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One of the fundamental topics in electron microscopy research is to understand heterointerfaces, where two
different materials meet. Scanning transmission electron microscopes, with sub A spatial resolution and pm level
precision, are indispensable in these studies [1]. For instance, a measurement of atomic column positions and
distances can identify the strain state of the thin film due to the epitaxy at the heterointerface. However, since the
effective length scale for the epitaxial strain is either the pseudomorphic limit or film thickness, rarely less than
tens of nm, such information can also be obtained by diffraction techniques (e.g. XRD). This is not the case for
studying BOg coupling behavior in perovskites due to symmetry mismatch at the heterointerfaces, due to a much
smaller effective length scale of only a few unit cells [2].

In the past several years, control of BOg¢ coupling at perovskite interfaces has emerged as a new tool for
engineering of interface properties [2] due to its strong coupling to polar and magnetic properties and even to
oxygen conductivity [3]. High resolution data on tilt transitions at interfaces is instrumental for evaluating the
validity of existing theoretical models and developing predictive theories. It is however a challenging experiment.
Previous HRTEM [4], bright field (BF) [5] and annular bright field (ABF) [6] STEM work could only study one
in-phase rotating axis at a time by locating oxygen columns in the images, therefore the full 3D rotation
information was not available. 3D BOg rotation information can be obtained from selected area electron
diffraction (SAED) [7] but it suffers from dynamic scattering and limited resolution in thin film configuration;
recently introduced position averaged converged beam electron diffraction (PACBED) [8] requires extensive
simulations, which are especially prohibitive for materials with several competing phenomena, since each sample
parameter such as thickness, polarization, strain, and tilt, adds an extra dimension to the simulation phase space.

Recently [9], we have developed a unique method to investigate BOg rotation patterns in complex oxides ABO;
with unit cell resolution. Our method involves column shape analysis in ABF-STEM images of the ABO;
heterointerfaces taken in specific orientations. The rotating phase of BOg octahedra can be identified for all three
spatial dimensions without the need of case-by-case simulation. In several common rotation systems, quantitative
measurements of all three rotation angles are now possible. For instance, the out-of-plane g rotation, whose axis is
perpendicular to the beam direction, can be quantified using the major axis angle of the elliptical oxygen column
image. (Figure la) Using this method, we examined interfaces between perovskites with distinct tilt systems as
well as interfaces between tilted and un-tilted perovskites, identifying an unusual coupling behavior at the
CaTiOs/LSAT interface. (Figure 1b-c)

This method will allow us to determine local symmetry between adjacent unit cells, revealing the BOs coupling
behavior at heterointerfaces in 3D. The prospects of using this technique to characterize structure and predict
properties will be demonstrated with a combined STEM and DFT study of magnetic superlattice of
La(Ca)MnOs/La(Sr)MnO; with different periodicities, which exhibit a range of electromagnetic coupling
behaviors. We will also investigate the prospects for tilted structure determination using electron ptychography
and evaluate its applicability on uniform and multi domain regions of the samples. The correlations among the
BOs rotation, domain size, superlattice periodicity and the electromagnetic coupling will be discussed in detail
[10].
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Figure 1. 3D information of the BOg octahedral rotations in ABO; perovskites from the shape analysis of oxygen
columns. (a) Simulated ABF image chart of model perovskite structures with BOg rotations of constant a and b
but different g. The overlapped polyhedral model highlights the position of oxygen columns (red). The major axis
of the ellipse with respect to a reference (e.g. A-A or B-B) can be defined as q, which changes with the magnitude
of the g rotation. (b) Experimental HAADF and ABF STEM images of a CaTiO3 (CTO) / LSAT interface, with
overlapping polyhedral models and an inset of simulated image. (¢) q profile measured from (b), showing a
gradual change of the magnitude of the g rotation in CTO, suggesting a presence of a new BOg rotating pattern (a°
b+c0) at the interface. (modified from ref 9).
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