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Ïðîâåäåíî òåîðåòè÷íå äîñëiäæåííÿ åëåêòðîííî¨ åíåðãåòè÷íî¨ ñòðóêòóðè
LaF3:Pr, â ðàìêàõ ÿêîãî áóëî ðîçðàõîâàíî òà ïðîàíàëiçîâàíî ïàðöiàëüíi
òà çàãàëüíi ãóñòèíè ñòàíiâ êðèñòàëà, çîííó åíåðãåòè÷íó ñòðóêòóðó êðèñòà-
ëà, à òàêîæ îòðèìàíî âåëè÷èíó åôåêòèâíî¨ ìàñè åëåêòðîíiâ íà äíi çîíè
ïðîâiäíîñòi â îêîëi Γ òî÷êè. Âñi ðîçðàõóíêè ïðîâåäåíi â ðàìêàõ òåîði¨ ôóí-
êöiîíàëó ãóñòèíè ç âèêîðèñòàííÿì ïðîãðàìíîãî çàáåçïå÷åííÿ Abinit. Äëÿ
îïèñó øâèäêîîñöèëþþ÷èõ êîìïîíåíò õâèëüîâèõ ôóíêöié ïîáëèçó îñòîâíèõ
ðiâíiâ âèêîðèñòîâóâàëè ìåòîä ïðè¹äíàíèõ ïðîåêöiéíèõ õâèëü (PAW). Ñèëü-
íî ëîêàëiçîâàíi îðáiòàëi 4f òà 5d iîíiâ ëàíòàíiäiâ âðàõîâóâàëè çà äîïîìîãîþ
ââåäåííÿ ïîïðàâîê Õàááàðäà ç ïàðàìåòðàìè U = 2,1 åÂ òà J = 0 åÂ. Íà îñíî-
âi îòðèìàíèõ äàíèõ âñòàíîâëåíî, ùî âàëåíòíà çîíà ñôîðìîâàíà ñòàíàìè 2p

F, à äíî çîíè ïðîâiäíîñòi óòâîðåíî 5d ðiâíÿìè La, íèæ÷å ÿêîãî ðîçòàøîâàíi
5d ñòàíè Pr. Ñòàíè 4f Pr õàðàêòåðèçóþòüñÿ âèñîêîþ iíòåíñèâíiñòþ i ðîçòà-
øîâàíi áëèçüêî ñåðåäèíè çàáîðîíåíî¨ çîíè. Øèðèíà çîíè 2p F ñòàíîâèòü 3
åÂ. Åíåðãåòè÷íà âiäñòàíü ìiæ íèæíiìè òà âåðõíiìè ðiâíÿìè 4f Pr äîðiâíþ¹
4,4 åÂ. Âiäñòàíü ìiæ âåðøèíîþ âàëåíòíî¨ çîíè òà 4f -ñòàíàìè Pr - 2,1 åÂ.
Øèðèíà ðîçùåïëåííÿ ðiâíiâ 5d Pr ñòàíîâèòü 1,4 åÂ ç öåíòðî¨äîì â îêîëi
8,67 åÂ. Ðîçðàõîâàíà øèðèíà çàáîðîíåíî¨ çîíè ñòàíîâèòü 9,6 åÂ, à îòðèìàíà
âåëè÷èíà åôåêòèâíî¨ ìàñè åëåêòðîíiâ â îêîëi äíà çîíè ïðîâiäíîñòi � 0,33m0

Êëþ÷îâi ñëîâà: çîííà ñòðóêòóðà, ìåòîä ïðè¹äíàíèõ ïðîåêöiéíèõ õâèëü,
øèðèíà çàáîðîíåíî¨ çîíè, äàóíêîíâåðñiÿ.
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1. Âñòóï

