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ABSTRACT

The effect of temperature on the electron energy-loss Ti L, 5-edge spectrum of SrTiO; was ascertained using monochromated scanning trans-
mission electron microscopy. The results demonstrate that the spectrum is sensitive to structural changes involving volume expansion on the
sub-picometer level, and the sensitivity is superior to that obtainable using conventional electron microscopy. Experimental spectra could be
accurately reproduced by multiplet calculations that incorporated anisotropic atomic vibrations of oxygen atoms. This spectral technique
could represent a powerful tool for investigating infinitesimal structural changes and atomic vibrations at local regions, such as interfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068861

The electron energy-loss near-edge structure (ELNES) in the
core-electron excitation spectra obtained via electron energy-loss spec-
troscopy (EELS) and the equivalent x-ray absorption near-edge struc-
ture (XANES) in x-ray absorption spectroscopy (XAS) are powerful
techniques that can be used to investigate the electronic structures of
unoccupied bands. In particular, scanning transmission electron
microscopy (STEM)-ELNES is widely used in the analysis of local
electronic structures, such as those at interfaces’ and surfaces.” STEM
analyses performed in conjunction with a monochromated electron
source can be used to investigate electronic structures and also atomic
vibrations with high spatial resolution. However, most research con-
cerning atomic vibrations has focused on phonon excitation spec-
tra,” © and there has been minimal research using density functional
theory (DFT) calculations to assess vibrational effects on the K-edge of
the core-loss spectra of solid,” " liquid,'* and gas'” phases. In the case
of solids, the effect of atomic vibrations appears as a small peak in the
pre-edge regions of the K-edges for transition metals and can be inter-
preted as a forbidden transition due to symmetry breaking by atomic
displacement.” " In contrast, the experimental C and O K-edges of
both liquid and gas represent the averages for various bond lengths as
a consequence of molecular vibrations.”'” Although vibrational
effects on the L,;-edge spectra of transition metals have long been
known to contribute to spectral broadening,'* these effects have not
been studied quantitatively in combination with simulations. Thermal
vibrations are known to be highly correlated with various properties of

crystalline solids, such as phase transitions, thermal expansion, bond-
ing characteristics, and electrical and thermal conductivity. Therefore,
it is important to be able to quantitatively determine the effect of ther-
mal vibrations on the L, ;-edge spectra of transition metals.

In the present work, we investigated the effects of atomic vibra-
tions and thermal expansion on Ti L, ;-edge spectra by examining the
temperature dependence of the Ti L,3-edge spectrum of SrTiO;.
SrTiO; has a perovskite structure and has attracted significant atten-
tion because of its applications in oxide electronics, made possible as a
consequence of the ideal cubic structure (perfect O, symmetry) and
physical properties of this compound. In particular, the oxygen atoms
in SrTiO; have anisotropic temperature factors, such that the atomic
vibrations along the Ti-O direction have a smaller amplitude than
those in the Sr-O plane according to the ellipsoidal harmonic
vibration approximation (Fig. 1). Conversely, the Sr and Ti atoms
have isotropic temperature factors (Fig. 1). In the present work, we
investigated the effects of atomic vibrations on Ti L, 5-edge spectra by
performing crystal-field multiplet calculations that included thermal
vibration effects.

In addition, SrTiOj; is widely used as a substrate for the growth of
epitaxial thin films of functional materials.'”'® The atomic and elec-
tronic structures at the interface regions of such films have been inves-
tigated using STEM-EELS.""” Because both the crystal structure and
material properties of a transition metal thin film will be modified by
minimal displacement of oxygen atoms at the interface,'” it is
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FIG. 1. Graphical representation of atomic vibrations (at 99% probability) in SrTiO3
at room temperature. Thermal factors are summarized in Table .

important to investigate the sensitivity of the L, 5-edge to slight struc-
tural changes. Even a small structural change would be expected to
modify the electronic structure of the material, and so, the ability to
detect such changes in the electronic structure in the form of spectral
variations would be very useful. Recently, our group demonstrated
that local bond lengths in distorted FeOs octahedra can be extracted
by analyzing Fe L,;-edge spectra acquired using monochromated
STEM-EELS with atomic-level resolution, employing crystal field mul-
tiplet calculations.'” Thus, it is helpful to investigate the sensitivity of
the L,3-edge spectra of transition metal oxides to small structural
changes. Because the lattice parameter of cubic SrTiO; is known to
increase in a linear manner with the increasing temperature,”’ SrTiO;
was determined to represent a suitable model for such analyses. In pre-
vious research, experiments with conventional cold field-emission gun
STEM-EELS showed no changes in the Ti L,;-edge spectrum of
SrTiO; between 95K and room temperature (300 K).”' In contrast,
slight variations in the Ti L, ;-edge spectrum of BaTiOj resulting from
temperature-based phase transitions have been reported.”>*’
However, quantitative interpretations of spectral changes related to
structural variations have not yet been discussed.

