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ABSTRACT

Optimization by first principles DFT-based electronic structure methods of the crystal
structures for the five polymorphs of Y2WOs reported in the literature yields results in good
agreement with those determined experimentally by X-ray diffraction. The monoclinic P2/c
phase appears to be the most stable one at ambient conditions, although high temperature
orthorhombic phases with larger molar volumes could be favoured upon replacement of Y3*
cations by larger Ln*" ones, and hence, provide plausible structures for YoWOe:Ln*" phosphors
at ambient conditions. For all polymorphs the top of the valence band is dominated by O»,
orbitals with a relatively narrow WOQOs-centred conduction band appearing just below a broad
Yaa-centred band. Insertion energies for Eu** replacing Y** are estimated to be in the range of 3
- 4 eV per cation, with the smaller values corresponding to substitutions into the larger

octacoordinated Y>3 sites.
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1. Introduction

The fast development of new technological applications in the field of optoelectronics such as
solid-state lighting devices (SSLD), plasma display panels, solar cells, or optical sensors has led
to an intense research activity in the quest for new efficient luminescent materials in general, and
rare-earth doped inorganic phosphors in particular. In the fabrication of white light emitting
diodes (WLEDs), for instance, a fruitful approach has been to employ multiple layers of different
rare-earth doped phosphors to down-convert the monochromatic UV or blue light generated by
an electroluminescent diode into a broad-spectrum white light [1]. Recently there has been a
notable interest in designing WLEDs by combining a near ultraviolet (n-UV) LED chip coupled
with RGB phosphors (red, green, blue). In comparison with commercialized green and blue
phosphors, red phosphors with lower reliability and poorer luminous efficiency have become the
major challenge for n-UV light-emitting diodes. Some examples of recent research towards the
fabrication of new red phosphors can be found in references [2-9]. The synthesis of new red
phosphors has been shown to be also crucial in the development of novel LED devices to
stimulate plant growth[10]. A very interesting application of inorganic phosphors that has

received considerable attention recently is optical temperature sensing[11-13].

Inorganic rare-earth doped phosphors [14] consist typically in an inert host material, normally
either an oxide such as Y3AlsO12 (Yttrium aluminium garnet, YAGQG), nitrides/oxynitrides such as
BazSisO12N2, or sulphides/oxysulphides such as Y>SO., which are doped with a small
concentration of rare-earth ions that act as activators for the luminescence. Metal oxides
containing d° transition metal ions, and in particular tungstates [15, 16], have received a
considerable amount of attention in the last few years as host materials in the development of
new phosphors, mainly due to their broad near-UV charge transfer bands and good thermal and
chemical stabilities. When doped with trivalent Ln3" lanthanide ions, rare-earth tungstate
materials can be excited through the broad W—O charge transfer band, which is more efficient
than exciting into the narrow parity-forbidden f-f transitions of the Ln3" cations. Since the rare-
earth tungstate matrix itself emits in the blue-green region [17] one of the promising applications
of tungstate based phosphors is the possibility to obtain white light emission from a single
material by a adequate combination of the narrow-line emission of the doped Ln** ions with the

broad-band emission of the matrix.

Among tungstate materials used in the development of new phosphors, Y2WOg has received a
considerable attention recently. Yttrium tungstate has been proposed as a suitable matrix for red

phosphors [18-21], or for the fabrication of white light-emitting diodes [22-27]. The up



conversion process in Y2WOs based phosphors [28-31] has also received some attention, with
suggestions for application in solar cells [32] or optical thermometry[33-35]. Y2 WOs has also
been found to be a suitable matrix for the fabrication of phosphors with a controlled structure at

the nanoscale [36-41].

In the past few years, we have been actively involved in the preparation of new phosphors,
and in particular, Y2xEuxWOs red phosphors [42, 43]. Y1.3sEu0.14WOs, for example, has been
successfully applied to increase the spectral response of dye-sensitized solar cells by

incorporating it as a down-conversion material into TiO> photoelectrodes [44].

The local chemical environment of the dopant activator ions is one of the key factors
determining the optical properties of inorganic phosphors. Since in most cases it is almost
impossible to obtain detailed information on this local environment in the actual phosphors, we
have found that combining the experimental work with accurate DFT-based first principles
calculations may yield interesting complementary information for the design and
characterization of new phosphors. Following our previous work on various Y and La oxides and
oxysulphides [45] we present here a computational study of the electronic structure of the five
polymorphs of Y2 WOg that have been described in the literature, complemented with a detailed
description of the principal crystallochemical parameters of the different sites for Y in each
structure and an evaluation of the effects of Y replacement by Eu in order to gain some
information about the most plausible coordination environments of Eu’* cations in these

phosphors.

2. Computational details

Electronic structure calculations were carried out using a numerical atomic orbitals approach
based on density functional theory (DFT) which has been developed and designed for efficient
calculations in large systems and implemented in the SIESTA code [46-48]. We have used both
the local density approximation (LDA) [49, 50] as well as the generalized gradient
approximation (GGA) to DFT and, in particular, the PBE[51] and PBEsol [52] functionals. In
calculations including Eu atoms, a Hubbard correction [53, 54] term, Uer = 7 eV, has been
introduced for the 4f orbitals on these atoms and spin polarization has been taken into account

forcing a total of six unpaired spins on each Eu*" ion.

Only the valence electrons are considered in the calculation, with the cores being replaced by
norm-conserving, scalar relativistic pseudopotentials [55] factorized in the Kleinman-Bylander

form [56]. We have used an energy shift of 50 meV[57] to generate split-valence double-{ basis



sets including polarization orbitals for Y, Eu, and O atoms, and split-valence triple-C basis sets
with polarization functions for W and Bi ones. The semicore 4s, 4p, and 4d electrons in Y were

also treated explicitly and the corresponding orbitals described by single-{ basis functions.

The energy cutoff of the real space integration mesh was set to 250 Ry in all calculations. The
SCF procedure was considered to converge when the difference in the density matrix elements
between two successive cycles was below 10, For all structures with Z=4 (36 atoms in the unit
cell), the Brillouin zone was sampled using a grid of 296 k-points generated with the Monkhorst-
Pack algorithm[58]by a diagonal (8x8x8) matrix. For the orthorhombic phase with Z=8 a
reduced set of 150 k-points, generated by a (8x4x8) matrix, was used. Structural optimizations
were performed using the conjugate gradients method with a maximum displacement of 0.1A
and a tolerance factor for the maximum force of 0.04 eVA"!. The imaginary part of the dielectric
function, &2(w), has been obtained by the simplest approach based on the calculation of the
dipolar transition matrix elements between different eigenfunctions of the self-consistent
Hamiltonian, carried out in the momentum space formulation. The real part of the dielectric
function, &1(w), is extracted from e2(®) using the Kramers-Kronig relation. Calculation of optical
properties has been performed for polycrystalline sample with a broadening factor of 0.1 eV to

simulate experimental conditions.

The geometry of the coordination environment of the Eu** ions is crucial for the fine-tuning of
the optical properties of the doped materials and we will describe it using continuous shape and
symmetry measures (CShM and CSM, respectively)[59, 60]. These measures describe in a
quantitative way the degree of distortion of the coordination sphere around a given atom with
respect to the shape of a predefined ideal polyhedron or symmetry, respectively. To obtain the
CShM for a given N-vertex polyhedron QO with respect to an ideal polyhedron P with the same
number of vertices, the two polyhedra are superimposed in such a way that the sum of squared
distances between their vertices is minimized. The expression for the CShM of Q with respect to
the ideal polyhedron P is given by [60, 61]

YN lqr—prl? )
S(Q,P) = mln—zli\lzllqk—%lz 100 (1)

where qx and px are the coordinates for the vertices of O and P, respectively, and qo the
geometric centre of (. The actual value of Sp(Q) is found by searching for the translation,
rotation, relative size, and vertex pairing that minimize the sum of squared distances between the
vertices of P and Q. From equation [1] it follows that if O has exactly the same shape as P, then
Sp(Q) = 0. Since Sp(Q) is always positive, the larger the value of Sp(Q) the less similar is O to the



ideal shape P. It can be shown that the maximum value that Sp(Q) can attain is 100,

corresponding to the case where all vertices of Q collapse into a single point[61].

