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Abstract
In this paper, we review our recent analyses of electron energy-loss near edge structure (ELNES) of
particular crystalline sites, exploiting dynamical electron diffraction effects, or electron channeling,
whereby the excitation weights of the Bloch waves propagating in a crystal can be controlled
systematically by adjusting the diffraction conditions. A state-of-the-art data processing technique, the
multivariate curve resolution (MCR), can restore purely site-specific spectral profiles and their
compositions from the experimental data set. Another technique, the Pixon deconvolution method
effectively removes the statistical noise, which enables us to compare the spectral fine structures with
those calculated by first principles and discuss the site-specific local atomic and electronic structures.
We demonstrate typical case studies in model materials and then an advanced chemical state analysis
in a real material. Finally, some remarks toward further refinement of the method are made.
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1. Introduction
With the recent advances in (scanning) transmission electron microscopes ((S)TEM) and related
analytical instruments, lateral spatial resolution has attained to an atomic scale for imaging and
chemical analysis. The mainstream STEM instrumentation aims to make a finer and more intense
electron probe by improving the electron gun optics and electron source design. The minimum source
size available now is as small as 50 pm, which in principle enables not only atomic column by column
analysis but also even the electronic states localized between atomic columns. However, these
measurements inevitably require a high-energy dense electron flux to concentrate on the sample thin
foil, and thus sometimes cause serious radiation damage and deteriorate the sample, which limits the
applicability of these methods.
One of the alternative ways to probe atomically localized electronic states by analytical (S)TEM is
to utilize amplitude modulations of electron wavefunctions propagating in a crystal, a clever method
for atomic scale analysis that does not necessitate focusing of the electron beam onto the sample: in
crystalline materials, high energy electrons behave as Bloch waves, the symmetries, and amplitudes of
which can be controlled by selecting an appropriate set of Bragg reflections and the excitation error of
each reflection in a TEM. Let us assume the two-beam excitation condition shown in Fig. 1-a, where
only one reciprocal point (Bragg reflection) is strongly excited. Under this condition, the incident
electron wavefunction is divided into two Bloch states, whose wavenumbers are confined on closely
separated branches (energy levels), called dispersion planes. The two Bloch states are characterized by
the same periodicity, compatible with that of the Bragg-reflecting planes, and a phase difference of π
from each other, in the direction parallel to the diffracting vector, g = (h k l). In a simple orthogonal
monatomic lattice, one of the Bloch waves propagates through the crystal with its intensity maxima
lying on the (h k l) planes, while the other Bloch wave propagates with its intensity maxima kept just in
between the (h k l) planes, as shown in Fig. 1-b. The total wavefunction is the linear combination of the
two Bloch waves ϕ Bloch and ϕ Bloch with these coefficients:
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The parameter β is related to the diffraction condition by gξg tan(∆θ) = sξg = cot(β), where ξg is the
extinction distance of the operating Bragg reflection g, and the other parameters are illustrated in Fig.
1-a. The changes in the excitation parameters, sin(β/2) and cos(β/2) for Bloch waves (1) and (2),
respectively, which are weighting coefficients that represent to what degree each Bloch wave is
excited, are plotted as a function of s in Fig. 1-c. One can thus localize the Bloch waves along specific
atom planes/columns by setting s to be positive or negative around a certain Bragg condition. This
phenomenon is known as the electron channeling effect.
This effect has been utilized in ALCHEMI (Atom Location by CHanneling Enhanced
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Microanalysis) mainly for energy dispersion X-ray analysis (EDX). ALCHEMI can be extended to
atom site-selective electronic state analysis when applied to TEM-EELS (Electron Energy Loss
Spectroscopy), which has barely been reported [1, 2]. Taftø et al. were the first to report an analysis of
this type [3]. They studied the valence of iron ions in a chromite spinel. Although channeling EELS
has the potential of site-specific measurements in crystals, few applications have been reported [4, 5].
To the authors’ best knowledge, there have been no chemical state analyses other than that of Taftø et
al. and our recent report [6]. One of the reasons for this is that the signal-to-noise ratio usually could be
very low under the channeling conditions because the EELS entrance aperture should be placed
off-axis under the two-beam excitation condition [3], and this could smear out the fine features of
ELNES. Another reason was the lack of a reliable theoretical calculation for interpreting ELNES. To
overcome the first difficulty, several algorithms to deconvolve the raw spectra are now available. They
restore the spectra with the S/N ratio and the instrumental energy spread is much improved [7-9]. The
second difficulty has been overcome by the recent first-principles calculations that have been reported
to successfully reproduce ELNES [10].
In this paper, we demonstrate the atomic site-specific analyses of ELNES under electron channeling
conditions. This paper consists of six sections. The section after this introduction describes the
theoretical framework of site-selective EELS on the basis of dynamical electron scattering theory
combined with inelastic electron scattering theory. In the third section, two typical case studies are
presented to show how site-selective EELS measurements are actually carried out, and the results are
compared with theoretical spectral predictions. In the fourth section, several effective data processing
techniques are introduced, and these are applied to one of the actual cases to discuss the site-specific
electronic structures, which are interpreted using the theoretical spectra obtained through first
principles. The fifth section demonstrates more advanced applications of the present method. Finally,
we summarize the results obtained and describe the future prospects of the method.