Electron energy-loss spectra were acquired in the STEM mode at
200kV using a monochromated JEOL ARM200F analytical electron
microscope equipped with a Gatan Quantum ERS spectrometer.
During these analyses, the probe convergence semi-angle was 24.6
mrad and the EELS collection semi-angle was 57.3 mrad, while the
practical energy resolution values were 0.2 and 0.15eV when using a
1.3 um energy slit at energy dispersions of 0.05 and 0.01 eV/channel,
respectively. The spectra were acquired in spectrum imaging mode,
and the scanning regions were relatively wide (several tens of square
nanometers). The spectra were captured with a short dwell time of
0.05 s and added according to a previously reported ultra-high-quality
dark subtraction process™ to avoid energy drift and to improve the
signal-to-noise ratio. Thus, we obtained almost the same spectra at the
same temperature apart from an extremely minimal amount of noise.
Low-temperature spectra were obtained using a liquid-N,-cooled sam-
ple holder (Mel-Build), while high-temperature spectra were acquired
using a heated tilting holder (JEOL, EM-31670SHTH).

Simulated Ti L,3-edge spectra, including the thermal vibration
effect, were generated using the multi-X crystal-field multiplet calcula-
tion code developed by Uldry and co-workers.”” Because this code can
also be applied to low-symmetry structures by placing charged par-
ticles at atomic positions, the atomic vibration effect could be

ARTICLE scitation.org/journal/apl

incorporated based on the displacements of each ion using the frozen
phonon approximation.”® First, a cluster of 613 ions was generated
based on previously reported x-ray diffraction data.”’ This cluster size
showed good convergence of the calculated multiplet levels. The indi-
vidual displacements were generated independently using a Gaussian
random distribution function. The mean square displacement, U, for
individual atomic site (the so-called thermal factor) was used for the
dispersion, ¢°, in the Gaussian function. The calculated displacements
were added to the equilibrium atomic positions. A simulated L, ;-edge
spectrum reflecting a frozen phonon configuration was calculated.
These processes were automatically repeated 10000 times using the
Python code (Fig. S1), after which all the spectra were averaged. The
same final average spectrum generated using 10000 different frozen
phonon configurations could be obtained repeatedly. These calcula-
tions employed thermal factors determined by y-ray diffraction at
room temperature,”’ while the high-temperature (1073 K) factors were
simulated using the ALAMODE code”**” (Fig. $2) because no experi-
mental data were available. Table I summarizes the resulting unit-cell
parameters and temperature factors at 293 and 1073 K. The scaling
parameters were adjusted to fit the experimental L;-edge spectra
because the simulated spectra did not include transitions to the 4s
orbital or continuum states, and because the charge transfer effect was
not correctly included. For these reasons, a large deviation between the
simulated and experimental L,-edge spectra was observed. The core
hole broadening was found to increase linearly from 0.2 to 0.7 eV
between 458 and 468 eV.** The input parameters for the multiX calcu-
lations are summarized in Table SI.

Figure 2(a) shows the temperature dependence of the Ti L, ;-
edge spectra acquired between 108 and 1073 K, where SrTiO; exhibits
a perfect cubic structure. Each spectrum shows four main peaks that
can be assigned to Ls-t,4, L-€4 Ly-tag, and L,-e, transitions according
to crystal field theory in conjunction with a one-electron approxima-
tion. These demonstrate two primary changes in the Ls;-edge spectra
as the temperature is varied, and similar changes are evident in the L,-
edge spectra (Fig. S3). Because we obtained reversible results by
increasing and decreasing the temperature (Fig. S4) over the present
temperature range, the contribution of Ti*" ions'” due to the oxygen
vacancy under a reducing atmosphere at high temperature appears to
be negligible. One interesting feature of these data is that energy split-
ting between the #,, and e, peaks in the L;-edge spectra is evident
[Figs. 2(a) and 2(b)], and Fig. 2(c) shows that the energy splitting
decreases in a linear manner with the increasing temperature. Linear
fitting established that the rate of decrease was 0.2 meV/K. This change
in peak splitting can be attributed to a decrease in crystal field splitting
due to isotropic volume expansion. This decrease in turn reflects a
decrease in hybridization between the Ti t,4 or eg orbitals and the O 2p
orbitals, which can be confirmed by variations in the intensities and