The continuous symmetry measure Sg(Q) for a polyhedron Q relative to a given symmetry
point group G is defined in a similar way to the shape measure[62, 63], comparing now the
problem structure Q with its transformed images resulting from applying all the symmetry
operations of symmetry group G on Q. The definition of S¢(Q) is analogous to that of Sp(Q) in
equation [1] replacing the coordinates px of the reference polyhedron by those of the closest
structure to O with the desired G-symmetry. In this case, the minimization process included in
the definition of the measure refers to the orientation of the symmetry elements generating the
symmetry operations in G, as well as the pairing of the vertices of O with those of its
transformed image. Note that in contrast to the CShM, where the reference structure P is known
previously, in the case of the CSM, the reference G-symmetric structure must be determined in
the process of calculating Sg(Q). As in the case of the shape measures, an Sg(Q) value of 0
indicates that Q is G-symmetric, while the larger the value of S¢(Q), the larger is the departure of
Q from having G-symmetry. In the following, since there is no confusion about the structure O
for which the CShMs and CSMs are calculated, to avoid using complicated subscripts we will
simply use S(P) and S(G) for Sp(Q) and Sc(Q), respectively. For instance, for a given
polyhedron, S(OC) will be the corresponding octahedral CShM and S(C;) the CSM used to check

the departure from centrosymmetry.

The main purpose of using CShMs and CSMs is to characterize the shape and symmetry of
complex coordination geometries with just a few parameters [64-68] and for this we take a
reference shape, for instance an octahedron, and calculate the octahedral shape measure S(OC)
for the experimentally found distorted structures. Although CShM and CSM values can fall in
the range between 0 and 100, the measures for severely distorted chemical structures are never
larger than 50. As a rule of thumb we can say that chemically significant distortions lead to
shape or symmetry measures about 0.1 or higher, while values larger than 3 indicate important
distortions. In our case a very important measure is the departure from a centrosymmetric
coordination environment as measured by S(C;) since this will allow mixing of formally 'g' and
'u' functions that will influence greatly the optical properties of the material. Since independently
of the reference shape and the number of vertices all CShM and CSM values are on the same
scale, we can compare, for instance the deviation of a given structure from different reference
shapes, or of different structures with respect to the same ideal shape or symmetry to decide

which is the best description for the shape and symmetry in each case.



3. Results and discussion

3.1 Crystal structures

To the best of our knowledge, five alternative crystal structures have been reported for
Y>WOs:Ln** phosphors. They belong to four different space groups, namely, one monoclinic
P2/c (n. 13) phase, two orthorhombic P2:2:21 (n. 19) polymorphs with different unit cells (Z=4
and Z=8, respectively), an orthorhombic P21ab (n. 29) phase, and a tetragonal P4/nmm (n. 129)
one [15, 42, 69, 70]. Using the experimental crystal structures (the related BioWOg structure was
used for the orthorhombic P21ab polymorph) as an initial guess, we have performed a complete
structural optimization allowing simultaneous changes both in the cell parameters and the
internal coordinates for a single unit cell (Z=4 with 36 atoms for all cases except for the
orthorhombic P21212; polymorph, with Z=8 and 72 atoms in the unit cell) without imposing any
symmetry restrictions. The crystal structures were optimized considering three different density
functionals for the calculation of the electronic structure: the local LDA functional and the two
GGA-type functionals, PBE and PBEsol. The structure of the local coordination environments of
the W and Y atoms has been also analysed using the average M-O distances (M = W, Y, Eu) to
estimate their average size and the CShMs with respect to different polyhedra: the octahedron
(On symmetry) and the trigonal prism (D3n symmetry) for coordination number 6, the capped
octahedron (Csy symmetry) and a trigonal prism capped on one of the square faces (Cav
symmetry) for coordination number 7, and the cube (On symmetry), the square antiprism (Daq
symmetry), and the triangular dodecahedron (D24 symmetry) for coordination number 8. Since
most of our interest is in the local symmetry of the coordination sites for Eu*" ions in the
phosphors obtained from Y>WOs, we have also computed the inversion symmetry measure S(Cj)
for each site, considering for this purpose the central metal atom and the polyhedron made from

the nearest O atoms.

In all optimizations the symmetry of the initial guess structure is preserved up to numerical
error and, hence, the coordination environments of symmetry equivalent atoms remain the same.
As expected for highly isotropic, fairly ionic structures such as in this case, for each polymorph
we find in our optimizations similar deviations from experimental values for the three a, b, and ¢
cell parameters, regardless of the functional employed (see tables S1 to S5 in the supplementary
material for the actual values obtained in all the optimizations. As a general trend we observe the
well-known behaviour of the LDA functional to yield too small unit cells, while the GGA

functionals tend to overestimate their size. In order to minimize differences between the



polymorphs due to experimental or computational errors, as a compromise, we will use the
optimal structures obtained with the PBEsol functional, slightly larger than the experimental
ones, for all further calculations. Very similar results were obtained using either the experimental
structures or those obtained in optimizations with the other two functionals. Before discussing
these results we will present a more detailed discussion of the principal structural features for

each of the studied polymorphs.

Monoclinic P2/c polymorph. In most studies reported up to date, both pure Y2WOs and
Y2WOe:Ln?* crystals are found to adopt the P2/c (n. 13) monoclinic (m-13) polymorph [71-73].
As it may be appreciated in Fig. 1a, Y>* occupies three non-equivalent sites, two of them with
eight O% ions in the first coordination sphere (Fig.s 1b and 1c), and the other one coordinated by
seven O?” ions (Fig. 1d). Each of the symmetry equivalent W®" ions in the unit cell is surrounded

by six oxygen atoms forming a distorted WOs octahedron (Fig. 1e).

Fig. 1 Monoclinic m-13 crystal structure for Y2WOg [71]. a) View of the complete structure
along the crystallographic b axis highlighting the different coordination polyhedra: eight-
coordinated Y atoms in bright and dark green, seven-coordinated Y atoms in blue and W atoms
in black. b) Coordination environment for Y atoms in the Y1 sites, c) in the Y2 sites, d) in the

Y3 sites, and ¢) for W atoms.



The unit cell parameters obtained in the optimization for the m-13 polymorph are given in the
supplementary material (table S1) together with the experimentally determined values.
Agreement between the optimized structure and the experimental one is highly satisfactory,
especially for the LDA functional. Although optimization with the PBEsol functional yields a
slightly overestimated volume for the unit cell, the error, 1.4%, is small if compared with those
obtained for similar compounds and the PBEsol structure can be safely used to study the
electronic structure for all studied polymorphs of Y2WOs, while the LDA functional, although
giving the best agreement with the experimental structure for the particular case of the m-13
phase, leads to larger underestimations of the volume for the other polymorphs (see tables S1 to

S5 in the supplementary material).

Information about the shape and symmetry of the coordination sphere for the W and Y atoms
in the m-13 polymorph is given in table 1. The experimental size (estimated by the average M-O
distance) and shape of the coordination environments of all metal atoms is quite well reproduced

in the PBEsol optimized structure.

site dwo (A)  S(OC)  S(TP) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(C)
s exp. 1.940 4314  5.109 - - - - - 3.788
cale 1.968  4.567  4.954 3.970

Y1(2)  exp. 2355 - - - - 2906 4272 2.899 2215
cale.  2.355 2674 4370 2716 2.140

Y2(2f)  exp. 2373 - - - - 5002 1717 1954  4.939
cale 2375 4926 1680 1806  4.871

Y3 (4g)  exp.  2.305 - - 1852 1.695 - - - 15.947
cale.  2.305 1822 1.667 15.992

Table 1 Experimental [71] and optimized (PBEsol functional) structures for the coordination
environments of Y** and W®" in the m-13 polymorph of Y>WOs. The dm-o values in the third

column refer to average M-O (M = W or Y) distances for each polyhedron. Labels for reference



polyhedra in the shape analysis are: for coordination number 6, OC for the octahedron and TPR
for the trigonal prism; for coordination number 7, COC for the capped octahedron and CTP for
the capped trigonal prism; and for coordination number 8, CU for the cube, SAR for the square
antiprism, and TDD for the triangular dodecahedron. The S(C; value in the last column

corresponds to the departure from inversion symmetry as measured by the corresponding CSM.

