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Abstract

The Ca.s5.1.5GKEW 100.05+05WO, (0 < x < 0.567) series of cation-deficient scheelites is
investigated to unveil the influence of the catiscancies on the crystal structure and
luminescent properties. The concentration of theamaies is varied by the heterovalent
substitution of Gt for C&*, keeping the concentration of the *Euuminescent centers
constant in all compounds of the series. The crgstacture of the materials is studied using
a combination of transmission electron microscamy synchrotron X-ray powder diffraction.
At low vacancy concentratiorx (= 0.1, 0.2), cations and cation vacancies are orahgd
distributed in the structure, and the materialss@nee thel4;/a symmetry of the parent

scheelite structurex[= 0.1:a = 5.25151(1) Ac = 11.39479(2) Ax = 0.2:a = 5.25042(1) A¢



= 11.41335(2) A]. At higher concentration, the catwvacancy ordering gives rise to
incommensurately modulated structures. The 0.3 structure has a (3+2)D tetragonal
symmetry [superspace grolfy/a(a,3,0)00(8,a,0)00,a = 5.24700(1) Ac = 11.45514(3) A,
. = 0.51637(14* + 0.80761(13)*, g, = 0.80761(1* + 0.51637(14)*]. At x = 0.4, the
scheelite basic cell undergoes a monoclinic distorwvith the formation of the (3+1)D
structure [superspace groug/b(a,5,0)00, a = 5.23757(1) A,b = 5.25035(1) A,c =
11.45750(2) Ay = 90.5120(2), A, q = 0.54206(8* + 0.79330(*]. In both structures, the
antiphase Ca and (Gd,Eu) occupancy modulationgatelithat the ordering between the A
cations and vacancies also induces partial Ca/(@d;&ion ordering. Further increase of the
Gd** content up tox = 0.567 leads to the formation of a monoclinicgghéspace group G/
with the Eu;WO,-type structure. Despite the difference in the aratracancy ordering
patterns, all materials in the series demonstragey wsimilar quantum efficiency and
luminescence decay lifetimes. However, the diffeeeim the local coordination environment
of the A cation species noticeably affects the liriéth and the multiplet splitting of the %f

4f° transitions.
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1. Introduction

The basic scheelite structure has composition ABLaWQ,) and a tetragonal symmetry
(space group4,/a). It is based on a framework of corner sharingsA@d BQ polyhedra.
The structure can accommodate a variety of chenspaties in both A- and B- cation
sublattices, which gives rise to a plethora ofatight compounds with a general composition

(A", A") J(B’,B")O 4]n, where A’, A” can be alkali, alkali-earth or ragarth cations and B’,



B” are typically WP*, Mo®" or other cations with tetrahedral coordinationh&aites
containing rare-earth cations demonstrate lumimgspeoperties and can be used in pc-
WLEDs (phosphor-converted white-light-emitting-de)d1-15].

Compounds with El as luminescent centers produce intense red ligbwvever, the
application of these materials is hampered by tleakwabsorption strength of the parity
forbidden 4f-4f° transitions, which limits the excitation of Euvith blue or near-UV light
[16]. This problem can be partially alleviated mcreasing the optical path length or by
increasing the concentration of luminescent cerjiefs However, at high concentrations the
internal quantum efficiency decreases owing to @hergy transfer to non-radiative defect
centers, i.e. so-called concentration quenching.this regard, the local coordination
environment of the EXi species can play an important role in the perfoeaf the material,
because it can affect the excitation energy transfe

Cation ordering is one of the prominent factors tagling the local coordination
environment of the A cations, and thus that of'EHowever, in stoichiometric scheelites (a
= b in the formula), ordering between the A’/A”teans is rare. Typically, it is realized when
the ionic radius of A’ is about 0.35 A larger thiuat of A”, provided that the A’ cation has a
formal charge larger than that of A” [18—-24]. Ometother hand, scheelite-based materials
can accommodate a large amount of vacancies i theblattice (compounds with a < b)
[25-29] In these structures, A’/A” cation ordering more common, because it is also
coupled to the ordering between cations and vaeanand can occur for the A’JA” ionic
radii differences as low as- 0.1 A. Typically this results in the formation of
incommensurately modulated structures with pronedraccupational modulation [27,29].

