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Abstract 

Advances in microscope stability, aberration correction and detector design now make it routinely 

possible to achieve atomic resolution energy dispersive X-ray mapping, showing qualitative detail as 

to where the elements reside within a given sample.  Unfortunately, while electron channelling is 

exploited to provide atomic resolution data, this very process makes the images rather more complex 

to interpret quantitatively. Here we propose small sample tilt as a means for suppressing channelling 

and improving quantification of composition, whilst maintaining atomic-scale resolution. Only by 

knowing composition and thickness of the sample is it possible to determine the atomic configuration 

within each column. The effects of neighbouring atomic columns with differing composition and of 

residual channelling on our ability to extract exact column-by-column composition are also discussed. 

1. Introduction

The introduction of silicon drift detectors [1,2] has opened up new possibilities for energy dispersive 

X-ray (EDX) spectroscopy in the scanning transmission electron microscope (STEM). The improved

design has allowed for larger devices (with reduced cooling requirements) and therefore increased 

solid angles of collection. This combines well with aberration correction where the higher current 

density within the STEM probe [3] increases the rate of X-ray generation within the sample. The result 
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is a significant improvement in the number of detected X-ray counts such that atomic resolution EDX 

mapping [4–6] and EDX tomography [7–12] are now both possible for reasonable acquisition times.  

Producing EDX maps with higher counts also unlocks the potential to carry out more quantitative 

compositional analysis. Achieving accurate quantitative EDX in STEM is difficult due to a number of 

factors. In particular, the differing X-ray fluorescence yields and absorption rates for each X-ray line 

used in the analysis must be taken into account [13]. For thicker specimens, in particular, there is a 

greater probability of X-rays being reabsorbed before they exit the specimen, and a depth dependent 

correction for this is essential [14,15]. The low number of total X-ray counts from the small mass of 

sample in a thin TEM specimen means that poor signal to noise is usually the limiting factor for EDX 

quantification. Nevertheless, considerable progress has been made thanks to improved detector 

solid angle and efficiency [2]. EDX quantification to determine the composition of a thin film 

specimen was first established by Cliff and Lorimer over 40 years ago [16]. More recently, ζ-factors 

[13,14] and then partial ionisation cross sections [17,18] have also been developed, using single 

element standards for calibration, and determining numbers of atoms within the sample on an 

absolute scale. These three available methods for EDX quantification all rely on the assumption that 

the number of X-rays produced by the sample is linearly proportional to the number of atoms of that 

element being illuminated by the electron beam. Therefore, dividing the total measured intensity by 

the expected intensity from one atom should yield the total number of atoms for a given element. 

We will refer to this range of methods collectively as ‘linear methods’ or ‘linear models’ throughout, 

and discuss the limitations of their applicability. 

Atomic resolution EDX maps can be used to determine the location of individual elements within a 

crystal structure. Such maps are particularly useful as materials properties are frequently controlled 

by composition variations at the atomic scale (e.g. grain boundary segregation, doping in semi-

conductors, catalyst nanoparticles). Trying to accurately and quantitatively determine the 

composition and the atomic configuration from atomic resolution EDX maps is where the real 

challenge begins. Here we use ‘composition’ to refer to the atomic fraction of each element within a 

particular column and ‘configuration’ to refer to how those atoms are arranged within such a column. 

To understand the 3-dimensional (3D) structure of a material, its composition and configuration must 

both be known. The improved contrast and localization to individual atomic columns, in atomic 

resolution maps is due to a phenomenon known as electron channelling, whereby atoms within these 
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columns act like miniature lenses, providing a focusing effect on the electron beam. Channelling 

affects both the annular dark field (ADF) STEM signal [19–21] and the EDX signal [22,23] because both 

depend on how the electron beam interacts with a column of atoms. Channelling is beneficial in that 

it causes the highly convergent STEM probe to stay focused onto a given atomic column, which can 

result in a much higher signal than would otherwise be expected from a simple linear sum of the 

intensity of each of the component atoms [24]. This is demonstrated in Figure 1, which shows the X-

ray signals of single columns in pure crystals of Ni (Z=28), Pd (Z=46) and Pt (Z=78), as a function of 

both the column thickness and sample tilt away from the <110> zone-axis. The figures have been 

normalized by the X-ray signal from a single atom and multiplied by the column thickness in atoms 

such that a value of unity indicates the non-channelling case (where the signal can simply be 

described by a linear combination of its constituent atoms). On axis (i.e. for a specimen tilt of 0.0°) 

the X-ray intensity approximately doubles, showing that channelling provides a significant 

improvement in the number of X-ray counts over the non-channelling case. Any increase in counts 

also results in a reduction in the error from poor counting statistics, typically the limiting error for 

experimental EDX data. Unfortunately, the “channelling enhancement” also means that the standard 

linear models typically used to quantify EDX maps no longer apply and a direct comparison with 

simulations becomes necessary.  With careful a priori knowledge of the sample thickness and 

structure, it has been shown that X-ray measurements can be directly compared with those predicted 

by simulations on an absolute scale [25–27]. 

