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The compound Y,WOg is prepared by solid state reaction at 750 °C using sodium chloride as mineralizer. Its
structure is solved by ab-initio methods from X-ray powder diffraction data. This low temperature phase of
yttrium tungstate crystallizes in tetragonal space group P4/nmm (No. 129), Z=2, a=5.2596(2)A,
c=8.4158(4) A. The tungsten atoms in the structure adopt an unusual [WOg] distorted cubes coordination,
connecting [YOg] distorted cubes with oxygen vacancies at the O, layers while other yttrium ions Y, form
[YOs] cube coordination. Y3>* ions occupy two crystallographic sites of 2c (C4; symmetry) and 2a
(D2g symmetry) in the YoWOg host lattice. With Eu>* ions doped, the high resolution emission spectrum
of YoWOg:Eu** suggests that Eu* partly substituted for Y3* in these two sites. The result of the Rietveld
structure refinement shows that the Eu* dopants preferentially enter the 2a site. The uniform cube
coordination environment of Eu®>* ions with the identical eight Eu-O bond lengths is proposed to be
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responsible for the intense excitation of long wavelength ultraviolet at 466-535 nm.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Rare earth tungstates mLn,03 - nWOs constitute a large family of
material with versatile solid-state properties which depend on the
structure, rare earth element and tungsten oxidation state[1-3].
Initial interest in luminescence of rare earth tungstates derived from
their structure relationship with scheelite [4], which suggests efficient
luminescence properties [5,6]. The needs for new optical materials of
high quantum yield and long wavelength ultraviolet-excited advance
the field of rare earth tungstates for luminescence materials [7].
Whatever as host matrices doped with photoactive ions [8,9] or as
intrinsic phosphors [10], rare earth tungstates show the merits of
high stability, brightness and long wavelength ultraviolet-excita-
tion [11]. The luminescence properties are strongly dependent on
the local chemical environment of activator ion, such as coordination
number, site symmetry and bond character, which ultimately depend
on the crystal structure. Doubtless, detailed information of the
structure features for rare earth tungstates would help in the inter-
pretation for their optical spectra and mechanisms of site-to-site
energy transfer. However, in the synthesis of rare earth tungstates,
the product of single crystal or pure phase is often unavailable, which
directly results in that many reported compositions lack struc-
tural detail or were not fully characterized in the mLn,Os-nWO;
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system [12,13]. Up to now, yttrium tungstates with the composition
Y>WOg has fallen mainly into several crystallographic forms: mono-
clinic P2;/m (No. 11), orthorhombic P2,2,2; (No. 19), etc., which were
prepared by solid state reaction above 1600 K [14-18].

Here we report the synthesis and structure determination of a
novel low temperature polymorph Y>,WOg. The luminescence proper-
ties of Eu®*-activated Y,WOg are also investigated. It is well known
that Eu?*-activated emission spectrum is sensitive to the coordina-
tion environment of Eu**, and the intensity is strongly influenced by
the crystallographic site, where the cations are located. Yttrium
tungstates as the important luminescence matrixes, when with
Eu* doped, Eu®>" cations would partly occupy the crystallographic
sites of Y>* [18-20]. The structure information of Y,WOg is expected
to be probed by the luminescence performance of Eu>*-activated.

2. Experimental section

The compound Y,WOg was prepared by solid-state reaction of
pure oxides. The oxides were weighed according to stoichiometric
amount of Y,03, WO3 and NaCl with a molar ratio of 1:1:0.25.
They were grounded together in an agate mortar. The NaCl acts as
the mineralizer. The mixed composition was calcined at 750 °C for
10h in a porcelain crucible. The product was washed several
times with distilled water to remove the impurity and then
desiccated at 110°C. The Eu3*-activated fluorescent sample
Y>WOg:Eu was prepared by the same method with a molar ratio
of Y505, Eu,03, WO3 and NaCl 0.9:0.1:1:0.25.
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The composition of the final product was inspected using
scaning electron microscope (SEM, JSM-6360LV) equipped with
an energy-dispersive spectrum (EDS, Falcon). Quantitative analy-
sis was separately carried out on several crystalline particles, and
the mean value was adopted.

