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Development of single atom spectroscopy
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This work aimed to develop the single atom spectroscopy techniques based on
electron microscopy and spectroscopy. So we have pushed the possibilities of electron spectroscopy
to its limit by using the state-of-the-art electron optics and related technologies. High

performance CMOS detector has been installed and the single atom spectroscopy for the light element
(Li Z=3) and noble metal (Ru Z=44) have been made possible for the first time. Also the high speed
shutter-time for the new detector enables us to record the single atom spectra at the speed 5 times
faster. This will allow us to track the single atom electron state during a phase transition or
chemical reaction in future. Also the energy resolution of electron spectroscopy was improved by
introducing the monochromator and now the spectroscoBy in the optical range becomes possible at a
sub nanometer resolution. These results have been published in many international journals including
3 Nature and 1 Science.
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Ce atoms are clearly imaged as bright spotsin (f). However, the EELS chemica map in (c) composed by
the Li K-edge around 60 eV in (d) indicates the existence of a Li atom in the bottom C60 cage. Compared
to the Laand Ce EELS chemical maps in (g) composed by the La and Ce N-edges around 120 eV in (h),
the Li map seems to be more delocalised because of EELS delocalisation and the atomic movement in
which the Li atom inside the cage escapes from the electron beam. The EELS elemental maps in (c) and

(g) are smoothed by the convolution of a 3x3 pixel matrix. The images are adapted from the previousreport.
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Both experiments were performed at 30 kV.
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Detection of asingle Li atom in peapods (by STEM operated at 30 kV). (a, b) A model and an ADF
image, respectively, for aLi@C60 peapod and (e, f) those for La@C82 and Ce@C82 peapods. In the ADF

images, no visible contrast for the Li atom can be seen inside the fullerene cages in (b), while the La and
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TEM image of 3.4 wt%-Ru/Mg0O(111) showing 2-D islands and scattered Ru atoms; b APT Atom
map of 3.4 wt%-Ru/MgO(111), blue: Ru, red: O, orange: Mg; ¢ Composition profile of Ru, Mg, O of 3.4
wt%-Ru/MgO(111) along the black linein b; d HAADF-STEM image of 3.4 wt%-Ru/MgO(111) observed
from [110] direction; ef Simultaneous acquisition e EELS extracted on oxygen atom (green circle in d),
Ru atom (blue circle in d) and f HAADF acquired along the line in d; g Simulation of STEM images of 2
Ru atoms supported on different positions of MgO(111) from [111] and [110] direction. Atomic model was
also provided for reference; h Fourier transform of k3-weighted Ru K-edge of X-ray absorption fine
structure spectroscopy (EXAFS) spectra of the post hydrogen-reduced 3.4 wt%-Ru/MgO(111) measured at
300 °C. The Ru metal foil is also included here for reference. Inset shows a simulated model of Ru

coordinating with 3-oxygen atoms (trigonal site) on (111) oxygen terminated surface.
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Momentum-resolved vibrational spectroscopy of graphite and hBN using EELS. a, Schematic of the experimental
set-up. Inset, a typical transmission electron microscopy (TEM) image of the sample and its diffraction pattern, showing a
central spot. The EEL spectra are obtained from each spot along several lines, as shown in the lower part of the main panel,
with the EELS aperture focused on the diffraction plane. The post field of the objective lens and other imaging lenses were
used to form a magnified diffraction pattern. b, c, Series of momentum-resolved EEL spectra for graphite (b) and hBN (c): in
each panel the experimental spectra are on the left, and the simulated spectra (obtained using DFPT) are on the right.
Spectra are obtained along the TMI'M direction (from top to bottom) for both graphite and hBN. The spectra are recorded at
every 0.25 A_l fromq=0104.50 A_l in the T'MI'M direction, as well as at the second I point (2.88 A_l) of hBN. The spectra at
every I point (red lines) include the Bragg reflection spots. d, e, Colour-coded intensity maps of graphite (d) and hBN (e),
constructed from the measuredEEL spectra (top) and from the simulated ones (bottom), shown with the simulated phonon
dispersion curves (solid lines). Peak positions extracted from the measured spectra by line shape analysis are indicated by
open triangles in the top panels. The grey regions show experimentally inaccessible energy regions where the peaks are
difficult to discriminate from the quasi-elastic line. The observed redshift of the LO branch in the =0 A" data can be
explained by the suppression of LO/TO splitting occurring at the zone centre in BN slabs of finite thickness, which is not

taken into account in our present bulk calculation.
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