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Abstract

Inorganic phosphors based on monoclinic Y,WOgs doped with Sm** ions were
prepared via conventional solid-state reactions at high temperature. A total of six
samples were obtained with different Sm®* concentrations (0-9%). The purity of the
as-prepared phases was checked by powder X-ray diffraction (PXRD). The excitation,
emission, and time-resolved emission spectra were examined in detail. The
experimental decay curves were fitted to the Inokuti—Hirayama model, showing that

the Sm** ions form clusters at all compositions.

Periodic hybrid density functional theory calculations were also carried out on the
undoped material and on 144-atom supercells of stoichiometry Y1.9375SmMo.0625\WOs
and Y1.8755mo.12sW0QOs. The different coordination environments at the Y1, Y2 and
Y3 sites are analysed in detail. The calculated structure and band gap of Y2WOs are
in good agreement with experiment with one potentially important discrepancy
in a Y3-0 bond length. The thermodynamically favoured substitution sites for Sm,
Y2 and Y3, in the supercell are not those observed under the preparation conditions
used here, since the experimental Rietveld analysis suggests occupation of Y1 at all
concentrations. Analogous calculations for the Eu-doped system highlight marked
differences between Eu and Sm despite their similar ionic sizes. The calculated

densities of states show the position of the 4f levels in the band gap depend on the



sites occupied by the dopants and thus expect marked differences in the luminescence

spectra, opening up possibilities for tuning device performance.

Keywords: Inorganic materials, Solid state reaction, Computer simulations,
Luminescence, Optical properties, X-ray diffraction

1. Introduction

Lanthanide ions activated phosphors are characterized by their excellent optical
properties. This type of compound has drawn much attention because of potential
applications in many fields, such a as solid-state lighting devices, biomedical
imaging, plasma display panels, optical sensors, and more recently in solar cells and
nano- and biotechnology [1-6]. One of the most investigated rare-earth cations is the
trivalent europium ion (Eu®") due to its characteristic orange-red emission upon
irradiation with UV light, corresponding to the °Do — ’F; (J=0,4) transition [7-10].
The Do — F1 transition is a magnetic dipole (MD) transition and the resulting
orange emission is largely independent of the chemical environment of the Eu®*
dopant. In contrast, the transition °Do — ’F» is an electric dipole (ED) transition, and
its presence and intensity is greatly influenced by the local symmetry of the Eu®* ion,
producing a red emission. Because of the high cost of europium compounds, new
orange-red emitters need to be explored. Sm** is a good competitive candidate as an
activator ion in inorganic phosphors. The multicolor luminescent properties of Sm**-

doped phosphors have great potential for use in solid-state lighting devices [11].

The characteristic emission of Sm®* is due to *Gsp — ®H; (J=5/2, 7/2, 9/2, 11/2)
transitions. The transitions “Gs/> — ®Hs/2 (yellow emission), and *Gs; — ®Hz.2 (orange
emission) are magnetic dipole transition (MD), whereas the “Gsp, — ®Hop (red

emission) transition is an electric dipole transition (ED) [12].

In the present communication we report the synthesis and characterization of new
Y2WOe:Sm®* inorganic phosphors. Y2WQOg was chosen as the host matrix due to its
optical activity, and in particular, its ability to compensate for the low absorption
coefficient of the Sm®" cation. The great capability of Y2WOs for self-activation,

followed by efficient energy transfer to the rare-earth activator, and its high quantum



yield makes this tungstate a very good choice as a host structure for the Sm3*-doped
phosphors [13-16]. Put another way, the quantum-yield of yttrium tungstate can be
increased by doping with an appropriate amount of Sm**.

We report the synthesis of Y2xSmxWOs phosphors via solid-state reaction at high
temperature and their photoluminescent features. We carry out an analysis of the
energy transfer process between the luminescent excited states of the Sm*®* ions and
the possible interactions between the activator and the host-matrix. A Rietveld
analysis is also carried out in order to determine where the rare—earth cations replace
Y3 in the host-structure. Hybrid density functional theory calculations are also
carried out to analyse the electronic properties of the doped material, the energetics of
Sm-Sm pair interactions leading to dopant clustering and to compare Sm-doping with

the results for Eu-doping which have been reported previously [17].

2. Experimental
2.1 Synthesis

All manipulations were performed under ambient conditions, and the starting
materials were used as received. Y2.xSmyWQOs (0 < x < 0.18) samples were prepared
by solid-state reactions at high temperature. Stoichiometric amounts of the precursors,
Y203 (Sigma-Aldrich 99%), Sm20s (Sigma-Aldrich 99%) and WOs (Sigma-Aldrich
99%) were ground in an agate mortar for several minutes. The resulting homogeneous
mixtures were then placed in combustion boats (Coors, high alumina) and heated at
973 K for 10 hours. After cooling down to room temperature, the samples were
removed and ground into a powder, placed again in the combustion boats, and heated
at 1273 K for 10 hours. The procedure was repeated, and the samples were finally
heated at 1373 K for another 10 hours.

