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The pioneer, Ondrej L. Krivanek, and his collaborators have opened up many frontiers for the electron
energy loss spectroscopy (EELS), and they have demonstrated new potentials of the EELS method for in-
vestigating materials. Here, inspired by those achievements, we show further potentials of EELS based
on the results of theoretical calculations, that is excitonic and van der Waals (vdW) interactions, as well
as vibrational information of materials. Concerning the excitonic interactions, we highlight the impor-
tance of the two-particle calculation to reproduce the low energy-loss near-edge structure (ELNES), the
Na-L,3 edge of Nal and the Li-K edge of LiCl and LiFePO,. Furthermore, an unusually strong excitonic
interaction at the O-K edge of perovskite oxides, SrTiO; and LaAlOs, is shown. The effect of the vdW
interaction in the ELNES is also investigated, and we observe that the magnitude of the vdW effect is
approximately 0.1 eV in the case of the ELNES from a solid and liquid, whereas its effect is almost neg-
ligible in the case of the ELNES from the gaseous phase owing to the long inter-molecular distance. In
addition to the “static” information, the influence of the “dynamic” behavior of atoms in materials to
EELS is also investigated. We show that measurements of the infrared spectrum are possible by using a
modern monochromator system. Furthermore, an estimation of the atomic vibration in core-loss ELNES
is also presented. We show the acquisition of vibrational information using the ELNES of liquid methanol

and acetic acid, solid Al,03, and oxygen gas.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Electron energy loss spectroscopy (EELS) observed with trans-
mission electron microscopy (TEM) has been extensively used in
diverse fields, such as materials science, solid state physics, biolog-
ical chemistry, and polymer chemistry [1]. The reason for this wide
range of applications is attributed to the numerous advantages of
the TEM-EELS method. The most important advantage is its high
spatial resolution. EELS observation with very high spatial resolu-
tion has been achieved more than twenty years ago by the com-
bination of EELS with a scanning transmission electron microscope
(STEM) [2-5]. To date, some milestones for the atomic resolution
analysis using STEM have been recorded by a pioneer, Ondrej L.
Krivanek, and his collaborators and the instruments developed by
them [6-11]. In 2010, the ultimate resolution, that is atom-by-atom
analysis, was achieved [11].

In addition to the spatial resolution, the wide variety of infor-
mation obtainable from an EELS spectrum is also an important ad-
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vantage of the EELS method. Information on the chemical compo-
sition of a sample can be obtained by from the fine-structure of
its core-loss EEL spectrum. The spectral profile and threshold en-
ergy of ELNES are known to be sensitive to the local coordination,
valence state, and chemical bonding. A lower energy profile of the
EELS spectrum also contains important information on the mate-
rial. The low loss profile originates from phonons, collective elec-
tron oscillations, as well as the inter and intra band transitions,
and thus, optical properties can be measured using low loss EELS
[1,12]. With a modern aberration-corrected STEM system, atomic
resolution observation of the spectrum from a single dopant [9],
two-dimensional mapping of elements in a bulk [13] and at a in-
terface [14], dopant buried in a crystal [15], and valence state map-
ping [16], are all possible. Some of these cutting-edge observations
have been performed by the instruments developed by the group
of Krivanek and coworkers [9,14].

Furthermore, new techniques in EELS have also been devel-
oped recently. The observation of magnetic circular dichroism us-
ing ELNES has been achieved using a vortex electron beam [17-
19]. More recently, an improvement of the energy resolution, via
the development of an advanced monochromator system, enables
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the identification of fine profiles near the zero-loss peak [20-23],
as described in a review [24]. An instrument that is compatible
for both advanced spatial resolution and energy resolution has
also been developed by Krivanek et al. [25-27]. The advanced en-
ergy resolution enables us to provide information on the elec-
tronic structure at the band gap (gap between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO)) and the vibration of atoms in the molecule
and solid [25,28,29].

Nowadays, the TEM/STEM-EELS method is a very informative
and powerful analytical technique for a wide variety of scientific
fields. Significant pioneering contributions were made by Ondrej L.
Krivanek to open up these frontiers, as described above. Based on
this background, we would like to show further potential applica-
tions of EELS, based on the results of theoretical calculations. In
this study, we discuss 1) excitonic interactions in ELNES, 2) effect
of van der Waals interactions in ELNES, and 3) vibrational informa-
tion from EELS.

The excitonic interaction is known to be significant in ELNES
in the relatively lower energy region, <100eV [30-35], whereas
its effect on the high energy ELNES is still a cause of contro-
versy [32,36]. We have investigated the excitonic interactions in
the low energy ELNES, Na-L,3 edge (~30eV) of Nal and the Li-K
edge (~50eV) of LiCl [37], as well as the high energy ELNES at
the O-K edge (~530eV) of perovskite oxides [36]. Here, we review
those results, and an application of the excitonic calculation is also
shown for the Li-K edge and Fe-M, 3 edge of a Li-ion battery cath-
ode material, LiFePO4, and the importance of correct calculation of
the transition energy is demonstrated.

