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OcHoBHa yBara B poOOTI 30CepekeHa Ha BCTAHOBJIICHHI CHEPTETHYHHX
nosioskeHb 4f ta 5d piBHIB 10HIB JaHTaHIAIB, PO3PAXyHKY 3HAYE€Hb CHEPreTHYHHUX
OIJIMH Ta aHaji3y MEXaHi3MiB  JIIOMIHECHEHIi y  cepisix  KpHCTajiB
CeXs (X=F, Cl, Br, I) ta LaF5:Ln (Ln=Ce-Lu).

HaykoBuii mporpec AOCUTh 4YacTO BU3HAYAETHCS PIBHEM PO3BUTKY 3acC001B
BHUMIPIOBaHb, 110 OOYMOBIIIOE IHTEHCUBHI JOCIIXKEHHS y L1 raigysi. Y Cy4acHHX
CUCTEMaX BUMIPIOBaHb, OCHOBHUM (PAKTOPOM, IO MOXE CHPUYUHSITH HETOYHICTH,
3QJIMIIAEThCS CeHCop. Taka TeHJEeHIisT 00yMOBJIEHA TEXHOJOTIYHOK CKIAJHICTIO
3MEHILIEHHsS piBHA Horo mnoMuiok. Came TOMy, KaliOpyBaHHS Ta aJrOPUTMU
MaITMHHOTO HABYAHHSI IIUPOKO BUKOPUCTOBYIOTHCS IS MOKPAIICHHS MPEU31HHOCTI.
OnHak, HETOYHOCTI IETEKTOPIB HE 3aBXK/IU MOKYTh OyTH HIBEJIHOBaHI 3a JOTIOMOTOIO
BHIIIE3raaHuX 3aco0iB, 30KpeMa 3a YMOB iX €KCIUTyaTallisl i/l BIUDIMBOM arpeCUBHUX
cepenoBuill. ToMy po3poOka HOBUX MaTepialiB, 0 MOXKYTh BUKOPUCTOBYBAaTHCH B
SKOCTI UYYTJIMBUX €JEMEHTIB, 3aJMIIAETbCA JOCTAaTHHO BaXIIUBHUM HAMPSIMKOM
JOCITIJIKEHB Y CBITOBIM HayIIl, 1 CTa€ 111e O1IbIIT aKTYATBHIIIINM 3 PO3BUTKOM IHTEPHETY
peUei.

Kpucranu, Ha OCHOBI CHOJIYK JIAHTaHOIAIB 3 (TOpPUAAMH, 3HAUIUIM IMIUPOKE
NpaKTHUYHE 3aCTOCYBAaHHS B PI3HUX Tajy3sX HayKu Ta TexHikd. HalOunbm mmpoko,
BOHU BHUKOPUCTOBYIOTHCA SIK CUMHTWJISLINHI JETEKTOPH B Taiy3l (PI3UKHM BUCOKUX
eHeprii, e 3ade3neuyroTh HaaiHUI 30ip ganux. Kpim Toro, mi KpucTaim MOXYyTh
CIIy’)KHUTH aKTHBHUM €JIEMEHTOM B OINTOCICKTPOHHHUX MPHUCTPOSIX, 30KpeMa, y
Ja3epHUX CHUCTEMax Ta CBITJIOBUX €MITepax, JI€ BJIACTHBOCTI MEPEXOAIB MIXK
CJICKTPOHHUMH  DPIBHSMU  10HIB  JIAHTAQHOIAIB  BU3HAYAIOTh  CIEKTPaJbHI

XapaKTCPUCTUKHU BI/IHpOMiHIOBaHHH. HCpCHeKTI/IBHI/IM HaIIpsAMKOM 3aJIMIIA€TbCA X



BUKOPHUCTAHHA Y SKOCTI (QOTOHHMX KpHUCTaNiB, IO 3a0€3MeYyl0Th KOHTPOJbOBAHE
BIIOMBAHHS Ta PO3CifOBaHHS CBiTNIa. DTOPHUIM JTAHTAHOIMIB MOXHA 3YCTPITH 1 B
MEJUIMHI, 76 BOHM BUKOPHUCTOBYIOTHCA B SIKOCTI MarepiaiiB JUisi BUTOTOBJICHHS
JO3UMETPIB.

