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ABSTRACT: The factors mediating cation ordering in the scheelite-based
molybdates and tungstates are discussed on the basis of the incommensurately
modulated crystal structures of the CaEu,(BO,), (B = Mo, W) red phosphors
solved from high-resolution synchrotron powder X-ray diffraction data. Monoclinic
CaEu,(WO,), adopts a (3 + 1)-dimensionally modulated structure [superspace
group 12/b(aff0)00, a = 5238 73(1)A, b = 5266 35(1) A, ¢ = 11463 19(9) A, y =
91.1511(2)°, q = 0.56153(6)a* + 0.7708(9)b*, Ri = 0.050, R, = 0.069], whereas
tetragonal CaEu,(MoO,), is (3 + 2)-dimensionally modulated [superspace group I4,/
a(af0)00(—pa0)00, a = 5238 672(7) A, ¢ = 11.548 43(2) A, q = 0.55331(8)a* +
0.82068(9)b*, q, = —0.82068(9)a* + 0.55331(8)b*, Ry, = 0.061, R, = 0.082]. In both
cases the modulation arises from the ordering of the Ca/Eu cations and the cation
vacancies at the A-sublattice of the parent scheelite ABO, structure. The cation
ordering is incomplete and better described with harmonic rather than with steplike
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occupational modulation functions. The structures respond to the variation of the effective charge and cation size at the A-position
through the flexible geometry of the MoO,*~ and WO, tetrahedra demonstrating an alternation of stretching the B—O bond lengths
and bending the O—B—O bond angles. The tendency towards A-site cation ordering in scheelites is rationalized using the difference in
ionic radii and concentration of the A-site vacancies as parameters and presented in the form of a structure map.

1. INTRODUCTION

Scheelite (CaWO,) related compounds (A’,A"),(BO,),, with
B = W and/or Mo are promising materials for phosphors in
pc-WLEDs (phosphor-converted white-light-emitting-diode)
and solid-state lasers."™ Scheelites can be prepared with a
large concentration of vacancies in the A sublattice, yielding
compositions characterized by an A:B ratio different from 1:1.
The creation of cation vacancies in the scheelite-type framework
and the ordering of the A-cations and vacancies are a new factor
in controlling the scheelite-type structure and properties.”® Very
often the population of the A-sites in the scheelite-type structure
by cations with different sizes and charges (such as alkali metal
cations M" and rare-earth cations R3+) and/or cation vacancies
leads to modulated structures with a pronounced occupational
modulation wave.”?~"

Recently, we have studied the luminescent properties of the
CaGdy(;_Euy (M0O,) 41,y (WO,),, (0 < x < 1,0 <y < 1)
solid solutions with the scheelite-type structure."> These
phosphors emit intense red light dominated by the Dy—'F,
transition at 612 nm. Moreover, the temperature dependence of
the ratio of the D, to D, emission intensity enables these
materials to visualize temperature gradients with high accuracy
and spatial resolution, making them excellent thermographic
phosphors.'* In that recent study, only a rough structure model
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has been constructed for (3 + 1)-dimensional [(3+1)D] incom-
mensurately modulated monoclinic CaBu,(WO,), using precession
electron diffraction (PED) data. We demonstrated that the
replacement of the smaller Gd** by the larger Eu’* at the A sublattice
does not affect the nature of the incommensurate modulation, but an
increasing replacement of W by Mo®" switches the modulation
from the (3+1)D to the (3+2)D regime. In this contribution, we
provide the structure solution for (3+1)D-modulated monodlinic
CaEu,(WO,), and (3+2)D-modulated tetragonal CaEu,(MoO,),
using high-resolution synchrotron powder X-ray diffraction and
discuss the behavior and role of the MoO,*~ and WO,*~ tetrahedral
units in the A-site cation ordering.

