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the cubic phase applies at high temperatures, i.e. the
presence of ¢, microdomains is not an artefact pro-
duced during cooling.

The point would be decided by a high-temperature
(> 1500 K) diffraction experiment to see if the
diffuse scattering was still present. This was carried
out recently by Neder, Frey & Schulz (1990), who
show that for single crystals of Cay.,5Zr(.550;.5s at
1550 K, diffuse neutron scattering indeed occurs, and
differs little from that observed at room temperature.

The authors gratefully acknowledge financial
support from an Australian National University —
CSIRO Collaborative Grant.
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Abstract

The displacive ferroelectric Bi,WO¢ [M, = 697-81, a
= 54559 (4), b = 5-4360 (4), c = 16:4298 (17) A, Z =
4, D.=9512gem ™3, Mo Ke, A=0-7107A, =
958-6 cm "', F(000) = 1151-73], is described at room
temperature as a commensurate modulation of an
idealized Fmmm parent structure derived from an
I4/mmm structure. Transmission electron microscopy
clearly showed that there are coherent intergrowths
of two distinct modulated variants in Bi,WO,
crystals. Displacive modes of inherent F2mm and
Bmab symmetry are substantial and coherent over a

0108-7681/91/060870-12503.00

large volume. They reduce the space-group symmetry
to B2ab. A further substantial displacive mode corre-
sponds to rotation of corner-connected WO, octa-
hedra about axes parallel to ¢ and has either of two
inherent symmetries, Abam or Bbam, the difference
being associated with the way this mode propagates
along ¢. The dominant Abam mode reduces the
space-group symmetry to P2,ab, while the existence
of the Bham mode reduces the intensity of A+ /=2n
+ 1 data and acts like a stacking fault. Group theo-
retical analysis of the problem details how the X-ray
data can be classified so as to monitor the
refinement. Anomalous dispersion selects the overall

© 1991 International Union of Crystallography
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sign of the F2mm mode and determines the polarity.
The overall signs chosen for the Bmab and Abam
symmetry components of atom displacements select
between equivalent origins. The overall signs of
induced modes of inherent Amam, Bbab and Ccma
symmetry had to be determined by comparative
refinement since the assumption that calculated
phases are best estimates can retain the initial overall
sign choice for these modes during least-squares
refinement. Correlations between the dominant
modes and the induced modes allowed a meaningful
choice of signs to resolve the pseudo homometry.
Only the sign of the Bbab mode was capable of
self-correction during refinement. A further induced
mode of inherent Cmma symmetry was constrained
to have zero amplitude because it required the inter-
action of three, rather than two, of the dominant
modes for its induction. A final value of 0-037 for R,
= Yl Fops(h)i = Foue(h)i)/ZlFop(h)  was obtained
for 2351 unmerged data with I(h) > 3a[I(h)].

Introduction

Bi;WO¢ is a member of the family of Aurivillius
phases, Bi,0,.4,,_,B,0,,,, many of which are dis-
placive ferroelectrics and can be described in terms of
relatively small amplitude displacive perturbations
away from an /4/mmm prototype parent structure
(see Fig. 1). Recently we have re-refined the crystal
structures of Bi Ti;0,, (Rae, Thompson, Withers &
Willis, 1990) and Bi;TiNbOy, (Thompson, Rae,
Withers & Craig, 1991). Careful analysis using
improved data sets and a modulated structure
approach for these two commensurate structures
produced structural models substantially different
from those previously reported (Dorrian, Newnham,
Smith & Kay, 1971; Wolfe, Newnham, Smith & Kay,
1971). Apart from these two members, the crystal
structures of only two other members have been

O O O O

O e O=2=0 O(2)
O O O =
o)
wi(1)
o)

O O O
Oq#o:c%o
O O O O

Fig. 1. A perspective drawing, approximately down (110), of the

undistorted Fmmm parent structure of Bi,WO, Only atoms

between ic and jc are shown.
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determined, namely Bi,WO, (Wolfe, Newnham &
Kay, 1969) and Biy(Sry¢Bay;)Ta,0, (Newnham,
Wolfe, Horsey, Diaz-Colon & Kay, 1973).

As the reported structure of Bi,WOs was
determined from relatively few (16) intensities
derived from neutron powder diffraction, and as the
earlier crystal structure refinements of Bi,Ti;0,, and
Bi;TiNbO, both subsequently proved to have fallen
into false minima, it was deemed important that the
crystal structure of Bi,WO, be re-refined also.
Furthermore, preliminary apparent valence -cal-
culations of the refined structure of Wolfe er al.
(1969) indicated that their model was highly improb-
able. In particular their space-group assignment of
B2ch precluded the rotation of WO, octahedra
around axes parallel to ¢ and this was an essential
feature of our other refinements. For this reason we
decided to re-refine the crystal structure of Bi,WO,
using X-ray diffraction data from a single crystal,
with a parallel TEM study to assist in determining
the space-group symmetry of the same material.

