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Bay.1sWO;: A Bronze with an Original Pentagonal Tunnel Structure
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The structure of a new barium tungsten bro

and high-resolution microscopy studies.
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This bronze is orthorhombic, space group Pbm?2 or Pbmm,

with @ = 8.859(3) A, b = 10.039(8) A, and ¢ = 3.808(2) A. The “WO,” framework is built up from

____________ ot b

cormer- mmuug W u(, octahedra 1U1ulillg, pClllngIldl tunnels where the barium ions are locaied. Struc-
tural relationships with hexagonal tungsten bronze and tetragonal tungsten bronze structures are

discussed.

Introduction

Oxygen tungsten bronzes A ,WQ;, in

which A is characterized h\/ a size greater

il

or equal to that of potassium, exhibit two
well-known structural types: the hexagonal
tungsten bronze structure (HTB) for A =
K, Rb, TI, In, Cs (1-9), and the tetragonal

bhranra qbriietiiean (TR far
tungsten bronze structure (1 1B) for A= K,

Ba (/0-13). In addition, intergrowths of the
HTB and WO; structures, called inter-
growth tungsten bronzes (ITB), have been
observed for smaller amounts of monova-
lent ions such as K', Rb*, Ti", In', and
Cs* (12, 14, 15). Recently, one of us (13)
studied the formation of a series of barium
tungsten bronzes: besides orthorhombic in-
tergrowths which are ITB phases (to be
published) and may be similar to the phases
found in the Sn,WO; and Pb,WO; systems

(18-20), a new phase was isolated with a

composition close to Bag sWO;. The X-ray
diffraction pattern of this phase was found

to be similar to those of the niobate and
tantalate KCuM;0y (M = Nb, Ta) (21), re-
cently studied in our laboratory for which a
tunnel structure was proposed. The ability
of WO; to form a tunnel framework in the
presence of large ions suggested analogy
with these latter materials. The results of an
X-ray diffraction and electron microscopy

1 da tad halaw
study of this compound are reported below.

Powder samples of Ba; ;sWO; were syn-
thesized 1n vacuum-sealed quariz tubes
from mixtures of BaWQ,, WO,, and W in
the correct ratios. The tubes were heated at
1000°C for several days, then quenched to
room temperature.

Peak positions and intensities of X-ray
diffraction patterns were measured from
diffractograms registered with a Philips
powder diffractometer using CuKa radia-
tion and a rotating sample holder. Calcula-
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tions of intensities were made using the
scattering factors of ionic species from Cro-
mer and Waber (22), corrected for the ano-
malous scattering (23).

The products of reaction were examined
by transmission electron microscopy. For
this purpose, the crystals were crushed in
an agate mortar and dispersed in n#-butanol.
The fragments were collected on carbon-
coated support grids and examined in a
JEOL 100CX electron microscope, operat-
ing at 120 kV, using a goniometer stage
(x60°) for electron diffraction study and a
top entry goniometer (+10°) for high-reso-
lution electron microscopy study. Only thin
flakes projecting over holes in the support
film were photographed, after having been
aligned in such a way that the short c axis was
parallel to the electron beam. All images
were recorded by using an objective aper-
ture with a radius of 0.42 A~ in reciprocal
space. A series of through-focus images
was calculated with two programs, F. Coeff
and Defect, developed by Skarnulius ef al.
(24); the parameters used in the calculation
were incident beam convergence = 1 X
107 rad, spherical aberration constant C, =
0.7 mm, depth of focus = 200 A.

Structure Determination

The products of the reaction described
under Experimental were dark blue and, as
no other phases were present, were consid-
ered to have the stoichiometry of
Bag ;sWO;. This phase crystallizes with an
orthorhombic cell. The reflection condi-
tions observed by electron diffraction,
namely, 0kl, k = 2n, lead to two possible
space groups: Pbm?2 (acentric) and Pbmm
(centric). The X-ray patterns were indexed
with the parameters a = 8.859 = 0.003 A, b
=10.039 + 0.008 A, and ¢ = 3.808 = 0.002
A. The experimental density (d = 7.30)
agreed with six Bay;sWO; units per cell
(dcalc. = 743)
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The intensities of the first 59 peaks, i.e.,
161 reflections, were measured. Twenty-
eight intensities were of nonoverlapping re-
flections; these were corrected for PLG and
multiplicity, and then introduced in a pro-
gram for the calculation of the Patterson
function. From the observed interatomic
vectors, barium and tungsten atoms could
be located in the 2(f), 2(¢), and 4(i) sites of
the Pbmm space groups (see Table I) with
the following parameters: Ba—x = 0.90;
W(l)——x = 060, W(z)—-x = 020, y= 0.41. A
calculation of intensities, including all the
observed reflections, produced a discrep-
ancy factor, R = Z|l,ps — Lacl/Zlops, of 0.43.

