
Article https://doi.org/10.1038/s41467-025-60804-3

Demonstration of angular-momentum-
resolved electron energy-loss spectroscopy

A. H. Tavabi 1,7, P. Rosi 2,7, G. Bertoni 2 , E. Rotunno 2 , L. Belsito 3,
A. Roncaglia 3, S. Frabboni 2,4, G. C. Gazzadi 2, E. Karimi 5, P. Tiemeijer6,
R. E. Dunin-Borkowski 1 & V. Grillo 2

Rotational invariance is a fundamental aspect of symmetry in scattering pro-
cesses from atomic potentials. Here, we present an approach for measuring
orbital angular momentum (OAM), a key descriptor of rotational symmetry,
during measurements of atomic transitions. We use an electron optical OAM
sorter in combination with electron energy-loss spectroscopy and model-
based fitting to separately measure the π* and σ* antibonding transitions in
hexagonal boron nitride on the atomic scale. This approach also offers pro-
spects for efficient and atomically-resolved magnetic chiral dichroism
measurements.

Electron energy-loss spectroscopy (EELS) in the transmission electron
microscope (TEM) is one of the most powerful and versatile mea-
surement tools in materials science1, allowing the composition,
valence state and occupation of electronic levels in materials to be
investigated at the atomic scale. In such measurements, the electro-
magnetic nature of electron scattering allows energy-loss processes to
be described in terms of optical absorption, with a single probe pro-
viding access to energies ranging from a few meV (e.g., phonon
excitations)2 to keV (e.g., core electron ionizations)3,4.

In quantum electrodynamics, the absorption of a virtual photon
produced by a fast incident electron is approximately equivalent to
real photon absorption5. This analogy can be developed further by
considering that, in the selection rules of optical absorption, the
polarization of a real photon is substituted by a change in the
momentum of the fast electron6. Based on this analogy, the selection
rules for atomic transitions, expressed in terms of circular polarization
of the photon, can be written in terms of the component of orbital
angular momentum (OAM) of the electron Lz in the propagation
direction z.

The eigenvalues of this operator, L̂z |ℓ〉 = ℓℏ|ℓ〉, form a discrete
spectrum characterized by the winding number ℓ, whose eigen-
states |ℓ〉 are vortex beams7–11. Different methods have been pro-
posed for measuring OAM12–15, such as diffracting the electron

beam using a pitchfork hologram16. However, the latter technique
is relatively inefficient and does not fully separate the radial and
angular components.

A better approach is provided by the so-called OAM sorter, an
electron optical device that performs a log-polar conformal transfor-
mation to map OAM onto a linear dispersion that can be measured by
means of diffraction in the TEM17–19. In the stationary phase approx-
imation, this transformation canbe achievedbyusing twoelectrostatic
phase elements20, labelled S1 and S2 in Fig. 1a, which first impart the
transformation phase (S1) and then compensate for it (S2) after
diffraction21. Such a measurement relies on perfect alignment of the
elements. Despite the complexity of the setup, it has achieved a
remarkable level of accuracy, as well as partial automation through
neural-network-assisted alignment22, resulting in an experimental
resolution of Δℓ ≈ 1.1 ħ in vacuum23.

The simultaneous analysis of electron energy-loss and OAM
dispersion of inelastically scattered electrons, denoted OAM-EELS,
has been predicted to enable innovative experiments in different
scientific fields, encompassing plasmonic systems24, biomolecular
systems25 and magnetic materials26,27. Here, we present the
experimental realization of a combined OAM-EELS measurement
by placing an OAM sorter in the post-specimen section of a TEM.
The OAM spectrum is subsequently energy-dispersed, allowing for
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the simultaneous recording of OAM and electron energy-loss in a
single measurement (Fig. 1a). We demonstrate the approach by
studying the B K-edge in hexagonal boron nitride28 (h-BN) (Fig. 1b).
This van-der-Waals-layered material contains bonds that are based
on sp2 hybridization of its atomic orbitals, resulting in σ and π

bonding orbitals and σ* and π* antibonding orbitals. Transitions
from the occupied 1 s state (m= 0) to the unoccupied hybridized
orbitals are characterized by magnetic quantum numbers
Δm= + 1, � 1 (σ*) and Δm=0 (π*)29 when the quantization axis is
orthogonal to the basal plane (i.e., parallel to the c axis). The

sample

sorter S1

spectrometer

sorter S2

+

∗ ∗

a b

c

185 190 200 210 220195 205 215

3

0

2

1

−1

−2

−3

1.0

0.4

0.8

0.6

0.2

0.0

Energy-Loss (eV)