Recently we investigated a Cafad)Euxd(M00O4)414)(WOs)s (0<x<1, 0<y<1)
family of cation deficient scheelites [18,30,31]h€éBe materials emit intense red light

dominated by théDy—"F, transition at 612 nm and demonstrate excellenfopeance as



thermographic phosphors. The cation-vacancy orderm these compounds results in
incommensurately modulated structures. Although iEuslightly larger than Gd, the
substitution of Et for G* does not affect the nature of the modulation, wherthe
replacement of W by Mc®* with very similar ionic radii changes the modubatifrom
(3+1)D to (3+2)D. The observed changes in the laeswent properties with the changing
composition could not be directly related to theudure of the materials, because the
increasing concentration of Euincreases the contribution of non-radiative depaghs
(concentration quenching). Therefore, in the presardy we investigate the effect of cation
vacancies on the crystal structure and luminespesperties of EX containing scheelites.
Using Cas5-1.5GdEW 100.05105WOs (0 < x < 0.567) materials, we vary the vacancy
concentration by the heterovalent substitution af*by Gd&*, while keeping the Ei

concentration constant.

2. Experimental section

Samples of Cggs.1.5GAEU 1[10.05+05WO4 (X = 0, 0.1, 0.2, 0.3, 0.4, and 0.567)
were synthesized by a solid state reaction frontoeclsometric mixture of CaCg)
Gd,03, ElO3 and WQ (99.99%) at 823 K for 10 h followed by annealingla73 K
for 96 h.

Laboratory X-ray powder diffraction (XRD) was usddr monitoring the
completeness of the reaction and for preliminaysis of the evolution of the gas.
1.5xGCKE U 1J0.05+0.5WO, (0< x<0.567) structures with. The data were collected on
a Huber G670 Guinier diffractometer (CuK radiation, curved Ge(111)
monochromator, transmission mode, image plate).

High-resolution synchrotron X-ray powder diffractigSXPD) data for the crystal

structure refinement were collected at 300 K a2 (former ID31) beamline of the



European Synchrotron Radiation Facility (ESRF, @Gkda) at wavelength = 0.39996
A in the D range 1-40°. The powder sample was thoroughlyrgtand placed in a
thin-walled borosilicate glass capillary of abou8 @hm in diameter, which was spun
during the experiments. The crystal structures wefieed using the Rietveld method.
All crystallographic analyses were done in the JARQ86 package [32].

Samples for electron microscopy were prepared mdong the powder in a mortar
under ethanol and putting a few drops of the dEparonto holey carbon TEM grids.
Selected area electron diffraction (ED) patterngewecorded on a Philips CM20
transmission electron microscope operated at 20@lavk field TEM images and high
resolution TEM images were recorded on an FEI Tie©sa&is microscope operated at
200 kV. High angle annular dark field scanning srarssion electron microscopy
(HAADF-STEM) images were acquired on a probe atiemacorrected FEI Titah80-
300 at 300 kV.

Luminescence emission and excitation spectra wdraireed with a FS920
spectrometer (Edinburgh Instruments), using a 45kxéffon light source, double
excitation monochromator and a R928P photomultiptiennected to the emission
monochromator. Photoluminescence spectra of albksmmwere measured under the
same conditions. The measurements were performmeobiat temperature unless stated
otherwise and corrected for the sensitivity of #pectrometer. Decay profiles were
collected using an Andor intensified CCD (Andor B¥Y connected to a 500 mm
spectrograph, combined with a dye laser as exuitatource. Temperature dependent

measurements were performed using an Oxford Op@stacryostat.

3. Results

3.1. Preliminary characterization



The most intense peaks in the XRD patterns of theysC
1.xCEU 10 05+0 sWO4 materials with < x <0.3 (Fig. 1) are associated with a body-
centered tetragonal scheelite-type lattiS&s( 14,/a). At x = 0.4, thehkl, hOl andh00
reflections split, indicating the monoclinic dision of the basic scheelite-type
structure. The most pronounced splitting occurstlier 112 reflection (bottom right
panel in Fig. 1). Besides, weaker satellite reitexst appear in the XRD patterns for
x = 0.3 and 0.4 (marked with stars in the bottorhpahel in Fig. 1). These reflections
are attributed to cation-vacancy ordering and thren&tion of modulated structures
[20,22,26,28-30]. Further increase of the *Gdcontent up tox = 0.567
(Gdhs6EW.1L0.05+0.5WO,) leads to the formation of a monoclinic phaSes( C2/)
with the Euy;WO4s-type structure. Interestingly, up ta=0.3 the increasing
concentration of the cation vacancies due to tistitution of Gd* for C&” increases
the unit cell volume of the scheelite sublatticalfle S1 of Supporting Information)
despite the fact that the ionic radius of*G@ = 1.053 A, CN = 8) is smaller than that

of C&" (r=1.12 A, CN = 8) [33].

