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Core-loss electron energy loss spectroscopy is a powerful experimental tool with the potential to provide
atomic-resolution information about electronic structure at defects and interfaces in materials and nanostruc-
tures. Interpretation, however, is nonintuitive. Comparison of experimental and simulated compositional maps
in LaMnO3 shows good agreement, apart from an overall scaling of image contrast, and shows that the shape
and width of spectroscopic images do not show a simple variation with binding energy, as commonly assumed,
or with the size of the orbital excited. For the low lying La N4,5 edge with threshold at around 99 eV,
delocalization does not preclude atomic resolution, but reduces the image contrast. The image width remains
comparable to that of the much higher lying O K edge with threshold at around 532 eV. Both edges show a
volcanolike feature, a dip at the column position not previously seen experimentally. In the case of the O K
edge, this represents an experimental verification of nonlocal inelastic scattering effects in electron energy loss
spectroscopy imaging. In the case of the N4,5 edge, the volcanolike feature is due to dynamical channeling and
absorption of the probe through the specimen thickness. Simulation is therefore critical to the interpretation of
atomic-resolution elemental maps.
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I. INTRODUCTION

In the 13 years since the first demonstration of atomic-
resolution electron energy loss spectroscopy �EELS� in the
scanning transmission electron microscope �STEM�,1–3 it has
been widely used in probing interfacial structure and bond-
ing. Now, the ability to correct geometric aberrations has led
to probe sizes of typically 1 Å or less.4,5 This enables EELS
measurements at unprecedented spatial resolution and the
first definitive test of imaging theory at atomic resolution. A
rigorous understanding of core-loss EELS image formation
in the STEM requires not only a detailed description of the
ionization process6,7 but also an accurate description of the
propagation of the incident probe through the crystal.8,9 In-
terpretation of STEM images based on core-loss EELS is
further complicated by the effective nonlocal interaction
potential.10 In this paper, we show experimental atomic-
resolution core-loss images that confirm theoretical predic-
tions and show the need for a full nonlocal treatment. Analy-
sis of the thickness dependence of simulated images enables
effects due to the nonlocal nature of the scattering potential
to be distinguished from those due to dynamical propagation
and absorption of the probe with increasing thickness. These
results show that the maximum core-loss intensity cannot
always be used to locate the corresponding atomic columns.

II. THEORY

The EELS image for a crystal of thickness t may be cal-
culated as a function of probe position R using a synthesis of
the mixed dynamic form factor formalism and the frozen
phonon method6–9,11 via the inelastic cross section expres-
sion:

��R,t� =
1
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�
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Here, N is the number of different frozen phonon configura-
tions used. We use an Einstein model to generate the frozen
phonon configurations, an adequate approximation for these
purposes.12 The inelastic scattering coefficients for inner-
shell ionization �h,g are functions of the momentum space
vectors h and g, while �n�R ,g ,z� is the gth Fourier compo-
nent of the channeling electron wave function at depth z
calculated for the nth phonon configuration. The inelastic
scattering coefficients �h,g may be written as
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where k	
k
 is the magnitude of the wave vector of the
incident electron and Vc is the volume of the unit cell. The
sum occurs over all atoms of type � located at atom positions
described by the vector ��j

with Debye-Waller factors
M�j

�g−h�. The inelastic atomic fh,g scattering factors are
given by
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The relativistic Bohr radius is denoted by a0, k� is the mag-
nitude of the wave vector k� of the inelastically scattered
electron, and � �magnitude �� denotes the wave vector of the
ejected electron. The quantum number associated with or-
bital angular momentum is denoted by l, with the azimuthal
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quantum number ml, with nml
electrons in each suborbital.

For EELS, the integration over the solid angle d�k�
=sin 	d	d
 is limited by the integration over 	 to the range
specified by the collection semiangle. This integration ex-
plicitly treats the scattered electrons as plane waves, which
has been shown to be a reasonable approximation for other
than small detectors.13 However, we note that for thick speci-
mens in STEM the validity of this approximation has not yet
been fully explored, and will be the subject of further work.
The range of integration over � is determined by the energy
window of interest. The atomic transition matrix elements
Fl,ml

� are functions of Qg=q+g, where hq=h�k−k�� denotes
the momentum transfer to the crystal. The atomic transition
matrix element Fl,ml

� for a specific suborbital labeled by the
quantum numbers l and ml is given by

Fl,ml

� �Qg,�� =� b�*��,r�exp�2�iQg · r�ul,ml

� �r�dr . �4�

Here, ul,ml

� �r� and b��� ,r� are the wave functions for the
bound and continuum states, respectively.