2.2 Characterization

Powder X-Ray Diffraction (PXRD) data were collected using a Bruker D8 Advance
diffractometer fitted with a graphite monochromator. The measured range was 10° <

20 < 60°, using Cu Ko radiation (A = 1.54057 A) generated at 40 kV and 30 mA. A



full-profile Rietveld analysis of the obtained diffractograms was performed with the
Jana2006 software [18]. Diffuse reflectance spectra were recorded with a UV-V-NIR
spectrophotometer (VARIANT CARY 5000) and the optical bandgaps were estimated
by the Tauc method [19]. Luminescence measurements: excitation spectra were
recorded using a JASCO FP-6500 spectrofluorometer with a 150 W xenon lamp as
the excitation source. Emission spectra were obtained by exciting the samples at 300
nm using a 400 W Oriel xenon lamp. The spectra were recorded with a system of two
convex lenses that collimated and focalized the sample’s emission into an optical
fiber coupled to a 0.3 m single grating spectrometer (Andor Shamrock-3031-B). The
final measurement was carried out using a cooled CCD detector (Newton DU920 N)
with a resolution of 0.7 nm and an integration time of 2s. For the lifetime
measurements, a tunable optical parameter oscillator (OPO) was used as the
excitation source (10 Hz repetition rate, 8ns pulse temporal width) and the time
resolved emission was focused on the entrance slit of a monochromator (Triax 180)
coupled with a photomultiplier (Hamamatsu r928). The signal was acquired and
averaged by an oscilloscope (Lecroy Wavesurfer 424). All measurements were

carried out at room temperature.

2.3 Electronic Structure

Periodic ab initio calculations were performed using the CRYSTAL17 code [20-22]
to evaluate the relative energies of different possible substitution patterns of Sm in the
Y2WOse matrix and the associated electronic structure. Energies were calculated using
density functional theory (DFT), adopting the PBE , PBEsol and hybrid HSE06
functionals [23-25]. The atomic Gaussian basis sets used were a 6-311G* basis set for
O [26], and effective core pseudopotentials (ECP) with valence basis sets for Y, W
and Sm [27-29]. For the calculation of the Coulomb and exchange integrals, tolerance
factors of 7, 7, 7, 7, and 14 were used. The convergence criterion for the electronic
energy was set at 107 a.u. [30]. The reciprocal space integration used a mesh of
8x8x8 and 2x2x2 k-points in the irreducible Brillouin zone chosen according to the
Monkhorst-Pack scheme [31] for primitive cell and supercell calculations,
respectively; convergence of the energy with grid size was checked. Full geometry

optimisation of the undoped system gave the same structure as an optimisation in



which the space group (P2/c) was kept fixed. All symmetry constraints were removed
in calculations on the doped systems. All supercell calculations were spin-polarized in
order to take into account the five (S=5/2) and six (S=3) unpaired f electrons in the
Sm*" and Eu®* cations respectively.

2.4 Structural analysis

In rare earth doped phosphors the geometry of the coordination environment of the
activator ions is a key factor determining the optical properties and we describe this
using continuous shape measures (CShM) [32, 33]. These provide a quantitative
measure of the degree of distortion of the coordination sphere around a given atom
with respect to the shape of a predefined ideal polyhedron. The CShM for an N-vertex
polyhedron Q with respect to an ideal polyhedron P with the same number of vertices,
Sp(Q) is obtained by superimposing the two polyhedra in such a way that the sum of
squared distances between their vertices is minimized [33, 34]:
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where gk and pk are the coordinates of the vertices of Q and P, respectively, and go
the geometric centre of Q. The value of Sp(Q) is found by searching for the
translation, rotation, relative size, and vertex pairings that minimize the sum of

squared distances between the vertices of P and Q.

If the two structures have exactly the same shape (but not necessarily the same size)
then Sp(Q) = 0. Since Sp(Q) is always positive, the larger the value of Sp(Q), the less
similar is Q to the ideal shape P. The maximum value of Sp(Q) is 100, corresponding
to the unphysical situation where all vertices of Q collapse into a single point_[34].
Values severely distorted chemical structures never exceed 50. The main purpose of
using CShMs is to characterize the shape of complex coordination geometries with
just a few parameters_[35-39] and for this we take a reference shape, for instance a
perfect cube, and calculate the corresponding shape measure S(CU-8) for the distorted
structures found experimentally. As a rule of thumb, CShM values below 0.1 are
unimportant from a crystallochemical point of view, while those above 3 point
towards significant distortions from the reference geometries. Further characterization

of the distorted structure is possible by evaluating several CSMs for the same



structure. Since, irrespective of the reference shape and the number of vertices, all
CShM values are on the same scale, they can be compared to obtain the best
description for the shape and symmetry in each individual case. It is possible also to
take the experimental structure as a reference and use the corresponding Sexp(Qcalc)

value to check the similarity of a calculated structure with the experimental one.

3. Results and discussion
3.1 X-ray diffraction

The synthesized products were obtained in the form of homogeneous white powders.
The measured PXRD profiles indicate that the obtained phase is the monoclinic
(P2/c) polymorph (ICSD no. 20955) for all Y2xSmxWOs (0 < x < 0.18) samples, with
no peaks from any other phase. Moreover, a systematic shift of the peak positions is
seen as the amount of Sm*" increases, indicating that the dopant ion is incorporated
into the host matrix, substituting for Y3*. The monoclinic crystal structure of Y2WOsg
(Figure 1) contains three symmetry-independent yttrium atoms. In the literature [40]
Y1(2e) and Y2(2f) have been describes as eightfold coordinate, whereas Y3(4g) is
sevenfold coordinate, in all three cases with average Y-O distances in the range 2.3-
2.4 A. A closer look at the coordination environment around the Y3(4g) atoms in the
reported experimental structure shows, however, that there is an additional O atom at
a relatively close distance of 3.138 A. This is much shorter than the distances to the
second coordination shell of any of the three sites; the closest second neighbour O
atoms are found at 4.061 A, 3.872 A, and 3.775 A from Y1, Y2, and Y3, respectively.
For this reason we think that the Y3 sites are better described by a 7+1 coordination
than being simply sevenfold coordinated. As shown later, the additional O atom
around the Y3 cations plays an interesting role when Y3 is replaced by Ln3*cations
such as Eu®* or Sm**, which are larger than Y3* [41]. The 8-fold coordinate ionic radii
of Sm*, Eu® and Y% are 1.079 A, 1.066 A and 1.019 A respectively.) [41]. A
reasonable first assumption, neglecting relaxation effects, is that Sm®* ions should
preferentially occupy the larger octacoordinated Y1 or Y2 sites, leaving the Y3
position fully occupied by Y3* but we shall assess this simple approach later. In order
to investigate these possibilities, full-profile Rietveld refinements were carried out. In