Concerning the van der Waals (vdW) interaction, it is known
that one of its constituents, the London dispersion force, can be
estimated from the plasmon loss [38]. However, the effect of the
vdW interaction in core loss, ELNES, has not been discussed. We
have investigated the effect of the vdW interaction on the B-K edge
of solid h-BN, the O-K edge of liquid water, and the O-K edge of a
gas water molecule using first-principles calculations [39].

In addition to the above “static” information, we investigated
the “dynamic” behavior of atoms in materials, such as phonons and
molecular vibrations, in the EELS spectrum. Direct observation of
the vibrational spectrum using monochromated STEM-EELS from
an ionic liquid, C;mim-TFSI, has been reported [29]. Furthermore,
we have also reported the effects of the molecular vibration on the
liquid ELNES, C-K edge of liquid methanol and O-K edge of acetic
acid [40,41]. Here, in addition to those previous results, we show
the effect of the lattice/molecular vibration on the Al-K edge of
solid Al,03 and O-K edge of oxygen gas.

2. Excitonic interactions in ELNES

The features of ELNES originate from an electron transition from
a core-orbital to the conduction bands. Here, the “ground state” is
defined as the state before the electron transitions and the state
with a core-hole is called an “excited state”. At the excited state,
a Coulombic interaction between the positively charged core-hole
and the negatively charged excited electron, namely an excitonic
interaction, is present.

To investigate the excitonic interaction, a correct calculation of
the two-particle formalism, namely the Bethe-Salpeter equation
(BSE), is necessary [30,31,33,34]. The method to calculate the ex-
citonic interaction using BSE is provided next.

2.1. Methodology for the excitonic calculation

To investigate the excitonic interaction, both the one-particle
and two-particle calculations were performed. In the one-particle

calculations, the electron-hole interaction is treated under the gen-
eralized gradient approximation (DFT-GGA). Namely, the particle-
particle interactions are approximated to be interactions between
an electron and the mean field generated by other particles. Here-
after, we will name the one-particle calculation as “DFT-GGA”. In
DFT-GGA, one core-hole is introduced into the respective core-
orbital, and the electronic structure at the excited state is calcu-
lated. To minimize the artificial interactions between core-holes, a
large supercell was used. The theoretical transition energy was also
calculated in the one-particle calculation by the total energy differ-
ence between the excited state and ground state [35].

In the two-particle calculation, the BSE calculation was per-
formed to accurately consider the two-particle (electron-hole) in-
teractions. The effective two-particle Hamiltonian with spin-orbit
interaction, which treats the excitonic effect, is described as:

Heh — Hdiag +Hdir +HX, (1)

where H%4€, H4r and H* are the diagonal term, the direct term,
and the exchange term, respectively [31].

To calculate the BSE, the one-particle wave functions obtained
from the DFT-GGA calculation were used in this study. Hereafter,
we will name the two-particle calculation “BSE-GGA”. However,
this BSE-GGA method has a disadvantage in that it cannot estimate
the theoretical transition energy [42]. A correct estimation of the
theoretical transition energy becomes important when a spectrum
is overlapped or very close to another spectrum. For instance, the
Li-K edge of Li-ion battery cathode materials always encounters
this problem. The cathode materials usually include both Li and
3d transition metals (TM), and the position of the Li-K edge and
the TM-M, 3 edge are very similar. In such a case, the theoretical
transition energy must be estimated separately using the DFT-GGA
method.

In the present study, we used suitable calculation codes de-
pending on the purpose. First-principles all-electron calculation
codes based on the augmented plane wave and local orbital
(APW-+lo) method, WIEN2k code [43], and a full-potential lin-
earized augmented plane wave (FLAPW) method, and the Elk code
were used for the one-particle calculations [43,44]. All the BSE-
GGA calculations were performed using the Elk code. To correctly
calculate the spectra, the size of the supercell, number of k-points,
and the cutoff energy of the plane wave were carefully chosen.

2.2. Low energy ELNES

The excitonic interaction is known to be significant for a rela-
tively lower energy ELNES, because the core-hole and the excited
electron are energetically and spatially close to each other. For in-
stance, the Li-K and Na-L, 3 edges appear around 50 eV and 30eV,
respectively, and thus, the excitonic interaction is expected to be
significant. To show the strong excitonic interaction in the low en-
ergy ELNES, the Na-L,3; edge of Nal and Li-K edge of NaCl were
investigated.

