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The ‘‘delocalization’’ of inelastic scattering is an important issue for the ultimate spatial resolution of
innershell spectroscopy in the electron microscope. It is demonstrated in a nonlocal model for electron
energy loss spectroscopy (EELS) that delocalization of scanning transmission electron microscopy
(STEM) images for single, isolated atoms is primarily determined by the width of the probe, even for
light atoms. We present experimental data and theoretical simulations for Ti L-shell EELS in a [100]
SrTiO3 crystal showing that, in this case, delocalization is not significantly increased by dynamical
propagation. Issues relating to the use of aberration correctors in the STEM geometry are discussed.
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the effects of the probe [13]. The fidelity of such
Z-contrast images means that comparison between simul-

localization [24,25] and others much less [26,27]. In the
local approximation, the effective scattering potential
Innershell electron energy loss spectroscopy (EELS)
has become a powerful tool for determining structure-
property relationships at interfaces and grain boundaries,
probing local stoichiometry, impurity segregation, and
electronic structure. When acquired simultaneously
with an atomic-resolution Z-contrast image in scanning
transmission electron microscopy (STEM), very high
spatial resolution has been demonstrated [1–4]; impurity
concentrations and local d-band occupancies can be mea-
sured from individual atomic columns at grain bounda-
ries and interfaces [5]. However, the ability to place a
probe over a single column does not guarantee that the
EELS signal is generated at that column. Here we ex-
amine the delocalization of the STEM image which,
for a given probe, is determined not only by the ioniza-
tion process itself but also by dynamical diffraction.
Delocalization is, loosely speaking, the quantum equiva-
lent of the classical impact parameter [6,7]. We take the
practical measure of this to be the width of the signal in a
STEM image from an atom or atomic column and it is in
this sense that we use the term. How the delocalization
compares to atomic or column spacings is central to
reliably inferring structure using innershell spectroscopy
for atomically resolved analyses.

In the Z-contrast image, formed from high-angle ther-
mally scattered electrons, sub-angstrom information
transfer has already been demonstrated [8], and promises
to become routine with the regular inclusion of spherical
aberration correctors for the probe-forming lens [9,10].
The Z-contrast image is dominated by Rutherford scatter-
ing from the screened nuclear potential, and is highly
localized. It has been well-established that Z-contrast
images give a good indication of structure [11]; the peaks
which sometimes arise in open channels [12] can often be
attributed to the probe tails and may, in a first approxi-
mation, be removed using deconvolution to separate out
0031-9007=03=91(10)=105503(4)$20.00 
taneously collected Z-contrast and EELS data provides a
method of judging experimentally how well the EELS
signal represents the structure.

It has recently been demonstrated that, for the case of Z
contrast, the dynamical nature of probe propagation may
lead to an appreciable contribution to the signal from
columns adjacent to that on which the probe is situated,
the so-called ‘‘cross-talk’’ phenomenon [14,15]. Using
simulations in which the ionization interaction is treated
in a full nonlocal manner, similar cases have been found
for EELS [15]. This suggests that caution should be taken
in interpreting experimental EELS images. We present
calculations of STEM images from a single, isolated
atom, a scenario which eliminates any effect of probe
propagation. The calculations show that delocalization of
the EELS image in such a case is limited by the size of the
probe rather than the nature of the ionization interaction.
We further show that, in the case of a zone-axis SrTiO3

crystal, through examination of the Ti L-shell EELS
image, the resolution remains dominated by the probe
and column-by-column spectroscopy is achieved.

Our simulations of inelastic STEM images use the
mixed dynamic form factor (MDFF) approach [14–16].
For EELS, the MDFFs may be formed in a fully nonlocal
calculation, or by using the local approximation [17–20].
Here we use the nonlocal model to describe the inelastic
scattering event [21–23]. Cross-section expressions (i.e.,
incoherent images) may then be calculated using either a
Bloch wave or a multislice method. Selection between the
two methods is based upon convenience, since the results
of the two methods have been shown to be in excellent
agreement [16]. It should be noted that this formulation
includes a diffuse background term which gives the con-
tribution to the images from dechanneled electrons.

