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IIpoBeneno TeopeTwdHe TOCTIIKEHHS €JEeKTPOHHOI €HepTeTUYHOl CTPYKTYpPH
LaF3:Pr, B pamMkax sikoro Oy/i0 pO3paxOBaHO Ta MPOAHATI30BAHO MapIiiaabHi
Ta 3arajbHi I'yCTHHHU CTaHIB KPUCTAJA, 30HHY €HEPreTHYHy CTPYKTYPy KPHCTa-
JIa, a TAaKOXK OTPUMAHO BEJUYNHY €(PEKTHBHOI MACH €JEKTPOHIB HA JHI 30HU
npoBinHoCTi B okouti I' Touku. Bei po3paxynku nmpoBeseni B paMkax Teopii ¢dpyH-
KIIIOHAJIY T'YCTUHU 3 BUKOPHCTAHHSIM MpPOrpaMHOro 3abesnedenus Abinit. [Iis
OTIHUCY IBUIKOOCIUIIOI0YNX KOMIIOHEHT XBUIHOBUX (DYHKIIHT MOOINU3Y OCTOBHUX
DiBHIB BUKOPUCTOBYBAJIM MeTO/ pueaHanux npoekuiiinux xsuib (PAW). Cuiib-
HO JIOKaJtizoBaHi opbirtasi 4f ta 5d ioniB jlanTaniniB BpaxoByBaJsu 3a JOIMOMOIOI0
BBEJICHHS MOMpaBoOK Xabbapa 3 mapamerpavu U = 2,1 eB ta J = 0 eB. Ha ocmo-
Bi OTpUMAHUX JaHUX BCTAHOBJIEHO, IO BAJEHTHA 30Ha C(POPMOBAHA CTAHAMU 2p
F, a nao 30HU mposigHOCTI yTBOpeHO 5d piBHAME La, HIKYE SKOTO PO3TANTOBAHI
5d cranu Pr. Cranu 4f Pr xapakTepusyoTbcs BUCOKOIO IHTEHCUBHICTIO 1 po3Ta-
moBani 6sim3bK0 cepeaunu 3aboponenoi 3ouu. [llupuna 30uu 2p F cranosuts 3
eB. Eneprernuna Bimcrans Mizk HUKHIME Ta BepxHiME piBHsMu 4f Pr mopiBHioe
4,4 eB. Bincranp MixK BEPIUHOI BAJIEHTHOI 30HU Ta 4f-cTranamu Pr - 2,1 eB.
Mupuna posmemnyenus piBaiB dd Pr cranmoButs 1,4 eB 3 menTpoizom B okoIi
8,67 eB. PozpaxoBana mupuna 3ab6oponenoi 3ouu cranosuth 9,6 eB, a orpumana
BesmmanHa ePpeKTUBHOI MACH €JIEKTPOHIB B OKOJIi /1HA 30HU 1poBiaHocTi — 0,33my

Kurro4uoBi cjioBa: 30HHA CTPYKTYPa, METOJ MPUETHAHUX MPOEKIIHHAX XBUJIb,
mupuHA 3a00POHEHOT 30HU, TayHKOHBEPCis.
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1. Bcryn

