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Abstract

The superstructures exhibited by ferroelectric stron-
tium barium niobate (SBN; Sr,sBa,.sNb,O4) have
been studied by electron diffraction throughout the
temperature range 93 < T <423 K. New phenonema
include: (i) evidence for a phase transition at ca
198 K, indicated by {h +1/2, k, 0} superlattice reflec-
tions with associated diffuse streaking along the (100)
directions of the tetragonal tungsten-bronze-type sub-
cell; and (ii) a measurable temperature variation of
the incommensurate superlattice (ICS) spacing along
K10, so that the order parameter increases sharply at
ca 198 K for decreasing temperature. The unit-cell
parameters and space groups of the two component
supercells, which intergrow coherently together to
give rise to the ICS, have been derived by analysis
and computer simulation of the ICS diffraction pat-
terns. Dark-field images of the room-temperature
phase revealed a chaotic microdomain texture
{(~60-100 A diameter) containing intergrowth
defects, and proved that the superstructures have
orthorhombic rather than tetragonal symmetry. Struc-
tural models are presented, based upon the observed
ICS diffraction patterns and dark fields, as well as
consideration of the average structure determined
previously by X-ray diffraction, and the closely
related superstructure of barium sodium niobate
(BNN: Ba,NaNb,0,,).

1. Introduction

The physical properties of strontium barium niobate
(SBN: Ba,Sr,_,Nb,O;) have been investigated
thoroughly because of some device applications
related to its exceptionally large non-linear polariza-
bility (Lines & Glass, 1977). Phase-analysis studies
have indicated a structure derived from the tetragonal
tungsten-bronze-structure (TTB) type (Jamieson,
Abrahams & Bernstein, 1968) for x <0-50, whereas
for x > 0-75 an orthorhombic derivative was proposed
(Carruthers & Grasso, 1970). The ferroelec-
tric/ paraelectric Curie temperature ranges from 333
for x=0-25 up to 473 K for x=0-75 (Carruthers &
Grasso, 1970; Fig. 5). An incommensurate superlat-
tice (ICS) was first reported by Schneck, Toledano,
Whatmore & Ainger (1981) who examined the (hkl/2)
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reciprocal-lattice plane (tetragonal cell indices; a =
b=12-3, ¢=3-91 A) using a monochromatic X-ray
precession camera. Superlattice spots were found on
both bisector directions of the tetragonal cell at posi-
tions + (h+[1+6]/4, k+[1+8]/4, 1/2) along [110]
[6=0-26(5)]. It had been observed previously
(Schneck & Denoyer, 1981) that similar behaviour
occurred for barium sodium niobate (BNN:
Ba,NaNb;O,s) with § =0-01 at room temperature,
increasing to 6 =0-08-0-12 for 548 < T < 573 K. For
BNN it was established that the ICS was one
dimensional (along [110]) by observing variations in
intensity of ICS spots along [110] and [110], con-
sistent with domains having symmetry lower than
tetragonal (e.g. orthorhombic). For SBN the ISC
intensity was identical along these two directions for
all samples studied, suggesting a two-dimensional
ICS having tetragonal symmetry. It has been pro-
posed that the instability responsible for the ICS in
BNN is due to a collective shearing of the [NbOg]
octahedra which constitute the framework of the TTB
structure (Schneck, Toledano, Joffrin, Aubree, Joikoff
& Babelotaud, 1982). This notion is based upon the
room-temperature (8 =0) structural analysis of
Jamieson et al. (1968), where O atoms situated in the
Z =1/2 plane were split between two positions (see
Fig. 8a below). However, there are no definitive struc-
tural studies of the ICS structures of either SBN or
BNN, probably because the superlattice spots are
weak and difficult to detect with X-ray or neutron
diffraction.

Electron diffraction and high-resolution electron
microscope beam-tilting techniques have been used
in this laboratory (Bursill & Peng, 1986; Peng &
Bursill, 1987) to derive a space group for the com-
mensurate superlattice phase of BNN (Ibm2) and a
structural model was derived which was consistent
with this space group and with the high-resolution
images.

Electron diffraction patterns recorded in the tem-
perature range 93 < T =423 K are hereby presented,
which have allowed the reciprocal-lattice geometry
of SBN to be more fully explored, owing to the
relatively large atomic scattering factors for electrons
compared to X-rays. High-resolution dark-field
images show that SBN possesses a chaotic micro-
domain texture consistent with a one-dimensional
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symmetry elements. Bmm2 is left as a reasonable
choice for the space group of (a,, b,, c,).