2. EXPERIMENTAL SECTION

The synthesis and preliminary characterization of the CaEu,(BO,), (B=
Mo, W) samples have been described elsewhere."> High-resolution
synchrotron X-ray powder diffraction (SXPD) data were collected at
room temperature at the ID31 beamline of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) using a constant
wavelength of 2 & 0.4 A and eight scintillation detectors, each preceded
by a Si(111) analyzer crystal. The powder samples were placed in a thin-
walled borosilicate glass capillary that was spun during the experiment.
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Figure 1. Experimental, calculated, and difference SXPD profiles after Rietveld refinement of the CaEu,(WO,), (a) and CaEu,(MoOy,), (b) structures.
The insets show the splitting of the main reflection 112 in monoclinic CaEu,(WO,), and the absence of this splitting in tetragonal CaEu,(MoOy,),. Black
and green bars mark the positions of the main and satellite reflections, respectively.

Table 1. Selected Crystallographic Data and Refinement Parameters for CaEu,(WO,), and CaEu,(MoO,),

formula

superspace group

a, A

b A

¢ A

7, deg

QU

9

calcd density, g/cm®
VA

radiation

20 range, step, deg
Rg (all and main refl)
Ry (satellites of order 1)

Rp, Ryp

CaEu,(WO,),

12/b(a30)00

5.23873(1)

5.26635(1)

11.46319(9)

91.1511(2)

0.56153(6)a* + 0.7708(9)b*
7.011

1

CaEu,(MoO,),
I4,/a(af0)00(—pa0)00
5.238672(7)

11.54843(2)

0.55331(8)a* + 0.82068(9)b*
—0.82068(9)a* + 0.55331(8)b*
5.152

1

synchrotron X-ray, A = 0.399 96 A

2 <20 < 35; 0.002
0.050, 0.036

0.075

0.069, 0.089

2 <20 < 40; 0.002
0.061, 0.030

0.099

0.082, 0.113

Rietveld refinements of the crystal structures were performed with
the JANA2006 program.'® The SXPD profiles were fitted with the
pseudo-Voigt profile function with the Gaussian term expressed
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through the Cagliotti equation, Hs*> = U tan* § + V tan 6 + W,
and the Lorentzian part due to microstrain broadening, Hy = Y tan 6.
The larger broadening of the satellite reflections has been accounted
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Figure 2. [001] HAADF-STEM images of CaEu,(MoO,), (a) and
CaEu,(WO,), (b). The calculated images are shown as insets
[CaEu,y(Mo0,),, thickness of 9.1 nm; CaEu,(WO,),, thickness of 5.8 nm)].

for with the Stephens formalism adopted for incommensurate
phases.'

Samples for transmission electron microscopy were made by crushing
the powder in an agate mortar and dispersing it in methanol. After
treatment in an ultrasonic bath to disperse the crystallites, a few drops of
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Figure 4. Structure map of the (A’,A"),_BO, (B = Mo, W) scheelites
demonstrating dependence of the A-site cation ordering on the
difference in the ionic radii of the A-cations r(A’) — r(A”) and the
fraction of the cation vacancies x. The A’ notation stands for the cation
with the smaller formal charge, whereas A” denotes the cations with the
larger formal charge. The dashed line separating the ordered and
disordered regions is a guide to the eye. Green squares, yellow triangles,
and red circles stand for the compounds with complete ordering, partial
ordering, and full disorder of the A’- and A"-cations, respectively. The
data and corresponding references are given in Table S5 of the
Supporting Information.

the solution were placed on a copper grid with a holey carbon film. High-
resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were obtained at 300 kV on a FEI
Titan 50-80 microscope equipped with a probe aberration corrector.
Theoretical HAADF-STEM images were calculated using the QSTEM
software."”

3. RESULTS

The SXPD patterns of the CaEu,(BO,), (B = Mo, W) samples
were indexed with the unit cell parameters, modulation vectors,
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Figure 3. Overview of the crystal structures of CaEu,(WO,), (7 X 9 supercell) (a) and CaEu,(MoO,), (9 X 9 supercell) (b). The B = Mo, W atoms are
shown as brown spheres. The population of the A-sites is reflected through colored sectors (blue for Eu, yellow for Ca, and transparent for vacancies).

The oxygen tetrahedra around the B-cations are drawn.