X-ray diffraction patterns were collected on a Bragg-Brentano
diffractometer (Rigaku D/Max-2000) with monochromatic CuKo
radiation (A=0.15418 nm) of graphite curve monochromator. The
X-ray diffraction data for structure determination and refinement
was collected from [9-130°, 20], with the step length of 0.02 (20)
and counting times of 40 s per step.

The low-resolution excitation and emission spectra were
measured at room temperature by Varian Cary-Eclipse 500
spectrofluorometer with a 60 W xenon lamp as excitation source.
The high-resolution excitation and emission spectra were mea-
sured at room temperature by Horiba Jy Fluorolog-3 spectro-
fluorometer with a 450 W steady state xenon lamp as excitation
source. The spectral slit width is 0.3/0.2 nm, the scan step is
0.2 nm. The emission spectra were corrected for detection and
optical spectral response of the spectrofluorometer, and the
excitation spectra were weighed for the spectral distribution of
the lamp intensity using a photodiode reference detector. In order
to ensure a quantitative comparison between the emission
intensity of different spectra, the measurements were done
consecutively and all the experimental conditions (optical setup,
focalization point and illuminated cross-section, sample holder
and emission, excitation slits width, etc.) were kept constant.

3. Results and discussion
3.1. Sample preparation and characterization

A series of synthesis around the nominal composition
(Y203:WO03:NaCl=1:1:0.25) have been carried out to improve
the purity of the product (S1-1 and S1-2 in support information).
However, all the alteration cannot eliminate impurities from the
products, only modifying a little of the height or width of the
diffractograms. The optimal ratio of the reactants Y,03:WOs3:
NaCl=1:1:0.25 was determined, with which the molar ratio of Y
to W is 20.1(1):10.0(5) in the product inspected by Energy-
dispersive spectrum (EDS). In the synthesis, sodium chloride
was used as mineralizer, which alters the reaction temperature
and the structure symmetry, ultimately leading to the formation
of the objective compound. Without sodium chloride the final
product is a mixture of multiphase and the tetragonal Y,WOg is
unavailable. After the reaction completed, NaCl was washed off.
Composition inspection of the final product by EDS did not find
elements Na and Cl.

The X-ray diffraction pattern (S2 in support information) was
rather similar to the compound Y¢W,0;5 previously reported by
Borchardt [18] in the JCPDS reference 15-0473. YgW,0,5 was

considered as a metastable phase between 750 and 1000 °C and
inseparable from other phases. However, this result contradicts to
the EDS composition analysis of Y: W=2:1.

3.2. Crystal structure determination

Fig. 1 shows the Bragg positions of the diffraction lines and the
Rietveld refinement result of powder X-ray diffractogram for the
title compound. The first 20 peak positions of the main phase
Y,WOg were indexed using program ITO [21], TREOR [22],
DICVOL [23], McMaille [24]. Only McMaille gives the solution of
tetragonal cell with a=5262A, c=8421A (R,=0.105,
FOM=382.76) [24]. Then, the cell is confirmed by Le Bail refine-
ment [25,26] through the Fullprof software [27]. In the process of
indexing, two impure phases were found in the diffraction
pattern. Automatic search using software Jade 6.0 indicates that
the powder pattern contained small amount of Y,03; (JCPDS No.
43-1036). In addition, the remaining peaks with 20 at 28.4, 30.3,
etc. are attributed to another impurity WO, (JCPDS No.
30-1387). Through the systematic absences observed from the
powder data, and with the help of the Chekcell software [28], the
most likely space group was P4/nmm (No. 129) and P4/n (No. 85).
We select each of them to establish the structure model of
Y>WOg. Now that P4/nmm and P4/n have the same extinction
conditions (hkO: h+k=2n) and (h00: h=2n), the trial-and-error
method was used to test the suitability of the space group. First,
the P4/nmm was tested. The extracted intensities from the
diffraction pattern were used for attempting the structure solu-
tion by direct methods embedded in the Sir2008 software [29]
and by the reverse Monte Carlo and pseudo simulated annealing
code embedded in the ESPOIR software [30]. The partial structure
model was given by SIR2008 software. We retrieved Y1, Y2 and W
atoms with ESPOIR software, the O1 is obvious on the Fourier
map at special position 8j. Then, we retrieved Y1, Y2, W and O1
atoms again, the O2 also appears on the Fourier map away from
W, Y1 and Y2 with the distances of 1.97, 2.37 and 2.44,
respectively. We suggest 02 at x=1/4, y=0.008, z=0.555 half
occupied at special position 8i, which may mean a disorder on the
last O atom, leading to [WOg] and [YOg] the distorted cubes with a
statistical half occupancy oxygen at the 02 layers. Others [YOg]
form cubes (Fig. 2). However, for the P4/n (No. 85) we cannot get
the acceptable structure model after several attempts with
varying the parameters, especially when decreasing the minimum
normalized structure amplitude (Emin) to generate phases. Direct
or Patterson methods failed to provide a satisfying starting model
as well. So, the space group P4/nmm (No. 129) has the most
probability.