The positions of the oxygen atoms were
not easy to determine from the Fourier sec-
tions, owing to the low scattering factor of
this atom compared to those of W and Ba.
However, we can note that

—the coordination of tungsten is usually
octahedral, with W-O distances close to
1.90 A, which corresponds to half of the ¢
parameter;

—the Ba-O distances are close to 2.80-
2.90 A in most of the known oxides.

TABLE I

VARIABLE PARAMETERS OBTAINED AFTER
STRUCTURAL REFINEMENTS FOR THE OXIDE
Bag sWO; (SPACE GROUP Pbmm, R = 0.056)

B
Atom  Site x y z (A
Ba 20 0.920(1) 1 10.503)
W 2(e)  0.5695(6) 1 0 1.1
W, 40 020544 043934 0 1.6(1)
O 26)  0.567(6) 1 110
Oq 4G)  0.198(5)  0.408(5) i 1.0
0(3) 2(6) 0]71(6) % 0 1.0
O 2@) 0 0 0 1.0
O 4G 04324  0.1063) 0 1.0
O 4G) 0.722(4 0.1233) 0 1.0

¢ This site is partially occupied by barium atoms
(45%).

b For oxygen atoms, the B value is arbitrarily fixed
at 1.0 A2,
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In this way, the 18 oxygen atoms could
be divided between six families (see Table
I) compatible with the Fourier sections with
the following approximate coordinates:
0(1)—x = 060, 0(2)—x = 020, y - 041,
0(3)—x = 012, 0(5)—x = (.43, y = 0.13;
Og—x = 0.71, y = 0.11. The R factor value
then fell to 0.38. The refinement of the
structure was carried out with a program
taking into account the overlapping peaks
(25). The thermal factors of oxygen atoms
were fixed at 1 Az, owing to the limited
number of reflections relative to the number
of variable parameters. A refinement of the
atomic parameters of Ba and W led to an R
value of 0.13 for the following values of the
variables: Ba—x = 0.922; W,—x = 0.573;
Wao—x = 0.209, y = 0.445. Successive re-
finements of the atomic coordinates and of
the isotropic thermal parameters (except
for oxygen atoms), including all the intensi-
ties, lowered the R factor to 0.056. Values
for the different variables are given in Table
I. Refinement of barium occupancy led to
the formula Ba, 4, WO; without any signifi-
cant lowering of the R value; thus, the com-
position Bay sWO, can be retained without
major error.

Description of the Structure

The host lattice of this compound is built
up from corner-sharing WOs octahedra
which form pentagonal tunnels within
which the barium ions are located (Fig. 1).

Two types of octahedra must be distin-
guished: the W;;0¢ which are almost regu-
lar and the WO¢ octahedra which are
more distorted, as shown in Table II, where
the different interatomic distances and an-
gles are tabulated. The W~O¢ octahedra
are characterized by two different ‘‘in-
plane”” W-O distances of 1.86 and 1.89 A
(mean value, 1.875 A), while in the W;~Og
octahedra, four different distances, ranging
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FiG. 1. Projection onto (001) of the Bay sWO, struc-
ture.

from 1.92 to 2.06 (mean value, 1.965 A) are
observed. Barium atoms are surrounded by
15 oxygen atoms, 5 at the same level (O,
and Og)), 5 at the upper level, and 5 at the
lower level (O3—0w4—0¢) which determine
the pentagonal tunnel. The Ba—O distances
range from 2.88 to 3.59 A with a mean value
of 3.10 A. The angles between oxygen at-
oms forming the pentagonal section of the
tunnel are in the range 94.5-117.8°; these
values are different from those observed in
tetragonal tungsten bronzes and are in con-
sonance with a slight distortion of the
tunnel.

