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A B S T R A C T   

High-resolution STEM-EELS provides information about the composition of crystalline materials at the atomic 
scale, though a reliable quantitative chemical analysis is often hampered by zone axis conditions, where 
neighbouring atomic column intensities contribute to the signal at the probe position. In this work, we present a 
procedure to determine the concentration of two elements within equivalent atomic columns from EELS 
elemental maps – in our case barium and lanthanum within the A-sites of Ba1.1La1.9Fe2O7, a second order 
Ruddlesden-Popper phase. We took advantage of the large changes in the elemental distribution from column to 
column and introduced a technique, which substitutes inelastic scattering cross sections during the quantification 
step by using parameters obtained from the actual experiment. We considered channelling / de-channelling 
effects via inelastic multislice simulations and were thereby able to count occupancies in each atomic column. 
The EELS quantification results were then used as prior information during the Rietveld refinement in XRD 
measurements in order to differentiate between barium and lanthanum.   

1. Introduction 

Scanning transmission electron microscopy (STEM), especially in 
combination with electron energy loss spectroscopy (EELS) and energy- 
dispersive X-ray spectroscopy (EDXS), is a key tool in nano- 
characterization, allowing to spatially visualize and map out chemical 
information at the atomic scale. Initially, this was made possible by the 
introduction of aberration corrected electron microscopes [1–5], highly 
sensitive large angle SDD EDXS detectors [6,7], as well as fast direct 
electron detection cameras [8]. Together these technologies open up a 
wide field of possibilities to sensitively probe the presence of atoms in 
crystals. 

Imaging as well as chemical mapping of crystalline matter with 
STEM at atomic resolution require an alignment of the sample along 
specific crystallographic orientations with respect to the electron beam. 
This condition, unfortunately, complicates a quantitative compositional 

analysis. While dynamical diffraction effects can concentrate Bloch 
waves on certain atomic planes, de-channelling and delocalization also 
lead to erroneous EXDS and EELS intensities when electrons travel 
through the material [9–14]. Previous publications e.g. on SrTiO3, 
InGaAs [15,16,17] and other materials have shown the influence of 
these channelling effects and provide solutions to overcome the prob-
lem, such as atom-counting via statistical analyses [18,19] or simulating 
scattering phenomena in bulk systems [14,20]. 

Quantitative analyses in single-phased materials at the atomic scale 
are challenging; even more so if the elements are not homogenously 
distributed and occupy preferred sites. Studies on the elemental distri-
bution in bi-layered perovskite-like materials e.g. of Mn and Fe in the 
brownmillerite Ca2Fe1.07Mn0.93O5 [21] or La and Sr in the 
Ruddlesden-Popper phases La2− 2xSr1+2xMn2O7 (LSMO) [22–25] 
impressively demonstrate the possibilities of EELS elemental mapping 
which is used to determine the elemental ratios in the different layers. 

* Corresponding author. 
E-mail address: judith.lammer@tugraz.at (J. Lammer).  

Contents lists available at ScienceDirect 

Ultramicroscopy 

journal homepage: www.elsevier.com/locate/ultramic 

https://doi.org/10.1016/j.ultramic.2022.113477 
Received 9 August 2021; Received in revised form 13 January 2022; Accepted 24 January 2022   

mailto:judith.lammer@tugraz.at
www.sciencedirect.com/science/journal/03043991
https://www.elsevier.com/locate/ultramic
https://doi.org/10.1016/j.ultramic.2022.113477
https://doi.org/10.1016/j.ultramic.2022.113477
https://doi.org/10.1016/j.ultramic.2022.113477
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultramic.2022.113477&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ultramicroscopy 234 (2022) 113477

2

Already indicated in the data shown in the work on LSMO by Roldan 
et al. [25] is the fact that elements do not only have preferred sites in 
layered structures, but also seem to vary in their occupation from atomic 
column to atomic column. With this work, we address this point and 
introduce a quantification method especially designed for the case 
where the elemental ratios strongly vary from atomic column to atomic 
column. As a model system, we used a material from the class of 
lanthanum barium ferrates with similar crystal structure as used by 
Roldan et al. [25]. 

