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Scanning transmission electron microscopy (STEM) in combination with electron energy loss
spectroscopy (EELS) has proven to be a powerful technique for characterizing buried structures,
such as thin films, interfaces and defects in crystals. Today, atomic-resolution is routinely obtained,
and with the correction of electron-optical aberrations sub—Angstrém imaging is now possible [1, 2].
Resolution improvement is, however, not the only benefit of aberration correction. By correcting the
electron-optical aberrations up to third- or even fifth-order the probe-forming aperture can be opened
up and for the same probe size the beam current can be greatly increased. With a matching increase
in collection angle, a single core-loss EELS spectrum with a signal-to-noise ratio that allows the
extraction of bonding information, can be recorded in milliseconds; and a full two dimensional (2D)
map in under a minute [3]. Aberration correction has therefore allowed spatially resolved EELS to
enter the era of 2D imaging of composition and bonding at the atomic-scale.

Using these techniques, microscopic inhomogeneities and atomic-scale interdiffusion and bonding
changes can now readily be characterized. Here, we demonstrate this for perovskite oxide thin films
and heterostructures. As an example, atomic resolution 2D mapping of bonding changes at the
EuTiOs3/DyScOs; interface through spectroscopic imaging (SI) is shown in Fig. 1. We find an
increased Eu valence in one atomic layer at the interface. Similarly, the reduction of the Ti valence in
a Eu-deficient defect in the EuTiOs3 film is shown in Fig. 2.

How does the presence of interfaces and defects affect the physical properties of the complex oxide
heterostructure? Bulk Lag;Sro3sMnO; (LSMO) is a conducting ferromagnet at room temperature.
However, in manganite/titanate tunnel junctions interface spin and charge modulations are thought to
create an interfacial dead layer, thus fundamentally limiting the use of this material in small
dimensions. Using spectroscopic imaging at the atomic scale we show instead that the degradation of
the magnetic properties of atomically-thin LSMO/SrTiO; multilayers correlates with the presence of
extended defects in the LSMO layers and a high degree of intermixing at the interfaces. When these
extrinsic defects are eliminated, metallic ferromagnetism at room temperature can be stabilized in
ultrathin manganite layers.
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FIG. 1. Mapping bonding changes at the EuTiO3/DyScO3
interface through spectrum imaging (SI). (a) Eu elemental
map showing a reduced Eu concentration at the interface. A
part of the simultaneously recorded HAADF image is
shown for comparison on the right. (b) Evolution of the
horizontally averaged Eu-M edge fine structure across the
interface and the three components extracted using MCR
methods. (c) The three-component fit to the experimental
data shows the increase in Eu valence at the interface. (e)
Three-component fit to the full SI demonstrating 2D
mapping of bonding changes with atomic resolution.

o

PIPIRry
TR LR
& = i W

Normalized Intensity

0 5 23

455 460 465
Energy Loss (eV)

FIG. 2. 2D mapping of composition and bonding of a defect in EuTiOs. (a) ADF STEM image of
the defect recorded simultaneously with the 90x127 pixel spectroscopic image. (b) Ti-L and (c) Eu-N
elemental maps obtained from the same SI reveal the defect to be Eu deficient. Using MCR methods
two statistically significant components to the Ti-L edge were extracted; the first one corresponding
to Ti** in bulk EuTiOs and a second one showing a reduced Ti valence (e). (d) Two-component fit to
the Ti-L. SI using the reference spectra from (e). The concentrations of the two components are
shown in red (bulk) and green (defect). Using spectroscopic imaging the defect is shown to be Eu
deficient with a reduced Ti valence compared to Ti** in bulk EuTiOs.
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