B ocranni poku BuUBUYeHHS eIeKTpOHHUX KOH(DIrypariit 4f Ta 5d piBHIB TphOXBaJEH-
THUX iOHIB JIAHTAHIIB 3/100yBA€ BENMKY MOMYIAPHICTh 3aBAIKHU 1X ITHPOKOMY IPAKTHI-
HOMY BUKOPWCTAHHIO ¥ (Di3uIli BUCOKUX €HEPriil, MeIuIHi, KOCMiuHii rajay3i ta y cdepi
paziamiitnoi 6esnexu [1]. Ton Pr®" B marpumi LaF3 Bce wacrinte crae mpeMeToM J0CTi-
JI2KEHB 0AraThOX aBTOPIB Yepe3 HU3Ky OCOOIMBOCTElH, 30KpeMa, TAKUX, K KACKaIHA eMicis
doronis [2]. HassricTh KackaaHol emicil Jae 3MOry po3rigiaTu Taki Marepiaiy 3 MeToK
MIOITYKY JIIOMIHECIIEHITiT 13 KBAHTOBUM BUXOIOM OLNIbINEe OJWHMUIN, IO € HEOOXiTHUM /I
PO3poOKK BHCOKOE(EKTHUBHHUX IEPETBOPIOBAUIB yIbTPadhiosieTOBOrO BUIIPOMIHIOBAHHS B
Bugume. HeoOXimHOI yMOBOIO I TIOSBU KACKAIHOL 4f-4f JOMiHECIIEHII] i3 KBAHTOBUM
BIXOJIOM OLIBIINe OJUHEII B JOMIMKoBHX ionax Pr’t e mimcyrmicts 5d-4f-mominecnentii.
Lle peamizyeTnea y BUIAAKY, KOMH 5d-ctamn ioga Pr3t posramosani emeprermano sume 3a
HaltBumImii i3 4f-cranis 'Sy. CaMe Take B3aeMHe PO3TAITYBAHHS X PiBHIB pealisyeTnbes
B kpucraiax LaFs:Pr [3]. [urepec rakox upezacrasisie moxxiusicrs orpumanss y LaFs:Pr
JnazepHoi reHeparii. BigbmmicTs Teopiit, 1Mo HaMaraloThCsa TaTH TOSICHEHHS JTa3€PHUM BJIa-
CTUBOCTSIM IIHOTO KPUCTAJIa, 0a3yI0ThCs HA iHTEpIpeTallii Nepexo/IiB 3 3aJIyYeHHAM PiBHs
1S, enepria SKOro JOBIHil Yac 3aJMIIAJACA IiJ MUTAHHAM [4]. TTosuuil 4f pisuiB ioHiB
Pr y marpumi LaF3, gk i 6ararpox iHmmX piakicHOZeMETbHAX €eMEeHTIB, Oy/Iu 1eTaabHO
cucreMaru3oBasi 1 npejcrasieni y upaui [5], ase BigoMocTi Ipo HOJIOKEHHs LUX DIBHIB
HOCTiﬁHO JOIMIOBHIOIOTHCA 3 I10ABOIO Cy‘laCHiLHI/IX EKCIIEPUMEHTAJIbHUX TeXHiK CIIEKTPOCKO-
mii. st orpumanis Oibin moBHOI iHdOpMAaIil MO0 PO3TAITYBAHHS IOMIIITIKOBUX DIiBHIB
ionis Pr®t BinmHOCHO emeprermunmx 30H Kpucrana LaFs:Pr B 1iit pobori nmpencrasieni pe-
3y/IbTATH TEOPETUYHI PO3PAXyHKIB, IPOBEICHUX B PaAMKaxX Teopil PyHKIIOHATY 'yCTHHA
DFT 3 Bukopucranusm Mmeroiy npueiHanux npoexuiiinux xsuib (PAW) ra monpasok
Xabbapga.

2. Meroanka po3paxyHKy

Bci po3paxyHKu NMpOBOAMINCH B pAMKaX TeOpil (DYHKITIOHAILY T'yCTHHH, IO TOTPEDY-
I0OTh TOYHWX 3HAYEHb MO3WINH 10HIB y KPHUCTAJL Ta MapaMeTPiB KPHUCTAJITHOI KOMipKH.
Ilapamerpu rparku LaF3 Oymu orpuMmani 3 BUKOpHUCTAHHAM OHJIaHH pecypcy Materials
Project [6], na ocuosi sikux Gysia 3Mo/enp0BaHa KpucTaiiuua KoMipka (liapamerpu 3a3Ha-
geni y Tabmuri 1) 3 3aMiHOI0 OHOTO 3 I0HIB La3t iowom Pr3t 3a nomomororo mporpamuoro
3abe3neuennss VESTA [7].