The Na-L,3; edges of Nal are shown in the Fig. 1(a). The ex-
perimental spectrum was determined using X-rays in a previous
report [45]. As can be seen in the figure, the experimental spec-
trum shows an intense excitonic peak B which is followed by a
small peak, a relatively intense peak, and a plateau profile. These
characteristic features appear in both the BSE-GGA and DFT-GGA
calculations. Furthermore, the small splitting in peak B can only
be reproduced when spin-orbit coupling is considered. However, a
detailed investigation shows that the position of peak B is overes-
timated by DFT-GGA. However, the BSE-GGA calculations correctly
reproduced the position. A similar overestimation of the excitonic
peak position with DFT-GGA has also been observed for the Li-K
edge of Li compounds [35]. The experimental and calculated Li-K
edge of LiCl are also shown in Fig. 1(b). The calculated spectra us-
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Fig. 1. (a) Calculated and experimental Na-L,; edge of Nal [37,45]. The experimen-
tal spectra were observed using X-rays [45]. The calculations using DFT-GGA and
BSE-GGA are shown. To reproduce the L;-L, splitting in peak B, the spin-orbit cou-
pling (S.0.) was considered in the BSE-GGA calculation. (b) Calculated and experi-
mental Li-K edge of LiCl [35].

ing both the DFT-GGA and BSE-GGA methods are shown. To repro-
duce the excitonic peak A, the BSE-GGA method is indispensable.
These results indicate that the excitonic interaction between the
hole at the core orbitals and the excited electron is strong at the
Na-L, 3 and Li-K edges, and thus, the two-particle method is criti-
cal to reproduce the experimental spectrum. However, the present
BSE-GGA method has a disadvantage compared with the DFT-GGA
method, in that the BSE-GGA method cannot estimate the transi-
tion energy. This becomes critical when we investigate the ELNES
from cathode materials of a Li-ion battery. This point is further dis-
cussed in the next section.

2.3. Li-K edge of Li-ion battery cathode materials

Since Li and Na are important elements for battery applications,
the ELNES observation of these materials have been investigated
[46-51]. However, the interpretation of the ELNES from battery
materials is always accompanied by difficulties because such ma-
terials usually contain a 3d transition metal (TM). The M,3 edge
of TM appears around 20eV-70eV, which overlaps with the Li-K
and Na-L,3; edges. This overlap often makes identification of the
ELNES difficult. For instance, Fig. 2(b) shows the experimental Li-
K and Fe-M,3 edges of LiFePO, [46]. The spectrum of LiFePO, has
extra features both at the lower and higher energy sides, as shown
by the arrows, and these features disappear (or are reduced) for
the charged FePO,4 (Fig. 2(b)). Since the energy range of both the
Li-K edge and Fe-M,3 edge are similar, a discrimination of their
features is not straightforward.

To investigate the spectrum, the electronic structure of LiFePO,
is assessed, with Fig. 2(a) showing the density of states (DOS) of
LiFePO4. Since the conventional LiFePO,4 contains 28 atoms in the
unit cell, the calculation using BSE-GGA is computationally diffi-
cult. Therefore, we used a simplified LiFePO, structure for the BSE-
GGA calculation [52]. Although a simplified structure was used, the
local coordination environments of Li, Fe, and P were similar to
the ideal LiFePQ4, and the number of atoms in the unit cell was
14 atoms, which enables us to perform the BSE-GGA calculation.
It can be seen that the Li-1s and Fe-3p;p,/, semi-core states are
located at —41.5eV and —51.5eV, respectively. Since the Li-K and
Fe-M, 3 edges originate from the electron transition from the Li-1s
and Fe-3p states to the conduction band, respectively, it can be ex-
pected that the Li-K edge should appear on the lower energy side
of the Fe-M, 3 edge from the result of the DOS.

The calculated Li-K and Fe-M,3; edges using BSE-GGA are
shown in Fig. 2(b) Although we know that consideration of multi-
particle interactions is important for the Fe-M, 3 edge [53,54], the
two-particle calculation, BSE-GGA, was used in this study to sim-
ply investigate the characteristic features and position of the spec-
tral threshold. As can be seen from Fig. 2(b), the Li-K edge appears
below the Fe-M,3 edge. In this BSE-GGA method, the energy po-
sitions reflect the results of the DOS. This result implies that the
profiles at the lower energy side of the Fe-M, 3 edge is caused by
the Li-K edge. However, as mentioned above, this BSE-GGA method
cannot estimate the transition energy, and thus we have to confirm
the correct position of the edges.

To confirm the relative energy positions, the theoretical transi-
tion energy was separately calculated using the total energy differ-
ence between the ground state and excited state using DFT-GGA.
Although the DFT-GGA method is a one-particle method, it can be
used to estimate the transition energy qualitatively because DFT
can correctly calculate the total energy [35,43,55-57]. The calcu-
lated transition energy of the Li-K and Fe-M,; edges, using the
DFT-GGA method, were 54.3 eV and 48.4 eV, respectively. Fig. 2(c)
shows the calculated spectra with the correct transition energy.
The Li-K edge appears at the higher energy side of the Fe-M;3
edge. Namely, this combined calculation method, using BSE-GGA
and DFT-GGA, shows that the features at the higher energy side
originate from the Li-K edge. This change in the order of the spec-
tral position is ascribed to the core-hole effect of the Li-K edge
being stronger than that of the Fe-M, 5 edge.