Although commensurately modulated structures
are capable of being described and refined using
standard single-atom parameters, there are distinct
advantages in using the modulated-structure
approach, especially when trying to understand
problems in refinement. A consequence of the use of
the modulated-structure approach is the desirability
of simply selecting symmetry operations of the
parent structure to describe true structures without
further transformation of axes or origin to compli-
cate the relationships between related structures. An
a glide perpendicular to b is a feature of all the
structures under consideration and relates atoms in
linked planes of atoms perpendicular to ¢. We have
incorporated this feature in all space-group labels,
noting that B2c¢b is an alternate label to B2ab.

The existence of false minima in the X-ray refinement
of Aurivillius phases

We can use coefficients 4,, derived from the
irreducible representations of the symmetry opera-
tions of a parent structure to describe the true
scattering density as p(r) = 2,p,(r) where the pth
symmetrized component of the scattering density is
obtained as p,(r) = 2,4,,p(R;r)/N, where N,=
2, Ay* and R, = (T,t,) is the gth of NN, symme-
try operations of the parent structure where Rr =
T,r+t,. N, is the number of symmetry operations
per unit cell and N, is the number of unit cells in the
crystal. The Fourier transform of the scattering den-
sity is then described as

F(h) = 2, F,(h) (1
where F,(h) is the Fourier transform of p,(r).
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Group theory (Bradley & Cracknell, 1972) may be
used to select the coefficients A4,,. The pth set of
coefficients is associated with a particular vector k,
in the Brillouin zone of the parent structure and A4,
=exp(—ik,.t,))X,(T,) for a particular n. For a
particular h in (1) the summations need only be
over those selections of p for which h = g + k, where
g is a Bragg reflection of the parent structure. The
orthogonality of irreducible representations gives:

2, F(T, 'WE/N, = 2, Fyh) 2 (2)

where N, is the number of pseudo-equivalent reflec-
tions with intensities {F(T, 'h)i%.

In the case of the Aurivillius phases T, 'h=g + k,
holds for all symmetry operations of the parent
structure of Fmmm symmetry when considering the
allowed Brillouin-zone points k, and the coefficients
X,(T,) are the same as those of the mmm point group
and are listed in Table 1. The irreducible representa-
tions have been labelled according to the space group
that would result should only symmetry elements
with 4,, = 1 be used.

Eight irreducible representations are possible for
each k, but only two of these may be used to
describe modulations within the constraint of non-
centrosymmetric orthorhombic symmetry. In this
instance the orthogonality relationship above reduces
to

3)

In the absence of anomalous dispersion Friedel’s

[FM)2+ [F(=h)PY2=1Fh)*+ F,(h)?.

Law applies and ‘F(h)>= F(—h)? so that
equation (3) becomes
F(h)? = |Fy(h)]® + |F,(h) *. (3

A further two irreducible representatives are
associated with each point and its pseudo equivalents
if the symmetry is reduced to monoclinic. Problems
in structure refinement occur when certain F,(h)
components dominate intensity measurements rela-
tive to other components. This can be restated in
terms of the scattering density components p,(r)
which can be said to potentially have problems of
scale, sign (x 1) and structure definition.

The relative signs of the components p,(r) are
associated with choices of origin and orientation of
the crystal structure, but this need not eliminate all
choice. The sign choice for the Fmmm component
p.(r) selects between 0,0,0 and ,.3,3 as the origin of
the parent structure model. The sign of the F2mm
component p,(r) determines the direction of the
polarity of the crystal, but this can only be
determined by data refinement when anomalous
scatlering atoms are present. A major cause of
difficulty in structure refinement is the F2mm com-
ponent since the data has to be good enough for this
component to be reliable since it and the dominant

Bi,WO,

Table 1. The irreducible representations of Fmmm
associated with the k =a*, k=b* k=c* k=0
points of the Brillouin zone and their effective space-
group labels (space group corresponding to the
symmetry operation with characters of +1)

Only the symmetry elements with a zero translational component
are listed.

1 2.2, 2.-1 m;m.m. k=a* k=b* k=c¢* k=0
X, 41 +1 +1 +1 +#1 +1 +1 +1 Ammm Bmmm Cmmm Fmmm
X 41 +1 =1 -1 +1 +1 =1 -1 Amaa Bmab Cmca F2imll
Xy +1 =1 -1 +1 +1 =1 -1 +1 Abam Bbam Ccem Fl12/m
X +1 =1 +1 =1 +1 =1 +1 =1 Abma Bbmb Ccma F12/ml
X¢ +1 +1 41 +1 -1 =1 -1 =1 Abaa  Bbab  Ccca F222
Xe 1 +1 -1 =1 =1 -1 +1 +1 Abmm Bbmm Ccmm F2mm
X, +1 -1 -1 +1t =1 +1 +1 -1 Amma Bmmb Cmma Fmm2
Xg +1 =1 +1 =1 -1t +1 -1 +1 Amam Bmam Cmcm Fm2m
In the absence of anomalous dispersion contributions to the

scattering factor from scattering density components transforming
as the irreducible representations X, to X, are real while those for
X, to Xy are imaginary.