a first approach, lattice parameters and fractional coordinates of all atoms were



refined, keeping the atomic displacement parameters and occupancy factors fixed.

The refined lattice parameters are summarized in Table 1.

Table 1. Refined lattice parameters of Y2.xSmxWOs (0 < x < 0.18) samples.

Compound a (A) b (A) c (A) B (%) V (A%

*Y,WOs 7578(9) 5.330(8) 11.361(18) 104.36(9)  444.61(12)
Y198SMoo2WOs 7.5809(16) 5.3342(12) 11.372(2) 104.334(13) 445.55(17)
Y104SmoosWOs 7.5838(16) 5.3365(11) 11.376(2) 104.329(13) 446.09(16)
Y190SMo10WOs 7.5886(17) 5.3389(12) 11.382(3) 104.332(14) 446.78(17)
Y185SMo1aWOs 7.5909(17) 5.3413(12) 11.386(2) 104.317(14) 447.32(17)

Y182Smo1sWOs 7.590(2)  5.3424(14) 11.387(3) 104.312(16) 447.4(2)

*values taken from reference [40]

The smooth increase in the lattice parameters with increasing Sm®* content indicates
the formation of a solid solution over the studied composition range. Although Y1
and Y2 have eight neighbouring oxygen atoms, the polyhedral volume of Y2 is
marginally larger than that of Y1. Attempts to refine the occupancy factors of
Y3*/Sm®* on the three Y sites for the sample Y19sSmoo2WOs, resulted in zero
occupancy of Sm®* of sites Y2 and Y3, but it did refine well for site Y1. The results
for all samples are summarized in Table 2. At low concentrations there is a strong
preference of Sm®* for the Y1 position. Interestingly, in samples with 3 — 7% Sm, the
dopant ion also sits at the Y3 site. This result seems to be at odds with the small
relative volume (17.4 A) for this site considering it just sevenfold coordinated. If one
includes the eighth O atom in an extended 7+1 coordination, the polyhedral volume of
the site increases to 22.5 A3, a value close to those for the Y1 (21.4 A% and Y2 (22.9
A3 sites. Thus occupation of the Y3 sites should not be discarded a priori on steric
grounds. Finally, the sample with 9% Sm has all three Y sites more or less equally

populated by Sm.



Table 2. Refined Y3*/Sm*" occupancy factors of Y2xSmyWOg (0 < x < 0.18) samples.

1% Sm 3% Sm 5% Sm 7% Sm 9% Sm

Y1/Sm1 (2€) 0.94(10)/0.06(10)  0.94(10)/0.06(10)  0.85(11)/0.15(11) 0.82(8)/0.18(8)  0.89(10)/0.11(10)

Y2/Sm2 (2f) 1.01(9)/0.00 1.01(9)/0.00 0.98(9)/0.02(9) 0.99(7)/0.01(7)  0.86(8)/0.14(8)
Y3/Sm3 (49) 1.05(7)/0.00 0.96(7)/0.04(7) 0.98(7)/0.02(7) 0.92(5)/0.08(5)  0.93(6)/0.07(6)
Refined Y19585Mo0.042WOs  Y1.932SMo.068 Y1.889SMo.111 Y1.820SMo.171 Y 1.805SMo.195
composition

Rp/% 16.75 16.04 18.08 15.40 16.78

Rwp/% 26.83 26.13 28.77 25.21 27.45

RF/% 6.64 6.58 8.06 5.50 5.95

The apparent preference of Sm for the Y1 and Y3 sites at concentrations < 9% of Sm
may have implications for the optical properties of this material, since the interatomic
distance Y1 — Y3 is the shortest of all the possible Y — Y lengths in this crystal
structure (see Table 3) and Y3 — Y3 is only slightly longer. The substitution pattern
seems to be somewhat different to similar systems such as Eu®*-doped Y2WOs, in
which Eu®* seems to occupy Y1 and Y2 sites at low concentrations while at higher
concentrations Y3 is gradually also occupied [42] despite the similarity of the ionic
radii of Sm* and Eu®'. In La%*-doped Y2WOs, the larger La®* (eightfold 1.16 A)
mainly occupies the Y2 and Y3 sites [43]. Here the occupation of all three sites for
the 9% sample, however, indicates that the substitutional energies of Sm into the three
different sites are similar and that kinetic effects at the high temperatures where the
phases are formed may be more important in determining the occupancies of the
different sites than the relative substitution energies. If the substitution pattern is also
affected by any tendency of Sm®* ions to group in clusters, as suggested by the
spectroscopic evidence below, then the actual site occupation by Sm3* will be highly
dependent on a range of factors including concentration and the preparation protocol.
Thus the pattern is difficult to predict by simple arguments regarding the relative
polyhedral volumes of the different Y sites in undoped Y>WQOs. This will be

addressed further below by first principles electronic structure calculations.