These results demonstrate that the excitonic calculation is in-
dispensable for the interpretation of the low energy ELNES. Fur-
thermore, a correct calculation of the transition energy is also im-
portant when the spectrum overlaps with another spectrum.
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Fig. 2. (a) Calculated density of states of LiFePO, using GGA+U. (b) Experimental
[46] and calculated Li-K and Fe-M,3; edges of LiFePO4. The positions of the cal-
culated spectra were determined using the relative energy to the respective core-
orbital. (c) The calculated transition energy determined by separately performing
DFT-GGA calculation.

2.4. High energy ELNES

Since the excitonic interaction arises from the Coulombic inter-
action between the core-hole and the excited electron, it is gen-
erally considered that their interaction becomes strong when they
are energetically and spatially close to each other, namely for the
low energy ELNES, whereas it can be expected that the excitonic
interaction is weak for the high energy ELNES. Actually, the exci-

tonic interaction of the O-K (~535eV) and Mg-K (~1350eV) edges
of MgO have been investigated by BSE-GGA, and it was concluded
that the excitonic interactions for these high energy ELNES are
negligible [32]. However, the presence of a strong excitonic in-
teraction in the O-K edge of perovskite oxides has recently been
demonstrated by the group of Tomita et al. [36]. Below, in addition
to the results reported in the previous report [36], a new result for
LaAlO3 is shown.

Fig. 3(a) and (b) show the experimental and calculated oxygen
K-edge of MgO and perovskite type SrTiO3. Both the calculated
spectra using the BSE-GGA and DFT-GGA methods are shown. In
the MgO case, both BSE-GGA and DFT-GGA provided almost iden-
tical features and both methods reproduced the experimental spec-
trum [32,58]. However, in the case of SrTiOs3, a detailed inspec-
tion showed some differences between the experimental spectrum
and the calculated spectrum using DFT-GGA. The distance between
peaks A and C in the experimental spectrum was 5.2 eV, whereas
it was 4.1eV in the spectrum calculated using DFT-GGA, that is,
a 11eV error was present in the DFT-GGA calculation. Further-
more, peak B was less intense in the DFT-GGA calculation than in
the experimental spectrum. Although the consideration of the ef-
fect of the elastic and thermal scattering to the spectral profile is
important [59-61], it was confirmed that the peak positions are
not changed much by the inversion process, indicating that the
disagreement between the experiment and the GGA calculation is
not caused by the effect of the elastic and thermal scattering [36].
Conversely, the BSE-GGA calculation reproduced the A-C peak dis-
tance and small peak B well. This result suggests that, contrary to
the case of MgO, the excitonic interaction in the oxygen K-edge of
SrTiO3 is not negligible and, thus, the BSE-GGA calculation is nec-
essary to reproduce the fine profile of the experimental spectrum.
A similar trend was observed for CaTiO3 and BaTiO3 [36].

In addition to the titanate perovskite oxides, we observed a
similar behavior in LaAlOs. Fig. 3(c) shows the experimental and
calculated oxygen K-edge of LaAlOs. Similar to the titanate per-
ovskite oxides, the B-C peak distance was underestimated by the
DFT-GGA calculation, whereas it was well reproduced in the BSE-
GGA calculation.

The origin of this unusually strong excitonic interaction in the
0-K edge of perovskite materials was investigated and it was con-
cluded that it is caused by directionally confined Ti(Al)-O-Ti(Al)
bonds formed in the perovskite oxides [36].

3. Effect of van der Waals interactions on ELNES

The van der Waals (vdW) interaction is a weakly attractive or
repulsive force between molecules or groups of atoms that do not
arise from covalent or ionic bonds. The vdW interaction is known
to be a generic name for the following three forces: 1) force be-
tween permanent dipoles (Keesom force), 2) force between a per-
manent dipole and a corresponding induced dipole (Debye force),
and 3) force between instantaneously induced dipoles (London dis-
persion force). The vdW interaction is known to play an important
role on the electronic structure of two-dimensional layered struc-
ture materials and molecular crystals and on the stability of the
crystal phase [62]. However, the effect of the vdW interaction in
the ELNES feature has not been considered to date, because the
spectral change arising from the vdW interaction has been believed
to be below the measurable limit owing to its much smaller influ-
ence than that of ionic and covalent bonding. However, the vdW
interaction is present in every material and the identification of
it using ELNES is greatly beneficial especially for investigating the
vdW interaction at a local region such as an interface and a sur-
face. We investigated the effect of the vdW interaction on first-
principles ELNES calculations, and discussed the spectral changes
that are generated from the vdW interaction. Since the vdW effect
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Fig. 3. Experimental [73-75] and calculated O-K edge of (a) MgO, (b) SrTiOs, and
(c) LaAlOs. Both calculated spectra using BSE-GGA and DFT-GGA are shown.

differs depending on the state, the influence of the vdW interac-
tion on ELNES calculations of solid h-BN, liquid water, and gaseous
water were systematically investigated.