Fig. 1 | Experimental setup for OAM-EELS. a Schematic diagram of the experi-
mental setup, which includes two sorter elements19 (S1 and S2) after the sample
plane and a spectrometer to realize OAM-EELS double dispersion. b Schematic

diagram showing electron beam illumination of h-BN with a finite convergence
semi-angle and the effect on the electron wavefunction of single scattering at the B
K-edge. c Simulated OAM-EELS measurement for an OAM resolution of Δℓ = 1.1ħ.
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Fig. 2 | Experimental OAM-EELS from the B K-edge. a Experimental OAM-EELS
zero-loss spectrum and b B K-edge spectrum after background removal.
c Corresponding experimental OAM profiles at E1 = 191 eV (dark blue line) and

E2 = 198 eV (olive green line) from the B K-edge compared with the ZL profile (psf)
at 0 eV (orange line).dDiscretized OAMprofiles at E1 (dark blue bars) and E2 (olive
green bars) after psf deconvolution.
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transitions occur at two different energies, which differ by ∼6 eV
for the B K-edge. In a standard EELS experiment, in which only
energy-loss is recorded, the edge onset is well defined, but the
post-edge features are superimposed29. In an OAM-EELS experi-
ment with the electron beam aligned with both the optical axis of
the OAM sorter and the quantization axis, these transitions cor-
respond to scattered electron winding numbers of ℓ = ±1 and ℓ = 0,
respectively (Fig. 1c). For simplicity below, m is used to refer to
the intrinsic angular momentum along z of the scattered electron,
while ℓ is used to refer to the OAM values measured with the
OAM sorter.

Results
By leveraging the OAM dispersion, we aim to separate the spectral
components π* (m =0) and σ* (m= ± 1) in the post-edge region. Fig-
ure 2a showsa zero-loss (ZL)OAM-EELS spectrum recorded in vacuum.
Figure 2b shows a raw OAM-EELS experimental measurement of the B
K-edge after background subtraction. The two raw OAM profiles at
E1 = 191 eV and E2 = 198 eV, which lie slightly above the onsets of the π*
and σ* components, respectively, are presented in Fig. 2c. The E2 OAM
profile is broadened with respect to the E1 OAM profile due to the
m = + 1 and -1 contributions, while the E1 OAM profile is sharper due to
the presence of only them=0 contribution. TheOAMprofile of the ZL
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Fig. 3 | Numerical model for simulating scattering delocalization. a Effect of
probe size and scattering delocalization form= + 1 for a B atom on the optical axis
of the OAM sorter (left column) and for two B atoms off-axis. Each other B atom in
the illuminated area (shown) emits its own inelastically-scattered wave. In the far

field, the phase of the off-axis atoms is distorted. The OAM sorter records an
incoherent sum Γm(ℓ) of their contributions (teal bars, the off-axis atom intensities
have beenmultiplied by two). b Simulated OAM profiles Γm (ℓ) form = 0 (dark blue
bars) and m = ±1 (m = +1 teal bars, m= � 1 olive green bars).
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olive green line) obtained from ab initio DFT calculations.
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peak is also shown in Fig. 2c. As it was acquired in vacuum, and since
chromatic effects of the sorter can be neglected in this energy range
(see Supplementary Information), it can be regarded as the point
spread function (psf) of theOAMsorter, which contributes to theOAM
resolution measured by the device. The OAM spectrum is relatively
broad and extends beyond the expected ℓ = 0 and ℓ = ±1 contributions.
Figure 2d shows the resulting quantized OAM profiles I(E1, ℓ) and I(E2,
ℓ) after deconvolution by the experimental psf using multiple linear
least-squares fitting30,31. After deconvolution, the OAM profiles still
have extended tails, with a maximum at ℓ = 0.

