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The papers presents the results of the theoretical calculations of the partial and total density of
states of LaF3:Sm and LaFs:Pm crystals. We analyze the positions of 4f and 5d energy states of
activator ions in the energy structure of the host material. We calculated and described electronic
energy band structures of the above mentioned crystals. We made a quantitative and qualitative
comparison between the energy structure of LaF3:Sm and LaF3:Pm crystals.
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I. INTRODUCTION

Heavy inorganic scintillating crystals based on fluori-
de compounds with lanthanides elements as acti-
vators become more popular among researchers due to
high temperature stability and high luminescence
intensity [1]. In particular, an important advantage of
these compounds, compared to similar oxide compounds,
is the low phonons energy, which makes the light yield
efficiency much higher [2]. A large amount of experi-
mental studies of LaF3:Sm [3] and LaF3:Pm [4] crystal
optical properties have been reported in recent years,
but there is almost no theoretical information about
their energy structure, which is very important for their
effective use in lasers and radiation detectors.

At present, the most complete information about the
energy positions of 4f and 5d ion levels of lanthanides
elements in the structure of LaF3 is collected in the arti-
cle [5]. The above mentioned work complements essenti-
ally the results of the fundamental work [6], in which
lanthanide energy levels positions were analyzed for the
first time.

In the current work, the results of the theoretical
calculations of the partial and total density of states of
LaF3:Sm and LaF3:Pm crystals have been reported. The
energy positions of 4f and 5d states of activator ions
in the energy structure of the host material have been
analyzed. Electronic band structures of the crystals have
been calculated and the energies of the most probable
optical transitions have been analyzed. Quantitative and
qualitative comparison between the energy structures of
LaF3:Sm and LaF3:Pm crystals have been made.

The energy levels of Sm3+ and Pm3* ions occupy equi-
valent positions and differ only in the splitting energy
value and the presence of additional levels near the
conduction band bottom for Sm3*. The energy levels
of Pm3T are similar to Pr3* in their laser properties [4],
but since all its isotopes are radioactive, and the element
is extremely rare, our study of this element is rather of
academic interest than a practical one. Sm3T is widely
used in optoelectronics as well as lasers. Numerous studi-
es on 4f Sm3* levels splitting have been reported on
the basis of the Judd-Ofelt (J-O) theoretical model [2].
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There is enough information in the literature about the
main optical properties of divalent and trivalent samari-
um hosted in the LaF3 matrix, but theoretical informati-
on about the energy positions of 4 f and 5d levels, relative
to the valence band top, is absent.

II. MODELLING AND CALCULATIONS

The model of the LaF3 primitive lattice cell [7], which
was used for the calculations, is presented in Fig. 1 and
corresponds to the case when one of the La3T ions is
replaced by the Pm3*t or Sm3*, respectively. The spatial
group of this structure is P3cl, and the cell parameters
are as follows: a = b= 7.247TA; ¢ = 7.391 A.

Fig. 1. Unit lattice model for LaF3:Ln (Ln = Sm, Pm)

To take into account the spin-orbit interaction, whi-
ch causes additional splitting of levels, the spin value of
2.5h for promethium and 3% for samarium were taken for
calculations. The occupation of energy levels has been
considered according to the Fermi-Dirac distribution.

The calculation of the crystals -electron-energy
structure in this work is carried out using the projected
augmented waves (PAW) method within the density
function theory framework. The Hubbard correction
(DFT+U) is used to consider the peculiarities of strongly
localized states of lanthanides. In the general case,
the exchange-correlation interaction energy between
electrons has been determined from the PBE potenti-
al. All of the above approaches are implemented in the
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Abinit software [8], distributed with GPL open license.

The use of the Hubbard corrections allows us to
include strong correlations of Ln levels with limited
computational resources. Similar experiments, using the
hybrid exchange-correlation potential PBEO with di-
fferent mixing parameters o (from 0.05 to 0.95), allows
us to obtain good positions of 4f Ln®* levels or correct
the splitting of 5d Ln3*t levels, but not both qualities
simultaneously, using a cutting energy of 30 Ha, and a
k-grid 8x8x8. The calculations in this work were based
on the modified Hubbard potential reported in [9]. In
this way, it was found that changes in the correlation
potential of 5d La states result in a significant change of
the band gap energy and strongly affect the 4 f splitting
of Ln3T levels. Instead, a change in this parameter for
4f Ln3* levels affects the position of these levels relative
to the top of the valence band.