Multiplication tables
X, X, X X Xs X, X; X

X, X, X, X5 X, X X X, Xy
X2 X, X, Xa X Xe X Xy X,
X3 X, X, X, X, X, Xy X X,
Xa X, X, X X, X¢ X, X, X
X X X X; X, X, X, X, X,
Xe X, X X« X, X, X, X, X,
D¢ X X, X, X, X, X X, X
Xy X X, X, X X, X, X. X,
k = a* k =b* k =c* k=
k=a* k=0 k=c* k=b* k=a*
k =b* k=c* k=0 k=a* k=b*
k=c* k=b* k =a* k=0 k=c*
k=0 k=a* k=b* k=c* k=0

Fmmm component are observed simultaneously.
Absorption corrections have to be sufficiently
accurate. The structures we have studied have u =
700-1000 cm ™! for Mo Ka radiation. Accuracy can
be achieved by refining the thin crystal dimension
defining plate thickness using correlations from a full
sphere of data and then excluding those equivalents
of a reflection for which absorption was too high.
Anisotropic extinction corrections are also necessary.

The anomalous dispersion has a benefit in that it
creates an imaginary component of the structure
factor associated with the Fmmm parent structure
which then correlates with the F2mm component and
increases the fractional contribution of the imaginary
component of the structure factor to the observed
intensity. Since least-squares refinement of X-ray
data implicitly assumes the calculated phase of
reflections is correct, the increase in reliability of the
imaginary component of residuals of F-centred data
is very beneficial. Displacing an oxygen atom in the
wrong direction along a can be stabilized by using
isotropic thermal parameters and the misbehaviour
of anisotropic thermal parameters can be an
indication of error rather than unrefineability (Rae,
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Thompson & Withers, 1990). Refinement of
occupancies at mirror-related sites also selects
correct atom displacements for the F2mm mode.

The distinction between 0,0,0 and 0,33 as the
origin of a B-centred structure, e.g. bismuth titanate
or a component of the bismuth tungstate structure, is
determined by the selection of sign relative to p,(r)
for one component, either p;(r) or p4(r), associated
with the extra reflections (k = b*). The relative sign
of the fourth component creates geometrically differ-
ent structures and can only be determined by corre-
lations. Two correlations matter: (1) Correlations
with anomalous scatterers. (2) Correlations caused
by the modulations being described as atom dis-
placements. Restricting ourselves to non-global
parameters (i.e. excluding scale, extinction efc.) we
can use a Taylor’s expansion to describe the struc-
ture factor as

F(h)=F(h),+ 2,2, [0F () 35,,,)0 A8 nrp
+ flfz,,z,,.‘p,,‘[()2F(h)/(;S,,,,,(93,,,'/,'](,AS,,,,,AS,,,/,,/ +...

)
where 4s,,, = 2,4,,*Av,,/N, and inversely 4v,, =
2.pAp,4s,,, where Av,,, implies the change from the
parent structure value of the rth parameter of the nth
atom as manifested at the gth equivalent position of
the parent structure. 4s,,, is a change in the pth
symmetrized combination of equivalents of the rth
parameter of the nth atom. The subscript o implies
evaluation using the parameters associated with the
parent. Parameters A4s,,, and 4v,, span the same
variable space.

If the only variables are occupancy parameters
and p(r), corresponds to the p=1 Iirreducible
representation in which all 4,, equal 1 then the
above series expansion terminates after the first-
order terms and for other p values, F(h) = ., [dF(h)/
OSnrplodSnrp. 1f the only variables are for dis-
placements of atom positions then the series is
infinite as we are differentiating exp(ih.r)-type terms
and the symmetry of terms in 4s,,,, 4s,.,45s,,,, etc.
determine which F,(h) component is contributed to
by which particular term in the series expansion. In
particular, if p and p’ are associated with Brillouin-
zone points k and k' then the 4s,,4s,,, term is
associated with the contribution for the point k + k.
The appropriate X,(T,) values are obtained from the
multiplication of the irreducible representations and
these results are also listed in Table 1. Also, terms
involving '|As,,,,,‘2 are associated with k=0 and p =
1 since 4s,,,* is associated with —k. Thus the
dominant Frmmm component of the structure factors
contains second-order information about the magni-
tudes but not phases of atom-displacement com-
ponents. Consequently, the dominance of the Frmmm
component over the F2mm component as a contri-

873

butor to intensity can result in incorrectly signed
F2mm components of displacements of individual
atoms, which are stabilized if the thermal parameters
are constrained to be isotropic. The inclusion of
anisotropic thermal motion further complicates the
picture. Thermal parameters can compensate for
errors in the atom-displacement components as they
simulate correlations between first-order displacive
components. The occurrence of unlikely thermal
parameters can be used as a diagnostic to indicate
systematic error (Rae, Thompson & Withers, 1990).