3.2. TEM study

Typically, occupational modulations in scheeliteséa structures are confined to the
ab planes, so that the ED taken along the [001] zmxie are the most informative
[20,22,26,28-30]. The [001] ED patterns of thegfa xGhEu 1l1o.05+05WO4
compounds are shown in Fig. 2. The strong reflastiare attributed to the basic
scheelite sublattice and their position is simitagall [001] patterns for the differemt
values. On the other hand, the presence and posibibthe satellite reflections depend

onxXx.



The ED pattern of GaGdy1Ew 1[L1p /WO, (X = 0.1) can be completely indexed
using a tetragonal scheelite structure with tHdgla space group and unit cell
parametersa =~ 5.25 A andc= 11.40 A. The absence of the satellite reflections
indicates a random distribution of Ca, Gd, Eu aatba vacancies in this structure.

The ED pattern of GaGdy sEu 1[0 WO, (X = 0.3) is very similar to those reported
for Nap,/Gdy7/M00O, and CaEp(MoQO,), with (3+2)D incommensurately modulated
structures [28,30]. Indexing of the pattern reguifi’e hkimn indexes given by the
diffraction vectorH = ha* + kb* + Ic* + mg;+ nd,, wherea*, b* and c* are the
reciprocal vectors of the basic scheelite structunm@ vectors); =~ 0.522* + 0.81b* and
g: = -0.81a* + 0.52b* are two modulation vectors. Thg; and g, vectors are
symmetrically dependent according to the tetragepaimetry of the underlying basic
scheelite structure. Thekimn: h + k + | = 2n andhkOmn: h, k = 2n reflection
conditions are in agreement with the space grdufa for the basic structure. The
absence of reflection conditions on tine and n indexes suggests the (3+2)D
superspace group4i/a(a,[,0)00(L£,a,0)000 (88.2.59.1 in the Stokes - Campbell -
van Smaalen notations) [34].

The Cas56Gd)Euy L]0 18W0O, (X = 0.2) [001] ED pattern demonstrates the same
type of the satellite reflections. However, theitensity is much weaker than those in
the Ca.4GdysEUy 1[0 WO, (X = 0.3) structure. These reflections are not vesihl the
laboratory XRD (Fig. 1) nor in the SXPD patterneg$elow). A similar discrepancy
between ED and XRD data was observed earlier forndfau s7110.149VI00, with a
(3+2)D incommensurately modulated structure [29].

According to the XRD data, the £aGdy Euy 1l 20WO, (X = 0.4) material has a
monoclinic distortion of the scheelite sublattiddost reflections in the [001] ED

pattern can be indexed using a diffraction vet¢tor ha* + kb* + Ic* + mg with a



modulation vectorg = 0.54* + 0.7%* [20,22,26,29,30]. The reflection conditions
hkim: h + k + | = 2n andhkOm: h, k =2n suggest the (3+1)D monoclinic superspace
group 12/b(a,5,0)00 (15.1.4.1 in the Stokes-Campbell-van Smaalestations;
B2/b(a,5,0)00 in a standard setting) [34]. However, one natice that some weak
reflections in the [001] ED pattern cannot be iretkxusing the chosen modulation
vector. They correspond to a modulation vector -0.7%* + 0.54b*. The brightness
of the satellite reflections attributed to the wesy andq’ varies depending on which
part of the crystal is selected for the ED. Thiglsarly visualized using dark field
(DF) TEM data (Fig. 3). Fig. 3a demonstrates the jEhtern taken from the entire
crystal (Fig. 3b). Selecting first order satellieflections attributed to the different
modulation vectors highlights two distinct partstbé crystal (Figs. 3c and 3d). This
indicates that the crystal consists of two largemdims sharing the same basic scheelite
sublattice, but having a different orientation lné tmodulation waves, which are nearly
perpendicular to each other. The orientation ofitbandary between the domains is
close to the {100} plane. Although many crystalsndastrate segmentation into twin-
related domains, weak satellites due togh&ector are still present in single domain
particles. This indicates the presence of very finao-sized domains inside the large
grains, which can be directly visualized using higisolution HAADF-STEM and
TEM images (Fig.4 and Fig. S2 of Supporting Infotiora, respectively). The same
type of twinned domains with a rotation of the miadion direction for 90° about the
axis are also found in other scheelites, such gsai 62IM00,4[29].

