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Table 4. The P,0, group in the actual structure —
interatomic distances (A) and angles (°)

Neighbour N P o(1) (o] ()] 0(8) 0(9)
P-N 3-10 (1) 1.57 (4) 1.53 (4) 143 (3) 1-60 (1)
P-O(9)—N 152 (2)

O(1)-P—N 109 (2) 110 (2) 108 (2)
O(7)—-P—-N 113 (2) 105 (2)
O(8)-P—N 111 (2)

explained by the fact that the perovskite slabs are
narrower than for n = 4: in the [100] direction, there is
only one octahedron ensuring the connection between
the octahedra which share their corners with the P,0,
groups. It would be interesting to compare with the
termsn >4 and n = 2.

The W displacement from the centre of the octa-
hedra can also be considered. It can be seen that W(2)
is not displaced [0-05 (2) A] while the displacements of
W(1) [0-14 (3) A] and W(3) [0-22 (3) A] are rather
large, involving for W(2) an ideal octahedral coor-
dination while W(1) and W(3) are rather (4 +
2)-coordinated as in the term n = 4 (Table 3).

Conclusion
The oxide Rb,PgW,,04, is the term n = 3 of the series

Rb,PsW4,0,4,.16 Dreviously foreseen  (Giroult,
Goreaud, Labbé & Raveau, 1980).
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The structural study of this term confirms the ability
of the P,0, group to accommodate an octahedral
framework such as that of perovskite in spite of its
rigidity. The latter, however, undergoes deformations
by tilting of its octahedra.

The comparison of both structures n = 3 and n = 4
shows that the cages and tunnels with a distorted
hexagonal section running along [010] are similar. The
location of Rb* in eightfold sites, at the level where the
P,0, groups are missing, is a common character to
both structures confirmed here by site-potential cal-
culations. The evolution of the deformation of the
octahedral framework, different in both structures,
agrees with the different widths of the perovskite slabs.

The mixed valence of W allows us to expect, for this
oxide, electrical properties which could be correlated to
those of perovskite bronze, Na,WO;, but an aniso-
tropic character should be observed.
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Abstract

The high-temperature polymorph &Y,WO, is ortho-
rhombic, space group P2,2,2,, with a = 8-591 (5), b =
20-840 (10),c = 5-233 (5)A,Z=8,D,, = 6-38, D, =
6-49 Mg m~3, The structure was determined at room
temperature from 454 diffractometer intensities and
refined to R = 0-067. The W atoms are octahedrally
coordinated and far apart from each other. The four
non-equivalent Y atoms have an eightfold (3) and
sevenfold (1) coordination number. Reference is made
to the fluorescence spectrum of the Eu-doped com-
pound and a comparison is made with the homologous
compounds Ln,WO, (Ln = La to Lu).

0567-7408/81/061166-05$01.00

Introduction

Few structure determinations have been carried out on
the mixed oxides of W and trivalent rare-earth elements
and Y (Bevan & Summerville, 1979). However, their
relationship with scheelite suggests efficient luminescent
properties and this has stimulated interest for U-
activated Y,WOQ,, Ut in particular (Blasse, Van den
Heuvel & Van Hesteren, 1977). Doubtless, more
knowledge of the structural features of tungstates
would help in the interpretation of their optical spectra
and mechanisms of site-to-site energy transfer.

The rare-earth tungstates with the composition
Ln,WOQO, previously investigated fall into three struc-

© 1981 International Union of Crystallography
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tural groups: (a) La,WO, structure unknown; (b) from
Ce, WO, to Ho,WOyg; the compounds are monoclinic
and scheelite-related — their space group is C2/c and
their structure has been solved by Polyanskaya,
Borisov & Belov (1970); and (¢) from Er to Lu; the
rare earths form monoclinic tungstates with the P2/m
space group (Pokrovskii, Rybakov & Trunov, 1969) —
their structure is unknown but their lattice parameters,
a, = [210]y, b, = [00§l, and ¢, = [110],, also
suggest a strong relationship with scheelite.

