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Abstract

In this paper, a methodology is presented to count the number of atoms in heterogeneous nanoparticles based on the combination
of multiple annular dark field scanning transmission electron microscopy (ADF STEM) images. The different non-overlapping
annular detector collection regions are selected based on the principles of optimal statistical experiment design for the atom-
counting problem. To count the number of atoms, the total intensities of scattered electrons for each atomic column, the so-called
scattering cross-sections, are simultaneously compared with simulated library values for the different detector regions by minimising
the squared differences. The performance of the method is evaluated for simulated Ni@Pt and Au@Ag core-shell nanoparticles.
Our approach turns out to be a dose efficient alternative for the investigation of beam-sensitive heterogeneous materials as compared
to the combination of ADF STEM and energy dispersive X-ray spectroscopy.

1. Introduction

Nanoparticles have become increasingly important in diverse
research fields, including biosensing, wastewater treatment and
catalysis owing to their unique properties [1–6]. Among the dif-
ferent types of nanoparticles, multimetallic core-shell nanopar-
ticles have gathered considerable attention in recent years [7–
12]. These nanoparticles consist of a metallic core coated by a
shell composed of a different metal or alloy, allowing to utilise
the unique characteristics of each element or their specific com-
bination. By mixing different metals, the nanoparticles exhibit
enhanced and adjustable magnetic, optical and catalytic proper-
ties that are modifiable through variations in their composition,
core size and shell thickness [4, 5, 13–16].
To fully understand the properties of these nanoparticles, pre-
cise structural characterisation of their atomic composition is
crucial. Scanning transmission electron microscopy (STEM)
can play an important role here. More specific, atomic res-
olution high-angle annular dark field (HAADF) STEM imag-
ing, known for its ability to detect both thickness and elemental
composition, is widely recognised as a well-suited technique
for nanostructure characterisation [17].
Counting the number of atoms from such ADF STEM images
has proven useful for determining the precise arrangement of all
atoms in 3D for monometallic nanocrystals [18–22]. However,
a simultaneous quantification of both composition and thick-
ness in an atomic column is not a straightforward task due to
the diverse types of elements and their various 3D arrangements
contributing differently to the image intensities. In literature,
several methodologies have been proposed to count the num-
ber of each type of atoms within multimetallic nanoparticles
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from a single ADF STEM image by direct comparison of nor-
malised experimental image with simulated intensities [23, 24].
These approaches benefit from either prior knowledge about the
shape of the nanoparticle or the determination of atomic col-
umn composition through the utilisation of thickness informa-
tion from the nearest neighbouring columns. However, prior
knowledge is not always available. Consequently, there is a
need for a methodology that can be applied to nanostructures
with varying neighbouring column compositions without rely-
ing on prior knowledge of the nanoparticle’s structure. To ad-
dress this challenge, a recent study demonstrated the benefit of
combining elemental composition information from EDX sig-
nals with a HAADF STEM image to simultaneously determine
the composition and thickness of core-shell type nanostructures
such as Au@Ag and Au@Pt [25]. However, when it comes to
beam-sensitive materials, the use of EDX measurements may
not always be the most viable option due to the significant elec-
tron dose needed to achieve a sufficiently high signal-to-noise
ratio in the EDX elemental maps. An alternative approach to si-
multaneously reveal thickness and composition information is
through employing multimode atomic resolution ADF STEM
[26–28]. In this technique, distinct scattering behaviours in dif-
ferent annular detector collection regions help to unscramble
the composition and thickness. For this purpose, optimal detec-
tor settings can be derived that yield the most precise quantifica-
tion of the structure parameters [29]. Here, we present a simu-
lation study that illustrates the practical application of element-
specific atom counting for bimetallic core-shell nanoparticles,
based on an optimal set of multiple ADF STEM images. The
method relies on the comparison of simulated atom column in-
tensities with normalised experimentally measured atom col-
umn intensities.
The paper is structured as follows: Section 2 provides a de-
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tailed explanation of the methodology for element-specific
atom counting based on the combination of multiple ADF
STEM images. In Section 3, we introduce the exploratory case
studies and simulation parameters. Section 4 presents the proof
of concept through comprehensive simulations conducted for
three different types of spherical core-shell nanoparticles. Here,
we discuss the performance of our methodology considering
variations in the atomic number of elements and the size of
nanoparticles. Finally, in Section 5, we offer general discus-
sions and draw conclusions based on our findings.