9409

dx.doi.org/10.1021/ic5015412 | Inorg. Chem. 2014, 53, 9407—9415



Inorganic Chemistry

3.0
a b
Eu
2.8
08 oC
<
{o)]
%) £ 26
% 29
o T
3 c
8 3
04
O 24
Q
©
®)
Q
>
w oo
0.0
2.0
0.0 0.2 04 06 0.8 1.0 0.0 02 04 4 06 08 1.0
140
c d
2.0
iy
<L o
% %; 120
& 18 s
: :
8 38
Q Q
ES = 100
J :
O
14 80
0.0 0.2 04 ¢ 06 08 1.0 0.0 02 04 06 08 1.0

Figure S. Variation of the Eu/Ca occupancies (a), Eu/Ca—O bond length (b), W—O bond length (c), and O—W—0O bond angles (d) in the
CaEu,(WO,), structure represented in the form of t-plots.

and superspace symmetry determined earlier with electron intrinsic in electron diffraction and in our particular case might
diffraction."® For CaEu,(WO,),, the expression for the modulation result in overestimating the intensities of the satellite reflections.
vector was modified in comparison with the literature data in order Intensity enhancement of the satellite reflections is visible from a
to exclude an excessive rational component. Previously, a model of comparison of the (hk0)* reciprocal lattice planes in the PED
the occupancy modulation for monoclinic CaEu,(WO,), has been and SXPD experiments (Figure S1 of Supporting Information).
constructed using precession electron diffraction (PED) data, but Models i and ii revealed identical reliability factors [Rp(main
the exact shape of the occupational modulation functions was not reflections) = 0.036, Ry(first-order satellites) = 0.075], but as
determined. Therefore, different models were tested in the Rietveld soon as intensities of the second-order satellites are calculated,

refinement from the SXPD data:

(i) the occupancy factor of the A-site is modulated
harmonically by assuming cation/vacancy ordering only and
no Eu/Ca ordering;

(ii) the occupancy factor of the A-site is modulated as a step-
like (crenel) function by assuming cation/vacancy ordering only
and no Eu/Ca ordering;

(iii) the occupancy factor of the A-site is modulated as a step-
like (crenel) function by assuming both cation/vacancy and
Eu/Ca ordering, as suggested previously from the PED data [crenel
domain of vacancies with A ="'/, situated at x} = '/, surrounded by

the difference between these models becomes obvious. Model ii
with the steplike occupational modulation is in remarkable
disagreement with the experiment, providing noticeable
intensities of the second-order satellites, which are not visible
on the experimental SXPD pattern. Therefore, model i with a
harmonic modulation was adopted.

As the same crystallographic position is occupied by three
species with different scattering factors (Eu, Ca, and vacancy),
their impact in the total modulation of the scattering density at
this position cannot be resolved unambiguously. Taking the

two crenel domains of Ca (xg =S /16 and xg -1 /16 A= 1 /s each) occupancy modulation function as pl = pé + p/l1 cos(2ﬂx4), Xy =
and the crenel domain of Eu (A = !/, centered at x5 = 0)]." qr' + t (r* is the position of the atom A in the basic structure, ¢ is

Model iii demonstrated much higher reliability factors an internal phase), the p, values for the Eu and Ca atoms can be
[Rp(main reflections) = 0.049, Rg(first-order satellites) = determined directly from the diffraction experiment, whereas the
0.104] and was discarded on this basis. The fact that the steplike p) parameters can change in a certain interval without affecting
occupational modulation provides a better fit to the PED data the scattering density distribution and reliability factors. The
could be due to residual dynamical diffraction effects, which are detailed procedure of the estimation of the p§ and p? parameters
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is given in the Supporting Information and can be summarized as
following:

(1) the scattering density modulation has been refined as p =
[po + p1 cos(2ax,) ] Z™;

(2) the p§ parameters for the Ca and Eu positions were
calculated from the refined occupancy modulation wave;

(3) the physically meaningful interval for the p} parameters
was estimated by taking into account that the total occupancy of
the A position cannot exceed 1 and the occupancy modulation
functions for both Eu and Ca cannot acquire negative values.

The experimentally determined modulation of the scattering
density at the A position agrees only with an antiphase occupancy
modulation of the Eu and Ca atoms. Following the analysis given
in the Supporting Information, the values of pg" = 0.5, pg* = 0.25,
PP = 0.4433, and pi* = —0.25 were accepted.