Tabmuma 1.

o o o

Kpucran | a, A | b,A | ¢, A | a | B ~v | IIpocropoBa rpyma

LaF, | 7,247 | 7,247 | 7,391 | 90 | 90 | 120 P3cl

OcobauBicTh PO3PAXyHKY €HEPTETUYHUX CTAHIB JIAHTAHIIIB MOJIATAE y BPaxyBaHHI
CUJIBHOI JIOKAJIi3aril 4f CTaHiB, M0 YHEMOXKJIMBJIIOE BHKOPUCTAHHS AMPOKCHUMAIIiH JI0-
kampHOl rycrnan (LDA) rta ix rpagientanx omrmmizamiii (GGA). dns BupimmenHs miel
3a/ati ChOTOMHI BUKOPUCTOBYIOTDH /IBA AJTHTEPHATHUBHI ITiIX0AM — iOpUIHIH (DYHKITIOHAIT
obminno-Kopeaniitnol B3aemonil PBEO [8] Ta merox nonpasok Xabbapaa (DFT+U) [9].
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Ak 6ysno nokazano [10], sukopucranus PBEQ nponemoncrpysasio cBowo edekTuBHiCTH
y crpykrypax tuny LnXs (ue X=F, Cl, Br, I), ase ne nae moxiusicrs TOYHO BiATBO-
PUTH €eKTPOHHI BJIACTUBOCTI Y CTPYKTYpax 3 JAEKiTbKOMAa JIAHTAHITaMM, OCKLTBKH B
pe3yAbTyIOUiil eHepreTutHiil cTpyKTypi BincyTHi 5d piBHI TOMINIOK, 10 TAKOXK MOXKe Oy-
TH TIOSCHEHO MAJINM 3HAYEHHSM PO3PAXOBAHOI mupuHu 3a00poHeHoi 30Hu. HartomicTh
sukopucrtants DFT+U Bxke moka3zasno cBoio eeKTUBHICTH I1i/T 9aC PO3PAXYHKIB eHepre-
ruunux crpykryp LaF3:Ce [10], LaF3:Sm [11] ta LaF3:Pm [11] i mupoko Bukopucrosyto-
THCH CUIJIbHOTOIO JIOC/IIIHUKIB, 110 3afIMAIOTHCS TEOPETUIHUM BUBYEHHHAM BJIACTUBOCTEMN
JaHTaHIAIB 3 mepmux npuHnumiB. OCHOBHA imes, mo jJekuTh B ocHoBi DFT+U, moms-
ra€ y ToMy, 00 BPaxOBYBATH CHJIbHY JIOKAJIbHY KYJIOHIBCHKY B3a€MO/III0 JIOKATI30BAHUX
€JIeKTPOHIB, 10 HEKOPEKTHO onucyorhes merogamu LDA ta GGA, 3 nomarkoBux mapa-
Merpom Xabbapza. JIokanbHa KysIOHIBCbKA B3a€MO/Iisi OCODJIMBO CUIIbHA, JJId JIOKAJII30Ba~
HUX d- Ta f-eJIEKTPOHIB, ajie MOxKe OyTH BaxKJIMBOIO 1 /Jisd JIOKAJII30BaHUX p-opbitaseil B
OKpEMUX BUTIKAX. BenmmdnHa 1iel JTOKaJIbHOI B3a€MO/Iil 3a3BUYail OMUCYIOTH IBOMA Ta-
pamerpamu: U (KysoniBchbKa 9acTka) Ta J (ooMinua uactka). [Tlapamerpu U ta J MoxKyTh
Oytu orpumaHni 3 ab initio po3paxyHkis, aje 3a3Bu4aii BU3HAYAIOTHCS HAIIBEMITIPUIHUM
migxomom. Ilonpasku DFT+U moxkyTs OyTH BIPOBa/2KEH]I B PO3PAXyHKHU PI3HUMU CIIOCO-
6amu. Ilepuuwii minxiza, 3anpononoBanuii B [12], nossrae y Tomy, mob posrasgaru U ta J
SIK 7Bl He3aJIesKHi MoMpaBKy 10 po3paxyHkis. Tammuit BapianT [13] monsirae y BUKopucTaH-
Hi eauaoro nmapamerpa Ueg = U — J, 110 BpaxoBye KYJIOHIBCHKY B3a€MOJII0, HEXTYIOUN
OyIb-IKMMU BUIUMHU OAraTOMOIAPHUME WIEHAMH MYJIbTUIIOIBHOIO PO3KIaLy. B Hammx
PO3paxyHKaX BUKOPHUCTOBYIOTH MEPINwii miaxisa, 3 aauM npucBoennsMm U = 2,1 eB ta J
= 0 eB. B ananituanomy npemcrasieni miaxin DFT+U onucyerbes piBHaHHSAM:

U,
Eprryv = Eppr + Z %TT(PQ +p%p%), (1)

zie p* — MaTpullgd 3aceseHts aroMHol opbitasi a. @opmysta (1) npeacrasiige CyMy eHepriii:
EppT po3paxoBaHoi 3 BHKOPUCTAHHAM AIIPOKCHAMAII] JTOKATBHOI €TeKTPOHHOI I'YCTHHH Ta,
MIOIIPABKH JI0 HEl, 3yMOBJIEHOI CHJILHO JIOKAJI30BAHUMH CTaHAMHU. Bcl po3paxyHKH Ipo-
BOJMJIMCSE 3 BUKOPUCTAHHSIM 1IPOIPAMHOIO 3abe3nedennsi Abinit [14], wo posnoscromxy-
erbes 3 BimbHOIO Jtinen3iero GNU GPL. [Ins BpaxyBaHHS IIBHIKOOCIMITIOIYINX KOMITO-
HEHT XBWJIHOBUX (DYHKII# MOOJM3y OCTOBHWX DIBHIB BHKOPUCTOBYBAJIM METOJ MTPUETHA-
uux npoekiiiinux xsuib (PAW) [15]. Ha6ip nanux PAW, nporecroBanuii y BuKOpucTanti
3 noupaskamu Xabbapua, 6yso 83110 3 poboru [16]. XBunbosi dyukuil pospaxoBani Ha
k-citui Mouxpocra—Ilaka po3mipom 8x8x8. iz onmcy xBunboBux (ByHKIiH BUKOPUCTO-
ByBaBCs 0a3WC MJIOCKUX XBWJIb 3 eHepriero obpizamus 816,342 i 3265,37 eB nna onwucy
X MIBUIKO OCIMJIIOIOYUX KOMTOHEHT B pamkax PAW cdepu. s ananisy aucnepcii pis-
HiB Ta epeKTUBHOI MACH €JIeKTPOHIB HA, [IHI 30HU MPOBIIHOCTI PO3PAXYHKW MPOBOIUIN
6epyun no yBaru 200 eHepreTudHUX PiBHIB.

3. PesyabTatm Ta ix 00roBopeHHs

Ha puc. 1 ta puc. 2 moka3zaHO po3paxoBaHi MapIiajbHy Ta 3arajbHy 'yCTHHH CTa-
niB kpucrana LaFs:Pr sinnosigno. 3 masemenux rpadikip mo0pe BHHO, 110 BEPIIMHA
BaJIGHTHOT 30Ha, cpopMoBana 2p cranamu F, a gHo 30mm mposigHocti — 5d cramamu La.
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V zaboponewiit 30Hi, 6ilg THA 30HE IPOBigHOCTI, posTamopani 5 mikis &d Pr3*. Taxe
poslenieHnd € jobpe Bimomum g cumerpii P3cl, ae ion Pr®T € B koopaunaniiinomy
orouenni 9 iomin F~. Tlo6mu3y cepemuny 3a60pPOHEHOI 30HW 3HAXOAATHCS KM 4f Pr3t,
SAK1 BOJIOJIIOTH XapaKTEPHOIO BUCOKOIO iHTEHCUBHICTIO.
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Pwuc. 1: ITapmianpua ryctuna cranis LaFs:Pr

[MMTupuna BaseTHol 30HU KpucTasa ctanoBuTh 3 eB. Exeprerndna Bigcranb Mix HUXK-
HiMu Ta BepxHiMu piBHsaMu 4f Pr cranosurs 4,4 €B, a Biacranb MixK 10JIOKEHHSIM PiBHIB
2p F° i maitmmxunm 4f-cranom Pr3t popismioe 2,1 eB. Illupuna posimensienns piBHIB
5d Pr cranosuts 1,4 eB, mpu LOMY €HEpreTHYHe MOJIOYKeHHS TenTpoiny 5d Pr3T pipmin
cranoBuTh 8,67 eB. Ha puc. 3 mpeacraBieno po3paxoBaHy €HEPTETUYIHY 30HHY CTDPY-
krypa kpucrana LaFsz:Pr. Ha rpadiky nmoka3zano eneprerndni piBHI B3I0BXK JIiHII BUCO-
kocumerpuaaux 1090k M-T-K-L-A-H-T. PiBui gma 3omu mposigaocti §d LaF3 morano
i/11aI0ThCs aHAi3y, Yepe3 nepekpurtd 3 piBaavu dd Pr, ane ix MoxkHa BUOKpeEMUTH, 33
CUJIBHOIO BiIMIHHICTIO y JUCHEpCil CTaHiB BiJHOCHO XBUJILOBOTO BEKTOPA, k.
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DOS of LaF,:Pr
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Puc. 2: Baranpua rycruna cranis LaFs:Pr