3.1. Methodology

To introduce the vdW interaction into the ELNES calculation, we
applied the semi-empirical vdW-TS approach of Tkatchenko and
Scheffler [63], which is implemented in the CASTEP code [64]. This

method corrects the DFT energy by adding the following term:
1
EvdW = _j Z fdamp(RAB)ngfBRgg (2)
B

where fyqmp(Rap) is the damping function preventing the vdW en-
ergy, E,qw, from diverging at a short atomic distance. Ryp is the
distance between atoms A and B. Cgf‘fB is the effective dispersion
coefficient expressed using Cgﬁ and ngg, which are homonuclear
coefficients reported by Chu and Dalgarno [65] and the Hirshfeld
volume of atom A(B) [66], which is calculated from the total elec-
tron density, n(r), of the isolated atom and molecule.

The electronic structure and ELNES spectra of these mod-
els were calculated using the first-principles DFT plane-wave ba-
sis pseudopotential method within the CASTEP code [64]. The
exchange-correlation functional was approximated by GGA-PBE
[67]. The plane-wave cutoff energy was set to 500 eV. In the ELNES
calculation, 1 x 1 x 1 k-point sets for the liquid and gaseous struc-
tures, and 2 x 2 x 1 k-point sets for the solid structures were used
because the size of the supercells was sufficiently large.

To introduce the core-hole effects, an excited pseudopotential
was separately generated for the electronic configuration obtained
by removing one electron from the core orbital. To maintain charge
neutrality, one electron was placed onto the bottom of the conduc-
tion band. The core-orbital was obtained from an all-electron cal-
culation of an isolated atom. In the calculation of the theoretical
transition energy (Etg), the contribution of the core-orbitals to the
total energy was approximated by the all-electron calculation of an
isolated atom [68]. This approximation method can reproduce the
amount of the chemical shift quantitatively [35,39-41,68,69].

3.2. vdW interactions in solid, liquid, and gas ELNES

Fig. 4(a)-(c) shows the experimental and calculated ELNES of
solid h-BN, liquid water, and gaseous water, respectively. Both the
calculated spectra with and without consideration of the vdW in-
teraction are shown. As can be observed in the figure, irrespective
of the consideration of the vdW interaction in the calculation, both
the calculated spectra reproduced the overall profile of the experi-
mental spectrum. However, a detailed inspection revealed that the
peaks in the h-BN and water commonly shift to lower energies
by approximately 0.1 eV when the vdW interaction is considered,
whereas no changes were observed in the calculated spectra of the
gas model. The transition energy TE(with vdW) is defined as the
total energy difference between the excited state and the ground
state with the vdW interaction, whereas TE(without vdW) is that
without the vdW interaction. Therefore, the difference of the tran-
sition energy by introducing the vdW interaction (ATE) is given
by:

ATE = TE(with vdW) — TE(without vdW) = AES — AGS 3)

where AGS is the total energy difference between the ground
state (GS) with and without the vdW interaction, while AES corre-
sponds to that between the excited state (ES). A detailed inspection
of the total energies at the ground and the excited states revealed
that the vdW interaction influences the excited state more than
the ground state [39].

The reason the vdW interaction exhibits more influence on the
excited state can be understood from the localization of the elec-
tron. A larger and more delocalized electron density is affected to
a greater extent by the vdW interaction. At the excited state, the
position of an electron transfers from the core-orbital to the un-
occupied band, which leads to the generation of a core-hole. The
core-orbital is significantly localized at the nucleus, whereas the
unoccupied band is more delocalized than the core-orbital even in
the excited state. This electron transition (transfer) process from
the localized core-orbital to the relatively delocalized unoccupied
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Fig. 4. Effect of van der Waals interactions to the ELNES of (a) B-K edge of solid
h-BN, (b) O-K edge of liquid water, and (c) O-K edge of gaseous water. The experi-
mental spectra were obtained from the literature [76-78].

band is the origin for the stronger vdW interaction of the excited
state.

In contrast to the spectral shifts in the ELNES observed for solid
h-BN and liquid water, the effect of the vdW interaction was al-
most zero in gaseous water (Fig. 4(c)). As can be understood from
Eq. (2), the vdW effect is dominated by R;g. Namely, the effect of
the vdW interaction on the gaseous ELNES is negligible because of
the large intermolecular distance.