2. General theory for site-selective EELS
In the previous section, the two-beam dynamical electron diffraction theory was employed to
calculate the explicit strength of the Bragg spots, but the inelastic scattering intensities were treated by
an incoherent superposition of intensities from the respective Bloch waves. This treatment is called the
‘kinematical coupling’ approach [13], which considers Bragg reflection of the fast electron before
inelastic interaction but neglects it afterwards. In the present section, a dynamical approach is
introduced for electron channeling based on the Schattschneider’s formulation [13]. This approach
describes the fast electron as a Bloch wave field both before and after the inelastic event. Let us
suppose our experimental configuration is as shown in Fig. 1-a, where a Bragg reflection, g, is strongly
excited. An EEL spectral intensity is expressed by the following double differential cross-section [11]:
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∂ 2σ
4γ 2 k
=
S (q, q' , E ) ,
∂E∂Ω q 4 a 02 k 0

(2)

which is the probability where the incident electron losing its kinetic energy between E and E + ∆E is
scattered within the solid angle ∆Ω subtended by the detector entrance aperture located at the position
specified by q and q’. In Eq (2), k0 and k are the wavenumbers of the incident and scattered electrons,
respectively, γ is the relativistic correction factor, and a0 is the Bohr radius. The momentum transfer
vectors q and q’ are defined by

q = k 0 − k,

(3)

q' = q + g.

S(q, q’, E) is a so-called mixed dynamical form factor (MDFF), expressible for an N-electron system
as [12]:
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× δ ( E + Ei − E f ),
where < i | and | f > are the initial and final states of electrons associated with electron transitions from
the initial energy level Ei to the final level Ef, and pi and pf are the occupancies of the i-th initial state
and f-th final state, respectively. The summation with respect to j and j’ is taken over the coordinates of
the excited electrons. To discuss the electron channeling effects under a specific Bragg condition, we
have to take the dynamical scattering of the incident and emerging fast electron using Bloch waves.
This approach has already been used by Schattschneider et al based on the distorted-wave Bloch
approximation [12], and the final expression for the double-differential scattering cross-section for
inelastic scattering can be given in the following form under the geometrical configuration shown in
Fig. 2, taking into account the absorption effect phenomenologically [13,14]:
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Cg(i) and Dg(i) are Fourier components of the i-th branch of the incident (|ϕi>) and outgoing (|ϕf>) Bloch
waves (corresponding to the Bragg reflection, g) before and after the inelastic scattering, respectively.
q and q’ are now the momentum transfer vectors pointing to the entrance aperture of the EELS
detector from the origin and g, respectively, and t is the sample thickness. The last term in Eq. (5)
corresponds to the dipole transition approximation,

S (q, q' , E ) ∝ q ⋅ q' δ ( E + E i − E f ) ,

(7)

as given in Ref. [12]. Kgg’hh’ is a kind of structure factor resulting from the summation over the atomic
positions in the unit cell, which determines the site-selectivity of the propagating Bloch waves. Tjj’ll’ is
a thickness-dependent function denoting the absorption effects, where

∆ = γ ( j ) − γ ( j ') − (γ (l ) − γ (l ') ), δη = η ( j ) − η ( j ') − (η (l ) − η (l ') ) ,

(8)

and γ and η are, respectively, the real and imaginary parts of the j-th eigenvalue of the dynamical
(j)

(j)

diffraction theory (propagation vector of j-th Bloch wave).
In the two-beam approximation, the fast-electron Bloch states are analytically obtained as [15]:
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where s is the excitation error and ξg is the extinction distance of the operating Bragg reflection g. In
the present diffraction geometry, as shown in Fig. 2, Dg(i) = Cg(i) since the detector aperture located off
axis from the transmitted beam parallel to the Kikuchi line allows the same boundary condition to
apply to the outgoing waves after inelastic scattering. The phenomenological absorption is taken into
account by introducing the complex extinction distance with the imaginary part ξg’= 20ξg. Then
equations (5)-(10) provide the analytical form for simulating the electron channeling EELS under the
two-beam condition:
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where only the interference terms effective for site-selective measurement is left and the
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thickness-dependent term is omitted for simplicity. σ± = ±1, depending on the atomic site of the
element of interest, originating from Kgg’hh’ in Eq. (6).
Figure 3 plots ∂ σ / ∂E∂Ω for a virtual element located at the octahedral site (σ± = -1) and
2

tetrahedral site (σ± =1) in the spinel structure as a function of the nondimensional excitation error w (=
sξg) and detector position qy (see Fig. 2) with g = 400. The thickness-dependent and q−4-dependent
terms are neglected in order that the site-selectivity may be revealed. The signal intensity for both sites
switches dramatically from a finite value to nearly zero when the sign of w is reversed. As expected,
increasing qy enhances the site-selectivity. As a matter of fact, the dipole transition approximation is
no longer valid for large qy; a more mathematically precise treatment based on quantum mechanics is
necessary for a quantitative discussion, which is beyond the scope of this paper. It should also be
mentioned that the signal intensity decreases significantly with increasing qy, as a result of the
q−4-dependent term. Hence, in the actual experimental setup, a compromising condition has to be
sought, optimizing the trade-off between the signal intensity and site-selectivity.
The effect of sample thickness, t, is shown in Fig. 4 for the case of qy = 0.2 and σ± = 1, where the
−4

q -dependent terms are again neglected. The dynamical electron diffraction gives rise to an intensity
oscillation with sample thickness, with a period equal to the effective extinction distance,

ξ g / 1 + w2 . The absorption effect dilutes the site-selectivity significantly because the minor
component remains largely independent of the diffraction conditions. In principle, the thicker the
sample is, the more distinct the site-selectivity becomes, however, the background intensities and
multiple-loss effect predominate, which also requires an optimum compromise condition in practice.