Â îñòàííi ðîêè âèâ÷åííÿ åëåêòðîííèõ êîíôiãóðàöié 4f òà 5d ðiâíiâ òðüîõâàëåí-
òíèõ iîíiâ ëàíòàíiäiâ çäîáóâà¹ âåëèêó ïîïóëÿðíiñòü çàâäÿêè ¨õ øèðîêîìó ïðàêòè÷-
íîìó âèêîðèñòàííþ ó ôiçèöi âèñîêèõ åíåðãié, ìåäèöèíi, êîñìi÷íié ãàëóçi òà ó ñôåði
ðàäiàöiéíî¨ áåçïåêè [1]. Iîí Pr3+ â ìàòðèöi LaF3 âñå ÷àñòiøå ñòà¹ ïðåäìåòîì äîñëi-
äæåíü áàãàòüîõ àâòîðiâ ÷åðåç íèçêó îñîáëèâîñòåé, çîêðåìà òàêèõ, ÿê êàñêàäíà åìiñiÿ
ôîòîíiâ [2]. Íàÿâíiñòü êàñêàäíî¨ åìiñi¨ äà¹ çìîãó ðîçãëÿäàòè òàêi ìàòåðiàëè ç ìåòîþ
ïîøóêó ëþìiíåñöåíöi¨ iç êâàíòîâèì âèõîäîì áiëüøå îäèíèöi, ùî ¹ íåîáõiäíèì äëÿ
ðîçðîáêè âèñîêîåôåêòèâíèõ ïåðåòâîðþâà÷iâ óëüòðàôiîëåòîâîãî âèïðîìiíþâàííÿ â
âèäèìå. Íåîáõiäíîþ óìîâîþ äëÿ ïîÿâè êàñêàäíî¨ 4f-4f ëþìiíåñöåíöi¨ iç êâàíòîâèì
âèõîäîì áiëüøå îäèíèöi â äîìiøêîâèõ iîíàõ Pr3+ ¹ âiäñóòíiñòü 5d-4f -ëþìiíåñöåíöi¨.
Öå ðåàëiçó¹òüñÿ ó âèïàäêó, êîëè 5d -ñòàíè iîíà Pr3+ ðîçòàøîâàíi åíåðãåòè÷íî âèùå çà
íàéâèùèé iç 4f -ñòàíiâ 1S0. Ñàìå òàêå âçà¹ìíå ðîçòàøóâàííÿ öèõ ðiâíiâ ðåàëiçó¹òüñÿ
â êðèñòàëàõ LaF3:Pr [3]. Iíòåðåñ òàêîæ ïðåäñòàâëÿ¹ ìîæëèâiñòü îòðèìàííÿ ó LaF3:Pr
ëàçåðíî¨ ãåíåðàöi¨. Áiëüøiñòü òåîðié, ùî íàìàãàþòüñÿ äàòè ïîÿñíåííÿ ëàçåðíèì âëà-
ñòèâîñòÿì öüîãî êðèñòàëà, áàçóþòüñÿ íà iíòåðïðåòàöi¨ ïåðåõîäiâ ç çàëó÷åííÿì ðiâíÿ
1S0, åíåðãiÿ ÿêîãî äîâãèé ÷àñ çàëèøàëàñÿ ïiä ïèòàííÿì [4]. Ïîçèöi¨ 4f ðiâíiâ iîíiâ
Pr ó ìàòðèöi LaF3, ÿê i áàãàòüîõ iíøèõ ðiäêiñíîçåìåëüíèõ åëåìåíòiâ, áóëè äåòàëüíî
ñèñòåìàòèçîâàíi i ïðåäñòàâëåíi ó ïðàöi [5], àëå âiäîìîñòi ïðî ïîëîæåííÿ öèõ ðiâíiâ
ïîñòiéíî äîïîâíþþòüñÿ ç ïîÿâîþ ñó÷àñíiøèõ åêñïåðèìåíòàëüíèõ òåõíiê ñïåêòðîñêî-
ïi¨. Äëÿ îòðèìàííÿ áiëüø ïîâíî¨ iíôîðìàöi¨ ùîäî ðîçòàøóâàííÿ äîìiøêîâèõ ðiâíiâ
iîíiâ Pr3+ âiäíîñíî åíåðãåòè÷íèõ çîí êðèñòàëà LaF3:Pr â öié ðîáîòi ïðåäñòàâëåíi ðå-
çóëüòàòè òåîðåòè÷íi ðîçðàõóíêiâ, ïðîâåäåíèõ â ðàìêàõ òåîði¨ ôóíêöiîíàëó ãóñòèíè
DFT ç âèêîðèñòàííÿì ìåòîäó ïðè¹äíàíèõ ïðîåêöiéíèõ õâèëü (PAW) òà ïîïðàâîê
Õàááàðäà.

