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Table 1.  Comparison of aberration-corrected transmission electron microscopy imaging techniques at the picoscale.
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Fig. 1. Oxygen octahedral rotation and atomic resolution imaging!*>7: (a), (b) Atomic resolution annular bright-field scanning
transmission electron microscopy (ABF-STEM) images of LaysSri/sMnOs/NdGaO;z and LaysSrysMnO3/SrTiO; (9 uc)/NdGaOs
heterostructures, respectively!®”; (c) atomic resolution ABF-STEM image of CaTiO; (111) films along the [1 10] zone axis; (d) oxy-

gen octahedral rotation map obtained by deep neural network analysis of the sample regions in (c); (e) polarization vectors for each

unit cell of CaTiOj films 7.
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Fig. 2. Atomic structure of different domain configurations™®7™: (a) Atomic resolution high angle annular dark field (HAADF)-
STEM image of BiFeO3-BaTiO;-SrTiO; film along the [010] direction, wherein the yellow dashed lines delineate the nanodomains,
Region I, II, III are rhombohedral, tetragonal domain and interface between them, respectivelyl”); (b) contrast-reversed ABF-STEM
image of (K, Na)NbO3; (KNN) along [110] zone axis, O, R, and T indicate orthorhombic, rhombohedral and tetragonal phase, re-
spectively. dashed lines regions highlighted by dash line show polarization rotation from R to O to TU}; (¢) atomic structure of flux-
closure domain in the PbTiO;/SrTiO; superlattice, the green and blue dashed lines indicate the 90° domain walls, the red dashed
lines indicate the 180° domain wallsl”; (d) long-range ordered vortex-antivortex arrays in the PbTiO/SrTiO; superlattice™. All of

arrows indicate the polar displacement vector.
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Fig. 3. Atomic structure of functional oxide materials constructed by typical crystal phases!’® % 9 (a) Crystal structure and atom-
icresolution HAADF-STEMimagesof LuFe,O, (topleft)and LuFeOy(topright), (LuFeOs),,/(LuFe,0,),superlattice seriesfor6<m < 1017
(b) superlattice atomic structure of (StRuOs);/(BaTiO3);, with an overlay of the polar vectors (left), yellow arrows represent the
displacement of the B-site from the mass center of oxygen octahedron in perovskite, and STEM intensity profiles of A-site and B-
site atoms in perovskite across superlattice interface of BaTiO3/SrRuOj; (right)F. (c¢) HAADF (left) and ABF-STEM (right) im-
ages of the intergrowth two-phase and hetero-interface in the same region along the [110],, zone axis, wherein P and R indicate
parallelogram and rectangular symmetry of the monoclinic Li;MnOg-like structure and inserted image in the right image shows the

intergrowth two-phase and hetero-interface atomic arrangements!®.
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Abstract

Structure design and performance regulation of functional materials are the cutting-edge hot topic in the
field of materials science and condensed mater physics. Constructing hierarchical structures with functional
units recently has become a new paradigm to improve the functionality of functional materials and explore new
physical phenomena. Understanding the origin of physical properties of functional materials constructed by
functional units requires us to precisely characterize the structure, configuration and spatial patterns of
functional units, and their couplings. Aberration-corrected transmission electron microscopy has proven to be
powerful in revealing the atomic structure, chemistry and electronic configuration of the functional materials
with low symmetry and complex compositions, which provides a new avenue to reveal the functional units and
their spatial patterns with high precision from different aspects and finally establish the structure-propertys
relationship. In this paper, we summarize the inherent characteristics of typical functional units with different
sizes, and the hierarchical structures constructed by functional units at the picoscale, by which the relationship
between structures and functionality is revealed. The breakthrough and development of aberration-corrected
transmission electron microscopy lays a solid foundation for understanding the origin of functionality of new

materials constructed by functional units.

Keywords: functional materials, functional units, aberration-corrected transmission electron microscopy,

picoscale
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