JIroMiHECLIEHTHI BJIACTUBOCTI (PTOPUIAHMX KPHUCTAJIB JIAHTAHIIIB OyJH
peIMETOM 0araThOX HayKOBUX JOCIHIKEHB 3 YacCiB SIK MEpIll KPUCTAIU [[bOTO TUITY
MOYAJTH PO3TIISIIATUCH B IKOCTI MEPCIEKTUBHUX CHUHTHIIALINHUX JETEKTOPIB B rayry3i
¢b13uKH BUCOKUX eHepriil. CIMHTWISITOPU LIOTO TUITY 3100YJIM MOMYJISPHICTh Yepe3
MIBUAKY KIHETHKY 3aracaHHs JIFOMIHECIEHINli, CHUJIBHIA paiaiiHiid CTIMKOCTI 1
BHUCOKIM MpPOMOPIIAHOCTI CBITIOBUXOMY. LI XapakTepuCTHUKH, 3HAYHOIO MIPOIO,
perymooThess mo3uiismMu 4f ta 5d piBHIB 10HIB JaHTaHIAIB BiAHOCHO BEPUIMHH
BaJICHTHOI 30HU Ta HM>KHbOI YACTUHU 30HU MPOBIAHOCTI, II0 BU3HAYAE BJIACTUBOCTI
BUIIPOMIHIOBAIbHUX TMepexoiB Sd—4f. TIpoTaroM ocTaHHIX ACCATHIITH MPOBEICHO
BEJIMKA KIJIBKICTh CHEKTPOCKONIYHUX JIOCTIIKEHb [IUX KPUCTAJIIB 1 BCTAHOBIIEHO, 1110
3MiHa MO3MIA pIBHIB 10HIB JaHTaHIAIB, NpPH IEpPEXoJ]l Marepiaixy 3 ra3oBoi B
KpUCTaTIYHy (pa3y, 31€OLIBIIOr0 BU3HAYAETHCS iX KOOPIUHALIMHUM OTOYEHHSIM.
3HauyHa yBara JAOCHIHMKIB NPUAUIAIACH E€KCHEPUMEHTAIbHHM Ta TEOPETUYHUM
BUBUYCHHSIM TO3UIlIN PIBHIB 10HIB aKTUBATOPIB, i€ HE OCOOIMUBOCTSM X PO3MIIIICHHS
Ta JAUCIIEPCii B KOHIIEHTPOBAHUX CUCTEMAX.

B po6oti chopmoBaHO KOMI'IOTEPHI MOJENl KPUCTAIIUYHUX KOMIPOK Ta
MPOBEICHO TEOPETUYHI PO3PaXyHKH MApIIadbHOT TYCTUHU CTaHIB, 3aTaJIbHOI TYCTUHU
CTaHIB Ta 30HHOI CTPYKTYpH, METOJOM MpPHUEIHAHUX NMpoeKUIiHuX XBWib (PAW) B
pamkax Teopii ¢ynkuioHany rycrunu (DFT), nns aBox cepiii  KpucTamis:
CeX;3(X=F, Cl, Br, I) ta LaF3:Ln (Ln=Ce-Lu). Teopis QyHKI[IOHATY I'YCTHHH € OHUM
3 HAMOUThII €()eKTUBHUX Ta MOTYKHUX IHCTPYMEHTIB JIJIsl AOCTIHPKEHHS €JIEeKTPOHHOT
CTPYKTYPH MOJIEKYJI, TBEpJUX TLT Ta OBEPXOHb. MeToa 6a3yeThest Ha i71ei TOTOo, 110
€HEprisg eNEeKTPOHIB y CUCTEM1 MOKe OyTH BU3HAueHa yepe3 (YHKIIO eJIeKTPOHHOI
T'YCTHHHU, [0 OCOOJMBO KOPHUCHO Y BHUIMAJKY KOHAEHCOBaHMX cucTeM. OnHa 3
TOJIOBHUX MepeBar TaKoro MiIX0Ay MOJIATAE Y MOKIMBOCTI PO3PaXyBaTH EICKTPOHHY

