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a b s t r a c t

We present atomic-resolution energy-filtered transmission electron microscopy (EFTEM) images
obtained with the chromatic-aberration-corrected FEI Titan PICO at the Ernst-Ruska Centre, Jülich,
Germany. We find qualitative agreement between experiment and simulation for the background-
subtracted EFTEM images of the Ti–L2,3 and O–K edges for a specimen of SrTiO3 oriented down the [110]
zone axis. The simulations utilize the transition potential formulation for inelastic scattering, which
permits a detailed investigation of contributions to the EFTEM image. We find that energy-filtered
images of the Ti–L2,3 and O–K edges are lattice images and that the background-subtracted core-loss
maps may not be directly interpretable as elemental maps. Simulations show that this is a result of
preservation of elastic contrast, whereby the qualitative details of the image are determined primarily by
elastic, coherent scattering. We show that this effect places a constraint on the range of specimen
thicknesses which could theoretically yield directly useful elemental maps. In general, interpretation of
EFTEM images is ideally accompanied by detailed simulations.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the structure and composition of materials at
atomic resolution is essential in modern science, in a diverse range
of fields including materials science, nano-technology and biology.
Transmission electron microscopy is well placed to achieve this
goal, utilizing electrons with de Broglie wavelengths far smaller
than typical interatomic spacings. In addition, instrumentation
techniques such as spherical aberration correction are well estab-
lished [1–3]. High-resolution transmission electron microscopy
(HRTEM) is a technique that images a specimen using the elastic
scattering of an incident planar wave field. HRTEM routinely
allows the determination of structure at atomic-resolution and
precision in atomic location even better than this [4]. However, the
strong interaction of the incident fast electrons with the electro-
static potential of the specimen often prevents direct interpreta-
tion of compositional details from experimental results. Scanning
transmission electron microscopy (STEM) imaging modes acquire
spatial information sequentially but acquire other information in
parallel, including the far-field scattering distribution, electron
energy loss spectra (EELS), and secondary x-ray spectra. Specimen
composition can be obtained in many cases in STEM using a

high-angle annular dark field (HAADF) detector, which shows
Z-contrast [5]. Two-dimensional elemental mapping at atomic
resolution has also been demonstrated using STEM EELS, see for
example Ref. [6].

Elemental mapping has been performed at less than atomic
resolution for wide-field energy-filtered transmission electron
microscopy (EFTEM), see for example Refs. [7,8]. In this mode, an
energy filter selects for imaging those electrons that have under-
gone a particular range of energy losses near an ionization edge.
In contrast to STEM, here spatial information is acquired in parallel
while energy-loss information is acquired sequentially. Chromatic
aberrations in the objective lens have in the past prevented EFTEM
from achieving atomic resolution, by inducing a defocus spread on
the electrons that have lost varying amounts of energy after
inelastic scattering. High-resolution EFTEM images could be
obtained only by reducing the width of the energy window to
counter this effect [9,10], to the detriment of the signal-to-noise
ratio and the ability to extract background-corrected
elemental maps.

Recently a chromatic aberration corrector has been developed
and integrated into the FEI Titan (S)TEM [11–14]. This allows wide
energy-filtering windows (with a corresponding increase in
signal-to-noise ratio) to be employed with minimal defocus spread
and, as such, atomic resolution is now within reach in EFTEM.
Atomic-resolution EFTEM imaging has been performed on silicon,
resolving the dumbbell structure with 1.35 Å separation [15].
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However, atomic-resolution elemental mapping discriminating
between different elements has not yet been demonstrated, since
in that work only one element was present. Here we present new
results taken with the FEI Titan 60-300 PICO at the Ernst Ruska
Centre, studying a specimen of SrTiO3 oriented down the [110]
zone axis. Both the Ti–L2,3 and O–K edges were used for imaging.
We find qualitative agreement between the experimental results
and simulations performed using the transition potential formula-
tion. Simulations show that due to the delocalized nature of the
transition potentials associated with these ionization edges,
directly interpretable elemental mapping is not possible in this
case. Only through detailed simulations can one understand how
the features of the image correspond to specimen composition.