2. Ìåòîäèêà ðîçðàõóíêó

Âñi ðîçðàõóíêè ïðîâîäèëèñü â ðàìêàõ òåîði¨ ôóíêöiîíàëó ãóñòèíè, ùî ïîòðåáó-
þòü òî÷íèõ çíà÷åíü ïîçèöié iîíiâ ó êðèñòàëi òà ïàðàìåòðiâ êðèñòàëi÷íî¨ êîìiðêè.
Ïàðàìåòðè  ðàòêè LaF3 áóëè îòðèìàíi ç âèêîðèñòàííÿì îíëàéí ðåñóðñó Materials
Project [6], íà îñíîâi ÿêèõ áóëà çìîäåëüîâàíà êðèñòàëi÷íà êîìiðêà (ïàðàìåòðè çàçíà-
÷åíi ó Òàáëèöi 1) ç çàìiíîþ îäíîãî ç iîíiâ La3+ iîíîì Pr3+ çà äîïîìîãîþ ïðîãðàìíîãî
çàáåçïå÷åííÿ VESTA [7].

Òàáëèöÿ 1.

Êðèñòàë a, Å b, Å c, Å α β γ Ïðîñòîðîâà ãðóïà

LaF3 7,247 7,247 7,391 90 90 120 P3c1

Îñîáëèâiñòü ðîçðàõóíêó åíåðãåòè÷íèõ ñòàíiâ ëàíòàíiäiâ ïîëÿãà¹ ó âðàõóâàííi
ñèëüíî¨ ëîêàëiçàöi¨ 4f ñòàíiâ, ùî óíåìîæëèâëþ¹ âèêîðèñòàííÿ àïðîêñèìàöié ëî-
êàëüíî¨ ãóñòèíè (LDA) òà ¨õ ãðàäi¹íòíèõ îïòèìiçàöié (GGA). Äëÿ âèðiøåííÿ öi¹¨
çàäà÷i ñüîãîäíi âèêîðèñòîâóþòü äâà àëüòåðíàòèâíi ïiäõîäè � ãiáðèäíèé ôóíêöiîíàë
îáìiííî-êîðåëÿöiéíî¨ âçà¹ìîäi¨ PBE0 [8] òà ìåòîä ïîïðàâîê Õàááàðäà (DFT+U) [9].
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ßê áóëî ïîêàçàíî [10], âèêîðèñòàííÿ PBE0 ïðîäåìîíñòðóâàëî ñâîþ åôåêòèâíiñòü
ó ñòðóêòóðàõ òèïó LnX3 (äå X=F, Cl, Br, I), àëå íå äà¹ ìîæëèâiñòü òî÷íî âiäòâî-
ðèòè åëåêòðîííi âëàñòèâîñòi ó ñòðóêòóðàõ ç äåêiëüêîìà ëàíòàíiäàìè, îñêiëüêè â
ðåçóëüòóþ÷ié åíåðãåòè÷íié ñòðóêòóði âiäñóòíi 5d ðiâíi äîìiøîê, ùî òàêîæ ìîæå áó-
òè ïîÿñíåíî ìàëèì çíà÷åííÿì ðîçðàõîâàíî¨ øèðèíè çàáîðîíåíî¨ çîíè. Íàòîìiñòü
âèêîðèñòàííÿ DFT+U âæå ïîêàçàëî ñâîþ åôåêòèâíiñòü ïiä ÷àñ ðîçðàõóíêiâ åíåðãå-
