
This is the accepted manuscript made available via CHORUS, the article has been
published as:

Simulation of Spatially Resolved Electron Energy Loss Near-
Edge Structure for Scanning Transmission Electron

Microscopy
M. P. Prange, M. P. Oxley, M. Varela, S. J. Pennycook, and S. T. Pantelides

Phys. Rev. Lett. 109, 246101 — Published 12 December 2012
DOI: 10.1103/PhysRevLett.109.246101

http://dx.doi.org/10.1103/PhysRevLett.109.246101


Simulation of Spatially-Resolved Electron Energy Loss Near-Edge Structure for

Scanning Transmission Electron Microscopy

M. P. Prange,1, 2, ∗ M. P. Oxley,1, 2, † M. Varela,2 S. J. Pennycook,2, 1 and S. T. Pantelides1, 2, 3

1Department of Physics and Astronomy, Vanderbilt University, Nashville, TN 37235
2Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
3Department of Electrical Engineering and Computer Science, Vanderbilt University, Nashville, TN 37235

(Dated: November 9, 2012)

Aberration-corrected scanning transmission electron microscopy yields probe-position dependent
energy-loss near-edge structure (ELNES) measurements, potentially providing spatial mapping of
the underlying electronic states. ELNES calculations, however, typically describe excitations by
a plane wave traveling in vacuum, neglecting the interaction of the electron probe with the local
electronic environment as it propagates through the specimen. Here we report a methodology that
combines a full electronic-structure calculation with propagation of a focused beam in a thin film.
The results demonstrate that only a detailed calculation using this approach can provide quantitative
agreement with observed variations in probe-position dependent ELNES.

PACS numbers: 68.37.Lp, 79.20.Uv, 68.37.Ma, 61.85.+p

Continuing advances in scanning transmission electron
microscopy (STEM), including aberration-correction and
enhanced stability, have made possible imaging of thin
films, interfaces and individual impurities with sub-
Ångström resolution [1–5]. Increased probe currents and
post-specimen optics have also enabled atomic-resolution
imaging based on core-level electron-energy-loss spec-
troscopy (EELS). EELS provides both chemical mapping
and information about the local atomic arrangements
and the corresponding electronic states, which is reflected
in the energy-loss near-edge structure (ELNES) [6–10],
and allows even the extraction of information about mag-
netic ordering [11]. Hence, STEM-EELS is a uniquely
powerful tool for investigating and understanding the
atomic-scale properties of complex inhomogeneous ma-
terials.

The extraction of information from EELS, however,
requires simulations to relate the strength of the EELS
signal to the electronic structure and dynamics of the
sample electrons. Since EELS and x-ray absorption spec-
troscopy (XAS) probe the same electronic excitations,
EELS experiments are typically interpreted in terms of
calculations originally developed for XAS, assuming that
the excitation is caused by a plane wave travelling in vac-
uum [12–14]. Such approaches, however, do not include
any dependence on the probe position, which obviously
limits their applicability to STEM-EELS.

On the other hand, the calculation of STEM-EELS
images, based on dynamical electron scattering theory
and the mixed dynamical form factor (MDFF) [15–17],
have typically used isolated atomic models to describe
inner-shell ionization [18, 19]. While correctly describ-
ing the position and propagation of the incident elec-
tron probe through the specimen, this approach fails to
incorporate solid-state effects that give rise to ELNES.
Hence, such simulations are usually limited to compar-
isons with experimental chemical maps in which the sig-

nal from a given species is integrated over an energy
range[6, 7, 10, 11]. Most previous formulations combining
density functional calculations with dynamical scattering
theory, most notably by Schattschneider and coworkers
[20–22], have described plane-wave illumination. An ear-
lier application to STEM-EELS has used a dipole ap-
proximation to investigate the intermixing of O K-shell
spectra in SrTiO3 [23].

In this Letter, we present a method to calculate STEM-
EELS that treats both the fine structure induced by the
solid-state environment and the position and dynamical
scattering of the probe electrons on the same footing with
accurate, detailed theories. The propagation of the inci-
dent electron wave function through the specimen is cal-
culated using a Bloch-wave method, which is appropri-
ate for thin specimens [15]. For the electronic excitation
by the electron beam, we used density functional the-
ory (DFT) calculations of the available final electronic
states in the presence of a core hole, performed within
the projector-augmented wave (PAW) method [25]. Since
non-dipole allowed transitions have been shown to be im-
portant in both electron microscopy [26, 27] and X-ray
spectra calculations [28], we compute matrix elements of
the operator eiQ·r for momentum transfers Q using the
PAW wave functions obtained from the VASP code [29],
without invoking the dipole approximation. Initial core
states are obtained using the FEFF code [30]. Subse-
quently, these matrix elements are used to construct the
MDFF which, along with the elastic wave function of
the probe electron, give the energy-loss spectrum image,
including all quantum interference effects.