The octahedral framework of BaysWO,
consists of pentagonal rings of octahedra
similar to those observed in the TTB struc-
ture (Fig. 2) forming pentagonal tunnels
characterized by two angles close to 90°
and two angles close to 120°. Along [010],
two adjacent pentagonal rings have two
common octahedra so that the correspond-
ing pentagonal tunnels share their corners
along this direction. This structure can
therefore be described as built up from
identical ribbons of pentagonal rings run-
ning indefinitely along |010|, and sharing
the corners of their octahedra along |100|
(Fig. 2).
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TABLE 11
INTERATOMIC DISTANCES AND ANGLES

Distance (A) Angle (°) Distance (A) Angle (°)
W1-0Og¢ octahedron
WuOn  1.904(1) X 2 O=W~Osy 89.608) x 4 OOy 2.93(3) X 1
WO 1.89 3) X2 Ou=W-O 90.59) X 4 OO 2.73(6) X 1
WO 1.86 3) X2 OuWi-On 99.80) X I 0w 2.75(3) x 1
O0u-Os 2.67 3) X 4 OuWy-Op 86.809) X 2 Ou-Op 2.57(5) X 1
Ou~Op 2.67 3) X4 Ox-Wu-Op 86.709) x 1 BaO,; polyhedron
05O 2.89 (4 x 1 Ba-O; 3.13(5) X 1 Oy~Ba-0p,  73.1(6) x 2
050 2.57 (5) X 2 Ba-Op 2.93(5) X 2 Op-Ba-Op  74.1(8) x 2
O6-Oe  2.35 () x 1 Ba—Op 3.59(5) X 2 Oa-Ba=Op  65.6(9) x 1
W2-0Os octahedron Ba-0O;3 2.934) X 2 Ou~0g-O% 116.6(9) x 2
Wo-Og 1.9318) X 2 Op-WOn  80.4(1.0) x 2 Ba-Oy 3.229(2) X 4 Ou-0i-0y  117.8(5) < 1
Wa-0p  1.925(9) X 1 Op-Wo-Ou  91.1(9) x 2 Ba-O¢ 2.88(2) X 4  Opr-0u-Or  94.5(6) X 2
W(z)—0(4) 1919(4) x 1 O(z)—W(z)—O(5) 898(11) X 2 O(II_O(Zi 401(5) x 4
WaorOn 206 (3) X 1 Og-WorOg 99.5(1.1) x 2 0u=0e 2.67(3) x 8
WoOe 195 3) X 1 Og=Wp04 99.4(5) x 1 000 3.96(6) x 2
0(2)—0(3) 2.49 (3) X 2 0(3)—W(2)—O(5) 864(9) X 1 O(Z]_O(Zi 317(7) X 2
0(2)—0(4) 275 3) x 2 0(4)_W(2)_0(6) 90.7(6) x 1 O(ZJ_O(TH 2.493) x 4
OO 2.82 (3) X2 Os=—WarOp 83.50) x 1 OOy 2.75(3) x 8
O(z)—O(g) 2.96 (4) x 2 0(3)—0(4, 2.93(3) x 2
0u-O 2.75(3) x 2
O0~Op, 2.55(5) x 1
04O 2.67(3) x 8
HREM Study other one, the weakest spots fall into line

A high-resolution lattice image from a
thin fragment of Bay WO, is reproduced in
Fig. 3. The contrast consists of two types of
ribbons of white patches lying alternately
along the b axis: one of these ribbons is
built up from the largest bright spots ar-
ranged in a zig-zag pattern, whereas in the

A ANA
\ gA

\J/
PR
\>
) 034

parallel to b. Geometric relations among
white patches could be directly related to
the structure, in that big white patches in
the image correspond to half occupied tun-
nels of pentagonal cross section and the
weakest ones, to the small empty rhombic
tunnels.

Calculations were carried out using the

F1G. 2. (a) The Bay ;sWO;5 structure described as built up from identical ribbons of pentagonal rings of
octahedra. (b) The idealized TTB structure showing identical pentagonal rings of octahedra.
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FiG. 3. (a) High-resolution lattice image and (b) electron diffraction pattern of a thin crystal of Ba, sWO;.




286

3 []
OA -400 A

MICHEL ET AL.