2. Methodology

To collect a combination of ADF STEM images for multi-
ple detector regions, the 4D STEM technique with a pixelated
detector is highly advantageous. It enables to obtain multi-
ple virtual STEM images belonging to arbitrary annular de-
tector angles without the need for pre-configured instrumental
settings [30–34]. When comparing these experimental images
with reference image simulations, the experimental images will
be normalised with respect to the number of incident electrons
[34–44]. To count the number of atoms, the column intensities
should be quantified. For this purpose, the so-called scatter-
ing cross-sections is used which is defined as the total intensity
of electrons of each atomic column scattered toward the ADF
detector [45, 46]. The scattering cross-section offers advan-
tages over the peak intensity given its sensitivity to the number
and type of atoms and its robustness to experimental parame-
ters such as defocus, source size broadening, and slight sam-
ple mistilt [47, 48]. The scattering cross-sections can be com-
puted either by using Voronoi cells [20, 49] or by estimating
the volume of Gaussian functions which are fitted to the atomic
columns in the image [45, 50, 51]. For the latter, the image
is modelled as a superposition of Gaussian functions which are
peaked at the atomic column positions from which the unknown
parameters are estimated by minimising the least-squares sum
[45, 52]. Example maps of estimated scattering cross-sections
of a core-shell nanoparticle, denoted as (S CS exp1

n , S CS exp2
n )

with n the atomic column index, for two virtual ADF STEM im-
ages with detector angles equal to 21-27 mrad and 27-170 mrad
are presented in Fig. 1(a). The nanoparticle’s scattering cross-
section values are then compared with reference unit cell simu-
lations.

This library is constructed from unit cell simulations where
each supercell contains identical atomic columns. Given that
the total thickness of the nanoparticle is unknown, a reason-
able approach is to consider a wide range of thicknesses. Con-
sidering all possible 3D arrangements of two element types in
the atomic column would require a large number of simula-
tions. Therefore, the number of simulations is limited through
assumptions about the nanostructure’s type, such as whether
the atoms in the atomic column are arranged in a core-shell or
alloy-type configuration. It is worth noting that a prior study
has indicated that the depth location of a single atomic col-
umn does not significantly change the scattering cross-section
[29, 53]. Hence, in the case of core-shell type atomic column
compositions, simplifying the atomic column type assumptions

by placing the core in the centre of the atomic column would
be an acceptable strategy for determining the elemental counts.
The scattering cross-sections computed from the unit cell sim-
ulations for the different atomic arrangements are illustrated in
Fig. 1(b).
By matching the nanoparticle scattering cross-sections (exper-
imental) and the unit cell scattering cross-sections (simulated),
the number and type of atoms can be assigned for each atomic
column. In practice, this can be done by minimising the uni-
formly weighted sum of squared differences in the scattering
cross-sections from the multiple images. This approach can be
formulated as follows:

m̂n = arg min
m

D∑
d=1

(S CS expd
n − S CS simd

m )2. (1)

In this expression, n is the atomic column index, d refers to
the detector region for D detectors, S CS expd

n is the nanoparti-
cle’s scattering cross-section of the nth atomic column obtained
from the dth ADF STEM image, and S CS simd

m is the simulated
unit cell scattering cross-section for the mth configuration with
a specific thickness and composition. The least squares sum is
minimised and provides the estimated configuration m̂n for the
nth atomic column.
To better understand the benefit of combining scattering cross-
sections from multiple detector regions, an example for two ar-
bitrary columns is illustrated in Fig. 1(b). The black arrows in-
dicate two scattering cross-section values that cannot be distin-
guished by using the information provided from the first annular
detector region only. This hampers a correct assignment of the
thickness and composition for such a scattering cross-section
value. For the second detector, the scattering cross-sections of
these two column configurations differ. Other columns will pos-
sess the opposite characteristic, i.e. the scattering cross-sections
will be different for the first detector and similar for the second
detector. In this manner, the combination of two detectors en-
ables a unique assignment of the composition and thickness for
all atomic columns. To validate this concept and investigate
the precision and accuracy of the presented methodology, this
approach will be applied to simulations of different spherical
bimetallic core-shell nanoparticles.