2. Experimental results

An energy-filtered transmission electron microscopy spectrum
imaging (EFTEM-SI) series for a specimen of SrTiO3 was acquired
using the CC-corrected FEI Titan PICO at the Ernst Ruska Centre,
Jülich, Germany. The specimen was oriented down the [110] zone
axis and was estimated to have a thickness of 30 nm using the log-
ratio method [16]. The accelerating voltage was 200 kV. The third-
order spherical aberration, CS, associated with the objective lens
was tuned to �6 μm in the presence of the fifth-order spherical
aberration C5 of 1.5 mm. The CS coefficient was chosen to provide
optimum phase contrast at a small positive defocus of a few nm
[17]. No aperture stop was used in the back focal plane of the
objective lens. The chromatic aberrations of the objective lens
were corrected for 1.0 Å resolution with a uniformly filled 50 eV
energy-selecting slit. Series of energy-loss images were recorded
with a Gatan GIF Quantum ERC high-resolution imaging filter. An
energy window of width 25 eV was shifted in steps of 10 eV for
centre-window energies between 390 eV and 560 eV. Each image
was acquired in 20 s using a current of 3 nA in a beamwith a semi-
convergence angle of 2.5 mrad. The Nyquist frequency of the CCD
camera was 40 nm�1. The semi-collection angle was larger than
35 mrad, verified by the occurrence of 14 nm�1 Bragg reflections
in zero-loss images. The optimal defocus was tuned beforehand
using the detail in EFTEM images at an energy loss of about
100 eV. The resulting defocus is coincident with the minimum
contrast defocus in a zero-loss-filtered image. This defocus is
approximately 2 nm less than the optimal phase contrast defocus
of about þ4 nm. Fig. 1 shows regions cropped from the EFTEM-SI
series of images which have been background-subtracted using a
many-window power law method for the Ti–L2,3 edge (top) and
O–K edge (bottom). (Such background-subtracted images are
commonly referred to as maps.) The raw data underwent a series

of processing steps: sub-pixel alignment of the image for each
energy window; pixel-wise background fit using a many-window
method; background subtraction; and periodic averaging. The
image alignment was done using a coarse manual pre-alignment
followed by a sub-pixel refinement step that involves the cross-
correlation with the principal component of the pre-aligned image
series. The background power law was optimized pixel-for-pixel,
using a least squares regression to fit the data of six Ti–L2,3 pre-
edge window positions and three O–K pre-edge images.
Optimized and extrapolated background count rates were then
calculated for each energy window position and pixel and were
subtracted from the raw data to produce the Ti–L2,3 and O–K map
data. The periodic averaging was applied in order to increase the
signal-to-noise ratio due to low electron count rates. It was
performed by shifting the source image sub-pixel-wise by a grid
of full repeat periods, i.e. a running average with periodic
displacement. The average number of electrons above background
counted per pixel and per second in a Ti–L2,3 core-loss window
was approximately 0.6, and in an O–K core-loss window it was
approximately 0.2. The average background count rate was about
1.2 electrons per pixel and per second for both core-loss edges.

The EFTEM-SI series which has been background-subtracted for
the Ti–L2,3 edge (Fig. 1, top row) shows a trend of increasing
intensity with the centre-window energy up to 470 eV, whereafter
the intensity drops. This trend can be understood as follows. The
energy window had a width of 25 eV, and thus had tails of width
12.5 eV extending to either side of the centre-window energy. The
edge onset occurs at approximately 458 eV. Therefore, for a 450 eV
centre-window energy the upper tail of the window is just barely
covering the edge onset; at 460 eV roughly half of the window
covers the edge onset; at 470 eV the window is entirely over the
edge; and at 480 eV the window covers higher energy losses with
a lower cross section. We choose to consider the background-
subtracted image for the 470 eV centre-window energy to repre-
sent the Ti–L2,3 map.