TABLE . Lattice parameter a (A) and temperature factor U (A?) for SrTiOs.”

a  SrUg, TiUy, O-Ug O-U, O-Uy

293K 3.905 0.00577 0.00395 0.00733 0.00334 0.00932
1073K 3.938 0.01627 0.007306 0.01831 0.00721 0.02386

Uy, and U,, correspond to the Ti-O direction and Sr-O plane, respectively. Uy, is the
isotropic factor. U, is the isotopically transformed factor obtained using U;; and Us,.
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FIG. 2. (a) Ti L, 5-edge spectra obtained at 105, 293, 373, 473, 573, 673, 773, 873, 973, and 1073 K. (b) Magnified portions of Ls-edge spectra acquired at several tempera-
tures. (c) Energy splitting between Ls-trg and Ls-e4 peaks as a function of temperature. Each error bar corresponds to the standard deviation () of ten data points. (d) O K-

edge spectra obtained at temperatures from 105 to 1073 K.

splitting widths of the first and second peaks in the O K-edge spectra
[Figs. 2(d) and S5]. Because the rate of an increase in the lattice param-
eter was found to be approximately 4 x 10> pm/K in a previous x-ray
diffraction study,” the rate of energy splitting due to lattice expansion
can be estimated to be 50 meV/pm. In the present work, a lattice
expansion of 0.4 pm per 100 K produced a 20 meV decrease in energy
splitting, meaning that examining Ti L,3-edge spectra allow lattice
expansion to be monitored with sub-picometer sensitivity. In the case
of an electron microscopy image, the accuracy with which atomic dis-
placement can be determined is on the order of only 5pm.'*" It
should also be noted that, although sub-picometer lattice variations
can, in principle, be detected by electron diffraction, the spatial resolu-
tion of this technique is poor. In contrast, STEM-EELS can acquire
spectra with atomic-level resolution and so can be used to examine
sub-picometer distortions at local regions, such as interfaces and
surfaces.

A second feature is the increase in intensity on the low-energy
side of the Ls-¢, peak with the increasing temperature [Figs. 2(a) and
2(b)], such that the Ls-e; peak is asymmetric even at 293 K. The L, -
edge spectra of transition metals and the M, s-edge spectra of rare-
earth metals are strongly affected by an atomic multiplet term because
of localized electron—electron interactions.”' The blue line and the ver-
tical lines at the base in Fig. 3(a) show the simulated spectrum, and the
corresponding multiplet terms obtained from crystal-field multiplet
calculations, respectively. Although the simulated spectrum roughly
reproduces the experimental features, the L3-¢, peak shows a symmet-
rical shape and so does not match the aforementioned experimental
features. In fact, no multiplet term is observed on the slightly lower-
energy side of the L3-¢; peak, as shown in Fig. 3(a). According to crys-
tal field multiplet theory, excitation from the d° ground state of a Ti*"
ion with O, symmetry gives rise to seven 2p°3d' final multiplet
terms,* as indicated by the vertical lines in Fig. 3(a). Thus, there is no
reason for the spectral intensity to increase in the corresponding

energy region as long as the Oy, symmetry is maintained. In a previous
report,"" the width of the Ls-e, peak was explained on the basis of dis-
persional and atomic vibrational broadening; the authors concluded
that the latter contribution was the main factor. The dispersional
broadening is due to the significant hybridization of the e, state, which
results in a larger bandwidth due to the solid effect. However, DFT cal-
culations indicate that the increase in bandwidth due to thermal
expansion should be small (Fig. S6). Thus, the possibility that ideal Oy,
symmetry was broken by thermal vibrations should be considered.
According to the frozen phonon approximation,” the duration of the
interaction between fast electrons and individual atoms in a crystal is
much shorter than the vibration period of atoms. Similarly, according
to the Franck-Condon principle, electronic transitions will be essen-
tially instantaneous compared with the timescale of atomic vibra-
tions.'**” Thus, the experimental spectra should be considered as
accumulations of spectra calculated on the basis of frozen phonon
configurations of displaced atomic structures, meaning that they are
so-called snapshots. Because the individual coordination structure in
the frozen phonon configurations does not maintain O), symmetry,
additional multiplet terms would be generated. However, the vibration
effects in the L, ;-edge spectrum have previously been treated simply
using Lorentzian broadening for the four peaks in the calculated multi-
plet spectrum.'* Quantitative studies of spectral simulations that con-
sider atomic vibrations have not been reported.