3. Case studies
As application examples, we present two case studies for spinel structures, where single metal ions
occupy either the tetrahedral or octahedral site, and are coordinated by four or six oxygen atoms,
respectively, as shown in Fig. 5-a. TEM samples were prepared by ion-milling sintered polycrystalline
crystals. To distinguish the two sites, the experiments were conducted at the 400 Bragg condition (g =
400), changing the sign of s. Unless otherwise noted, we used a Jeol JEM-200CX TEM operated at an
accelerating voltage of 200 kV, equipped with a Gatan EEL spectrometer Enfina1000. Relatively large
convergent and collection angles (approximately 7 and 15 mrad, respectively) were applied with a
short camera length (~20 cm) so as to earn higher signal intensities. The size and thickness of the
illuminated area of the sample were approximately 1 µm and 50-100 nm, respectively. The EELS
detector was displaced by approximately 0.6 G along the (400) Kikuchi line to strengthen the
localization of the incident electron. Hence, the signal-to-noise ratios (S/N) were quite low, which
necessitates relatively long exposure (~45 s).
The pre-edge background of the raw data was removed using the power law, while the plural
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scattering effect was not corrected because their intensities did not significantly affect the spectral
features near the edge threshold. It should be noted that no appreciable radiation damage associated
with the high-energy electron beam was observed during the measurements.
Transition probabilities were calculated within the electric dipole approximation in the
first-principles theoretical ELNES calculations. Large momentum transfer vectors ( ≈ g) could involve
other contributions such as the monopole transition, but a spectral simulation including the large
momentum transfer vectors showed that their effects on the spectral shape were small enough to
ignore for a qualitative comparison of the theoretical spectra and the site-specific experimental
ELNES. The final spectra were broadened by a Gaussian function with a FWHM of 0.6-1.0 eV,
depending on the required energy resolution.

3-1 Mn L2,3 ELNES of Mn3O4

Mn3O4 has a normal spinel structure with a tetragonal distortion. The tetrahedral and octahedral sites
are occupied by Mn2+ and Mn3+, respectively [16, 17]. We measured Mn L2,3 ELNES of Mn3O4, which
are compared with the results of the first-principles many-electron calculation in Fig. 6. We adopted a
totally relativistic first-principles molecular orbital calculation [18, 19]. Electronic correlations among
the Mn 2p1/2, 2p3/2 and 3d electrons were taken into account explicitly as the configuration interaction
(CI) incorporated with the Slater determinants of these molecular orbitals. We used (MnO4)6- and
(MnO6)9- cluster models for Mntet2+ and Mnoct3+, respectively. To take the effective Madelung potential
into account, point charges were placed at the external atomic sites. The channeling experiment
indicates that the first and second peaks (A and B) are ascribable to Mntet and Mnoct, respectively,
because positive s400 localizes the incident electron at the less dense atomic planes of Mntet according
to dynamical theory under the two-beam approximation [20]. The calculated total spectrum has four
distinct peaks: A and B at the L3 edge and C and D at the L2 edge. The site-specific theoretical spectra
indicate that peaks A and B are mainly from Mntet2+ and Mnoct3+, in agreement with the experiment.
The indicated charge order is consistent with that reported by neutron diffraction experiments. This
example of EELS measurements under channeling conditions suggests that the reliable first-principles
calculation of spectra reflecting multiplet structures and the site-probing EELS could provide an
effective tool for analyzing the charge ordering of transition metal ions in crystalline materials.

3-2 Al K ELNES of NiAl2O4

The next example material is NiAl2O4, which has a partially inverse spinel structure [21]. The
spectra in Fig. 7 were measured at an excitation error of g=400, s400, positive and negative, as in the
inset of the corresponding diffraction condition. Again, the low energy peak enhanced at s400 > 0 is
attributable to Altet, while the intensities at higher energies are mainly due to Aloct.
The theoretical Al K ELNES at each site was calculated by the first-principles OLCAO
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(orthogonalized linear combination of atomic orbitals) method [22, 23] based on the density functional
theory (DFT) under the local density approximation. Since atomic orbitals are used as basis functions
in this method, features that appear in theoretical spectra can be analyzed in terms of the interactions
between atomic orbitals in a straightforward manner [22, 24]. Supercells containing 56 atoms with one
core-holed Al were used. Prior to the spectral calculations, the crystal parameters of the spinel were
optimized by a different first-principles procedure, namely, the projected augmented-wave (PAW)
method [25, 26], to reduce computational cost. In this procedure, Al occupation sites in spinel were
optimized within a primitive cell (Z=2) of the cubic spinel. The conditions used for the structural
optimization are detailed in Ref. [2]. It is seen that the experimental spectra exhibit distinct channeling
effects.