This trend is represented to a lesser extent in the EFTEM-SI
series which has been background-subtracted for the O–K edge
(Fig. 1, bottom row). This is due to the lower ionization cross-
section associated with the O–K edge. For this edge we take the
background-subtracted image for a 540 eV centre-window energy
to represent the O–K map.

In the experimental images for both edges a lattice is visible.
However, neither EFTEM map allows for a direct discrimination of
the element of interest; both resemble lattice images. This is due
to an effect known as preservation of elastic contrast which has
the consequence that EFTEM imaging at atomic resolution may not
yield directly interpretable elemental maps [15,18–22]. Direct
interpretation of these data as elemental maps may be misleading,

Fig. 1. Energy-filtered transmission electron microscopy (EFTEM) spectrum imaging (SI) series for a specimen of SrTiO3 oriented down the [110] zone axis. The specimen was
estimated to be 30 nm thick. Top: Ti–L2,3 edge (edge onset 458 eV). Bottom: O–K edge (edge onset 532 eV). The panels show background-subtracted images.
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and simulations are needed to ensure that reasonable conclusions
are drawn regarding specimen structure and composition. This is
not different from the case in HRTEM wherein the coherent
scattering of the incident planar wave field within the specimen
leads to a strong dependence of the qualitative features and
interpretation of HRTEM images on parameters such as specimen
thickness. In the following sections we will use theory and
simulation to interpret the EFTEM images and understand what
conclusions may be reliably drawn from the data. We also explore
whether there are conditions under which direct interpretation
would be possible.

3. Background theory

In this section we outline the theoretical basis for the simula-
tions to be performed in later sections. Our simulations employ
the double-channelling transition potential formulation [22–24].
In this formulation the elastic scattering of the incident fast
electron before and after inelastic scattering events is taken into
account. In addition, attenuation of the elastic and inelastic waves
due to thermal scattering is accounted for using the model due to
Hall and Hirsch [25]. The time independent Schrödinger equation
for the system comprising the fast electron and specimen is

� ℏ2

2me
∇2

r þHcðτÞþH0ðr; τÞ
" #

Ψ ðr; τÞ ¼ EΨ ðr; τÞ; ð1Þ

where r is the fast electron coordinate, τ are the coordinates of the
nuclei and electrons making up the specimen, Ψ ðr; τÞ is the many-
body wave function, E is the total energy of the system, HcðτÞ is the
crystal Hamiltonian and H0ðr; τÞ is the interaction Hamiltonian
between the fast electron and the nuclei and electrons in the
specimen. The many-body wave function is expanded in the
eigenbasis of the crystal Hamiltonian HcðτÞ to yield

Ψ ðr; τÞ ¼∑
n
ψnðrÞanðτÞ; ð2Þ

where ψnðrÞ describes the fast electron having left the crystal in a
normalized eigenstate anðτÞ satisfying the equation

HcðτÞanðτÞ ¼ εnanðτÞ; ð3Þ
with the associated crystal energy εn. Assuming orthogonality of
the crystal eigenbasis, the fast electron probability density at
depth z is found to be

Iðr? ; zÞ ¼∑
n
jψnðr? ; zÞj2; ð4Þ

where r? is the transverse coordinate of the fast electron. Eq. (4) is
easily modified to account for imaging via the objective lens by
convolving each inelastic wave ψnðr? ; zÞ with the lens transfer
function. The inelastic waves ψnðr? ; zÞ are found in the single
inelastic scattering approximation to be [23]

ψnðr? ; zÞ ¼
m

2πiℏ2kn
Hn0ðr? Þψ0ðr? ; zÞ; ð5Þ

where kn is the wavenumber of the fast electron having lost the
energy εn in exciting the crystal to state n and Hn0ðr? Þ is the
transition potential between the ground state and excited state n
of the crystal, projected in the beam direction. We choose to work
in an angular momentum basis to describe the initial (bound) and
final (continuum) state wave functions for the electron that is
ejected during the ionization process [22]. This choice of basis has
the advantage that a relatively small number of transitions are
required to achieve a converged calculation, as opposed to, for
example, a plane wave basis. The multislice method [26] was used
for the calculation of elastic scattering.