In the course of our crystallographic and optical
studies on the WO,~Y,0, system (Beaury, Faucher &
Caro, 1978; Beaury, Dexpert-Ghys, Faucher & Caro,
1979), we have synthesized two structural forms of
Y,WOq. The first obtained for T < 1773 K was a
polycrystalline sample of the P2/m compound men-
tioned above, which we shall call #Y,WO, according
to Brixner, Sleight & Foris (1973). The second was a
pure phase which had not been obtained before and
corresponded to the same formula. We shall refer to it
as &-Y,WOq. The present paper presents the structure
determination of this new polymorph.

Experimental

&-Y,WO, was prepared by solid-state reaction of pure
oxides. A stoichiometric mixture of Y,0, and WO, was
heated for 12 h at 1973 K in a zirconia furnace. Small
crystals, loosely aggregated, were obtained in the
high-temperature zone of the furnace. They remained
stable when quenched at room temperature. Their
formula determined by microprobe analysis was (1-008
+ 0.01) Y,0;.WO,. The dimensions of the ortho-
rhombic unit cell were determined from rotation and
moving-film photographs (Beaury, Faucher, Teste de
Sagey & Caro, 1978). The conditions limiting possible
reflections (h00: h = 2n; 0k0: k = 2n; 001: | = 2n)
prescribed the P2,2,2, space group. Taking into
account the mean cationic volume (~37 A?%) in similar
compounds, the volume of the unit cell (937 A?)
suggested Z = 8 (24 cations) in six 4(c¢) positions.
Following this hypothesis, there should be two and four
non-equivalent sites for W and Y respectively in the
asymmetric unit. Additional evidence came from the
analysis of the fluorescence spectrum (Beaury et al.,
1978, 1979) of Eu-doped &Y,WOq. The ionic radii of
Eu®*, Y+ and W¢* are 1-01 (CN7), 0-96 (CN7),0:6 A
(CN6) respectively (Shannon, 1976), so that triply-
ionized Eu is unable to replace W; it is selectively
substituted for Y and may occupy with equal chance
any of the four crystallographic sites of the latter.
Indeed, four sharp fluorescence lines are observed for
the 3D, — 'F, transition characteristic of the total
number of local sites for Eu.

The small untwinned single crystal selected for the
structure determination was about 0-05 x 0-05 x 0-1

1167

mm (0-25 x 10~* mm?®) with convex faces impossible
to locate with respect to the crystallographic axes. The
coincidence of the Mo Ka wavelength with the
absorption edge of Y precluded the use of this
radiation. 492 independent reflexions were collected up
to § = 45° on an automatic four-circle Nonius
diffractometer with Cu Ka (A = 1.5405 A) Ni-filtered
radiation. 454 reflexions with I > 2¢ were declared
observed and used in the analysis. The data were
corrected for Lorentz and polarization effects.

For Cu Ka radiation, absorption is very high (u ~ 80
mm~"'). The small dimensions and rather irregular form
of the crystal prevented any precise analytical aniso-
tropic correction. Prior to all calculations, we applied to
the intensities a first absorption correction, approxi-
mating the crystal to a sphere (uR ~ 3) (International
Tables for X-ray Crystallography, 1972). The aim of
this treatment was to preserve a physical meaning for
the thermal parameters. Corrections for anisotropic
absorption were carried out during the refinement.
Scattering factors of Y3+, W%t and O were taken from
International Tables for X-ray Crystallography (1974).
Those of Y3+ and W were corrected for complex
anomalous dispersion.

Structure determination

There were 18 atoms (2W, 4Y and 120) to be placed in
the asymmetric unit. MULTAN 77 (Main, Lessinger,
Woolfson, Germain & Declercq, 1977) and GIF local
programs were used to determine the structure. NORM
and MULTAN provided 14 solutions with satisfactory
figures of merit. The best set of phases was used for an
E map which displayed the heavy ions. The six metals
with the same mean scattering factor (2fy + fy,)/3 were
used to phase a Fourier synthesis calculated with all the
observed reflexions. In the resulting Fourier map, the
six peaks were enhanced, two of them being much
stronger than the others. They were attributed to W
and R fell to 0-24. By difference maps, we then located
the twelve O atoms and R fell to 0- 16.