We show here that this broadening is associated primarily with
delocalization of the inelastic scattering. We consider a simple model
of a single inelastic scattering event. Thismodel accounts for theprobe
size, localization of the inelastic scattering and uncertainty in the
probe position. It has a single fitting parameter, i.e., the probe defocus,
which can be adjusted against the E1 OAMprofile, which is expected to
have only the m=0 contribution.

After scattering, the fast electrons are in a non-separable state |ψa,m〉
with the atomic excitations32. In the dipole approximation, this state
takes the approximate form:

ψa,m

�
�

�

= fa,m rð Þ � ψp

�
�
�

E

, ð1Þ

in real space r = (x, y), where |ψp〉 is the electron wavefunction calcu-
lated (typically using a multislice or Bloch wave algorithm33) at the
depth of the scattering atom and fa,mðrÞ is the scattering function of
atom a34–36. Interaction of the probe with each atom produces a
separate set of waves |ψa,m〉with varyingm. In the present experiment,
the transitions are limited to 1s ! π*(Δm=0) and 1s ! σ* (Δm= ± 1).
The OAM spectrum that is produced by the OAM sorter is an inco-
herent sum Γm(ℓ) = ∑a|〈ℓ│ψa,m〉|

2 of contributions from all excited
atoms a. It can be obtained numerically by using a statistical Monte
Carlo method, which is described in the Supplementary Information.

Figure 3a shows numerical calculations of the contributions to an
OAM spectrum for the m= + 1 transition from three different atoms,
one of which is located on the optical axis and twooff-axis. Only atoms
on the optical axis produce a narrow decomposition centered on the ℓ
= +1 value in the OAM sorter. The off-axis atoms contribute to a broad
spectrum with a dominant ℓ = 0 contribution. Figure 3b shows the
resulting ℓ = 0 and ℓ = ±1 OAM spectra after scattering through the
sample, taking into account the thickness of the sample (t ~ 8 nm,
measured from the experimental low-loss spectrum) and the dimen-
sions of the probe (with a 5.4 mrad convergence semi-angle). This
sample thickness ensures a sufficient signal in the B K-edge, while
keeping multiple scattering negligibly low26. The profiles are in good
agreement with the corresponding experimental profiles shown in
Fig. 2c, d. The simulated OAM profiles Γm(ℓ) shown in Fig. 3b were
finally fitted to the experimental data I(E, ℓ), in order to obtain a set of
coefficients cm Eð Þ corresponding to EEL spectra at different m,
according to the equation:

I E, ‘ð Þ=
X

m
cmðEÞΓm ‘ð Þ: ð2Þ

Figure 4a shows the resulting reconstructed OAM-EEL spectrum
I E,mð Þ=Pmcm Eð Þ for comparison with Fig. 1c. Figure 4b shows the
m=0 andm= ± 1 EEL spectra. For comparison, Fig. 4c showsm=0 and
m= ± 1 EELS/XANES spectra obtained from ab initio DFT calculations
using a core-hole approximation within Quantum ESPRESSO37,38.

The overall agreement between experimental and theoretical
spectra demonstrates the quantitative nature of the method, with key
spectral features matching both in relative intensity and in shape. A
small residual peak at 190 eV in the m= ± 1 (σ*) spectrum is observed,
but its influence is minimal, as confirmed by quantitative metrics such
as peak ratio analysis and normalized cross-correlation, as detailed in

the Supplementary Information. We estimate a cross-talk contribution
of approximately 11%, which remains within acceptable limits for most
applications, including magnetic dichroism measurements. Possible
sources of this discrepancy include residual channelling effects,minor
misalignments affecting the sorter psf, or limitations in the physical
model. While our simplified model is sufficient for the present study,
future refinements could incorporate a full inelastic multislice
approach for enhanced accuracy.

Discussion
Our experimental results reveal anOAMspectrum that is characterized
by a broad distribution of ℓ, rather than by the anticipated discrete
contributions at ℓ = 0 and ℓ = ±1, due to the inelastic delocalization. At
energies in the range of a few hundred eV, the inelastic scattering
function has long-range tails that extend beyond the nearest-
neighbour atomic distances. This means that atoms away from the
immediate probeposition contribute to the scattering signal, reducing
the localization of the interaction. Secondarily, technological con-
straints inherent to the current OAM sorter also impact on the
achievable resolution. Specifically, aberrations introduced by imper-
fections of its elements distort the OAM spectrum. These aberrations
are mostly pronounced at larger scattering angles, at which the per-
formanceof theOAMsorter degrades. Tominimize their influence, the
convergence semi-angle of the STEM probe was restricted to amodest
value of 5.4 mrad, by means of a small diaphragm. Whereas this
adjustment reduces the effects of aberrations, it also increases the
probe size, leading to contributions from atoms located away from the
optical axis. It also reduces beam current, necessitating longer acqui-
sition times that, in turn, lead to sample drift.