òè÷íèõ ñòðóêòóð LaF3:Ce [10], LaF3:Sm [11] òà LaF3:Pm [11] i øèðîêî âèêîðèñòîâóþ-
òüñÿ ñïiëüíîòîþ äîñëiäíèêiâ, ùî çàéìàþòüñÿ òåîðåòè÷íèì âèâ÷åííÿì âëàñòèâîñòåé
ëàíòàíiäiâ ç ïåðøèõ ïðèíöèïiâ. Îñíîâíà iäåÿ, ùî ëåæèòü â îñíîâi DFT+U, ïîëÿ-
ãà¹ ó òîìó, ùîá âðàõîâóâàòè ñèëüíó ëîêàëüíó êóëîíiâñüêó âçà¹ìîäiþ ëîêàëiçîâàíèõ
åëåêòðîíiâ, ùî íåêîðåêòíî îïèñóþòüñÿ ìåòîäàìè LDA òà GGA, ç äîäàòêîâèõ ïàðà-
ìåòðîì Õàááàðäà. Ëîêàëüíà êóëîíiâñüêà âçà¹ìîäiÿ îñîáëèâî ñèëüíà äëÿ ëîêàëiçîâà-
íèõ d- òà f-åëåêòðîíiâ, àëå ìîæå áóòè âàæëèâîþ i äëÿ ëîêàëiçîâàíèõ p-îðáiòàëåé â
îêðåìèõ âèïàäêàõ. Âåëè÷èíà öi¹¨ ëîêàëüíî¨ âçà¹ìîäi¨ çàçâè÷àé îïèñóþòü äâîìà ïà-
ðàìåòðàìè: U (êóëîíiâñüêà ÷àñòêà) òà J (îáìiííà ÷àñòêà). Ïàðàìåòðè U òà J ìîæóòü
áóòè îòðèìàíi ç ab initio ðîçðàõóíêiâ, àëå çàçâè÷àé âèçíà÷àþòüñÿ íàïiâåìïiðè÷íèì
ïiäõîäîì. Ïîïðàâêè DFT+U ìîæóòü áóòè âïðîâàäæåíi â ðîçðàõóíêè ðiçíèìè ñïîñî-
áàìè. Ïåðøèé ïiäõiä, çàïðîïîíîâàíèé â [12], ïîëÿãà¹ ó òîìó, ùîá ðîçãëÿäàòè U òà J
ÿê äâi íåçàëåæíi ïîïðàâêè äî ðîçðàõóíêiâ. Iíøèé âàðiàíò [13] ïîëÿãà¹ ó âèêîðèñòàí-
íi ¹äèíîãî ïàðàìåòðà Ue� = U � J, ùî âðàõîâó¹ êóëîíiâñüêó âçà¹ìîäiþ, íåõòóþ÷è
áóäü-ÿêèìè âèùèìè áàãàòîïîëÿðíèìè ÷ëåíàìè ìóëüòèïîëüíîãî ðîçêëàäó. Â íàøèõ
ðîçðàõóíêàõ âèêîðèñòîâóþòü ïåðøèé ïiäõiä, ç ÿâíèì ïðèñâî¹ííÿì U = 2,1 åÂ òà J
= 0 åÂ. Â àíàëiòè÷íîìó ïðåäñòàâëåíi ïiäõiä DFT+U îïèñó¹òüñÿ ðiâíÿííÿì:

EDFT+U = EDFT +
∑
α

Ueff
2

Tr(ρα + ραρα), (1)