Refinement

The program used for the refinement was a version of
ORFLS (Busing, Martin & Levy, 1962) for full-matrix
least-squares calculations, in the version modified by F.
Dahan (Robert, Tézé, Hervé & Jeannin, 1980). In this
program, the observed structure factors are weighted
following the scheme proposed by Cruickshank (1965)
and corrected for extinction. Anisotropic absorption is
corrected by multiplying the observed structure factors
by an empirical quantity: exp [—(A4,h% + A,k? + 4,2
+ A hk + Aghl + Agkl)] where the six A, parameters
are refined by least squares.
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Table 1. Fractional atomic coordinates (x10%) and
thermal parameters

The e.s.d.’s in parentheses refer to last decimal places.

X y z B (AY)
w(1) 5222 (2) 1891 (1) 143 (4) 1-37(9)
Ww(2) 4811 (2) 4427 (1) 4358 (4) 1-38(9)
Y(1) 7457 (5) 3006 (1) 5069 (7) 1-55 (10)
Y(2) 5839 (4) 657 (1) 5419 (9) 1-58 (10)
Y(3) 8953 (4) 1647 (1) 877 (7) 1-.51(11)
Y(4) 2556 (5) 680 (1) 380 (7) 1-47 (10)
o(1) 8765 (24) 3624 (11) 2181 (57) 0-74)
0(2) 9623 (42) 6187 (18) 7103 (92) 5-7(8)
0(3) 9402 (34) 4982 (14) 1932 (70) 3.6 (6)
04) 9046 (29) 6179 (13) 1790 (71) 1:6 (5)
0(5) 8812 (24) 5003 (12) 7138 (74) 1-7 (6)
0(6) 338 (25) 2493 (12) 2525 (56) 1-4 (5)
o7 3712 (29) 2466 (11) 1694 (52) 1-6 (5)
0O(8) 1636 (34) 6005 (12) 1142 (55) 1-9(5)
0(9) 1871 (22) 2803 (9) 7745 (42) 0-0(4)
0(10) 1616 (34) 3687 (11) 1106 (50) 1-4 (5)
o(11) 4555 (31) 1250 (14) 2546 (72) 3-1(6)
0(12) 6644 (27) 9824 (10)  2420(47)  0-0(3)

By varying the atomic coordinates and the indi-
vidual isotropic temperature factors, R dropped to
0-11. By varying in addition the extinction parameter
and the A; parameters of anisotropic extinction, we
obtained a final value R = 2 ||F,| — |F IJ2 |F,l =
0-067 and R,, = [>. (F, — F,)*/>. wF2"* = 0-098. No
determination of anisotropic thermal parameters was
attempted. Final atomic coordinates and isotropic
thermal parameters are reported in Table 1.* As
expected, the precision of the determination of thermal
parameters is poor.

Discussion

The projection of a half unit cell on the ab plane is
shown in Fig. 1. The first question which arises is that
of a relationship with the fluorite structure. We have
already mentioned that the three lattice parameters of
the isomorph [-Y,WO, suggest it is strongly
scheelite-related. In &Y,WOsq, it seems clear that the
repetition sequence, at least in the a direction (8-59 A),
is disturbed with respect to the fluorite arrangement. So
as to show how the cationic framework is built up, we
have idealized it and projected it on the ab plane [Fig.
2(a)]. There appears a repetition of identical blocks
such as those represented in Fig. 2(b), which consist of
a superposition of simple cubic units with Y and W
alternating on each row and face-centred units with
mixed W—Y planes and unique Y planes. In the Y,WOq

* Lists of structure factors have been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
35931 (5 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.
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unit cell, there are two such blocks twisted by 7 and
shifted by a/2 along a (glide axis). With this ideal
arrangement, a W—Y distance repeated four times in
the unit cell is too short and the true structure is
distorted so that this distance attains 3-27 A.