3. Simulation settings

The details of the simulations for the studied nanoparti-
cles are given in this section. The three bimetallic spherical
nanoparticle structures, illustrated in Fig. 2, are:

1. A spherical Ni@Pt core-shell nanoparticle with a diame-
ter of 6 nm as shown in Fig. 2(a). The pink-coloured atoms
represent the Ni atoms at the core and the blue-coloured
atoms illustrate the Pt atoms located on the shell. Both
pure Pt and mixed Pt-Ni atomic columns are present in
this structure. The number of atoms in the atomic columns
along the [110] projection direction varies from 1 up to
22 atoms for the total number of atoms, from 2 up to 15
atoms for the number of Ni atoms in the core, and from 1
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Figure 1: Illustration for element-specific atom counting methodology. (a) A bimetallic spherical core-shell nanoparticle and two virtual ADF STEM images
together with the measured scattering cross-sections for each atomic columns. (b) The configuration of simulated library atomic columns with varying thickness and
chemical composition and the corresponding library of scattering cross-sections evaluated from the unit cell simulations. The library scattering cross-section values
are illustrated with the same color code as the scattering cross-sections in (a). (c) The estimated total number of atoms, number of atoms for the type of element
located at core and the number of atoms located at shell part of the nanoparticle.

up to 16 atoms for the number of Pt atoms in the shell of
nanoparticle. To estimate the number and type of atoms in
this nanoparticle, 465 different atomic column configura-
tions are constructed as a library consisting of both mono-
type Pt atomic columns and core-shell ordered mixed-type
atomic columns where the Ni atoms are located at the cen-
tre of columns. The thickness of the atomic columns of
the library varies from 1 up to 30 atoms.

2. A spherical Au@Ag core-shell nanoparticle with a diam-
eter of 6 nm as shown in Fig. 2(b). The yellow-coloured
atoms represent the Au atoms at the core and the gray-
coloured atoms show the Ag atoms of the shell. Also
here, both pure Ag and mixed Ag-Au atomic columns
are present in this structure. The number of atoms in the
atomic columns along the [110] projection direction varies
from 1 up to 21 atoms for the total number of atoms, from
2 up to 16 atoms for the number of Au atoms in the core,
and from 1 up to 15 atoms for the number of Ag atoms in
the shell of the nanoparticle. The library is constructed in
the same manner as explained for the Ni@Pt nanoparticle.

3. A larger spherical Au@Ag core-shell nanoparticle with a
diameter of 21 nm. A cross-section of this structure is
shown in Fig. 2(c). For computational efficiency, only a
small part of the nanoparticle is investigated which is in-
dicated by the red box in the figure. This part contains
pure Ag and mixed Ag-Au atomic columns. The number
of atoms in the atomic columns along the [110] projection
direction of the selected part varies from 60 up to 76 atoms
for the total number of atoms, from 3 up to 36 atoms for
the number of Au atoms in the core, and from 40 up to 67
atoms for the number of Ag atoms in the shell. To estimate
the number and type of atoms in this nanoparticle, 2096

different atomic columns are constructed as a library con-
sisting of mono-type Ag atomic columns and core-shell
ordered mixed-type atomic columns where the Au atoms
are located in the middle of columns. The thickness of
the atomic columns of the library varies from 50 up to 81
atoms.