Provided displacements are sufficiently small the
first-order terms in the series (4) are dominant and a
particular combination 4s,,, is determined by a
particular component of the data since Fy(h) is
approximated by  2,[dF(h)/ds,,,),45,..,.  The
apparent scale of F,(h) data and hence 4s,,, param-
eters may be altered by disorder and twinning. The
second-order terms in (4) are correlations and link
components of the data since the irreducible
representation associated with the correlation term is
obtained from the product of the irreducible
representations of the relevant first-order terms.
However, when displacements are small these corre-
lations make a rather small difference to refinement
statistics and then only on index condition selected
data.

In the case of Bi,Ti;0,,, refinement used standard
atom parameters in a standard manner but results
and reflection data were analysed using a modulated-
structure approach. The only constraints were to
maintain B2ab symmetry for the anisotropic thermal
parameters of atoms pseudo related by this sym-
metry. The only additional parameterization was a
twinning parameter. The signs of the extra p,(r)
components associated with Blal are determined by
differences in magnitudes of the real and imaginary
components of pseudo-equivalent reflections. This
allows refinement of atom parameters away from
values imposing B2ab symmetry. The scale of these
displacements was affected by twinning which
reduced the differences between the observed inten-
sities of twin-related reflections. Some of the b-glide
absences of the B2ab approximation are observed
confirming that Blal is the true space group, and
since these reflections are not affected by twinning,
an estimate could be made of the correct scale for the
extra displacive modes and thus resolve the corre-
lation between partial twinning and overall mode
magnitude.

The choice of the sign for p,4(r) highlights the need
for an extra physical calculation of correctness to
discriminate between the resulting structures which
are geometrically quite different. The change of sign
for this component in bismuth titanate reduced the
agreement factor R, = X, |4AF(h)/2|F,(h)| from
0-027 to 0-020 before a twinning parameter further
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To obtain meaningful results it was found necessary
to exclude sinf/A < 0-2 A~! data from the statistics.
These data were later found to suffer from aniso-
tropic extinction. The principal axes of the later-
determined type 2 parameters (Coppens & Hamilton,
1970) did not align with the crystal axes and
destroyed equivalence of extinction-affected data.
Dimensions used for the absorption correction were
0,0,1) and (0,0,—1) 0-0115(2), (—1,1,0) and
(1,—1,0) 0:0354 (5), (1,1,0) and (— 1, — 1,0) 0-0525 (8)
and (100,138,295) 0:040 (5) mm. The optical and
refinement determined dimensions were verified by
measurement in the scanning electron microscope,
see Fig. 4. A full sphere of Mo Ka data (5784
primitive monochromator data) out to 6 = 30" was
recorded on a Philips four-circle automated diffrac-
tometer at 1°min ' for a scan width of 1-3° with
backgrounds of 10 s per side. The analytical absorp-
tion correction of de Meulenaer & Tompa (1965) was
used, u =958-6cm”'. Scattering curves, atomic
absorption coefficients and anomalous-dispersion
corrections were from International Tables for X-ray
Crystallography (1974, Vol. IV).

Values of wR=[Z N> wu( F(h)l — |F(h))*/
Tu(Ny — DZwpi F(h)|?]'2, where N,, is the number of
independent observations of F(h)|?>, were obtained
using SHELX (Sheldrick, 1976) and gave the
following results for the merging of data of different
index condition.

wR(merge)
Data used mll Iml 1lm
All reflections 0-0497 0-0417 0-0525
(Absorption uncorrected) 0-1768 0-1697 0-0674
sinf/A > 02 A ' 0-0501 0-0427 0-0371
sin@/A <02 A ' 0-0470 0-0328 0-1218

Selection of data

During refinement anisotropic secondary-extinc-
tion corrections were necessary and as a consequence
unmerged data had to be used. A 2% error in F(h)
was an arbitrary addition to the counting statistic
error in order to match the goodness of fit of differ-
ent data classes. Refinement used 2351 data with I(h)
> 3o[I(h)]. The overall range of transmission factors
(T) was 0-013 to 0-125 but 137 reflection data with T
< 0-035 were excluded because it was considered that
the absorption correction was too unreliable, chang-
ing too rapidly with thickness. These, however, were
monitored to assess the quality of the absorption
correction. An additional 37 reflections were con-
sidered unobserved and excluded from refinement
despite just meeting the intensity requirement. This
was based on their small calculated intensity and the
fact that they had more than one equivalent truly
unobserved by the intensity criterion. The extra 2866
truly weak data were monitored and refined to a
goodness of fit of 0-98, see Table 2. Data were
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Table 2. Final refinement statistics for Bi,WO,

Data set R, wR G.o.f.
All 2351 used data 0-0370 0-0453 1-49
(1) 1335 eee and ooo data 0-0331 0-0417 1-55
(2) 803 ¢oe and oeo data 0-0426 0-0440 1-26
(3) 186 oee and evo data 0-1145 0-1949 1-92
(4) 27 eeo and coe data 0-0947 0-1178 0-88
(5) 137 high-absorption data 0-0563 0-0661 2-00
(6) 40 sing:A <02 A ' data 0-0681 0-0723 2:81
(7) 2866 I < 3o(1) data 0-585 0-400 098

Notes: R, = Zy[1Fopi(h) — Foadh) /2, Fop(h),
WR = [Zwn( Fon()l = Feae(h) )/ Zowy Foa():7]' %,

G.of. = [Zawa(iFanh) — Foy(h) )/(n — m))' g

monitored by segmenting according to index, viz.
h,k,l odd (o) or even (e). The 2351 used data con-
tained 1335 F-centred (eee and ooo) data, 803 B-
centred (ece and ceo) data, but only 186 A4-centred
(0ee and eoo) data and 27 C-centred (eeo and ooe)
data. Final refinement statistics are given in Table 2.

