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Recent advances in microscopic analysis based on the transmission electron microscope
(TEM) enable us to obtain information about the chemical or electronic state of materials at the
atomic scale. Small probe size of less than one angstrom is now attainable as a result of the
development of spherical aberration correction. This allows observations with spatial resolution
in the sub-angstrom regime in the scanning transmission electron microscope (STEM) mode.
Remarkable progress has recently been made in atomic-scale chemical mapping based on
electron-energy-loss spectroscopy (EELS) [1-3]. Combined with high-angle-annular dark-field
(HAADF) image, the method can be a powerful tool for the investigation of microscopic
modification of materials which are responsible for various materials properties.

In the present work, we have chosen the recently discovered LaFeAsO,_F, superconductor as
a subject of study. The fluorine ion doping is critical for the superconductivity of the material.
However, so far no microscopic observations have been made on the dopant state in this system
because the fluorine is believed to be substituted for the oxygen sites and invisible to
conventional imaging techniques. In this work we have performed atomic scale EELS
measurements to directly detect the fluorine ion dopants which are not observable by
conventional techniques including HAADF imaging. TEM specimen of the polycrystalline
sample of LaFeAsO,,F, with nominal composition of x=0.1 was prepared by conventional
mechanical grinding followed by Ar ion-beam milling using Ion Slicer (JEOL Ltd.). STEM
observations were performed using JEM-2100F (JEOL) with Cs-corrector (CEOS). The
minimum probe size attained on the STEM observations was about 1 A.

Figure 1 shows a HAADF-STEM image of the fluorine doped LaFeAsO observed along the
[100] zone axis. In HAADF images, signal intensity is known to be roughly proportional to the
square of the atomic number Z, referred to as ‘Z-contrast’ imaging. La-O layers and Fe-As
layers in the crystal is clearly imaged as bright zig-zag spots and arrays of dumbbells in between.
Oxygen and fluorine are not visible in HAADF images at the present observation condition. To
reveal the hidden fluorine dopants, we performed EELS measurements with an electron probe
focused to atomic size to detect the location of the doped fluorine. Spectroscopic imaging based
on EELS allows imaging of lighter atoms such as fluorine that are invisible in HAADF images.
Figure 2 shows EELS spectrum imaging of the LaFeAsOgg4F,; compound. The images were
obtained as a pixel-by-pixel mapping of the integrated intensity of the EELS spectrum with
energy windows corresponding to respective absorption edges. The mapping with La-Mys and
Fe-L,; edges highlight the arrangement of the zig-zag lanthanum ions and the straight
arrangement of iron ions, which coincides with the atomic sites in the HAADF image (Figs.
2.(b)-2(d)). The most remarkable observation is the direct imaging of the fluorine ion dopants.
The spatial distribution of fluorine ions, which is undetectable by HAADF imaging, is clearly
shown in the spectroscopic image from the fluorine K edge (Fig. 2e). The intensity of the
fluorine signal increases at the middle layer of the lanthanum zig-zag layer. Thus, the EELS
mapping clearly visualizes the distribution of the doped fluorine ions, providing direct evidence
of the doped fluorine sitting on the oxygen sites [4]. Our results demonstrate the potential of the
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present method for revealing dopants undetectable by conventional microscopy imaging.
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FIG. 2. Atomic structure and STEM-EELS spectrum imaging of the fluorine-doped LaFeAsO.
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