For the three nanostructures, 4D STEM datasets are gener-
ated by using the MULTEM software [54]. The parameters
of the multislice simulation using the frozen-phonon approxi-
mation are listed in Table 1. The Debye-Waller B factors for
each element in the three nanoparticles are selected based on
the parametric values derived by Gao and Peng [55].
In this study, both the combination of two and three ADF STEM
images are investigated to perform atom-counting for the de-
scribed nanoparticles. For each of the structures, we first de-
rived the optimal settings for the combination of multiple non-
overlapping annular detector collection regimes. Following the
approach of Şentürk et al. [29], the optimal settings result in
estimates of the number and type of atoms with the highest
accuracy. The optimal settings are derived based on the scat-
tering cross-sections measured from the library simulations for
the different atomic columns. The details of this analysis by
using the probability of error are provided in Appendix A. The
optimal detector settings are summarised in Table 2 according
to the results provided in Fig. A.1(a)-(c). It should be noted
that contributions of diffuse scattering originating from static
atomic displacements in multi-element nanostructures and in-
elastic plasmon excitations are not taken into account in the
simulations [26, 41, 42, 49, 56–59]. In this study, the exclu-
sion of these factors is not expected to impact the results signif-
icantly, as the emphasis is on comparing simulated datasets. For
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Figure 2: Illustration of the three bimetallic spherical nanoparticle case studies with number of atoms at each atomic column. (a) Ni@Pt core-shell nanoparticle
with varying thickness from 1 up to 21 atoms, (b) Au@Ag core-shell nanoparticle with varying thickness from 1 up to 22 atoms and (c) cross-section of a Au@Ag
core-shell nanoparticle with varying thickness from 1 up to 77 atoms. The area inside the red box illustrates the investigated region where total thickness varies
from 60 up to 76 atoms.
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Parameter Value
Zone axis orientation [110]
Acceleration voltage 300 kV
Defocus -17.184 Å
Spherical aberration 0.001 mm
Semi-convergence angle 20 mrad
Number of phonon configurations 30
Maximal outer detector angle 170 mrad
FWHM of the source image 1.4 Å
Debye-Waller B factor:
Au 0.637 Å

2

Ag 0.761 Å
2

Pt 0.384 Å
2

Ni 0.378 Å
2

Probe sampling distance:
NPs STEM 0.1805 Å
Ni@Pt UC STEM 0.1453 Å
Au@Ag UC STEM 0.1510 Å
Simulation box size:
Ni@Pt NP (6 nm) 6.9 × 6.9 nm2

Au@Ag NP (6 nm) 6.9 × 6.9 nm2

Au@Ag NP (21 nm) 14.7 × 14.7 nm2

Ni@Pt UCs 2.7 × 2.7 nm2

Au@Ag UCs 2.8 × 2.8 nm2

Total number of scanned pixels:
Ni@Pt NP (6 nm) 363 × 366
Au@Ag NP (6 nm) 363 × 366
Au@Ag NP (21 nm) 603 × 179
UC simulations 27 × 19
Pixel size in reciprocal space:
Ni@Pt NP (6 nm) 0.0145 Å

−1

Au@Ag NP (6 nm) 0.0145 Å
−1

Au@Ag NP (21 nm) 0.0068 Å
−1

Ni@Pt UCs 0.0360 Å
−1

Au@Ag UCs 0.0347 Å
−1

Number of pixels in CBED patterns:
Ni@Pt NP (6 nm) 1600 × 1600
Au@Ag NP (6 nm) 1600 × 1600
Au@Ag NP (21 nm) 3240 × 3240
Ni@Pt UCs 576 × 576
Au@Ag UCs 588 × 588

Table 1: Parameters for the frozen lattice 4D STEM simulations of the core-
shell nanoparticles (NPs) and the corresponding unit cell (UC) simulations with
the MULTEM software.

experimental datasets, especially for thicker specimens and sig-
nals obtained from lower scattering angles, their contributions
will become important.

4. Atom-counting performance

4.1. Ni@Pt core-shell nanoparticle - 6 nm

The performance of the atom-counting methodology is ex-
amined for a nanoparticle composed of elements with a large
difference in atomic numbers, i.e. Ni (ZNi=28) and Pt (ZPt=78).
The virtual ADF STEM images obtained from the simulated
4D STEM dataset of the Ni@Pt nanoparticle are shown in
Figs. 3(a)-(d) for an electron dose of 104e−/Å2. The ADF
STEM images, particularly Figs. 3(b)-(d), reveal a different
contrast that allows for a visual differentiation between the Pt-
only shell and the mixture of Ni and Pt atoms at the centre.
First, the performance is evaluated for the combination of the
two ADF STEM images shown in Figs. 3(a) and (b). To mimic
the electron counting noise for realistic measurements, 100
noise realisations for the scattering cross-sections are generated
for an electron dose of 104e−/Å2. The number of atoms and
their type are then estimated for each of the noise realisations
according to Eq. (1). The root mean square error (RMSE) per
atomic column is presented in Fig. 3(e) for the total number
of atoms, number of Pt and Ni atoms. The average RMSE in
a column is summarised in Table 3. However, it is observed
that for certain columns, the RMSE is very high, up to 9 atoms,
when determining the total number of atoms and the number of
Ni atoms. This highlights the complexity of the unscrambling
problem leading to a non-unique solution for several atomic
columns. In some cases, the addition of a second detector does
not fully resolve the overlapping scattering cross-section val-
ues.
The probability of error analysis presented in Figs. A.1(a) and
(d) suggests that the atom-counting accuracy can be improved
when dividing the detector collection region into three detector
rings. Therefore, the RMSE per atomic column based on 100
noise realisations is computed for the optimal three detectors
(Fig. 3(a),(c) and (d)) and presented in Fig. 3(f). A substan-
tial decrease in the RMSE per atomic column is observed for
the number of Ni atoms and, consequently, for the total number
of atoms. The average RMSE, presented in Table 3, is conse-
quently also reduced. This result is in agreement with the prob-
ability of error analysis provided in Fig. A.1(a) which indicates
a clear improvement for an electron dose of 104e−/Å2.