Analysis of the distribution of W-O distances shows that the W atoms (Fig. le) occupy six
coordinated sites. Although the smallest shape measure is that for the octahedron, the large value
of this measure, about 4.5, points to a strong distortion from the ideal octahedral geometry that is
also reflected in the value of S(C;) = 4.0, which should be exactly 0.0 for a perfect octahedron.
Since S(TP) is not much larger than S(OC), the best description for the shape of the coordination
environment of W is that of an intermediate structure between that of an octahedron and a
trigonal prism. A quantitative analysis of the CShM values shows indeed that the coordination
polyhedron for the W®" ions lies approximately halfway in the minimal distortion path [61]
between these two polyhedra, with a generalized interconversion coordinate around 50.0 and a

deviation from the minimal distortion path of about 4%.

In the m-13 polymorph, two of the distinct Y ions are octacoordinated, while in the other one
it is heptacordinated. The average Y-O distances are very close in the three cases, but, as
expected, slightly larger in the eight coordinated sites. The shape analysis indicates that the
coordination geometry of the Y1 site can be described either as that of a distorted cube or as that
of a distorted triangular dodecahedron, since both shape measures are quite similar. In this case
the geometry does not lie on the minimal distortion path between these two ideal polyhedra. The
inversion measure, around 2.0, is closer to that of an ideal cube (0.0) than to that of the reference
triangular dodecahedron (7.9) so that the best description for the coordination polyhedron at the

Y1 sites is that of a distorted cube.

The coordination polyhedron at the Y2 sites (Fig. 1c) has an intermediate geometry between
that of a cube and a square antiprism, lying approximately halfway in the minimal distortion path
[61] between these two polyhedra. The generalized interconversion coordinate (= 66%) shows
that the structure is closer to the antiprism than to the cube. The S(C;) value around 5.0 for this
site is also in between that of a cube (0.0) and that for the reference square antiprism (10.8) and

somewhat larger than that corresponding to the other octacordinated Y1 sites.



Atoms in the Y3 sites are heptacordinated, with the smallest shape measure for the capped
triangular prism, although a quite similar value is found for the capped octahedron. Further
analysis indicates that in this case the structure is not on the interconversion path between the
two polyhedra and the simplest description for it is that of a distorted capped triangular prism.
The S(C;) value around 15.0 indicates a strong departure from a centrosymmetric environment as
expected for a coordination polyhedron with an odd number of vertices, although the calculated
value is significantly smaller than those obtained for the reference capped octahedron (20.2) or

capped triangular prism (20.3).

Orthorhombic P2:2:21 (Z = 4) polymorph. Three different orthorhombic polymorphs have
been described for either YaWOg or Y2WOg:Ln®* crystals. Two of them adopt the P2:212; (n. 19)
spacegroup. The first of them (0-19-z4) was described by Tyulin et al. [74] and contains four
formula units in the unit cell (Z=4) with Y occupying two different types of heptacordinate sites
(Fig. 2). Optimization with all three functionals leads to quite similar structures, with a
somewhat smaller unit cell for the LDA functional and the two GGA functionals overestimating
its volume slightly (Table S2 in the supplementary material). The errors in the three cell
parameters are also of the same magnitude in all optimizations, indicating that cohesive forces

are very isotropic, as expected for a compact highly ionic structure such as this.

Fig. 2 Orthorhombic 0-19-z4 crystal structure for YoWOs [74]. a) View of the complete
structure along the crystallographic a axis highlighting the different coordination polyhedra:
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eight-coordinated Y atoms in bright green, seven-coordinated Y atoms in blue and W atoms in
black. b) Coordination environment for Y atoms in the Y1 sites, c¢) in the Y2 sites, and d) for W

atoms.

The analysis of the distribution of the W-O distances shows that the W atoms (Fig. 2d)
occupy six coordinated sites with a fairly regular octahedral geometry as it can bee deduced from
the shape measures in table 2. Deviation from ideal octahedral symmetry is due to a distortion
towards the trigonal prism (Bailar distortion)[75] with a generalized interconversion coordinate
around 25%, much closer to the octahedron than to the trigonal prism. Accordingly, the S(C;)

value, around 1.0, is about one half to that found for W sites in the m-13 polymorph.

site dvio (A) S(0C) S(TP) S(COC)  S(CPT) S(Ci)
W (4a) exp. 1.921 1.074 11.010 - - 1.033
calc 1.951 1.117 10.944 1.074

Y1 (4a) exp. 2.340 - - 2.226 2.215 16.545
calc. 2.332 2.273 2.221 16.453
Y2 (4a) exp. 2.326 - - 3.049 2.030 21.206
calc 2.331 2.960 1.866 21.209

Table 2 Experimental[74] and optimized (PBEsol functional) structure for the coordination
environment of Y** and W%" in the monoclinic 0-19-z4 polymorph of Y2WQs. The dm-o values
in the third column refer to average M-O (M = W or Y) distances for each polyhedron. Labels

for reference polyhedra used in the shape analysis are the same as those in table 1.

According to the distribution of Y-O distances the two different sites occupied by Y** are
heptacoordinate, with the smallest shape measure for the capped triangular prism, although a
quite similar value is found for the capped octahedron in the case of the Y1 sites. Further
analysis of the shape indicates that none of the structures lies on the interconversion path

between the two polyhedra and, thus, the simplest description for all of them is that of a distorted
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capped triangular prism. The S(C;) values indicate that the environment around the Y2 sites is
much more asymmetric than that around the Y1 ones. The Y-O average distances are very

similar to those found for the m-13 polymorph.

Orthorhombic P2:2:21 (Z = 8) polymorph. A different orthorhombic polymorph,
crystalizing also in the P212:2; (n. 19) spacegroup, but with eight formula units in the unit cell
(Z = 8), has been reported by Beaury et al. for Yo WOg at high temperatures [76, 77]. In this case
(Fig. 3), yttrium ions are found at four different sites, three of them with eight-coordination
(Fig.s 3b, c, and e) and the remaining one (Fig. 3d) with coordination number seven. Tungsten
atoms occupy two different hexacordinated sites, one with a fairly regular octahedral shape (Fig.

3f) and the other one with a considerable distortion with respect to this ideal shape (Fig. 3g).

Fig. 3 Orthorhombic 0-19-z8 crystal structure for YoWQOe[77]. a) View of the complete
structure along the crystallographic ¢ axis highlighting the different coordination polyhedra:
eight-coordinated Y atoms in different shades of green, seven-coordinated Y atoms in blue and
W atoms in grey and black. b) Coordination environment for Y atoms in the Y1 sites, c¢) in the
Y2 sites, d) in the Y3 sites, e) in the Y4 sites, d) for W atoms in the W1 sites and g) in the W2

sites.
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All three functionals lead to quite similar structures, with the LDA functional yielding a
somewhat smaller unit cell and the two GGA functionals slightly overestimating its volume
(Table S3 in the supplementary material). The errors in the three cell parameters are also of the
same magnitude in all three optimizations, indicating again that cohesive forces are very

isotropic.

Information about the shape and symmetry of the coordination sphere for the W and Y atoms
in the 0-19-z8 polymorph is given in table 3. As found for the other polymorphs, the size
(estimated by the average M-O distances) and shape of the coordination polyhedra are quite well

reproduced in the PBEsol optimized structure for all six different sites.

site dwo (A) S(OC)  S(TP) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(C)
W1 (da)  exp. 1984 1016  12.188 - - - - 0.881
calc 1956 1354 10.591 1.249

W2 (4a)  exp. 1900  5.030  7.572 - - - - 3.853
cale 1965 5359  7.551 4.653

Y1 (4a) exp.  2.521 - - - - 4982 6264 3530 4416
cale.  2.460 4541 5916  3.171  4.074

Y2 (4a)  exp. 2450 - - - - 8.023 4525 2702 5784
cale 2416 6403 4581 2516  4.559

Y3 (4a)  exp.  2.263 - - 1471 3.091 - - 19.946
cale. 2286 0783  2.361 20.087

Y2 (4a)  exp.  2.366 - - - - 1981 6555  3.757  1.664
cale 2364 1.598  6.778 3929 1412

Table 3 Experimental[77] and optimized (PBEsol functional) structure for the coordination
environment of Y>* and W*" in the orthorhombic 0-19-z8 polymorph of YoWQs. The dm.o values
indicated in the third column refer to average M-O (M = W or Y) distances for each polyhedron.