CTPYKTYPY BCIHUKHUX CHCTEM, JIA SKHX PO3PAXyYHKH 3a AOIIOMOI'OIO aHaAJITHYHUX



METO/IIB KBAHTOBOI MEXaHIKU € MPaKTUYHO HEMOXJIMBUMHU. J[ns Takux cuctem DFT
Ja€  3MOTYy OTpUMAaTH  JOCTaTHRO TOYHI  pe3ylbTaTd 3  MPUUHATHUMHU
OOYHUCITIOBAILHUMU BUTPATaAMHU.

Jlis oTpUMaHHS HaJIMHUX TEOPETUYHHMX pe3yJbTaTiB, IO OyIyTh 100pe
y3roJI)KyBaTUCh 3 EKCHEPUMEHTAIIbHUMH JIaHUMU, B POOOTI BUKOPHUCTOBYBAIHCH
HaliCydacHilll METOAM 3 Teopii (YHKIIOHATYy TyCTHHH. 30KpeMa, BAAJIOCh
IPOAEMOHCTPYBaTH  €(EKTUBHICTb BHUKOPUCTaHHS TiOpUAHOTO  (PYyHKIIOHATY
oOMiHHO-KopesiitHoi B3aemoii PBEQ y Bunaaky CeXs(X=F, Cl, Br, ) Ta orpumaru
JOCTaTHBO TOYHI moyioskeHHs 4f Ta 5d piBHIB 10HIB TAaHTAHOITiB, 3aB/ISKH BKIIOYCHHIO
nomnpaBok Xab66apaa (DFT+U) y pospaxynkax mis kpucraiiB LaFs:Ln (Ln=Ce-Lu).
Jlnst  TMOpIBHSJIBHOTO — aHaMi3y 1 MIATBEPIKEHHS KOPEKTHOCTI TEOPETHYHHX
po3paxyHkiB MeroaoM CrokOaprepa, B 1HEpTHIH artMocdepi, BHPOIIECHO
moHokpuctaiu LaF;:Ce, CeFs ta CaF3:Ce Ta mpoBezieHO cepito eKCriepuMeHTaIbHIX
JOCIIIIKEHD CHEKTPAJIbHO-KIHETUYHUX BJIACTUBOCTEN JIFOMIHECLIEHTHUX
XapaKTepUCTHK  3a3HAYEHUX KpUCTamiB. BumipioBaHHS 3  BUKOPHUCTaHHSIM
X-tipoMeneBoi ¢otoenekTporHoi crnektpockomii (XPS) kpucranis LaFs ta CeFs
3nicHIOBaIOCh 3a jonoMororo crektpomerpa Scienta ESCA-300. Buuenns
JIOMIHECIICHTHUX TapaMmeTpiB KpHUCTaliB 3aiiicHIoBasioch Ha craniii SUPERLUMI
(DESY, HASYLAB), BUKOPHCTOBYIOUM CHHXPOTPOHHE BUIMPOMIHIOBAHHS.