Another well documented consequence of electron channelling is that the STEM intensity will change 

depending on whether a dopant atom is nearer the entrance or exit surface of a particular atomic 

column, an example of the so-called ‘Top-Bottom’ effect. In ADF STEM, this variation in intensity 

depending on the ordering of individual atoms within an atomic column has been exploited to 

estimate the 3D location of dopant atoms [28–30]. However, such a technique requires accurate 

determination of the sample thickness and is limited to thin specimens (< 5 nm) where thickness 

variation between columns is less than the intensity of one dopant atom. Chen et al. have also 

investigated this phenomenon in the EDX signal [31].  

Catalyst nanoparticles represent a characterisation challenge: those with high catalytic activity have 

complex structures dependent on the composition variation within each particle. Characterising such 

variations down to the atomic-scale, in particular the environment of Pt surface atoms, is critical to 
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understanding the active sites and therefore the catalytic activity [32,33]. ADF STEM is a vital tool for 

characterising such complex structures due to the atomic number contrast it provides; heavy metallic 

nanoparticles stand out clearly from their low atomic number supports. Unfortunately, the thickness 

variation across a particle can mask any changes in composition [18]. High resolution EDX maps are 

now beginning to become possible for larger particles, revealing the compositional variation they 

contain [18,34]. To get absolutely accurate quantification of atomic-resolution maps it remains 

necessary to compare with simulations because of the strong effect channelling has on the EDX 

signal. However, with both the thickness and composition varying across the image of a particle, 

there are challenges to estimating an initial structure with which to simulate. Without at least some 

knowledge of composition and thickness, the number of candidate structure models becomes 

intractably large. Figure 1 suggests one possible way of getting a composition estimate less affected 

by channelling.  It shows that with increasing tilt the EDX signals trend towards to the non-channelling 

case: by a tilt of 2°, the signal from each atom along the column is much closer to 1, suggesting small 

tilt as a strategy for robust counting of the number of atoms in a column, in single element crystals 

at least.  This is in agreement with similar results by Lugg et al. for unit cell averages in SrTiO3 for 

thicknesses up to 10-50 nm [23], and previous work investigating the effect of tilt on the ADF signal 

[24,35,36]. In this paper, we therefore investigate controlled sample tilt as a method for suppressing 

electron channelling and allowing for a more accurate composition determination by linear methods. 

Such composition information would then help to restrict the choice of input structure models 

allowing for a more accurate comparison with simulations. 
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Figure 1. Simulated curves showing the fractional increase of integrated X-ray counts resulting from 
electron channelling from each atomic column in a single element FCC crystal as a function of both 
sample thickness and of sample tilt away from the <110> zone-axis condition, for the Ni-K, Pd-L and 
Pt-L X-ray lines respectively. The curves are normalised by the signal from a single atom multiplied 

by the column thickness in atoms. The relative change in X-ray intensity varies with the element type 
as different atomic number atoms provide different lensing effects on the electrons. (Tilt was 

applied by an implementation in the µSTEM software of the multislice for large beam tilt (MSLBT) 
algorithm, which has been tested for tilt angles as large as 20°, as described in Ref. [37]. The single 

element simulations used the lattice parameter for the bulk crystal. The thermal mean-square 
displacements of the atoms were calculated using the Gao and Peng parameterisation for bulk 

crystals [38] and a temperature of 300K, which for Pt is 4.84 × 10−4 nm2,  for Pd 5.90 × 10−4 nm2 

and for Ni 4.79 × 10−4 nm2.) 

 

2. Example Nanoparticle Simulation 

To understand the challenges faced in reliable EDX quantification, the PtNi octahedron nanoparticle 

structure shown in Figure 2A was created, with an overall composition of 70 at% Pt. The structure 
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contains 1915 Pt and 821 Ni atoms, with the Ni atoms localised towards the middle of {111} facets 

(see Figure 2A). The structure is a typical demonstration of the non-uniform compositional variation 

seen in bimetallic catalyst nanoparticles  and is in agreement with the best guess of PtNi nanoparticle 

structures observed experimentally [39]. This structure was used to simulate the atomic resolution 

X-ray maps for EDX analysis. 

All calculations presented here were carried out using the quantum excitations of phonons (QEP) 

model [40] implemented using a multislice approach in the µSTEM software developed at the 

University of Melbourne [41]. The software is optimised to provide fast parallel calculations on a 

graphical processing unit (GPU). Unless otherwise specified, the simulation microscope parameters 

were a 200kV accelerating voltage and an aberration corrected probe with a convergence angle of 

25mrad. ADF detector collection angles were 75-180mrad and the X-ray signals were simulated 

assuming a full 4𝜋 sr solid collection angle. The X-ray lines chosen are those most often extracted in 

experiment, namely Ni-K and Pt-L. Simulated images were used to calculate the scattering/ionisation 

cross section or integrated intensity of an atomic column by integrating over a Voronoi polygon. 

These values are represented in units of megabarn (Mb), 10−4 nm2, for the ADF scattering cross 

sections and in units of kilobarn (kb), 10−7 nm2, for the X-ray intensities.  