Then, Fullprof program was used for the structure refine-
ments [31]. The pseudo-Voigt function was used for approxima-
tion of the diffraction profiles. The refined instrumental and
structural parameters were: zero shifts, scale factors, background
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Fig. 1. Bragg positions of the diffraction lines and the Rietveld refinement result. Red dots represent the observed data, black lines the calculated data, and ticks the peak
position of WO, g, (above), Y03 (middle) and Y,WOg (below). The bottom line in blue shows the difference between observed and calculated data. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Crystal structure of Y,WOg: (a) The unit cell of Y,WOg; (b) Schematic of [YOg] cube (green) connecting [WOg] (blue) and [YOg] (green) distorted cubes with each
other; (c¢) the distorted cube coordination of Y1 and W; and (d) the cube coordination environment of Y2. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 1
Crystallographic parameters of Y,WOg from Rietveld refinement *

Atom Site X y z Biso ( A2 ) Occ
Y1 2c 0.25 0.25 0.3348(7) 1.90 1
Y2 2a 0.25 0.75 0 1.58 1
w 2c 0.25 0.25 0.7242(2) 0.77 1
01 8j 0.0003(6) 0.0003(6) 0.8258(8) 1.79 1
02°b 8i 0.25 0.0007(7) 0.5597(9) 133 0.5

@ X-ray diffraction pattern: 145 reflections, R,=15.2%, R,,;=20.3%,
Rprage=8.12%, Rp=5.86%. Space group P4/nmm (No. 129), a=5.2596(2) A,
c=8.4158(4) A, Z=2, calculated density=5.2596 g/cm 2.

b Half-occupied site.

parameters, lattice parameters, line profile parameters, atomic
positional parameters, individual isotropic displacement para-
meters and site occupations. The Rietveld refinement details for
Y,WOg are shown in Table 1. The final fitting factors are
Rp=15.2%, Ruwp=20.3%, Rprage=8.12% and Rr=5.86%. The minor
phase WO, g, is not easy to refine because the phase fraction is
little and the peak overlapping, which may contribute to this high
Rwp value. Considering the existence of the impure phase as
mentioned above, this refinement result is satisfactory. The phase
fraction of Rietveld refinement Y,WOg is 99.07%, Y03 0.92% and
WO, .9, 0.01%, then confirmed by the simulation with Fullprof. The
coefficient to calculate the weight percentage of the phase (ATZ)
of Y2WOeg, Y203 and WO, g, are 915.32, 1616 and 2434, respec-
tively. The atomic parameters including isotropic temperature
factor, atomic coordinates and occupation factor are gathered
in Table 1. The atomic coordination numbers and the interatomic
distances are shown in Table 2.

Based on the crystal structure of Y,WOg, bond valence (BV)
calculation was performed directly by the program ValList [32],
the program Bond-Str [27] was used to import data. Using the
Brown-Altermatt empirical expression: valence=Xexp (Ro-d)/B

Table 2
Selected interatomic distances found in Y,WOe.