The extinction conditions for the (al, b., c}) unit
cell (Fig. 7c) are consistent with the orthorhomic
space groups Cmm?2, Cm2, and Bbm2. Of these,
Bbm2 may be eliminated since it is not compatible
with the average structure of SBN, leaving Cmm2
and Cm2, as reaonable choices of space groups for
(as, b;, c5). Both of these lack a center of symmetry.

(¢) X-ray structure refinement of SBN

This is shown in Fig. 9. Labels refer to sites having
different atomic nature and point symmetries, accord-
ing to atomic coordinates given by Jamieson et al
(1968). That refinement used space group P4bm, with
unit-cell parameters a =12:43, b =12:43, ¢ =3-915 A.
That tke true unit cell is larger than this, actually
(a,, b,, c,)+(a,, b., c.) in the ratio 3:1 as shown
above, is indicated by the apparent disorder for atoms
with z=0-5. Thus the O-atom sites Ox(4) and Ox(5)
have 50% occupancies across the mirror planes. It
was suggested later, for BNN (Jamieson et al., 1969),
but the argument is also good for SBN, that this
disorder may be associated with [NbOg] octahedra,
so that along ¢ Nb-O-Nb angles are reduced from
180 to ~165°. An ordered arrangement of such
cooperatively sheared octahedra leads to a doubling
of the ¢ axis. The O atoms around Ba form a distorted
tricapped trigonal prism, Sr has distorted cuboctahe-
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Fig. 7. (a), (b) Two orientation variants of ICS(8,), indices were
assigned using orthorhombic cell a, =17-58, b, =35-16 and ¢, =
7-83 A, assuming a 4xd,,, commensurate superlattice. (c)
Reciprocal-lattice model for (al, b,, ¢}), b, =1/2b,, unit cell.

dral coordination. No site splittings were detected for
Ba, Sr or Nb sites. This situation is different from
that for BNN, where there are significant splittings
of Ba sites (Jamieson et al., 1969), and is consistent
with our electron diffraction results, where the super-
lattice reflections for SBN were very significantly
weaker than was the case for BNN,

All of the metal atoms in SBN are displaced along
¢ from the nearest mean plane of O atoms, in the
same sense, which provides the origin of ferroelec-
tricity and determines the macroscopic polarity. The
ferroelectric properties seem to be determined
primarily by the Nb** displacements with respect to
these oxygen planes (Jamieson et al, 1968; Fig. 1).

(d) Superstructure of BNN

It has been shown that a reasonable space group
for BNN is Ibm2, with orthorhombic cell parameters
a,=3518, by=35-24 and c/=7-998 A (Peng &
Bursill, 1987). The structural model derived, on the
basis of high-resolution dark-field images of the
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Fig. 8. Computer simulation of the variation of the ICS(8,) spot
positions with mixing ratio of two components, corresponding
to end members (a,, b,, c,) and (a), b., ¢.,) where b, =2b’. The
observed 8 =0-195 corresponds to the ratio 0-75.
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Fig. 9. [001] projection of Ba,Sr,_,Nb,Og (after Jamieson ef al.,
1968). Note location of split O-atom sites Ox(4), Ox(5a, 5b).
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superstructure and image matching, is given here as
Fig. 10(a). Note the concerted clockwise (C) and
anticlockwise (A) displacements of O atoms having
sequence CAAC... along [010],, CACA... along
[100];and CA... along [001]7, giving slightly distor-
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Fig. 10. (a) Superstructure of BNN (after Peng & Bursill, 1987)
showing displacements of Ba and O atoms. Note concerted
rotations of Ox(7, 8) atoms and ordering of Ox(4) sites along
[010]. Note that a;=2a, =2a/,. (b) Superstructure model for
(a,, b,, ¢,) component of ICS($8,), assuming space group Bmm?2
and structural relationship to (a). Note sequence of concerted
rotations of O atoms represented by CAAC alongb, and CA...
along both a, and ¢,. (¢) Superstructure model for (a’, b’, ')
component of ICS(8,), assuming space group Cmm2. Note
sequence of concerted rotations of O atoms, represented by
CA...along a/,b), and ¢/.

ted cuboctahedral coordination for Sr. There are also
ordered displacements of Na ions along [010]/,
required for image matching. In addition, two O-atom
sites remain undetermined, one [labelled Ox(4)] was
assumed to be ordered, with displacements anti-
parallel to the adjacent Ba ions, whilst the other
[labelled Ox(5)] was assumed to remain disordered
at room temperature. Ordering of these sites, midway
between two undisplaced Ba sites, may give rise to a
further phase transition, observed in BNN at 113 K.
It should be noted that neither Ox(4) or Ox(5) dis-
placements could be detected in the electron diffrac-
tion or high-resolution study, owing to their relatively
very weak diffraction effect, compared with those of
the Ba displacements.