The ADF image in Figure 2B shows some intensity variations that hint at a non-uniform composition 

in the nanoparticle which only really become apparent in the elemental maps from the X-ray signals 

in Figures 2C and D. This is in part due to the thickness variation also occurring across the particle, 

which makes the composition variation much harder to see in the ADF image alone. Figure 2C and D 

are qualitatively consistent with the spatial distribution of Pt and Ni atoms. The Pt signal is high in 

the very centre of the particle but very low at the particle tips due to the variation in thickness 

between these areas of the particle. The Ni signal increases at the edge of the particle because there 

are a large number of Ni atoms in the centre of the facets which are perpendicular to the beam 

direction, as can be seen in the tilted 3D structure in Figure 2A. There is no Ni signal produced from 

the central line or at the tips of the particle; these columns contain only Pt atoms in the model 

structure. However, within the 2 layers at the particle surface the number of Ni atoms remains 

approximately constant, while in the Ni map notable fluctuations in intensity are seen.  
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Figure 2. The model of a PtNi octahedral nanoparticle structure viewed slightly away from its <110> 
crystallographic zone axes (A), containing 1915 Pt atoms (blue) and 821 Ni (yellow) atoms with the 
Ni atoms localised to the centre of the {111} facets. The simulated ADF STEM image (B) and the X-
ray maps for the Pt-L (C) and Ni-K (D) from the structure in (A) viewed along the exact <110> zone 

axis orientation. 

 

 To assess composition following the method of Ref. [17], the integrated intensity of each column in 

the simulated X-ray maps was divided by that for a single atom: if the signal were linear, this would 

yield the number of atoms in the column.  As with previous work [24], there are several benefits to 

integrating the detected signal over an atomic column: it improves tolerance to coherent lens 

aberrations, such as defocus and astigmatism, and incoherent aberrations, such as partial spatial and 

temporal coherence.  The atom count maps determined this way (not shown) come out far too large 

due to the additional intensity provided by channelling, as expected from the behaviour seen in 

Figure 1. However, the difference between the maximum channelling enhancement for the different 

elements is much smaller than the enhancement itself, so it should be possible to determine 



8 

 

composition more accurately than absolute counts. Figure 3A shows the atomic composition map 

deduced from the atom count maps. The output composition shows high Pt content down the line in 

the centre of the particle and at the tips, with the highest regions of Ni content displayed at the 

edges. As with the raw intensity maps, the composition determined from this linear approach 

demonstrates qualitative agreement with the input composition, Figure 3B, with all the composition 

fluctuations present in the correct places. However, when a difference map is calculated between 

the two compositions (Figure 3C) notable deviations come to light. Even for a particle that is only 16 

atoms thick, errors as large as 12.5% can be seen between the estimated and actual compositions. 

This is before any experimental errors are taken into account. The difference is largely positive, 

suggesting an overestimate of Pt content is predominantly occurring. The error is smaller at the 

particle edges but gets much larger towards the centre of the particle, excepting the central line 

which has a much smaller error again. Due to the perfect octahedral geometry of the particle, each 

atomic column has exactly the same thickness as those above and below it in the image, and the 

thickness of each atomic column increases by one atom from the left and right tips towards the 

centre of the particle. The composition error does not simply vary from left to right in the image 

proportionally to thickness, and therefore the magnitude of the error not simply a function of sample 

thickness. 
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Figure 3.  The composition determined through applying a linear quantification to the simulated X-
ray maps presented as the atomic fraction of Pt (a), in comparison to the input composition of the 

particle (b) and the difference between the two (c). Towards the centre of the particle, excluding the 
central strip, the estimated composition gets steadily further away from the real value, with 

discrepancies as large as 12.5%. The smallest thickness where detrimental deviations in composition 
are seen is the 7 atom thick columns, highlighted by white arrows. 

 

The thinnest region where 12.5% error is observed occurs in a column which contains only 7 atoms 

(highlighted by a white arrow in Figure 3C). To understand why the estimated composition deviates 

so far from the true value, simulations were carried out for a crystal 7 atoms thick, i.e. the thickness 

of the column indicated in Figure 3C, for all possible compositions (by which we mean the ratio 

between the numbers of atoms of the two different elements in a given column) and configurations 

(by which we mean the exact order of atoms down a given atomic column). There are seven possible 

compositions for a 7-atom thick column, and, excepting the cases for 7 Ni or 7 Pt, each has multiple 

possible configurations (the maximum being 35). Figure 4A shows four of the 21 possible different 

atomic configurations for a column which contains 5 Pt and 2 Ni atoms.  

Each possible combination was simulated in turn and Figures 4B, C and D show the integrated 

intensity calculated for each of the ADF, Ni-K and Pt-L signals. MacArthur et al. [36] and Esser et al. 

[42] have shown that columns with the same composition but differing atomic configurations result 
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in different total integrated intensities in the ADF STEM signal due to the variation in how the electron 

beam propagates through the sample. Figure 4 shows that a similar variation in intensity is seen in 

the X-ray intensity as well. Each curve represents a particular composition, with each point showing 

a different atomic configuration (ordered from smallest to largest integrated intensity). If the atomic 

ordering had no effect on the resulting signal, these curves would be horizontal lines. Instead, these 

curves demonstrate the range of possible intensities for a given composition when the configuration 

is unknown. They can also be used to mark the confidence bounds on how accurately the composition 

of a particular atomic column can be determined. When the top of one curve overlaps with bottom 

of another curve, it would not be possible to distinguish between the two compositions on the basis 

of the measured EDX signal, at least unless additional constraints are available. This constitutes an 

ambiguity in composition determination and EDX quantification. 