Labels for reference polyhedra used in the shape analysis are the same as those in table 1.
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Two different coordination polyhedra are found for W in the 0-19-z8 polymorph (Figs. 3f
and 3g). In both cases W atoms are surrounded by six O atoms with an average distance around
1.95A, similar to those found for the other polymorphs. For W1 the smallest shape measure is
for the octahedron, with a relatively small S(OC) value around 1.0, reflecting a moderate
distortion along the minimal distortion path towards the trigonal prism (Bailar path)[75] with a
generalized interconversion coordinate around 25%. The coordination environment for the W1
sites is thus very similar to that found for W atoms in the 0-19-z4 polymorph. As it can already
be appreciated visually by comparing Figs. 3f and 3g, the local coordination environment at the
W2 sites is also octahedral, but with a more sizeable departure from the ideal octahedral
symmetry as reflected by the relatively high value for both S(OC) and S(C;). The main source of
departure from the ideal octahedron in this case is not related to a Bailar twist but to the

significant shortening of three out of the six W-O distances to approximately 1.8A.

The distribution for the Y-O distances indicates that in the 0-19-z8 polymorph Y3 is
octacoordinated (Fig.s 3b, c, and e) in three sites while in the other one it is heptacoordinated.
The average Y-O distances for the octacoordinated Y atoms are larger than for the
heptacoordinated one, especially for sites Y1 and Y2. Shape analysis indicates that the
coordination geometry at the Y1 and Y2 sites is best described by a distorted triangular
dodecahedron. The S(C;) values in the range 4.0 - 5.0 for the two sites indicate however that
departure from the ideal triangular dodecaedron (with inversion measure of 7.9) results in a
noticeable increase of inversion symmetry. The coordination environment of Y atoms in the Y4
position (Fig. 3e) is best described by a cube and for those in the Y3 position by a capped

octahedron.

Orthorhombic P2iab polymorph. An alternative orthorhombic structure has been reported
[42] for Y2WOe:Eu** phosphors. The monoclinic m-13 phase was obtained via a conventional
solid-state reaction, whereas a new orthorhombic 0-29 phase was found when using a facile,
low-temperature combustion synthesis method. The X-ray powder diffraction pattern for this
orthorhombic phase indicated that the Y>WOs:Eu®" phosphors crystallized isostructurally with
the Aurivillius BizWOs phase, with the orthorhombic space group P2iab, (n. 29) [78]. This
structure (Fig. 4) is layered, with perovskite-like WOg slabs and Bi*" ions occupying sites with a
highly asymmetric distorted pentagonal pyramidal geometry due to the presence of stereoactive

6s? lone pairs on the Bi** cations (Figs. 4b and 4c).
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Fig. 4 Orthorhombic 0-29 crystal structure for Bi,WQe.[78] a) View of the complete structure
along the crystallographic a axis highlighting the different coordination polyhedra: Bi atoms in
different shades of blue and W atoms in black. b) Coordination environment for Bi atoms in the

Bil sites, ¢) in the Bi2 sites, and d) for W atoms.

Since there is no available detailed structural information for the 0-29 Y>WOg phase, we have
optimized its crystal structure taking the isostructural low temperature BixWOs Aurivilius phase
as a starting point. As shown in table S4 in the supplementary material, optimization of the
Bi2WOs phase with the PBEsol functional yields a structure which is in good agreement with the
experimental one, although due to the pronounced layered structure presented by this phase, the
error in the estimation of the ¢ lattice constant is significantly larger than those for a and b,

leading to a slight overestimation of the cell volume.

Optimization of crystal structure for 0-29 Y>WOs taking the experimental BioWOs structure
as an initial guess leads to a more compact Y2 WOg phase (Fig. 5) with a smaller cell volume, as

it could be expected from the difference in ionic radii [79] between Bi** (1.03 A) and Y>* (0.9A).
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Fig. 5 Optimized (PBEsol functional) orthorhombic 0-29 crystal structure for Y2 WOs. a)
View of the full structure along the crystallographic a axis highlighting the different
coordination polyhedra: Y1 atoms in green, Y2 ones in blue and W atoms in black. b)

Coordination environment for Y atoms in the Y1 sites, ¢) in the Y2 sites, and d) for W atoms.

A simple visual comparison between the structures depicted in Figs. 4 and 5 shows that the
principal effect of substituting Bi*" by Y>* is a compaction, especially in the Y-O layers, where a
large restructuration has taken place. There are two different sites for Y in the final structure, one
of them octacoordinated (Fig. 5b) and the other one heptacoordinated (Fig. 5¢). According to the
shape measures gathered in table 4, the best description for the octacoordinated Y1 site is that of
a cube, and for the Y2 site that of a fairly regular capped octahedron. Accordingly, the S(C;)
measure indicates a much larger departure from centrosymmetry for the heptacordinated Y2 site
than for the octacordianted one. Sites occupied by W atoms can be described as distorted
octahedra, with the departure from the ideal octahedral geometry being much more accused in

the Y2 WOg case (Fig. 5 d) than in the BioWOg one.
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site: dwo(A) S(OC)  S(TP) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(Ci)

w 2.054 4.096 9.917 - - - - - 2.597
Y1 2.449 - - - - 3.168 5.964 4.261 2.261
Y2 2.318 - - 1.973 2.860 - - - 16.486

Table 4 Optimized structure of the coordination environment of W and Y atoms in the
orthorhombic 0-29 polymorph of Y2WOs. The dm.o values in the second column refer to average
M-O (M = W or Y) distances for each polyhedron. Labels for reference polyhedra used in the

shape analysis are the same as those in table 1.

Tetragonal P4/nmm polymorph. The last structure, t-129, described for phosphors based on
Y2WOs is tetragonal with space group P4/nmm, (n. 129). As reported in reference [70] Y2WOs
was prepared by a solid-state reaction of pure oxides, using NaCl as a mineralizer. The structural
model given in reference [70] includes disorder, with half-occupancy for one of the oxygen sites.
In this structure Y2 sites present a cubic coordination, while the actual coordination of the Y1
and W sites is unclear since it depends on the occupation of the O2 sites. In the ordered structure
that we used for the optimization of the unit cell, both the W and the Y1 sites have trigonal
prismatic coordination environments, but in reference [70] W and Y1 atoms are considered to be
octacoordinated with square antiprismatic geometries, an unrealistic situation corresponding to a

full occupation of the O2 sites.
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Fig. 6 Tetragonal t-129 crystal structure for Y>WOs considering an ideally ordered
occupation of the O2 sites[70]. a) View of the complete structure along the crystallographic a
axis highlighting the different coordination polyhedra: eight-coordinated Y atoms in bright
green, seven-coordinated Y atoms in blue and W atoms in black. b) Coordination environment

for Y atoms in the Y1 sites, ¢) in the Y2 sites, d) in the Y3 sites, and e) for W atoms.

Full optimization for this polymorph, considering an ordered structure where only half of the
02 sites are actually occupied, leads to a high energy structure with cell parameters in good
agreement with those reported in reference [70]. In this case the estimated volume of the unit cell
is practically the same as for the experimental structure, but this is just a fortuitous result due to a
slight overestimation of the a parameter and a somewhat larger underestimation of the ¢

parameter.

One of the sites occupied by yttrium in this structure, Y2, corresponds to a cubic coordination
environment (Fig. 6b) while the other one, Y1, is hexacoordinated in the ordered structure
considered in the optimization. The average Y-O distances for the octacoordinated Y atoms are
similar to those found in other phases for either hepta or octaccoordinated Y, but those found for
the hexacoordinate site are significantly longer than Y-O distances in the other phases, a fact that
is probably due to the disordered nature of this position, for which the ordered average structure
considered in our calculations does not result in an accurate description of the local

environments in the real material. The shape analysis (table 5) indicates that the geometry
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around the Y2 atoms is highly symmetrical, with a very low shape measure for the cube, while
that around the Y1 sites is that of a distorted trigonal prism. In the case of W, we find an unusual
trigonal prismatic site, but this is also a consequence of adopting a regular structure in which

oxygen atoms in the O2 sites are all arranged in ordered layers.

site dwo (A) S(OC) S(TP)  S(CU) S(SAP) S(TDD)  S(C)
W (2¢)  exp. 1999 16793  7.572 - - - 14.233
calc 1965 16738  7.551 14.733

Y1(2c) exp. 2521  18.818  3.029 - - - 16.892
cale. 2302  18.033  1.998 16.383

Y2 (2a)  exp.  2.368 - - 0272 11.028  7.938 0.000
cale 2.364 0142  11.032  7.975 0.095

Table 5 Optimized and experimental [70] structure of the coordination environment for Y3*
in the monoclinic t-129 polymorph of Y2WOs. The dm.o values in the third column refer to
average M-O (M = W or Y) distances for each polyhedron. Labels for reference polyhedra used

in the shape analysis are the same as those in table 1.