These results suggest that the effect of the vdW interaction on
the ELNES is approximately 0.01-0.1eV. This influence is almost
negligible and cannot be identified using the conventional (tradi-
tional) TEM-EELS equipment. However, the energy resolution and
stability of the instruments have rapidly been improved. We be-
lieve that identification of the vdW interaction by ELNES will be
possible owing to the further development of instruments, which
will pave the way for identification of the vdW interaction with a
high spatial resolution.

4. Vibrational information in EELS
4.1. Infrared region

In this section, the information on the vibrational behavior of
atoms in molecules or solids in EELS is discussed. In general, the
vibrational information, such as molecular vibrations and phonons,
is known to appear in the very low energy region, <0.5eV. To ob-
serve such a spectrum in the very low energy region, dedicated in-
struments, such as infrared (IR) and Raman, have been used. How-
ever, the energy resolution of EELS has dramatically been improved
owing to the development of the monochromator [22,25,29]. By
using the modern monochromator system, one can achieve an en-
ergy resolution of several tens of meV or better. This enables us to
observe the infrared spectrum directly using the TEM-EELS equip-
ment.

In our experiment, a two stage Wien filter monochromator sys-
tem (JEOL 2400FCS) equipped with a high energy resolution spec-
trometer (Tridiem ERS, Gatan) operated at 60 keV was used. The
IR spectrum of an ionic liquid (1-ethyl-3-methylimidazolium bis-
(trifluoromethyl-sulfonyl) imide, C,mim-TFSI) was obtained. The
molecule structure is shown in Fig. 5(a). Since the ionic liquid is
non-vaporized even under vacuum, separation membranes, such as
SiN and graphene, are not necessary for the present experiment.
This provides a great advantage for the acquisition of a high qual-
ity spectrum.

Fig. 5(b) shows the EEL spectrum near the zero-loss peak. In the
EELS observation, the beam current at the specimen was 48 pA
and that at the spectrometer was around 0.72 pA. The EEL spec-
trum was taken using a 0.6 nm electron probe, and the acquisition
time was 10.0s. By magnifying the EEL spectrum, a small shoul-
der could be confirmed at approximately 0.4 eV. The relative in-
tensity of this shoulder to the zero-loss peak was approximately
1/250, and its profile was extracted by subtracting the background,
which yielded a characteristic peak at around 0.4 eV. For compari-
son, the experimental and calculated IR spectra of C,mim-TFSI are
shown in the same figure. The calculation was performed using a
first-principles plane-wave basis pseudopotential method, CASTEP
code, and the present calculation correctly reproduced the experi-
mental IR spectrum. The peaks around 0.35 eV-0.4 eV (2800 cm~!-
3200cm~1) were caused by the C-H stretching vibrations in the
cation molecule, as schematically shown using the green arrows in
Fig. 5(a), for instance [29]. The vibrational spectrum of solid ma-
terials obtained by monochromated electron microscopy has also
been reported by Krivanek et al. [25]. More recently, Crozier et al.
and Rez et al. reported an effective method to observe the vi-
brational spectrum for electron-beam damage-sensitive specimens
[70,71].
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Fig. 5. (a) Molecular structure of the ionic liquid, C;mim-TFSI. TFSI- and C,mim*
are the anion and cation molecules, respectively. (b) Experimental and calculated
spectra of the infrared region [29].

As presented here, the vibrational information is directly ob-
served using a modern monochromator system. However, the vi-
brational behavior of atoms in materials also influences the ELNES
profile. The identification of the dynamic behavior of atoms in ma-
terials using ELNES is discussed in the next section.

4.2. Effect of vibrational information in ELNES

In this section, the identification of the vibrational information
using core-loss, namely ELNES, of a liquid, solid, and gaseous phase
are discussed. The effect of the atomic vibrations, such as molec-
ular vibrations or phonons, should influence the ELNES features
based on a consideration of the time scales for each phenomenon.
Namely, the time scale of electron excitation is on the order of
sub-femtoseconds (~10-16s), whereas that of atomic vibrations
(phonons) is on the order of sub-nano- to sub-picoseconds (1010
10-13 5). Furthermore, the exposure time used to measure the core-
loss spectrum is typically much longer, on the order of millisec-
onds or tens of seconds (10-3-10s). On the electron-transition
time scale, the molecular vibration appears as a (very slow) frame-
by-frame advance of snapshots, and the interactions between one
snapshot and the other snapshots can be neglected. In this case,
the ELNES should reflect the average spectrum for multiple snap-
shots. Hereafter, we discuss the observation of the vibrational in-
formation using ELNES.

