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Perovskite oxides are one of the most abundant natural materials on the Earth. The flexibility of the
perovskite structure allows to accommodate cations of different sizes and valences. Wide variety of
properties have been demonstrated in bulk perovskites, at their interfaces, or heterostructures made from
them including room-temperature ferroelectricity [1], giant piezoelectricity [2], quantum oscillation [3],
two-dimensional superconductivity [4], and many more. The elemental diversity, stability even under off-
stoichiometry conditions, and variety of crystal symmetries in the perovskite structure make it a natural
host for a range of defects as well. While several point and planar defects have been reported in perovskites
[5,6] with some of them quite unique for perovskites, no new line defect, other than standard dislocations,
has been observed until recently (Figure 1) [7].

We characterize this new line defect, observed in perovskite NdTiO; (NTO) films, using a combination
of high-resolution analytical scanning transmission electron microscopy (STEM) imaging, atomic-scale
energy dispersive X-ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS), and ab initio
calculations. Two high-angle annular dark-field (HAADF) STEM images of such NTO films with and
without this new line defect are shown in Figs. 1a, b.

The result of detailed EELS analysis of the defect core is presented in Figure 2. EELS data recorded across
the core of the defect indicates distinct changes in its fine structure. Ti L 3 spectra show that Ti*" character
changes to predominantly Ti*" when the probe moves from the bulk to the core of the defect. The transition
is not abrupt and occurs over a distance of 1 nm from the defect center. O K EELS spectra also show
changes in the fine structure across the defect. When compared with DFT+U calculations, these changes
are in quantitative agreement in terms of the edge onset, onset peak height, and width of the second peak
at 535-540 eV (Figure 2 d,e). The results indicate that the main differences between electronic states of
Ti and O atoms occur at the boundary between defect and the bulk, and not at the core. These results also
indicate that the ab initio structural determination is quite reliable and the electronic structure of the line
defect is indeed considerably different from that of bulk NTO [8].
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Figure 1. a, HAADF-STEM image of an NTO film viewed along the a-axis. b, Another NTO film viewed
along the c-axis showing several line defects. ¢, An inclined HAADF image including both films along
the a- and c-axis, is presented to show the arrangement of Nd columns in the NTO films. A magnified
HAADF-STEM image (d) is shown along with a STEM-EDX spectrum-image (e) of a line defect
composed by Nd L (cyan) and Ti L (red) signals. Positions of Nd columns, which moved into Ti/O vacant
columns, are indicated with the dashed circles (modified from Ref. [7]).
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Figure 2. a, ADF-STEM image of a line defect showing the positions of EELS line profile (from 4 to B).
b, EELS Ti L, 3 (left panel) and O K (right panel) spectra vs. position. ¢-d. The fine structure of the Ti L 3
and O K measured across the defect. e, (DFT+U)-calculated O 2p p-DOS at each position. Gaussian
broadening with FWHM of 0.3 eV was applied to calculated p-DOS. Probe positions (1-8) correspond to
those labeled in a (modified from Ref. [7]).
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