äå ρα � ìàòðèöÿ çàñåëåííÿ àòîìíî¨ îðáiòàëi a. Ôîðìóëà (1) ïðåäñòàâëÿ¹ ñóìó åíåðãié:
EDFT ðîçðàõîâàíî¨ ç âèêîðèñòàííÿì àïðîêñèìàöi¨ ëîêàëüíî¨ åëåêòðîííî¨ ãóñòèíè òà
ïîïðàâêè äî íå¨, çóìîâëåíî¨ ñèëüíî ëîêàëiçîâàíèìè ñòàíàìè. Âñi ðîçðàõóíêè ïðî-
âîäèëèñÿ ç âèêîðèñòàííÿì ïðîãðàìíîãî çàáåçïå÷åííÿ Abinit [14], ùî ðîçïîâñþäæó-
¹òüñÿ ç âiëüíîþ ëiöåíçi¹þ GNU GPL. Äëÿ âðàõóâàííÿ øâèäêîîñöèëþþ÷èõ êîìïî-
íåíò õâèëüîâèõ ôóíêöié ïîáëèçó îñòîâíèõ ðiâíiâ âèêîðèñòîâóâàëè ìåòîä ïðè¹äíà-
íèõ ïðîåêöiéíèõ õâèëü (PAW) [15]. Íàáið äàíèõ PAW, ïðîòåñòîâàíèé ó âèêîðèñòàííi
ç ïîïðàâêàìè Õàááàðäà, áóëî âçÿòî ç ðîáîòè [16]. Õâèëüîâi ôóíêöi¨ ðîçðàõîâàíi íà
k -ñiòöi Ìîíõðîñòà�Ïàêà ðîçìiðîì 8x8x8. Äëÿ îïèñó õâèëüîâèõ ôóíêöié âèêîðèñòî-
âóâàâñÿ áàçèñ ïëîñêèõ õâèëü ç åíåðãi¹þ îáðiçàííÿ 816,342 i 3265,37 åÂ äëÿ îïèñó
¨õ øâèäêî îñöèëþþ÷èõ êîìïîíåíò â ðàìêàõ PAW ñôåðè. Äëÿ àíàëiçó äèñïåðñi¨ ðiâ-
íiâ òà åôåêòèâíî¨ ìàñè åëåêòðîíiâ íà äíi çîíè ïðîâiäíîñòi ðîçðàõóíêè ïðîâîäèëè
áåðó÷è äî óâàãè 200 åíåðãåòè÷íèõ ðiâíiâ.

3. Ðåçóëüòàòè òà ¨õ îáãîâîðåííÿ

Íà ðèñ. 1 òà ðèñ. 2 ïîêàçàíî ðîçðàõîâàíi ïàðöiàëüíó òà çàãàëüíó ãóñòèíè ñòà-
íiâ êðèñòàëà LaF3:Pr âiäïîâiäíî. Ç íàâåäåíèõ ãðàôiêiâ äîáðå âèäíî, ùî âåðøèíà
âàëåíòíî¨ çîíà ñôîðìîâàíà 2p ñòàíàìè F, à äíî çîíè ïðîâiäíîñòi � 5d ñòàíàìè La.
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Ó çàáîðîíåíié çîíi, áiëÿ äíà çîíè ïðîâiäíîñòi, ðîçòàøîâàíi 5 ïiêiâ 5d Pr3+. Òàêå
ðîçùåïëåííÿ ¹ äîáðå âiäîìèì äëÿ ñèìåòði¨ P3c1, äå iîí Pr3+ ¹ â êîîðäèíàöiéíîìó
îòî÷åííi 9 iîíiâ F-. Ïîáëèçó ñåðåäèíè çàáîðîíåíî¨ çîíè çíàõîäÿòüñÿ ïiêè 4f Pr3+,
ÿêi âîëîäiþòü õàðàêòåðíîþ âèñîêîþ iíòåíñèâíiñòþ.

Ðèñ. 1: Ïàðöiàëüíà ãóñòèíà ñòàíiâ LaF3:Pr

Øèðèíà âàëåòíî¨ çîíè êðèñòàëà ñòàíîâèòü 3 åÂ. Åíåðãåòè÷íà âiäñòàíü ìiæ íèæ-
íiìè òà âåðõíiìè ðiâíÿìè 4f Pr ñòàíîâèòü 4,4 åÂ, à âiäñòàíü ìiæ ïîëîæåííÿì ðiâíiâ
2p F- i íàéíèæ÷èì 4f -ñòàíîì Pr3+ äîðiâíþ¹ 2,1 åÂ. Øèðèíà ðîçùåïëåííÿ ðiâíiâ
5d Pr ñòàíîâèòü 1,4 åÂ, ïðè öüîìó åíåðãåòè÷íå ïîëîæåííÿ öåíòðî¨äó 5d Pr3+ ðiâíiâ
ñòàíîâèòü 8,67 åÂ. Íà ðèñ. 3 ïðåäñòàâëåíî ðîçðàõîâàíó åíåðãåòè÷íó çîííó ñòðó-
êòóðà êðèñòàëà LaF3:Pr. Íà ãðàôiêó ïîêàçàíî åíåðãåòè÷íi ðiâíi âçäîâæ ëiíi¨ âèñî-
êîñèìåòðè÷íèõ òî÷îê Ì-Ã-Ê-L-A-H-Ã. Ðiâíi äíà çîíè ïðîâiäíîñòi 5d LaF3 ïîãàíî
ïiääàþòüñÿ àíàëiçó, ÷åðåç ïåðåêðèòòÿ ç ðiâíÿìè 5d Pr, àëå ¨õ ìîæíà âèîêðåìèòè, çà
ñèëüíîþ âiäìiííiñòþ ó äèñïåðñi¨ ñòàíiâ âiäíîñíî õâèëüîâîãî âåêòîðà k.
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Ðèñ. 2: Çàãàëüíà ãóñòèíà ñòàíiâ LaF3:Pr