3.2 Relative Stability

The monoclinic m-13 polymorph is the stable bulk phase for pure Y2WOg at ambient pressure
and temperature conditions. The orthorhombic 0-19 and 0-19-z8 structures have been described
as high temperature modifications, while the 0-29 and the t-129 structures have only been
described for rare earth containing phosphors based on Y2WOs, for which the larger volumes of
the unit cell as compared to the one of the m-13 polymorph could be a factor in stabilizing

structures when Y is partially replaced by larger cations such as Eu*.
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Fig. 7 Energy (PBEsol) vs volume curves for the different phases of Y>WOs phases
considered in this work. Energies and volumes correspond to unit cells containing 4 formula
units. All energies are relative to that of the optimized structure corresponding to the lowest

energy m-13 polymorph.

Fig. 7 shows the energy versus volume curves obtained using the PBEsol functional for the five
studied polymorphs. Strictly speaking, the absolute temperature should be considered as a
variable for an assessment of the relative stability of the different phases, and hence, one should
rely on free energies to understand why lattice parameters adopt certain values. The data
presented in Fig. 7, obtained at 0K, may be nevertheless used qualitatively in this case to discuss

the main trends in the structural stability for the different forms of Y2WOe.

As expected, the lowest calculated energy corresponds to the low temperature monoclinic m-13
polymorph, which is about 0.3-0.5 eV per formula unit below the orthorhombic polymorphs. The
energy for the tetragonal polymorph is considerably higher, more than 1 eV per formula unit
above the m-13 phase. This large difference, together with the large disorder in the occupation in
the O2 position and the fact that it has only been described in just a single publication, makes us
somewhat suspicious about the validity of the structural refinement reported in ref.[70]. The two

P2:212 orthorhombic phases, 0-19-z4 and 0-19-z8, have practically the same energy. They have
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been described either as high temperature polymorphs for pure Y2>WOg or as structures for rare
earth doped phosphors. The larger equilibrium volumes and their relative low energies are in
good agreement with these points. The third orthorhombic polymorph, 0-29, has only been
described for Er doped Y2>WOg phosphors. The equilibrium volume for this structure is similar to
that of the other two orthorhombic phases and it is only slightly higher in energy, so that it seems
a plausible structure, although a more precise structural refinement would be needed to fully

confirm this hypothesis.

3.3 Electronic structure and bonding

According to our calculations (Figs. 8 and S1-S4) all five Y2WOs polymorphs are wide gap
insulators, with a calculated band-gap (PBEsol method) around 3 eV, somewhat below the
experimental values in the range 3.2-3.4 eV reported for the m-13 polymorph. This difference
arises most probably from the well known trend of DFT to underestimate the band gap in
semiconductors and insulators. Comparing the band-structures in Figs. 8 and S1-S4 the band-gap
in the 0-19-z4 and 0-19-z8 phases is predicted to be similar to that found for the m-13
polymorph, but significantly lower in the 0-29 (about 2.5 eV) and t-129 polymorphs (about 2.0
eV).
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Fig. 8 (a) Band structure and (b) density of states calculated for the optimized structure of the m-
13 polymorph of Y>WOs using the PBEsol method. The black curve in the DOS plots
corresponds to the total density of states, while the shaded areas indicate the projections
corresponding to W (blue), Y (green), and O (red) atoms. The origin of the energy scale has been

shifted to make it coincide with the top of the valence band.
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The basic features of the electronic structure of Yo WOg are similar to those reported for other
tungstates or molibdates such as scheelite (CaWO4)[80] or wolframite (ZnMoQO4) [81]. The
valence band (VB), mainly built from Oy, orbitals, is well separated from a quite narrow
conduction band (CB) centred on the Wsq levels. Approximately 6 eV above the top of the VB
we find a broad band with a large Y44 contribution. In the m-13 phase (Fig. 8) the Wsq4 centered
CB, about 3 eV above the top of the VB (the origin of the energy scale in Fig. 8 has been set at
the top of the VB), is quite narrow, about 1 eV, and it is well separated from the upper Yaq
centred band. The broad character of the Ysq band, arising from a considerable mixture of Y
orbitals with those on the surrounding O atoms, does not allow to clearly separate the
contributions of the Y atoms in different coordination environments. Using this information, the
origin of the luminescence observed for undoped Y2 WO may be ascribed to the charge transfer
transitions between O and W, although there is also an important extrinsic contribution to
emission from possible defect states, for instance oxygen vacancies, generated when using

different synthesis methods, annealing temperatures, or atmospheres [82].

The principal differences in the electronic structure between the polymorphs of Y2WOs (Figs.
8 and S1-S4) are found in the W centred CB. This band is quite narrow in the m-13 as well as in
the two 0-19 polymorphs (~1eV), while polymorphs it is found to be considerably broader for
both high energy 0-29 and t-129 polymorphs. As a consequence, it leads to the narrowing of the
band-gap as described above, and to its overlap with the broad Y centred band. These features
are, however, not expected to raise any noticeable qualitative differences in the emission spectra

for the different polymorphs besides the shift associated with the diminution of the band gap.

An interesting question regarding the possible preference in substituting Y3* for rare earth
cations is that of the local ionicity of the alternative coordination sites. In table S6 in the
supplementary material we have gathered the net charges calculated for W and Y atoms in all
five studied polymorphs as obtained from a Mulliken population analysis. Although, due to well
known shortcomings such as the basis set dependence, Mulliken charges should be taken with
caution, comparison between different compounds may reveal interesting trends in the electronic
structure and its relation with structural features. In this case, the values for the charges obtained
for Y in all phases are quite similar, lying in a relatively narrow range comprised between +1.25
and +1.49. These values are larger than those found in other yttrium compounds commonly used
as hosts for rare-earth based phosphors such as Y03 (Qy = +1.18, +1.21) and Y20.S (Qy =
+1.21)[45] indicating a fairly larger degree of ionicity for the Y-O interactions in Y2WOe.
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Although there is no net correlation between the average distance and the calculated net charge
of Y atoms in the different coordination sites, as a general trend we can notice that
octacoordinated sites present a lower charge (lower ionicity) than heptacoordinated ones, or in
other words, Y-O interactions are expected to have a higher covalent character, with a larger

degree of orbital mixing, in octacoordinated sites.

Mulliken charges calculated for the W atoms are found in a very narrow range, +2.12 to
+2.26, as could be expected since WOs octahedra are found to be very similar in all studied
phases. The relatively low value for the charge (the formal charge of W in Y2WOg is +6) is
indicative of a considerable covalent bonding within the WOg units, as it can be appreciated in
the DOS plot in fig. 8b, where a sizeable participation of Wsq atomic orbitals involved in W-O

bonding can be found in the region approximately 5 eV below the Fermi level.

3.4 Optical properties

The main aim of this work is to gain some information on the physical properties of a series
polymorphs of Y2 WOs that have been used as host materials in inorganic phosphors. For this
reason, their optical properties are the among the most important features towards possible
applications. In the previous section we have already discussed the electronic structure around
the band gap, for which a calculated value around 3eV is found for the low energy monoclinic
and orthorhombic polymorphs. The principal feature modulating the band gap is the Wsq centred
band that appears between the top of the mainly Oz, valence band and the bottom of the broad
empty Y4q band. It is precisely due to the presence of this Wsq band that the values of the band
gap (3.0 eV calculated, 3.2-3.4 eV experimental for the m-13 polymorph) are significantly lower
than those found [45] for Y203 (4.1 eV calculated, 5.0 - 6.0 eV experimental) or Y20,S (2.9 eV
calculated, 4.6 - 4.9 eV experimental band gap), another Y containing material widely used as
host for rare-earth based phosphors, although in this case the lower value for the gap in
comparison to Y»0;3 is mainly due to the stronger covalent character of Y-S interactions that
leads to a broadening of both valence and conduction bands. A case similar to Y2WOs, where the
gap is modulated by the presence of a non Y-centred band was found for Y>TeOs (3.3 eV
calculated band gap) [45].