Since the definition of angular momentum depends strongly on
the choice of the pole, which corresponds here to the optical axis of
the OAM sorter, atoms that are positioned away from the optical axis
produce a broad OAM spectrum despite having a well-defined value of
m39–41. For the same reason, a small displacement of the probe from the
optical axis broadens the OAM spectrum. An estimate of the magni-
tude of this effect can be obtained from the Roberston uncertainty
relationship σAσB ≥

1
2 Â, B̂

h iD E�
�
�

�
�
� between operators Â and B̂. The

operator L̂z and the position operator x̂ in the orthogonal plane are
related by the expression Lz , x

� �

= iℏy42, while the uncertainties are
related by σ‘σx ≥

ℏ
2 y
� �

. In this expression, the uncertainties are
expressed as standard deviations. σx is the circularly symmetric width
of |ψa,m〉, which can be calculated from the variance of the scattering
intensity. In other words, for a scattering atom located at position y

� �

from the center of the probe and optical axis, the OAM spectrum is
broadened by σ‘ ≥

ℏ
2

yh i
σx
. An atom that is located exactly on the optical

axis does not produce OAM broadening, i.e., y
� �

=0. As a result of the
delocalization of inelastic scattering, off-axis atoms contribute to the
OAM spectrum even if they are not directly under the probe tails. This
effect can be described approximately by the expression
y

� �

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2
p + σ2

x

q

, where σp is the standard deviation of the probe
intensity. The uncertainty in OAM dispersion can be written in the
form:

σ‘ ≥
ℏ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + σ2
p=σ

2
x

q

: ð3Þ

In our experiment, the probe extends over σp � 0:25 nmatα = 5:4
mrad. By considering an isolated B atom scatterer, σx � 0:32 nm, very
close to the delocalization value 0:5λθ3=4E estimated by Egerton43. They
contribute overall to σℓ ≥ 0.7ħ for an isolated B atom. The evolution of
the wavefunction within the crystal (channelling) contributes to the
localization of the exit wave function on the atomic columns, reducing
σx to ∼0.05 nm, as calculated from the standard deviation of the exit
wave intensity obtained from multislice calculation, while increasing
the overall indeterminacy of OAM to σℓ ≥ 2.55ħ. This value is in good
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agreementwith the experimentalfindings, forwhich σℓ = 2.7ħbasedon
the E1 profile shown in Fig. 2d. The formula in Eq. 2 can be generalized
to atomic number Z in the 1 s Bloch wave approximation44, where the
focusing of the propagating beam due to the atomic columns can be
expressed semi-empirically as σx /

ffiffiffiffiffiffiffi
Z

d5=4
z

q

, with dz the separation of the
atom in the column. Heavier atoms are expected to produce more
peaked OAM profiles.

The primary limitation of the current OAM-EELS experiment
stems from the fabrication precision of the first sorting element.
However, these are not fundamental limitations but rather technolo-
gical challenges that can be overcome by improving the OAM sorter
design so that it works with larger convergence semi-angles, thereby
reducing the size of the probe and the value of σp. Similarly, limiting
the collection angle by using an aperture built into the device, which is
equivalent to increasing the uncertainty σx , also has the effect of
reducing the OAM broadening σℓ. While the intrinsic delocalization of
inelastic scattering will always requiremodel-based fitting for rigorous
quantitative interpretation (see Supplementary Information), a more
advanced experimental setup will reduce artifacts and simplify this
process, further strengthening the method’s reliability and
applicability.