Ìiíiìóì øèðèíè çàáîðîíåíî¨ çîíè ïðèïàäà¹ íà òî÷êó Γ i ñòàíîâèòü 9,6 åÂ. Åôå-
êòèâíà ìàñà åëåêòðîíà, ðîçðàõîâàíà íà âåðõíiõ ðiâíÿõ 5d Pr, ñòàíîâèòü 0,33m0, à
ðiâíi äíà çîíè ïðîâiäíîñòi íå âîëîäiþòü ïîìiòíîþ äèñïåðñi¹þ. Íà ðèñ. 4. ïðåäñòàâëå-
íî ïîðiâíÿííÿ ïîëîæåíü åíåðãåòè÷íèõ çîí òà äîìiøêîâèõ ðiâíiâ êðèñòàëà LaF3:Pr,
âiäòâîðåíèõ çà åêñïåðèìåíòàëüíèìè äàíèìè òà îòðèìàíèõ iç ïåðøîïðèíöèïíèõ ðîç-
ðàõóíêiâ. Ïiä ÷àñ ïîáóäîâè ÿêiñíî¨ ñõåìè åíåðãåòè÷íèõ ñòàíiâ âèêîðèñòàíî çíà÷åííÿ
øèðèíè çàáîðîíåíî¨ çîíè êðèñòàëà (11 åÂ) [5], åíåðãåòè÷íó âiäñòàíü ìiæ âåðøèíîþ
âàëåíòíî¨ çîíè i íàéíèæ÷èì 4f -ñòàíîì iîíiâ Pr3+ (3 åÂ) [5] i ïîëîæåííÿ îêðåìèõ
4f -ðiâíiâ Pr3+ çà äàíèìè [3, 5]. ßê âèäíî ç ðèñóíêà, ðîçðàõîâàíi çíà÷åííÿ åíåðãié
ðiâíiâ âèÿâëÿþòü ïîìiòíi âiäõèëåííÿ âiä åêñïåðèìåíòàëüíèõ, çîêðåìà øèðèíà çà-
áîðîíåíî¨ çîíè ¹ çàíèæåíîþ íà 1,5 åÂ, åíåðãåòè÷íà âiäñòàíü âiä íàéíèæ÷îãî ñòàíó
4f Pr3+ ¹ ìåíøîþ íà 1,8 åÂ, i åíåðãåòè÷íå ïîëîæåííÿ íàéâèùîãî 4f -ñòàíó Pr3+

(1S0) ¹ çàíèæåíîþ íà 2,2 åÂ. Òèì íå ìåíøå, ÿêiñíî ðîçðàõîâàíà åíåðãåòè÷íà ñõåìà
äîáðå âiäòâîðþ¹ åêñïåðèìåíòàëüíó. ßê i ñïîñòåðiãà¹òüñÿ íà åêñïåðèìåíòi, 5d -ñòàíè
iîíà Pr3+ ðîçòàøîâàíi ïîáëèçó äíà çîíè ïðîâiäíîñòi êðèñòàëà, ôîðìóþòüñÿ ðiâíÿ-
ìè, ùî ãåíåòè÷íî ïîõîäÿòü iç 5d La3+. Êðiì òîãî ðîçðàõóíîê âèÿâëÿ¹ êîðåêòíå
âçà¹ìíå ðîçòàøóâàííÿ íàéâèùîãî 4f -ñòàíó iîíiâ Pr3+ (1S0) âiäíîñíî 5d -ñòàíiâ iîíà
Pr3+. Îñòàíí¹ âèçíà÷à¹ ëþìiíåñöåíòíi âëàñòèâîñòi iîíiâ Pr3+ ó ìàòðèöi LaF3, à ñà-
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ìå � íàÿâíiñòü ëèøå âíóòðiøíüîêîíôiãóðàöiéíî¨ 4f-4f -ëþìiíåñöåíöi¨, ÿêà âèÿâëÿ¹
ñòóïií÷àñòå âèïðîìiíþâàííÿ iç êâàíòîâèì âèõîäîì áiëüøå îäèíèöi.

