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Electron channeling phenomena in electron microscopes are under the spotlight. The
determination of site occupancies of select atoms in mineral structures is one of the most
intriguing targets in mineralogy. The current extension of electron channeling spectroscopies
using a transmission electron microscope (TEM) can provide the site occupancies of particular
elements from a sub-micron area (Muto and Ohtsuka, 2017). High angular resolution electron
channeling X-ray spectroscopy (HARECXS) sheds light on the understanding of order-disorder
transitions and kinematically controlled chemical reactions on the reaction front of the mineral
formation process. In addition to spectroscopy, imaging can also be carried out using electron
channeling phenomena. The electron channeling contrast from differently oriented grains of the
same chemical composition is well known in backscattered electron (BSE) and forward scattered
electron (FSE) images in conventional SEM imaging techniques (Reimer, 1998). A rapid change
in BSE intensity that occurs as the beam is scanned through the Bragg angle results from
significant changes in the Bloch wave excitations (Joy et al., 1982; Kaboli et al., 2015). Electron
channeling contrast imaging (ECCI) in a conventional field-emission scanning electron
microscope (FE-SEM) has been applied to mineralogy as an alternative imaging tool for
observing individual dislocations in rock-forming minerals (Miyajima et al., 2017). Analysis of

forsterite deformation mechanisms has also been carried out with ECCI and electron backscatter
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diffraction (EBSD) (Kaboli et al., 2017; Kaboli et al., 2016). In the current issue of American
Mineralogist, Igami et al. (2018) present a HARECXS study on Al/Si order-disorder in
sillimanite as one of the most advanced applications of electron channeling spectroscopy.

What is electron channeling? Electron channeling is the anomalous interaction of
incident electrons with a single crystal that is oriented under both a Bragg condition and zone
axis condition. In the former setting, the electron beam is pseudo-parallel to the (hkl)
crystallographic plane, which is called the “two-beam condition with g = hkl” in the TEM
community. In the latter scenario, the beam is along the <uvw> direction. Close to the Bragg
orientation or along the zone axis, standing waves (Bloch waves) generated by the incident beam
strongly interact with the crystallographic planes or atomic columns. Thus, electrons flow
strongly along characteristic crystallographic planes, i.e., current densities related to electron
inelastic interactions such as X-ray spectroscopy, electron-energy loss-spectroscopy (EELS), and
BSE are strongly localized at the planes (planar channeling) or along the zone axis (axial
channeling). Using the channeling effects in energy-dispersive X-ray spectroscopy (EDXS), the
site and its occupancy by a particular element in the target crystal can be determined from the
variations of X-ray intensity with changing crystal orientation, which is called “ALCHEMI
(Atom Location by Channeling—Enhanced Microanalysis)” (Tafto, 1982). The maximum
channeling effect, i.e., maximum current density along a crystallographic plane (or atomic
column) or the other plane (column), is controlled by a small deviation (s) of positive and
negative value (s <0 and s > 0, respectively) against the Bragg condition (s = 0).

To obtain planar channeling in TEM, precise crystal orientation alignment across a
Bragg angle is necessary. Figure 1 shows three electron diffraction conditions for planar

channeling. Figure 1a shows an Ewald sphere and diffraction conditions with small deviations, s
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< 0 and s > 0, which are an excitation error from a specific Bragg angle. The equation, K’ — K =
g + s, where K’ and K are the wave vectors of the diffracted and incident beams, respectively, g
is the reciprocal-lattice vector of the crystal, and s is the excitation error, indicates the diffraction
condition under which a diffraction intensity in electron diffraction can be obtained. Figure 1b
illustrates the relationship between diffraction conditions and corresponding electron diffraction
patterns. For planar ALCHEMI analysis, at least these two channeling conditions must be chosen
with positive and negative s in the diffraction condition. When these conditions are maintained
for EDXS and EELS measurements, a strong anomaly in those spectra is detected due to a
modulation of the current density in the crystal.

Figure 2 is a schematic example of the three channeling conditions (Spence and Tafto,
1983; Tafto and Spence, 1982). Firstly, a specific crystal direction must be found in which two
different cation sites (in this case, A and B sites) lie in separated arrays. In these three different
crystal orientations, the density of incident electrons strongly localizes depending on the standing
wave of electrons, as well as selective excitation due to inelastic process (EDXS and EELS). In
this example, Al is located on the B-site with Si. If the B-site is selectively excited, the intensity
of the Si-K and AI-K line peaks increase. From this correlation, we can determine the site
preference of an impurity in an orthorhombic perovskite (Miyajima et al., 2004).

How is the site localization of inelastic events used to determine site occupancies? The
correlation between current density and site occupancy, which results in anomalous intensity
ratios in channeling spectroscopy, is based on the assumption that the ionization of target
elements is well localized on specific atomic sites during inelastic scattering events. In reality,

localization variations (i.e., delocalization) are inversely related to both the mean inelastic

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6633

scattering angle associated with the ionization event and to the emitted X-ray and electron loss
energies (Spence et al., 1988). This is called the “delocalization problem.”

How to overcome the “delocalization problem”? One of the best tactics is a statistical
ALCHEMI approach (Turner et al., 1991). This method involves standard multivariate analysis
to obtain the best fit and uncertainties of the impurity counts as a linear combination of counts
from the host species. The ALCHEMI method provides fractional partitioning values and
concentrations of an impurity species between host sites, together with standard estimates of
reliability.