The HAADF-STEM images for Gas-1.xGEuw 1l10.05+0.5WO, with x = 0.2, 0.3,
and 0.4 taken along the [001] direction are showifig. 4. The images consist of a
square pattern of bright dots corresponding to ghmected cation columns. In the

scheelite structure, the A and B cation positidteyaate along the axis, so that in the



[001] images they are projected on top of eachroffiee occupational modulations for
these materials appear as stripes of cation columithslower intensity (due to cation
vacancies). To improve the visibility of the modida, the HAADF-STEM images in
Fig. 4 are shown after a soft Gaussian blur, thiltered experimental images are
provided in Fig.S1 of Supporting Information. Theodulation stripes in
Cay 558Gy 2EU 1[10.1sWO, (X = 0.2) are very weak and difficult to distinguidtote that
the corresponding satellite reflections on the Eitgyn are also very weak (Fig. 2).
On the HAADF-STEM image of GaGdyEu L]0 WO, (X = 0.3), the modulations
are more pronounced. Consistently with the tetrag¢®+2)D symmetry they appear
as a crisscross pattern of stripes of darker sfptghe HAADF-STEM image of the

= 0.4 compound, the stripes go along one directibmgreement with its (3+1)D
monoclinic symmetry. However, in some parts of tngstals there are very small
domains of a few nanometers, where the stripesoéaged over 90with respect to the
rest of the crystal. Such nano-size twin domaimsadso visible on the high resolution
TEM images (Fig. S2 of Supporting Information) atiety give rise to the extra

reflections on the ED patterns (marked wgthn Fig. 2).

3.3. Crystal structure refinement

The crystal structure of the €&-1.sGAEU 1o 05+05WO,4 materials X = 0.1-0.4)
was refined using SXPD data. The SXPD patterndv@kt= 0.1 and 0.2 compounds
contain reflections from the basic scheelite latibaly. Therefore these structures were
refined in thel4,/a space group with random distribution of cation arazies and
Ca'IGE/EU’ cations.

The SXPD patterns of GaGdEUW Lo WO, (x = 0.3) and

Cay 256Gy 4E W0 100 25WO, (X = 0.4) contain weak satellite reflections duehte tation



ordering. Consistently with the ED data, the SXRidtgrn of CasGdy sEuUy 110 WO,

(x = 0.3) can be indexed with a (3+2)D modulated cstme with a tetragonal
superspace groug./a(a,3,0)00(45,a,0)00, with basic cell parameters close to those of
the parent scheelite structure and two modulatientors q; = 0.51637(14* +
0.80761(13»* and g, = -0.80761(13x* + 0.51637(14b*. The crystal structure
refinement of this material was performed usingdtracture model of Cak{MoQO,)4
[18]. The SXPD pattern of GasGdyEU 1o 20WO, (X = 0.4) can be completely
indexed using a (3+1)D scheelite-based monoclitiacture with a space group
12/b(a,5,0)00 and the modulation vectay = 0.54206(&* + 0.79330(8p*. This
structure was refined using the Ca@MQO,),4 structure as a starting model [18].

Despite apparent differences, the refinement ofxtke0.3 andx = 0.4 structures
was quite similar. In both cases, only the firsdasrsatellite reflections are observed.
For x = 0.3 thehkimn satellites with bothnf| > 1 and h| > 1 are almost invisible (the
two most “prominent” reflections 101 and 20@1 have a relative intensity <0.04%).
So, in the refinement we considered only the mddiiawaves corresponding to
Im =1, h| =0 andm| =0, h| =1 for thex = 0.3 structure andn| = 1 for thex = 0.4
structure.

The occupancy modulation of the A cations was egfinsing first order harmonic
functions, i.e. in the formp* = pg* + p1*cos(2ixs) + pr'cos(2ixs) for the (3+2)Dx = 0.3
structure and in the forpf = pg* + p1*cos(2ix,) for the (3+1)Dx = 0.4 structure, where
ps' represents the average concentration of a cati@md p;* is the modulation
amplitude. The A positions in the structures areupged by atomic species with three
distinct scattering powers: €acations, rare-earth cations and cation vacancies.
Therefore, there are infinite possibilities to congbthese species to produce the same

total scattering density. To establish the distitou of the elements we used the

10



procedure introduced by Abakumat al [18]. First, the modulation of the total
scattering density was refined using effective atospecies with the atomic number
corresponding to the average atomic number of #ierts occupying the A positions.
Then, the admissible combinations of gieamplitudes for C4 and rare-earth cations
were determined and certain values were acceptefliffiner refinement. The details
of this procedure are provided in Supporting Infation.

In both thex = 0.3 and 0.4 structures, the displacive modutatias fitted with first
order harmonic functions, since only the satell®é&she first order were observed on
the SXPD patterns. Parameters of the modulationtioms that did not exceed their
standard deviations were fixed to O in the refinetmilentical atomic coordinates and
atomic displacement parameters (ADPs) were refioethe Ca, Gd and Eu atoms.