baszyrounce Ha OTprUMaHUX B pOOOTI JaHUX, BAAJIOCH MPOJEMOHCTPYBATH, IO
BanieHTHa 30Ha kpuctaiiB CeXs (X=F, Cl, Br, I) bopmyeTbcs NP cTaHaMu rajaoreHiB
(n=2,3.,4,5), a 4f ctanu HopMyI0Th By3bKYy 30HY, SIKa PO3TalllOBaHa BHIILE BAJICHTHOI
30HU. 30HHM npoBigHoCcTi y kKpuctanax CeFs, CeCl; Ta CeBrs chopmoBani ctanamu 5d
1EPifo, 110 MAKOTh OCOOJIMBICTh Y BUIJISIII CHEPIeTUYHO PO3aiIeHUX Mmif-30H 5d1 Ta
502 3 pisHUMH epeKTHBHMMU MacaMH eJIeKTpoHiB. Y Bumaaky Cels mi mix-30HH
MIEPEKPUBAIOTHCS, M0 YCKIIAAHIOE BUHUKHEHHS JIIOMIHECIIEHITT Sd—4f 3a KiMHaTHOI
temnepatypu. [lopiBHIOIOYM OTpUMaHI EKCIIEpUMEHTalIbHI Ta TEOPETUYHI J1aHi
BJIAJIOCH ITiITBEPAUTH KOHIICTILIIIO MTPEICTABICHHS eHePTreTUIHOI CTpyKTypu CeXs, 5K
pe3ynbTaT HAKIQJaHHS €HEepreTUYHuX CTpykTyp LaXs Ta 1epieBHX JOMINIKOBUX

ctaHiB B cucteMax LaXs;:Ce, 1m0 T03BOJMIO MPOBECTH MOPIBHSAHHSA PO3PAXOBAHUX



eneprernaHux napametpis 4f ta 5d piniB B CeX3 3 eHeprieto nux craniB y LaXs:Ce.
[TpogemMoHCTpOBaHO, IO pPO3paxOBaHAa EHEPreTUYHA 30HHA CTPYKTypa KpPHUCTaJiB
CeXs (X=F, CI, Br, |) BignoBigae o4ikyBaHHSIM TOTrO, IO €HEPreTHYHA CTPYKTypa
CeX3; € pe3ynapTaTOM CyNEpIO3WIlii EHEePreTHYHUX CTaHIB EJIeKTPOHAa Y MOl
nipok 4f % ta np X,

Hns kpucrany CeFs pospaxoBani edexrmBHi Macu mig-3on 5d1 ta 5d2
CTaHOBIIATH M 591 = 4,9Mg Ta M55 = 0,9M Bimnosiguo. Taki 3HaYeHHS ePEKTUBHUX
Mac mepeadavaroTh HasBHICTD JIOKAIi30BaHUX CTaHIB €JICKTPOHIB B mia-30Hi 5d1 Ta
JIeNTOKAIII30BaHUX CTaHiB Mia-30HK 502. 3 Takoi Touku 30py, nepexomu 4f—S5dl
MOXXYTh BIAMNOBIAATH BHYTPILMIHIM IEPEX0JIaM TPbOX-BAJIETHOIO 10HY LEPII0, L0
CIpUsie YTBOPEHHIO CKCUTOHIB ®Dpenkens, a mnepexomu 4f—5d2 MoxyTts Oytn
TIOB’s13aHi 3 10HI3aIlito 10HIB 1epiro. EHepreTnyHa miinmHa Mix mig-3oamu 5d2 ta 5d1
MPOSIBISIETHCST SIK MPOBAJIMHA B CIIEKTPaX 30YJ/KEHHS JIFOMIHECIEHII €KCUTOHY B
okom 7,1 eB, abo gk MakcumMyM JroMiHecueHuli 3 mikoM npu 340 HM B CHEKTpl
30ymkeHHs B okoiii 7,1 eB. MexaHi3M nepeHocy eHeprii 3 LepieBUX EKCHUTOHIB
®dpeHkes 0 JIOMIHECIIEHTHUX LIEHTPIB, 110 BIANOBIAAIOTH 3a cMyTH 1pu 340 HM, €
BUITPOMIHIOBAJIbHUM. AHIOHHUM €KCHUTOH, IO BiAmoBimae mepexony 2p F—5d2,
acoliroeTecss 31 cmyroto 3 mikom mpu 10,8 eB y chektpi 30ymKeHHS 1epieBoi
JIOMIHECIICHITI1.