4.2.1. Vibrational information in ELNES of a liquid

In this section, the vibrational information in core-loss ELNES
from liquid methanol is presented. The calculated and experimen-
tal C-K edge of liquid methanol is shown in Fig. 6(a). To include the
liquid structure, a molecular dynamics (MD) simulation of the lig-
uid model, which includes 16 methanol molecules, was performed.
Then, a single snapshot was taken from the MD simulation and the
spectrum from all carbon atoms in the liquid model were calcu-
lated. These spectra were averaged for comparison with the exper-
imental spectrum. The obtained spectrum using the MD simulation
at 313K is shown in Fig. 6. The experimental spectrum was ob-
tained from the Operand-XAFS observation at 298 K. The C-K edge
of liquid methanol is composed of pronounced peaks A and B at
the spectral threshold which are followed by broad peak C. It is
observed that the calculated spectrum agrees well with the exper-
imental spectrum.

Two other spectra from the liquid models were constructed
from the 253K and 193K MD simulations, and they are com-
pared in the same figure. Although the overall profiles were sim-
ilar with each other, that is, the pronounced A and B peaks ap-
pear at the threshold followed by a broad C peak, a detailed in-
spection showed a clear spectral change in which peaks A and B
approached one another as the temperature was decreased. By in-
vestigating the liquid models at various temperatures, it was found
that the changes in the separation of peaks A and B is caused by
the changes in the C-O bond length during the MD simulations.
Namely, the molecular vibrations of the molecules in the liquid
are more intense at high temperatures, so the peak A-B splitting
increases [41].

Similar investigation was performed for O-K edge of liquid
acetic acid (Fig. 6(b)). The acetic acid has two kind of oxygen sites,
one is connected by single bonding and another is by double bond-
ing with carbon. The liquid model containing 10 molecules was
constructed by the MD simulation at 293K and O-K edge spec-
tra were separately calculated from all oxygens. Detailed investi-
gation revealed that peak A originates from the oxygen that has
a double bond, whereas the single-bonded oxygen contributes to
peak B, and peak C results from both oxygens [40]. Although the
overall features were reproduced by the gas model, the gas model
cannot reproduce the details of the spectrum. In particular, peak B
is broader than peak A in the experiment whereas the calculated
peak B shows a similar intensity as peak A in the gas model cal-
culation. Furthermore, the A-B peak separation is 2.2 eV in the ex-
periment, whereas it is 2.7 eV in the gas model calculation. A the-
oretical calculation of the liquid model was performed to achieve
better agreement between theory and experiment. Furthermore,
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Fig. 6. (a) Experimental and calculated C-K edge of liquid methanol and (b) O-K edge of liquid acetic acid. The calculated spectra with different temperatures are also shown

[40,41]. The experimental spectra were observed using X-rays [79,80].

another MD simulation at 393 K was also performed and the aver-
aged spectrum simulated at 393 K is shown in the same figure. As
can be seen in the calculated spectra, peak B becomes less intense
and broader than that at 293 K. The variety of C-O bond lengths
in the liquid model at 393 K is larger than that in 293 K, indicating
that the larger variety of peak feature is generated [40].

Through this result, the relationship between the vibrational
behavior of the molecules in a liquid and its core-loss spectrum
is revealed. The basis for the dynamic information in the core-
loss spectrum is the large differences in the time scale for each
phenomenon, as described above. This vibrational information in

ELNES is available by combination with suitable spectral calcula-
tions.

4.2.2. Vibrational information in ELNES of a solid: effect of
temperature

Similar to the case of a liquid, the vibrational (phonon) infor-
mation can be obtained by using the ELNES of a solid. Fig. 7 shows
the dependence of temperature on the Al-K edge of alumina (o-
Al,03) observed using X-rays [72]. As can be seen from the figure,
a sharp and intense peak A appears at the spectrum threshold and
a plateau profile appears after peak A. At 930 K, however, small but
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Fig. 7. Effect of temperature on the Al-K edge of Al,03;. Experimental spectra were
observed using X-rays [72].

distinct changes are observed, with a small pre-peak appearing on
the lower energy side of peak A and the intensity of peak A being
less intense.

To investigate the spectral differences with temperature, a first-
principles MD simulation was performed for alumina at 930K us-
ing the CASTEP code. The simulation was performed for the prim-
itive cell (four Al sites) but symmetry constraints were not con-
sidered in the simulation to identify the effect of the vibration at
each atomic site. One snapshot was taken from the MD simulation,
and the Al-K edge spectra for all four Al sites in the primitive cell
were calculated. The ELNES calculation was performed using the
CASTEP code by expanding the primitive cell to 2 x 2 x 2. Namely,
an 80 atoms supercell was used. Four atomic sites were separately
calculated and the averaged Al-K edge spectra for all Al sites were
compared with the Al-K edge of perfect Al,05 (Fig. 7).

As can be seen in the figure, the spectral changes in the exper-
iment, that is, the pre-peak appearing at the lower energy side of
peak A and the decrease of the intensity of peak A, are well repro-
duced by the present calculations. The calculation analysis revealed
that the spectral changes were caused by the symmetry breaking
of the Al site by the lattice vibration induced by temperature.