Minimym mupunu 3aboponenoi 30uu npunagae za Touky [ i cranoBurs 9,6 eB. Ede-
KTHBHA MAaca €JEeKTPOHA, PO3PAXOBaHa HA BepxHiX piBHAX Jd Pr, cranosurh 0,33mg, a
PiBHI JHAa 30HU MTPOBIIHOCTI HE BOJIOMIIOTH TOMITHOIO Jguctepcieio. Ha puc. 4. npeacrapie-
HO TIOPiBHAHHS TOJIO?KEHh €HEPTeTHIHUX 30H Ta JOMIMTKOBUX piBHIB Kpuctasa LaFs:Pr,
BIATBOPEHUX 33 eKCIIEPUMEHTATHPHUMU JAHUMH Ta OTPUMAHUX 13 MEPITONPUHIAITHAX PO3-
paxysukis. Ilix gac mobym0BHu KiCHOI CXeMH €HEPTeTUIHNX CTAHIB BUKOPUCTAHO 3HATECHHS
wupunu 3aboponenol 3ouu kpucraia (11 eB) [5], enepreruyny Bijgcranb Miz BEPUIMHOIO
BAJIEHTHOI 30HM i HaitHmkumM f-cranom ionis Pr3™ (3 eB) [5] i monoskenns oxpemux
4f-piBuis Pr®*" 3a gamumu [3,5]. Ik BUAHO 3 pHUCYHKa, pO3paxOBaHi 3HAYECHHs eHeprifi
PiBHIB BUABJIAIOTH MOMITHI BiJIXWJIEHHSI BiJl €KCIIEPUMEHTAJIbHUX, 30KpeMa IUPUHA 3a-
6oponenoi 30uU € 3anmkeHo Ha 1,5 eB, eneprernyna BiacTanb Bii HAWHMAKYOrO CTAHY
4f Pr3T € menmoro ma 1,8 eB, i eHepreTuune HOJOXKEHHA HAfBUMOro 4f-cramy Pr3t
(1Sp) € 3anmxenoio Ha 2,2 eB. Tum He MenTTe, AKiCHO pO3paxoBaHa eHepreTHIHa, cXemMa
J100pe BiITBOPIOE €KCIIEPUMEHTAJIbHY. K 1 CriocTepira€Thbes Ha eKCIepuMeHTi, Jd-cTanu
ioma Pr®t posramosani mobamsy AHa 30HE HpPOBiTHOCTI KpHCTasa, GOPMYIOTHCA piBHS-
MH, IO FeHeTHYHO moxomarh i3 &d La3t. Kpim Toro pospaxyHoOK BHABISE KOpeKTHe
B3aEMHe po3TallyBaHHs Hafipuimioro 4f-cramy ionis Pr3™ (1Sg) simnocno 5d-cranis iona
Pr?t. Ocramne Bu3nauae moMinecnenTHi BracTusocTi ionis Pr3* y marpumi LaFs, a ca-
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M€ — HasBHICTb JIMIIE BHYTPIIHLOKOH(Irypamiiinoi 4f-4f-n1romiHecuennii, ska BUSBJISE
CTYIMHYACTE BAMPOMIHIOBAHHSA i3 KBAHTOBUM BHXO/IOM Oi/IbIII€ OJMHMIIL.

Band Structure of LaF,:Pr

E. eV

Puc. 3: 3onna emeprernuna crpykrypa kpucraiga LaFs:Pr
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Puc. 4: Posramysanns emepreruunux 30 kpucraaa LaFz:Pr i jomimkosux pisuis ionis Pr®t
BIITBOpEHE 3 eKCIIEPUMEHTAJHHUX JAHUX Ta PO3PAXOBAHO I'YCTUHY €JIeKTPOHHUX CTAHIB
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4. Ilincymknm

1. CucreMaTnu30BaHO i MPEACTABIEHO PE3YIbTATH AHAMIZY ICHYIOYMX TEOPETUIHHX i
€KCIIEDUMEHTAJIbHUX JIAHUX €HEePIeTHIHUX TA JIOMIHECIEHTHUX BJIACTUBOCTEN KpH-
crajya LaFj3:Pr.