Ðèñ. 3: Çîííà åíåðãåòè÷íà ñòðóêòóðà êðèñòàëà LaF3:Pr

Ðèñ. 4: Ðîçòàøóâàííÿ åíåðãåòè÷íèõ çîí êðèñòàëà LaF3:Pr i äîìiøêîâèõ ðiâíiâ iîíiâ Pr3+

âiäòâîðåíå ç åêñïåðèìåíòàëüíèõ äàíèõ òà ðîçðàõîâàíî ãóñòèíó åëåêòðîííèõ ñòàíiâ
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4. Ïiäñóìêè

1. Ñèñòåìàòèçîâàíî i ïðåäñòàâëåíî ðåçóëüòàòè àíàëiçó iñíóþ÷èõ òåîðåòè÷íèõ i
åêñïåðèìåíòàëüíèõ äàíèõ åíåðãåòè÷íèõ òà ëþìiíåñöåíòíèõ âëàñòèâîñòåé êðè-
ñòàëà LaF3:Pr.

2. Âñòàíîâëåíî, ùî îïòèìàëüíi ïàðàìåòðàìè Õàááàðäà, äëÿ äîñÿãíåííÿ çáiæíîñòi
ñàìîóçãîäæåíèõ ðîçðàõóíêiâ ç àäåêâàòíèì ïðåäñòàâëåííÿì ïîçèöié 4f òà 5d

iîíiâ Pr â ìàòðèöi LaF3, ñòàíîâëÿòü U = 2,1 åÂ òà J = 0 åÂ.

3. Íà ïiäñòàâi ðîçðàõîâàíèõ ãóñòèí ñòàíiâ òà çîííî¨ åíåðãåòè÷íî¨ ñòðóêòóðè êðè-
ñòàëà LaF3:Pr âñòàíîâëåíî, ùî âåðøèíà âàëåíòíî¨ çîíà ñôîðìîâàíà 2p ñòàíàìè
F-, äíî çîíè ïðîâiäíîñòi � 5d ñòàíàìè La3+, â çàáîðîíåíié çîíi çíàõîäèòüñÿ 4f -
ðiâíi iîíà Pr3+, 5d � ðiâíi iîíiâ Pr3+ ðîçòàøîâàíi ïîáëèçó äíà çîíè ïðîâiäíîñòi.

4. Ðîçðàõîâàíà øèðèíà çàáîðîíåíî¨ çîíè ñòàíîâèòü 9,6 åÂ, ¹ äåùî çàíèæåíà ïî-
ðiâíÿíî ç åêñïåðèìåíòàëüíèìè äàíèìè (11 åÂ) äëÿ êðèñòàëà LaF3.

5. Âçà¹ìíå ðîçòàøóâàííÿ 4f òà 5d ðiâíiâ äîìiøêîâèõ iîíiâ Pr3+ ¹ òàêèì, ùî äà¹
çìîãó ñïîñòåðiãàòè ëèøå ëþìiíåñöåíöiþ âíàñëiäîê åëåêòðîííèõ ïåðåõîäiâ ç 1S0
� ðiâíÿ, ùî çàáåçïå÷ó¹ ñïîñòåðåæåííÿ ñòóïií÷àñòî¨ ëþìiíåñöåíöi¨ ç êâàíòîâèì
âèõîäîì áiëüøå îäèíèöi.
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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 Pr3+ 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
e�ective mass of an electron at the bottom of conduction band near Ã 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 cuto� 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 di�erence between the lower
and upper levels of 4f Pr3+ is 4.4 eV and between 2p F- and lowest 4f Pr3+ is
2.1 eV. The crystal �eld 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 e�ective
mass is 0.33m0. 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.