The details of the core-loss transition are contained within
the inelastic atomic form factors fh,g which are the Fourier
components of the inelastic atomic scattering potential. Be-
cause they are a function of two independent momentum
space coordinates, h and g, the resulting effective potential
W�r ,r�� is nonlocal, i.e., a function of two independent real
space coordinates r and r�.10 A common simplification is the
so called local approximation where it is assumed fh,g
 fh−g,0	 f f, allowing the potential to be expressed in terms
of a single real space coordinate. The importance of using a
full nonlocal description of the effective ionization interac-
tion has been demonstrated for conventional transmission
electron microscopy,14 and predicted for high resolution
STEM images although yet to be demonstrated
experimentally.10

It is important to distinguish between the terms “nonlo-
cality” and “delocalization.” The term nonlocality is used to
describe the nature of the underlying inelastic potential.15

The nonlocality arises because the inelastic atomic form fac-
tors fh,g are functions of two independent Fourier space co-
ordinates, h and g, and therefore the potential itself is a func-
tion of two independent real space coordinates. This is
closely related to the use of a mixed dynamic form factor.16

Delocalization describes an extended spatial extent of the
EELS signal, usually assumed to be a simple broadening.
The delocalization of an image depends not only on the in-
teraction leading to the energy loss but also on the elastic and
other inelastic scattering of the probe, a complex combina-
tion of the inelastic scattering potential and the environment
in which the scattering occurs. As shown below, atomic-
resolution images cannot be interpreted using classical mod-
els based on impact parameters or simple estimates of image
widths based on energy loss.17

III. EXPERIMENT

The sample for this study was a LaMnO3 specimen pre-
pared by conventional methods: grinding, dimpling, and Ar+

ion milling. Final cleaning was done with 0.5 keV Ar+ ions
at an incident angle of 17°. This removes the thinnest areas,
but also significantly decreases the amorphous layers on the
specimen surface.18 The thickness of the illuminated area
was estimated to be approximately 250 Å. Electron micros-
copy observations were carried out in a dedicated scanning
transmission electron microscope, a VG Microscopes
HB501UX operated at 100 kV. This microscope is equipped
with a Nion aberration corrector and a Gatan UHV Enfina
electron energy loss spectrometer. Typical parameters for the
aberration corrected VG HB501UX STEM are defocus �f
=62 Å, third order spherical aberration coefficient Cs=
−0.05 mm, and fifth order spherical aberration coefficient
C5=63 mm. A probe forming aperture of 20 mrad was used.
Accounting for the electron source size of approximately
1.0 Å leads to a beam diameter of approximately 1.3 Å. Us-
ing a detector semiangle of 12 mrad, core-loss spectra were
recorded as line scans along the �110� lattice direction. Fol-
lowing background subtraction, spectral images were then
formed by integrating the EELS intensities over an energy
window of 40 eV above the edge onset for the O K, La N4,5,
La M4,5, and Mn L2,3 absorption edges.

IV. RESULTS AND DISCUSSION

An annular dark field �ADF� image of LaMnO3 taken in
the pseudocubic �001� zone axis orientation is shown in Fig.
1. The projected structure is indicated by the colored circles.
The yellow arrow in Fig. 1 indicates the generic �110� lattice
direction. Figures 2�a� and 2�b� show the measured zero-loss
peak �ZLP� and ADF signals, respectively, along the �110�
lattice direction �crosses� compared to simulation �solid
line�. In Figs. 2�c�–2�f�, experimental integrated EELS line
scans taken along the �110� lattice direction are compared
with first principles nonlocal simulations using the experi-
mental parameters listed in Sec. III. The higher energy edges
have been aligned with the atomic columns using a simulta-
neous ADF line scan as a guide. Because of the lower energy
of the La N4,5 edge, its signal was acquired separately from a

FIG. 1. �Color online� Annular dark field image of LaMnO3 in
the pseudocubic �001� zone axis orientation for a specimen approxi-
mately 250 Å thick. The �110� direction is indicated by the arrow.
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section of the sample with similar thickness and the simulta-
neously acquired ZLP used as a guide for alignment. All
simulations are calculated using a frozen phonon model.19