Atom 1 Atom 2 Distance (A)
Y1 02 2.302(1)
Y1 o1 2.301(2)
Y2 01 2.368(2)
w 02 1.910(1)
w o1 2.044(2)
Table 3

Calculated bond valence and atomic coordination numbers (CN) for Y,WOg

Atom CN BV sum (o)
Y1 6 2.79(5)
Y2 8 3.11(2)
w 6 4.88(5)
01 4 1.95(3)
02 2 1.49(1)

B=0.37, Ry (Y>* —0?7)=2.019 A and Ry (W®* —0%")=1.917 A.

with B=0.37 A [33]. The values used by VaList program were for
Y3* —0%"Ry=2.019 A and for W®* —0?~ Ry=1.917 A [34]. The
results of the bond valence calculations for each atom type give
values around the expected +3, +6, —2 for yttrium, tungsten and
oxygen atom, respectively (see Table 3). We can mention that the
discrepancies between calculated and theoretical values are
similar to the structural analysis of La;gW;¢0s7 [35,36]. The small
coordination number of O2 may contribute the small BV value
obtained. The two oxygen atoms O1 and O2 are bonded to
tungsten atoms and have a statistical half occupancy that could
introduce local distortion. Furthermore, the long oxygen-cation
distances of d (W-01)=2.044(2)A and d (Y1-02)=2.302(1) A
may also cause the smaller bond valence values of W and 02.
From the bond distance in Table 2, it can be clearly seen that the
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Fig. 3. X-ray powder diffraction pattern of Y,WOg:Eu®>* in comparison with
Y>WOs host lattice.

W atom adopts distorted cubes coordination through two 02
atoms connecting Y1 in [YO6] distorted cubes with oxygen
vacancies at the O2 layers. Meanwhile, two O1 atoms of [WO6]
distorted cubes connect Y2 of [YO8] cube by sharing an edge.

3.3. Luminescence property and site occupation

The X-ray diffraction patterns of Eu®*-doped Y>,WOg is shown in
Fig. 3. It can be observed that the diffraction peaks coincide well
with Y,WOg host lattice. No other impurity phases were found.
Furthermore, no obvious shifting of the diffraction peaks was
observed when Eu3* ions doped into the host lattice. The lattice
parameters of Y,WOg:Eu®>* is calculated as a=5.2659(3) and
c=8.4294(3) A, larger than the ones of Y,WOg. Because when
Eu?* substitutes for Y>* in YoWOg, the larger Eu>* ions (ionic radius
of Eu®* (CN6) 0.095, Y>* (CN6) 0.090 nm) have enlarged the
dimensions of the Y,WOg host lattice.

The excitation spectrum of Y>WOg:Eu>* monitored at >Dy— F
lines is depicted in Fig. 4. The spectrum consists of a broadband
peaking at 288 nm assigned to the O—Eu>* charge transfer (LMCT)
bands and of characteristic Eu*>* sharp lines ascribed to intra-4f°
transitions within the Eu* 4f° electronic configuration. The relative
intensity of “Fo—°D, excitation at 466 and 535 nm presents an
unusual increase. It is contrary to the usual intensity distribution of
Eu?* excitation spectrum, in which the 395 nm excitation is more
intensive than 466 nm. This phenomenon was also observed on
EuKNaTaOs [37], in which Eu* cation is located in cube coordina-
tion environment with eight identical Eu-O distances (2.4476 A).
This uniform coordination site of Eu>* may bring on the intense
excitation of long wavelength ultraviolet at 466 and 535 nm.

For Y.WOg:Eu?*, under various excitation wavelengths, the
hypersensitive transition *Dy—’F, of Eu®* ions at 612 nm
displays prominent emission intensity, while the magnetic dipole
transition Dy — ’F; emission at 590 nm is forbidden. This spectral
intensity distribution is in accordance with the well-known
behavior of Eu®* location at a non-inversion symmetry site.
Moreover, the emission lines from the f-f transition of Eu* in
crystalline sites are generally quite sharp. With changing the
excitation from the LMCT band to direct excitation into the 4f°
levels (°Lg 395 nm, or °D, 466 nm), the full width at half-
maximum (FWHM) and Stark components remain unaltered.