Besides the optical gap we have also calculated the real and imaginary parts of the dielectric
function, &1(®) and &(w), for all polymorphs (Figs. 9 and S5-S7). For the m-13 phase, the

imaginary part of the dielectric function, €, shows a sharp edge at approximately 3 eV giving
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rise to a relatively narrow peak arising from transitions between the valence Oz, band and the
lowest empty, mostly Wsq band. This peak, which is associated to the characteristic charge-
transfer transitions observed in undoped Y>WOs [17], is clearly separated from the broad peak
around 9 eV due to excitations to the Y44 centred bands and it should be easily identified in an
absorption spectrum. The broad peak due to Ysq centred bands is similar to that found in the
dielectric function calculated for c-Y203,[45] although in this case it is slightly shifted (~2 eV)
towards higher energies, a shift that is indicative of the fairly larger degree of covalent character

for the Y-O interactions in Y203 as discussed above.

€1

€2

E (eV)

Fig. 9 Real (&1) and imaginary (g2) parts of the dielectric function calculated for the optimized
structure of the m-13 polymorph of Y2 WOs (PBEsol functional).

As expected from the calculated band structure, the calculated dielectric functions for the
other polymorphs of Y2WOs are quite similar, especially for the 0-19 phases for which the sharp
peak due to excitations to the Wsq bands is also clearly visible. For the higher energy 0-29 and t-
129 polymorphs the Wsq bands partially overlap with the broader Y44 centred bands and the
sharp peak appears now only as a shoulder to the broader Ysq peak. These results suggest that the
appearance of the peak associated to the Wsq bands in the absorption spectrum of undoped
samples of Y2WOs could be an additional clue to the determination of the dominant polymorph

in poorly crystalline samples.
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The values calculated for the electronic contribution to the static dielectric permittivity are
very similar for all five polymorphs, lying in the range £° = 4.85 - 4.40. From these values an
estimated refraction index of about 2.1 - 2.2 is expected for Y2WOs in any of the described
phases. The value calculated for € is significantly larger than those found previously for Y>03
(3.65) or Y2TeOs (3.68), but in the same range as that found for the more covalent compound

Y,05S (4.7) [45].

3.5 Site preference for doping

The ionic radii of the trivalent lanthanides (e.g. 1.07 A for Eu*") is quite similar to that of Y3*
(1.02 A) and much larger than the ionic radius of W®" (0.60 A)[79]. Therefore, upon doping,
lanthanide ions are expected to replace preferentially Y** ions. In a given polymorph, Ln*" ions
can substitute Y** in any of the different crystallographic sites. Since the resulting luminescence
will be strongly affected by the coordination environment around the dopant atom it is
interesting to study if there are some preferences for doping at some particular sites and how the
local crystal structure is deformed upon replacement of Y** by Ln**. For this purpose we have
performed calculations in which one of the eight Y** ions in the Z=4 unit cell of the m-13, 0-19-
z4, 0-29, and t-129 polymorphs has been replaced by an Eu*" ion. In the case of the 0-19-z8
polymorph, only one of the 16 Y3" ions in the Z=8 unit cell has been replaced. This leads to an
Y2xEuxWOg stoichiometry with x = 0.25 for the polymorphs with Z=4 cells and x=0.125 for the
0-19-z8 phase. These concentrations of Eu* ions are not uncommon in experimental data found
in the literature, where the synthesis of phosphors with x values between 0 and 0.4 has been

reported.

In all cases, one Y** ion has been replaced by one Eu** ion in the PBEsol optimized structure
of Y2WOgs to calculate a first approximation (initial) to the substitution energy (for the Z = 4

case):
Ein(eV) = E(EuY7W4024) + E(Y?") - E(YsW4024) - E(Eu*")

In a second stage, the doped structure has been further relaxed without any restriction to study
the local structural changes induced by substitution at a given Y3* site. The total insertion energy
(relaxed) is then obtained by an analogous equation, where the energy E(EuY;WiO24)

corresponds now to that of the relaxed structure.

In the following we will describe first the results obtained for each polymorph, to end with a

discussion of the general trends that emerge when considering all cases together. Since the m-13
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polymorph is the most abundant one in the literature, we will describe the effects of the Eu
substitution on the electronic structure only for this polymorph, although the findings are quite

general and similar conclusions can be reached for the other cases.

Monoclinic P2/c polymorph. As discussed earlier, there are three non-equivalent Y sites in
the monoclinic (m-13) structure of Y2WOs, one of them with coordination number 7 and the
other two with coordination number 8. As shown in table S7 in the supplementary material,
replacing an Y** ion for an Eu®" one without relaxing the structure costs about 6 €V and this
value is reduced to about 3.5 eV when the structural relaxation is been taken into consideration.
In all three cases relaxation of the structure results in an enlargement of the coordination sphere
around the Eu atom, with an increase of about 0.2A in the average M-O distance. Taking a look
at the changes in the shape and symmetry measures in table S7, where no extraordinary changes
are observed, it is evident that upon relaxation the increase in the average size of the
coordination environment is quite isotropic, preserving the main geometric features of the

coordination site.

According to our calculations, the preferred site for Eu substitution in the m-13 polymorph is
at the octacoordinated Y2 site, with an insertion energy about 0.5 eV lower than for the other
two sites. This finding is in agreement with the interpretation given by van Noort and Popma of
their 'Eu Mdssbauer spectroscopy measurements indicating that at low Eu concentrations
substitution takes place preferentially at the octacoordinated sites[83]. Notice that, although
substitution at the octacoordinated Y2 site is preferred, in this case it costs practically the same
energy to introduce Eu in an octacoordinated Y1 or heptacoordinated Y3 site, so that, apparently,
the coordination number is not a determining factor to decide a priori where substitution will
take place preferentially. More on this issue will be discussed at the end of the section when

comparing insertion energies between different polymorphs.

Orthorhombic P2:212; (Z = 4) polymorph. The orthorhombic 0-19-z4 structure has Y** ions
in two distinct heptacoordinated crystallographic positions and the calculated insertion energies
(table S8 in the supplementary material) are similar for the two cases. The absolute values are
similar than those found for the m-13 polymorph: substitution of Y by Eu costs about 6 eV per
ion, a value that is reduced to about 3.5 eV when the structure is allowed to relax. As shown by
the average M-O distance, the size of the two sites is similar, and relaxation leads also in this
case to an isotropic expansion with the average M-O distance increasing by about 0.3A. Since

the magnitude of the insertion energy is mainly dictated by the necessary expansion of the
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coordination sphere, in this case the insertion energies for the two sites are quite close and our

results suggest that for this polymorph no preferential substitution should be expected.

Orthorhombic P2:2:2; (Z = 8) polymorph. The orthorhombic 0-19-z8 polymorph has been
described as a high temperature phase for Y>WOg as well as for doped phases with different
amounts of rare earth ions substituting Y. As expected for a high temperature polymorph, it has a
higher molar volume (see Fig. 7) which is clearly reflected in the average Y-O distances of the
first two octaccordinated sites, which are about 0.1A larger than those found in the previous
phases. Accordingly, we find that insertion of Eu in this phase (table S9, supplementary
material) is on average easier than in the monoclinic m-13 polymorph, especially in either the
Y1 or Y2 positions (about 3 eV after relaxation). Insertion in the other two sites (about 4 eV
after relaxation) implies a higher energy cost, a finding that can be easily rationalized taking into
account their smaller volumes as evidenced by the corresponding average Y-O distances. Note
also that for this phase, apparently almost no energy is consumed in relaxing the structure for
insertion in any of the four Y sites, although the expansion of the average M-O distances is of
the same order of that found for other polymorphs. This behaviour is related to the fact that in
this case we are substituting only one out of each 16 Y atoms in the unit cell, and consequently, a
much smaller restructuration of the structure is needed to absorb the volume increase induced by

the replacement of one Y3* cation by a larger Eu*" one.

From the insertion energies calculated for this polymorph we expect a preferential substitution
into the Y1 and Y2 sites, although Eu" is predicted to occupy these two octacoordinated sites

with a similar probability.

Orthorhombic P21ab polymorph. The orthorhombic 0-29 polymorph has Y in two distinct
sites, one of them octa- and the other one heptacoordinated. The size of the first is somewhat
larger, and accordingly the insertion energy for Eu®* (table S10, supplementary material) is
slightly lower, although the differences, 3.2 vs 3.5 eV are not large enough to suggest a

preferential substitution.