Because no satellites with an order higher than 1 were
observed on the SXPD pattern of CaEu,(WO,),, the displacive
modulation was fitted with a first-order harmonic. Parameters of
the modulation functions that did not exceed their standard
deviations were fixed to O in the refinement. Identical atomic
coordinates and atomic displacement parameters (ADPs) were
refined for the Eu and Ca atoms. The oxygen atoms were refined
with a common ADP.

A similar refinement strategy has been applied to the
CaBu,(MoQ,), structure. In contrast to monoclinic CaBu,(WO,),,
its Mo-based counterpart adopts a tetragonal symmetry and requires

9411

two symmetrically related modulation vectors to index the
diffraction pattern. The tetragonal symmetry of CaEu,(MoO,), is
obvious from the absence of the monoclinic splitting of the 112 main
reflection (Figure 1). Such splitting is very prominent on the SXPD
pattern of monoclinic CaEu,(WO,),. The clear presence of the
hkimn satellite reflections with Iml = 1 and Inl = 1 was evident from
the electron diffraction patterns of CaEu,(MoQ,),, justifying the
selection of the (3+2)D superspace model.'> However, such
satellites are almost invisible on the SXPD pattern: only two 10111
and 20011 satellites with a relative intensity <0.05% were reliably
detected. Thus, only the modulation waves corresponding to Iml = 1,
[nl = 0 and Iml = 0, Inl = 1 were used in the refinement. The
parameters of the occupancy modulation waves of the Eu and Ca
atoms were assigned similarly as in the CaEu,(WO,), structure.

The crystallographic information on the CaEu,(BO,), (B =
Mo, W) compounds is provided in Table 1, the atomic parameters
and coeflicients of the modulation functions are listed in Tables S1
and S2 of the Supporting Information. The main interatomic
distances are given in Tables S3 and S4 of the Supporting
Information. The experimental, calculated, and difference SXPD
profiles after the Rietveld refinement are shown in Figure 1.

The refined structures have been confirmed using high-
resolution HAADF-STEM images (Figure 2). The [001]
HAADF-STEM images provide a clear image of the occupational
modulation wave, even in spite of the fact that the Ca/Eu and B
positions are projected onto each other. These atomic columns

dx.doi.org/10.1021/ic5015412 | Inorg. Chem. 2014, 53, 9407—9415
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form a prominent rectangular pattern of bright dots on both
images. The occupational modulation waves in CaBu,(MoO,),
are visible on the HAADF-STEM image (Figure 2a) as a cross-
cutting pattern of alternating stripes of brighter and darker dots,
in agreement with the tetragonal symmetry of this compound. In
the image of monoclinic CaEu,(WO,), only one system of
parallel stripes is visible (Figure 2b). The simulated HAADF-
STEM images calculated using 20 X 20 supercells are in good
agreement with the experimental ones (see insets in Figure 2a,b).

4. DISCUSSION

Overview images of the CaEu,(BO,), (B = Mo, W) structures
are shown in Figure 3. As in many other scheelite-type
molybdates and tungstates, the primary modulation in these
compounds originates from the ordering at the A sublattice. The
A-site cation ordering can be realized in the scheelites with or
without A-site cation vacancies. In the stoichiometric
A’A”(BO,), (B = Mo, W) scheelites with a complete occupation
of the A-positions there is a clear threshold between the
structures with ordered and disordered arrangement of the
A-cations: the ordering occurs for the A’- and A”-cations that
differ in the ionic radii by more than Ar ~ 0.35 A (Figure 4).
However, not only the absolute value of the r(A") — r(A”)
difference is important but also its sign: the ordering occurs only
if the A’-cation with the smaller formal charge is larger than the
A" -cation with the higher formal charge. The requirement for the
size difference is significantly relaxed if cation vacancies are
present in the A position and if the ordering of the A’- and
A"-cations is coupled with the cation/vacancy ordering. Then
the A’/A"-ordering is observed at Ar as small as ~0.1 A. These
cation-deficient scheelites form a separate cluster on the
structure map built in the coordinates Ar—fraction of cation
vacancies (Figure 4). The CaEu,(BO,), (=CaEu,[1(BO,),, B =
Mo, W; [] = A-site vacancy) structures (Ar = 0.054 A, 25% of
vacancies) also belong to this cluster. Indeed, the antiphase
Ca and Eu occupancy modulations in both compounds reflect
that the partial Ca/Eu ordering takes place and is coupled to
the ordering between the cations and vacancies. The charge
difference Ag between the A’- and A”-cations should also
influence their order, but the overwhelming majority of the
(A’,A"),_,BO, scheelites feature Aq = 2 which does not allow us
to track the dependence of the ordering on the charge difference.
One can think that the tendency to optimize the bond valence
balance for the A-cations and oxygen atoms serves as the main
driving force for the compositional modulation. Although the
incomplete cation ordering in the CaEu,(BO,), (B = Mo, W)
structures prevents precise analysis of the bond valences, some
common trends in variation of the interatomic distances and angles
can be picked up.