We try to assign the Eu>* excitation and emission features with
the local coordination site. Y,WOg lattice has two local sites avail-
able for Y3* cations, namely 2c site (Cy symmetry) and 2a
(D2q symmetry) site in Wyckoff notation (shown in Fig. 2c and d).
When Eu* ions doped, it partly substituted for Y>* and may
randomly occupy the two crystallographic sites [20]. Whichever
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Fig. 4. Excitation and emission spectra of Y,WOg:Eu>".
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Fig. 5. High resolution emission spectra of Yo,WOg:Eu?*. Four lines of Dy—F,
transition represent more than one crystallographic site being occupied by Eu3*.

Eu* ions reside in, it allows the hypersensitive electric dipole
emission of °Dy— ’F, under UV excitation because both the C,, and
D,q sites lack inversion symmetry. From the high-revolution emis-
sion spectrum in Fig. 5, it can be observed that the *Dy— ’Fy shows
one line, the °Dy— ’F; transition four lines and *Dy— ’F, transition
four lines. It suggests that there is more than one crystallographic
site being occupied by Eu®* in the structure of Y,WOg [38-40]. For
the transition of Eu* ions in one site, the maximum number of lines
amounts to one, two and two, respectively. In addition, these
crystallographic sites lack inversion symmetry, otherwise, the
>Dg—F, transitions would be strictly forbidden. The structure of
Y>WOg accounts for the emission spectrum.

The site occupation of Eu>* ions is predicted by X-ray diffraction
analysis. The final fitting factors are R,=15.2%, R,,=20.3%, Rgrqgs=
7.91% and Rp=5.76%. After refining site occupations of Y1 and Y2,
the Rietveld refinement step results in 2(c):nY1=0.123(2) and
2(a):nY2=0.117(3). Considering the fully occupied site (nY=0.125)
and doping amount of Eu>* ions (Eu:Y=0.1:0.9), the site occupancy
of Eu>* in Y1 position is 20%, while in Y2 position is 80%. This
calculation result suggests that Eu* prefers to occupy the Y2
position of 2a with D,q symmetry. Rietveld refinement gives the
bond distance Y2-01=2.368(2) A which is longer than both Ry value
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Y-0=2.019 and d (Y1-01)=2301(2)A, d (Y1-02)=2.302(1)A.
According to the valence bond theory [41], the more the electron
cloud overlapped, the stronger the bond energy. So the longer bond
distance of Y2-O1 results in the weaker bond energy, which
facilitates Eu* ions to substitute Y2 and to populate in the cube
coordination sites. This coordination environment with eight uni-
form Eu-O bond lengths endows intense excitation at 466 and
535 nm of Y,WOg:Eu>*. Although the other 20% Eu>* ions adopt
distorted cubes coordination of Eul1-0, it does not alter the basic
emission features of Y,WOg:Eu>*. The uniform local structure around
the dopants Eu®* give rise to the sharp and strong luminescence
spectrum of Y,WOg:Eu®* under different excitation wavelengths.

Conclusions

The tetragonal yttrium tungstate has been prepared by solid
state reaction at 750 °C. The energy-dispersive spectrum (EDS)
demonstrates the stoichiometric fraction of yttrium to tungsten is
2:1. Sodium chloride acts the role of both mineralizer and structure
capping agent, which reduces the reaction temperature and alters
the structure symmetry, ultimately leading to the formation of
tetragonal Yo,WOe. The crystal structure of Y,WOg has been deter-
mined from X-ray powder diffraction data. When Eu* ion doped, it
partly substituted for Y>* and may occupy the two crystallographic
sites. The site occupation of Eu>* is determined by the analysis of
the emission spectrum and the Rietveld refinement from XRD data.
The result indicates that Eu* strongly prefers to occupy the Y2
position of 2a with D,4 symmetry, which endows uniform eight
bond length of Eu-0. This undistorted cube coordination environ-
ment is proposed to be responsible for the prominent long wave-
length excitation at 466 and 535 nm of Y,WOg:Eu3*.
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