Refinement of the structure of Bi,WQ,

The structure was refined in space group P2,ab
using the program RAELS89 (Rae, 1989). Which
atom displacements contribute to which modulations
is described by the results listed in Table 6. The
symmetry of the modulations and their essential
nature are listed in Table 3. Initial refinement only
allowed refinement within the constraint that the
Bbab, Amam, Cema and Cmma displacive modes had
zero amplitude. The overall signs for the remaining
modes are simply origin and polarity choosing and
the comparison between polarity options was clearly
significant in the first cycle. The Bi atoms had their x
values fixed at zero to define the origin in the a
direction and the W atom was displaced =0-5 A to
create the initial contribution to the F2mm mode. O
atoms were started at their Frmmm parent symmetry
imposed positions. The Bi atoms were displaced to
create initial information for the Bmab mode and the
WQ, octahedra were rotated to move O(1) and O(1")
in the xy plane to create initial information for the
Abam mode. A single scale constant was used for all
data. Anisotropic thermal parameters were used with
constraints that maintained the parent structure 2.
symmetry relationship relating primed and unprimed
atoms which become inequivalent once the symmetry
is lowered below B2ab. Refinement was well behaved
and converged in a few cycles. The O(1)- and O(1')-
atom thermal parameters always tended to go non-
positive definite and as a consequence U,, = U,, was
imposed as a constraint for these atoms. The sign of
the Amam mode was then ascertained by compara-
tive refinement using a y displacement of the W atom
to initiate the refinement options. The sign of the
Bbab mode was then ascertained initiated by the y
displacements of the O(2) and O(2") atoms which are
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Table 3. Major and minor displacive modes for the
commensurately modulated structures of three
Aurivillius phases Bi,0,.4,,_ B, 03,

Space
n  Compound group Major components Minor components

3 ByTi0, Blal F2mm  Bmab Fmm?2 F12/m1
Bbab Bbam Bmam
2 Bi;TiNbO, A2,am F2mm  Abam
Amam
1 Bi,WO, P2,ab F2mm  Bmab Bbab Amam
Abam Ccma (Cmma)
or
Blal F2mm  Bmab Bhab Bmam
Bbam F12iml  (Fmm2)
Description of major modes of displacement
Ferroelectricity along a direction F2mm forn=3,2,1
Alternating rotations of octahedra Bmab forn=3,1
about axes parallel to a Amam forn=2
Rotation of octahedra about axes Bbab, Bbam forn=3
parallel to ¢ Abam forn=2

Abam or Bbam forn =1

Notes: Minor displacive components can be regarded as being

induced by major components.

n=3 Fmm2 = Bbab* Bbam
Bmam = F2mm* Bbam

n=1 Bbab = F2mm*Bmab
Cema = Abam™ Bmab

F12/m1 = Bmab* Bbam

Amam = F2mm* Abam
(Cmma = F2mm* Abam* Bmab)
or Bbab = F2mm* Bmab Bmam = F2mm* Bbam

F12/ml = Bbam* Bmab (Fmm?2 = F2mm* Bbam* Bmab)

Bbam mode for n = 3 reduces space-group symmetry from B2ab to
Blal. This mode allows octahedron at z = 0 and } to rotate about
¢. The Bbab mode has anti-mirror symmetry across the z = 0 and ;
planes.

the only contributions to this mode. It was found
that the anomalous dispersion of Bi atoms involved
in the Bmab mode was sufficiently dominant to
correct the-wrong choice of sign for the Bbab mode.
The weak C-centred (eeo and ooe) data were
excluded from all refinements up to this point.

The minor displacive modes can be regarded as
being induced by the major F2mm, Bmab and Abam
displacive modes. The multiplication of irreducible
representations associated with this are given in
Table 3. It is to be noted that, whereas the Ccma
mode can be induced using just two major modes, all
three are required to induce a Cmma mode. It was
therefore decided to initially refine just the Ccma
mode and determine its choice of sign. An equal but
opposite signed x displacement of the Bi(l) and
Bi(1") ions initiates this refinement. The success of
this refinement step and the paucity of the data
precluded any meaningful assessment of the Cmma
mode which was therefore assumed to have zero
amplitude.

