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Amorphous materials—solids lacking long-range order—underpin technologies
from thin-film electronics’, solar cells? and phase-change memory? to magnetic
components*, medical devices® and quantum technologies®®. Yet the absence of
periodicity fundamentally limits determination of their three-dimensional (3D)
structure at atomic resolution. Despite major theoretical, experimental, and
computational advances in characterizing short- and medium-range order® %,
quantitative determination of complete 3D atomic arrangements in amorphous
materials remains experimentally demanding. Atomic electron tomography (AET)
now provides a pathway to direct 3D atomic mapping in these materials®%. Here we
present a quantitative analysis of AET, showing how robust image preprocessing,
denoising, projection alignment and normalization, advanced tomographic
reconstruction, atom tracing, elemental classification and atomic position refinement
collectively enable reliable determination of 3D atomic coordinates and elemental
identities in amorphous materials. Using multislice-simulated datasets of amorphous
Si, SiGeSn and CoPdPt nanoparticles under varying noise levels, our workflow
outperforms an alternative approach® in both positional precision and classification
accuracy. For CoPdPt, we identify 95.1% of Co, 99.0% of Pd and 100% of Pt atoms, with
corresponding 3D positional precisions of 29 pm, 12 pm and 6 pm, respectively, under
realistic dose conditions. These results establish practical guidelines and quantitative
benchmarks for achieving accurate AET of non-crystalline materials, and the underlying
framework can be broadly applied to other tomographicimaging modalities for high-

fidelity 3D reconstruction.

Atomic electron tomography (AET) combines advanced electron
microscopy techniques with powerful computational methods to
determine the three-dimensional (3D) structure of materials at the
single-atom level”?. Sinceits first experimental demonstrationin 2012
(ref. 30), AET has been extended to resolve 3D atomic arrangements
across abroad range of material systems, including nanoparticles® 3¢,
needle-shaped samples®, two-dimensional (2D) materials®**’, medium-
and high-entropy nanoalloys*®, nanocatalysts®****' and, most notably,
amorphous solids?*?. Unlike crystallography or cryo-electron micros-
copy, AET does not require crystallinity or rely on averaging over many
identical structures, enabling quantitative 3D imaging of individual,
non-periodicstructures. Despite these advances, AET remains techni-
cally demanding: accurate 3D atomic reconstruction depends critically
onevery stage of the workflow, including image preprocessing, noise
suppression, background correction, angular calibration, projection
alignment and normalization, optimized tomographicreconstruction,
and accurate atom tracing and refinement. In practice, small devia-
tions in these steps can propagate into systematic errors in atomic
coordinates and elemental identification, limiting reproducibility
and quantitative interpretation. Here we present a comprehensive
analysis of the AET framework, identifying the key computational and

algorithmic factors that govern accuracy and demonstrating arobust
workflow for determining reliable 3D atomic coordinates and chemical
identities in amorphous materials.

The AET framework

Table1summarizes the AET workflow for preprocessing, tomographic
reconstruction and postprocessing, alongside the corresponding
procedures used inref. 28 for comparison. Our approach makes only
minimal previous assumptions—atomicity, minimuminteratomic spac-
ing and known chemical species—ensuring model-independent and
unbiased structural determination. To benchmark its performance,
we simulated tomographic tilt series from two amorphous Si nano-
particles containing 208 and 19,993 atoms, respectively, as reported
in ref. 28. Each annular dark-field scanning transmission electron
microscopy (ADF-STEM) projection was generated using the multislice
method in abTEM* with eight frozen phonons to account for thermal
vibrations at room temperature. All simulation parameters were care-
fully optimized to ensure accurate wave propagation and faithful
preservation of high-angle scattering, as detailed in Extended Data
Table 1. Arandom defocus variation of £3 nm was applied to emulate
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Table 1| Comparison of methods and procedures used in this study and in ref. 28

This study

Reference 28

Projection simulation,
background addition, and
noise modelling

Projection simulation

Multislice simulations (abTEM*?) are performed
with the electron beam focused at the centre

of the sample, consistent with experimental
conditions. A random defocus shift of +£3nm was
applied to emulate experimental uncertainties.