4.2. Au@Ag core-shell nanoparticle - 6 nm

In this section, the performance of the atom-counting
methodology is investigated for a Au@Ag core-shell nanopar-
ticle. The difference in atomic number (ZAu=79, ZAg=47) is
lower as compared to the Ni@Pt nanoparticle. The virtual ADF
STEM images of the nanoparticle are presented in Figs. 4(a)-(d)
for an electron dose of 104e−/Å2. Also here, the contrast varies
for the different detector settings. Some detectors clearly reveal
the core-shell structures.
First, the combination of two ADF STEM images is examined
by utilising the combination of scattering cross-sections esti-
mated from ADF STEM images illustrated in Figs. 4(a) and (b).
Also here, the analysis is performed for 100 noise realisations
assuming 104e−/Å2. In Fig. 4(e), the RMSE for each atomic
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Nanoparticle Two detectors (mrad) Three detectors (mrad)
Ni@Pt (6 nm) 21-30 30-170 21-30 30-34 34-170
Au@Ag (6 nm) 21-27 27-170 21-27 27-37 37-170
Au@Ag (21 nm) 21-71 71-170 21-71 71-101 101-170

Table 2: Optimal detector settings for the combination of two and three ADF STEM images.

Figure 3: Ni@Pt nanoparticle (6 nm): (a-d) Simulated ADF STEM images of the Ni@Pt nanoparticle including Poisson noise corresponding to an incident
electron dose of 104e−/Å2 with the different detector settings derived from the optimal experiment design study. The RMSE of the atom-counting results for each
atomic column based on 100 noise realisations for the combination of (e) two ADF STEM images (a,b) or (f) three ADF STEM images (a,c,d) for the total number
of atoms, the number of Pt atoms, and the number of Ni atoms.

column is presented for the atom-counting results obtained us-
ing two detector collection ranges. The average RMSE for all
atomic columns is given in Table 3.
Next, the atom-counting results obtained from the combination
of three ADF STEM images illustrated in Figs. 4(a), (c) and
(d) are evaluated. Fig. 4(f) and Table 3, showing the RMSE for
each atomic column and the average RMSE respectively, in-
dicate that the combination of three ADF STEM images only
yields a minor improvement for this nanoparticle as using a
combination of two ADF STEM images already provides ac-
curate estimates. This is in agreement with Fig. A(e), where

the benefit is small when comparing the result for two and three
detectors.

4.3. Au@Ag core-shell nanoparticle - 21 nm
In section 4.2, we have shown that a combination of only two

ADF STEM images provides precise estimation for the compo-
sition and thickness of a small Au@Ag core-shell nanoparti-
cle. However, when the thickness of the nanoparticle’s atomic
columns increases, due to the plenitude of combinations of
mixed element atomic columns leading to the same scattering
cross-section values, the complexity of the problem further in-
creases. To understand the impact of the nanoparticle size on
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Average RMSE Total number of atoms Number of core atoms Number of shell atoms

Ni@Pt (6 nm) -104e−/Å2 Ni Pt
2 detectors ±2.62 ±3.01 ±0.49
3 detectors ±1.54 ±1.78 ±0.35
Au@Ag (6 nm) -104e−/Å2 Au Ag
2 detectors ±0.54 ±0.97 ±1.21
3 detectors ±0.48 ±0.82 ±1.02
Au@Ag (21 nm) -105e−/Å2 Au Ag
2 detectors ±4.44 ±2.81 ±7.05
3 detectors ±3.45 ±2.20 ±5.35
Experimental Au@Ag from [25] Au Ag
Combining EDX and HAADF ±3.2 ±2.5 ±5.6

Table 3: Average RMSE for the atom-counting results.