Q 3
~800 A -1000 A

F1G. 4. Calculated through-focus images for a crystal having a thickness of five slices.

programs and the experimental parameters
previously described. The slice thickness
was taken to be equal to the short ¢ axis
(3.81 A). Structural data used are those
from the refined structure obtained by X-
ray diffraction. Figure 4 shows the calcu-
lated through-focus images for a crystal
having a thickness of five slices. For this
model images at the optimum focus (—400
A) show white spots, features in agreement
with the experimental observations, and a
reversed contrast for —800 A. Similar sets
of calculations were made in order to show
the change of intensity of the spots for
thicknesses of 10, 15, and 30 slices; these
are shown in Fig. 5.

The experimental images and their theo-
retical calculations are in agreement and
confirm our model of the structure.

Structural Relationships

These results show that the orthorhom-
bic Bay ;sWO; structure exhibits W;Os
blocks resulting from the linkage of the pen-

5s 10s

tagonal rings of octahedron ribbons along
[100] similar to those already observed in
the TTB structure (Fig. 2). However, con-
trary to TTB, BaysWO; does not exhibit
the ‘“Ws0,,”" units (Fig. 6b) which corre-
spond to the ‘‘association’ of two M;0;s
blocks (Fig. 6a). It i important to note that
such ““W0,,"" units can be obtained with-
out changing the nature of the ribbons of
pentagonal rings, as shown from the hypo-
thetical structure in Fig. 7, in which these
ribbons are absolutely identical to those ob-
served in Bay ;sWO;; however, they are no
longer independent, since two adjacent rib-
bons exhibit common octahedra. Such a
framework forms pairs of pentagonal tun-
nels sharing one octahedron (Fig. 7), ex-
actly as in the TTB structure.

The similarity of this hypothetical struc-
ture with that of Bag;sWO; suggests the
possibility of formation of intergrowths of
this structure with that found for Ba, ;sWO;
(see Fig. 8), by changing the experimental
conditions, and in particular, the tempera-
ture and time for synthesis. The HREM ob-
servations made on several crystals synthe-

15s 30s

F1G. 5. Optimum-focus images calculated for various crystal thicknesses (one slice = 3.8 A).
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FiG. 6. (a) M;0;s block observed in TTB and
Bag ;sWO;. (b) M5O, block of the TTB resulting from
the association of two M,0,s blocks.

sized at 1100°C seem to confirm this point
of view. In Fig. 9a we show the image of a
crystal containing defects (arrows) running
along [010]. Figure 9b corresponds to an
enlargement of that defect and shows that
the structure of the bulk is the same on both
sides of the defect. The geometrical rela-
tions and the direction of the zig-zag rib-
bons of the pentagonal tunnels (enhanced
by a black line on the micrograph) are in
agreement with the idealized drawing of the
defect which can be interpreted in terms of
chemical twin defects of this type. The
strongly disordered area reproduced in Fig.
10a could similarly be considered as a dis-
ordered intergrowth of Ba, sWO; and of
the hypothetical structure Bagy,,WO; (Fig.

FiG. 7. BayxWO;: hypothetical structure built up
from ribbons of pentagonal rings of octahedra exhibit-
ing common octahedra. The pair of pentagonal tun-
nels, similar to that observed in TTB, is enhanced by a
heavy line.
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Ba,,,WO,

Fic. 8. Hypothetical intergrowth of Bag ;sWO; and
Bay ;0WO0s.

8). Its electron diffraction pattern is charac-
terized by streaking along the a* axis (Fig.
10b).

The occupancy of the tunnels by barium
ions is rather weak compared to that of
KCuTa;0y and KCuNb;Oy; whose struc-
tures are similar (21). This low occupancy
of the tunnels—less than half of the avail-
able sites—seems to be a characteristic of
the Ba—W-0 system, since the TTB struc-
ture which is formed in this system (/3) is
also barium deficient (x = 0.20-0.21). It is
also remarkable that the maximum x value
allowed by this framework is the same as
that observed in HTB: x = }. In this respect
the structural study of the potassium cop-
per niobate (21) shows that both structures
Bay sWO; and KCuM;0, (M = Nb-Ta) are
closely related to the HTB.

Conclusion

Ba, sWO; exhibits an original pentagonal
tunnel structure, closely related to the well-
known TTB and HTB structures. The close
relationships between these structures and
the formation of defects corresponding to a
different hypothetical structure open up a
new direction for the establishment of non-
stoichiometry in the A,WO; bronzes; the
possibility of intergrowths between these
structures will be further investigated.
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