Removing the effects of elastic and thermal scattering from spectrum
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Scanning transmission electron microscopy (STEM) has shown great promise in
mapping the location and species of atoms in technologically interesting materials using
electron enegy-loss spectroscopy (EELS) [1-3] and, more recently, energy-dispersive
x-ray (EDX) spectroscopy [4]. Both techniques however allow for more powerful
analyses than qualitative elemental mapping.

In EELS, by studying the electron energy-loss near-edge structure (ELNES),
one is not only able to map the location and species of elements, but also their bonding
states [5,6]. Specifically, there has been much interest in mapping changes in the
bonding states of oxygen in transition metal oxides - at atomic-resolution - by
studying the ELNES, since the spectra of inequivalently bonded oxygen also atoms
contain information on the bonding states of the transition metals. However, due to the
strong elastic and thermal scattering of the electron probe, spectra from inequivalently
bonded oxygen atoms become mixed for any probe position and therefore any direct
relation between recorded spectra and actual inequivalent spectra becomes difficult to
obtain.

Atomic resolution EDX is a promising technique in quantitatively mapping the
concentration of elements in a material due to the localized nature of the scattering
potential. But even so, the elastic and thermal scattering of the probe still cause a
highly nonlinear relation between x-ray counts and elemental concentrations [7],
seemingly reducing the usefulness of EDX in such quantitative analyses.

Recently however, a technique has been developed whereby one is able to
deconvolve the elastic and thermal scattering of the electron probe from experimental
data [8], making ELNES spectra directly interpretable and putting EDX data on a
quantitative scale. Here we present the theory behind this technique and a step-by-step
method of how to implement it using the quantum excitation of phonons model [9] to
model the elastic and thermal scattering of the probe and the conjugate gradient least
squares (CGLS) algorithm to solve the deconvolution problem. Furthermore, we present
results having applied this method to both experimental ELNES [10] and EDX [11] data
for SrTiO;.
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Figure 1 (a) HAADF image with the
projected structure of SrTiO; in the [001]
orientation. In projection, the oxygen
atoms labelled Ol and O2 are
inequivalently bonded to the surrounding
atoms. (b) Background-subtracted EELS
map integrated over 535 to 560 eV, with
the inelastic scattering potential obtained
after inversion overlaid. (c) EELS spectra
obtained from the background-subtracted
data. (d) EELS spectra obtained after
inversion. (f) EELS spectra calculated
using WIEN2k. Shifts in peak positions
for the two O columns are observed only
after removing the effects of the scattering
of the incident probe, which agrees with
the first-principles WIEN2k calculation.

Figure 2 (a) Experimental atomic resolution EDX elemental map for SrTiO; for the Sr K shell,

calibrated with data taken under non-chanelling conditions. Numbers correspond to the density
of Sr in SrTiO; (in atoms/nm’) after averaging the entire map (averaging only around Sr
columns). Simulation inset. (b) EDX scattering potential of the Sr K shell as a function of

CGLS iteration number (1-10). Integrating the potenial and multiplying the thickness yields a
density (indicated on each subfigure). Convergence is achieved in the region of 7-9 iterations
and deteriorates due to noise thereafter. The nominal density is 16.8 atoms/nm’.