4.2.3. Vibrational information in ELNES of a gas: effect of
temperature

In addition to the liquid (Fig. 6) and solid (Fig. 7), the vibra-
tional information in ELNES of a gas was investigated. The ELNES
spectrum from oxygen gas was observed using an environmental
TEM (HF-3300, Hitachi High Tech.) equipped with a differential
pumping system. By using this instrument, we can achieve a 15 Pa
gas atmosphere near the specimen without the need for separation
membranes. In addition to the gas injection, we used a heating
holder. The holder had a tungsten-wire heater so that a high tem-
perature atmosphere could be generated. We heated up the holder

Fig. 8. Effect of temperature on the O-K edge of oxygen gas. The experimental spec-
tra were observed using environmental TEM under an oxygen atmosphere of 15 Pa.
Both spectra at room temperature and high temperature are shown.

to 1573 K and the O-K edge was observed close to the heater. By
using these instruments, we obtained the oxygen-K edge spectra of
oxygen gas at room temperature and high temperature.

The experimental and calculated O-K edge from oxygen gas are
shown in Fig. 8. The spectrum shows a very sharp peak A which is
followed by a small peak B. The peaks A and B are known to orig-
inate from the electron transition to the unoccupied 7* and o*
molecular orbitals, respectively. The overall profile did not change
even in the spectrum at high temperature. However, a detailed in-
spection showed that the peak A became less intense and wider
and the peak B became broader when compared with the spec-
trum obtained at room temperature.

To account for the effect of the molecular vibration at high tem-
peratures in the ELNES calculation, we performed a MD simulation
of the oxygen gas model and the distribution of the 0=0 bond
lengths at room temperature and 1573 K were measured. Addition-
ally, the oxygen-K edge spectra of the oxygen molecules with dif-
ferent O=0 bond lengths were calculated separately. The averaged
spectrum of 14 molecule configurations is shown in the same fig-
ure. It can be seen that the simulated models can reproduce the
experimentally observed spectral changes, that is, peak A becomes
less intense and wider and peak B becomes broader as compared
with the spectrum obtained at the room temperature. This indi-
cates that the spectral changes arose from the stronger vibrations
of gas molecules at the high temperature. Namely, the tungsten
heater provides the thermal (kinetic) energy to the oxygen gas
molecules and the vibration of the gas molecule becomes stronger,
which was identified by using the ELNES.

In this section, we presented the observations of the vibrational
information from a gas, liquid, and solid using low energy EELS
and ELNES. In-situ experiments under atmosphere, liquid, and ex-
ternal field are a recently growing trend in the TEM community.
The vibrational information plays an important role for the dy-
namic behavior of atoms and molecules. Our results suggest that
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the TEM/STEM-EELS method would be a very powerful tool for the
investigation of such vibrational information.

Summary

Here, inspired by the great achievements of Ondrej L. Krivanek
and his collaborators, we discussed new potential applications of
EELS, based on theoretical calculations. First is the excitonic inter-
action in ELNES. Especially, we have presented the strong excitonic
interaction at the relatively high energy O-K edges (~530eV) of
perovskite oxides, and showed that the strong excitonic interac-
tion is present even at the O-K edge owing to the dimensionally
confined atomic structure of perovskite oxides. In addition, the im-
portance of the estimation of the transition energy was presented
when we wish to apply the excitonic calculation to battery materi-
als. In particular, we presented the results on the Li-K and Fe-M, 3
edges of LiFePOs.

The effect of the van der Waals (vdW) interaction in ELNES
was also investigated. The magnitude of the vdW effect is approx-
imately 0.1eV in the case of the ELNES from a solid and liquid.
However, the vdW effect is almost negligible in the case of the
ELNES from a gas owing to the long inter-molecular distance.

Furthermore, we demonstrated that the acquisition of the in-
frared spectrum is possible by combination of EELS with a modern
monochromator system. In addition to such a direct observation of
the infrared spectrum, we demonstrated that measurement of the
vibrational information is also possible even in core-loss, namely
ELNES. We showed that the spectral features change as a result
of atomistic vibrations, allowing the observation of vibrational in-
formation from liquid methanol and acetic acid, solid Al,03, and
oxygen gas.

Throughout this manuscript, we presented the “new” poten-
tial of EELS to investigate the excitonic interaction, vdW interac-
tion, and vibrational information. All of our results suggest that
the TEM/STEM-EELS method would be a very powerful tool to ex-
plore these new frontiers. However, we would like to emphasize
that the correct calculation of the spectrum using a suitable theo-
retical framework is indispensable to obtain such “frontier” infor-
mation. We believe that additional new fields will be opened by
combining the TEM/STEM-EELS and theoretical calculations.
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