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ABSTRACT

We present an electron microscopy and diffraction study of a Ca,Ba;_Nb,O¢ ceramic with x = 0.28 (CBN28), a ferroelectric material with
a partially filled tetragonal tungsten-bronze structure. The microstructure has strong similarities to that of Sr,Ba;_,Nb,Og, with an average
orthorhombic symmetry and an intimate intermixture of merohedral twin variants at a length scale of tens of nanometers. Superstructure
spots in diffraction patterns are displaced by a one-dimensional incommensurate modulation, characterized by a propagation vector 850.
Heating experiments show that J is strongly coupled to ferroelectric polarization, decreasing as 180° ferroelectric domains become more
finely spaced and needle-like as the Curie temperature T¢ is approached during heating and increasing once more above T¢. No change in
symmetry is observed at T¢, consistent with a transition from ferroelectric to antiferroelectric (or ferrielectric) relaxor properties. The super-
structure spots and incommensurate modulation disappear ~ 250 °C above T¢, consistent with polar regions in the material becoming fully

transient.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157636

I. INTRODUCTION

Ca,Ba;_yNb,Os (CBNx), with a partially filled tetragonal
tungsten-bronze (TTB) structure, is a uniaxial ferroic material of
interest for dielectric,’ non-linear optics,” and ferroelectric’ applica-
tions. Congruent melting occurs at x = 0.28, producing a thermally
stable compound (CBN28) with a high Curie temperature T, typi-
cally reported to be between 250° and 275 °C." Brillouin scattering
and ultrasound observations indicate that it is a normal ferroelec-
tric below T¢, transitioning to relaxor behavior above® with polar
nanoregions detectable up to T" ~ 530 °C and a Burns temperature
Tp ~ 800°C.° Structurally, 180 DWs are found at room tempera-
ture, which become fine needles elongated along the polar axis as
T¢ is approached.”

Like other TTBs, CBN28 only adopts the prototype P4/mbm
(No.127) tetragonal structure (a = b = 12.95 A, c=3.954A)at high
temperature. Below T¢, displacement of the Nb cation from the
center of NbOg octahedra along the c-axis produces ferroelectricity,
while coordinated distortions of the oxygen polyhedra reduce

symmetry still further.*”'" Furthermore, in CBN28,'' like many
other TTBs,'” these distortions can couple to varying occupancies
of the Ca and Ba sites with a period that is incommensurate with
the crystal lattice. Initial studies of single crystal CBN®'' denoted
the average room temperature structure to be tetragonal with a
doubled c-axis, with two incommensurate propagation vectors
along [110] and [110]. However, several other TTBs have been
found to be orthorhombic with unit cell ag = 2v/2a, bo = V2a,
co = 2¢ and only one incommensurate propagation vector.'”'” The
almost perfect match ap = 2bp means that merohedral twins are
common, leading to a pseudotetragonal cell found in macroscopic
diffraction measurements. Here, using transmission electron
microscopy (TEM) and electron diffraction, we show the same
applies to CBN28.

The structural studies of Graetsch et al.* found no change in
symmetry at T¢ for CBN28, proposing instead a transition from a
polar ferroelectric state to an antiferroelectric, or almost non-polar
ferrielectric, state. Polarizations of opposite sense are produced as
one of the two sets of crystallographically distinct Nb cations move
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past the center of their NbOg octahedra, while the other set is
unchanged and the incommensurate modulation remains. This is
also consistent with the relaxor behavior above T¢ with polar nano-
regions that become gradually less stable with increasing tempera-
ture, becoming completely transient at a temperature T and
non-existent above Tp. Here, using electron diffraction, we examine
the incommensurate propagation vector as a function of tempera-
ture and find it reaches a minimum in reciprocal space at T¢, indi-
cating a coupling between ferroelectricity and incommensurate
modulation. The incommensurate modulation decreases above T¢
and disappears at ~200 °C above T¢, roughly consistent with other
measurements of T" in CBN28.”°

Il. METHODS

CBN28 was produced by a conventional mixed oxide process
similar to the undoped material in Peirson et al.' CaCO; (Alfa
Aesar, 99.95%), BaCO; (Alfa Aesar, 99.95%), and Nb,Os (Alfa
Aesar, 99.9%) powders in appropriate quantities were dried at
200°C for >24h and ball milled with yttria-stabilized zirconia
milling media in isopropanol for 24 h. Dried, milled powders were
calcined at 1200°C for 12h in covered alumina crucibles. This
extended calcination eliminated secondary phases, such as
CaNb,Og, seen in laboratory x-ray powder diffraction data from
previous 4 h calcinations.’

Specimens for TEM were prepared from the calcined powder,
mixing a small amount with aluminum powder (particle size
<10pm) in a ratio of ~1:5 in an aluminum foil wrap, which was
then cold rolled to produce a solid Al sheet containing CBN28 par-
ticles. This sheet was then used as source material for conventional
grinding, polishing, and Ar" ion milling to electron transparency.
Specimens were examined in a JEOL 2100plus LaBs TEM operating
at 200 kV. Heating experiments were performed with a Gatan 652
double tilt heating holder.