Tetragonal P4/nmm polymorph. As discussed previously, there are two very different
coordination sites for Y in the t-129 polymorph one of them (Y2) with a practically cubical
geometry and the other one (Y1) with an uncommon triangular prismatic geometry. As seen in
table S11 in the supplementary material it is apparently much easier to introduce Eu in the
trigonal prismatic Y1 sites, with an insertion energy about 2.7 eV per Eu*" cation, much lower
than the 4 eV found for the octahedral sites. The fact that the average Y-O distances are similar

before and after Eu’" substitution, leads us to the conclusion that for this case the coordination
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geometry rather than the size of the site is the determining factor. From our calculated insertion
energies we may predict a preferential substitution for this polymorph, with Eu*" cations
replacing mostly Y3* in the trigonal prismatic Y1 sites. Note, however, that as mentioned above,
the actual crystal structure considered in our calculations is just an ordered model where the
large number of O vacancies in the structure has been distributed in a precise fashion, leading to
a coordination geometry which may be quite different from that in a structure with a different
ordering of O vacancies leading to a higher average coordination around the Y3* cations in the

Y1 sites.

General trends. In Fig. 10 we have plotted the insertion energy (after relaxation) as a
function of the average Y-O distance for all Y sites in the five polymorphs. If we disregard the
unusual six-fold trigonal prismatic Y1 site in the t-129 polymorph (green point) with an
unexpected low insertion energy, the general trend evidenced in Fig. 10 is that the major factor
determining the insertion energy is the size of the site where substitution takes place.
Accordingly, it is easier to replace Y** by Eu®" in the larger sites, and since increasing the
coordination number results in a larger size for the coordination site, it is, in general, easier to
insert Eu®" in octa- than in heptacoordinated sites. Although this is the general trend, the actual
coordination geometry is nevertheless important, and in cases with intermediate sized
coordination sites (with average Y-O distances around 2.35A) it is apparently easier to insert

Eu®* in heptacoordinated sites than in octacoordinated ones.
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Fig. 10 Insertion energy (after structural relaxation) in eV per Eu** atom as a function of the

average Y-O distance (A) of the size of the Y site in the optimized Y2WOs structure. Green dots:
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hexacoordinated sites, blue dots: heptacoordinated sites, and red dots: octacoordinated sites. The
dashed line corresponds to a linear fit of the data (excluding the case of the hexacoordinated Y1
site in the t-129 polymorph) and is meant only as a guide to the eye to highlight the general trend

of the insertion energy versus the size of each individual site.

The apparently favourable substitution into the hexacoordinated Y1 site in the t-129
polymorph does not follow the general trend. This result should, however, be taken with some
caution due to the particularities of the t-129 structure discussed in earlier sections. Since this
structure has only been proposed in one of the multiple works devoted to Y2WOg based rare-
earth containing phosphors[70], we think that there is still not enough evidence to consider it as

an undisputed alternative to the lower energy structures proposed in other works.

As far as the symmetry of the coordination sites is concerned, we have found that, in general,
substitution will take place preferentially in the larger octacoordinated sites and these have, as
expected, smaller deviations from centrosymmetry (smaller S(C;) values), especially when they
correspond to slightly distorted cubic geometries. Easy insertion in a highly asymmetric
heptacoordination site is, however, possible in the case of the 0-19-z4 polymorph, which is in

this respect a desirable target for obtaining efficient phosphors by doping with rare earths.

Let us note that the actual structure for the Y>WOes:Eu** phosphors will change with the
contents of Eu**. In this respect our calculations have been done adopting the simplest possible
models, that is, substituting only one Y** ion for Eu*" in the unit cell. As discussed above, the
concentration of Eu®" in these models is reasonable when compared to the experimental one,
although it is in the high range of experimental values. Analysis of samples with lower
concentrations would require the use of larger models (larger supercells) which result in too
costly calculations that we cannot perform with our actual equipment. Another interesting
question that is also out of reach with our computational facilities at present is that of the
possibility of clustering of Eu®" ions in the structure and if this segregation would affect the
optical properties of the phosphor. To address this issue it is, however, necessary to use models
with quite large supercells and to perform an unreasonable number of calculations to sample all
possible distributions of two or various Eu** ions within the supercell and assess their relative
stabilities. In this respect the calculations presented in this work are just based on the simplest
possible models of Eu’* substitution in Y2WOe, and the information obtained, although valuable,
does not cover all possible issues of the doping process. Work exploring this type of questions
for a simpler system, Er** doped BaTiO3 phosphors, using empirical force-fields to simulate the

large supercells needed in this type of studies is on the way in our laboratory and if successful,
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we expect to apply this alternative approach to more complex systems such as Y2WOes:Eu®*

phosphors.

4. Conclusions

In this work we have undertaken a thorough computational study by first principles DFT-
based electronic structure methods of the five polymorphs of Y2 WOs that have been previously
described in the literature. Optimization of the crystal structures yields results in good agreement
with those determined experimentally by X-ray diffraction, both for the cell parameters as well
as for the local environments for each of the Y atoms in different crystallographic positions,
although some questions about the validity of a tetragonal structure suggested for Y2WOe:Ln**
phosphors remain open. The monoclinic P2/c (m-13) phase is predicted to be the most stable one
at ambient conditions, although high temperature orthorhombic phases with larger molar
volumes could be favoured upon replacement of some Y3* cations by larger Ln*" ones such as

Eu?*, and hence, provide plausible structures for YoWOs:Ln** phosphors at ambient conditions.

The electronic structures calculated for all five suggested polymorphs are qualitatively
similar, with the top of the valence band dominated by the Oy, orbitals and a relatively narrow
WOs-centred conduction band below a broad Yaa centred band. The calculated band-gap
around 3eV calculated for the most common monoclinic m-13 polymorph is somewhat below
the reported experimental values in the range 3.2-3.4 eV, as expected for DFT-based calculations

that tend to underestimate this magnitude.

Insertion energies for Eu** cations replacing Y3* in the different polymorphs are estimated to
be in the range of 3 - 4 eV per cation, with the smaller values corresponding to substitutions into
the generally larger octacoordinated Y3 sites. According to our calculations, the preferred site
for Eu*" substitution in the most common m-13 polymorph is at the octacoordinated Y2 site,
with an insertion energy about 0.5 eV lower than for the other two sites, a finding that is in
agreement with ''Eu Mossbauer spectroscopy measurements that have been interpreted
considering that at low Eu concentrations substitution takes place preferentially at the

octacoordinated sites.
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method a(A) b (A) c(A) B (°) V (A%)

LDA  7.586(0.0%) 5.328 (-0.1%) 11.357(0.0%) 104.9 (0.4%) 443.6 (-0.3 %)
PBE  7.695(1.4%) 5.404(1.3%) 11.508(1.4%) 104.5(0.1%) 463.4 (4.1 %)
PBEsol 7.632(0.6%) 5.358(0.5%) 11.412(0.5%) 104.7(0.3%) 451.3 (1.4 %)

exp. 7.589 5.334 11.354 104.4 445.1

Table S1 Optimized and experimental [1] structural parameters (relative errors in

parentheses) for the monoclinic m-13 polymorph of Y2WOe.

method a(A) b (A) c(A) V (A%

LDA 5207 (-0.3%) 9.015(-0.2%) 9.888 (-0.3 %) 464.1(-0.7 %)
PBE  5284(12%) 9.140 (1.2 %) 10.040 (1.3 %) 484.9 (3.7 %)
PBEsol  5.240 (0.4%) 9.058 (0.3 %) 9.943 (0.3 %) 471.9 (1.0 %)

exp. 5.221 9.029 9.915 467.4

Table S2 Optimized and experimental [2] structural parameters for the orthorhombic (Z = 4)
0-19 polymorph of Y2WOs. Deviations with respect to the experimental structure are given in

parentheses.
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method a(A) b (A)

c(4)

V (A%)

LDA 8499 (-1.1 %) 20.742 (-0.5%) 5.217(-0.3 %) 919.7 (-1.8 %)

PBE  8.685(1.1%) 21.038 (1.0 %)
PBEsol 8.579 (-0.1%)  20.836 (0.0%)

exp. 8.591 20.840

5.283 (0.9 %)

5.246 (0.2 %)

5.233

965.3 (3.0 %)

937.6 (0.1 %)

936.9

Table S3 Optimized and experimental [3] structural parameters for the orthorhombic 0-19-z8

polymorph of Y2WOe.

compound method a(A)

b(A)

c(A)

V(A%

PBEsol 5.483 (-0.1%) 5.462 (0.0%)

16.850 (2.2%) 504.7 (2.2%)

Bi;WOs
exp. 5.488 5.461 16.484 494.0
LDA 5.462 5.408 15.674 463.0
Y>WOs PBE 5.593 5.544 15.805 490.1
PBEsol 5.510 5.463 15.701 472.6

Table S4 Optimized and experimental [4] structural parameters for the orthorhombic

(Aurivillius) low temperature phase for Bi2WOs and optimized structural parameters for the 0-29

polymorph of Y2WOQOe.
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method

a(A)

c(A)

V (A%)

LDA

PBE

PBEsol

exp.