The experimental, calculated, and difference SXRDfilps after the Rietveld
refinement are shown in Fig. 5. The crystallographformation is given in Table 1,
the atomic parameters, coefficients of the modotafunctions and main interatomic

distances are given in Supporting Information, €al$2-S7.

3.4. Luminescent properties

Fig. 6 demonstrates the room temperature excitafiop; Aem = 615 Nnm) and
emission (bottom)exc = 395 Nm) spectra for Ggs-1. 5xGKEU 1[10.05+05WO4 (x = 0.1 -
0.567). The excitation spectra consists of a bilwaat in the low wavelength region,
which can be assigned to the charge-transfer §286-310 nm) and B 4f°-4f°
transitions between 300 and 400 nm [35]. Direcitation of the®Lg level at 395 nm
produces the emission spectra demonstrated in dttenb of Fig. 6. The displayed
range contains théD,'F; (blue), °D1-'F; (green-yellow) and’Do-'F; (CDo-'Fo at

Aem= 579 nm;’Do-'F; at kem= 590 nm andDo-'F, at Aem = 615 nm) transitions. The

11



°Do-'F, induced electric dipole transition is the moseirge due to the absence of an
inversion center at the Eusite [36].

Fig. 7 shows the intensity decay of the emissiomfthe®D; (monitored at 530-545
nm) and®Dy (monitored at 605-625 nm) levels after the exititabf the®Lg level at
395 nm. Both decay profiles can be fitted using aexponential functions with the
corresponding decay constamts 10pus (D; emission) and = 550us (Do emission).
During the first few microseconds, the profiles id¢és from the fitted model. The

origin of this effect will be discussed below.

4. Discussion

The heterovalent substitution of &aand Ed* for C&£* in CawQ gives rise to the
Ca85-1.5GKEW 1[0.05+05WO, (0<x<0.567) series of cation deficient scheelite
structures. At low concentratiorx (= 0.1) the A cation vacancies are randomly
distributed and the structures preservelthé&a symmetry. As the concentration of the
vacancies increases, they tend to form an ordestdbdition with the cations. At =
0.2, the ordering can only be observed on a lazaks so that on average the structure
retains the tetragonal symmetry with random distrdn of the vacancies. At higher
concentrations, long-range ordering between themstand the cation vacancies sets
in. At x = 0.3 it produces a (3+2)D tetragonal structuréhwtivo perpendicular
modulation waves. Then, at= 0.4 it gives rise to the (3+1)D monoclinic stwe
with a single modulation wave. This structure ate@mtains nanodomains with 90
rotation of the modulation with respect to the relsthe crystal. Apparently they are
formed as a result of the very small monoclinictalison of the basic scheelite
structure. Representative fragments of ¢ £Gah EUp 1[1o WO, (X = 0.3) and

Cay 226Gy sEW 1[0 2sWO, (X = 0.4) are shown in Fig. 8. For clarity, they are

12



represented as a single atomic layer alongzthgis. The images demonstrate the
modulated occupancy of the A cations and the saamf distortion of the WQ
tetrahedra in both structures.

In order to analyze the details of the refined nmatha structures, we plot the
variations of several structural parameters (iceupancy of the A sublattice, A-O and
W-0O bond lengths, tetrahedral distortion paramegteas t-u-plots for the
Ca.GdysEW 1 [Ldo WO, (x=0.3) structure and as t-plots for the
Ca oGy sEU 1[0 20WO, (X = 0.4) structure, which are shown in Figs. 9 afg 1
respectively. Thet and u parameters are the so-called internal coordinatethe
modulated structure. They vary from O to 1 and antdor all possible configurations
of the modulated structure in the 3D physical space

The structural parameters in bath= 0.3 andx = 0.4 compounds vary in a very
similar way. The Ca and (Gd,Eu) occupational moilntawaves are in antiphase
relationship with the corresponding maximat at1/2,u=1/2 andt =0,u =0 in the
x = 0.3 structure antk 0 andt = 1/2 in thex = 0.4 structure (Fig. 9a,b and 10a,b). This
behavior indicates that the ordering between catiand the cation vacancies also
induces partial ordering between the Ca and (Gdshegies.