Achieving spatially resolved OAM-EELS measurements presents
additional challenges compared to conventional EELS, as scanning the
beam can disrupt the precise alignment of the TEM column and the
OAM sorter. In particular, accurate alignment of the S1 and S2 phase
plates is crucial to maintain optimal performance, especially when
scanning is required, such as during spectrum image acquisition.
Despite these challenges, OAM-EELS spectral images can be obtained
by using the descan coils of the TEM, as outlined in the Methods sec-
tion and demonstrated in the Supplementary Information (Fig-
ures S1 and S2). This second experiment was analysed using
multivariate statistical analysis45, in order to verify the presence of the
same OAM components without using a model. In this low magnifi-
cation example, weobserved aneffectof the sample edge. Interpreting
in a quantitative way these observations require detailed structural
models of the sample folding, and it is well beyond the scope of the
present paper. However, the ability to measure a spatially resolved
signal hints at future applications of atomic-resolution scanning
experiments.

It is useful to compare OAM-EELS with other state-of-the-art
techniques. The use of STEM-EELS, in combination with a corrected
probe and a high-resolution spectrometer, permits symmetry-related
features of excited states to be extracted by tracing the scattered
intensity in a given energy-loss window using so-called orbital
mapping46–49. However, only peaks that are well separated in energy in
the EEL spectrum can be mapped and related to different orbitals,
defects or dopants50. Furthermore, in order to distinguish and map
different out-of-plane contributions, a side view of the sample is also
needed, which is challenging to realize experimentally. In contrast,
OAM-EELS allows spectral features to be separated directly at each
probe position. A combination of this method with beam scanning
leads to the prospect of mapping orbitals in the basal plane42,43,
allowing discrimination of the details of chemical bonds separately.
From the perspective of atomic-resolution scanning experiments, it
allows for post-selection of dipolar transitions even when using a large
integration angle51. The ability to distinguish ℓ = ±1 transitions is even
more appealing for applications that involve dichroism. In an electron-
photon analogy, electron magnetic circular dichroism (EMCD) is a
counterpart of XMCD, a well-established X-ray absorption technique
formeasuringmagneticmoments. OAM-EELS can be used to provide a
spectrum of asymmetries between transitions with angular momen-
tum exchange +1ħ and -1ħ, as in the L2,3 ionization edges of magnetic
3 d elements26,52, to assess the spin population in a material53. Unlike

orbital mapping using STEM-EELS, in which spectra are q-integrated
over the high convergence angle of the probe and the spectrometer
collection angle, a different approach involves performing linear
momentumdispersion experiments (qEELS)54–56, which are in principle
able to retrieve information about bondorientation.However, the very
high momentum resolution that is then needed requires the use of
nearly parallel illumination and a small pupil aperture (with a con-
vergence semi-angle α ~ 0.1 mrad), which is not compatible with an
atomic-size probe. In comparison, the different commutation rules
that are applied to OAM-EELS possess the advantage of lower uncer-
tainty in OAM dispersion σℓ, while increasing the spatial resolution by
reducing the probe dimension σp. Moreover, a residual signal from σ*
at q = 0 is expected in q-resolved experiments due to the finite size of
the aperture.

In summary, we have experimentally demonstrated angular-
momentum-resolved electron energy-loss spectroscopy at the B K
ionization edge in a thin h-BN sample. This technique allows direct
measurement of a final state’s orbital angular momentum and is made
possible by combining EELS with the use of anOAM sorter andmodel-
based fitting. As a result of the different commutation rules with
respect to position, an OAM-EELSmeasurement is compatible with the
use of an atomic-scale probe, in contrast to linear-momentum-
resolved EELS. Beyond the separation of σ* and π* orbitals, the tech-
nique offers important prospects for the characterization of multi-
polar transitions and efficient EMCD measurements.