Quantum mechanical calculations of delocalization
have been inconsistent, some predicting significant de-
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may be plotted in real space. Delocalization may then be
assessed in terms of the width of the peaks. However, it
has been shown that EELS simulations often need to be
done using the fully nonlocal model [17–20] and such a
potential is difficult to visualize spatially. Thus, we shall
discuss delocalization not of the interaction potential but
rather of the resultant STEM image, which is what is
measured experimentally.

Figure 1 shows the three probes to be considered.
Probe 1 contains no aberrations, and uses a reciprocal
space aperture cutoff of 1:0 	A�1. Probe 2 is aberration
balanced, being characterized by fCs � �0:05 mm, C5 �
63 mm, �f � 62 	A, cutoff � 0:539 	A�1g (where Cs de-
notes third order spherical aberration, C5 denotes fifth
order spherical aberration, and �f denotes defocus with
overfocus taken to be positive). This set characterizes the
experiment to be discussed. Probe 3 uses Cs � 0:5 mm
and Scherzer conditions, chosen as it is broader again.
Figures 2(a) and 2(b) show, for the different probes, the Ti
L-shell and O K-shell EELS STEM line scans of isolated
Ti and O atoms, respectively. The Ti L edge occurs at an
energy loss of 507 eV, the O K edge at 564 eV. The
simulations use a 20 mrad collection angle and a 40 eV
energy window above the ionization thresholds. It is seen
that the full width at half maximum of the image gets
progressively broader as we move from the first and finest
probe to the third and broadest. Thus, the delocalization of
the STEM image is affected by the properties of the
probe, even in the case of a light atom such as oxygen.
We note that for the finest probe the image contains some
structure. The ‘‘volcano-like’’ appearance of single atom
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FIG. 1. Intensity profiles of the three probes under consider-
ation. Probe 1 is an aberration-free probe with 1:0 	A�1 aperture
cutoff, probe 2 is an aberration balanced probe with 0:539 	A�1

aperture cutoff, and probe 3 has Cs � 0:5 mm and Scherzer
conditions.
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images under certain conditions has been previously ex-
plained [24].

It should be stressed that this result holds for a single
atom. In a crystal, the dynamical nature of propagation
may serve to alter any probe in such a way as to change
the delocalization of the images. To explore this possibil-
ity, the crystalline case will now be examined using
SrTiO3 as a case study.

Experimental line scans of SrTiO3 were taken using
VG Microscopes’s HB501UX microscope at ORNL,
equipped with a Nion aberration corrector [28]. The
attempt to annul aberrations is accomplished by balanc-
ing the lens parameters, as described above for probe 2.
The zone axis considered is [100]. The accelerating volt-
age is 100 keV. The EELS scan is based on Ti L-shell
ionization, with a detector half angle of 20 mrad, and an
energy window of 40 eV above the ionization threshold.
Line scans are taken along the [011] direction in which
Sr columns alternate with combined Ti and O columns.
The Z-contrast scan used an annular detector range of
56–202 mrad.
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FIG. 2. (a) Ti L-shell EELS STEM image of a single, isolated
titanium atom; (b) O K-shell EELS STEM image of a single,
isolated oxygen atom. Plots are given for the probes shown in
Fig. 1.
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Figure 3 shows the experimental line scans for Z con-
trast and Ti L-shell EELS in SrTiO3, scaled by their
average value for convenience of display. The ADF signal
clearly alternates between strong and weak peaks at a
spacing consistent with the known structure of SrTiO3

(cubic, at room temperature, with side length 3:9 	A). The
bright peaks are taken to be the Sr columns, the weaker
peaks then are the Ti=O columns. Simulations bear this
out; in no parameter set investigated was the ratio be-
tween the columns reversed. Taking the peaks of the
Z-contrast signal as indicative of these columns, it may
be seen that the EELS signal does indeed give peaks
corresponding to the Ti=O column positions. The thick-
ness of the crystalline region is gauged to be approxi-
mately 200 	A. As ion milling was used in specimen
preparation, it is expected that there will be amorphous
surface layers present in addition to this. The fluctua-
tion in the signals, and the distinct variation between
the two adjacent cells, may be attributed to physical insta-
bility in the microscope and the presence of amorphous
surface layers.