The AG; polyhedra are significantly distorted: in G&dy sEUp 1[0 WO, the A-O
distances vary in the 2.23-2.75 A range; ino£@d sEuo.1J022W0O;, in the 2.36-
2.61 A range (Figs. 9c and 10c). The A-O bond lesgire shortest in the unit cells
with the highest Gd+Eu occupancy and longest inuthié cells populated by Ca and
vacancies. The deformation of the W@trahedra can be analyzed using the W-0O
distances, O-W-0O angles and the distortion paraseted and Aa. In
Cay 4Gy sE .10 WO, (x = 0.3), the W-0O distances are 1.59-1.95 A; the Gow

angles significantly deviate from the ideal tetrdtad angle of 109.5°, varying in a

13



range 101-127°. In GasGdy EUp.1L1o2sWO, (X = 0.4), the tetrahedra are slightly less
distorted with W—O varying between 1.72-1.84 A amdW-0 angles 104-124°. The
distortion parameterad andAa characterize the deviations of the W-O bond length
from the average valual) and the deviations of the O-W-0 bond angles fthm
perfect tetrahedral angler & 109.5°):

dp—d

= o

Ad =1/4¥n=1-4 [

2
Aa=1/6%n=1-¢ [ana_a] (2)
whered, is the individual W-0O bond length;, is the individual O-W-0O bond angle.
The values ofAd and Aa also confirm that the distortion of the W@etrahedra in
Ca Gy 3EW 1102 WO, (max Ad = 0.0051; maxAa = 0.0057) is larger than in
Cay 256Gy 4EU0 1[0 2sWO, (max Ad = 0.0006; maxAa = 0.0040). However, the
distortion patterns are slightly different in theustures. In CgosGdy 4EUp.1010.25W Oy,
the stretching and angular distortion modes dematestlear antiphase behavior, i.e.
the minima ofAd occur in the same unit cells as the maxima\ef(Fig. 10e,f). In
Ca .Gy 3EU 1[0 2 WO, (X = 0.3) some minima oAd also coincide with the maxima
of Aa, but the maxima oAd correspond to the unit cells with intermediate values
and att = 1/2,u = 1/2 the minimum oAd coincides with the minimuma (Fig. 9e,f).
Considering the luminescent properties of the malgrthe decay profiles of the
Dy emission (Fig. 11) for all investigated samples monoexponential with a decay
constantr of about 550 pys. Very similar decay times for eliéintx reflect a similar
internal quantum efficiency for all compounds. App#ly the changing structure does
not significantly affect the involved energy tramsprocesses. During the first few ps
after the excitation, the intensity of the emissamming from the’Dy level (Fig. 11,

top) and°D; level (Fig. 11, bottom) increases due to a comtirsufeeding from higher
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energy levels. The rise of th®; emission can be attributed to feeding from e

level, because levels with even higher energy eéixhilnlecay too fast to be detected,
presumably via multiphonon relaxation. As the tismale of the emission increases
and the decays sufficiently differ from each otltbg decay profile can be fitted with

the following expression:

1(t) =1 exp(— t/‘cl) - Izexp(— t/TZ) (3
where 7; = 10 us andr, = 1 pus [37]. The latter is of the same order as diecay
component of the emission coming from tBe level (not shown), proving the feeding
of the °D; level via the®D, level. For the emission coming from th®, level, two
contributions can be distinguished during the ahithcrease, so an extra component

has to be added, leading to:

It) =1 exp(— t/rl) - [12 exp(— t/TZ) + I3exp(— t/T3)] (4)

This approximation is only valid ift; >> 15, 13, Which is indeed the case, as
71 = 550 usz, = 6.5 yus andsz = 1 ys. The decay componeghere can again be linked
to a feeding mechanism from tAB, level, whereas, is the manifestation of the
feeding from the’D; level. Apparently, this demonstrates the partiéxation from
the °D, to the’D; level and subsequently to thB, level. The shapes of the decay
profiles for different compounds in the €381 5sGAEUy.100.05+05WO,4 (0< X< 0.567)
series are identical and characteristic of isol&et ions [38].

The cation-vacancy ordering in the a1 sGAEU.1[10.05+05xWO4 (X = 0.1 - 0.567)
materials creates different coordination environtador the A cations. It does not
significantly alter the 4£4f° transitions in the Eli species. However, it affects the
multiplet splitting of the initial emitting and fa energy levels in théDs;'Fy
transitions [36]. Emission spectra due to fitk-'F, transition measured at room

temperature and 10 K are shown in Fig. 12. Thetiposiand the linewidth of the
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spectral components systematically change withrttieeasing concentration of cation
vacancies. These transformations are subtle focahgpounds with x increasing from
0.1 to 0.4 and rather abruptat 0.567.