A remark must be made about the mean cationic
volume (¥ /number of cations = m.c.v.) in the
Ln,0,—WO; phases. In Y,0; the m.cv. is 37-2,
Y WO,, 36-6, a-Ho,WO, 37-9 A3 (space group C2/c;
this form has not been observed for Y,WOj although

Fig. 1. Projection of a half unit cell of &Y,WOg on the ab plane.
The fractional coordinate z is indicated adjacent to the atom label.
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Fig. 2. (@) Projection on the ab plane of the idealized cationic
framework of &-Y,WO,. (b) Block constituting the structure.
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the ionic radii of Ho®* and Y3* are nearly identical).
For f-Ho,WOg (high-pressure modification), it is
37-22 A%, and for f-Y,WO,, 37-15 A3,

In all these compounds, the cationic arrangement is
close-packed (distorted c.f.c.) and the m.c.v. is nearly
constant. The m.c.v. of &Y,WOQ; is 39 A? and that
should imply a slightly looser cationic packing. This is
indeed the case since the repetition blocks are made out
of the superposition of face-centred units (close-
packed) and simple cubic units (non-compact packing
such as WO, whose room-temperature structure is a
monoclinic distortion of a simple cubic packing from
which it follows that the m.c.v. is 52-8 A3).

As in fluorite, the atoms (anions and cations) are
well grouped in (041) planes which are the (011)
planes of fluorite. Fig. 3 represents the occupation of
one such plane. We have also represented the O atoms
on each side of the plane close to W so as to show the
coordination polyhedra of W(1) and W(2). The
distance of the other atoms to the mean plane is
<0-2 A. O atoms form strings along [100]. W is
octahedrally coordinated and the octahedra are iso-
lated. The W atoms are arranged as far apart as
possible. The shortest W...W distances range be-
tween 4-99 and 6-12 A. The smallest Y--- W distance
is W(1)---Y(3) = 3-27 A.

Table 2 reports some interatomic distances and
angles. Retaining in the coordination polyhedra O
atoms not farther than 3 A, we find that the co-
ordination number of Y(1), Y(2) and Y(4) is 8 while
that of Y(3) is 7. The immediate anionic environments
of the four Y atoms are represented in Fig. 4. The
shortest Y—O distance is 2-12 A [Y(3)—O(8)]. Similar
distances have been found in U;WO,, (Bartram, 1966)
and Y¢WO,, (Beaury et al., 1978). Some short O---O
distances are found in the coordination polyhedra of
W(1) and W(2): O(2)---0(4) = 2-50, O(3)---0(5) =
2.56, O(5)---0(12) = 2.47, O(8)---0(12) = 2-54 A
for W(2); 0(9)---0(10) = 2.56, O(1)---O(11) =
2-58 A for W(1). Such a fact has already been stated
by Polyanskaya et al. (1970) concerning Nd,WOj.

Y(3)
o - O W
O

O
O

w)
. w(2)

Q

O

¥(2)
O

Fig. 3. Arrangement of atoms in a mean (04 1) plane. O atoms are
small points. O atoms before and behind the plane are
represented so as to show the octahedral coordination of W(1)
and W(2).

. * Y
o]
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Table 2. Interatomic distances (A) and angles (°)

The standard errors in the M—O distances and O—M—O angles
are 0-03 A and 1° respectively.