2. Bcranosieno, mo onrumasbhi mapamerpaMu Xabdbapaa, i JOCATHEHHS 3012KHOCTI
CaAMOY3TOIKEHNX DPO3PAXYHKIB 3 aI€KBATHUM MPEICTABJIEHHAM TO3uliil 4f Ta 5d
ioniB Pr B matpumni LaFs, cranoasts U = 2,1 eB ta J = 0 eB.

3. Ha mincraBi po3paxoBaHuX TYCTHH CTAHIB Ta 30HHOI €HEPTETHIHOI CTPYKTYPH KPU-
crana LaF3:Pr Bcrarnossieno, 1o BepiinHa BaaeHTHOI 30Ha C(hOPMOBAHA 2p CTAHAMU
F-, amo 30U mposinzHOCTi — 5d cramamu La®t, B 3aboponeniit 30mi 3Hax0AUTLCA 4f-
pisai ioma Pr®*t, 5d - pisni iomis Pr®t posramosani mobmusy m1HA 30HX OPOBiTHOCTI.

4. PospaxoBana mupuHa 3a00pOHEHOI 30HU cTaHOBUTDL 9,6 €B, € memo 3anuxena, mo-
piBHsHO 3 ekcrepuMenTagbauMu ganumu (11 eB) mia kpucrana LaFs.

5. BzaemHe posTamrysaHng 4f Ta 5d piBHIB gomimkopnx iomis Pr’*t e Takmm, mo mae
3MOTY CHOCTEpPiraTH JIIIIe TIOMIHeCTIeHTIiF0 BHACI 0K eJTeKTPOHHIX Hepexois 3 'Sy
— piBHS, 110 3a0€31eYy€ CIOCTEPEKEHHS CTYIMIHIACTOI JIIOMIHECIIEHTII] 3 KBAHTOBUM
BUXOIOM OiJIbITIe OXUHUIIL.
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Peculiarities of positioning of electronic states 4f
and 5d of Pr ion in the matrix LaF3
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The LaF3:Pr crystal is known for the presence of photon cascade emission
(PCE), that isn’t characteristic for other crystals of the LaX3:RE (X = F,
Cl, Br, I; RE = Ce-Lu) group and is consequence of the relative location of
4f and 5d Pr®*t energy levels. For a better understanding of the photon cascade
emission mechanism and laser properties of the crystal, a theoretical study of
the electronic energy structure of LaF3:Pr has been provided to analyse parti-
al and total densities of states of the crystal, its electronic band structure and
effective mass of an electron at the bottom of conduction band near I' point.
All calculations have been done within density functional theory (DFT) using
Abinit software. To describe the fast-oscillating components of wave functions
near the core levels, the projected augmented wave (PAW) method has been
used with an energy cutoff of 861 eV on a Monkhorst-Pack grid of size 8x8x8.
Peculiarities of strongly localized 4f and 5d orbitals of lanthanide ions were taken
into account by introducing Hubbard corrections with parameters: U = 2.1 eV
and J = 0 eV. From the obtained theoretical results, it has been concluded that
the valence band is formed by 2p F states, and the conduction band bottom is
formed by 5d La levels, below which 5d Pr states are placed. The 4f Pr states
are characterized by high intensity and distributed around the band gap center.
The width of the 2p F band is 3 eV. The energy difference between the lower
and upper levels of 4f Pr3* is 4.4 €V and between 2p F~ and lowest 4f Pr3t is
2.1 eV. The crystal field splitting for 5d Pr levels is 1.4 eV with the centroid at
8.67 eV. The calculated energy band gap is 9.6 eV, and the resulting effective
mass is 0.33mg. The obtained from calculation mutual arrangement of the 4f
and 5d levels of impurity ions Pr3* is such that only f-f luminescence can be
observed, which provides the observation of photon cascade emission.

Key words: scintillator, band structure, projector augmented waves method,
band gap, downconversion.