Methods
Experimental setup
In afirst experiment, the BK-edgewas recorded using an FEI Titan TEM
at 300 kV (Cs = 2.7 mm), a Gatan Quantum spectrometer and an OAM
sorter consisting of a first device (sorter unwrapper, S1) inserted in the
objective aperture plane and a second device (sorter corrector, S2)
inserted in the selective area plane (Fig. 1a). The microscope was
operated inOAM-EELSmode, with energy dispersion on the horizontal
(x) axis and OAM dispersion on the vertical (y) axis. In order to reduce
carbon contamination, the sample was heated to 120 °C overnight in
vacuum before insertion into the TEM. A convergence semi-angle α =
5.4 mrad was used to reduce the effect of aberrations of the OAM
sorter at high angles (probe size σp ffi 0:25 nm). The B K-edge was
recorded at 1x binning with a 30 s total exposure time to reduce noise.
A thinwell-oriented [001] h-BN crystalwasused. The energydispersion
was0.03 eV per pixel on the x axis and 0.1 ħ per pixel on the y axis. The
latter value was measured by using a petal beam with an ℓ = −4, +4
vortex generator in a separate study. A second experiment (see Fig-
ures S1 and S2) was conducted at 300 kV in a Thermo Fisher Spectra
300 TEM equipped with a cold field emission gun and a Selectris
energy filter. The probe aberration corrector was switched on
(σp ffi 0:67 nm at α = 1:8 mrad), the image aberration corrector was
switchedoff and the ‘CoolTEM’ software pluginwas used to control the
projector lens settings to enable free rotation of the diffraction pattern
with respect to the spectrometer entrance aperture. The energy dis-
persionwas set to0.1 eVper pixel on the x axis and0.063ħper pixel on
the y axis. In scanning mode, the descan coils were tuned to maintain
the OAM sorter alignment for all scanning points. Spectra were
recorded using a dwell time of 1 s per STEM pixel and a probe current
of 600 pA.

Data analysis
Each two-dimensional (2D) spectrum was first pre-processed, accord-
ing the following procedure: 1) 2D rotation by 0.2° to orient the
spectrum along x and y; 2) Cropping of the 2D spectrum to 1840 × 256
pixels centered on the ℓ =0 line (or the center line in the 2D spectrum);
3) Background subtraction according to a power law function in the B
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K-pre-edge region for every line in orbital momentum; 4) Suppression
of X-ray spikes by using a threshold in intensity of 5 times the standard
deviation of the data; 5) 4× binning in energy and 2× binning in OAM,
followed by OAM symmetrisation with respect to ℓ = 0, in order to
obtain a 2D spectrumof 460 × 128 pixelswith reduced noise. After pre-
processing, customPython routineswereused toperformOAMprofile
extraction and deconvolution using multiple least-squares fitting, by
making use of numpy and scipy libraries. The decomposition pre-
sented in the Supplementary Information was obtained with non-
negative matrix factorization (NMF) with the ‘sklearn’ library. Theore-
tical B K-edge spectra were calculated using the ‘xspectra’ routine in
Quantum ESPRESSO37,38, after convergence of a ground state self-
consisting cycle on a 3 × 3 superstructure of h-BN. A core-hole
approximation was used with 0.5 holes in the 1 s core level to consider
attraction of the hole, which reweights the spectral intensity towards
lower energies, as seen experimentally.

Model-based fitting
In order to analyse the experimental data, model-based fitting was
used. This approach relies on a kinematicmodel of the exit wave at the
sample plane, where the exit wave is expressed as a simple product of
2D functions: the 1 s Bloch state, the probe, and the atomic scattering
factor, as detailed in the Supplementary Information. The exit wave is
calculated for multiple configurations of atom positions, considering
variations introduced by the stochastic nature of inelastic scattering
events, indetermination of the probe position and sample drift. We
employed a Monte Carlo approach to sample random configurations
of illuminated atoms within a disk of radius 0.7 nm centred on the
probe. The resulting angular momentum components were obtained
by projecting the wave onto eigenstates of the OAM operator. These
spectra were fitted to the experimental data to extract relevant para-
meters, most notably the defocus of the STEM probe. All functions
were sampled on a square mesh grid of 512 × 512 pixels with a lateral
dimension of 7.85 nm, corresponding to a resolution in the Fourier
plane of 0.25 mrad. The STEM probe was calculated assuming Cs = 2.7
mm, in agreement with the nominal value for the microscope used for
the experiment. The defocus was optimized within a 100nm range
around the Scherzer condition for a 300 kV beam. 1000 different
configurations were considered for every calculation. All the calcula-
tions were performed using STEM_CELL software57. Source Data and
code generated in this study are available58.

Data availability
Source Data file has been deposited in Zenodo under accession code
https://doi.org/10.5281/zenodo.15470500.

Code availability
The code generated in this study has been deposited in Zenodo under
accession code https://doi.org/10.5281/zenodo.15470500.
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