How to further improve? In the recently developed HARECXS method, variations of
experimental EDX spectra intensity against incident beam directions are compared with
theoretical profiles of a known structure generated from a fast electron dynamical simulation. In
practice, tediously fine alignment of the crystal orientation is not required to maintain channeling
conditions, such as s <0 and s > 0, against the Bragg condition in the case of planar ALCHEMI.
A set of EDX spectra is automatically obtained as a function of beam-tilt direction by rocking the
incident electron beam with a fixed pivot point on the sample surface. A new statistical approach
to determine site occupancies by multivariate analysis of the least squares fitting of a linear
combination of completely ordered and completely disordered structures was developed on the
basis of simulated HARECXS profiles calculated by the program ICSC (Oxley and Allen, 2003).
The profile simulation is based on the ionized cross sections in EDXS. Statistical comparison
with a simulated profile can improve the accuracy of the site occupancy determination (Muto and
Ohtsuka, 2017).

Igami et al. (2018) applied the HARECXS method to determine the Al/Si order parameter

in sillimanite at high temperature. Although the sillimanite coexisted with mullite at the
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submicrometer scale, the analytical TEM method demonstrates a potential nanoprobe to measure
site-occupancies of relatively light and neighboring elements in chemically complex minerals.
The HARECXS method is useful for the determination of site occupancies of rock-forming
minerals involving order-disorder in solid solutions, such as Mg/Fe in olivine (Tafto and Spence,
1982) and pyroxene and Al/Si in feldspar (Mclaren and Fitz Gerald, 1987). The method provides
new information about the formation process of minerals with complicated microtextures that
can only be resolved by TEM. A combination of HARECXS with EELS in TEM has already
been applied to quantitative analysis of the atomic configuration and valence states in lithium
manganese spinel (Yamamoto et al., 2016). The simultaneous data acquisition and analysis with
dynamical electron diffraction theories provide a simple, practical, and automated measurement
methodology to obtain quantitative information specific to both the element and site at the
submicron scale.

In addition, a combination of the electron channeling pattern (ECP) in FE-SEM with
ultra-high probe currents of 10 to several 100 nanoamperes (nA) is interesting for channeling
EDXS equipped with a large solid angle silicon drift detector (Fig. 3). The incident electron
beam, from the crossover point of the final lens, scans over a large sample area at low
magnification, resulting in a larger angle against the surface of the bulk sample in the ECP. The
ray path is in the principle of reciprocity with that of a rocking incident beam with a fixed pivot
point on the sample surface in HARECXS (Fig. 1 in Igami et al., 2017). Kikuchi bands in the
ECP of single-crystal minerals should be associated with enhanced X-ray emission, which is an
analogue of extinction contours in a thin Au foil (Duncumb, 1962). Selected Kikuchi bands in a
mineral structure should show channeling correlations between the current density and site

occupancy of elements in SEM-EDXS. Further development of this SEM-EDXS technique may
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make possible the characterization of bulk samples without the tedium of TEM sample
preparation.

Finally, the current extension of electron channeling into spectroscopy and imaging can
provide the site occupancies of particular elements from a sub-micron area of rock-forming
minerals by TEM. Electron channeling can facilitate high quality scanning “diffraction contrast”
imaging of crystal defects in bulk samples by FE-SEM. Orientation-dependent techniques in
analytical electron microscopy combined with dynamical electron diffraction provide intriguing

new information in mineralogy.
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Figure captions

Figure 1. (a) Schematic illustration of channeling conditions with excitation error deviations s <
0, s = 0 (Bragg condition), and s > 0 in transmission electron microscopy. Electron diffraction
spots can be detected when the equation K’ - K = g + s is satisfied. (b) Identification of the
deviation parameter s from a geometrical relation between diffraction spots and Kikuchi lines in
a systematic diffraction condition along the a*-reciprocal direction, normal to the {h00} plane, in
a cubic spinel structure. The exciting cation sites (tetrahedral or octahedral) in the spinel

structure depend on the conditions with s <0 and s > 0, respectively.

Figure 2. Illustration of the three conditions in planar channeling EDXS of an ABO;-perovskite
structure with Mg(Si,A1)O; composition, e.g., bridgmanite. The Diffraction I and III conditions
are excited for the A-site and B-site with higher current densities, respectively, while Diffraction
11 is a non-channeling condition with a homogeneous current density. The corresponding EDXS
spectra are displayed in the lowest line, indicating variations of intensity ratios with changing

conditions.

Figure 3. (a) Electron channeling pattern of a single crystal olivine in a backscattered electron
(BSE) image at low magnification under backscattered geometry. A Kikuchi band runs from the
lower left to upper right showing a discontinuity over a subgrain boundary (indicated by an
asterisk), which is visible in forward scattered electron (FSE) image (b). The left insets are
EDXS maps of Mg-K and Si-K lines from the dotted square. The intensity distribution roughly

reflects that of the BSE image with a delocalization. (b) Corresponding FSE image under 70-
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degree sample tilt conditions. The contrast comes from the Kikuchi band contrast in the electron

backscattering diffraction (EBSD) geometry.
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