Although Figure 4 has been able to enumerate all configurations for this 7-atom thick column, for 

large thicknesses there will be too many combinations for this approach to remain feasible, the 

situation becoming worse still if the exact thickness is not known. An approach is needed to minimise 

the number of required simulations. In Figure 4A, columns (i) and (ii) represent the configurations 

which produce the highest or lowest Ni signal respectively, for a column containing 5Pt and 2Ni. 

Column (ii) also results in the lowest Pt or ADF signals. However, the configurations which produce 

the highest Pt and ADF signals are columns (iii) and (iv) respectively. This suggests that it is not so 

easy to predict the configurations which provide maximum and minimum signals without the aid of 

simulations. However, amongst all the compositions considered, the configurations with all the Ni at 

the top and all the Ni at the bottom of the column do tend to produce extreme intensities for that 

composition, and hence may be a good estimate for the upper and lower bounds of intensity for a 

particular composition. 

If the sample composition can be determined by other means, it may be possible to reduce the 

number of configurations which need to be considered. Moreover, once the composition has been 

determined, the variation between different configurations could be exploited to estimate atomic 

species ordering parallel to the beam direction by comparison with simulations.  
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Figure 4.  Schematic (A) showing example atom configurations for a 7-atom column with 5 Pt and 2 
Ni atoms. The particular configurations shown produce the highest Ni signal (i), the lowest Ni, 
highest Pt and highest ADF signals (ii), the lowest ADF signal (iii) and the lowest Pt signal (iv). 

Integrated intensity of a single column for the ADF (B), Ni-K EDX (C) and Pt-L EDX (D) signals for 
different compositions of a 7-atom thick crystal taking into account all possible configurations in 

each case. Results have been ordered from smallest to largest for each composition.  

 

The challenge with investigating nanoparticles is that both the thickness and composition are 

unknown. In the simulated maps of the PtNi particle (see Figure 3), the error in composition 

determination is smallest at thinner regions and at the strip in the very centre but is much larger in 

the centre of the {111} facets. This can be related to the number of available configurations. The 

thinner regions of the sample have a small number of possible configurations so the error from 

ordering is small. As the sample gets thicker, the number of possible configurations increases with 

thickness, resulting in a greater spread in the number of possible intensities for a given composition 
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and hence a larger error in the composition determination. However, in the thickest region of the 

sample the composition is close to 100% Pt meaning the number of available configurations drops 

off again and thus, despite the considerable channelling contribution in the thickest region of the 

particle, the error in composition reduces significantly again. In this section, we have shown how 

changes in channelling due to thickness and ordering within atomic columns make composition 

measurements difficult. In the following section, we will investigate how to make composition 

measurements more reliable through reducing the effects of channelling by tilting the specimen 

away from the zone-axis condition. 

 

3. Effect of Sample Tilt 

In EDX analysis it is often recommended that one tilt away from Bragg conditions for accurate 

microanalysis measurements [43].  Figure 1 suggests that even very small tilts away from a low order 

zone axis orientation will produce a notable variation in X-ray counts for each element, yielding a 

result much closer to the non-channelling, linear behaviour needed for reliable composition 

determination. The 7-atom thick crystals containing 5 Pt : 2 Ni atoms (in all the 21 possible 

configurations) and 4 Pt : 3 Ni atoms (in all 35 possible configurations) were chosen as test cases to 

investigate the effects of sample tilt on STEM EDX measurements (5 Pt : 2 Ni matches the composition 

of the highlighted column in Figure 3C). These mixed Pt-Ni crystals were simulated using a Pt lattice 

parameter. Figures 5A-C show the ADF, Ni-K and Pt-L intensity, respectively, as a function of tilt away 

from a <110> zone axis for all 5 Pt : 2 Ni configurations (green curves) and 4 Pt : 3 Ni configurations 

(blue curves). The spread in integrated intensity at zero tilt over the range of configurations 

reproduces the result in Figure 4, including appreciable overlap between the two different 

compositions implying an ambiguity in the composition determination from a single STEM EDX map. 

Figure 5 further shows that each configuration produces a curve of integrated intensity with tilt that 

decreases in value towards that predicted by a linear model (i.e. an unweighted summation of 

intensities of the individual constituent atoms). With increasing tilt, the crystal moves further away 

from channelling conditions, and, in doing so, the variation between the different configurations also 

reduces such that the ambiguity in determination of composition is diminished. Put another way, 

without the enhancement of channelling the signal becomes more linear with the number of atoms 
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the column contains.  Moreover, as the crystal is tilted away from the <110> zone-axis and the spread 

between the different configurations reduces, a separation between the two sets of curves opens up 

beyond about 1.5°, making it theoretically possible to distinguish different compositions (provided 

the separation is larger than the noise level). 