In the present work, we used the multiX code’ to carry out
crystal-field multiplet calculations that included the thermal vibration
effect. The red and green lines in Fig. 3(a) indicate simulated spectra at
293 K that include isotropic and anisotropic atomic vibrations, respec-
tively. Thermal vibration clearly increases the intensity at the low-
energy side of the L3-¢; peak. In particular, whereas the spectrum that
includes isotropic vibrations overestimates the corresponding inten-
sity, the spectrum that includes anisotropic vibrations exhibits good
agreement with the experimental spectrum. Figure 4(a) shows 10

Appl. Phys. Lett. 119, 232901 (2021); doi: 10.1063/5.0068861
Published under an exclusive license by AIP Publishing

119, 232901-3


https://scitation.org/journal/apl

Applied Physics Letters

@ | — Exp.
—— Aniso. Vib.
— |so. Vib.
—— No Vib.

3
s
>
‘©
c
(0]
£

456 458 460 462 464 466 468 470
Energy Loss (eV)

(b) | — Exp.

—— Aniso. Vib.
— Iso. Vib.
— No Vib.

Intensity (a.u.)

456 458 460 462 464 466 468 470
Energy Loss (eV)

FIG. 3. (a) Experimental and simulated Ti L,z-edge spectra at 293K. (b)
Experimental and simulated Ti L, ;-edge spectra at 1073 K. In both (a) and (b), the
black line shows the experimental spectrum, while the simulated spectra shown by
the blue, red, and green lines correspond to those without thermal vibrations and
with isotropic and anisotropic thermal vibrations, respectively.

randomly selected spectra from 10 000 spectra generated for the aniso-
tropic thermal vibration condition at 293 K. Figure 4(b) is the average
spectrum with the bars that correspond to the standard deviation (o)
of 10000 data points. Although each individual spectrum exhibits
quite different features reflecting the momentary distortion of octahe-
dra due to atomic vibrations, the accumulated spectrum [Fig. 3(a)]
does not demonstrate a significant change in splitting width; the main
difference is observed at the low-energy side of the L3-¢, peak. Similar
levels of agreement were obtained using the parameters determined by
synchrotron x-ray diffraction” and ALAMODE calculations, while
the spectrum generated using the results of laboratory x-ray experi-
ments”* showed a slight deviation (Fig. S7). Figure 3(b) presents the
experimental and simulated spectra at 1073 K. The spectrum consider-
ing anisotropic vibrations agrees well with the experimental spectrum,
whereas a discrepancy is clearly observed between the experimental
spectrum and the calculated spectrum incorporating the effects of iso-
tropic vibrations. These results suggest that thermal vibrations can

ARTICLE scitation.org/journal/apl

(a)

Intensity (a.u.)

T
456 458 460 462 464 466 468 470
Energy Loss (eV)

(b)

Intensity (a.u.)

1 1 1 1 1 l
T T T T T

T
456 458 460 462 464 466 468 470
Energy Loss (eV)

FIG. 4. (a) Randomly selected ten simulated Ti L, 3-edge spectra out of 10 000
spectra of the anisotropic thermal vibration condition at 293 K. (b) The average
spectrum of 10 000 different frozen phonon configurations at 293 K. Each bar corre-
sponds to the standard deviation (o) of data points.

generate additional multiplet terms in L, 5-edge spectra because of the
reduced symmetry.

In conclusion, we have demonstrated that the Ti L, ;-edge spec-
trum of SrTiOs; is sensitive to structural changes at the sub-picometer
level and is affected by anisotropic atomic vibrations. Simulated spec-
tra, including the effects of anisotropic atomic vibrations based on
crystal field multiplet theory, were found to agree well with experimen-
tal spectra. In the present research, the experimental spectrum was
well reproduced by a simulation based on an ellipsoidal harmonic
vibration approximation. However, in reality, SrTiO; exhibits anhar-
monic vibrations.”” The good agreement between the experimental
and simulation results obtained in the present study indicates that the
effect of such anharmonic vibrations is likely weak in the case of
SrTiOs, although this factor may be important in other materials that
exhibit a high degree of anharmonicity. Despite extensive research to
date concerning the Ti L, 3-edge spectrum of SrTiOs, important infor-
mation regarding local distortion and local atomic vibrations may be
missing. Because the work reported herein demonstrates that an
advanced monochromated electron source combined with STEM-
EELS can achieve high-energy-resolution analysis on an atomic scale,
further application of this technique in materials science should be
possible. In particular, determination of the Debye-Waller factors for
local regions is expected to be viable, based on fitting experimental
spectra with calculated spectra.
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See the supplementary material for details regarding the simula-
tion parameters, a comparison of O K-edge data, DOS data, and simu-
lated spectra using different experimental thermal factors estimated by
various processes.
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