4. Simulations

Fig. 2(a) shows the background-subtracted EFTEM image of the
Ti–L2,3 edge corresponding to a 470 eV centre-window energy (as
pictured in Fig. 1). Fig. 3(a) shows the background-subtracted
EFTEM image of the O–K edge corresponding to a 540 eV centre-
window energy (as pictured in Fig. 1). A Gaussian filter with a
standard deviation of two pixels has been applied to remove noise
and enable more convenient numerical analysis. Simulations
employing the transition potential formulation (as outlined in
Section 3) have been overlaid in Figs. 2(a) and 3(a), along with the
projected specimen structure. The simulations used the same
parameters as the experiment where known: in particular the
accelerating voltage was 200 kV, the third-order spherical aberra-
tion CS was set to �6 μm and the fifth order spherical aberration
C5 was set to 1.5 mm. Plane wave incidence was assumed,
although in the experiment the beam semi-convergence angle
was roughly 4 mrad and the specimen tilt was around 5 mrad. This
beam convergence is not expected to have a significant effect on
the elastic and inelastic scattering of the incident electrons.
Calculations have been performed which suggest that the speci-
men tilt does not significantly affect the mechanisms for generat-
ing contrast in EFTEM that are detailed in this paper. The objective
lens defocus was assumed to be the optimal phase contrast
defocus of 4 nm. Calculations for a smaller defocus of 1 nm did
not give a significantly better match to the experimental data than
the results shown here. The specimen thickness was assumed to
be 30 nm, the value suggested by the EELS log-ratio method [16].
A coherent damping envelope was used to impose an information
limit of 1.5 Å�1, due to the intrinsic electrical instabilities in the
microscope [27]. A single energy loss of 10 eV above the threshold
was assumed for the calculations. In principle, the EFTEM image
has contributions from all energy losses lying within the energy
window. However, this would result in time-consuming calcula-
tions. Previous work has indicated that considering only a single
energy loss within the window is reasonably representative of the
channelling behaviour of inelastically scattered electrons having
lost energies within the whole interval [22,28].Furthermore, the
correction of chromatic aberrations in the experiment negates the
need to consider any defocus spread resulting from the large range
of energy losses.

Intensity profiles across atomic columns are also shown in
Figs. 2(b) and (c) and 3(b) and (c). It is important to note here that
the experimental (solid black) lines and simulated (dashed red)
lines are not on a common intensity scale, and a quantitative
comparison is not intended. However, the experimental lines
themselves are on a common scale within each figure, as are the
simulated lines.

Figs. 2 and 3 demonstrate a favourable qualitative comparison
between experimental and simulated EFTEM maps. The simu-
lated Ti–L2,3 map correctly predicts higher intensities over the
titanium columns than over the oxygen columns, and it also
predicts the relatively lower signal found along the strontium–

oxygen columns. However, it does seem to overestimate the
background signal found between the strontium/oxygen columns
as seen in Fig. 2(c). The simulated O–K map overestimates how
much intensity remains on the oxygen columns in Fig. 3(b) and
between the strontium/oxygen columns Fig. 3(c). These discre-
pancies can be attributed to a number of factors: low electron
count rates and high noise levels in the experimental data;
inaccuracies in the assumed values of defocus and specimen
thickness; simulations not accounting for the solid state environ-
ment of the ionization target or electronic excitations to high-
energy unoccupied electron orbitals (also known as the white
lines); and instabilities and noise in the microscope not
accounted for in the calculations.

B.D. Forbes et al. / Ultramicroscopy 147 (2014) 98–105100



It is clear that the Ti–L2,3 map does not give a directly
interpretable map of the projected titanium sub-lattice. Significant
peaks are found on columns containing only strontium and
oxygen. This is due to the delocalization of transition potentials
for the Ti–L2,3 edge (i.e. ionization at an appreciable distance can
occur) which preserves features of the elastic wave function. This
is a well-known effect [22] known as preservation of elastic
contrast and details specific to our case study will be presented
in subsequent sections.