Table 3. Shortest Y-Y interatomic distances d under 4 A and their multiplicity m in
Y2 WOes.

Atoms m d/A

YI-Y3 2x 3.6698(21)
Y1-Y3 2x 3.6761(14)
Y1-Y2 2x 3.8048(5)

Y1-Y3 2x 3.9999(22)
Y2-Y3 2x 3.6992(22)
Y2-Y3 2x 3.7595(22)

Y3-Y3 1x 3.7199(11)

3.2 Absorption and optical properties

The measured absorption spectra of Yo.82Smo.18WOs in the UV and NIR zones are
shown in Figure 2. From these spectra it is possible to assign 19 bands corresponding
to the transition from the ®Hs» ground state of Sm to various excited states. In order to
obtain the nephelauxetic ratio and the bonding parameter, which is a measure of the
expansion of the electron density due to the presence of ligands, here the
neighbouring oxygen atoms, the energy levels of the absorption bands of the doped

phases were compared with those of the Sm** aquo ion. [44, 45].

Table 4 shows the energies of the absorption bands of Sm®" in Yo.52Smo18WOs,
energy assignments for the Sm** aquo ion, and the nephelauxetic ratio for each energy
level. The bonding parameter (8) is also calculated. According to Sinha [45], the

nephelauxetic ratio, B, is given by
B=vd/va Eq.1

where vq is the frequency for a transition in the doped phase and va is the same

transition frequency in the aquo complex. The bonding parameter (&) is evaluated



using the equation proposed by Thomas et al. [12], where §=100(1-p')/p’. Here B’ is
the average value of the nephelauxetic ratio of the transitions observed in the
absorption spectra. The positive value of the bonding parameter (3) reveals a greater

degree of covalency in the Sm-O bonds than in the aquo ion.

Table 4.- Energy level assignments for Sm*' in Yos2Smo1s8WQOs, Sm3*(aquo),
nephelauxetic ratios for each transition (). The average nephelauxetic ratio (’), and

the bonding parameter (&) are given at the bottom of the table.

SLJ °Hs; v(em™) wvo(em™) B SL] °Hs;—> v(em™) wy(em™) B
4P3/2 31447 31550 0.9967 4113/2 21413 21600 0.9914
4D.7/2 29155 29100 1.0019 4111/2 20408 21100 0.9672
4H.7/2 28653 28250 1.0143 6]11/2 10593 10500 1.0089
4D3/2 28011 27700 1.0112 6F9/2 9276 9200 1.0083
€’P7/2 26455 26750 0.9890 6F7/2 8097 8000 1.0121
4[,15/2 25575 26650 0.9597 6F5/2 7246 7100 1.0206
6P3/2 24570 24950 0.9848 6F3/2 6748 6630 1.0177

( 6p 4P)5/2 23753 24050 0.9876 6H15/2 6506
*Gyz 20831 22700  1.0058 5F, 6447 6400  1.0074
4F5/2 22124 22200 0.9966 4113/2 21413 21600 0.9914
B =10,9990 5=0,1046

3.3 Diffuse reflectance measurements

The diffuse reflectance spectra of undoped Y2WOe and Y2xSmxWOs (x=0.02, 0.06,
0.10, 0.14 and 0.18) where the diffuse reflectance has been converted into an
absorption using the Kubelka-Munk approximation [46] is shown in Figure 3. These
spectra are typical for compounds doped by Ln®" ions, for which the absorption peaks
due to f-f transitions appear below the absorption edge of the undoped matrix. The

absorption edge energy (Eg) corresponds to the intersection between the base line

10



along the energy axis and the extrapolated line from the linear portion of the
threshold. The K/S ratio implies that R, can only be less than 1 if K # 0 (Eq. 2),

N2
F(Ry) =% =@= gq.2

s 2Roo

The optical band gap (Eg) for undoped Y>WOs is 3.80 eV, which is in good agreement
with a previous value reported experimentally [47].The absorption spectra for doped
samples show that the Sm 4f electrons are indeed strongly localized and do not
significantly affect the magnitude of the band gap when the contents of samarium is
changed between x = 0.02 and 0.18. In Sm-doped Y>WOs samples, Eq values vary
from 3.40 eV to 3.58 eV with Eg increasing with increasing Sm3* content in the host-

structure.

3.4 Luminescence spectra

The excitation spectrum of Y1.94Smo.0sWOs is shown in the inset of Figure 4. Y>2WOe
is an optically active matrix involved in the luminescent process. It is a bright
photoluminescent material that emits a pale blue light (450 nm) under ultraviolet light
excitation [13]. The photo luminescence excitation (PLE) spectra of the Sm-doped
Y2WOe samples are dominated by a broad band at about 270 nm consisting mainly of
overlapping 0> —Sm*®" and O?> -W®" charge transfer bands along with very weak
parity forbidden f-f transitions at about 360 nm (°*Hgez — ®Hs/2), 380 nm ( ®Hsz —

*Dap), and 410 nm ((Hs2 — “Laap).

Room temperature emission spectra of the Sm-doped Y>WOes samples are shown in
Figure 4. Intra-configurational 4f-4f transitions of Sm®* were observed. All phases
show four main narrow emission lines corresponding to the *“Gs, — 6Hsp2 (c.a. 550-
580 nm), *Gs; »®H72  (c.a. 580-630 nm), *Gs2 —°Hgsz (c.a. 630-680 nm) and *Gsy
—%H112 (c.a. 680-730 nm) transitions. The most intense emission is observed for
Y1.94SmMo.0sWOs with x = 0.03 while at higher doping levels the emission decreases
due to concentration quenching. The emission spectra show also a well known broad
band at about 450 nm, originating from the WOs®" groups of the host structure [11].