III. RESULTS AND DISCUSSIONS

The obtained partial and total densities of states for
LaF3;:Pm are presented in Fig. 2 and Fig. 3, respecti-
vely. As can be seen from the graphs, the width of the
2p F states is 2.7 eV, the width of the 5d La levels is
3.2 eV. The 5d Pm levels undergo a strong splitting wi-
th the total width of 1.6 €V and the centroid position
at 8.6 eV. Peaks of the 4f Pm levels are characterized
by strong intensity and relatively small width, what is
typical of them. The position of these peaks is determi-
ned by the energy of 0.4 eV, 2.9 eV, 5 eV and 5.5 eV,
what corresponds to the results of the experimental data
analysis presented in [5]. The main difference from the
experimental predictions is the value of the level splitti-
ng, which is smaller for the obtained results and may be
caused by the low correlation energy.
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Fig. 2. Partial density of states of LaF3:Pm

Similar results for LaF3:Sm are shown in Fig. 3
and Fig. 4. Comparing these graphs with the data for
LaF3:Pm, we can see almost identical values of the wi-
dth of 2p F and 5d La levels. Although 5d Sm levels
are characterized by a similar width and position of the
centroid, they have a less expressed splitting, with some
smearing of peaks at the energy higher than 8.5 eV.
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Fig. 3. Total density of states of LaF3:Pm
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Fig. 4. Partial density of states of LaF3:Sm
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Fig. 5. Total density of states of LaF3:Sm

The 4f Sm levels have the same properties as in the
case of Pm and have the following energy positions:
0.9eV,1eV,1.2€eV,4.4¢eV, and 4.6 €V. It is important to
note that despite the insufficient splitting of these levels,
their positions correlate with the positions shown in [5],
except for the absence of the third group of 4f levels,
which is located just below the 5d levels of Sm. The
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aforementioned disadvantage of the obtained results, as
well as the relative small smearing of 5d levels, is associ-
ated with a small Hubbard correction value for 5d La
levels.

Band structure LaF;:Pm (10%)

Fig. 6. Electron energy band structure of LaF3:Pm

Band structure LaF;:Sm (10%)

Fig. 7. Electron energy band structure of LaF3:Sm

The band energy structures for the investigated
crystals are shown in Fig. 6 and Fig. 7. The results
are calculated along the line of high symmetry points
M—-T—-K—L—A—H —T. The valence band bottom
of the crystals, in both cases, is formed by 2p F levels,
and the top of the conduction band — by 5d La levels.

Activator levels are located in the forbidden zone and
are characterized by low dispersion with respect to the
wave vector k. Also, from the calculated energy band
scheme, a stronger tightening of the 5d La levels in
the region of 5d activator levels can also be seen in
the case of Sm. The calculated band gap is 9.6 eV in
the case of LaF3:Pm and 9.4 eV in case of LaF3:Sm.
The fact of the smaller LaF3:Sm band gap confirms the
above-mentioned inaccuracy of the Hubbard correction
for samarium levels once again.

IV. CONCLUSIONS

1. Simulations with different methods of the
electron energy structure calculations for strongly
correlated materials such as LaF3:Sm(10%)
and LaF3:Pm(10%) have been performed and
the effectiveness of the DFT+U approach in
comparison with the hybrid exchange-correlation
PBEO usage, in the case of limited computational
resources, has been shown.

2. Changes in the Hubbard correction for 5d levels
were shown to affect the splitting 4f and 5d levels,
as well as the energy band gap width.

3. The obtained results are in a good agreement with
the experiment based predictions of Sm and Pm
levels positions environment.

4. The valence band top of LaF3:Sm and LaF3:Pm
is shown to be formed by 2p F levels and the
conduction band bottom by 5d La levels.

5. 5d Sm3T /Pm3* levels are split and located just
before the conduction band bottom.