The method is based on high-resolution EELS elemental maps and 
simulations to quantify the chemical composition column-by-column. In 
our specific case, the atomic columns are occupied by two elements – Ba 
and La –, which are neighbours in the periodic table. Furthermore, we 
are able to carry out the final quantification step without using explicit 
(calculated) ionization cross sections, which is usually mandatory, when 
performing EELS quantification [26]. 

2. The material 

Ruddlesden-Popper (RP) phases possess good electronic conductivity 
and high catalytic activity for oxygen reduction combined with a certain 
tendency for proton/water uptake. Therefore, they are of great interest 
as possible new materials for future applications in oxygen-ionic or 
protonic ceramic fuel cells (SOFCs, PCFCs) and electrolyser cells (SOECs, 
PCECs), or membranes for hydrogen separation [27]. RP-phases are 
layered materials with alternating perovskite layers and rock salt layers. 
They commonly show a variation in their oxygen content (described as 
oxygen nonstoichiometry δ) within the (A,Á)O layers of the perovskite 
block or in the rock salt type (A,ÁO)2 double layer, which leads to 

oxygen-ionic conductivity. This double layer structure is further flexible 
enough for the incorporation of hydroxide (OH− ) or molecular water 
species [28,29]. Increasing the lattice volume and the lattice parameters 
weakens the metal-oxygen bonding, and – consequently – increases the 
oxygen mobility [27]. However, technologies based on these materials 
are still far from commercialization, which is mainly due to a research 
deficit in the fields of fundamental structural characterization, mass- 
and charge transport properties, as well as defect chemistry and their 
combination, resulting in structure property relations. 

The oxide ceramic Ba1.1La1.9Fe2O7 – a second order Ruddlesden- 
Popper phase with the general formula A3B2O7 – is one of these prom-
ising new multi-layered materials with only roughly known crystal 
structure: Ba and La occupy the A-sites, whereas Fe is located on the B- 
sites (see Fig. 1). 

Previous work on the similar compound Ba1La2Fe2O7 using neutron 
powder diffraction revealed a non-uniform La/Ba-distribution on the A- 
sites between rock salt layers and perovskite layers [30,31,32,33]. So 
far, it has been unknown, if changes in the amount of Ba or La lead to 
alterations in this distribution, in lattice parameters and in unit cell 
volume. 

3. Experimental methods 

3.1. STEM analysis 

A TEM lamella was prepared from the sintered Ba1.1La1.9Fe2O7 
sample using a FIB/SEM dual beam microscope FEI NOVA200 NanoLab 
(Ga-ions, operated at 30 kV; for the final cleaning step we used 5 kV, 70 
pA and a tilt angle of 6◦ and 7◦) and it was mounted on an Omniprobe Cu 

Fig. 1. Top: Crystal structure (unit cell) of Ba1.1La1.9Fe2O7 in [1 0 0] zone axis. Regions with Fe octahedra belong to the perovskite layer and regions without 
octahedra are part of the rock salt layer. The A-sites are marked with the letters R and P to indicate whether they belong to the rock salt (R) or to the perovskite (P) 
layer. Bottom: High-resolution HAADF image with FFT of Ba1.1La1.9Fe2O7 in [1 0 0] zone axis (left) and close up with superimposed unit cell (right). Columns filled 
with Ba and La appear brighter, whereas columns with Fe show up darker (O is not visible). Columns in vertical lines belong to the same layer and are marked with R 
for rock salt and P for perovskite layers. 
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grid. The high-resolution analyses were performed in STEM mode 
(nanoprobe mode) on a Cs probe corrected FEI Titan3 G2 60–300 mi-
croscope equipped with a GIF Quantum ERS from Gatan including a K2 
Summit direct electron detection camera (EELS). During EEL spectrum 
image acquisition, we used 300 kV acceleration voltage, approx. 150 pA 
beam current, 19.6 mrad convergence semi-angle and a 37.7 mrad EELS 
collection semi-angle. Images and elemental maps were taken from an 
area with a relative thickness of 0.5 in units of inelastic mean free path, 
which corresponds to a sample thickness of approximately 50 nm. We 
worked with GMS 3 (version 3.23) by Gatan to acquire EEL spectrum 
images using a pixel dwell time of 10 ms. 