This emission band vanishes progressively as the concentration of Sm** is increased.

11



The chromaticity coordinates (CIE) of the different Y>xSmxWOs (x=0.00, 0.02, 0.06,
0.10, 0.14 and 0.18) samples under 300 nm excitation were calculated using the Force
2.0 software (see Figure 5) showing that for x > 0.03, the CIE values remain

essentially unchanged.

For a good characterization of the photoluminescence properties of Sm*3-doped
Y2WOe, it is important to determine the critical distance R, for energy transfer
between donors and acceptors, which can be estimated using the equation proposed
by Blase et al. [48].

Ro =2 (= )1/3 Eq.3

4y N

where V the unit cell volume, y. the critical concentration (i.e. the concentration for
which emission reaches a maximum), and N the number of formula units in the unit
cell. Using V=446.09 A3, y.= 0.03, and N=4, the calculated critical distance is 19.2 A.
This value is much larger than the typical distances for effective exchange
interactions (about 4-5 A). A possible explanation of a critical distance too large for
effective exchange interaction is that the energy transfer takes place when the rare-
earth cations are clustered together, rather than when randomly distributed in the host
structure. We return to investigate the possibility of such clustering in more detail in

the theoretical calculations we report later.

In order to evaluate the energy transfer (ET) efficiency (ner) from the host structure to
the activator ions, we estimated the emission intensities of the matrix in the presence

(1s) and absence (Iso) of Sm3*. These are calculated using equation 4 [49-51].

Ner =1—— (4)

Iso

ET efficiencies were calculated using the spectra measured at 300 nm excitation. As
shown in Table 5, the values of ngy increase with increasing Sm®" concentration,
whereas the experimental quantum yield (®) decreases. The increase in ngr can be

explained by the increase of the concentration of activator ions in the host-matrix. On

12



the other hand, a cross relaxation process could be responsible for the decrease of ®

with increasing Sm®* concentration.

Table 5. ET efficiency and quantum yield (Sm3*) in Y2.x<SmyWQs phosphors

Phosphor NeT D(sm3+)
Y1.98SmMo0.02WOs 415 27.3
Y1.94SmMo.06WOs 71.6 23.6
Y1.90SM0.10WOs 85.8 17.2
Y1.865M0.14W0Os 86.5 11.1
Y1.82Smo.18WOs 88.8 10.2

The effect of the concentration of Sm3* on the emission decay curves was also
investigated. The results are shown in Figure 6 and reveal that the lifetimes decrease
with increasing Sm®'concentration, hinting at cross relaxation of the

photoluminescence process.

In order to analyze the decay curves and to obtain more information on the energy
transfer, the Hinokuyi-Hirayama model was used [52]. This model assumes that the
distribution of the activator ions is random in the host-matrix. The Inokuti-Hirayama
equation takes the form:

=hew|-()-©r(-9@"| ®©

where 7 is the intrinsic lifetime of a single ion, C is the acceptor concentration, Co the
critical concentration of acceptors, I' the gamma function, and s a parameter that

depends on the type of interaction. The critical concentration Co is defined as Co =

13



3/(47R0®%), where Ro is the critical transfer distance, the distance between donor and
acceptor at which the probability of energy transfer per unit time is equal to the

probability of decay of the donor per unit time.

The interaction between the donor and acceptor ions can be described by the energy

transfer parameter (Q). The Q value is given by:

Q=2r(1-3)c@)® ()

For s=6, the I" function has the value 1.77 and the interaction is dipole-dipole; for s=8,
the I" function equals 1.43 and the interaction is dipole-quadrupole; when s=10, the I’
function has the value 1.30 and the interaction is quadrupole-quadrupole. The decay
curves for all phases Y2xSmyWOe (x = 0.00, 0.02, 0.06, 0.10, 0.14 and 0.18) were
fitted assuming dipole-dipole interaction (Figure 6) and an intrinsic lifetime of t=1.0

ms.

Figure 7 shows that Q varies linearly with Sm3* concentration. The intercept on the
vertical axis in Figure 7 is not equal to zero, which could indicate the Sm*" ions
cluster at all compositions, a result in line with the analysis obtained from the
calculation of the critical distance. A quite different situation is observed in the Eu-

doped phosphors, which follow the Inokuti-Hirayama model [42].

4. Computational results

In order to study the possible preferences for Sm substitution and the possibility of
clustering in Y2WOe we have undertaken a series of first principles DFT based
calculations for different models of Sm and Eu doped Y>WOs with either 3.125% or

6.25% activator ions.

To check our computational method is able to reproduce accurately the electronic
structure of Y2WOe we first optimized the structure of Y>WOs using two different
functionals. The calculated lattice parameters for Y>WOe are in good agreement with

experiment (Table 6) and with earlier calculations using a somewhat different
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computational approach [17]. In our calculations, the HSEO6 functional gives a
structure that is slightly closer to experiment. The cell parameters calculated with the
PBE functional, while also in reasonable agreement, slightly overestimate the cell

volume as is common with GGA-type functionals.