For clarity, all Miller indices are given in the reference frame
of the prototype TTB structure.

ARTICLE pubs.aip.org/aip/jap

I1l. RESULTS

We first demonstrate that merohedral twinning is present with
incommensurate modulation in only one dimension. Selected area
electron diffraction (SAED) patterns commonly show superstruc-
ture spots that are due to the cooperative rotations of the oxygen
octahedral framework, as can be seen in the [112] zone axis pattern
of Fig. 1(b). In this pattern, the superstructure spots are close to
(2m 4 1)3111 + 2110, where m and n are integers, but are alter-
nately displaced from those positions by +860 to form pairs, such
as that found in the circle of Fig. 1(b). This displacement is indica-
tive of a structure with a period J, incommensurate with the crystal
lattice. In Fig. 1(b), § = 0.054 + 0.002, corresponding to a period-
icity of 16.0 nm.

It is also possible to obtain SAED patterns from a single
crystal with no (or extremely weak) superstructure reflections, as
shown in Fig. 1(c). Using an objective aperture to form a dark field
image using the superstructure spots shows the two regions quite
clearly [Fig. 1(a)], with a dark region on the right of the image cor-
responding to an absence of superstructure spots. Interestingly, the
bright region on the left shows a patchy contrast on a length scale
of 10-50 nm. (Similar data obtained at the [110] zone axis are
shown in Fig. SI1 of the supplementary material.) These observa-
tions are consistent with two orientational variants of an incom-
mensurately modulated phase, with orthogonal components of a
modulation vector along [110] or [110], respectively.14 In such a
case, the modulation vector of the second variant lies far from the
Ewald sphere in Fig. 1(c), and only the first variant [Fig. 1(b)] can
contribute to the dark field image, with the result that the second
variant appears dark. The patchy contrast suggests that the two var-
iants are intimately intermixed. These results are consistent with
the SAED and high resolution TEM study of Lu et al,"” who pro-
posed an orthogonal cell for CBN28 with lattice parameters

ao = 2v2a, bo = \/2a, co = 2¢. These data are also very similar to

those presented by Krayzman” in the TTB Sre;Bag30Nb,Og
(SBN61), suggesting a common structure and behavior. They

FIG. 1. (a) A dark field image of CBN28 obtained at the [112] zone axis, using superstructure spots selected by an objective aperture placed at the position marked by
the green circles in (b) and (c). Bright regions in (a) show areas of the material where superstructure spots are present, and dark regions show areas where they are
absent. The SAED patterns in (b) and (c) were obtained using a selected area aperture located in the regions indicated by yellow circles in (a). Miller indices in (c) use the
TTB prototype cell.
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FIG. 2. (a) Ina [ﬁO] SAED pattern from CBN28, superstructure spots are displaced from h/4 k/4 (1 + 2I)/2 positions by + 560 due to an incommensurate modula-
tion. (b) A RT [110] SAED pattern. Measured values of & (left axis) and mean intensity of superstructure spots (right axis) are shown for (c) an initial and (d) a repeat
heating cycle. Error bars are the standard deviation of 96 measurements of &. The first measurement in (c) has two data points; the green point corresponds to a measure-

ment made in the area denoted by the green circle in Fig. 3.

proposed that SBN61 consists of an intergrowth of two structures,
one with unit cell @’ = 2v/2a, ¥ = v/2a, ¢ = 2¢ and a second with
ad'=6\2a, V' =+\/2a, ' =2c Together, these produce a phase
mixture that results in an incommensurately modulated structure
for each twin variant.

350/

The behavior of the superstructure spots as a function of tem-
perature in a [110] SAED pattern is shown in Fig. 2. In this
pattern, superstructure spots are close to h/4 k/4 (14 21)/2 (h, k, 1
integers) and are displaced by the same incommensurate propaga-
tion vector +860 [Fig. 2(a)]. Two heating and cooling experiments

FIG. 3. Bright field [110] TEM images of the [110] crystal used for the measurements in Fig. 2. The white circle shows the position of the selected area aperture. The
green circle in the first image shows a second location, corresponding to the green data point in Fig. 2(c).

1G'S0:L L €202 18qWaAON 82

J. Appl. Phys. 134, 064101 (2023); doi: 10.1063/5.0157636
© Author(s) 2023

134, 064101-3


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

were performed sequentially. Data analysis was performed using a
Python script, measuring the position and intensity of 96 super-
structure spots in each SAED pattern. Bright field TEM images,
showing the position of the selected area aperture and the changing
microstructure of the material during the first experiment, are
shown in Fig. 3. At room temperature (25°C), a domain structure
is visible in the first image of Fig. 3. These are 180° ferroelectric
domains.”'® SAED patterns were taken from domains 1 and 2 in
Fig. 3 and appeared essentially the same; however, more detailed
analysis shows a significant difference in the value of 6, being §; =
0.0175 4+ 0.0025 and &, = 0.0115 + 0.0025. These values are
rather less than the room temperature measurement of Lu'” of
0.0225 for single crystal material. During heating, the value of &
increased erratically up to a nominal temperature of ~250 °C, after
which it dropped again. The intensity of the superstructure spots
also behaved erratically, staying relatively low up to 200 °C where it
increased dramatically. The images of Fig. 3 show the domain
structure changes significantly during heating, with domain walls
becoming denser and longer, aligned with the c-axis (vertical in
these images) as observed previously in single crystal CBN28 by Lu
et al” Evidence for decreasing domain size in CBN28 as Tc is
approached, and a locally varying T¢ that depends upon domain
size has also been presented by Heine et al.'” using second har-
monic generation.