The chemical information was obtained from raw spectra. For the 
analysis we applied the integrated model based least square fitting 
routine using a power-law for the background fit and Hartree-Slater 
cross section models for the edge shapes. We included the O K, Fe L23 
as well as the Ba M45 and La M45 edges in the fit. Since the Fe L23, the Ba 
M45 and La M45 edge are close, we decided to link the fitting models for 
the three elements (fitting ranges were 400 – 667 eV for O K and 570 – 
1010 eV for the combined fit of the other three elements). Excluding 
ELNES and thereby the white lines, the energy window for the La M45 
intensity was set to a width of 207 eV and 146 eV for Ba M45, 
respectively. 

The column positions in the EELS maps were determined by 
searching for local intensity maxima in the simultaneously acquired ADF 
reference. The peak positions were subsequently used as a basis for a 
Voronoi tessellation. Based on the resulting cells we determined the 
absolute intensity from the EELS elemental maps, integrated over a 
defined area corresponding to each atomic column (containing 22 to 29 
pixels), while excluding columns not located in the image entirely. This 
approach is inspired by similar techniques which were successfully 
applied to high-resolution STEM ADF data [34,35], and proved to be 
insensitive to slight defocus variations and aberrations [36]. The data 
evaluation steps were performed using a Matlab script written in 
MathWorks Inc. Matlab (version R2020). 

3.2. X-ray diffraction 

XRD measurements of the calcined Ba1.1La1.9Fe2O powder were 
performed with a diffractometer (BRUKER-AXS D8 Advance ECO) using 
a Cu Kα radiation source (1.5418 Å) operated at 40 kV and 25 mA. The 
diffractogram was recorded at a scanning rate of 0.01◦ s− 1. Lattice pa-
rameters were obtained from fitting the peak positions to a tetragonal 
unit cell (SG: I4/mmm). Rietveld refinement was performed by using the 
commercially available software TOPAS (Bruker) [37,38]. Reflection 
broadening was described by the convolution of a Voigt function with a 
modified pseudo Voigt function according to Thompson–Cox–Hastings 
[39]. 

4. Simulations 

Zone axis-conditions, the effects of elastic and thermal scattering and 
the delocalization of the particular ionization edge can produce 
apparent EELS signals either larger or smaller than the nominal values. 
To evaluate the amount and approximate composition of the contribu-
tions from neighbouring atomic columns (off-axis signal) we simulated 
the EELS signal using inelastic multislice calculations based on Slater- 
type orbitals [40–43] (in [1 0 0] zone axis and in accordance with the 
experimental parameters). The beam was focused on the top surface of 
the sample. Elastic scattering was taken into account both before and 
after each inelastic scattering event. 

Contributions from on-axis atoms (i.e., at the beam position) and off- 
axis atoms (i.e., in nearest-neighbour or next-nearest-neighbour col-
umns) were evaluated separately in all cases. Counting the on-axis atoms 
necessitates the (approximate) removal of any non-local, off-axis 
contribution (the amount of artefact intensity caused by the electron 
scattering processes) from the experimental signal. In order to gauge 

these contributions on the elastic scattering, we simulated three cases 
with different amounts of Ba and La at the A-sites: two, where we filled 
all A-sites within the crystal either with Ba or La (Ba3Fe2O7 and 
La3Fe2O7), and one, where we filled the A-sites in the perovskite layer 
with Ba and those in the rock salt layer with La (BaLa2Fe2O7). For these 
configurations we simulated the intensities of the Ba M45 (781 eV) and 
the La M45 (832 eV) edges. In this manner, we were able to compare the 
origin of the signal from both elements and distinguish the behaviour 
between A-positions in the perovskite layer and in the rock salt layer of 
the structure. 

Since Ba and La differ by only about 2% in nuclear charge and 1% in 
mass, we expected both atomic species to have similar elastic scattering 
behaviour, resulting in virtually identical relative off-axis intensity 
contributions. However, due to the different inelastic scattering proba-
bilities of the Ba M45 and the La M45 edge, the simulated intensity values 
of the Ba and the La case cannot be compared directly. Therefore, we 
calculated the off-axis to on-axis intensity ratios, as for those, all edge- 
specific factors cancel out. The values are given in Table 1 and show 
almost no dependency on the type of atom (Ba or La) or the position 
within the A-sites (perovskite or rock salt layer). 