Table 6. Calculated and experimental cell unit parameters and band gaps

of Y2WOe

Experiment PBE HSE06
a(A) 7.589 7.551 (-0.5%)  7.492 (-1.3%)
b (A) 5.334 5.443 (2.0%) 5.387 (1.0%)
c(A) 11.354 11.600 (2.2%)  11.483 (1.1%)
B 104.41 104.96 (0.5%)  104.75 (0.3%)
V (A% 445.15 460.54 (3.5%)  448.19 (0.7%)
Band gap (eV)  3.80 2.24 (-41.1%) 3.86 (1.6%)

Besides the unit cell parameters, it is also important to check the optimized structures
by comparing the detailed geometries for each of the three different yttrium
coordination environment. We collect together in table 7 the average Y-O distances,
the volumes of the coordination polyhedra and the shape measures with respect to
three typical coordination polyhedra for octacoordinated metals, i. e., the cube (CU),
the square antiprism (SAPR) and the triangular dodecahedron (TDD) as defined in
ref. [39]. Note that for coordination site Y3 we have included the eighth O atom at a

distance ~3.1 A in the first 7+1 type coordination sphere.

Agreement with experiment is good and in particular the calculations reproduce the
variations across Y1, Y2 and Y3. Coordination volumes are similar for all three sites,
with Y1 the smallest. The largest difference between the experimental and optimized
structure is a marked difference in the largest Y3-O distance in the 7+1 coordination
sphere around Y3. The experimental value is 3.14 A [40] while the corresponding
PBE, PBESol and HSE06 calculated values are much smaller - 2.63 A, 2.59 A and
2.64 A respectively. Results from an earlier calculation [17] with different
methodology suggested a smaller discrepancy with a value of 3.14 A for this distance.

We have only been able to find one reported crystal structure for Y2WOe and so hope
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our calculations will encourage further experimental study. Overall the calculated

structures do not resolve the question of why the Rietveld analysis indicates

substitution occurs at Y1 when it is the smallest site.

Table 7. Calculated and experimental coordination geometries for the three different

sites for Y in Y2WOs

Site Experiment PBEsol
Y1 <Y-0> (A) 2.3545 2.3705
Vy (A%) 21.4 22.1
S(CU) 2.906 2.147
S(SAPR) 4.272 6.446
S(TDD) 2.899 4.820
Y2 <Y-0> (A) 2.3725 2.3642
Vy (A%) 22.9 23.0
S(CU) 5.002 4.656
S(SAPR) 1.717 1.956
S(TDD) 1.954 1.744
Y3 <Y-0> (A) 2.4063 2.3685
Vy (A%) 22.5 22.6
S(CU) 3.657 3.264
S(SAPR) 6.036 3.329
S(TDD) 3.938 3.086

The CShM analysis shows the Y1 environment is closest to cubic, with the optimized
geometry closer than the experimental. The Y2 site lies between SAPR and TDD.
Due to the 7+1 coordination the Y3 coordination is further away from the canonical
polyhedra, but nevertheless is closer to cube/tdd than to the antiprism. In the
calculated structures, the Y1 and Y3 sites are more regular than in the experimental.

To study doping of Y2WOs with rare earths we used a 144-atom supercell_constructed

from a 2x2x1 expansion of the primitive cell of Y>WOe. We subsequently optimised
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different supercells of the same size replacing (i) one yttrium atom with either Sm or
Eu at each of the three different crystallographic Y sites, generating Y3z1L.niWi6Og6
(Ln = Sm or Eu). The stoichiometry of this supercell is thus Y1.9375L.Nn0.0625\WWOs OF
equivalently 3.125% Ln. The shortest distance between the Ln atom in the unit cell
and its periodic images in the supercells is approximately 10.7A, corresponding to
twice the primitive unit cell parameter b. To study further the possibility of clustering
of Ln atoms at higher concentrations, we have used supercells where we replaced two
Y atoms either by two Sm or by two Eu, thus generating several Y3oLn2W1609s
structures with stoichiometry Y1.s7sLno.12sWOs (6.25%) Ln. For each supercell, the
shortest distances between the Ln atoms before optimisation are listed in table 4. The
energies of the doped supercells were minimised with respect to the atomic positions
only. Optimisations with fixed unit-cell dimensions strictly give internal energy
changes at constant volume; nevertheless, defect energies thus obtained serve also as
a good approximation for defect enthalpies at constant pressure [53], as also
confirmed here by a set of test calculations.

As shown in table 6, our calculations using the hybrid HSEQ06 functional agree well
with the experimental band gap of bulk Y>WOs (~3.8 €V) while in contrast, it is
underestimated by pure DFT (LDA and GGA). Only the HSEO06 band structure and
DOS are shown in figure 8 since the pure PBE functional does not describe properly
the f bands in doped models. In good agreement with previous work [17], the DOS
around the Fermi level is mainly composed of Oz states with smaller contributions
from Y at the top of the valence band, while Wsq states form the bottom of the
conduction band. The empty Y4 States lie higher in energy.

Apart from the appearance of the Sm f-states, the PDOS for undoped Y>WOe and for
the lowest energy structure of Y1s75Smo.12sWOe (the 144-atom supercell) are very
similar near the Fermi level. In Y1.875Smo.125\WWOg the band gap is determined by the
occupied O states at the top of the valence band and the unoccupied Sm 4f and W 5d
states at the bottom of the conduction band. The HSE06 band gap calculated for
Y1.8755Mo.12sWQOs is 3.20 eV, smaller than that of Y,WOs itself, in agreement with
experiment. This is consistent with the luminescent process observed experimentally,
in which a broad, intense band consisting of overlapping O>—Sm®" and 0> -W®*
charge transfer bands is observed. The overlap of the Sm 4f and O 2p bands supports
the non-negligible degree of covalency of the Sm-O bonds. The supplementary

information plots the DOS also for other arrangements of the two Sm in the supercell.
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These are all similar except for variation in the position of the unoccupied f states
lying below the conduction band. These are higher in energy when the Y3 position is
occupied, and since in the lowest energy supercell both Y2 and Y3 are occupied there
are two separate peaks in the DOS below the conduction band in Figure 8c. For
comparison the DOS for the lowest energy Y1.75sWEUo.12sWWOe supercell in Figure 8d
shows only one such peak since only the Y3 site is occupied. The luminescence
properties will thus vary with the local environment of the lanthanide. Subtle changes
in symmetry may lead to large changes in the spectra.

