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ARTICLE INFO ABSTRACT

Keywords: In this work, the density functional theory approach with linear combination of atomic orbitals (LCAO) as
ab initio implemented in the CRYSTAL17 computer code is applied to hexagonal p-NaYFy, located in three possible space
gz;ei:; groups of this compound: P6, P63/m and P6 2m. First, the disordered crystalline structure of NaYF4 was

modelled in a large supercell containing 108 atoms. In order to obtain better agreement with the experimental
data, we used several different exchange-correlation functionals. Basic properties, such as lattice constant, band
gap and total energies were calculated and compared for all three space groups and three exchange-correlation
functionals - HSE06, PWGGA and PWGGA+13%HEF. It was found that for all three functionals, the minimum of
total energy corresponds to P6 space group. Secondly, in order to study the effects associated with the Ce>*
impurity and the F center (radiation defect), the P6 p-NaYF, structure with the F center and Ce>* or with both
was carefully modelled. Taking into account that fluorine atoms have different nearest neighbours, several types
of fluorine vacancies were simulated and an appropriate formation energies were determined. Finally, the effects
of Ce®* jon substitution of Y ions in different positions as well as formation of Ce®*, the F center defect pairs were

Rare earth luminescencer

also studied and an appropriate incorporation energies were calculated.

1. Introduction

The sodium yttrium fluoride NaYF4 [1-5] together with similar
fluorides, such as LiYF4, LiLuF4, NaGdF4 and etc. [2,6,7], belongs to the
family of metal fluorides MREF, (M =alkali or alkali earth metal,
RE = Ln>" rare earth ion), which have been successfully grown as single
crystals or synthesized as nano and micro-materials through different
methods.

When these materials are doped with one or two rare-earth ions
Eu®t, Eu?*, Dy, Tb®, Ce®t, Sm®"), which are considered to be
excellent luminescence activators, they often exhibit unique and
outstanding optical and luminescent properties, thereby receiving
tremendous attention due to their potential application in a variety of
different modern disciplines, such as full color displays, scintillators,
noncontact fluorescence thermometers, drug delivery, security inks and
etc [1-7 and references therein]. Among all lanthanide ions, Ce ions are
the most widely used as the emitting species in many traditional phos-
phors [8-14]. In the case of NaYF,, the dopant effects on particle
morphology and optical properties have been also reported in Refs.
[15-18].

According to Chong et al. [19], the experimental band gap edge of
NaYF, is of 8 eV, so this material belongs to the class of wide band gap

* Corresponding author.
E-mail address: a.platonenko@cfi.lu.lv (A. Platonenko).

https://doi.org/10.1016/j.optmat.2019.109529

fluorides. This value is in good agreement with recent findings [20,21].
Fundamental view of the electronic structure p-NaYF4, f-NaGdF4, and
B-NaLuF,4 was presented in Ref. [21], however, the effects of Ce-doping
and the F center formation have not been yet considered.

It is well known that the F center (fluorine vacancy with one trapped
electron) is the main and simplest radiation defect in wide-band gap
fluorides, including alkaline-earth fluorides (CaFo, BaFs, SrF5 and MgF5)
and some perovskites (KMgFs, BaLiF3 RbMgF3 CaRbF3). The basic
properties of the F-type centers in these materials were reviewed [22,
23]. The F centers were also found in LiYF4 and LuLiF4 [24]. Further-
more, it was reported that impurity doping has a strong effect to
diminish the F center concentration.

It is important to note that in many cases, the F centers are created
near impurity, to form the so called Fp centers, such as F5(Li) or F4 (T1)
in KCl [25]. The localization of an electron either on an impurity or on a
vacancy strongly determines, for example, its laser-active properties.
The F centers located near hole impurity centers, for example the F
centers in BaFBr:Eu, CsBr:Eu, KBr:In and many others) are very impor-
tant for radiation image recording in industry and medical diagnostics
[26,27].

In the present paper, we performed the state-of-the-art ab initio
electronic and atomic structure calculations for pure and Ce-doped NaYF4
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Table 1
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Properties of hexagonal NaYF, within different space groups calculated by different Hamiltonians. Total energy difference is given with respect to a supercell with a

lowest energy.

Hamiltonian HSE06 PWGGA PWGGA +13% HF

Space group P6 P63/m P62m P6 P63/m P62m P6 P63/m P62m
ATotal. Energy, eV 0.00 0.65 1.27 0.00 0.60 1.15 0.00 0.63 1.22
E,, eV 9.61 9.13 9.13 7.28 6.80 6.84 9.06 8.39 8.43
a A 5.988 5.983 5.988 6.038 6.066 6.039 6.005 6.035 6.008
¢ A 3.595 3.594 3.595 3.612 3.605 3.616 3.600 3.593 3.602

crystals. Taking into account that the F-centers are the simplest radiation
defects, which are produced in this and other similar materials, and
which determine the radiation hardness of the most oxide and halide
scintillator materials, we also calculated their electronic structure. As
the result, the electronic and atomic structure of pure NaYF4 crystals are
presented and discussed. In addition, we have also calculated the Raman
vibrational spectra for different NaYF4 phases and compared them with
available experimental data. In the case of Ce-doped models, we have
analyzed various positions for substitution, compared incorporation
energies and the electronic structures for substitutions of Y atoms at 1a
and 1f Wyckoff positions.