VY kpucranax CeCl; Ta CeBrs BusiBieno, mo cranu 5d uepiro GopmyroTsh
mij3oHy 5d1 3 BiTHOCHO BEJIMKHM 3HAYCHHSIM e¢(EKTHBHOI MacH HOCIiB 3apsiny (3,6mo
Ta 2,3Mo, BignoBigHO). Ak 1y Bunaaky CeFs, Taki epekTUBHI Macu HOCIiB 3apsiay
CIpUSIIOTh 0e30ap’epHiil aBTOJIOKaTI3aIlll €JIEKTPOHIB, IO JI00pE Y3TOKYEThCS 3
MOJICIITIO aBTOJIOKAJTI30BaHUX €KCUTOHIB DpeHkens B 1ux crnoiykax. Llei edexr €
MepelyMOBOIO ICHYBaHHS THUIOBUX JIFOMIHECIIEHTHUX MeEpexoaiB Jd—4f uepito y
kpuctanax CeCl; ta CeBrs. BinbHi HOCIT 3apsiay y 30HI HIPOBIJHOCTI BUHHUKAOTh
BHACJIJJOK MEpexXoiB 3 BajeHTHOi 30HM NP X 1o 3oum 502 Ce** 3 epextuBHMMU
macamu 0,5mg ta 0,1my nus CeCls ta CeBr; BimmosigHo. Po3paxoBaHo eHeprito

nepexonis Np X~ — 5d2 Ce**, mo cranosuts 6,9 eB, 5,7 eB 1a 2,4 eB, mo 106pe



Y3TOJKYETHCS 3 €KCIIEPUMEHTATLHUMU 3HAYCHHSIMH IUPUHU 3a00pOHEHOI 30HU Y
kpuctanax LaXs (7,0 eB, 5,9 eB Ta 3,8 B, BignosigHO).

VY Bumanky kpucrtaniB LaFs:Ln mpoaeMoHCTpoBaHO, IO BEpXHS 4YacTHHA
BaJICTHOI 30HU (POpMyIOThCA 2P cTaHaMmu (TOPY, HUKHS YACTHHA 30HU MPOBIIHOCTI
yYTBOPIOETHCs 5 piBHAMU JaHTaHy, a BY3bKi 4f cTaHM TaHTaHOIIIB XapaKTEPU3YIOThCS
BHCOKOIO 1HTGHCHBHICTIO TYCTHUHHM CTaHIB Ta 37eO0UIbIIIOr0 po3TalloBaHl Y
3aboponenoi 30HU. Jlemo Hmwkue (Big 8 eB mo 10 eB) HWkHBOI YacTWHU 30HU
NpoBigHOCTI po3TamoBani 5 mikis 5d cranis Ln', mo 6yy0 o4ikyBaHO ISl cCUMETPii

P3cl, ne ion Ln**

3HAXOAWTHCS B KOOPIWHAIIMHOMY OTOYeHHI 9 i0HIB (TOpYy.
Po3paxoBana muprHa 3a00pOHEHOI CTaHOBUTH 9,6 eB.