The dynamical nature of probe propagation makes it
unclear as to whether the behavior observed in the single
atom case will carry over to crystalline experiments. The
drive for aberration correction is based on the assumption
that it will, that finer probes will lead to higher resolution
images. To investigate this assumption, simulations of the
Ti L-shell EELS STEM image for SrTiO3 are presented
for the three probes used previously. (Approximate
Debye-Waller factors for SrTiO3 were obtained from the
literature [29] for use in the calculations. Simulations
showed little dependence in the contrast of the images
for moderate variation of these factors.) Figure 4 shows
the results, and also plots the experimental data for com-
parison purposes.

It is seen that the behavior described in the single atom
case, specifically that finer probes lead to finer features in
channel
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FIG. 3. Experimental data plots showing the ADF (Z con-
trast) and Ti L-shell EELS results. Experimental parameters as
given in the text.
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the STEM image, has carried over to the crystalline case
under consideration. Decreasing the width of the probe
leads to a decrease in the width of the column peaks, and
an enhancement of the contrast.

Such a result is not unexpected. It has been shown
previously [15,30] that the majority of the dynamical
signal comes from the initial portion of the crystal, where
probe spreading and absorption have not yet begun to
dominate the behavior of the wave function. That said,
it is clear from Fig. 4 that the finer probes pick up a
significant contribution to the Ti EELS signal on the Sr
columns. This is the result of the thermal background. The
Sr column, with a high atomic number, causes significant
‘‘absorption’’ due to thermal diffuse scattering. The de-
gree of absorption is enhanced with the finer probe be-
cause of the greater electron density on the atomic column
[31]. The resultant background of dechanneled electrons is
less localized to the site of the probe than the dynamical
wave function and so may cause ionization on the adjacent
Ti columns. It should be stressed that this is a dynamical
result. It will not be removable by deconvolution of the
probe as has been used previously in the ADF regime [13].
Such behavior as this will complicate the direct interpre-
tation of EELS STEM images at such high resolutions,
and motivates the need for detailed simulation as part of
the interpretation process.

While the plot for probe 3 in Fig. 4 most closely
follows the data, it is probe 2 which characterizes the
experiment. There are many reasons for the quantitative
discrepancies between simulation and experiment. The
simulations presented here do not account for amorphous
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FIG. 4. Simulated data plots showing the Ti L-shell EELS
results in the full nonlocal calculation for a perfect crystal of
thickness 200 	A using the three probes of Fig. 1. The experi-
mental data is also plotted. The parameters used in the experi-
ment and the simulation are described in the text.

105503-3



P H Y S I C A L R E V I E W L E T T E R S week ending
5 SEPTEMBER 2003VOLUME 91, NUMBER 10
surface layers, chromatic aberration, or spatial instability
in the probe. Taking some combination of these factors
into account can significantly improve the quantitative
agreement. However, without a more detailed character-
ization of the specimen and the probe, it was deemed
inappropriate to treat these quantities as open parameters
in an attempt to investigate quantitative agreement be-
tween theory and experiment, since there would be no
valid consistency check on the results. As such, we cannot
say from this data whether the mismatch problem be-
tween simulations and experiment which is known in
the TEM geometry [32] manifests in STEM. The focus
of this discourse is rather on the delocalization of the
signal and the implications for the use of aberration
correctors in the STEM geometry.

We have demonstrated, by means of simulating STEM
images of single atoms, that it is the width of the probe,
rather than the nature of the ionization interaction, which
limits the width of single atom features in EELS, even for
the lighter atoms. This motivates the drive for aberration
correction, implying that finer probes will indeed yield
finer features. In the presence of dynamical diffraction in
a zone-axis crystal, we have presented experimental data,
in conjunction with theoretical simulations, which sup-
port the fact that the EELS signal is confined to the
expected column. These results support the notion that
finer features are obtained with finer probes. However,
some of the features, such as the significant contribution
from columns which do not contain the atomic species
characterized by the detected energy loss, become more
difficult to interpret by visual means alone. Therefore the
ability to perform detailed EELS simulations may be-
come a necessary adjunct to experimentally obtained
data. The combination of simulation and experiment pro-
vides a powerful tool for structural and chemical analysis
to high resolution.
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