Figure 4: Au@Ag nanoparticle (6 nm): (a-d) Simulated ADF STEM images of the Au@Ag nanoparticle including Poisson noise corresponding to an incident
electron dose of 104e−/Å2 with the different detector settings derived from the optimal experiment design study. The RMSE of the atom-counting results for each
atomic column based on 100 noise realisations for the combination of (e) two ADF STEM images (a,b) or (f) three ADF STEM images (a,c,d) for the total number
of atoms, the number of Au atoms, and the number of Ag atoms.

the performance of atom-counting methodology and investigate
the potential benefits of using more than two ADF STEM de-
tector regions, a spherical core-shell nanoparticle with a thick-

ness varying from 1 up to 80 atoms is considered. The analysis
here is limited to the central part of the core-shell nanoparticle
which encompasses a segment of the Ag shell with mono-type
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Figure 5: Au@Ag nanoparticle (21 nm): (a-d) Simulated ADF STEM images of the Au@Ag nanoparticle including Poisson noise corresponding to an incident
electron dose of 105e−/Å2 with the different detector settings derived from the optimal experiment design study. The RMSE of the atom-counting results for each
atomic column based on 100 noise realisations for the combination of (e) two ADF STEM images (a,b) or (f) three ADF STEM images (a,c,d) for the total number
of atoms, the number of Au atoms, and the number of Ag atoms.

Ag atomic columns and a part of the core containing a mixture
of Au and Ag atoms. The virtual ADF STEM images obtained
from the 4D STEM dataset using the optimal settings are pre-
sented in Figs. 5(a)-(d) for an electron dose of 105e−/Å2. Simi-
lar to previous cases, the ADF STEM image generated with the
annular detector inner angle just beyond the convergence angle
shown in Fig. 5(a) yields the least contrast difference between
the core and shell of the nanoparticle. In Fig. 5(e), the RMSE
per atomic column based on two detector regions is displayed
for the estimated atom counts for each atom type based on 100
noise realisations. The average RMSE is given in Table 3. The
obtained errors are acceptable given the thickness of the atomic
columns ranging from 60 to 76 atoms.
The probability of error analysis provided in Figs. A.1(c) and
(f), suggests a minimal benefit for the large nanoparticle when
dividing the annular detector region into three regions instead of
two. For completeness, the RMSE per atomic column and the
average RMSE is presented in Figure 5(f) and Table 3 respec-
tively, when the combination of three ADF STEM images is
used for atom counting. Based on the RMSE values, we do ob-
serve an enhancement in the performance of the atom-counting
methodology, especially for the lighter Ag atoms. This is in
contrast with the probability of error analysis where no bene-
fit was expected with the three detector regions (Fig. A.1(f)).
These observations can be related to the fact that the probability
of error only refers to the number of incorrectly counted atomic
columns and is independent of the magnitude of error made
for this wrong assignment. The number of correctly counted

atomic columns remains the same for two or three detector re-
gions, while the atom-counting error decreases for three detec-
tor areas.

4.4. Dose dependence
The performance of the methodology is further explored

under different electron dose conditions as illustrated in Fig. 6.
The average RMSE for quantification of each nanoparticle
obtained from a combination of two ADF STEM images are
compared with those of using three ADF STEM images. The
red, blue and yellow colours represent the results for the total
number of atoms, the number of atoms of the core and of
the shell, respectively. In Fig. 6(a), the average RMSE as
a function of dose for the Ni@Pt core-shell nanoparticle is
shown. As expected, the RMSE increases when the incident
electron dose decreases. The heavier Pt atoms can almost
be counted without any error as the electron dose increases.
When using two ADF STEM images, the average RMSE is
limited to ±2 atoms for the total and the lighter Ni atoms at
higher electron dose conditions. At these higher electron doses,
the benefit of a third detector becomes evident. Dividing the
annular detector region into three parts helps to unscramble
the number and types of atoms for the atomic columns of the
Ni@Pt nanoparticle which cannot be uniquely determined
based on two detector signals.
In Fig. 6(b) the average RMSE per atomic column is shown as a
function of dose for the small Au@Ag core-shell nanoparticle.
For this case, a smaller error of ±1 is achieved for electron
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Figure 6: The average RMSE for the total number of atoms (total), the number
of atoms of the core (blue) and the number of atoms of the shell (yellow) as a
function of electron dose evaluated by using the combination of two (crosses) or
three (squares) ADF STEM images for (a) the Ni@Pt core-shell nanoparticle,
(b) the Au@Ag core-shell nanoparticle with a diameter of 6 nm and (c) the
Au@Ag core-shell nanoparticle with a diameter of 21 nm.