For the O–K map, as in the case of the Ti–L2,3 map, qualitative
agreement is found, but once again, the EFTEM map does not give

a direct interpretation of the projected oxygen sub-lattice. In fact,
there is a large intensity in the vicinity of the titanium columns in
the O–K map, while intensity peaks over the oxygen columns are
barely distinguishable. The simulations [dashed red line in Fig. 3(b)]
reproduce this feature. This is the result of preservation of elastic
contrast; elastic scattering (both before and after an inelastic
scattering event) causes intensity to be drawn away from the light
oxygen columns (where the inelastic waves are generated) and onto
the heavy titanium columns. However, for larger thicknesses the
reverse trend will occur, with intensity moving away from the
titanium columns and back onto the oxygen columns, a

Fig. 2. (a) Background-subtracted EFTEM image of the Ti–L2,3 edge for a centre-window energy of 470 eV. A corresponding simulation and specimen structure has been
overlaid. Intensity profiles across atomic columns are shown in (b) and (c). These run through Ti–O–Ti and SrO–SrO columns. Solid (black) lines indicate intensity profiles
through the experimental map (averaging over a width of 10 pixels) while the dashed (red) lines indicate intensity profiles through the simulated map (averaging over
roughly the same spatial width as for the experimental intensity profiles). Both solid (black) lines are on a common scale and both dashed (red) lines are on a common scale.
Large (brown) circles indicate strontium atoms, medium (purple) circles indicate titanium atoms and small (blue) circles indicate oxygen atoms. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 3. (a) Background-subtracted EFTEM image of the O–K edge for a centre-window energy of 540 eV. A corresponding simulation and specimen structure have been
overlaid. Intensity profiles across atomic columns are shown in (b) and (c). These run through Ti–O–Ti and SrO–SrO columns. Solid (black) lines indicate intensity profiles
through the experimental map (averaging over a width of 10 pixels) while the dashed (red) lines indicate intensity profiles through the simulated map (averaging over
roughly the same spatial width as for the experimental intensity profiles). Both solid (black) lines are on a common scale and both dashed (red) lines are on a common scale.
Large (brown) circles indicate strontium atoms, medium (purple) circles indicate titanium atoms and small (blue) circles indicate oxygen atoms. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this paper.)
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phenomenon known as Pendellösung. Thus there may in fact be
specimen thicknesses at which the oxygen columns coincide with
the most intense features in an O–K map.

5. Discussion

5.1. Localization of elemental information

The experimental data and accompanying simulations pre-
sented in Section 4 show that elemental information becomes
delocalized in the EFTEM map, in the sense that peaks in intensity
do not correspond directly to the location of the elements whose
ionization we are considering. Fig. 4 illustrates this delocalization
by considering the contribution to the calculated Ti–L2,3 map in
Fig. 2 due only to ionization events occurring in a single titanium
column. An ideal lens is assumed to study the contrast associated
with inelastic scattering independent of optical aberrations. The
greatest intensity in the map is the central peak around the
titanium column in which ionization events occur, but there are
additional significant peaks on neighbouring columns up to 3 Å
away. These peaks are due to the delocalized transition potentials
associated with the Ti–L2,3 edge, and the exact mechanism by
which the peaks are generated is elucidated below. It is these
delocalized features which prevent EFTEM from giving directly
interpretable elemental maps. The contribution from any one
column of the element of interest is delocalized onto nearby
columns as far as 3 Å away. The origin of these peaks lies in the
delocalization of transition potentials for the Ti–L2,3 edge; a typical
case is shown in Fig. 5 for the transition ðl¼ 1;ml ¼ 0Þ-ðl0 ¼ 2;
ml

0 ¼ 0Þ. Fig. 5(a) shows the intensity of the elastic wave function,
jψ0j2, at a depth of 83 Å as well as the modulus-squared of the
transition potential, jHn0j2, while Fig. 5(b) shows the intensity of
the resulting inelastic wave, jψnj2. This inelastic wave undergoes
further channelling to the exit surface before being imaged, as
described in Section 3. The side-peaks noted in Fig. 4 are present
when the inelastic wave is first generated; subsequent channelling
will further affect how this inelastic wave contributes to the total
EFTEM map. This example demonstrates that contrast in the
elastic wave function (generated by elastic, coherent scattering)
is preserved in the inelastic waves due to the delocalized nature of
the transition potentials. One can think of the wave function of the
incident electron as simply losing energy in the ionization event
and then continuing to propagate with a slightly reduced energy,
without the form of the wave having been appreciably changed.