The changes in the emission spectra can be cadelsith the transformations of
the EG* coordination environment [39]. The= 0.1 material adopts an ideal tetragonal
scheelite structure with random distribution of (&y,Gd) and cation vacancies. The
AOg polyhedra in this structure have the most symmetonfiguration with two
characteristic A-O distances of 2.431(2) A and 2(8BA. Increasing the vacancy
concentration gives rise to an occupational moduiatwhich in turn results in the
displacive modulation and the deformation of the sAtlyhedra. In thex=0.2
material the modulations are very weak. They caully be detected on a local scale
using TEM, while the XRD data is best describedwlite average tetragonal structure.
In thex = 0.3 and 0.4 structures, the modulations are mosaounced. The intensity
of the satellite reflections due to cation ordergr@dually increases from= 0.2 to
x=0.4. In these materials the deformation of th®gAoolyhedra results in eight
independent A-O distances. In the 0.567 structure the supercell reflections due to
cation ordering are much stronger than the saetiflections inx=0.3 and 0.4
(Fig. 1). Since this material is isostructural ta,EBNO,4, one can assume that the AO
polyhedra in this structure have very distinct getsnalso with eight independent A-
O distances, but they do not change across thetsteu

Consistently with the described changes in th& Ecal coordination environment,
the °Do-F» transitions demonstrate a gradual increase irethission linewidth from
x=0.1 to 0.4, and then an abrupt decreasexfer0.567. The°D¢-'Fo transition
typically demonstrates the smallest bandwidth béeturring 4f-4f° transitions due to

the absence of multiplet splitting. The correspagdFWHMs change from 8 cinfor

16



x=0.1 to 9crt for x=0.2 and 0.3, 12 cifor x=0.4 and finally to 5 cfh for
x = 0.567. Also, the position and the splitting lné tmultiplet lines demonstrate that the
AOQOg polyhedra transform gradually from= 0.1 to 0.4 and then assume distinctly

different configuration fox = 0.567.

Concluding remarks

In this work, we have unveiled the effect of théiara vacancies on the crystal
structure of Cgags.1.5GKEW 100.0s5+05WO4 (0 < x < 0.567) scheelite-based red
phosphors and demonstrated that the changes indakcoordination environment of
Eu*" species correlate with the changes in the lumemsproperties of the materials.
In thex = 0.1 compound with th&d,/a symmetry, the cation vacancies are randomly
distributed. The XRD data for the x = 0.2 structuakso demonstrate random
distribution of the vacancies, but the TEM dataeaihlocal cation-vacancy ordering.
As X increases, the ordering becomes more prondudtex = 0.3 and 0.4 it results in
an incommensurately modulated structure. Accordanghe structure refinement the
cation-vacancy ordering in these materials alsaidéed partial ordering between<a
and rare-earth cations. Further increase of*@ontent tox = 0.567 results in a
monoclinic phase (space group C2/c) with the,dWO,-type structure. The increasing
concentration of the cation vacancies affects eeithe luminescence decay lifetime
nor the quantum efficiency of the materials. Howevtechanges the position and the
linewidth of the emission spectra components beralt) the AQ coordination
polyhedra. Our results demonstrate that at low eptration of luminescent El
centers in the scheelite-based structures the neméioancy ordering and the local

coordination of the species have a subtle effecthenluminescent properties. This
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further deepens the understanding of the strugitmperties correlations, which can

improve the design and industrial application aftslight emitting materials.
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Tables

Table 1 Selected crystallographic data and refinement rparars for the Gas.
1.5xGKEW 100,.05+05xWO, (X = 0.1 - 0.4) structures
Formula Ca/Gdo 1 Eo.101 WO, Ca55G0h £l 1[o.18WO, Ca.4Gdh EUp 10 WO, Ca.25G0h U 1[0.20W O,
Space group 144/a 144/a 14./a(a,3,0)00(45,a,0)00 12/b(a,3,0)00
a A 5.25151(1) 5.25042(1) 5.24700(1) 5.23757(1)
b, A - - - 5.25035(1)
c, A 11.39479(2) 11.41335(2) 11.45514(3) 11.45750(2)
¥, deg. - - - 90.5120(2)
O: - - 0.51637(149*+0.80761(13p* 0.54206(85*+0.79330(8p*
g2 - - -0.80764*+0.5163* -
Density, g/cm 6.485 6.682 6.871 7.094
z 4 4 4 4
Radiation Synchrotron X-ray) = 0.39996 A
26 range, step, deg. 0.5 - 40, 0.002
Re (all and main 0.033 0.031 0.049, 0.031 0.048, 0.038
reflections)
Rr (satellites of order 1) - - 0.087 0.078
Rp, Rip 0.080, 0.107 0.085, 0.117 0.072, 0.103 0.07493.1
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Fig. 1 XRD patterns of Cgss-1.5GKEW 110.05+05WO4 compoundsX = 0, 0.1, 0.2, 0.3, 0.4,
and 0.567). Weak satellite reflections due to &-siation ordering can be observed in the
10°-28° B range (bottom left, the reflections are marked waith stars). The enlarged 27.5°—
29.5° D range (bottom right) highlights the monoclinic fptig of the 112 reflection in the

= 0.4 sample.