doses larger than 104e−/Å2 when using both two and three ADF
STEM images. The results for the large Au@Ag core-shell
nanoparticle, presented in Fig. 6(c), reveal the benefit of a third
detector since the average RMSE slightly decreases especially
for the number of Ag atoms and the total number of atoms. In
general, the values of the average RMSE for unscrambling the
number of atoms in this large Au@Ag nanoparticle are similar
to the atom-counting errors for a previous study in which the
number of Au and Ag atoms were counted for a core-shell
Au@Ag nanorod with a similar thickness range based on the
combination of EDX and HAADF STEM signals [25]. The
average errors of the atom-counting results of that study are
also included in Table 3. Compared to the EDX/HAADF
approach, the major advantage of the presented method in this
paper is the dose efficiency. Here, only one frame with an

electron dose of 105e−/Å2, or even lower, can be acquired,
whereas a time series consisting of 12 frames was acquired for
the EDX/HAADF experiment. Moreover, for the acquisition
of the experimental data in [25], an incident electron dose
of around 104e−/Å2 per frame for the HAADF images was
used but a higher dose of around 106e−/Å2 per frame for the
acquisition of the EDX signals was essential to have a sufficient
signal-to-noise ratio. Consequently, we propose our new
approach as a dose-efficient alternative to using EDX signals,
particularly when dealing with beam-sensitive materials.

5. Discussion and conclusion

This study delves into an element-specific atom-counting
methodology for heterogeneous nanoparticles based on the
combination of multiple ADF STEM images. The method re-
lies on the well-known approach of comparing measured scat-
tering cross-sections from ADF STEM images of a nanoparti-
cle with a set of library values obtained from reference simu-
lations. In this context, the selection of the optimal detector
collection regions for the multiple ADF STEM images plays a
crucial role. These detector settings yield the most distinct scat-
tering behaviours, enabling the differentiation of various types
of atomic columns. Using the optimal detector settings, we suc-
cessfully applied our methodology to a simulated Ni@Pt and
simulated Au@Ag core-shell nanoparticles. The performance
of the methodology was evaluated based on the RMSE of the
estimated number of atoms for each type of element and the
total number of atoms. The average RMSE for the lighter ele-
ments is higher than for the heavier elements in the core-shell
structure. The scattering cross-sections of atomic columns with
light elements might overlap with scattering cross-sections of
thinner columns with heavier elements. When limiting the max-
imal thickness during the assignments of the number of atoms,
thicker columns with heavy atoms, can be assigned in a more
unique manner. This observation is more pronounced in the
Ni@Pt nanoparticle due to the larger atomic number ratio be-
tween Ni and Pt compared to Au and Ag, and the heavy Pt
atom being the shell element of the core-shell structure. This
error can be reduced by increasing the number of segments in
the annular detector region. The additional information from
a third annular detector collection region, as compared to two
collection regions, helps to more uniquely assign the number of
atoms in the columns. Concerning the required number of ADF
STEM images, the most significant performance improvement
is realised when moving from one to two ADF STEM images,
while transitioning from two to three images offers lower ben-
efits, as can be seen from the probability of error analysis in
Fig. A.1.
Under low electron dose conditions, the error will be mainly
determined by the Poisson distributed electron counting noise
in the images. When the electron dose increases, the scatter-
ing cross-sections can be determined more precisely. The re-
maining error is then related to the small mismatch between
library scattering cross-sections obtained from unit cell simu-
lations and the nanoparticle scattering cross-sections. The dif-
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ferent composition and thickness of neighbouring columns in-
fluences the exact scattering cross-section values, especially for
thicker columns [60]. Because of the high complexity of this
atom-counting problem, the neighbouring column effect will
contribute to the error. One potential approach to overcome this
limitation involves generating library scattering cross-section
values that account for the neighbouring column effect. This
could be achieved by simulating unit cells composed of dif-
ferent types of atomic columns. However, such an approach
would significantly increase the computational cost. Another
solution for reducing the errors, which can result in very dif-
ferent column thicknesses for neighbouring columns, is to in-
clude a priori knowledge for neighbour-mass relations, where
the neighbour mass is constrained based on the average mass of
the neighbouring columns [61]. This minimal amount of a pri-
ori knowledge might ensure that abrupt continuities are avoided
for convex nanoparticles.
In conclusion, this study addresses a challenge that is encoun-
tered when attempting atom-counting in heterogeneous nanos-
tructures from a single ADF STEM image. This study demon-
strates that this challenge can be addressed through the use
of multiple annular detectors. This method is effective for
the quantification of heterogeneous nanostructures in a dose-
efficient manner, making it a viable alternative for research in-
volving beam-sensitive materials.
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A. Probability of error and optimal settings for ADF
STEM images