Absorptive-potential projection method
(Egs. 1-2 in their paper) with a fixed defocus
of -5nm

Probe partial coherence

Convolution with a 0.35 A Gaussian kernel

Background

1e™ per pixel

1e per pixel

Noise

Poisson noise added to simulated projections;
workflow also supports Poisson and Gaussian
noise for experimental data; scan noise not
included

Poisson noise added to simulated projections;
scan noise not included

Preprocessing Denoising method

1. Estimate Gaussian-Poisson noise parameters
for each projection.

2. Apply forward variance-stabilizing
transformation (VST).

3. Rescale projection intensity to the [0, 1] range.

4. Apply BM3D denoising algorithm*®.

5. Apply inverse VST.

6. Rescale projection intensity back to
original values.

1. Blur the point spread function and apply an
image filter.

2. Deblur using iterative VST and coloured
noise removal.

3. Apply a Butterworth low-pass filter.

4. Rescale projection intensity to [0, 1].

5. Apply a Gaussian filter (0=1).

6. Rescale projection intensity to [0, 1].

Background subtraction

Laplacian and threshold method®

1. Use Otsu’s method (MATLAB) to determine an
intensity threshold.

2. Create a binary mask for each projection.

3. Smooth the mask with an edge-preserving
filter.

4. Zero out values outside the mask.

5. Estimate and subtract the background within
the mask using the Laplacian (regionfillin
MATLAB).

Projection alignment and
normalization

Centre-of-mass and common-line alignment®®®'

Use a few heavy atoms as fiducial markers for
alignment.

Tomographic reconstruction  Initial reconstruction

RESIRE**: each voxel was subdivided into 2x2x2
elements to achieve sub-voxel resolution in real
space

Updated SIRT: Input projections are
interpolated at an oversampling ratio of 3

Reconstruction refinement

RESIRE further refines alignment, normalization,
background subtraction, and tilt-angle correction
via back-projection, with convergence monitored
by an R-factor®.

Postprocessing Atom tracing

33,56

Polynomial fitting

Polynomial fitting®**®

Elemental classification

K-means clustering®®’

K-means clustering®®

3D atomic coordinate
refinement

The 3D atomic coordinates are refined by
minimizing the discrepancy between denoised
and calculated projections.

experimental focusing conditions, and each projection was convolved
witha0.35 A Gaussian kernel to model partial coherence. Poisson noise
was added to simulate electron doses of 8 x10°e"A2,1.6 x10*e™ A2
and 1.6 x 10° e” A for both nanoparticles. A constant background
of 1 e per pixel was also included, corresponding to 26 and 8 e” A2
for the smaller and larger nanoparticles, respectively, due to their
different pixel sizes. For consistency with ref. 28, all reported dose
values refer to the dose per projection. Figure 1a shows a representa-
tive ADF-STEM projection of the 208-atom amorphous Sinanoparticle
atadose of 1.6 x 10* e~ A, illustrating substantial background signal
and Poisson noise.

After applying block-matching and 3D filtering*® to denoise the
projections and using the Laplacian and threshold method for back-
ground subtraction® (Fig. 1b), we reconstructed the 3D structures
of the two amorphous Si nanoparticles using the real-space itera-
tive reconstruction (RESIRE) algorithm**. The reconstruction pro-
cess consisted of an initial volume generation followed by iterative
refinement (Table 1). Figure 1c shows a representative projection of
the 208-atom Si nanoparticle calculated from the final 3D reconstruc-
tion. After postprocessing, all208 Siatoms were correctly traced with
a positional precision of 17 pm, quantified by the root-mean-square
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deviation between the traced and ground-truth atomic models.
Atelectrondosesof 8 x10®e” A2and 1.6 x 10° e” A2,199 atoms (95.7%)
and 208 atoms (100%) were accurately identified, with corresponding
3D positional precisions of 29 pm and 4 pm, respectively (Fig.1d and
Extended DataFigs.1la-fand2a-c). For the19,993-atom amorphousSi
nanoparticle, we observed similar dose-dependent improvements in
bothatomidentification and positional precision: from 92.3% (39 pm)
at8x10%e” At098.2% (25 pm) at1.6 x 10* e” A%, reaching 100% (12 pm)
at1.6 x10°e” A2 (Fig. 1h). Representative projections and atomicidenti-
ficationresults are shownin Fig.le-gand Extended Data Figs.1g-land
2d-f. Our workflow achieves consistently higher precisionand accuracy
thanthatreportedinref. 28, which failed to reconstruct atomic models
atdosesbelow1.0 x10*e” A2,

To enable a direct comparison, we reconstructed the 208-atom
amorphous Si nanoparticle using our AET framework and the same
ADF-STEM projections (dose: 6.6 x 10* e” A?) reported inref. 28, which
did notinclude arandom defocus range or a0.35 A Gaussian convolu-
tiontomodel partial coherence (Extended DataFig. 3). After preproc-
essing, aninitial 3D reconstruction was generated using the RESIRE
algorithm*, followed by refined background subtraction through
comparisonbetween the calculated and denoised projections. The final



Fig.1|Improved 3D reconstruction and atom tracing of208-atom and
19,993-atom amorphous Sinanoparticles using our AET workflow.

a, Representative projection of the 208-atom nanoparticle at a dose of
1.6 x10*e” A2 Scalebar, 5 A. b, Denoised and background-subtracted
projection, showingresidual artefacts due to low signal-to-noise ratio.