4. Further refinement of the method
4-1 Data processing to extract site-specific information

Since the cross-section of each site varies with respect to the excitation error, measured spectra are
sum spectra of purely site-specific spectra with different weights, whose values depend on the
experimental conditions such as the excitation error and sample thickness, as described in section 2.
Given that the systematic data are obtained with just the excitation error varied, we can deduce purely
site-specific spectra from them by statistical analysis, e.g., Multivariate Curve Resolution (MCR) [27].
In this procedure, the sum spectra of the different components, the pure spectra, and their weights are
represented by the matrices X, S and C. m experimental spectra with n energy bins and l site-specific
pure spectral components yield X(n x m), S(n x l) and C(m x l) and X = SCT + E, where E denotes the
residual components, not explained by l components. We applied MCR on the Al K spectra measured
systematically from NiAl2O4. Figure 8 shows 11 spectra with different s400, which have X(11 x 600).
In the MCR procedure, the Modified Alternating Least Square (MALS) algorithm was adopted to
decompose X into C and S [28].
The low S/N of the measured spectra is another problem that needs to be addressed for site-specific
analysis. One solution is to apply a deconvolution technique to remove the statistical noise. In general,
an EELS spectrum is given by the convolution of an ideal spectrum and a Point-Response-Function
(PRF), which can be obtained by measuring the low-loss spectrum:

D( x ) = dV y H ( x − y ) I ( y ) + N ( x ) ,

(11)

Vy

where D(x) is the observed spectrum, I(x) is the ideal spectrum, H(x) is the PRF and N(x) is the noise.
We first applied MCR on the raw data set, and then restored the site-specific signals by deconvolution.
We adopted the Pixon algorithm, whose application to EELS was recently developed [29, 30]. It is
worth noting that this method adapts itself to the distribution of information content in the data and
processes it locally, forming I(x) by convoluting the pseudo image with smoothing functions, whose
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scale factor is determined locally.

I ( x ) = dV y K
Vy

x−y

δ ( x)2

φ( y)

(12)

where φ is the pseudoimage, K is the Pixon kernel and δ(x) is the scale factor at point x. Because the
smoothness of K is optimized location-by-location, this method avoids regional oversmoothing or
undersmoothing, which enables a robust restoration of low S/N data.
The NiAl2O4 data set in Fig. 8 shows that the tetrahedral intensities at low energy (1563 eV) and the
octahedral intensities at high energy (1569 eV) change systematically as s400 decreases. The results of
the MCR and Pixon deconvolution for the data (Fig. 9-a) are compared with the first-principles
theoretical site-specific spectra (Fig. 9-b). Comparison of the decomposed spectra with the theoretical
ELNES and Fig. 7 reveals that the ELNES of the individual sites are separated successfully. The other
decomposed matrix, C, is plotted in Fig. 9-c, as Altet weights with respect to w=sξ400. It increases
dramatically from 0.3 to 0.6 as w increases from -1 to 1, which is qualitatively consistent with Fig. 3.
Hence, site-selective ELNES measurements are fulfilled in the true sense of the word.

4-2 Site-specific electronic structures of NiAl2O4

In the experimental site-specific Al K ELNES of NiAl2O4, the energy position of the main peak of
the Aloct spectrum is higher than that of the Altet spectrum. The theoretical spectra show the same trend.
It is believed that the difference in peak positions roughly reflects the difference in local electronic
structure around Altet and Aloct. Figure 10 shows the details of the calculated electronic structure, the
local partial densities of states (LPDOS) and overlap population diagrams (OPD) [31] of Altet and Aloct
for the non-core-holed, ground state electronic structure, because we intend to correlate the ground
state electronic structures with the site-specific peak positions. The Fermi level is set to zero in each
figure. In the conduction bands, Altet 3p LPDOS in Fig. 10-a exhibits a broad dispersion and
significant intensities at low energies. By contrast, 3p LPDOS of the octahedral sites in Fig. 10-e is
mainly located in the higher energy region of 8-16 eV. Thus, the conduction-band structure simply
explains the site-specific peak positions. Altet 3d and 3p LPDOS in Fig. 10-a have peaks at similar
energies, 5 eV, 10-13 eV, and 20-21 eV (peaks A, B, C and D in Altet 3p LPDOS), indicating that 3p
and 3d states are significantly hybridized at the tetrahedral site. This is not the case for Aloct LPDOS in
Fig. 10-e. Given that the local coordinations of Altet and Aloct correspond approximately to Td and Oh
symmetry, respectively, the p- and d-symmetry orbitals of the same Al could be hybridized only for
Altet. The OPD between Al and its near-neighbor O in Figs. 10-b and 10-c actually confirm the
hybridization. Altet3d-O2p in Fig. 10-c as well as Altet3p-O2p in Fig. 10-b show significant
antibonding type interactions with good correlation at peaks A and B, while the OPD profiles of
Aloct3d-O2p and Aloct3p-O2p (Figs. 10-g, f) are not so well correlated.
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In order to examine orbital interactions related to Al3p, we show OPDs between Altet,oct3p and the
near-neighbor cations in Figs. 10-d and 10-h. Comparing Fig. 10-d with Fig.10-a, the lowest energy
peak (peak A) is characterized by bonding interactions between Altet 3p and its neighboring Altet.
Aloct3p does not form such a purely bonding interaction. Therefore, as schematized in Fig. 11, the
lower energy of Altet K ELNES could be ascribed to a conduction-band structure containing relatively
lower-energy Altet3p states formed by significant bonding interactions among the d-p hybridized states
of {AltetO4} units. Since the calculated 1s level of the Aloct is only 0.2 eV lower than that of the Altet,
the chemical shift between the different sites can be said to play a minor role.