The main structural parameters in CaEu,(WO,), are
presented in Figure S in the form of t-plots providing a
comprehensive overview of the variation of the parameters in
different unit cells of the basic structure.'® The occupancy
modulation waves for the Eu and Ca atoms demonstrate an
antiphase relation, peaked at t ~ '/, and t ~ 0, respectively
(Figure Sa). The Eu/Ca—O interatomic distances in the AOy
coordination polyhedra vary in the range of ~0.3 A (Figure Sb
and Table S2 of the Supporting Information). It should be noted
that all eight A—O distances change nearly concomitantly,
pointing toward a breathing distortion of the AOg polyhedron
rather than to off-center shifts of the A-cation. The W—O
interatomic distances in the WO, tetrahedra are more rigid,
demonstrating a maximum spread of ~0.13 A (Figure Sc and

9412

0.0
0.0

0.2 0.4 0.6 0.8 t 10
Figure 7. Variation of the Eu/Ca occupancies in the CaEu,(MoO,),
structure represented in the form of t—u-plots. The Eu occupancy (a)
varies between 0 and 1 (solid and dotted contours mark the occupancy
factor >!/, and <'/,, respectively, and dashed contour marks the
occupancy factor of '/,), the Ca occupancy (b) varies between 0 and '/,
(solid and dotted contours mark the occupancy factor >l 4 and <Y »

respectively, and dashed contour marks the occupancy factor of !/,).

Table S2, Supporting Information), which is insufficient to
compensate for the variation of the A—O separations. This
compensation could be achieved through rotations and displace-
ments of the WO, units as a whole or through changing the
O—W-0 bond angles. In order to verify the former possibility,
we have performed the refinement of the CaEu,(WO,),
structure in a rigid body approximation, where the displacements
and rotations of the whole WO, tetrahedron were harmonically
modulated while at the same time constant interatomic distances
and bond angles as in the average structure were maintained. The
refinement revealed less favorable reliability factors [Rp(main
reflections) = 0.037, Rg(first-order satellites) = 0.078] and larger
ADPs for the oxygen atoms [Uy, = 0.023(1)A*]. Although the
refinements with soft and rigid WO, units do not differ drastically,
we tend to adopt the results of the unrestrained refinement. This
conclusion is corroborated by the analysis of the cation-vacancy
ordered Eu,(WO,), sheelite-type structure.' In this structure, the
spread of the W—O interatomic distances (0.08—0.09 A) is

dx.doi.org/10.1021/ic5015412 | Inorg. Chem. 2014, 53, 9407—9415
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somewhat smaller, but comparable to that in CaEu,(WO,),. The
O—W-0 bond angles in Eu,(WO,); deviate significantly from the
perfect tetrahedral angle of 109.5°, varying in the range of 103°—
121°. This is comparable to the variation of the tetrahedral angles in
CaEu,(WO,), (Figure 5d).