To illustrate the importance of this work we study the
evolution of the O K-shell ELNES in LaMnO3 (LMO) as
a a function of STEM probe position. Previous work has
revealed variations, with the periodicity of the crystal, in
the measured ELNES of both the O K-shell and Mn L23

[10]. Such variations are usually associated with changes
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in the oxidation state of Mn, which in the LMO case
is constant. Due to a Jahn-Teller distortion, however,
LMO contains two inequivalent O sites which make dis-
tinct contributions to the ELNES. It was suggested that
the ELNES variation may be due to a mixing of these
two spectra. In this work we show that the variation
can only be explained using a full synergy of DFT and
dynamical scattering theory, and not by any simple lin-
ear combination of spectra calculated using conventional
approaches.
The inelastic STEM image for a crystal of thickness t,

and for a transition i → f may be written [15]

σi,f (R, t) =

∫ t

0

∑
h,g

Ψ∗
h(R, z)Ψg(R, z)µi,f

h,gdz. (1)

The Fourier space representation of the elastically scat-
tered incident electron, Ψg, depends on probe position R

and the depth within the crystal z. The vectors g,h are
reciprocal lattice vectors associated with the supercell on
which the calculation is performed. In this work we have
used a Bloch-wave method which excludes the possibility
of ionization caused by the thermally scattered electrons,
but the method is easily adapted to include this contri-
bution [24]. The inelastic scattering coefficient for the

excitation of a core shell electron µ
i,f
h,g is given by [31],

µ
i,f
h,g =

1

2πkVc

∑
β

e−Mβ(g−h)e2πi(h−g)·τβ

×
1

2π2a20

∫
det.

k′
Si,f (Qh,Qg)

|Qh|2|Qg|2
dΩk′ . (2)

Here k ≡ |k| is the magnitude of the wave vector of the
incident electron k and Vc is the volume of the crystallo-
graphic unit cell. The sum occurs over equivalent atom
types β with Debye-Waller factors Mβ where τβ is the
position of these atoms within the unit cell. The rela-
tivistically corrected Bohr radius is a0. For a fixed en-
ergy, the integration over the scattered electron’s wave
vector dΩk′ where k′ ≡ |k′| is limited by the detector.
The quantity Qg ≡ q + g where hq = h(k − k′) is the
momentum transfer to the crystal.
The MDFF is usually defined with a summation over

all initial and final states, including the atomic positions
defined in Eq. (2). For consistency with previous STEM
imaging simulation notations, we define a MDFF specific
to a single transition,

Si,f (Qh,Qg) = 〈f |e2πiQh·r|i〉〈i|e−2πiQg·r|f〉. (3)

A special case of this expression is g = h which is the
dynamical form factor (DFF). In particular, the term
with g = h = 0 is corresponds to conventional DFT
spectrum calculations.
Matrix elements were calculated for transition energies

up to 20 eV beyond the edge onset. A total of 13,000

FIG. 1: (color online) Projected structure of LMO in the
[010] zone axis orientation and integrated intensities for O1,
O2 and the total O signal as a function of probe position. The
positions 1, 2 and 3 indicate probe positions used in Fig. 3
below.

allowed transitions are in this energy range. Full probe-
position-dependant spectra are constructed by convolv-
ing the images calculated using Eq. (1) along the energy
axis with a 1 eV Gaussian to account for experimental
broadening. All image simulations are for 60 keV inci-
dent electrons and a probe forming aperture semi-angle
of 30 mrad. All simulations include temporal incoherence
due to an energy spread of 0.35 eV and a chromatic aber-
ration coefficient of Cc = 1.3 mm. A Gaussian source size
with a full width half maximum of 0.85 Å is applied to
all images. A specimen thickness of 100 Å and a detector
semi-angle of 32 mrad are assumed.

In Fig. 1 we show the projected structure of LMO
down the [010] zone axis orientation (〈110〉 in pseudocu-
bic notation). The positions of columns containing oxy-
gen atom types O1 and O2 are indicated. The simulated
intensity, integrated over a 20 eV energy window above
the O K-shell edge onset, is shown for core-shell ioniza-
tion of both the O1 and O2 atoms as well as the total O
K-shell signal. The majority of the O signal originates
from the O2 sites, due partly to the fact that there are
twice as many O2 atoms as O1 atoms. In addition, ab-
sorption due to the heavy La columns decreases the O1
signal significantly and the maximum O1 signal is seen
between the columns.

In Fig. 2 we show the integrated experimental O
K-shell intensity and a typical spectrum. As with the
simulation, the bright peaks represent the O2 columns
and the O1 positions occur at the minima. All images
were acquired on a Nion UltraSTEM operating at 60 kV,
with parameters as specified in the theoretical discus-
sion. Spectra have undergone principal component anal-
ysis and background subtraction. One property of the O
K-shell spectrum associated with the oxidation state of
Mn in LMO is the energy separation between the pre-
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FIG. 2: (color online) (a) Integrated experimental O K-shell
intensity (top) and simultaneously acquired ADF signal (bot-
tom). (b) A typical spectrum showing schematically the ∆E

measurement. The line scan indicated on (a) is the same as
used in Fig. 4

peak and the first main peak, signified ∆E. This sep-
aration is determined by fitting two Gaussians to these
features, as illustrated schematically in Fig. 2(b). For
the experimental spectra these Gaussians are fitted over
5 eV regions of interest (ROI) chosen such that the lead-
ing edges of these two features are well described [10].
In this letter we investigate the origins of the observed
periodic variation in this quantity.
In Fig. 3 we show simulated spectra as a function of

probe position for each O type individually and the to-
tal signal. In order to explore the possibility that the
ELNES variation is due to a simple mixing of two in-
equivalent spectra, as discussed above, we also show spec-
tra calculated by weighting µ

i,f
0,0 by the appropriate in-

tegrated intensities shown in Fig. 1 to produce position
dependent spectra, which we dub the WDFF model. The
WDFF spectra are shown by the dashed lines. It should
be noted that since µi,f