Fig. 4 considers the contributions to the EFTEM map from only
one column of atoms. The actual EFTEM map intensity is the
incoherent summation of contributions from all columns. This is
illustrated in Fig. 6, where we have tiled out the intensity plotted
in Fig. 4 to include the intensity contributions from the titanium
columns on either side. Careful examination of Fig. 6 shows that
the extent to which the EFTEM map contains localized chemical
information is reduced significantly by the long-range intensity
associated with a single column of the element under investiga-
tion. The effect is two-fold: first, a single column on its own has a
delocalized contribution; and second, the addition of contributions

Fig. 4. Intensity profile through a simulated Ti–L2,3 EFTEM map considering only
Ti–L2,3 ionization events occurring within a single titanium column (indicated with
an arrow). An ideal lens is assumed for the purpose of investigating the underlying
contrast generating mechanisms. The specimen structure is inset (see Fig. 2 for
legend) along with the location of the profile (dotted line).

Fig. 5. Generation of an inelastic wave via the ðl¼ 1; ml ¼ 0Þ-ðl0 ¼ 2; ml
0 ¼ 0Þ

transition at a depth of 15 units cells (83 Å). (a) The solid (black) line shows
jψ0ðr? ; zÞj2, the intensity of the elastic wave function, and the dashed (grey) line
shows jHn0ðr? ; zÞj2, the modulus squared of the transition potential. (b) jψnðr? ; zÞj2
is the intensity of the inelastic wave generated.

Fig. 6. The result from Fig. 4 tiled along the profile direction, giving a prediction of
the actual EFTEM map intensity. The solid (black) line is the tiled result and the
dashed (red) line is the single column contribution, repeated from Fig. 4. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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from neighbouring columns increases even further the intensity
near columns not containing the element of interest.

5.2. Thickness constraints

The delocalization of the transition potentials associated with
the Ti–L2,3 edge sets a constraint on the sample thickness required
for a localized interpretation of the map. Fig. 7 shows simulated
image intensity profiles across titanium and oxygen columns for
thicknesses up to 30 nm. It is clear that there is significant
delocalization for thicknesses as low as 10 nm. Even for lower
thicknesses the maps show intensity peaks on oxygen-only
columns. Specimen thicknesses lower than 30 nm are challenging
candidates for EFTEM studies due to low electron count rates.
Larger specimen thicknesses are better in order to achieve a
sufficient count rate and signal-to-noise ratio for a single atomic
column given a reasonable accumulation time and electron expo-
sure. As a result, most experimental atomic-resolution EFTEM
maps are likely to suffer from some degree of delocalization. Such
maps should not be directly interpreted as elemental maps, and
should be accompanied by detailed simulations.

5.3. Lens aberrations

Lens aberrations play an important role in the generation of
HRTEM and EFTEM images. From the perspective of the transition
potential formulation (see Section 3 above), every inelastic wave
corresponding to the inelastic events lying within the energy
window will be transferred through the imaging plane and will
be subject to the same lens aberrations as would an elastically
scattered wave field. In particular the intensity measured in the
imaging plane can suffer from the usual effects such as delocaliza-
tion and contrast reversals. In HRTEM, one often thinks of
optimizing the contrast transfer function to achieve phase contrast
or amplitude contrast conditions [29]. A zero-loss-filtered EFTEM
image is a highly coherent image. For a coherent image, an
optimized phase plate with a wide passband and a negligible
delocalization may be preferred, such as the phase plate for
optimal negative phase contrast for weak phase objects [29]. The
spatial coherence is in general reduced when higher energy loss
processes are involved. In particular, core-loss EFTEM images show
a small degree of spatial coherence due to the strong localization
of the interaction potential. The image process becomes predomi-
nantly incoherent and an optimized amplitude contrast transfer
function is the preferred choice. The imaging conditions derived
for phase contrast imaging in HRTEM in an aberration-corrected

