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The complex structures of relaxor ferroelectrics have been highly studied for over four decades due to
their effectiveness for energy storage and energy conversion [1-4]. While perovskite materials are
typically used to study ferroelectrics, the perovskite derivative, tetragonal tungsten bronze (TTB)
compounds, constitute the second largest family of ferroelectrics [4]. This structure, shown in Figure 1, is
comprised of ten corner-shared oxygen octahedra, which form three kinds of cation interstitial sites: A1
square sites, A2 pentagonal sites, and C trigonal sites. The TTB structure can accommodate a wide variety
of compositions due to its large structural manipulation ability [4]. With this range of compositions, the
properties can also range from classical to relaxor ferroelectric behavior by changing the cation
compositions and by partially or fully filling the A1, A2, and C sites. Even with the broad range of
dielectric properties, all compositions with the TTB structure exhibit structural modulations believed to
arise due to the tilting of the oxygen octahedra. There are two types of structural modulations that can be
observed as satellite spots in the diffraction pattern, commensurate with wave vector q = ½ (a*+b*+c*)
and incommensurate with wave vector q = (¼ + ∂)(a*+b*) + 1/2 c* [5,6]. The incommensurate modulation
tends to be associated with relaxor behavior and the transition from commensurate to incommensurate
modulation tends to coincide with the ferroelectric to relaxor transition [5,6]. While these structural
modulations have been observed in reciprocal space, there is still a lack of detailed real-space structural
studies, which could provide more insight into sublattice-specific structural modulations. Recent
advancements in aberration-corrected scanning transmission electron microscopy (STEM) and data
analysis are providing new insight into the local structure of these materials. Quantification of the local
cation disorder could illuminate correlations between the relaxor/ferroelectric behavior and
incommensurate/commensurate modulations. However, with a more complex structure than the typical
perovskite, the identification and classification of atom columns in STEM images becomes more difficult.
Here, in order to locate atom column positions, a convolutional neural network (CNN) is used through the
open python package AICrystallographer [7]. Training data sets are created using simulated high angle
angular dark field images along the [001]/[110] zone axis with varied magnifications and image rotation.
Correspondingly, the resulting training weights are used to determine the (x,y) coordinates of each atom
column. Once the atom column positions are identified, the classification of each column is performed via
local neighborhood analysis. For this classification, first the distance between each atom column is
calculated, then based on the number of nearest neighbors around an atom column, the site is classified as
either A1, A2, B1 or B2. A cross-reference to the type of nearest neighbor is performed during the
classification to ensure the correct classification of the atom column. From this analysis, we quantify
atomic-column intensities, distortions, and positions with picometer-scale precision. Local sublattice
distances between each nearest-neighbor similar sublattice site (A1-A1, A2-A2, B1-B1, B2-B2) are
presented in Figure 3. Individual distances are shown in Figure 3 a-d while the average distance per atom
column can be seen in Figure 3 e-h. Looking at the average distances for the A1 and B2 sublattices shown
in Figure 3 e,h we see that there are local regions with an lower average distance and some with a higher
average distance with a spread of 0.4 Å. In comparison, the A2 and B2 sublattices do not exhibit any local
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clustering of the distances. In addition, the periodicity of the distance modulation in A1 and B2 are on the
order of the incommensurate modulation, q=(¼+∂)(a*+b*) or q=(4+∂)(a+b). The higher symmetry of
these sublattices seems to be more susceptible to the oxygen octahedral titling than the lower symmetry
A2 and B1 sublattices. This work is funded partially through the NSF Grant No. DGE-1633587.

Figure 1. [001] projection of the tetragonal tungsten bronze structure showing filled A1, A2 sites and
empty C sites.
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Figure 2. Sublattice distance (a-d) and the average distance per site on each sublattice (e-h).
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