 

 
Figure 5.  Plots showing simulations for every possible atom configuration for a 7-atom thick crystal 

containing 5 Pt and 2 Ni atoms (green) or 4 Pt and 3 Ni atoms (blue), and how the integrated 
intensity varies with sample tilt away from a <110> crystal zone axis towards a <100> zone axis. The 
black dashed line indicates the intensity predicted by a linear combination of the constituent atoms 

(i.e. a non-channelling case). The spread of intensities between different atomic configurations 
decreases with sample tilt and at higher sample tilts the effect of channelling on the integrated 

intensity is almost suppressed entirely as the values approach the linear model. 1-2° sample tilt is 
required before the two sets of curves begin to separate out and become distinguishable.  
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Knowing that a distinct separation occurs between the two neighbouring cases for sample tilts larger 

than 1.5-2° suggests controlled sample tilt has the potential to suppress channelling and produce a 

more accurate determination of sample composition. For the PtNi octahedral particle, the maximum 

thickness of 16 atoms in the centre means that a 2° tilt is easily possible without risk of significant 

loss of resolution. This is demonstrated by the clear atomistic contrast seen in the simulated HAADF 

image in Figure 6A for the nanoparticle with a 2° sample tilt towards the <100> direction. As with the 

simulation for the un-tilted case, the linear X-ray quantification was applied to each of the simulated 

Ni-K and Pt-L X-ray maps, which were in turn used to determine the composition per atomic column, 

Figure 6B. The composition variation looks qualitatively similar to the actual composition (see Figure 

2A), and, while the difference map in Figure 6C again yields notable discrepancies, the small amount 

of sample tilt has improved the composition estimate to within ~5% (cf. ~12.5% for the on-axis case). 

Small deliberate sample tilt thus appears to be a simple method for suppressing the electron 

channelling and thereby improving the accuracy to which column-by-column composition can be 

determined.  
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Figure 6.  Compositional quantification of the PtNi nanoparticle structure with 2° sample tilt applied. 

The ADF STEM image (A) shows that, for this thin (42Å thick at centre) nanoparticle, atomic 
resolution is still maintained at this tilt. The composition estimate from the STEM EDX Ni-K and Pt-L 
images using single atom normalisation (B) is a considerably closer match than our first estimate, as 

shown by the difference figure (C). Composition can now be determined within 5%. 

 

Unfortunately, the residual 5% error is still quite large and the absolute atom counts still differ by up 

to 20% in the thickest regions of the sample. There are two likely causes for this residual mismatch. 

Firstly, there may be an effect due to the differing composition and thickness of neighbouring 

columns within the particle. Secondly, at 2° tilt some channelling effects remain; the simulated curves 

in Figure 5 still lie notably higher than the non-channelling result and hence the linear method 

overestimates the number of atom counts. The residual channelling also means there are residual 

configuration effects, since tilt reduces the spread with configurations but does not fully eliminate it.  

We will explore each contribution in turn.  
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4. Effect of Neighbouring Atoms 

As a result of probe tails, spatial incoherence and probe spreading, the integrated signal about one 

column may contain an admixture of EDX signal originating from atoms in nearby columns [25,44].  If 

the adjacent columns all have the same composition – as in the single crystal simulations thus far, 

which have assumed periodic boundary conditions for a single unit cell by tiling it in the x and y 

directions to create a crystal – this might not matter. However, in real materials an atomic column 

may be surrounded by columns of differing thickness and composition. The effect of neighbouring 

columns was evaluated by placing a column with a particular atomic configuration (in this case 5 Pt : 

2 Ni in the Ni-Pt-Pt-Pt-Pt-Pt-Ni configuration) within a matrix of varying composition. A hypothetical 

crystal structure with unit cell of dimensions 3×3 atomic columns with the column of interest in the 

centre was created for this purpose. The composition of the surrounding matrix was varied using the 

formalism of fractional occupancy, whereby the elastic and inelastic scattering from each site is the 

sum of the contributions from the different species which could occupy each site weighted by a 

fraction equal to the assumed composition.  As a preliminary check on the validity of invoking the 

fractional occupancy formalism, Figure 7 shows the simple case of using fractional occupancy for a 

periodic crystal with the same composition as a column containing 5 Pt and 2 Ni atoms. Figure 7 is a 

partial reproduction of the data in Figure 5B, the dashed lines representing the upper and lower 

bounds of the blue curves and the red points the average between all configurations. The fractional 

occupancy (blue points) result is in good agreement with the intensity predicted by averaging over 

all possible atomic configurations for this composition. This makes it a useful method for making a 

good estimate of the signal from a column of given composition, reducing the number of required 

simulations for this part of the investigation.    
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Figure 7.  Graph for Ni-K intensity values with sample tilt from an atomic column containing 5 Pt and 
2 Ni atoms, comparing the fractional occupancy approximation (blue) against the average of all the 

possible configurations (red). This is a representation of the limits of the blue curves in Figure 5B 
where the dashed lines represent the minimum and maximum possible integrated intensities for 

each sample tilt after evaluating all 21 possible configurations.  