5. Advanced applications
5-1 Comparison of site-specific Al K ELNES between spinel and garnet

NiAl2O4 has a partially inverse spinel structure where tetrahedrally and octahedrally coordinated Al
atoms (Altet and Aloct) are alternately arranged on the {400} planes, while a garnet structure of YAG
has alternating Altet+Aloct and Altet planes of {400}, as shown in Fig. 5-b. We obtained site-specific Al
K ELNES of a single-crystalline YAG grown by the Bridgeman method, in a manner similar to the
case of NiAl2O4 [1]. In Fig. 12, the results are compared with the corresponding theoretical results. As
in the case of NiAl2O4, the main peak of the Aloct spectrum is at a higher energy than Altet. Thus, the
discussion in the previous section is also applicable to YAG. The experimental Altet K ELNES of YAG
seems in less agreement with the theoretical results, which is due to the multiple loss effect at the
relatively thicker area. We focus our discussion on the differences between the Aloct K ELNES,
commonly encountered in the experimental and theoretical spectra. Interestingly, YAG has a relatively
sharper main peak of the octahedral spectra in both the experimental and theoretical spectra. In Fig. 13,
we reproduce the experimental and theoretical Aloct K ELNES of NiAl2O4 and YAG shown in Figs. 9
and 12, respectively, for a better comparison (with the energies shifted so that the main peak positions
are aligned).
Because Aloct has similar oxygen coordination environments in NiAl2O4 and YAG and because
interactions between cationic orbitals are predominant at the high energies corresponding to the main
peaks of Aloct K ELNES, the width of the main peak could be ascribed to orbital interactions between
the cations whose arrangements differ between these two compounds. In order to correctly identify the
electronic origin of the difference in ELNES between Al with similar oxygen coordination, we will
investigate theoretical electronic structures with a core-holed Al at the octahedral site (Aloct*).
Figure 14 correlates the theoretical Aloct K ELNES (Figs. 14-a, d) with the local electronic structures
around Aloct*, which are represented by local densities of states (LDOS) of the near neighbor atoms
(Figs. 14-b, e) and OPD between Aloct* 3p and the neighboring atoms (Figs. 14-c, f). The atom species
and coordination numbers of the first, second and third neighbor shells around the Aloct* of NiAl2O4
and YAG are shown in Table 1, in which the shell radii are indicated.
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Figures 14-b and e illustrate that oxygen LDOS (1st shell) is small, while cation DOSs (2nd and
3rd shell) exhibit significant intensities (there are no cations in the 2nd shell of YAG) in both structures.
A comparison of Aloct K ELNES in Fig. 14-a with LDOS in Fig. 14-b and OPD in Fig. 14-c suggests
that the small shoulder around 5 eV in the ELNES of NiAl2O4 corresponds to the anti-bonding orbitals
between Aloct* and the nearest O, and the main peak around 8 eV and the subsequent shoulders
correspond to those between Aloct* and the 2nd shell Aloct and Ni. In the case of YAG, anti-bonding
interactions between Aloct* and the nearest O are predominant in the main peak of the ELNES around
11 eV. The LDOSs of Altet and Y have larger intensities than that of O, though the interactions between
Aloct* and the 3rd shell cations (Altet and Y) are weaker than that between Aloct* and O, so that these
interactions do not affect the ELENS that much. Therefore, the weaker interactions between the
constituent cations give rise to a sharp peak in Aloct K spectra of YAG.
5-2 Ce M4,5 ELNES of Ce2Zr2O7.5