To investigate the influence of elastic scattering in a more realistic (i. 
e., less homogeneous) system, we performed calculations with BaLa2-

Fe2O7. The simulations (see Fig. 2) reveal the origin of the signal in-
tensities for both the Ba M45 edge (top) and the La M45 edge (bottom) 
when placing the beam either on the perovskite layer (marked in grey) 
or on the rock salt layer (marked in yellow). 

The simulations clearly show that the majority of the signal origi-
nates from the on-column atoms. With increasing thickness, more and 
more neighbouring columns start to contribute as the beam broadens 
and de-channelling effects become more prominent. For the sample 
thickness used in this study (50 nm), many surrounding atomic columns 
up to about 1.5 nm from the beam position still have small, but non- 
negligible contributions. Due to this large beam spread and many 
contributing atomic columns, the off-axis signal essentially corresponds 
to an average over a large sample area. To quantify this, we performed 
extensive calculations in which we scanned the beam over the entire 
unit-cell with a step-size of about 0.05 nm (corresponding to the 
experimental step-size) to compute the total Ba M45 and La M45 in-
tensities averaged over the entire unit-cell. The results collected in 
Table 2 show that the ratio between the off-axis signal and the intensity 
averaged over the unit-cell is fairly independent of the investigated 
atomic column and excitation edge. It varies between 15.78% and 
20.77%. The off-axis intensity is slightly higher for columns not con-
taining the element responsible for the excitation edge. However, this 
variation is small compared to the overall intensity and compared to the 
experimental uncertainty. 

This means, that – in this case – it is possible to introduce a simple 
channelling correction mechanism for the experimental data by just 
subtracting a certain amount of the average-unit-cell-intensity from the 
measured data. 

Note that this correction is valid for a certain sample thickness and 
cannot be applied in general. Our simulations show that geometrical 
arguments serve as rough estimate for beam broadening at convergence 

Table 1 
Simulated intensities from Ba and La on A-positions in Ba3Fe2O7 and La3Fe2O7.   

on-axis intensity 
[arb.u.] 

off-axis intensity 
[arb.u.] 

off-axis to on-axis 
intensity ratio 

La M45 in 
La3Fe2O7:    

perovskite layer 337 480 28 436 8.43% 
rock salt layer 332 218 27 938 8.41% 

Ba M45 in 
Ba3Fe2O7:    

perovskite layer 266 637 23 481 8.81% 
rock salt layer 262 655 23 262 8.86%  
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angles typically used in high-resolution STEM: In the following, a brief 
back of the envelope calculation shall help estimating the thickness 
regime, where this ansatz works. In our case a convergence semi-angle 
of approx. 20 mrad and a sample thickness of 50 nm lead to a 
maximum beam radius of roughly r = 1 nm (using r = t ∙ α for small 

convergence angles α). In order to use an averaged intensity value for 
the correction, the beam radius should be larger than (or at least equal 
to) the distances between the relevant atomic columns (in our case 
roughly half a unit cell including perovskite and rock salt layers). In 
cases where r equals approximately one unit cell length, we advise to 
support the correction with simulations: the beam spreads with ongoing 
transmission and therefore the contributing off-axis signal will be 
strongly localised at the point, where the beam enters the sample. 
Additionally, one has to consider the maximum error tolerance, when 
averaging over the whole unit cell. In our case variations of the “off-axis 
to unit-cell-average ratios" between 15% and 20% are acceptable, but 
that is not necessarily true for other materials (i.e. experiments). 

5. Theoretical considerations 

In the following, we consider the crystallographic A-site only. Within 
small areas and constant sample thickness, the number of ions per 
atomic column is deemed unaltered. 

Scattering effects are taken into account by using the results from the 
simulations described in Chapter 4: According to Table 1, beam 
spreading conditions for both Ba and La are considered to be equal. 

Fig. 2. Inelastic multislice calculations for BaLa2Fe2O7: the Ba M45 edge and the La M45 edge for two beam positions – on the rock salt layer (yellow) and on the 
perovskite layer (grey). Contributions to the signal (accumulated in z-direction through the sample) do not only stem from the beam position (x = 0, y = 0) but also 
from the surrounding atomic columns. Values are given in Table 2. 

Table 2 
Simulated intensities from Ba and La on A-positions in BaLa2Fe2O7 including 
average intensities over the unit cell.  