¢, Corresponding projection calculated from the RESIRE reconstruction.

3D volume was then traced to produce the atomic model (Extended
DataFig.3d). All 208 Siatoms were correctly identified with a3D posi-
tional precision of 5 pm (Extended Data Fig. 3e), representing more
than a two-fold improvement over the precision reported in ref. 28.
These results highlight theimportance of rigorous denoising and back-
ground subtractionin AET, asomitting these steps canmarkedly reduce
atom-identification accuracy and 3D positional precision.

Three-dimensional atomic localization and
classification

Apart from proper denoising and background subtraction, accurate
alignment and intensity normalization are essential for high-quality
AETreconstructions. Even sub-angstrom misalignments canintroduce
cumulative artefactsthat degrade atomic positional precisionandele-
mentalidentification. Toillustrate theirimportance, we reconstructed
anamorphous SiGeSn nanoparticle using the simulated projections at
adose of1.6 x10* e~ A2 reported inref. 28. Applying the centre-of-mass
and common-line methods to these projections*?° revealed both
projection misalignment and intensity mis-normalization (Extended
DataFig.4a,b). After realignment and renormalization (Extended Data
Fig.4c), we performed 3D reconstruction using the RESIRE algorithm**,
obtainingimproved atomiclocalization compared with the reconstruc-
tioninref. 28 (Extended Data Fig. 4d,e). Postprocessing of the RESIRE
reconstruction further showed that elemental identification of Si, Ge
and Snatomsin our AET workflow agrees closely with the ground truth
(Extended Data Fig. 4f), whereas ref. 28 overestimated the number of
Siatoms by 48% (Extended Data Fig. 4g).

To perform more rigorous simulations of the SiGeSn nanoparticle,
we used the multislice method* to calculate projections incorporat-
ing eight frozen phonons (Extended Data Table 1). Each projection
was convolved with a 0.35 A Gaussian kernel to model partial coher-
ence and then superimposed with a constant background and Pois-
son noise at electron doses of 1.6 x 10* e" A2and 1.6 x10°e” A2 The
resulting tilt series were preprocessed, reconstructed using the RESIRE
algorithm** and analysed for individual atomic positions (Fig. 2a-c).
Figure 2d,e shows that elemental identification rates improved from
61.3% to 75.1% for Si, 99.0% to 99.9% for Ge and remained 100% for Sn,
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d, 3D positional precision of correctly identified atoms in the 208-atom
nanoparticle:29 pm,17 pmand 4 pm for dosesof 8 x10°e A2, 1.6 x10*e” A2
and1.6 x10°e” A2 respectively. e-g, Same as a-c for the 19,993-atom
nanoparticleatadose of1.6 x10*e” A2.Scale bar,2nm. h, 3D positional
precision for the19,993-atom nanoparticle: 39 pm,25 pmand 12 pmfor the
samethree doselevels.

whereas 3D positional precisionsimproved from 68 pmto 50 pm (Si),
18 pmto 10 pm (Ge) and 9 pmto 5 pm (Sn) as the dose increased from
1.6 x10*e” A2to1.6 x 10° e” A (Fig. 2f). The lower precision for Siatoms
is attributed to their reduced Z-contrast in ADF-STEM imaging.

Next, we re-examined the reconstruction of the amorphous CoP-
dPtnanoparticlereportedinref. 28 and identified substantial projec-
tion misalignment and intensity mis-normalization (Extended Data
Fig. 5a,b). We measured lateral shifts of -0.92 A t01.25 A perpendicular
tothetiltaxis, which are substantially larger thanthe shiftsinthe SiGeSn
projections (-0.45 Ato 0.11 A; Extended DataFig. 4a). After realignment
and renormalization of the projections (Extended Data Fig. 5c), we
performed a RESIRE reconstruction, which yielded a more accurate
3D atomic structure and a clearer separation of atomic species in the
histogram compared with the reconstructioninref. 28 (Extended Data
Fig.5d-g). From our RESIRE reconstruction, we identified 89.5% of Co,
73.7% of Pd and 97.6% of Pt atoms, with corresponding 3D positional
precisions of 39 pm, 11 pm and 8 pm (Extended Data Fig. 5g). By con-
trast, using the reconstruction fromref. 28, we identified only 45.7% of
Co,52.7% of Pd and 76.2% of Pt atoms, with corresponding 3D positional
precisions of 98 pm, 79 pm and 49 pm (Extended Data Fig. 5f). These
identification rates are consistent with those reported in ref. 28 (40%
Co, 55% Pd and 84% Pt), although the corresponding 3D positional
precision values were not reported. Collectively, these results, together
with additional analysis (Methods), demonstrate that the substantial
projection misalignment and intensity mis-normalizationin the dataset
of ref. 28 directly caused inaccurate atomidentification and elemental
classification (Extended Data Fig. 5).