Cation
coordination

O(7)—W(1)-0(11) 1-94,1.92 88
O(9)—-W(1)—-0(6) 1.91,1.90 99 6
0(10)—-W(1)-0(1) 1-82,2-05 81
0O(12)—W(2)—0(8) 1-76, 1-80 91
0(3)-W(2)-0(4) 1-95,2-04 78 6
0(2)—W(2)—0(5) 1-81,2-04 83
O(1)-Y(1)-0(6) 2-28,3-00 60
0(4)-Y(1)-0(2) 2:32,2:90 56 g
0(6)-Y(1)-0(9) 2-45,2.29 82
O(7)=Y(1)-0(11) 2-24,2.69 65
O(11)-Y(2)-0(12) 2.24,2.44 96
0(8)-Y(2)-0'(12) 2-43,2.60 75 g
0O(10)-Y(2)-0(1) 237, 2-65 60
0(3)-Y(2)—0(5) 229, 2-59 69
0(6)—Y(3)-0(8) 2-30,2-12 109
0(2)-Y(3)-0(4) 2.20,2.32 77 7
0(9)-Y(3)-0(7) 2:24,2-30 73
0(9)-Y(3)-0(10) 2:24,2.37 67
O(11)-Y(4)-0(1) 2.38,2.23 68
0(2)-Y(4)-0() 2.51,2.27 72 8
0(3)-Y(4)-0'(3) 2-63,2-43 112
0(5)—=Y(4)—0'(5) 2.26,2-21 101

(0 (d)
Fig. 4. The four sites of Y in Y,WO4.
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The mean e.s.d. in O---O distances is 0-04 A. The
mean Y—O distances are 2-52, 2-45 and 2.36 A for
Y(1), Y(2) and Y(4) respectively, and 2-26 A for Y(3).
These values fall into the range of observed Y—O
distances in other compounds. For Y{WO,, (CN7), the
mean Y—O is 2-32 A. In yttrium orthovanadate (CN8)
(Milligan & Vernon, 1952), it is 2:42 A.

We showed previously (Beaury et al., 1978) the
aspect of the D, — 'F, transition (four lines) in the
fluorescence spectrum of &Y,WOg: Eu®* under UV
excitation. The first line (highest in energy; A =
5799.8 A) was far stronger than the others. By resonant
laser excitation at this wavelength, we observed a
fluorescence spectrum with the strongest electric dipole
lines (*D, - "F,, Dy — 'F,) of the observed overall
spectrum under UV excitation. This means that the
corresponding Eu site is the most efficient. It might be
that heptacoordinated Eu substituted for Y(3) since
rare-earth atoms substituted in CN7 sites are rather
efficient phosphors (e.g. Y,0,S: Eu** or B-Gd,0,:
Eu’t), the corresponding site-symmetry giving rise to
high crystal-field parameters.

Conclusion

Three structural forms have been described for rare-
earth tungstates of formula Ln,WO,. In addition, a
high-temperature tetragonal form has been synthesized
by Yoshimura, Sibieude, Rouanet & Foex (1975) as
well as a O metastable phase. Among all these
compounds, the only resolved structure is that of
Nd, WOy (occurring from CeWO, to HoWOy). In the
neighbouring series Ln,MoOy, the situation is clearer
since only the structure of Ce,MoO¢ has not been
established. From La,MoO¢ to Sm,Mo00, (Ce excep-
ted) the symmetry is I42m, while from Dy,MoOg to
Lu,MoQq (including Y,Mo0Os) the structure is C2/c,
isomorphous with Nd,WO4.

The presently reported structure of &Y,WOg has
little relationship with these two compounds: La,MoOg
(like Bi,WO; or koechlinite Bi,M0Oy) is a layer-type
compound (La,0, layers alternating with MoO,, or
Bi,0, with WO,); Nd,WOj is intermediate between a
layer-type compound and a scheelite one (mixed
planes). Besides, for both phases, the cationic arrange-
ment is face-centred, even if distorted.

In &-Y,WOi, a portion of the cationic framework is
face-centred and the remainder is primitive cubic (very
distorted). The result is a slightly less dense structure.

W atoms occupy two non-equivalent octahedrally
coordinated sites while the four sites of Y are sevenfold
(1) and eightfold coordinated (3).

THE STRUCTURE OF YTTRIUM TUNGSTATE &-Y,WO,
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