BaLa2Fe2O7 on-axis 
intensity 
[arb.u.] 

off-axis 
intensity 
[arb.u.] 

unit cell 
average 
[arb.u.] 

off-axis to unit- 
cell-average 

ratio 

Ba M45:   40 953  
perovskite 

layer 
266 517 6 463  15.78% 

rock salt 
layer 

0 8 506  20.77% 

La M45:   101 564  
perovskite 

layer 
0 20 621  20.30% 

rock salt 
layer 

332 290 17 628  17.36%  
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Additionally, we assume, that Ba and La are homogeneously distributed 
within one column, such that the beam spreading equally affects both 
elements. Table 2 shows that – because of off-axis contributions from 
large areas and within a reasonable uncertainty – it is possible to use a 
distinct amount of the average unit cell intensity as a measure in order to 
correct for channelling effects in the experimental data. 

Therefore, we calculated a mean value for the off-axis to unit-cell- 
average ratio from Table 2 for Ba and La from both rock salt and 
perovskite layers (18.3% for Ba and 18.8% for La) and subtracted these 
amounts of the average unit cell intensity from the experimentally 
determined signals of the atomic column of interest: 

IBa = Iexp
Ba − 0.183⋅I∅Ba (1)  

ILa = Iexp
La − 0.188⋅I∅La (2)  

with 

Ix: corrected net intensity of the ionization edge 
Iexp
x : experimentally determined intensity of the ionization edge 

(including off-axis signal) 
I⌀x: intensity of the ionization edge averaged over the unit cell (on- 
axis plus off-axis) 

The crystal sites in the atomic columns of interest are occupied by 
either Ba or La. Hence, one can show that the corrected EELS signals of 
Ba and La (IBa and ILa) depend on each other linearly (see supple-
mentary information). Using this linearity, one can display and evaluate 
the Ba and La intensity of several atomic columns from high-resolution 
EELS elemental maps using a scatter plot [44], where the La intensity of 
each atomic column is plotted on the abscissa and the Ba intensity on the 
ordinate. Depending on the amount of Ba and La ions within each col-
umn, the measured combinations of Ba and La intensities appear as 

points on a straight line. 
The intercepts of the line with the x- and y-axis correspond to the 

correlation parameters αx describing the correlation between the EELS 
intensity and the concentration: 

αx = (nBa + nLa) I0σx (3)  

with 

nx: number of atoms per unit area of element x 
I0: incident intensity 
σx: ionization cross section of element x 

The real concentrations are calculated via dividing the corrected 
intensities by the correlation parameters αx (see supplementary infor-
mation). Therefore, the Ba and La column occupancies can be directly 
extracted from the scatter plot (as illustrated in Chapter 6 in Fig. 4). 

This linearity provides a list of helpful features compared to a stan-
dard EELS quantification:  

• The linearity immediately reveals statistical outliers and provides a 
simple method to test the quality of the experimentally determined 
values.  

• An intrinsic statistic evaluation is introduced by using the intensities 
from all atomic columns together for the quantification.  

• Even though – in this case – theoretical ionization cross sections were 
necessary for simulations and net intensities, they are not necessary 
for the quantification step itself. 

6. Results and discussion 

EELS elemental maps as displayed in Fig. 3a clearly show La 
preferring positions in the perovskite layers, whereas Ba mainly 

Fig. 3. (a) EELS elemental map RGB overlay of Ba (green), La (red) and Fe (blue) of Ba1.1La1.9Fe2O7 in [1 0 0] zone axis. Rock salt layers (R) and perovskite layers (P) 
are marked. (b) and (c) integrated intensities on each atomic column of Ba (b) and La (c). 
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occupies the rock salt layers. The graphic output of the intensity inte-
gration per atomic column shown in Fig. 3b and 3c points out that not all 
atomic columns exhibit the same intensities (represented by colour) 
within identical crystal sites. This implies that Ba and La strongly vary 
within the rock salt layers and the perovskite layers. 

The mean net Ba M45 and La M45 intensity per atomic column after 
off-axis signal correction according to Eqs. 1 and 2 are plotted as a 
scatter plot in Fig. 4a. The experimentally determined values show the 
predicted linear behaviour. In accordance to Fig. 3, the graph displays 
distinct clusters corresponding to the perovskite layers and the rock salt 
layers. The scatter of the data points confirms that the chemical 
composition is not the same on every perovskite- or rock salt position. 