To obtain reliable atom-counting results, one can predict
the optimal collection angles of the annular detector. For
this purpose, the probability of error was introduced and ap-
plied [29, 62]. Using statistical detection theory, the atom-
counting problem is then formulated as a statistical hypothesis
test, where each hypothesis corresponds to a specific number
and type (composition) of atoms in an atomic column. The
probability of error corresponds to the probability to choose
the wrong hypothesis. In principle, one could also measure the
magnitude of the error made by tracking the wrongly assigned
hypotheses. However, in this study we use the probability of
error to optimise the set of collection angles and we quantify
the error for the studied nanoparticles in the main text. To com-
pute the probability of error, 4D STEM simulations of differ-
ent types of atomic columns are used from which multiple 2D
STEM images are generated with varying inner and outer de-
tector angles. The probability of error is computed based on the

scattering cross-section values extracted from these virtual 2D
STEM images. The results of the probability of error calcula-
tions are illustrated for an incident electron dose of 104e−/Å2

for the Ni@Pt and small Au@Ag core-shell nanoparticles and
for an incident electron dose of 105e−/Å2 for the larger Au@Ag
core-shell nanoparticle in Fig. A.1(a)-(c). The probability of
error is first computed for two non-overlapping detectors with
a shared angle x which is the outer angle for the inner detec-
tor (21-x mrad - red detector) and the inner angle for the outer
detector (x-170 mrad - blue detector). The optimal settings for
the combination of two non-overlapping detectors correspond
to the minimum of the yellow curves. To compute the proba-
bility of error for three non-overlapping detector settings, one
detector is kept equal to the smallest LAADF detector derived
from the optimal design for two detectors, since this narrow ring
contains only a few mrad of the annular range. The remain-
ing part of the annular detector region is then further divided
into two regions similar to the two detector case. The optimal
settings for the combination of three non-overlapping detectors
correspond to the minimum of the grey curves. Moreover, the
evaluation of the probability of error is presented as a function
of the incident electron dose in Fig. A.1(d)-(f), presented in
the same order as in panels(a)-(c). These figures clearly rep-
resent the differences in using two and three annular detector
regions. In principle, the probability of error will be further
decreased when using even a higher number of annular detec-
tors or ultimately the 4D STEM dataset itself. Nevertheless,
we expect the largest benefit from the subdivision into a limited
number of detectors considering additional noise contribution
from each image [29]. This can also be observed from the fact
that the largest decrease in the probability of error is obtained
when subdividing the annular range into two regions.
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[40] L. Duschek, P. Kükelhan, A. Beyer, S. Firoozabadi, J. Oelerich, C. Fuchs,
W. Stolz, A. Ballabio, G. Isella, K. Volz, Composition determination of
semiconductor alloys towards atomic accuracy by HAADF-STEM, Ul-
tramicroscopy 200 (2019) 84–96.

[41] J. Barthel, M. Cattaneo, B. G. Mendis, S. D. Findlay, L. J. Allen, Angular
dependence of fast-electron scattering from materials, Physical Review B
101 (2020).

[42] A. Beyer, F. F. Krause, H. L. Robert, S. Firoozabadi, T. Grieb,
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