Finally, we considered the F centers in NaYF, and determined their
formation energies and the energy level position within the band gap.

2. Computational details

All simulations have been performed within the periodic model using
method of the linear combination of atomic orbitals (LCAO) based on
Density Functional Theory (DFT) methodology as implemented in the
CRYSTAL17 computer code [28]. We have used the full-electron basis
set (BS) of atomic Gaussian Type Functions (GTFs) for Na and F atoms:
8s-511sp for Na [29], and 7s-311sp for F [30] respectively. For heavy
atoms the basis sets with effective core potentials have been used:
31sp-2d basis set with ECP implemented by Hay and Wadt for Y atoms
[31], and ECP 4321sp-61d-431f basis set by Meyer for Ce atoms [32].
The reciprocal space integration has been performed by sampling the
Brillouin zone with the 4 x 4 x 4 Monkhorst-Pack mesh [33] for 108
atoms supercell. Convergence criteria was set to 1077 au. for
self-consistency procedure. The F-center was simulated by removing
electrons and nuclear charge from the missing fluorine atom site (F atom
removed), leaving the basis set centered at the atomic position. Calcu-
lations of point defects were performed using the standard geometry
optimization and energy minimization procedures [28]. For phonon
calculations, we use harmonic approach and the direct frozen phonon
method realized in the CRYSTAL17 code [34], with SCF convergence set
to 10~° a.u.. The relative Raman vibrational intensities are computed
analytically by exploiting the scheme illustrated in Ref. [35]. It is based
on the solutions of first- and second-order Coupled-Perturbed-Har-
tree-Fock/Kohn-Sham (CPHF/KS) equations.

Three exchange-correlation functionals were tested to obtain best

description of the structural and electronic properties of p-NaYF4: HSE06
[36], PWGGA [37] and PWGGA with 13% added non-local Hartree-Fock
exchange part.

3. Results and discussion
3.1. Model of disordered f-NaYF4

The crystalline structure of hexagonal NaYF4 has a specific disorder.
Some of the positions could be occupied by Na or Y atoms. Literature
data has reported three different possible space groups for describing
B-NaYF,4 structure: P6, P6 2m and P6s3/m. To reproduce disordered
structure and simulate different atom arrangement in different space
groups, three types of 2 x 2 x 3 supercells were constructed following
[38]. In this work, ab initio molecular dynamics was used to evaluate
stability of different space groups. Here we use proposed structures for a
full geometry optimization without constraints using previously
mentioned Hamiltonians. Total energies of supercells, cell parameters
and band gaps (Table 1) were compared, to find a model and compu-
tational scheme which gives better agreement with available experi-
mental data.

For our further calculations, we choose PWGGA+13%HF exchange-
correlation functional and P6 space group as a lowest energy configu-
ration. It gives reasonable, slightly overestimated band gap (experi-
mental value ~8eV) and good agreement on lattice parameters (exp.
a=5.96A and c=3.53A [39]). From Table 1 we can see a pattern,
where calculated band gaps for P6 2m and P63/m models are consis-
tently smaller for all Hamiltonians. Calculated Partial Density of States
(PDOS) for each model (Fig. 1) show that valence band fully consists of
2p fluorine orbitals, while conduction band is made of F 3s orbitals and Y
4d5s orbitals. The gap between highest core band and valence band is
about 11eV, what is larger than calculated band gap. Thus,
cross-luminescence mechanism is forbidden in pure NaYF,, but defects
and dopants could create additional levels in the gap, making more
possibilities for this material to serve as a scintillator. The main differ-
ences in DOS of different models are due to Na 2p orbitals, which is a
result of different Na surrounding, while core-valence gap and valence
bandwidth is similar in all cases.

In P6 (Fig. 2) structure Y atoms are nine-coordinated on both 1a and
1f Wyckoff positions, while Na atoms are seven-coordinated. Fluorine
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Fig. 1. Partial Density of States of three calculated space groups of NaYF,. Zero energy corresponds to highest occupied energy level.
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Fig. 2. Crystal structure of p-NaYF,, space group P6, Z =1.5. Figure shows
perfect positions before optimization.

atoms are expected to be four-coordinated, but due to disorder some of
them have five cations within first nearest neighbours. Radial distribu-
tion function (Fig. 3) shows many broad peaks for Na atoms, indicating
high variety of Na—F bond lengths. Taking closer look on Na atoms po-
sitions in the structure, we can notice that sodium atoms occupying 2h
positions have strong displacements along z-axis. Yttrium atoms occu-
pying 1f positions show much less distortion, preserving higher sym-
metry around the site. In total, structure distortion results in shortening
of Y-F bond lengths and increase in Na-F distances.