Each atomic column can now be quantified using the correlation 

parameters αx (see Fig. 4b): for Ba, the concentration in the rock salt 
layer varies from 20 at% to 35 at% and from 39 at% to 52 at% within the 
perovskite layer. The mean Ba and La concentrations within both layers 
are 28 ± 3 at% / 72 ± 4 at% (rock salt layers) and 46 ± 3 at% / 54 ± 3 at 
% (perovskite layers). 

Contrary to characterization techniques like XRD or neutron scat-
tering, analytical methods in STEM render a locally resolved chemical 
analysis possible: thus, we are not only able to show differences in rock 
salt layers and perovskite layers of the material, but also give detailed 
information on variations of Ba and La on equal crystallographic sites. 
This spectroscopic method also works when observing elements with 
neighbouring atomic number, while other high-resolution STEM tech-
niques such as counting atoms via Z-contrast reach their limits, since the 

Fig. 4. Scatter plots: (a) La vs. Ba intensities (after correcting for channelling effects) from single atomic columns in the perovskite and the rock salt layers of 
Ba1.1La1.9Fe2O7 and linear fit (red line) with orange error bands (±σ for k and d of the fit). (b) La and Ba compositions for each atomic column as well as mean values 
(orange) for rock salt and perovskite layers. Both figures include black error bars on every sixth data point to illustrate the extend of the maximum error. Orange error 
bars in (b) display the standard deviation for the mean values. 
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difference in scattering cross sections resulting from HAADF images is 
too small [45]. 

This method benefits from the significant concentration variation 
from column to column and improves with rising disorder since the 
correlation parameters of the linear fits become more reliable. 

To get an estimate of the quality of this method, we performed an 
error analysis. The errors of the EELS intensities from the Ba M45 and La 
M45 edges were assumed to be 10% (as given in the software GMS 3 for 
the model based intensity measurement). Since the simulations show 
that off-axis intensities differ slightly between perovskite layers and rock 
salt layers, we expect these differences also to be the main source of 
error in our correction in Eqs. 1 and 2 (2.5% (Ba) and 1.5% (La) of the 
mean unit-cell intensity). For the correlation parameters αBa and αLa 
obtained from the linear regression (from Fig. 4a), we used the regres-
sion standard errors. Finally, we calculated maximum errors for the 
intensities and concentrations indicated in Fig. 4. 

Several criteria speak for the quality of these results: 
The linear regression (red line in Fig. 4a) yields proportionality 

factors αx for Ba and La, corresponding to the intercepts of the straight 
line: αBa = 3214 ± 49 and αLa = 2202 ± 17. To get an estimate on the 
quality of these factors we compared their ratio to the ratio of calculated 
Hartree-Slater cross sections σx taken from our data evaluation in GMS 3: 

The results αBa/αLa = 1.46 and σBa/σLa = 1.53 agree well. Also, the 
chemical formula calculated from both mean layer concentration values 
is Ba1.01±0,14La1.99±0,14Fe2O7, which is very close to the nominal 
composition Ba1.1La1.9Fe2O7 obtained by using the stoichiometric 
amounts of the cations during the synthesis. Slight local variations in the 
Ba/La ratio at the same scale were also found in EDXS measurements 
(out of zone-axis) on several grains of the lamella, which support the 
reliability of our findings. Furthermore, the maximum errors for indi-
vidual atomic columns – indicated by the error bars in Fig. 4 – imply 
large values. However – displaying the linear dependency of both Ba and 
La intensities – the deviation from a straight line over all atomic columns 
is much smaller and can be used as an indicator for the quality of the 
measurement. 

Our results exhibit the same tendency as shown in the neutron 
scattering work for BaLa2Fe2O7 by Gurusinghe et al. [30], who found 
concentration ratios for Ba/La of 14% / 86% (rock salt layers) and 73% 
/ 27% (perovskite layers). They argue that this element separation stems 
from differences in cation radii: smaller lanthanide ions prefer the 
smaller nine-coordinate sites in the rock salt layers whereas the larger 
alkaline earth metal ions favour the larger twelve-coordinate sites in the 
perovskite blocks [30]. 