instrument do in fact result in conditions for EFTEM imaging that
are close to optimal. A fairly small spherical aberration coefficient
of a magnitude of a few micrometers balanced by a suitable
defocus of a few nm is required to achieve optimized phase
contrast. A small change in defocus, in our case of 2–3 nm, will
produce optimized amplitude contrast for the same spherical
aberration coefficient. Hence, the same setting of spherical aberra-
tion can be pragmatically used for coherent zero-loss or plasmon-
loss filtered images as well as for incoherent core-loss images,
with a slight focus correction.

Fig. 8 shows simulated Ti–L2,3 images of SrTiO3 oriented down
the [110] zone axis, for thicknesses up to 30 nm, for defoci
between �8 and þ8 nm, and with CS at three values, �6 μm,
0 μm, and þ6 μm. An information limit of 1.5 Å�1 was assumed,
which was modelled as a coherent damping envelope applied to
the transfer function. Visually, for each value of CS there is a
defocus where the map is considered optimal, in the sense that it
most resembles the specimen structure and is free from artifacts
as discussed above. As the coefficient of spherical aberration
changes from positive to negative, the optimal defocus changes
from negative to positive, in a manner corresponding to the usual
optimal conditions used in HRTEM. To demonstrate this, we refer
the reader to the three thickness series which are marked by
arrows in Fig. 8. These series correspond to the optimal amplitude
contrast defocus for each of the three CS values used in the
calculations. For these EFTEM images there is no significant
dependence on CS at the corresponding amplitude contrast defo-
cus. The corresponding series at optimal phase contrast defocus
are marked by dashed arrows. The small difference in defocus with
respect to the optimal amplitude defocus does not change the
pattern of the Ti–L2,3 image in a noticeable way. The choice of a
small value of CS is helpful to be able to adjust for optimal phase
contrast as well as for optimal amplitude contrast with the need
for a slight focus correction only. Therefore the small CS for
optimized phase contrast is a pragmatic choice that enables the
recording of EFTEM data at all energy losses under optimal
contrast.

6. Conclusion

New atomic-resolution EFTEM data have been obtained for
SrTiO3 oriented down the [110] zone axis using the CC-corrected
FEI Titan 60-300 PICO at the Ernst Ruska Centre, Jülich, Germany.
Background-subtracted EFTEM images of the Ti–L2,3 and O–K
edges have been obtained and are in qualitative agreement with

Fig. 7. Simulated intensity profiles in the Ti–L2,3 EFTEM map across Ti and O columns for thicknesses up to 30 nm. An ideal lens is assumed. Larger (purple) circles indicate
titanium atoms while small (blue) circles indicate oxygen atoms. (For interpretation of the references to color in this figure caption, the reader is referred to the web version
of this paper.)
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simulations performed using the transition potential formulation.
The maps are not directly interpretable as elemental maps of
titanium and oxygen, owing to the effect known as preservation of
elastic contrast. Simulations show that due to the delocalized
nature of the transition potentials associated with these core-loss
edges, a single column of the element of interest makes a

delocalized contribution to the EFTEM image, and in particular
intensity is seen around columns as far as 3 Å away from the
column in which the inelastic scattering event occurred. Localiza-
tion of elemental information in the EFTEM maps for the Ti–L2,3
and O–K edges is only possible for very thin specimens (≲3 nm).
However, such thin specimens of SrTiO3 are challenging candi-
dates for EFTEM studies, since the ionization cross-sections for
both edges are small, and the electron count rates may result in an
insufficient signal-to-noise ratio. This case study of the Ti–L2,3 and
O–K edges in SrTiO3 demonstrates that atomic-resolution EFTEM
maps may not give directly interpretable maps of specimen
composition and should ideally be accompanied by detailed
simulations.
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