All simulated images have greater contrast variation than
the experimental images. This is reminiscent of the so called
Stobbs factor observed in high resolution transmission elec-
tron microscope intensity measurements.20

The ZLP signal shown in Fig. 2�a� exhibits a reduction of
intensity above the atomic columns due to high angle scat-
tering beyond the range of the EELS detector. The ADF sig-
nal shown in Fig. 2�b� has opposite contrast, exhibiting the
usual approximately Z2 variation of ADF images. Since elec-
trons scattered through high angle to the ADF detector can-
not also fall on the EELS detector, this reversal of contrast is
to be expected.

Immediately striking is the shape of the images them-
selves. For the O K edge image shown in Fig. 2�c�, there is
an obvious dip or “volcano” located above the MnO col-
umns. This is also clearly present in the La N4,5 edge image
shown in Fig. 2�d�, with the other images in Figs. 2�e� and
2�f� showing a flattening of the peaks above the columns
from which the signal originates. Such volcanolike structures
have been noted previously in simulations16,21 but have never
been experimentally observed before. The O K and La N4,5
edge images have similar contrast and width, despite signifi-
cantly different binding energies. While it has been sug-
gested that for the case of conventional transmission electron
microscopy �CTEM�, EELS signals should maintain the
same contrast as the ZLP signal,22 the difference in the shape
and contrast of the La M4,5 and N4,5 suggests that the nature
of the inelastic ionization potential is an essential part of
inelastic image formation in STEM. It will be shown further
below that the underlying physics leading to these structures
is quite different for these different cases.

To understand why these effects are more pronounced for
fine probes, Eq. �1� is rewritten for the case of an isolated
atom whose thermal motion is ignored:

��R,t� � �
h,g

fh,g�h
*�R��g�R��z , �5�

where �z is the thickness of the slice containing the atom.
The range of the summation is restricted to nonzero values of
�g, determined by the probe forming aperture. In Fig. 3, fh,g
are plotted for parallel reciprocal space vectors h and g �for
ease of display�. The appearance of the form factor plots for
the O K edge shown in Fig. 3�a� is similar to that of the La
M4,5 and Mn L2,3 edge form factors shown in Figs. 3�c� and
3�d�, respectively. For the La N4,5 edge shown in Fig. 3�b�,
the structure of the plot is somewhat different, with the cen-
tral peak being far narrower and a more complex distribution
of negative form factors. In all cases, the aperture extends
into the negative region of the form factor and the minimum
value within the aperture is shown. The negative areas in the
La N4,5 edge plot cover a range of less than half that seen in
the other plots. Similar behavior is found for the terms in-
volving reciprocal vectors which are not parallel.

The contribution of negative values of the form factors to
image formation is illustrated in Fig. 4, where images of
isolated atoms have been simulated. This allows the exami-
nation of the nature of the ionization interaction without the
complication of channeling. The projected electron density
�r��=�ml

� 
ul,ml

� �r�
2dz of the bound state from which the
electron is ejected is shown by the solid background. The
positive values of the form factors all produce “Gaussian-
like” images peaked on the atomic site. The negative com-
ponents produce a negative contribution to image formation

FIG. 2. �Color online� Experimental �110� line scans �crosses� and simulations �solid lines� for �a� the zero-loss peak, �b� annular dark
field, �c� the O K edge, �d� the La N4,5 edge, �e� the La M4,5 edge, and �f� the Mn L2,3 edge. The positions of the atomic columns are indicated
by the filled circles.
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at the atomic site. Figure 4�a� shows that the O K edge im-
age, whose form factor becomes the most negative, has a
distinct dip at the atomic position. The form factors for the
La M4,5 and Mn L2,3 edges are less negative and do not
provide as large a modifying contribution at the atomic sites,
and the La M4,5 edge image shown in Fig. 4�c� has only a
slightly flattened top. The magnitude of the negative compo-
nents of the form factors included in the La N4,5 image being
smaller, it is peaked on the atomic site with a minimal nega-
tive component. As probe forming apertures can be made
larger due to aberration correction and STEM probes become
correspondingly smaller, the sum in Eq. �5� includes more
negative components of the form factor and simulations
show that volcanoes will be more pronounced, albeit
narrower.24

An important consequence of the volcanoes is that the
half-width at half maximum �HWHM� of the images is in-
creased beyond that due to the positive form factor contribu-
tions. Thus, the HWHM of the La N4,5 image is actually
narrower than any of the other images despite having the
lowest binding energy of 99 eV. This is contrary to classical
estimates of the HWHM �see, for example, Ref. 17�. How-
ever, the La N4,5 image is still nonzero at a radius of 3 Å due
to its long delocalized “tail.”