 

Using the fractional occupancy approach, Figure 8A shows the integrated Ni intensity of the column 

of interest for varied Ni (and therefore also Pt) content in the surrounding matrix. A 20% variation in 

integrated intensity is seen depending on how similar the composition is in the matrix to the column, 

implying there could be a considerable effect on quantification. The curves appear uniformly spaced 

across all sample tilts considered, suggesting that there is little channelling contribution to this 

variation. Figure 8B plots the integrated intensity contribution of the surrounding matrix only. This is 

possible due to the code treating the resulting images as an incoherent sum of individual columns 

which enables selecting specific regions of the crystal to examine. This signal from the surrounding 

matrix is likewise found to vary linearly with composition. If the surrounding matrix contains more of 

either element than the column in question, a larger signal will be measured from the integrated 

intensity than expected and vice versa.  

In the simulations presented in this manuscript, the signal for the single atom used for the atom-

counting estimates is that for a single atom integrated over all probe positions, or, equivalently [44], 
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the total signal (i.e. from all contributing atoms) integrated over a Voronoi cell about one atom in a 

crystal one monolayer thick. It is worth elaborating on how this equivalence comes about.  The 

combination of the range of the interaction, the tails on the probe and the broadening effects of 

spatial incoherence may lead to a non-zero probability of causing ionization leading to X-ray emission 

even when the centre of the probe and the atom in question are quite far apart.  Consequently, the 

signal integrated over a Voronoi cell about an atom in a monolayer-thick material does not 

encompass all the signal that originates at the atom inside it but does contain some admixture from 

atoms outside it.  In the monolayer case, the equivalence arises because the symmetry of the 

situation is such that the total signal from all probe positions originating from one atom and the 

integrated signal within one Voronoi cell originating from all atoms are equal. In thicker crystals, 

probe spreading and scattering add to the mechanisms contributing to a “delocalisation” of signal 

origin. This delocalisation makes it impossible to achieve strict column-by-column analysis, i.e. 

requiring that 100% of the signal originates from interactions between the electron beam and atoms 

contained solely within the column under the beam. By similar logic to that in the monolayer case, in 

the earlier figures on periodic structures each column is surrounded by identical columns. The total 

signal arising from one column and the total integrated signal within a Voronoi cell arising from all 

columns is again equal, and the admixture of signals from different columns would not, in itself, affect 

the composition assessment. However, when composition and/or configuration vary from column to 

column, any delocalisation of the signal beyond the bounds of the Voronoi cell affects the 

interpretability of our analysis: any delocalisation which is larger than the integration region results 

in a reduction in confidence that the measured signal can be directly interpreted. 

Müller-Kaspary et al. demonstrated that a probe with diameter of approximately 100 pm was able to 

interact with the edge of a micro-capacitor 750 pm away for a 25 nm thick sample [45]. The effective 

scattering potentials for EDX are, similarly to those for ADF, quite localised, and therefore in a thin 7-

atom thick crystal residual probe tails are likely the largest contribution to this delocalised EDX signal. 

For thicker specimens, delocalisation of the electron beam through elastic and inelastic (mainly 

thermal diffuse scattering, TDS) scattering events will likely make the effect of neighbouring atoms 

more pronounced. The additional signal appears to be largely invariant to sample tilt (see Figure 8B), 

suggesting the remote electrons in the probe tail are not channelling along the atomic columns.  
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Figure 8.   Graphs showing the effects of different surrounding composition (the legend labels 
fraction of Ni composition in the surrounding crystal) on the measured integrated Ni-K intensity (A) 
of a column containing 5 Pt and 2 Ni atoms. It can cause the measured signal to vary by as much as 

20%. The additional Ni-K X-ray intensity provided by Ni atoms in the surrounding matrix only is 
linearly proportional to the composition of that matrix (B) (the legend denotes tilt in degrees). There 

is a small amount of spread with sample tilt. 

 

Having established that the composition of the surrounding matrix does have an effect on the 

integrated signal from one atomic column, it is essential to understand whether or not each atomic 

column can actually be treated as independent. We begin by examining the profile of the X-ray signal 

from an atomic column (within a crystal), see Figure 9A. This demonstrates that ionisation is still 

possible even with the electron beam focused well away from the column in question. The profile for 

the Pt-L signal in particular persists well beyond 0.1 nm or even 0.2 nm away from the centre of the 

atomic column. It is the size of this tail in the signal which will govern whether or not we can treat 

and process each column individually. Despite the intensity in such a profile being very small, 

integrating over the large area that it covers results in a significant contribution to the total signal. 