In addition, our result may improve XRD measurements by adding 

Fig. 5. Room temperature XRD pattern of La1.9Ba1.1Fe2O7 (circles) and fit obtained from Rietveld refinement (red line); the grey line represents the difference plot 
between measured and calculated data. The fit quality is indicated by the reliability parameters Rexp = 5.59, Rwp = 12.54, and χ2 = 2.24. Atomic positions, site 
occupancy (taken from the EELS quantification and used as prior information for the Rietveld refinement) and isotropic displacement parameters as well as lattice 
parameters and unit cell volume of La1.9Ba1.1Fe2O7 are listed below. Standard deviations (referring to the last or last two digits) are given in parentheses. Atomic 
positions of Ba were fixed to those of La. 
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information about site occupancies, which cannot directly be obtained 
for La and Ba by XRD. Therefore, the EELS quantification results were 
fed as prior information to the Rietveld refinement performed on the 
XRD data (see Fig. 5). All detected reflections were assigned to the 
tetragonal space group I4/mmm (SG #139). The diffractogram matched 
well with the previously reported isostructural compound Sr3Fe2O7-δ 
[28]. The lattice parameters and the atomic positions accord accurately 
with the results published by Gurusinghe et al. [30]. Comparing 
Ba1La2Fe2O7 to Ba1.1La1.9Fe2O7, equivalent lattice parameters and unit 
cell volumes but different Ba/La occupancies for both layers strongly 
imply that the Ba and La distribution in the crystal is driven by the 
attempt to keep the unit cell volume stable. 

7. Summary and conclusions 

We introduced a column-by-column quantitative method using EELS 
in STEM suitable for materials with two elements within the same 
atomic column - especially with (but not limited to) similar atomic 
numbers – and with inhomogeneous composition at the nanoscale. 

As a model system, we used the second order Ruddlesden-Popper 
phase Ba1.1La1.9Fe2O7 and quantified the inhomogeneous distribution 
of Ba and La within the A-sites. We provide distinct information on the 
element occupancy distribution within the layers in the material: in this 
case, the La / Ba concentration strongly varies between the rock salt 
layer and the perovskite block and – moreover – up to 15 percentage 
points in atomic columns within the same crystallographic sites. 

The chemical information obtained with this quantification method 
may furthermore be used to improve results obtained with other tech-
niques, e.g. the crystallographic parameters from XRD and Rietveld 
refinement. Combining the result from XRD and EELS quantification 
renders the linkage of ordering phenomena in multi-layered materials to 
their unit cell volume possible. 

Measuring in zone-axis usually comes with de-channelling effects 
depending on the sample thickness. Consequently, inelastic multislice 
simulations were performed in order to analyse the beam spreading and 
correct the data for additional off-axis signal. In our case similar element 
masses as well as a similar crystallographic surrounding result in an 
almost identical channelling behaviour for both elements. The sample 
thickness of 50 nm causes the beam to spread to a radius of approxi-
mately half a unit cell, which then causes the off-axis to unit-cell-average 
intensity ratio to be relatively stable over all A-sites. This enables us to 
perform a simple correction via subtracting a certain percentage of the 
mean unit cell intensity from the signal. 

The method is based on the fact that the La and Ba intensities follow a 
linear behaviour according to their occupation ratio in each atomic 
column. Harnessing this correlation automatically introduces an 
intrinsic statistic evaluation, provides information on the quality of the 
data and in principle allows to quantify without theoretical scattering 
cross sections – presupposed they are not needed for obtaining the edge 
intensities or simulations. 

As a final comment, we want to mention, that this column-by-column 
quantification method to uncover strong concentration variations at the 
atomic scale is not limited to EELS but may also be applied to high- 
resolution EDXS. 
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[43] S. Löffler, P. Schattschneider, Transition probability functions for applications of 
inelastic electron scattering, Micron (Oxford, England 1993) 43 (2012) 971–977, 
https://doi.org/10.1016/j.micron.2012.03.020. 

[44] W. Grogger, F. Hofer, G. Kothleitner, Quantitative chemical phase analysis of 
EFTEM elemental maps using scatter diagrams, Micron (Oxford, England 1993) 29 
(1998) 43–51, https://doi.org/10.1016/S0968-4328(97)00061-9. 

[45] A. de Backer, G.T. Martinez, K.E. MacArthur, L. Jones, A. Béché, P.D. Nellist, S. van 
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