(e) Models for incommensurate superstructure of SBN
at room temperature

Comparison of the unit cells and space groups
deduced above for SBN, with the model for BNN,
and consideration of the average structure deduced
for SBN by Jamieson et al. (Fig. 8) leads immediately
to the structural models shown in Figs. 10(b), (¢) for
(a,, b,,¢,) and (a, b, c,) respectively. Since there
are no displacements of Ba atoms, it is no longer
necessary to retain a doubled b, (or b)) axis, leaving
sequence CA...along both [001], (or [001],) and
{100], (or [100],). (a,,b,,¢,) and (al, b’, c)) then
differ only in that b, =2b,, which may readily be
achieved by taking sequence CAAC... for b, and
CA... for b). Thus the two cells have a common
structural principle consisting of the concerted rota-
tional orderings of Ox(7) and Ox(8) sites along a,
and ¢, axes. The question of possible orderings of
Ox(4) and Ox(5) sites cannot be determined on the
basis of our present results. These could both remain
disordered and still be consistent with space groups
Bmm?2 and Cmm?2, respectively; or one half of these
sites could become ordered (indicated in Figs. 10b,c).
It seems reasonable to suggest that at least one of
these O-atom sites is disordered at room temperature,
leaving the way open for a further transition at 198 K
(observed above). Of course the latter may also
involve some displacements of Ba atoms, similar to
that which occurs in BNN.

The origin of the incommensurate superlattice
structure of SBN then appears to lie in the existence
of two competing structures (a,,b,,c,) and
(ac, by, ¢,) which are very closely related and presum-
ably have almost identical energies. Although no
static Ba displacements were detected by Jamieson
et al. (1968) they did report significant anisotropic
thermal parameters for some Ba atoms. This would
presumably favor some stabilization of the doubled
b,-axis component of the incommensurate structure.
Note that the pseudo-tetragonal nature of the SBN
superstructure arises presumably due to the absence
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of static Ba-atom displacements. The latter would
tend to lead to the different a and b subcell
dimensions. The concerted O-atom rotations C and
A, which are symmetrically placed with respect to
both a and b, will not induce a departure from
tetragonality. Thus only the small possible shifts of
Ox(4) or Ox(5) would remain to induce different a
and b subcell dimensions.

Our analysis of the incommensurate superlattice
patterns (see results in Fig. 8) required that the slab
widths for the intergrowths were actually 8-8 and
17-6 A, requiring use of primitive cells for the inter-
growth slabs. Fig. 11 shows the corresponding [110]
projection of the incommensurate superstructure.
Thus the sequence of concerted rotations along b,
(or b.) was found to be a mixture of (CA), (AC),
(C) and (A) units rather than of (CAAC) and (CA)
units. A typical sequence might be (CA)(A)(CA)(C)-
(AC)(A)(CA)(C) ... .Suchsequences are quite con-
sistent with the contrasts shown by the high-resolution
dark-field images (Figs. 7b,c). Further detailed ex-
planation of these results, and an application of
Grzinic’s theory to the superstructures existing below
198 K, must be left for a later paper (Grzinic, Peng
& Burstill, in preparation).

5. Concluding remarks

The present results again emphasize that very sig-
nificant information may be obtained by electron
diffraction, when weak symmetry elements develop
in a framework structure owing to a series of structural
phase transitions. Thus the reciprocal-lattice
geometry may be determined more readily than is the
case using X-ray or neutron diffraction alone. Again
the presence of small (100 A diameter) domains of
an orthorhombic superstructure, giving an appear-
ance overall of pseudotetragonal symmetry, could
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Fig. 11. {110] projection of incommensurate superstructure (8,)
showing intergrowth of primitive unit cells, corresponding to
half-width slabs of (a,, b,, ¢,) and (a), b, c,), as required for
computer matching of ICS(8,) diffraction patterns. Note the
mechanism of coherent intergrowth of these components.

only be detected using high-resolution dark-field
imaging techniques, since there is no measurable
change in subcell parameters which would otherwise
have indicated a low symmetry.

The present structural models should be regarded
as tentative, since we are not yet able to obtain quanti-
tative measurements of superlattice reflections, and
fully test the models. Even the high-resolution images
were not very sensitive to the superstructure, yielding
only just sufficient information to confirm the true
orthorhombic nature of the superstructure. Neverthe-
less, we believe that our structural models, which are
certainly based upon the average structure determina-
tions by X-ray diffraction and space groups derived
from electron diffraction, should provide a reasonable
basis for future definitive X-ray or neutron diffraction
work. It should now be possible to devise suitable
experiments for these techniques, to allow quantita-
tive testing of the models and further study, using
inelastic neutron scattering perhaps, of the series of
structural phase transitions exhibited by both SBN
and BNN.
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