5.299 (0.7 %)

5.388 (2.4 %)

5.333 (1.4%)

5.260

16.832

16.233 (-3.6 %) 455.8 (-2.1 %)

16.419 (-2.5 %) 476.6 (2.4 %)

16.305 (-3.2 %) 463.7 (-0.4 %)

465.6

Table S5 Optimized and experimental [5] structural parameters for the tetragonal t-129

polymorph of Y2 WOQOe.

phase Y site dvo (A) coord.n. Q(Y) W site dW-O (A) Q(W)

m-13 Y1

Y2

Y3

0-19-z4 Y1

Y2

0-19-z8 Y1

Y2

Y3

Y4

029 Yl

Y2

t-129 Y1

Y2

2.357

2.375

2.360

2.332

2.331

2.460

2.416

2.286

2.364

2.449

2.318

2.302

2.365

8

+1.27

+1.34

+1.37

+1.36

+1.46

+1.31

+1.37

+1.49

+1.29

+1.22

+1.26

+1.42

+1.25

Wi

Wi

Wi

w2

Wi

Wi

1.968

1.951

1.956

1.965

2.054

1.965

+2.26

+2.15

+2.18

+2.23

+2.12

+2.23

Table S6 Net charges obtained from a Mulliken population analysis for the different Y and W

sites in the five studied polymorphs of Y2WOQOe.
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site Eim(eV) duo(A) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(C)

Y1 (2e) initial 6.34 2.355 - - 2.674 4.370 2.716 2.140
relaxed 3.99 2.573 3.733 4.136 2.678 2.530
Y2 (2f)  initial 5.51 2.373 - - 4.926 1.680 1.806 4.871
relaxed 3.37 2.588 4.638 2.066 2.194 4.589
Y3 (4g)  initial 6.29 2.305 1.822 1.667 - - - 15.992
relaxed 3.80 2.551 2.789 2.788 15.113

Table S7 Insertion energies and structural parameters for Eu** in the three different Y3 sites
of the PBEsol optimized structure for the monoclinic m-13 polymorph of Y2WOs before (initial)
and after (relaxed) structural relaxation. The dm-o values indicated in the fourth column refer to
average M-O distances for each polyhedron. Labels for reference polyhedra used in the shape
analysis are: for coordination number 7, COC for the capped octahedron and CTP for the capped
trigonal prism; and for coordination number 8, CU for the cube, SAR for the square antiprism,
and TDD for the triangular dodecahedron. The S(C;) value in the last column corresponds to the

departure from inversion symmetry as measured by the corresponding CSM.
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site Ein(eV) dwo (A) S(COC)  S(CPT) S(Ci)
Y1 (4a) initial 5.52 2332 2273 2.221 16.453
relaxed 3.12 2.600 3.859 3.662 16.136
Y2 (4a) initial 6.04 2.331 2.960 1.866 21.209
relaxed 3.44 2.601 3.013 2.201 21.804

Table S8 Insertion energies and structural parameters for Eu** in the two different Y** sites of

the PBEsol optimized structure for the orthorhombic 0-19-z4 polymorph of Y>WOs before

(initial) and after (relaxed) structural relaxation. The dm.o values indicated in the fourth column

refer to average M-O distances for each polyhedron. Labels for reference polyhedra used in the

shape analysis for coordination number 7 are: COC for the capped octahedron and CTP for the

capped trigonal prism. The S(C;) value in the last column corresponds to the departure from

inversion symmetry as measured by the corresponding CSM.
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site Em(eV) duo(A) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(C)
Y1 (4a) initial 298  2.460 - 4541 5916  3.171  4.074
relaxed 293  2.631 4909 5515 2899 4598

Y2 (4a)  initial  3.18  2.416 - 6403 4581 2516  4.559
relaxed  3.16  2.620 6.803 5317  3.108  4.447

Y3 (4a) initial  4.10 2286  0.783  2.361 - - 20.087
relaxed  4.03 2561 2473 3.206 17.893

Y2 (4a)  initial 411 2.364 - 1.598  6.778  3.929 1412
relaxed  4.03  2.565 1978  6.050 3216  1.654

Table S9 Insertion energies and structural parameters for Eu®* in the four different Y3* sites

of the PBEsol optimized structure for the orthorhombic 0-19-z8 polymorph of YWOs before

(initial) and after (relaxed) structural relaxation. The dm.o values indicated in the fourth column

refer to average M-O distances for each polyhedron. Labels for reference polyhedra used in the

shape analysis are: for coordination number 7, COC for the capped octahedron and CTP for the

capped trigonal prism; and for coordination number 8, CU for the cube, SAR for the square

antiprism, and TDD for the triangular dodecahedron. The S(C; value in the last column

corresponds to the departure from inversion symmetry as measured by the corresponding CSM.

site En(eV) duo(A) S(COC) S(CTP) S(CU) S(SAP) S(TDD)  S(C)

Y1 initial  5.88  2.449 - - 3.168 5964 4261 2261
relaxed 323 2.630 2222 5879  3.628  1.849

Y2 initial 626 2318 1973  2.860 - - 16.486
relaxed 345  2.636  3.014  3.742 15.243
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Table S10 Insertion energies and structural parameters for Eu** in the four different Y3* sites
of the PBEsol optimized structure for the orthorhombic 0-29 polymorph of Y>WOs before
(initial) and after (relaxed) structural relaxation. The dm.o values indicated in the fourth column
refer to average M-O distances for each polyhedron. Labels for reference polyhedra used in the
shape analysis are: for coordination number 7, COC for the capped octahedron and CTP for the
capped trigonal prism; and for coordination number 8, CU for the cube, SAR for the square
antiprism, and TDD for the triangular dodecahedron. The S(C; value in the last column

corresponds to the departure from inversion symmetry as measured by the corresponding CSM.

site Em(eV) duo(A) S(OC) S(TP) S(CU) S(SAP) S(TDD)  S(C)
Y1(2c)  initial 531 2302 18.033  1.998 - - - 16.383
relaxed  2.72 2595 20286  4.935 17.742

Y2 (2a)  initial  5.65  2.390 - - 0.142  11.032  7.975 0.095
relaxed  3.69  2.561 0384  11.120  7.974  0.099

Table S11 Insertion energies and structural parameters for Eu** in the two different Y3* sites
of the PBEsol optimized structure for the tetragonal t-129 polymorph of Y2WOs before (initial)
and after (relaxed) structural relaxation. The dm-o values indicated in the fourth column refer to
average M-O distances for each polyhedron. Labels for reference polyhedra used in the shape
analysis are: for coordination number 6, OC for the octahedron and TP for the trigonal prism;
and for coordination number 8, CU for the cube, SAR for the square antiprism, and TDD for the
triangular dodecahedron. The S(C;) value in the last column corresponds to the departure from

inversion symmetry as measured by the corresponding CSM.
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Fig. S1 Band structure calculated for the optimized structure of the 0-19 polymorph of Y2WOs
using the PBEsol method.
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Fig. S2 Band structure calculated for the optimized structure of the 0-19-z8 polymorph of
Y2WOgs using the PBEsol method.
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Fig. S3 Band structure calculated for the optimized structure of the 0-29 polymorph of Y2WOs

using the PBEsol method.
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Fig. S4 Band structure calculated for the optimized structure of the t-129 polymorph of Y2WOs
using the PBEsol method.
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Fig. S5 Real (e1) and imaginary (g2) parts of the dielectric function calculated for the
optimized structure of the 0-19 polymorph of Y2WOgs, using the PBEsol functional.
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Fig. S6 Real (e1) and imaginary (g2) parts of the dielectric function calculated for the
optimized structure of the 0-29 polymorph of Y2WOgs, using the PBEsol functional.
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Fig. S7 Real (e1) and imaginary (g2) parts of the dielectric function calculated for the
optimized structure of the t-129 polymorph of Y2WOs, using the PBEsol functional.
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