The value of § decreased until the domain structure vanished
at ~300 °C. The absence of domains implies a loss of ferroelectric-
ity, and we may, therefore, take this observation and the minimum
value of J to indicate at the Curie temperature Tc. Our bulk
CBN28 ceramic has peak €, between ~240 and 268°C,' in agree-
ment with the documented values of Tc.*”'® Thus, the value of
~300 °C observed in Fig. 2 almost certainly results from the differ-
ence in the temperature measured at the thermocouple of the
heating holder and the actual temperature of the crystallite at the
edge of the thinned TEM specimen. The erratic rise observed in &
and its strong decrease as the domain size decreases suggests that
the incommensurate modulation both interacts with the ferroelec-
tric domains and varies in magnitude with the sign of polarization.
Above T¢, 6 increases linearly, while the intensity of the super-
structure spots continues to decline. At 550°C, § = 0.035, while
the spots have almost vanished. On cooling, both & and the super-
structure spot intensities behave more regularly, with a sharp V in
the value of § and an increasing intensity as temperature drops. As
can be seen in the final image of Fig. 3 at room temperature, while
the domain structure has returned, the larger domains now do not
extend to the thinnest part of the specimen where the diffraction
pattern was taken. A very fine domain structure is still present,
which is unresolved in this relatively low magnification image, but
visible in higher magnification dark field images (supplementary
Fig. SI2). The final value of § at room temperature is 0.028.

This domain state was maintained for the second set of mea-
surements, giving the repeatable data shown in Fig. 2(d). Above T,
where the material is a relaxor,”” the intensity of the superstruc-
ture spots tends to zero at a nominal temperature of 600 °C. This
corresponds well with ultrasound and Brillouin scattering measure-
ments of the temperature T" at which polar nanoregions become
completely transient,””*'” taking into account the difference in the
nominal temperature and the actual value at the position of

ARTICLE pubs.aip.org/aip/jap

measurement. The well-behaved changes in intensity and & in the
second heating/cooling cycle are, therefore, probably a result of the
fine domains in the material after the initial heating/cooling cycle.
This subtle behavior is not readily apparent in macroscopic mea-
surements since dielectric measurements of ceramics produced
from the powder used in this TEM study showed no appreciable
hysteresis or variations in behavior over successive heating cycles.

IV. DISCUSSION AND CONCLUSIONS

The ionic radius of Ca*" with coordination number 12 is
renz = 1.34 A, essentially the same as La’>t.* Levin and
co-workers”' showed that adding Nd to the filled mixed B-site TTB
Nd,La;_,Ba,Ti;Nb;O;5 induced a change from incommensurate
Ama?2 above T¢ to a commensurate Ima2 structure below, whereas
the end-point compound LaBa,Ti,Nb;O;5 (LBTN) showed no
change, maintaining an incommensurate Ama2 structure at all
temperatures. The difference was ascribed to the smaller ionic
radius of Nd>* at rcy12 = 1.27 A, an inference that was strength-
ened by subsequent work™ substituting other elements M to give
MBa, Ti;Nb;O;5, which gave a commensurate Ima2 structure only
for ren1, < 1.3 A. The lack of any phase change in CBN28, like
LBTN, is, thus, in perfect agreement with these studies and the
wider range of compounds surveyed by Zhu et al."”

In summary, these results are consistent with previous investi-
gations of CBN28, with no change of symmetry observed at the
Curie temperature Tc. The material has a microstructure closely
related to that seen in SBN,'” with an average orthorhombic sym-
metry that presents as two intermixed (twin) variants at a scale of
tens of nm. Each variant has a one-dimensional incommensurate
modulation characterized by the propagation vector 650. The
observation here that 6 depends on the polarity of the material,
couples to domain size below T¢, and the incommensurate modu-

lation persists for ~250°C above T¢ indicates a strong coupling to

polar modes in the material. While the presence of the incommen-
surate modulation in CBN28 above T¢ has been noted,'’ its corre-
lation with a domain structure has not been demonstrated until
this work, and it would be interesting to investigate its behavior in
related systems.

SUPPLEMENTARY MATERIAL

Additional data are given to support the images presented
here. Figure SII reveals incommensurate spots and a dark field
image of a [110] oriented crystal. Figure SI2 reveals dark field 002
images, showing 180° domains and their evolution during sample
cooling.
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