Mindful of the comparative misbehaviour of the
thermal motion of the O(1) and O(l") atoms consist-
ent with an error in the scale of the 4- and C-centred
data and the explanation for such behaviour inherent
in the SDF (Fig. 3) it was decided to refine two scale

Bi,WOq

constants, one for F- and B-centred data and a
hopefully smaller one for 4- and C-centred data. To
counter the correlation between the scale of O(1)-
and O(l’)-atom displacements in the xy plane, the
second scale constant and the apparent thermal
motion, the minima was chosen to be that defined by
the constraint that U,, = U,, for these atoms.

Comparative refinement checks were then re-run
for the sign options with the following discrimina-
tions between stable minima. A difference between
R, =0-171 and 0-114 (oee and eeo data only) was
found for the Amam mode, and between 0-143 and
0-095 (eeo and ooe data only) for the Ccma mode.

A final scale ratio of Ky(h+[=2n+ )/K,(h+ 1=
2n) = 0-97 (7) was obtained for F(h) data. There
would appear to be little of the Blal intergrowth in
the crystal, but correlation problems have placed a
very large error on the scale of K, so this result
cannot be conclusive. An anisotropic extinction
parameter of type 2 as described by Coppens &
Hamilton (1970) was refined. The final refinement
cycle data with sin/A <0-2 A~' had a value for R,
of 0-068. Values of Wi, =17(2), W5, =27(3), W33
=27 (4), Wi, =10 (2) were obtained. The remaining
parameters W{;and W;; were found to approximate
zero and were subsequently constrained to be so.

Structure description

Table 4 gives the final atomic fractional coordinates
and Table 5 the final anisotropic thermal
parameters.* Table 6 contains a resolution of atomic
parameters into the displacement modes of different
symmetry. Table 7 gives the geometry of the W and
Bi environments in Bi,WO.

Fig. 5 shows the atom displacements correspond-
ing to the Bmab component, being the rotation of the
WO, octahedron about the a axis, and Fig. 7 shows
the atom displacements corresponding to the Abam
component, being the rotation of the WO, octahe-
dron about the ¢ axis (see Table 6). This latter
motion, which is precluded by the space group B2ab,
has a significant magnitude and involves a 9-0°
rotation of the octahedron from its high-symmetry
parent position.

Both of these octahedral rotations were also
observed in our previous refinements of Bi,Ti;O,,
and Bi;TiNbO,. Furthermore, the magnitudes of the
atom displacements associated with these motions
are so similar as to be almost identical.

The other major displacive component in Bi,WO,
is the ‘ferroelectric’ F2mm component (Table 6 and

* Lists of structure factors have been deposited with the British
Library Document Supply Centre as Supplementary Publication
No. SUP 54389 (35 pp.). Copies may be obtained through The
Technical Editor, International Union of Crystallography, 5
Abbey Square, Chester CH1 2HU, England.
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Table 4. Fractional coordinates for Bi,WOg ( x 10%)

x y z*

w(l) 209 (1) 79 (5) 5000
Bi(1) 40 (4t 4810 (1) 6723 (0)
Bi(1') —40 (4)t 5209 (1) 3277 (0)
Oo(l) 3542 (19) 2199 (20) 4848 (6)*
Oo(l") 2729 (20) —2975 (18) 5152 (6)*
0(2) 2789 (50) 2385 (32) 2502 (17)
02) 2877 (49) 7614 (33) 7493 (17)
0O(3) 977 (30) 668 (35) 6087 (4)*
o(3) 890 (33) —504 (35) 3913 (4)*

* These parameters were constrained to have no Cmma
component.
t Used to fix origin in P2,ab.

Table 5.

The thermal parameters of atoms X and X' related by the pseudo
2, symmetry axis were constrained so that U,= U, for ij=
11,22,33,23 and U,= —-U, for ij=12,13. Values are times

g

U,; thermal parameters for Bi,WOs

10°* A?
L’l 1 U22 U.U Ul 2 Ul 3 UZJ (U>

w(l) 500 3(0) 5(0) 0(-) 0(-) 0 (0) 4(0)
Bi(1) 9 (0) 8(0) 8(0) —-1(0) 2(0) 1(0) 8 (0)
Bi(1) 9(0) 8 80 1(-) —-2() 1(0) 8 (0)
o) 7(Q) 70 155 1) 30 -4@0) 102
o) T7Q) TR 15(59 -1(@Q) -3@Q) 4@ 102
02) 83 8() 10013 2() 3Q) 1@ 9(1)
o) 83) 8() 1003) -212) -3@2 1) 9 (1)
0(3) 9(3) &) 174 2() -2(H -3( 12.(1)
o3) 9(3) 8() 174 -2() 2@ -3() 12(1)

o(2)

“

Bi(l)

0(3)
0 (I' o(n
03"

Bill)

L ]

0 (2)

Fig. 5. A section of the Fmmm parent structure projected down a.
The superimposed arrows correspond to the Bmab component
of the atom displacements (see Table 6). The other section per
unit cell is displaced by (a + b)/2 and is not shown for clarity.
The arrows are reversed for this other section. Only atoms
between jc and ic are shown. The remaining atoms are related
by B-centering.
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Table 6. Displacive components for the displacive
modes of Bi,WOq

Displacements are given as fractions of unit-cell dimensions
(x 10%). The total displacement for an atom is the sum of the
components.