Figure 9B shows the integrated signal as a function of distance, summing the contributions of all 

pixels at that distance. There is an initial increase in intensity with distance due to the larger number 

of pixels contributing to the signal, before the signal then drops away again. Plotting the intensity 

profile away from peak like this reveals that the probe tail effect extends much further than a simple 

line profile would predict. 
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For the <110> zone axis of a Pt crystal with lattice constant 0.392 nm the nearest neighbour is 0.277 

nm away which means the limit of our integration region is 0.139 nm. Any signal beyond this distance 

is likely to be erroneously integrated into the signal of a neighbouring column. Integrating the X-ray 

signal over the whole column up to this distance (see Figure 9C) incorporates 93% of the total signal 

attributable to the selected column for any probe position. Therefore, 7% of the signal originating at 

this column manifests in the signal from other columns across the image. We must therefore expect 

that the total signal integrated over the select column contains an admixture, of broadly similar size, 

from neighbouring columns outside of the Voronoi cell. These columns could potentially have a very 

different composition and so this additional intensity may affect the composition measurement of 

the column within that cell. Measurements for a thicker 25 atom column (resulting in a 6.65 nm 

sample thickness) shown that this signal drops down to 86% of the total X-rays generated from this 

column. Thicker samples will have a more delocalised signal due to beam spreading, more TDS and 

increased likelihood of multiple scattering events occurring. Whilst this error may seem rather large, 

in many realistic situations the deviation will be smaller than this: the variation in signal is 

proportional to the surrounding composition, so provided the there is no large variation in 

composition the contaminating contribution to the nominal column-by-column signal should not bias 

the composition measurement. There are cases where this signal delocalisation would need to be 

taken into account during quantification, e.g. interfaces with a step change in composition. The signal 

delocalisation will overlay any composition profile. Therefore, extracting the exact composition 

variation will require understanding how much delocalisation comes from the electron beam shape 

and not the material. 
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Figure 9. A series of profiles demonstrating the delocalisation of the X-ray signals for Ni-K and Pt-L 

lines for an isolated 7-atom thick column (containing 5 Pt and 2 Ni atoms) and 25-atom thick 
column (containing 18 Pt and 7 Ni atoms) plotting the signals as a percentage of the total 

integrated signal (for all probe positions). The line profile across the column (A). Weighting this 
profile based on the size of area by summing radially (B) gives a clearer reflection on how much 
integration is required to get a full contribution to the integrated signal. The cumulative plot (C) 

demonstrates how far out from the column one must integrate to get close to 100% of the intensity. 
Integrating up to a distance of 0.1386 nm (marked by the solid black line), the distance to closest 

Voronoi cell boundary, incorporates 93% of the total column intensity for a 7-atom thick column but 
only 85% for the 25-atom column. 

 

To understand this problem further we return again to the nanoparticle simulation. The 7-atom thick 

column with the largest error in Figure 2C has the configuration Ni-Pt-Pt-Pt-Pt-Pt-Ni. The contribution 

to this column’s measured intensity from the surrounding matrix can be estimated by comparing the 

signal from the column in isolation, integrated over all probe positions (rather than just within the 

Voronoi cell).  The results are shown in Figure 10. In the on-axis scenario the Pt signal in the 
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nanoparticle case is 2.82% higher than for the isolated column, due to electron channelling and a 

higher Pt content in the surrounding matrix. This is considerably lower than the error predicted from 

a matrix with an entirely different composition. After 2° tilt the deviation decreases to only 0.8%. This 

is due to a reduction in channelling, but may also be because the tilt results in a slight blurring out of 

the intensity profile. Neighbouring columns in the tilt direction contribute slightly more and have 

lower Pt content than those perpendicular to the tilt direction with higher Pt content. In contrast, 

the Ni signal is 0.2% smaller than the expected value, dropping to 3.7% smaller after tilting. The 

estimated composition is 74.6% after tilting, which is still 4% higher than the actual composition of 

71.4%. The isolated column has a composition from linear analysis of 73.7% so the neighbouring 

columns have forced the composition only 0.9% higher than simulation would predict. Consequently, 

in materials where there is little expectation of appreciable composition variations from column to 

column, the effect of neighbouring columns to accurate composition determination is minimal.  

 

 

Figure 10.  Comparison of the highlighted column (Ni-Pt-Pt-Pt-Pt-Pt-Ni) within the nanoparticle with 
the intensity predicted from simulation of an isolated column. The surrounding columns likely 

contain a higher number of Pt atoms due to the increased Pt single measure for the column when in 
the nanoparticle. This contribution appears to reduce with tilt.  
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5. Effect of Residual Channelling 

The residual channelling effects can never be entirely eliminated because confidence in our ability to 

extract column-by-column information diminishes with increasing sample tilt.  There is an obvious 

upper-limit to tilt if column-by-column information is sought: at a certain sample tilt the intensity 

profile of neighbouring columns begins to overlap and atomic resolution will be lost. This maximum 

tilt can be estimated using simple geometry. For a Pt crystal tilted away from the <110> zone axis 

towards a <100> axis the distance between columns in the direction of tilt is 0.392 nm. For a thickness 

of 25 atoms (6.65 nm) this results in a maximum tilt of 3.4° before neighbouring columns begin to 

overlap in projection, or 2.77° when a 0.07 nm probe diameter is assumed (equivalent to a ~21mrad 

convergence angle).   