In order to analyse the local effects of the Y -> Ln substitution further we gather
together in table 8 the most relevant information for substitution of Y by either Sm or

Eu in the 144-atom supercell.

Table 8. Calculated coordination geometries for the three different sites for Y in
Y31LN1W16096 models for Ln =Y (undoped Y2WOQOg), Sm, or Eu.

Site Y Sm Eu

Y1 <Y-0> (A) 2.3705 2.3967 2.4319
Vy (A%) 22.1 23.1 24.1
S(CU) 2.147 2.184 2.310
S(SAPR) 6.446 5.716 5.943
S(TDD) 4.820 4.394 4.601

Y2 <Y-0> (A) 2.3642 2.4186 2.4468
Vy (A% 23.0 24.7 25.5
S(CU) 4.656 4.844 4.699
S(SAPR) 1.956 2.025 2.103
S(TDD) 1.744 1.584 1.660

Y3 <Y-0> (A) 2.3685 2.4173 2.4551
Vy (A%) 22.6 24.2 25.4
S(CU) 3.264 3.457 3.449
S(SAPR) 3.329 3.144 3.289
S(TDD) 3.086 2.966 3.027
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Table 8 shows that replacement of Y3* by the slightly larger Sm®" or Eu* leads to an
increase, as expected, in the polyhedral volume of about 1-2 A% for Sm and 2-3 A3 for
Eu, with the smallest changes at the smaller Y1 site. Consideration of tabulated ionic
radii [41] alone would suggest this is counterintuitive since Sm** has a slightly larger
radius than Eu®*. Some resolution of this puzzle is provided by the calculated
Mulliken charges on the two dopant atoms. The charges on Sm3* are approximately
+2.4e while those on Eu®* are considerably lower, approximately 1.4e, and while too
much significance should not be paid to the absolute values of these charges due to
the well-known problems with Mulliken analysis, the difference between the charges
suggests that as a dopant here Sm may well be smaller than Eu. It is also interesting to
see that the geometry of the coordination site, as indicated by the small changes in the
shape measures, is mostly preserved upon substitution, indicating that the effect of
replacing Y3* by a larger cation results just in an isotropic expansion of the

coordination sphere.

A puzzle which we have been unable to resolve is the disagreement between the
occupation of the cationic sites by Sm®" given by the Rietveld analysis and the
calculated site energies. For Y1.96eSmo.031WOs, i.e. with one Sm atom in the 144 atom
supercell (3.25% Sm), occupation of the Y2 site by Sm is lowest in energy, Y3
substitution is very similar in energy, only 0.041 eV higher, and Y1 much higher, by
0.450 eV. These values agree with the trend in the polyhedral volumes with Y2 the
largest and Y1 significantly smaller than the other two. In contrast, according to the
Rietveld analysis, at low concentrations the Y2 site remains unoccupied by Sm, while
Y1 is favoured. Size effects are clearly complex in these systems as an analogous
calculation for Eu suggests occupation of Y3 rather than Y1 and Y2, which are 0.29
and 0.24 eV higher in energy, respectively. Experimental data are scarce, Mossbauer
spectroscopy suggests that Eu appears to sit at the Y1 and Y2 sites at low
concentrations and all three sites at higher concentrations [54].

Table 9 reveals an even more complex variation of supercell energy with the location
of the dopants when two Ln ions are present in the 144-atom supercell (stoichiometry
Y1875LN0.12sWOQOs). This is reminiscent of similar complex patterns of substitution in
garnets [55, 56] which arise due to complicated strain effects across SiO4 tetrahedra
and AlOe octahedra.
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Table 9. Relative energies (meV) of different pairs of Sm-Sm and Eu-Eu in
Y18755Mo.12sWQOs and Y1g75EU0.125WOs, respectively, calculated with the PBE
functional using a 144-atom supercell. d corresponds to experimental distances in the

host undoped material.

AE / meV
pairs d/A
Y1.8SmM0.12WOs  Y1.88EU0.12WOs

Y1-Y3 3.670 463 327
Y1-Y3 3.676 457 313
Y2-Y3 3.699 0 118
Y3-Y3 3.720 5 18
Y2-Y3 3.759 67 123
Y1-Y2 3.805 364 398
Y1-Y2 4.000 438 336
Y3-Y3 4.520 100 31

Y1-Y1 5.334 909 615
Y2-Y2 5.334 17 253
Y3-Y3 5.334 101 17

Y2-Y2 6.007 12 197
Y2-Y2 6.601 8 225
Y2-Y2 8.499 13 221
Y3-Y3 8.519 83 0

Y1-Y1 8.734 892 579
Y1-Y3 9.306 493 296

Comparison of the relative energies indicates that in the supercell lowest in energy is
that in which the Sm-Sm distance in the unrelaxed structure is 3.699 A. In the next
lowest energy configuration the Sm-Sm distance is 3.720 A and is just 5 meV higher
in energy. Calculated binding energies of pairs of either Sm or Eu relative to the

separated dopants are small and negative hinting, despite the limitations of our model,
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at the absence of barriers to cluster formation. These results suggest clustering at Y2-
Y3 and Y3-Y3 positions separated only by around 3.7 A offering support for the
experimental results shown in figure 7, but both these Sm arrangements are in
disagreement with the Rietveld analysis. It is worth noting also that four Sm-Sm pairs
with significantly longer Y2-Y2 distances are also relatively low in energy. There are
no low energy Sm-Sm pairs involving Y1 positions. For comparison the results for
Eu pairs also shown in Table 9 show a greater preference for Y3 occupation relative
to Y2 suggesting less marked clustering.

