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Exotic properties associated with the emerging class of quantum materials are often coupled to picometer-scale lattice modula-
tions in the host material. Although scanning transmission electron microscopy (STEM) is one of the foremost techniques for such
atomic-scale characterization, conventional STEM imaging modalities are prone to artifacts arising from channeling effects, crys-
tal mistilts and surface relaxations. Annular bright field (ABF) and differential phase contrast (DPC) techniques have well-
documented errors arising from variations in the diffraction condition [1, 2]. High-angle annular dark field (HAADF) imaging,
although often more tolerant to diffraction artifacts, fails to capture the rich information encoded in the atomic positions of light-
er atoms.

With recent improvements in direct electron detectors [3, 4], electron ptychography has enabled reconstructions of the electro-
static scattering potential [5] and mapping of electromagnetic fields [6] at resolutions beyond the diffraction limit. Multislice pty-
chography incorporates the multislice algorithm with the phase-retrieval algorithm and offers a potentially robust method for
resolving the structure [7] in thick samples (~30 nm). By modeling the full scattering physics, the technique solves the
multiple-scattering problem and accounts for any channeling of the electron beam in crystalline samples. Moreover, post process-
ing of the reconstructions can remove any effects from crystal mistilts or surface relaxation in the sample. The capability of the
technique for thermal-vibration-limited lateral resolution, depth sectioning and light-atom imaging has enabled direct visualiza-
tion of structural features that are currently beyond the reach of any other technique and is illustrated using two examples here.

Figures 1(a) and (b) show a direct comparison between HAADF and ptychography images of Mg, Zr-doped strontium hexa-
gallate (SrGa,045) [8] where the capability to image oxygen atoms and enhanced lateral resolution in the ptychographic recon-
struction is evident. The material has an unstable phonon mode associated with the gallium atom in the trigonal bipyramidal site,
which can displace up or down along the vertical c-axis to create a local polarization. Depth sectioning of the ptychographic re-
construction allows direct mapping of these polar distortions [9] and is illustrated in Fig. 1(c-f) which shows different slices in
depth, of the region marked with a white box in (b). A depth profile corresponding to the yellow line in Fig. 1(b) is shown in
(g), displaying the changing occupancy of the two bistable gallium sites as a function of depth.

For thin films, the interface structure can not only play a crucial role in the properties of the film, but also often host emergent
properties. Figures 2(a) and (b) show the ptychographic reconstructions of the interface between ferroelectric NaNbO3 (NNO)
thin film synthesized by pulsed laser deposition and DyScO3; (DSO) substrate along two orthogonal directions. The high-
resolution imaging of the interface allows for precise measurements of the variations in bond length, bond angles, etc. which
can critically affect the energy balance between different kinds of polar and magnetic ordering in perovskite structures. Along
the [110],, direction, DSO has an out-of-phase tilting of the oxygen octahedra, while the NNO film shows pure in-phase tilting
far away from the interface. Fig. 2(c) maps the gradual variations in the ellipticity of the oxygen columns and octahedral tilt angle
in NNO as a function of distance from this interface shown in Fig. 2(b). Such precise interface measurements can help set upper
bounds in the length scale for templating octahedral rotations of the substrate onto the film [10].
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Fig. 1. (a) HAADF image, (b) ptychographic reconstruction of Mg,Zr-doped strontium hexagallate. (c-f) shows slices at different depths of a Srand Ga site
marked with a white box in (b). (g) Depth profile along the yellow line in (b) showing the changing occupancy of the bi-stable Ga site.
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Fig. 2. (a,b) Ptychographic reconstruction of the interface structure of NNO/DSO along two orthogonal directions. (c) Plot of the O column ellipticity and
octahedral tilt angle in NNO as a function of distance from the interface shown in (b).
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