FIG. 3. �Color online� Inelastic atomic scattering form factors for parallel reciprocal space vectors for �a� the O K edge, �b� the La N4,5,
�c� the La M4,5 edge, and �d� the Mn L2,3 edge. The dark sections of the plots indicate negative values of fh,g �Ref. 23�. All form factors are
normalized to have a maximum value of 1. The portion of the form factor included in the collection aperture is within the white squares in
each case and the minimum value of fh,g contained therein is indicated.

FIG. 4. �Color online� Single atom EELS images for �a� the O K
edge, �b� the La N4,5 edge, �c� the La M4,5 edge and �d� the Mn L2,3

edge. The contributions to the total intensity from positive and
negative fh,g are indicated by the dashed and dotted lines, respec-
tively. The projected electron density of each bound state is shown
by the solid background.
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The main difference between these single atom calcula-
tions is the bound state wave functions ul,ml

� �r� used in cal-
culating the transition matrix elements in Eq. �4�. In Figs.
4�a�, 4�c�, and 4�d�, the projected electron density of the
bound states is peaked close to the atomic sites, far more so
than the resulting single atom images. For La N4,5 shown in
Fig. 4�b�, there is significant density away from the atomic
site despite the fact that La N4,5 yields the narrowest image.
Clearly, there is no simple relationship between electron den-
sity of the initial state and image width, a consequence of
subtleties of the underlying nonlocal nature of the
interaction.10

Given the notably different atomic images for the O K and
La N4,5 edges, how can the similarity in shape and width of
the line scans seen in Figs. 2�c� and 2�d� be explained? From
Eq. �1�, it is clear that the image depends not only on the
inelastic scattering but also on the propagation or channeling
of the incident electrons through the sample. The role of
channeling of the STEM probe through a crystalline sample
is most easily described for a probe at a fixed position R.25,26

In Fig. 5, the probe intensity is shown as a function of depth
within the crystal for the probe placed over each of the
atomic columns. When the probe is positioned above La col-
umns �Fig. 5�a��, the intensity peaks at z20 Å with a small
secondary peak at z60 Å. The intensity variation is seen
more clearly in Fig. 5�b�, where a line scan along the column
is shown. Most of the intensity has dispersed by a depth of
100 Å and the La atoms are significantly illuminated for only
the first 50 Å. When the probe is located above Mn/O col-
umns �Figs. 5�c� and 5�d��, the probe has significant penetra-
tion for the first 100 Å and the intensity remains small but
nonzero for the remaining depth of the crystal. For O col-
umns �Figs. 5�c� and 5�d��, the intensity is significant for the
entire crystal thickness, with the exit surface intensity being
50% of that at the entrance surface. Clearly, the channeling
of the electron probe as it propagates through the sample
plays an important role in image formation.

Figure 6 shows the evolution of the ZLP �left side� and
ADF �right side� signals as a function of specimen thickness.
For a single unit cell, the ZLP signal is essentially flat, with
small reductions in intensity above the La and Mn/O col-

FIG. 5. �Color online� Probe intensity as a
function of depth z for �a� the probe located
above a La column with an intensity profile along
the column shown in �b�. Corresponding results
for Mn/O columns are shown in �c� and �d�, and
O columns in �e� and �f�.
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umns. The ADF signal has maximum intensity above the La
column with lesser intensity above the Mn/O column. Con-
sistent with the results shown in Fig. 5, by a depth of 61.6 Å,
there is a significant deficiency in the ZLP above the La
columns and a correspondingly smaller volcano above the
Mn/O column. Maximum intensity occurs on the O columns
where the probe continues to have significant intensity as
seen in Fig. 5�f�. The peak above the Mn/O column in the
ADF signal has increased slightly compared to that above the
La columns, due to the higher incident electron density about
this column at this depth. By the time the probe has chan-
neled through 123.2 Å, there is only significant probe inten-
sity remaining on the O columns. This is reflected in the ZLP
signal, where the image is peaked above the O columns. The
fact that the probe has significant intensity on the Mn/O
column for approximately twice the depth that it has on the
La column has led to an increase in the ADF signal above the
Mn/O column relative to the signal above the La column.
Since there is no further significant probe intensity on either
the La or Mn/O columns after this depth, there is little
change in the relative ADF signals for thicker samples.