6. The 4f Sm3T /Pm>* levels are shown to be placed
in the forbidden band and characterized by a small
width, high intensity and similar energy levels posi-
tions for both crystals.
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30HHA EHEPTETUYHA CTPYKTVYPA KPUCTAJIIB LaF3:Pm TA LaF3:Sm
B. O. Kapraymenxo®, 9. M. Yoprogonscokuit', B. B. Bicroscekmit', C. B. Cupotiok?, A. C. Bosommaoschxmii®
L Tveiscoru HAULoOHaAbHUG yHisepcumem iment leana Ppanka,
eys. Kupuaa @ Mepodia 8, JIveis, 79005, Yrpaina,
2 Hayionanavnuts ynieepcumem “Toeiscora noaimeznira”,
eya. C. Bandepu 12, JIveis, 79013, Yxpaina

Ha cporozni BemmMKy yBary CBiTOBHX HAYKOBIIB 30CEPEIZKEHO HA €KCIIEPUMEHTATBHUX JTOCIIITKEHHIX
mominecnieHTHUX BiactuBocreil kpucranis LaF3:Sm ta LaF3:Pm, npore maitxke Bigcyrus imdopmaris
PO TEOPETUYHI Mi/IXOAU /il BU3HAYEHHsI €HEPreTUuIHuX HoJiokenb 4f ta 5d piBHIB JlaHTaHIAIB y 11X
CITOJTyKaX.

Y poboTi MPOBEIEHO TEOPETHYHI PO3PAXYHKU EJIEKTPOHHOI EHEePreTWYHOI CTPYKTYPU KPHUCTAJIB
LaF3:Sm ra LaF3:Pm 3 BukopuctanuaM MeTO/Ly TPHETHAHUX MPOEKIIIHHUX XBUIb Ta monpaBok [abbapma
JIJIsl BpaXyBaHHsI CUJIBHO JIOKAJII30BAHUX CTAHIB JiaHTaHiniB. 3poOJIeHO KUIbKiCHE Ta fKiCHE MOPiBHSHHS
MapIfiaJbHOI Ta 3arajbHOI TYCTUHU CTAHIB WX KPUCTAJIiB. OTpUMaHO 3HAYEHHS MTUPUHA 3a00POHEHOT 30HY
9.4 eB mya xpucrasa LaF3:Sm ta 9.6 eB gia LaF3:Pm. B 06ox crosykax mupuHa BaJ€HTHOI 30HH, Y TBO-
penoi 2p-cranamu F, cranoButs 2.7 eB, Hmka0 9actuny 30HU npoBianocti, mupuaoio 3.2 eB, yrBopooTh
5d-cranu La. 5d-piBui Pm 3a3nators cusibHOro posmermienas 6sim3bko 1.6 eB i 3aiimators mosoxenns
B 30Hi 8.6 eB momo BeprwHM BaseHTHOI 30HU. lliku rycrunu eekTpoHHuX cTaHiB 4 f-piBaiB Pm, mo
po3MiteHi BcepeauHi 3a00POHEHOT 30HU, XapPAKTEPU3yIOTHCsI BUCOKOIO iIHTEHCUBHICTIO Ta BiITHOCHO MAJIOIO
mupuoio. [looxkenns nux nikiB Bigmosinaors 3uadenusm enepriit 0.4 eB, 2.9 eB, 5 eB i 5.5 eB. Iloxi6wi
pesyJibraTu 0TpuMaHo Jjisi kKpucraJia LaF3:Sm. 4 f-pisui Sm 3aiimarors enepreruyni nosunii: 0.9 eB; 1 eB,
1.2 eB, 4.4 eB i 4.6 eB. Po3paxoBani 3nauenHs eneprerudnux napamerpis kpucrtasais LaF3:Sm ra LaF3:Pm
J00pe y3romKyOThCd 3 eKCIIEPUMEHTATLHIMA JAHUMEA. BiAMIHHICTIO BiZl €eKCIEPUMEHTATHHAX 3HAYECHD €
MEHIIIa BETMINHA PO3IIEIIEHHs] €eHePTeTHIHNX PIBHIB, MOB’d3aHa 3 HU3bKOIO KOPEJSIiHHOI eHEPIi€io.

KurrouoBi cjioBa: 30HHA €HEPreTUYHA CTPYKTYPa, MapIiajbHA TyCTWHA CTAHIB, 3arajibHa T'yCTHHA,
CTaHiB, CIMHTUJIATOPH, JTAHTAHIIH.
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