5 Conclusions

We prepared_Y,WOs based phosphors doped with different concentrations of
Sm?" via a classic solid-state reaction at high temperature. The luminescent properties
of the resultant compounds were investigated. A broad band consisting of the
overlapping 0> —-Sm®* and 0> —~WO¢®* charge transfer bands dominates the excitation
spectrum. The most intense emission corresponds to the “Gsz —°Hgy, transition. An
emission band centered at about 450 nm originating from the (WQs)®™ groups of the
host structure is also observed in the undoped material, which vanishes as the

concentration of Sm3* increases.

The measured decay curves are described by the Inokuti—Hirayama model assuming a
dipole—dipole interaction. However, the energy transfer parameter (Q) varies linearly
with Sm*" concentration, and the intercept is not equal to zero showing that the Sm**

ions form clusters at all compositions.

Results of structural optimisations of Y>WOs using density functional theory and a
range of functionals are in general good agreement with experiment although they
highlight one potentially important discrepancy — a marked difference in the largest
Y3-0 distance in the 7+1 coordination sphere at Y3, where the calculated value is
approximately 0.5 A shorter than experiment. We hope this will encourage new
crystallographic studies. We have analysed the different coordination environments at
the Y1, Y2 and Y3 sites in detail.

We have also carried out calculations on the Sm- and Eu-doped system. These do not

resolve why the experimental Rietveld analysis suggests substitution of Y by Sm
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occurs at Y1 when it is the smallest site. Calculation indicates Sm favours the Y2 and
Y3 sites; there are no low energy Sm-Sm pairs involving Y1 positions. These results
suggest clustering at Y2-Y3 and Y3-Y3 positions which are separated only by around
3.7 A offering support for the experimental photoluminesence results. Size effects are
complicated as analogous calculations for Eu suggest a marked preference for Y3
rather than Y1 and Y2. The calculated positive charge on Eu is smaller than that on
Sm which will determine its effective size. The greater preference for Y3 also
suggests less marked clustering. There are many possible reasons for the differences
between the theory and the Rietveld analysis which we hope future work may resolve.
In particular the experimental synthesis could be Kinetically rather than
thermodynamically controlled, and our calculations are all in the static limit and
restricted to a small range of dopant concentrations with an artificial periodicity

enforced by the supercell.

The calculated band gaps both for the parent compound and the Sm-doped material
are in excellent agreement with experiment. There is substantial overlap between the
occupied 4f and oxygen 2p bands. The corresponding densities of states show that
there is a marked variation in the position of the unoccupied f levels below the
conduction band depending on the site occupied by the lanthanide dopant. Thus we
expect a difference in the luminesence properties of the Sm- and Eu-doped materials
because of the different site occupancies and the relative preference of Eu solely for

the Y3 position.
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Figure captions

Figure 1. Crystal structure of the monoclinic phase Y2WOs (left) and coordination
polyhedra of Y atoms (right).

Figure 2. Absorption spectrum of Yo.82Smo.1sWOs. UV region (left) and NIR region
(right).

Figure 3. Diffuse reflectance spectra of Y2.xSmxWOs (x=0.02, 0.06, 0.10, 0.14 and
0.18) after a Kubelka-Munk transformation.

Figure 4. Emission spectra of Y2xSmxWOe (x=0.02, 0.06, 0.10, 0.14 and 0.18)
(Aex=300 nm). The inset shows the excitation spectrum of Yo.2Smo.18 WOs (Aem=612
nm).

Figure 5. CIE chromaticity diagram for Y2xSmxWOs (x =0.00, 0.02, 0.06, 0.10, 0.14
and 0.18) phosphors.

Figure 6. Sm** concentration dependence of the decay curves of Y2xSmxWOs
(7\.ex:300 nm, 7\.ex:612 nm).

Figure 7. Q vs concentration of Sm3*in Y2xSmxWOs phosphors.
Figure 8. (a) Band structure and (b) Density of States (DOS) for Y>WOs, (c) Density
of States (DOS) for the lowest energy 144-supercells of stoichiometry

Y 1.875WWSMo.125s\WWOs and (d) Y1.87sWEUo.12sWQOe. Note that in the Sm supercell both
Y2 and Y3 sites are occupied, while Eu is located only at the Y3 site.
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Figure 1.

31

Y1 (2¢)

Coordination number: 8

Average bond length: 2.3545 A
Polyhedral volume: 21.3673 A3
Effective coordination number: 7.25

Y2 (2f)

Coordination number: 8

Average bond length: 2.3725 A
Polyhedral volume: 22.9307 A3
Effective coordination number: 7.87

Y3 (4g)

Coordination number: 7+1

Average bond length: 2.4062 A
Polyhedral volume: 22.5189 A3
Effective coordination number: 6.77
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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