The t-plots of the integral structural parameters for
CaEu,(WO,), are shown in Figure 6. The average Eu/Ca—O and
W—0 distances demonstrate an antiphase variation (Figure 6a,b).
The increasing occupancy of the A-site with the Eu®* cations causes

9413

a significant contraction of the average Eu/Ca—O distance and a
concomitant expansion of the W—O bond lengths. This tendency
agrees with the smaller ionic radius of the Eu*" cations (r = 1.066 A,
CN = 8) compared to that of Ca®* (r = 1.12 A, CN = 8).*° The
elongation of the average W—O bond length is nearly 4 times
smaller than the contraction of the Eu/Ca—O distance and cannot
fully compensate it. We analyzed the distortion of the WO, unit with
the tetrahedral distortion parameters Ad and A, characterizing the
deviations of the W—O interatomic distances from the average value

dx.doi.org/10.1021/ic5015412 | Inorg. Chem. 2014, 53, 9407—9415
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and the deviations of the O—W—O bond angles from the perfect
tetrahedral angle. The parameters are defined as

Ad=1/4 ), [(d, - d)/d}

n=1-—4

Aa=1/6 Z [(a, — a)/al

n=1-6

where d,, is the individual W—0 bond length, d is the average W—0O
bond length, @, is the individual O—W—O bond angle, and « is the
perfect tetrahedral angle (Figure 6¢,d). As intuitively expected from
a comparison with the Eu,(WO,); structure, the maximum angular
distortion of the WO, tetrahedra coincides with the maximum
occupation of the A positions by the Eu atoms. At the same time, the
maximum spread of the W—O distances occurs in the unit cells with
the minimal angular distortion. This demonstrates that the behavior
of the WO, units is far from that expected in the rigid body
approximation. The structure adopts the variable size and charge of
the cations at the A-position through the deformation of the WO,
tetrahedra, which occurs as an antiphase alternation of two
distortion modes with either stretching of the W—O bonds or
bending of the O—W—0O bond angles.

Similar trends are also observed in the CaEu,(MoO,),
structure. The Ca and Eu occupancy factors are modulated in
an antiphase manner (Figure 7a, b). The A—O distances vary
significantly, being smallest at the unit cells with the highest Eu
occupancy (Figure 8d,e) and largest when the A-site is populated
by Ca and vacancies. The MoO, tetrahedra do not behave as rigid
units: the variation of the Mo—O interatomic distances is comparable
to that in the WO, tetrahedra (Figure 8a and Table S4 of Supporting
Information), although the variation of the average Mo—O distance is
relatively small (Figure 8b), particularly in comparison with the
variation of the average A—O distance (Figure 8e). The tetrahedral
distortion parameters Ad and Aa demonstrate trends similar to those
in the CaBu,(WO,), structure. The smallest stretching distortion of
the Mo—O bonds (minimal values of Ad) occurs in the unit cells with
the highest Eu or Ca content (Figure 8c), and the largest bending
distortion of the O—Mo—O angles (largest Aq) occurs in the unit
cells with the highest Eu content. Similar behavior of the MoO, units
can also be observed in other modulated scheelites. The minimum
and maximum Mo—O interatomic distances and O—Mo—O angles
in the A-site ordered scheelites KNd(MoO,),, KSm(MoO,),,
Na,,Gd,;M00Q,, and Eu,(MoOQ,); indicate that the “stretching”
and ;lig?g?g” distortion modes are significant in these structures as
well.

In conclusion, the refinements of the CaEu,(WO,), and
CaEu,(Mo0O,), structures reveal that the MoO,>~ and WO,*~
tetrahedra in scheelites demonstrate a flexible geometry. Both
the metal—oxygen distances and bond angles vary significantly
with changing the population of the A-site by cations with
different charge/size and/or cation vacancies. It should be noted
that the flexibility of the tetrahedral units in the cation-ordered
scheelites differs drastically from the quite rigid behavior of these
units in scheelites under external pressure.”””>* The fluctuating
geometry of the tetrahedral units can be a means for adjusting the
bond valence sum at the oxygen atoms in cation-ordered scheelites
and, thus, serves as a medium for transferring interactions between
ordered, differently populated A-sites. One may speculate that ab
initio calculations of the energy cost for different deformation modes
of the MoO,*>~ and WO,*" tetrahedra depending on the local crystal
environment would be the key for rationalizing the ordering patterns
in scheelites.
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