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Scope of Research
We study crystallographic and electronic structures of materials and their transformations
through direct imaging of atoms or molecules by high-resolution electron spectromicroscopy, which realizes energy-filtered imaging and electron energy-loss spectroscopy as well as
high-resolution imaging. By combining this with scanning probe microscopy, we cover the
following subjects: 1) direct structure analysis, electron crystallographic analysis, 2) epitaxial
growth of molecules, 3) structure formation in solutions, and 4) fabrication of low-dimensional functional assemblies.
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TOPICS AND INTRODUCTORY COLUMNS OF LABORATORIES

Topics
Determination of Elemental Ratio in an
Atomic Column by Electron Energy Loss
Spectroscopy
Elemental mapping with atomic-column resolution can
be obtained using electron energy loss spectroscopy (EELS)
combined with scanning transmission electron microscopy
(STEM). One step in STEM−EELS is quantitative determination of elemental ratio in an atomic column. However,
during elemental mapping using STEM−EELS, the
elemental signals do not necessarily localize at atomic-column positions. The spatial resolution of an EELS signal is
constrained by the delocalization of inelastic scattering.
Careful attention to the mixing of signals from neighboring atomic-columns is required to analyze a spectrum at a
single point. In the present study, the elemental ratio of Fe
to Mn at octahedral and tetrahedral sites in brownmillerite Ca2Fe1.07Mn0.93O5 was determined quantitatively with
atomic resolution using STEM−EELS. This study presents
the experimental criteria for semiquantitative analysis of the
L2,3-edges of Fe and Mn in a perovskite-related structure.
A HAADF image along the [101] direction and an EELS
data cube for the Fe and Mn L2,3-edges were simultaneously collected using an aberration-corrected JEM ARM-200F
operating at 80 kV with a probe-forming aperture of
21.3 mrad. Spectra were recorded as line scans along the
⟨010⟩ direction. The scan step was 0.19 Å/pixel, which
corresponded to 20 segment divisions in the B−B’ cation
distance. In the present research, the line-profiling method
was used instead of two-dimensional mapping to avoid
some practical problems (damage and stability) due to
oversampling conditions.
Figure 1 shows a HAADF image with the projected
structure overlaid. The cation L2,3-edge intensities after
background-subtraction are shown in Figure 2b. The individual spectra extracted from the octahedral and tetrahedral
sites contain a weak intensity from the nonpreferred cation
at both polyhedral sites, as shown in Figure 2d. The delocalization factors of the Fe and Mn L2,3-edge excitations
were approximately 1.2 and 1.3 Å, respectively, which
are small enough to resolve the atomic distance (3.8 Å)
between B and B’ cations. The relative composition profiles obtained by quantifying the intensity at each spatial
increment in the elemental profiles of Figure 2b are shown
in Figure 2c. The relative composition profiles resembled
wide isosceles trapezoids. The elemental profile reflects the
one-dimensional distribution of excitation probabilities for
a specific energy loss; a maximal excitation should occur
just above each atomic position. In contrast, the relative
composition profile should be constant near each atomic
position if the spectra contain only the contribution from
illuminated atomic columns. The flat region of the relative

composition profile (Figure 2c) indicates very little contribution from nearest neighbor columns and the quantitative
analysis is achieved near-atomic resolution. Such a profile
can be obtained only by oversampling of spectral data. The
present experiment found that the relative composition profile was nearly constant within a 1.2 Å radius around the
atomic position of each polyhedral site. The average ratio
of Fe to Mn in this flat region (Figure 2c) was (17.5:82.5)
± 5.9 in octahedral sites and (81.6:18.4) ± 6.0 in tetrahedral sites. The result at octahedral sites roughly agreed with
previous results from neutron diffraction, (14.4:85.6) ± 0.2.
Simple multislice calculations were used to estimate the
error due to electron dechanneling combined with a delocalization factor. The Mn atomic fraction profile derived
from EELS intensity ratio was calculated by assuming
“true fractions” of Mn at octahedral site, x=0.87. The simulated profile accurately reproduced the flat region near an
octahedral site, as expected, with a radius of 0.9 Å, which
agreed well with the experimental value. For a thin sample
(t < 10 nm), the estimated error was negligibly small.
Results showed that relative composition profiles with
an isosceles trapezoid-shape are useful for quantifying the
resolution of measurements. An area with a radius of about
1.2 Å surrounded both atomic sites and provided information at near-atomic resolution. This study demonstrates that
the experimental spectra at the L2,3-edge, obtained from
octahedral atomic columns of 3d transition metals in perovskite-like structures, can be quantitatively interpreted
with an uncertainty of 10% (accuracy of calculated partial
cross sections of L-shell using Hartree-Slater model) without full quantum mechanical simulation.

Figure 1. HAADF image of the [101]
direction in Ca2Fe1.07Mn0.93O5. Inset
shows the corresponding structure.
Spectral imaging was performed along
the dashed line.
Figure 2. Line profiles and spectra for
Ca2Fe1.07Mn0.93O5: (a) HAADF profiles;
(b) EELS elemental ⟨010⟩ line profiles
for the L2,3-edges of Fe and Mn; (c) profile of the relative compositions of Fe and
Mn; (d) spectra measured above the octahedral and tetrahedral cations.
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