CdopmoBaHa, Ha OCHOBI OTpUMaHUX B Il POOOTI JaHUX, Jiarpama
CHEPTeTUYHUX MMOJIOKeHb 4f cTaHiB 10HIB TPHOXBAJCTHUX JIAHTAHOIIB y KpUCTAJIaX
LaFs:Ln mo3Boniuiia mpoBECTH MOPIBHSUIBHUM aHaMi3 3 MOMYJIAPHOIO €MIIIPUYHOIO
mozaemno Jlopenboca. 3o0kpeMa, BIAOCh MOKa3aTH, 10 JJII TPbOXBAJIETHUX 10HIB
TepOi1t0, AUCHPO3it0, TOJIbMIIO, €pOil0 Ta TyJilo, MONpU 30EpeKEHHS 3arajabHOl
TEHJICHIIIT /10 MOHIKEHHS MiHIMyMy eHeprii 4f cTtaniB, BenmuunHa posimieruieHHs 4f
CTaH1B Ma€ MEBHI PO3XOHKEHHS 3 EMITIPUYHOI0 MoJesTi0. HaTomicTe, po3paxoBaHi Ha
OCHOB1 TMapIiaJIbHUX TYCTHMH CTaHIB JaHl [JIs TPhOXBAJIETHUX 10HIB LEPItO,
mpa3eonuMy, HEOJAUMYy, MPOMETII0, caMmapilo, €BPOIII0, Ta0JiHII0, 1Tepbiro 100pe

Y3TOPKYETHCA 3 CKCIICPUMCHTAJIbHUMUA PC3YyJIbTaTaMU.

KuarouoBi cjioBa: moMiHECIHICHIIIS, 30HHO-CHEPreTUYHA CTPYKTypa, T'yCTHHA
CTaHiB, €(EeKTHBHA Maca, aBTOJOKali30BaHI €KCUTOHU DpeHKels, CUUHTUISATOPH,
JaHTaHIOW, Teopli (YHKIIOHATY TYCTHHM, TiOpuIHUN (yHKLIOHANT OOMIHHO-

KopesiiHoi B3aemoii PBEQ, monpaBku Xab0apaa.



SUMMARY

Karnaushenko V. O. Energy positions of 4f and 5d levels of lanthanide ions in
fluoride compounds. — Manuscript copyright.

The thesis of the Doctor of Philosophy, specialty 105 — Applied Physics and
Nanomaterials. - Ivan Franko National University of Lviv, Lviv, 2022,

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 CeXs (X = F, Cl, Br, I) and LaFz:Ln (Ln = Ce-
Lu).

Scientific progress is often determined by the level of development of
measurement tools, which determines intensive research in this field. In modern
measurement systems, the main factor that can cause inaccuracy is a sensor. This trend
is due to the technological complexity of reducing errors. That is why calibration and
machine learning algorithms are widely used to improve precision. However, the
inaccuracies of the detectors cannot always be leveled with the help of the above-
mentioned instruments, in particular, under the conditions of their operation under the
influence of aggressive environments. Therefore, studying new materials that can be
used as sensitive elements remains an important area of research in global science and
becomes even more relevant with the progress of the Internet of Things.

Crystals based on compounds of lanthanides with fluorides have found wide
practical applications in various fields of science and technology. Most widely, they
are used as scintillation detectors in high-energy physics, where they provide reliable
data collection. In addition, these crystals can serve as an active element in
optoelectronic devices, especially in laser systems and light emitters, where the
properties of transitions between electronic levels of lanthanide ions determine the
spectral characteristics of radiation. Their use as photonic crystals that provide
controlled reflection and scattering of light remains a promising direction. Lanthanide
fluorides can also be found in medicine, where they are used as materials for

dosimeters.



The luminescent properties of lanthanide fluoride crystals have been the subject
of numerous studies since the first crystals of this type began to be considered as
promising scintillation detectors in the field of high-energy physics. These types of
scintillators have gained their popularity due to the fast kinetics of luminescence,
strong radiation resistance and high proportionality of light yield. These characteristics
are largely regulated by the positions of 4f and 5d levels of lanthanides ions relative to
the valence band top and the conduction band, what determines the properties of the
5d—4f transitions. In recent decades, many spectroscopic studies of these crystals
have been provided and found that the change in the positions of lanthanide ion levels
during the transition of the material from the gas to the crystalline phase is mostly
determined by their coordination environment. A lot of attention was paid to
experimental and theoretical studies of the positions of activator ion levels, but not to
the peculiarities of their positioning and dispersion in concentrated systems.