Although understanding channelling requires careful simulation, there may be scope to obtain a 

value closer to the true value with additional knowledge. Take, for example, one of the 7 atom thick 

columns which contains 5 Pt and 2 Ni atoms (in the configuration Pt, Ni, Pt, Pt, Pt, Ni, Pt). After 2° tilt 

and linear EDX quantification we estimate the column to contain 6.7 Pt and 2.2 Ni, resulting in an 

overestimate of the composition by 3.42%. One simple way to combat residual channelling could be 

to specifically round down each atom count to the nearest whole number. This is possible because 

(as Figure 5 shows) the real intensity values always lie above those predicted by a linear model, 

meaning the atom counts will be consistently overestimated, previously the counts were simply 

rounded up or down to the nearest whole number until the effect this would have on the composition 

could be determined. However, in this example the estimated composition would increase from 

74.8% to 75% after rounding, moving even further from the true value of 71.4%. More generally, over 

the whole particle the compositions skew towards higher Pt content, see Figure 11, where the 

determined composition deviation from the true value now reaches almost 8%. Because the 

overestimate of atom counts is going to be larger for higher signals, composition will tend to favour 

the more predominant species. The particle tips now have low residual error as the Ni signal has been 

artificially reduced to zero. Similarly, anywhere the Pt composition was previously under estimated 

will have a reduced error. 

 



24 

 

  

Figure 11.  Difference map between the input composition and the determined composition after 
rounding atom counts down to the nearest whole number. The largest residual error is almost 8% 

which is notably larger than the difference map in Figure 6C. However, the error for the Pt rich 
regions of the particle is significantly reduced.  

 

One solution is simply to tilt more; by a tilt of 2° the standard deviation between the intensities from 

different atomic configurations has reduced to 3.0% (from 7.0% for Pt) and 6.0% (from 17.3% for Ni). 

This variation is likely to fundamentally limit composition analysis. Tilting to 3° decreases the 

standard deviations to 1.7% for Pt and 2.4% Ni, which would result in atom counts of 2.1 and 5.3 

respectively, resulting in the correct values after rounding. However, there is no guarantee that it will 

be possible to tilt this far in thicker samples whilst maintaining atomic resolution. 

The fact that the intensity of a column in the nanoparticle structure can be predicted by simulating 

an atomic column in isolation opens the potential for more accurate normalisation. The largest 

problem with residual channelling occurs because the tilt is unknown. If the tilt can be measured or 

controlled, for example by using simultaneously recorded PACBED [46] or STEM bright-field images , 

it may be possible to compare with simulations at the same sample tilt for more accurate atom 

counting. Figure 7 also demonstrates the fractional occupancy method as a good approximation for 

determining the average intensity expected from a bimetallic column regardless of atomic 

configuration. For example, at a 2° tilt for a column containing 2 Ni and 5 Pt atoms, we know that the 

average integrated Ni intensity is 25.2% higher than that predicted by a linear model, and the Pt 
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intensity is 26.3% higher. Accounting for this in the results reduces the atom counts estimation for Ni 

to 1.8 and for Pt to 5.3, with very little change in the composition. However, both of these values 

when rounded to whole atom counts converge to the correct values of 2 and 5.  

 

6. Conclusions 

The results presented here confirm that electron channelling has a significant effect on the generated 

X-rays from a crystalline sample, necessitating careful simulation to interpret the results and 

determine the underlying structure of a sample. In particular, the ordering of atoms within an atomic 

column produces a wide range of possible integrated X-ray intensities even when composition is 

fixed. Such variation between different configurations will result in an uncertainty in the 

experimentally measured composition. Applying a small amount of sample tilt away from a low order 

zone-axis can help suppress channelling. The absolute intensity values trend towards those predicted 

by a linear model, resulting in a reduction in the spread of values for different atomic configurations. 

Tilting thus constitutes a means of reducing the overlap and separating out the curves for 

neighbouring compositions, such that the correct combination of thickness and composition can be 

determined.  

The long-range probe tails in the STEM electron beam result in an overlapping of the signal generated 

by neighbouring peaks, such that integrated signal from one column contains an admixture of 

contributions arising from neighbouring columns. The additional background intensity from 

neighbouring columns is proportional to their composition and increases with sample thickness. 

There is, therefore, an upper limit to accurate atomic resolution EDX quantification due to this 

delocalisation and spreading of the probe for thicker samples. For small nanoparticles, at least, the 

effect of neighbouring columns is sufficiently small as to not be the limiting error. For thicker 

specimens and/or where a step change in sample composition is seen (e.g. at an interface) this effect 

will need to be taken into account to achieve accurate understanding the of composition variation.  

Tilting is only a means to suppress or reduce electron channelling effects and cannot be used to 

eliminate it entirely, especially if column-by-column information is sought (although it may be 

advantageous to forgo resolution for more accurate quantification, particularly if the neighbouring 
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columns have comparable composition).  There is scope for determining sample thickness through 

separate measurements and reducing the atom counts by accounting for some enhancement factor. 

If a method could be found to quantify this factor this would improve accuracy further.  

Finally, if there are distinct intensity variations for different atomic configurations then channelling 

could be used beneficially to extract ordering information from experimental maps. An order 

determination analysis would require both knowledge of specimen thickness and composition. Once 

this information has been extracted from an X-ray data set using the tilted specimen to determine 

composition, it may be possible to determine configuration information through direct comparison 

with simulations. 
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