 2,4 eB, 1m0 1o6pe y3rogKyeThCs 3 EKCIIEPUMEHTATIbHUMU 3HAYEHHSIMU LIMPUHU 32a00pOHEHOI 30HU
y kpucranax LaX3 (7,0 eB, 5,9 eB ta 3,8 eB, BinnosigHo). Y Bunaaky kpucraiis LaF3:Ln 1poieMOHCTPOBAHO, 110
BEPXHSI YaCTHHA BaJIETHOI 30HM (POPMYIOTbCS 2P cTaHaMU (GTOPY, HUKHS YaCTHHA 30HU IIPOBiHOCTI yTBOPIOETHCS
5d piBHSIMU JIaHTaHY, a By3bKi 4f cTaHU JIaHTAHOIMiB XapaKTepU3YyIOThCS BUCOKOIO iHTEHCHUBHICTIO I'YCTUHM CTaHIB Ta
371€6i7bIIOr0 PO3TAIIOBaHi y 3a60poHeHOi 30HMU. [Jlemo Hkye (Bif 8 €B no 10 eB) H1KHBOI YaCTMHY 30HU
IIPOBIAHOCTI po3TamoBati 5 nikiB 5d cTaniB Ln3+, mo 6ys0 ouikyBaHo aJig cumetpii P3cl, me ion Ln3+ 3HaxoguThCs B

KOOpAMHALTHOMY OTO4eHHi 9 ioHiB ¢pTopy. Po3paxoBaHa muprHa 3a60pOHEHOI CTaHOBUTH 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*5d1 = 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 2.3mO,
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 0.1mO 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 €V, 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.
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