In Fig. 7, the evolution of the images based on the mea-
sured edges as a function of crystal thickness across the
whole unit cell is shown. The simulated images for a “crys-
tal” one unit cell thick give the “atomic” images without the
complication of channeling. The contribution to the image
from each O column is identical at this stage. The O columns
are only 1.93 Å apart and this results in considerable overlap
between the images formed by each atomic column. �The
blue circles represent the position where the volcanoes
would occur if only individual atoms were considered.� This
makes the interpretation of a single line scan difficult. As
specimen thickness increases, the intensity above the central
column in the unit cell shows a significant reduction. This
column contains the heavier Mn atoms, which generate sig-

FIG. 6. �Color online� Zero-loss peak �ZLP� �left� and ADF
�right� intensities as a function of specimen thickness. The black
lines indicate the �110� scan direction.

FIG. 7. �Color online� The
evolution of spectroscopic images
as a function of sample thickness
for each of the measured EELS
edges. These simulations do not
include convolution with a source
size term in order to emphasize
the mechanisms underlying image
formation. The black lines indi-
cate the �110� scan direction.
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nificant thermal diffuse scattering �TDS� and reduce the in-
tensity on the column. By the time the sample is 64 unit cells
thick, approximately the estimated thickness of the experi-
mental specimen, this reduction in intensity has become sub-
stantial. A line scan taken in the �010� direction across alter-
nating O/MnO/O columns would show a significant
deficiency on the MnO column, possibly leading to the erro-
neous conclusion that there were fewer O atoms in the cen-
tral column.

The La N4,5 image for single unit cell thickness is more
straightforward, with a peak on each atomic column. There
is, however, considerable intensity away from the columns,
with the minimum at the center of the unit cell being almost
40% of the on column intensity. As the sample becomes
thicker, a volcano develops. With significant absorption due
to TDS occurring when the probe is positioned above the La
or MnO columns, there is less contribution to the image than
when the probe is positioned above the O columns and in-
teracting with the 40% “background.” The small peaks above
the O columns for 246.4 Å reflect the peaks in the ZLP seen
in Fig. 5. This again leads to an image that is difficult to
interpret without comparison to simulation. For the simula-
tion at the greatest thickness, there are peaks on the O col-
umns and relatively little intensity on the La columns.

It is interesting to compare the La M4,5 edge image to that
formed by the La N4,5 edge. Because the signals originate
from the same atoms, channeling and TDS are identical in
both cases. The La M4,5 image is, however, significantly lo-
calized about the La columns, with little overlap between
columns even for the simulation for the greatest thickness
shown here. The drastically different shape and distribution
of these two cross sections illustrates clearly the importance
of the inelastic scattering potential. While it has been shown
that for CTEM low-loss EELS, “most inelastic scattering
processes in crystals preserve image contrast to a first
approximation,”22 clearly for core-loss EELS, at least in the
case of atomic-resolution STEM, this approximation is poor.

The image formed by the Mn L2,3 edge is largely con-
tained within the unit cell, consistent with previous results
supporting column by column spectroscopy.27 However, a
significant deficiency in the edge intensity occurs above the
column for increasing thickness due to TDS.

V. CONCLUSIONS

The interpretation of EELS line scans in the STEM based
on core-loss spectroscopy requires an understanding of the
subtle interplay between probe channeling or dechanneling
and its effective nonlocal interaction with the atom being
ionized. No simple connection exists between image width
and either energy loss or the distribution of the electron den-
sity of the core state. Delocalization gives an extended tail to
atomic images, which reduces contrast but does not preclude
atomic resolution. In such cases, dechanneling from high-Z
columns may lead to a volcanolike contrast at high thickness.
Theoretical modeling is an essential adjunct to experiment,
especially in the case where line scans, rather than a full two
dimensional EELS map, are used. Without the understanding
of image formation that simulation provides, there is a dis-
tinct possibility of erroneous interpretation of EELS data.
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