Calculated phonon modes and the Raman spectra (Fig. 4) for P6
space group are in good agreement with available experimental data.
Fig. 4 also shows the Raman spectra for two other space groups. where
all peaks are consistently shifted to smaller energies, as well the relative
intensities do not match with experimental spectra. The experimental
data reveal three dominant phonon modes 298, 370 and 418 cm ! [40].
Calculated spectra have five dominant modes 292, 310, 332, 369 and
425 cm ™!, Taking into account positions and intensities of calculated
modes of P6 space group, the effective phonon energy is estimated
~326 cm ™!, whereas the experimentally reported value is ~360 em L.

3.2. The F-centers and Ce>" doping in p-NaYF,

Creation of fluorine vacancy in NaYF, structure results in formation
of the F-centers. As was mentioned previously, fluorine atoms have
different surrounding and coordination. To evaluate influence of the
surrounding on defect properties, four different F-centers were calcu-
lated. Formation energies of all studied defects were negligibly small
(<0.1eV). Calculated Density of States showed formation of the F-
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centers, introduced energy level lies near below conduction band and
defects does not introduce any changes to core-valence gap. The exci-
tation energy with respect to the bottom of the conduction band lies
between 1.2 eV and 3.2 eV, what is actually the result of lattice disorder.

Doping of hexagonal NaYF, with trivalent RE ions can result in
various positions of dopant. Calculations have been performed for Ce>*
substituting yttrium atom on la and 1f Wyckoff positions. After
obtaining a ground state solution, the F-center was introduced at a site of
fluorine atom nearest to cerium ion. The resulting density of state are
shown in Fig. 5. The electronic structure of Ce>* ion levels shows that
possible f-d transition requires 3.3 eV in 1a position, while at 1f position
this energy reduces to 2.7 eV. In previous work, the position of highest
occupied Ce3* level was reported at about 2 eV below the bottom of the
conduction band [41]. Here we see, that this value also depends on the
position and surrounding of dopant ion. Comparing incorporation en-
ergies, we found that Y substitution on 1f position is slightly more
energetically favourable (~0.1 eV). Introduction of the F-center in both
cases results in a new energy level ~1.5eV above the Ce3" 4f level
(Fig. 5). Thus in Ce-doped NaYF4 position of the F-center level is mostly
determined by neighboring cerium ion, and not by the lattice dis-
ordering. It is important to note, that experimental value for 4f-5d

Intensity (a.u.)

300 350 400
Raman shift (cm™")

500

Fig. 4. Calculated Raman spectra for three space groups of NaYF,: P6 (solid
line), P6 2m (dotted line) and P63/m (dashed line). All spectra simulated for
powder samples at 293 K temperature.
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Fig. 3. Joint Radial Distribution Function of Y-F and Na-F contacts in NaYF, P6 phase.
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Fig. 5. Partial Density of States of Ce> doped NaYF,. Top figures correspond to Cey substitution on 1a position, bottom figure - Cey on 1f position. The positive and
negative parts represent the spin-up and spin-down states, respectively. The F-center and Ce>* DOS are multiplied 20x. Zero energy corresponds to highest occupied
energy level of Ce®* ion. F-centers produce one additional occupied level above the energy level of Ce** ion

transition of Ce®>* in NaYF, is about 4.8 eV [42].
4. Conclusions

In summary, disordered structure of p-NaYF4 has been calculated
using DFT LCAO approach. The calculated radial distribution functions
and Raman spectra were compared with theoretical [38] and experi-
mental data [40], demonstrating very reasonable agreement and sup-
porting hypothesis that -NaYF4 exist in P6 space group, where Y sites
maintain more fixed Y-F bond lengths, but Na sites have pronounced
disorder along the z-axis. Modelling of the F-centers and Ce®>" doping
shows that from the energetics point of view, different Wyckoff positions
of Y atoms for Ce doping are more or less equal, however, the electronic
structures of defects differ for various lattice sites and this could affect
their photoluminescence properties. The position of the F-center energy
level in undoped NaYF, varies between 1.2 and 3.2 eV below the bottom
of the conduction band (due to lattice disorder), while in Ce-doped
NaYF, it is more pronounced and located 1.5eV above the Ce>" 4f
level and around 2 eV below the bottom of the conduction band. Finally,
we conclude, that for modelling of defects in this kind of materials, the
effects of disordering are very important and should be always taken
into account, since it affects both electronic and vibrational properties of
materials.
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