As an application of site-specific EELS to real materials, the valence states of Ce in Ce2Zr2O7.5 were
studied [6]. Ce2Zr2Ox (X = 7, 7.5 8) have 2×2×2 superlattices of the unit cell of a fluorite structure, in
which Ce and Zr are ordered. This material is used as a catalytic promoter for reactions cleaning
automotive exhaust gases. At X < 8, it contains oxygen vacancies (VO) on the sublattice of anion sites
coordinated by four Zr. At X = 7, the entire sublattice sites are unoccupied. At X = 7.5, four VO are
ordered as shown in Fig. 5-c. Thus at this composition, we have fully oxygen-occupied planes
(O-filled planes) and VO-containing planes (O-deficient planes) on alternate {200} planes. Ce2Zr2O7.5
was obtained by exposing Ce2Zr2O7 powder to air at room temperature for over 1 year [32]. The initial
Ce2Zr2O7 powder was prepared by the co-precipitation method [33]. The sample powder was
dispersed on a carbon microgrid film, and observed using a 300-kV electron microscope (Hitachi
H-9000NAR) equipped with a GATAN imaging filter.
Figure 15 shows the results of Ce M4,5 spectra under (200) channeling conditions, together with
those of Ce2Zr2OX (X = 7, 7.5, 8) measured in a non-channeling TEM mode. The profile of the
spectrum of Ce2Zr2O7.5 measured at s200 > 0 is similar to that of Ce2Zr2O7, while that of Ce2Zr2O7.5 for
s200 < 0 resembles that of Ce2Zr2O8.
In the crystal structure of Ce2Zr2O7.5, which has been well established by x-ray and electron
diffraction measurements, Ce has only one crystallographic site in the fcc unit cell [33]. Since a
negative (positive) s200 localizes the incident electron on the O-filled (O-deficient) planes depicted in
Fig. 5-c, the spectra under (200) plane channeling conditions reveal that a single cerium ion has a
double-faced state, where two kinds of Ce states similar to those of Ce in Ce2Zr2O7 and Ce2Zr2O8 face
in opposite directions.
In order to identify the cause of the marked variation in the Ce M4,5 spectral profiles with the
channeling conditions, we calculated the atomic and electronic structures of this phase by the PAW
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band method within the generalized gradient approximation [34] partly including a Hubbard-type
orbital-dependent interaction [35,36] for Ce 4f states (GGA+U). The theoretically optimized crystal
structure coincided almost exactly with the structure obtained experimentally. This is the reason why
we think the underlying theoretical electronic charge density could correctly reproduce the real
electronic charge density. In the case of Ce2Zr2O7.5, the huge number of configuration interactions
between Ce 3d, 4f and O 2p electrons should be taken into consideration for the many electron spectral
calculation employed in the case of Mn L2,3 spectra of Mn3O4 in section 3.1 because the number of
electrons in the configurations must be an integer and the smallest possible cluster centering Ce cannot
satisfy this condition for the composition (Ce2Zr2O7.5). We just calculated the electron charge
distribution by the PAW method within the GGA+U framework. The effective U was set to 2.5 eV,
which was reported to provide reasonable agreement with the experimental formation energies of
Ce2O3 and CeO2 [37].
Figure 16 shows the local electronic and atomic structures around Ce. As depicted in Fig. 16-b, Ce
is located on the 3-fold symmetry axis in the cubic system, coordinated by four kinds of oxygen atoms
at different crystallographic sites (O1-4). Among the oxygen atoms, O4 is the nearest neighbor to VO
and significantly displaced toward VO from the symmetric tetrahedral coordination position. We
evaluated the effective ionic charges by Bader's method [38]. They were -0.4, -1.2, -1.2 and -2.0 for O1
to O4, indicating a strongly anisotropic charge distribution along the 3-fold axis. In Fig. 16, those ions
were colored darker in the order of decreasing effective charge. The significantly displaced oxygen
atoms, O4, were most ionic, as if restoring the original Madelung potential of the fluorite structure.
Because of the anisotropy in the electron charge and atomic positions, the local structure around Ce
looks very different on either side separated by a plane perpendicular to the 3-fold axis (shown as a
gray plane in Fig. 16-b). The one side containing O3 and O2 has relatively short Ce-O distances and the
Ce 4f charge in Fig. 16-a is rather delocalized between O2 and Ce. On the other side, the Ce 4f charge
is rather localized at Ce. If the real Ce 4f electron is as delocalized as the calculation suggests, the
charge density of the band calculation is likely compatible with the double-faced state deduced from
the experimental Ce M4,5 spectral profiles.
For a further discussion on the relationship between the Ce 4f charge distribution and the spectral
profile, let us examine the fine structures of Ce M4,5. The TEM-mode spectra of Ce2Zr2O8 and
Ce2Zr2O7.5 exhibit small shoulders approximately 5 eV above the M4 and M5 main peaks. In the spectra
obtained under channeling conditions, although a lower energy resolution smears out the fine
structures, the spectrum at s200 < 0 does exhibit more distinct shoulder structures than that at s200 > 0.
Kotani et al. interpreted the fine structures of Ce M4,5 x-ray absorption spectra (XAS) of CeO2 and
CeF3 using the Anderson impurity model [39]. This model also explained Ce 4f to 3d resonant X-ray
fluorescence spectra [40]. According to the model, the shoulder structures that appeared in Ce M4,5
XAS of CeO2 are due to the mixed valence state of Ce: The ground state |g> is a mixed valence state
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consisting of a Ce 4f electron and an O2p valence hole, |g> = a|f0>+b|f1v>. Similarly, the final states of
Ce M4,5 XAS are given by c|df1> + d|df2v> and d’|df1> − c’|df2v> for the main peak and shoulder,
respectively. Thus, the shoulder structures of CeO2 are derived from the strong covalency
hybridization between Ce 4f and O2p states. By contrast, the spectral profile of CeF3 simply reflects
the trivalent state of Ce, |g> = |f1> and |f> = |df2>. The more detailed structures in the spectra of CeO2
and CeF3 are well reproduced by the multiplets of the final state configuration. Since the spectral
profile of Ce2Zr2O8 and Ce2Zr2O7 are very similar to those of CeO2 and CeF3, respectively, we can
deduce the novel valence state of Ce in Ce2Zr2O7.5, in which Ce 4f and O2p are strongly hybridized
and form a “mixed valence state” on the O-rich side and the Ce 4f electron is localized and forms a
“trivalent state” on the O-deficient side. The Ce 4f charge density of the DFT-based calculation in Fig.
16-a can be interpreted as the spatially smoothed charge density of this valence state.