Fig. 2 [001] ED patterns of Gas.1 xG&Eu 1010 05+05WO,4 (X = 0.1, 0.2, 0.3, and 0.4). The
reflections on thex = 0.4 pattern corresponding to the g’ vector oxdde from twin-related

(nano-) domains (see text for more explanation).

£ 3

Fig. 3 (a) [001] ED pattern taken from a large crystaCa§ .Gy 4EUo.1L10 25W O, (the bright
field (BF) image of this crystal is shown in (b)Jhe circle and the square outline the
reflections that were selected with the objectiperture to produce the corresponding dark

field (DF) images in (c) and (d), respectively.



{ He
' 1R \
ittt .xl'\‘vi{' tit
Y
it e

Fig. 4 [001] HAADF-STEM images of Gas.1 sGEu 1L0.05+05WO4 (x = 0.2, 0.3, and 0.4)
after smoothing using Gaussian filter. White arreadfs in the image for the x = 0.4 structure
indicate the modulation stripes due to main modutagvectorq). Grey arrowheads highlight
a nanodomain with the modulation rotated for 905utlthec axis.



1.0 1.0
0.9 CaO7GdO.1Eu01DD 1WOA 09 CaOvSSGdUQEUOADOJSWOd
08 08
07 07
208 206
2 2
S 05 S o5
2 2
£ 04 £ o4
2 g
2 03 2 03
Ko ©
© 02 @ 02
) l [ L : \ ’
04 I l 04 [
00 l ]..1 il L.l.lJmnl‘l.JuL " 00 i l | .ilanI“ﬂ.J‘l w
! LA UL R LD DL LU LD D 1 (RN TER TR NIRRT Ty e g
00 f L . 0.0 ! |
| T
50 10.0 15.0 20.0 25.0 30.0 35.0 5.0 10.0 15.0 20.0 250 30.0 35.0
2 theta, deg. 2 theta, deg.
1.0 1.0
09 CaoAGduaEumDquOA 09 caoszduaEumDustOA
' .
08 09 11200 08
08
07 o7 07
06
2 06 0s > 06
‘B 04 ‘@
S 03 c 05
& 05 o ko)
C C
= 04 o1 10300 = 04
%) 00 1]
= T L . > 03 . et
g o3 00 ~ 3 oop—— N N
2., % 5 0 2 02 l P P i T
0.1
i [ h 1 00 L auil jll ILLLL A bl e
00 | L N | ],UJ_L‘_L e [T T AT
[ (R | h | L.
00 i i " 0.0 I T+t
5:0 16.0 15'.0 2(3.0 25'.0 3(3.0 35'.0 5:0 10‘.0 15;.0 26.0 25'.0 36.0 35'.0
2 theta, deg. 2 theta, deg.

Fig. 5 Experimental, calculated, and difference SXPDif@sfafter Rietveld refinement of the
Ca.85-1.5GKEWU.10.05+05WO, (X = 0.1-0.4) structures. The insets show the mdiratéons
112 and 103 in tetragonal &&dy3EW1Llo WO, and their splitting in monoclinic
Cay 25Gth 4EU 1L10 29WO,. Black and green bars mark the positions of thenraad satellite

reflections, respectively.
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Fig. 6 Excitation (top;kem = 615 nm) and emission (bottomy. = 395 nm) spectra of Ggs.
1.5GAEU 100.05+05WO4 (X = 0.1 - 0.567).
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Fig. 7 Decay profiles of the emission intensity origingtfrom the’D; (top) and’Dy (bottom)
levels Qexc = 395 Nm) of Cags.1 5G0EUy 100.05+05WO4 (X = 0.1, 0.2, 0.3, 0.4, 0.567).
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Fig. 9 t-u-plots for the CaisGdy sEw 1010 WO, structure: variation of the Ca occupancy (a);
Gd+Eu occupancy (b); average A-O bond length (egrage W-O bond length (d); and
tetrahedral distortion parameteyd (e) andAa (f).
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Highlights

» Schedlites Cag gs-1.5¢G0xEU0 1[10.05+05xWO4 (0 < X < 0.567) are investigated.

* Atx=0.1and0.2 the materias preserve the 14,/a symmetry.

* x=0.3, 0.4 areincommensurately modulated due to A cations and vacancies ordering.
* x=0.3is(3+2)D tetragona and x = 0.4 is (3+1)D monoclinic.

* In the series the luminescence decay lifetime and quantum efficiency do not

change.