F2mm  Bmab Abam Amam Ccma Bbab Cmma

Ax Ay Ay Az Ax Ay Ay Az Ax 4y Az
W(l) 209 79 0*
Bi(1) Ot -200 9 40 o*
Bi(1) 0% 200 9 -40 0*
O(1) 635 87 —152 406 - 388 0*
O(1') 635 - 87 152 -406 388 0*
0(2) 333 4 0 -2 -4 -114
0O(2) 333 -4 0 -2 44 114
0O(3) 933 586 82 44 0*
0O(3) 933 — 586 82 - 44 0*

* Constrained to be 0.
+ Origin fixing in P2,ab.

Table 7. Geometry of the W and Bi environments in
Bi,WO,

Distances (A)

Distances <4-0 A are listed for the Bi atoms. Distances and angles <22 A
are listed for the W atom. Distances in the same row of the table would be
equivalent in the Fmmm parent structure. O atoms are coded to indicalc
what special position of Fmmm they have been displaced from, viz. (@) —

L) —ah @b e ine) ~L L5 (0.0, )01,z (h): L
= ()0, 4z (j);3:(k)44~(1)44:(M)41~(")11 1(0) 1.0, =
Lz (q)1~!:() =65 (90,0, 1 -4 —4 2

Bi(1) —O(2)a 2-188 (25) —O(2)b 2226 (23) —O(2')c 2341 (26) —O(2)d 2514 (23)
—O@3)e 2:464 (15) —O(3)f 2:534 (18) —O(3)g 3390 (I18) ——O(3)h 3-413 (16)
—O(3)i 3664 (8)

—O(1)d 3-204 (10) —O(1)h 3-348 (9) —O(l)a 3-369 (9) —O(l)c 3893 (10)

Bi(1'—-O(2)j 2-180 (25) —O(Dk 2239 (24) —OQ2) 2:328 (26) —O2)m 2522 (24)
—O(3)h 2:459 (17) —O(3')n 2:604 (18) —O(3)0 3-316 (18) —O(3')p 3-404 (17)
—O(3)g 3654 (8)

—O(k 2996 (9) —O(I') 3-570 (9) -—O(l)m 3-628 (10) —O(1')j 3638 (9)

W(1)—O(l)a 1-755 (11) —O(l)r 2167 (10) —O(I')f 1-789 (10) —O(1")s 2-170 (10)

—O(3)c 1-851 (8) —O(3) 1-862 (8)
O—W(1)—O angles ()
O(l)c Oy 172:1(5) O’ OMa 1719(5)  OB) OBy 1554 (4)
Oy O 836 (5) O(e O(3)s  802(5) Ol OFY 792(6)
ON)e  O(l)a 883 (2) Oy O(3)s  83:0(6) oI’y O3y 81-5 (6)
Ol Oy 1002(©) O@B)s O() 984() OGks Ol 962 (6)
o3y Oy 1002(6) OBY O(l)a 96:4(6) Oy O(la 996 (6)

Fig. 6). The mean displacement of the octahedron
oxygen framework, atoms O(1), O(1"), O@3), O3,
from the parent along the a axis is 0-43 A, which is
comparable with the other re-refined structures. The
W atom is displaced only 0-12 A in the same direc-
tion, which implies that it is displaced 0-32 A relative
to the centre of the octahedron. Therefore, of all the
MOQOg octahedra observed in the three structures
refined to date, the W in WOy is furthest displaced
from the centre of the octahedron. A full comparison
of the re-refined structures and a discussion of the
chemistry of BiyTi;0,,, Bi;TiNbOg and Bi,WOy is
published elsewhere (Withers, Thompson & Rae,
1991).

We have calculated the dipole moment per unit
volume of Bi,WOq using ionic species Bi*', W°' and
O?" and obtained 46 wC cm ™% This compares with
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42 wC cm 2 calculated by Wolfe, Newnham & Kay,

(1969) for their refined model. We are unaware of

any experimental value for this material.

While we have described Bi,WOq in terms of a
commensurate modulation of an idealized Fmmm
parent structure derived from an /4/mmm structure,
it is not necessary for these purposes that this struc-
ture actually exists, even though such high-symmetry
polymorphs do exist above T, for other Aurivillius
phases e.g. BisT1;0,,. Reversible phase transitions

o(2)
Bi (1)
0(3)
o (1),(1)
0(3)
Bi(1)
0 (2)

Fig. 6. A section of the Fmmm parent structure projected down b.
The superimposed arrows correspond to the F2mm component
of the atom displacements (see Table 6). The other section per
unit cell is displaced by (a + b)/2 and is not shown. Only atoms
between sc and j¢ are shown. The remaining atoms are related
by B-centering. The F2mm component corresponds to the
spontancous polarization along a.

(1) o
(no

MM

Fig. 7. The Abum displacive mode showing the 90 rotation
of WO, octahedra about axes parallel to ¢. This mode can be
either A-centred (Abam symmetry) or B-centred (Bbam
symmetry). The majority component has 4bam symmetry.