6. Summary and concluding remarks
In the present paper, we give an overview of the historical background, the present status of the
sophisticated combination of TEM-EELS and first-principles electronic calculations for site-selective
electronic states in crystalline materials, exploiting electron channeling phenomena, and advanced
application examples investigated recently by the present authors’ group. The main results can be
summarized as follows:
(1) The site-selective ELNES measurements first applied to spinel structures, in which the two
anion sites differently coordinated by oxygen (tetrahedral (T-site) and octahedral sites (O-site)
are aligned on alternating {400} planes. The experimental ELNES of the fine structure varied
consistent with the weighted sum of the theoretical spectra of the T- and O-sites, the two
components predominating alternately as the sign of the excitation error near the {400} Bragg
condition is changed. These findings showed that the combination of site-specific ELNES
measurements and reliable first-principles calculations will be useful to determine the charge
ordering in the transition metal materials.
(2) Data processing techniques effective for the site-selective ELNES are introduced: multivariate
curve resolution (MCR) applied to the systematic ELNES data measured with the excitation
errors systematically varied, which successfully restored the pure spectral components and
their relative compositions from the data set. In addition, the signal restoration method based
on the Pixon algorithm removed the statistical noise from the site-specific experimental
spectra with low SNR, which enabled us to better compare the experimental fine structures
with theoretical ones. Site-selective ELNES measurements were fulfilled in the true sense of
the word, with the aid of state-of-the-art data processing.
(3) The above-mentioned method we developed has opened up the possibility of discussing
spatially localized electronic structures: the main peak positions in the Aloct and Altet K
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ELNES of NiAl2O4 inverse spinel were interpreted in terms of the conduction band structures.
(4) Site-specific Al K spectra of a garnet structure and NiAl2O4 spinel were discussed, in which
the local coordinations farther than the first nearest neighbors are different from each other:
the position and shape of the main peak of Aloct ELNES were compared between the two
structures; the difference was found to be ascribable to the local atomic arrangement around
Aloct.
(5) Ce2Zr2O7.5, used as a catalytic promoter, was analyzed by site-specific EELS. The Ce M4,5
profiles changed significantly depending on whether the incident electron propagated along
the oxygen-deficient plane or along the oxygen-rich plane. The first-principles DFT+U
calculation indicated strongly anisotropic charge distribution along the 3-fold axis in the cubic
system. The site-specific ELNES revealed a novel valence state of Ce in Ce2Zr2O7.5, in which
Ce 4f and O2p are strongly hybridized and form a “mixed valence state” on the O-rich side and
the Ce 4f electron is localized and forms a “trivalent state” on the O-deficient side.
Finally, we would like to make several remarks on further improvements to the method. One of the
technical shortcomings of this method is the low S/N due to the off-axis geometrical configuration of
measurements. Prolonged measurements would improve S/N considerably if the inevitable energy
drift due to instrumental instabilities during measurement is corrected for. We have recently developed
a program script working on DigitalMicrographTM that corrects the energy drift online [41]. This will
improve the data quality of our future experiments.
Another goal is to open up the possibility for quantitative measurements, such as occupancy
determination of cations with different valency. To achieve this, the theoretical formulation given in
Section 2 must be extended to the more general many-beam case, and automated EELS measurements
in which the beam incident angle is digitally controlled are necessary to apply the MCR technique
effectively.
Further applications are planned to extend site-specific electronic structure analysis to various
kinds of materials, such as layered solid solution thin films, spinel ferrite materials, both of which
exhibit interesting electronic and magnetic properties and high-pressure crystalline phases that are
formed on the same element with different coordination.
The present authors are developing a new wavelength-dispersive X-ray (WDX) spectrometer for
TEM to perform soft-X-ray emission spectroscopy (SXES) [42]. This WDX-SXES system covers
150-2500 eV of X-ray emission energy with an energy resolution comparable to that of TEM-EELS.
We have started SXES experiments under channeling conditions to obtain site-selective PDOS of
occupied states, which will play a very important and complementary role when combined with
channeling TEM-EELS.
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Table 1: Atom species and coordination numbers of the first, second and third neighbor shells around
the Aloct* of NiAl2O4 and YAG.