0,0 contains no spatial information,
the WDFF spectra for O1 and O2 do not change shape as
a function of probe position, but merely vary in intensity.
For the O1 spectra, there is clear variation in the two

features in the first main peak at approximately 534 and
536 eV. For position 1 (between the O1 atoms) the fea-
ture at 534 eV is slightly larger than that at 536 eV. This
is reversed for the other two probe positions. Above the
O2 columns (position 2), the WDFF and the full cal-
culation agree very closely for the O2 signal. Since the
total signal is dominated by the O2 signal at this position
there is also close agreement between the WDFF and full
simulation for the total signal. Away from position 2 the
difference between the the WDFF and full simulations
is more marked, especially for the total signal where the
O1 contribution is significant. While these variations are
small, they affect the center of mass of the main peak
and hence the measured value of ∆E.
There are a number of differences between the experi-

mental and theoretical spectra, most obviously, the initial
feature at 534 eV in the first main peak of the theoretical
spectra is not present in the experimental results. This

FIG. 3: (color online) Spectra as a function of probe position
for O1, O2 and the total signal. The three positions Pos 1
(black), Pos 2 (red) and Pos 3 (green) are shown in Fig. 1.
Dashed lines represent the WDFF spectra.

may be due to a number of factors, for example there
are many LMO structures of differing stoichiometry in
the literature [32–35] and the theoretical spectrum lacks
higher-level corrections beyond the local density approx-
imations for exchange and correlation. It is however not
the goal of this work to perfectly match the shape of the
spectra, but instead to understand the origin of the vari-
ations in ELNES as a function of probe position. The
value of ∆E for the theoretical spectra is determined in
an identical manner to that of the experiment, except,
to exclude the extra feature appearing in the simulations
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near 534 eV, a reduced ROI of 3 eV is used in fitting
the Gaussians. As before, the first ROI is positioned so
that the fitted Gaussian matches the leading edge of the
prepeak. The second ROI is positioned to provide the
best match to the leading edge of the feature centered
just above 535 eV.
In Fig. 4 we compare the experimental 2D plot of

∆E with both the full calculation and the WDFF. While
noisy, the experiment varies over a range of 0.1-0.2 eV
along the line scan. This is well matched by the full
simulation. The WDFF result shows only a small out-
of-phase variation along the same line scan. Even with
the line scan shifted to illustrate the full dynamic rage of
Fig. 4 (e), the value of ∆E varies only by approximately
0.06 eV. The weighted addition of DDFs is clearly not
sufficient to explain the observed variations. In addition,
the peaks in the ∆E signal are shifted with respect to
the experiment and full simulation which are in phase.
While the WDFF spectrum cannot vary as a function

of probe position for each atom type O1 and O2, The full
calculation does not have this limitation. Shown in Fig.
5 is the variation in ∆E for each O type. The variation is
slightly larger than that of the total signal. This implies
that the variation of ∆E is not simply due to the linear
combination of two different spectra; indeed the effect of
the summation is to slightly damp this variation.
We have shown that the evolution of ELNES as a func-

tion of STEM probe position can only be fully explained
using a detailed combination of DFT and dynamical scat-
tering theory via the MDFF. In other words, the spectra
observed by atomic resolution STEM are a function not
only of the local electronic environment, but also a prod-
uct of the experimental conditions. It is therefore not
possible to do quantitative analysis of STEM EELS ex-
periments based on DFT alone. These simulations are
an essential part of the interpretation of more complex
materials systems such as defects, thin films, interfaces
and ordered vacancies.
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FIG. 4: (color online) Two dimensional plots of ∆E and in-
dicated line scans for experiment (a) & (b), theory (c) & (d),
and weighted DFF, (e) & (f). Line scans are taken diagonally
across the unit cell shown schematically on (e) except for the
red line on (e) & (f), which is shifted to illustrate the maxi-
mum contrast observed. The ∆E axis encompasses a range of
0.3 eV in all cases. Different grey scales are used in panels (a),
(c) and (e) in order to bring out the full contrast in each case.
(a) has been smoothed using the Digital Micrograph smooth
function with the default low-pass 3×3 light setting. The line
scan of the unsmoothed ∆E is shown by the red line/circles.
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FIG. 5: (color online) Two dimensional plots of ∆E and in-
dicated line scans for O1 (a) & (b), and O2 (c) & (d).
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[25] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[26] A. J. D’Alfonso et al., Ultramicroscopy 108, 677 (2008).
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