Bi,WO,

Table 8. Apparent valences for atoms in Bi,WOq

Parent F2mm Bmab Abam 2Mode’ 3Mode” Total® Wolfe?
Bi(1) 279 302 295 2-80 316 316 3-18 296
Bi(1) 279 302 295 2:80 316 318 316 296
W(l) 646 665 6:10 622 6-30 604 6-06 672
O(l) 198 222 1-91 1-87 2:14 195 2-11 2:30
O(1) 198 2:22 1-91 1-87 214 2:09 1-95 2:30
Oo2) 223 2:29 2:25 223 2-32 2:32 2:31 225
O(2) 223 2:29 2:25 2:23 232 2:32 2:31 2:25
O(3) 181 1-83 1-84 1-81 1-85 1-85 1-86 1-77
O(3) 181 1-83 1-84 1-81 1-85 1-85 1-85 1-77

Notes: (a) The sum of F2mm and Bmab displacements. (b) The
sum of F2mm, Bmab and Abam displacements. (c¢) The sum of all
modes, the final refined structure. (d) The refined structure of
Wolfc er al. (1969).

have been reported for Bi,WO, at 935 and 1235 K
(Watanabe, 1982) which would be consistent with a
progressive raising of symmetry. However, there is
no evidence to date to confirm the existence of a
tetragonal form of Bi,WQ, above ~ 1235 K. Rather,
high-temperature XRD studies have indicated a size-
able volume change at this temperature consistent
with a reconstructive phase transition, giving a high-
temperature polymorph with monoclinic symmetry
(Watanabe, 1982; Yanovskii, Voronkova &
Milyutin, 1983). There is, however, a significant lack
of agreement among various authors as to the struc-
ture or even existence of this ‘monoclinic’ phase
(Newkirk, Quadflieg, Liebertz & Kockel, 1972;
Watanabe, 1982; Yanovskii, Voronkova & Milyutin,
1983).

Crystal chemistry

As in our recent refinements of Bi,Ti,O,, (Rae,
Thompson, Withers & Willis, 1990) and Bi,TiNbO,
(Thompson, Rae, Withers & Craig, 1991) we have
calculated apparent valences (AV’s) to confirm the
chemical plausibility of the refined structure and to
help understand the driving force underlying the
various observed displacive modes (Table 8).

In common with the parent Bi,Ti;O,, and
Bi;TiNbOs structures, the AV’s of the perovskite B
atom, in this case W, and the Bi atom in the Bi,0,
layer are overbonded and underbonded, respectively.
The octahedral rotation modes, Bmab and Abam,
again serve to reduce the overbonding of the
perovskite B atom, effectively by increasing the
dimensions of the octahedron of oxygen atoms.
However, it is the ‘ferroelectric’ F2mm mode which
principally corrects for the underbonding of the
Bi,O, layer Bi atom.

Also in common with the previous refined struc-
tures, the oxygen atoms on either side of the Bi,O,
layer Bi atom, O(2) and O(3), appeared to be over-
bonded and underbonded, respectively, while the Bi
atom in between appears to be satisfactorily bonded.
Given the internal consistency of this feature among



A. DAVID RAE, JOHN G. THOMPSON AND RAY L. WITHERS

the, now, three independently re-refined structures,
we must conclude that this feature is normal for this
structure type and arises from the inability of the
apparent valence method to handle atoms possessing
lone pairs in highly anisotropic structural environ-
ments, such as Bi** in the Bi,O, layer of Aurivillius
phases.

In all of our previous calculations of AV’s we have
used the empirical parameters derived by Brown &
Altermatt (1985). For the present calculations we
retained their values of ry=2:094 A for Bi*' —O*"
but did not use their value of ro=1917 A for
We*—0O?" for reasons discussed by Domenges,
McGuire & O’Keeffe (1985). Instead we used r, =
1-900 A which we derived from simple perovskite-
related WY' containing oxides.

The authors wish to thank Dr A. C. Willis,
Research School of Chemistry, ANU, for X-ray
diffraction data collection, Dr L. R. Wallenberg,
University of Lund, Sweden, for assistance with
high-resolution electron microscopy and Mr R.
Heady, ANU Electron Microscopy Centre, for assis-
tance with scanning electron microscopy.
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Abstract

The tetragonal (¢) to monoclinic (m) transformation
in pure ZrO, was investigated by neutron powder
diffraction at temperatures between 1900 K and
room temperature. The results of a Rietveld analysis
are compared with a previous investigation of the m
— ¢ transformation. The t—m transformation takes
place near 1200 K (implying a hysteresis of 300 K)

0108-7681:91.060881-06503.00

and in a much smaller interval (about 150 K com-
pared with about 600 K in the m—t case). There are
no indications of a two-stage process as found for
the m—t transformation. The structural parameters
of the m phase depend only on temperature while
those of the ¢ phase differ at the same temperatures
for the forward and reverse transformation. The
temperature dependence of the lattice constants sug-
gests an orientational relationship a,|a* and ¢/|b,.
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