NiAl2O4
YAG

1st shell
(0.19 nm)
Ox6
Ox6

2nd shell
(0.29 nm)
Aloct x 2, Ni x 4
none

3rd shell
(0.34 nm)
Altet x 6
Altet x 6, Y x 6

Captions
Table 1: Atom species and coordination numbers of the first, second and third neighbor shells around
the Aloct* of NiAl2O4 and YAG.
Fig. 1: Reciprocal constructions for two-beam excitation conditions, satisfying the exact Bragg
condition for g (a-1) and slightly deviating from it with a positive excitation error, s>0 (a-2). Bloch
waves correspond to the wave vectors k(1) and k(2) (b), and their weights (excitation parameters) with
respect to the excitation errors (c).
Fig. 2: Experimental geometry of diffraction pattern for site-selective EELS.
Fig. 3: Variation of site-dependent EELS intensities with respect to the deviation from the Bragg
condition, w, and the displacement of EELS detector. qy is the magnitude of q in Fig. 2
Fig. 4: Variation of site-dependent EELS intensities with respect to the sample thickness, t, and the
deviation from the Bragg condition, w.
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Fig. 5: Crystal structures of the materials studied: (a) spinel, (b) Y3Al5O12 (YAG), and (c) Ce2Zr2O7.5.
Highlighted vertical planes represent the set of planes containing one type of atomic sites, the nesting
planes containing the other sites. The Bragg spots corresponding to the sets are selected for
site-selective EELS experiments.
Fig. 6: Experimental Mn L2,3 ELNES of Mn3O4 under (400) channeling conditions (upper) and
theoretical spectra of divalent Mn at the tetrahedral site and trivalent Mn at the octahedral site (lower).
In the experimental spectra, the dots are the measured data, and the lines are the measured data after
noise removal by the Pixon method (described in text, Section 4.1).
Fig. 7: Al K ELNES of NiAl2O4 under (400) channeling conditions. The dots and lines were obtained
as described in the caption of Fig. 6. In the diffraction pattern insets, white and black lines indicate the
location of 400 Kikuchi excess and deficient lines, respectively.
Fig. 8: Al K ELNES of NiAl2O4 under (400) channeling conditions with the excitation error
systematically varied. Thick gray lines indicate the location of the main peaks of tetrahedral and
octahedral Al. The corresponding deviation parameters w = sξg are shown.
Fig. 9: Experimental site-specific Al K ELNES of NiAl2O4 decomposed by MCR, where the lines are
the spectra after noise removal by the Pixon method (a), the corresponding theoretical spectra (b) and
the fraction of the tetrahedral signals with respect to w (c).
Fig. 10: Calculated local partial densities of states and overlap population diagrams of NiAl2O4 with
no holes in Al 1s states. The vertical dashed lines show the energy positions of the characteristic peaks
in Al 3p LPDOS.
Fig. 11: Schematic showing energy levels in the conduction bands, associated with the tetrahedral and
octahedral Al in NiAl2O4.
Fig. 12: Comparison between the experimental and theoretical site-specific Al K ELNES of YAG. The
dots and lines were obtained as described in the caption of Fig. 6.
Fig. 13: Comparison between experimental (upper) and theoretical (lower) Aloct K ELNES profiles of
NiAl2O4 and YAG.
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Fig. 14:Theoretical analysis of Aloct K ELNES of NiAl2O4 (left column) and YAG (right column). (*
stands for core-holed): Theoretical Al K ELNES (a) and (d), LDOS of neighboring atoms around
Aloct* (b) and (e). Overlap population diagram (OPD) between Aloct* and its neighboring atoms (c)
and (f).
Fig. 15: Ce M4,5 of Ce2Zr2O7.5 under (200) channeling conditions (solid), Ce M4,5 of Ce2Zr2OX, (X = 7,
7.5, 8) under the TEM mode (dashed).
Fig. 16: (a) GGA+U charge density of Ce 4f states (a, upper) on the plane shown in (a, lower). The
lower shows an octant of the unit cell of Ce2Zr2O7.5. (b) Local atomic arrangement around Ce. The
rectangle and circle shown in (a) are indicated again.
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Fig. 1: Reciprocal constructions for two-beam excitation conditions, satisfying the exact
Bragg condition for g (a-1) and slightly deviating from it with a positive excitation error,
s>0 (a-2). Bloch waves correspond to the wave vectors k(1) and k(2) (b), and their weights
(excitation parameters) with respect to the excitation errors (c).
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Fig. 2: Experimental geometry of diffraction pattern for site-selective EELS.
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Figure 02 (Fig2.eps)
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Fig. 3: Variation of site-dependent EELS intensities with respect to the deviation from the
Bragg condition, w, and the displacement of EELS detector. qy is the magnitude of q in Fig. 2
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Fig. 4: Variation of site-dependent EELS intensities with respect to the sample thickness, t,
and the deviation from the Bragg condition, w.
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Fig. 5: Crystal structures of the materials studied: (a) spinel, (b) Y3Al5O12 (YAG), and (c) Ce2Zr2O7.5.
Highlighted vertical planes represent the set of planes containing one type of atomic sites, the nesting planes
containing the other sites. The Bragg spots corresponding to the sets are selected for site-selective EELS
experiments.
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Fig. 6: Experimental Mn L2,3 ELNES of Mn3O4 under (400) channeling conditions (upper)
and theoretical spectra of divalent Mn at the tetrahedral site and trivalent Mn at the octahedral
site (lower). In the experimental spectra, the dots are the measured data, and the lines are the
measured data after noise removal by the Pixon method (described in text, Section 4.1).
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Fig. 7: Al K ELNES of NiAl2O4 under (400) channeling conditions. The dots and lines were
obtained as described in the caption of Fig. 6. In the diffraction pattern insets, white and
black lines indicate the location of 400 Kikuchi excess and deficient lines, respectively.
K.Tatsumi and S. Muto
Figure 07 (Fig7.eps)

Accepted in J. Phys. Condensed Matter

110
100

NiAl2O4 Al K

-0.10
-0.07

90

-0.04
-0.02
0.01
0.02
0.03
0.04
0.06
0.06

oct.
tet.

0.07

Fig. 8: Al K ELNES of NiAl2O4 under (400) channeling conditions with the excitation error
systematically varied. Thick gray lines indicate the location of the main peaks of tetrahedral
and octahedral Al. The corresponding deviation parameters w = sξg are shown.
K.Tatsumi and S. Muto
Figure 08 (Fig8.eps)

INTENSITY

a)

NiAl2O4 Al K ELNES
Expt.

Altet
Aloct
1560

INTENSITY

b)

1570

1570

FRACTION OF Aloct,
Ntet/(Ntet+Noct)

Accepted in J. Phys. Condensed Matter

1580

ENERGY LOSS (eV)

NiAl2O4 Al K ELNES
Theo.

1580

w

Theo.

Aloct

Altet

c)

1590

TRANSITION ENERGY (eV)

1600

Fig. 9: Experimental site-specific Al K ELNES of NiAl2O4 decomposed by MCR, where the
lines are the spectra after noise removal by the Pixon method (a), the corresponding
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Fig. 10: Calculated local partial densities of states and overlap population diagrams of NiAl2O4
with no holes in Al 1s states. The vertical dashed lines show the energy positions of the
characteristic peaks in Al 3p LPDOS.
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Fig. 14:Theoretical analysis of Aloct K ELNES of NiAl2O4 (left column) and YAG (right column).
(* stands for core-holed): Theoretical Al K ELNES (a) and (d), LDOS of neighboring atoms
around Aloct* (b) and (e). Overlap population diagram (OPD) between Aloct* and its neighboring
atoms (c) and (f).
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Fig. 15: Ce M4,5 of Ce2Zr2O7.5 under (200) channeling conditions (solid), Ce M4,5 of
Ce2Zr2OX, (X = 7, 7.5, 8) under the TEM mode (dashed).
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Fig. 16: (a) GGA+U charge density of Ce 4f states (a, upper)
on the plane shown in (a, lower). The lower shows an octant
of the unit cell of Ce2Zr2O7.5. (b) Local atomic arrangement
around Ce. The rectangle and circle shown in (a) are
indicated again.
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