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: CeX; (X=F, CI, Br, 1) and
LaFs:Ln (Ln=Ce-Lu). Density functional theory is one of the most effective and
powerful tools for studying the electronic structure of molecules, solids, and surfaces.
The method is based on the idea that the energy of the electrons in the system can be
determined through the electron density function, which is particularly useful in the
case of condensed systems. One of the main advantages of this approach is the ability
to calculate the electronic structure of large systems, for which calculations using
analytical methods of quantum mechanics are practically impossible. For such
systems, DFT allows obtaining sufficiently accurate results with acceptable
computational costs.

To obtain reliable theoretical results that will be in good agreement with
experimental data, the most modern methods within the framework of density
functional theory have been used in this work. In particular, it has been demonstrated

the effectiveness of using the PBEO exchange-correlation hybrid functional in the case



of CeX3 (X=F, ClI, 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 LaFs:Ln crystals (Ln=Ce-Lu). Single crystals
LaF;:Ce, CeF; 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. Measurement with the use of
X-ray photoelectron spectroscopy (XPS) of LaFs; and CeF; crystals has been
performed using a Scienta ESCA-300 spectrometer. The study of the luminescent
parameters of the crystals has been carried out at the SUPERLUMI station (DESY,
HASYLAB) using synchrotron radiation.

It is shown that the valence band of CeX; 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, CeCls, and CeBr; 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 Cels;
these subbands overlap, what makes the occurrence of luminescence 5d—4f at room
temperature complicated. By comparing the obtained experimental and theoretical
data, easy to confirm the concept that the energy structure of CeXj is a result of the
superimposition of the energy structures of LaXs and cerium impurity states in the
LaX3:Ce systems, which allowed compare the calculated energy parameters of the 4f
and 5d levels in CeX; with the energy of these states in LaXs:Ce. It has been
demonstrated that the calculated energy band structure of CeXs (X=F, ClI, Br, 1)
crystals corresponds to the expectation that the energy structure of CeXs is the result
of the energy states superposition of the electron in the field of holes 4f ° and np X°.

It was found that in the case of CeF; the effective masses of 5d1 and 5d2
subbands are m’sq; = 4.9m and m’sqg; = 0.9my, 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 4/—~5dI transitions may

correspond to the internal transitions in the Ce®* ion, which promotes the formation of



Frenkel excitons, and the 4 — 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 F—5d2 transition is associated with a peak band at 10.8 eV in the cerium
luminescence excitation spectrum.

It was stated that in CeCl; and CeBrs crystals conduction states form a 5d1
subband with a relatively large value of the effective mass of charge carriers (3.6mg
and 2.3my, 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 5d—4f Ce luminescent transitions in CeCls and CeBr; 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 0.5mq and 0.1m, for CeCl;z and
CeBrs, respectively. Calculated energies for np X*—5d2 Ce®* 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 LaCls, LaBrs; and Lals crystals (7.0 eV, 5.9 eV and 3.8 eV,
respectively).

In the case of LaFs: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 Ln®" 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 Ln®" ion is in the
coordination environment of 9 fluorine ions. The calculated energy gap is 9.6 eV.

A diagram of the energy positions of 4f states of trivalent lanthanide ions in
LaFs:Ln crystals, created using data obtained in this work, allowed us to conduct a

comparative analysis with a popular empirical model. It is shown that for trivalent ions



of terbium, dysprosium, holmium, erbium, and thulium, the magnitude of 4f states
splitting has some differences with the empirical model, despite the general tendency
in decreasing the minimum energy of 4f states. In contrast, data calculated based on
the partial densities of states for trivalent ions of cerium, praseodymium, neodymium,
promethium, samarium, europium, gadolinium, and ytterbium are in good agreement

with experimental results.

Key words: luminescence, band energy structure, density of states, effective
mass, self-trapped Frenkel excitons, scintillators, lanthanides, density functional

theory, hybrid exchange-correlation functional PBEO, Hubbard corrections.
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