Moreover, we identified two anomalies in Extended Data Fig. 5g:
(1) Coatomswere detected at a higher percentage than the heavier Pd
atoms, contrary to the expected Z-contrast behaviour in ADF-STEM
imaging; and (2) the intensity distribution of Pt atoms exhibited a
bimodal profile. We attribute both anomalies to the specific simula-
tionand preprocessing procedures used inref. 28 to generate the noisy
CoPdPt projections (Table1). To address these issues, we recalculated
the projections of the same amorphous CoPdPt nanoparticle using the
multislice method* with eight frozen phonons (Fig. 3a and Extended
Data Table1). This fully dynamical simulation, which captures multiple
scattering and thermal-diffuse effects, is more accurate and physically
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Fig.2|Three-dimensional atomiclocalization and elemental identification
ofa13,982-atom amorphous SiGeSn nanoparticle using our AET workflow.
a, Representative projectionatadose of 1.6 x 10*e” A2. Scale bar, 2 nm.

b, Denoised and background-subtracted projection. ¢, Corresponding
projection calculated from the RESIRE reconstruction.d,e, Histograms of traced
Si,Geand Snatoms atdoses of 1.6 x10*e” A2(d) and 1.6 x10°e” A2 (e), with

rigorous than the absorptive-potential projection method in ref. 28.
The electron probe was focused at the centre of the nanoparticle to
better reproduce the experimental conditions, incontrast tothe -5 nm
defocususedin ref. 28. Each projection was then convolved witha 0.35 A
Gaussian kernel to model partial coherence, followed by the addition of
ale perpixelbackground (equivalent to 8 e” A2) and Poisson noise at
adose of1.7 x10* e” A2, consistent with the experimental parameters®.

After projection denoising and background subtraction (Fig. 3b), we
reconstructed the 3D volume using the RESIRE algorithm** (Fig. 3c),
followed by atom tracing and elemental classification. The resulting
histogram of traced atoms (Fig. 3d) shows well-separated peaks for
each element, with no splitting of the Pt peak. Based on this histogram,
we correctly identified 95.1% of Co, 99.0% of Pd and 100% of Pt atoms,
with 3D positional precisions of 29 pm, 12 pm and 6 pm, respectively
(Fig.3e). The overallidentification accuracy was 97.4%, with amean 3D
positional precision of 21 pm, consistent with the previously estimated
experimental precision®. To evaluate the effect of defocus errors, we
repeated the same procedure while introducing a random defocus
variation of £3 nm to simulate experimental uncertainties. Extended
Data Fig. 6 shows that the identification accuracy and 3D precision
decreased by 2.4%and 7 pm, respectively, highlighting theimportance
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correctidentificationimproving from 61.3% to 75.1% (Si), 99.0% t0 99.9% (Ge)
and remaining at 100% (Sn). Overallidentification accuracy increases from
86.9%t091.8%.f,3D positional precisionimproves from 68 pmto 50 pm (Si),
18 pmto10 pm (Ge) and 9 pmto 5 pm (Sn) at the two doses, with overall
precisionimproving from 35 pmto 27 pm. a.u., arbitrary units.

of minimizing defocus variations during data acquisition. Overall,
theseresults represent asubstantialimprovement over those reported
inref. 28 and underscore the necessity of a systematic workflow for
generating accurate 3D atomic models.

Another key developmentin AET has been the advancement of tomo-
graphicreconstructionalgorithms. Although both directinversionand
iterative methods were already established in electron tomography*,
animportantadvance camein2005 with theintroduction of the over-
sampling principle, originally developed for phase retrieval in coherent
diffractive imaging*¢, into tomographic reconstruction*. Because
tomographicreconstructioninvolves transforming data from polar to
Cartesian coordinates, it inherently introduces interpolation errors.
Oversamplingin either real or reciprocal space mitigates thisintrinsic
imprecision compared with non-oversampled reconstructions under
the same interpolation scheme, albeit at the cost of increased com-
putational demand. Subsequent numerical and experimental studies
demonstrated that iterative algorithms incorporating oversampling
consistently outperform conventional tomographic methods***5,
Moreover, these algorithms include iterative refinements for back-
ground subtraction, projection alignment, intensity normalization and
tilt-angle correction, with convergence quantitatively monitored using
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Fig.3|Three-dimensional atomiclocalization and elementaliidentification
ofan18,356-atom amorphous CoPdPt nanoparticle using our AET workflow.
a,Representative projection simulated with the electron probe focused at the
nanoparticle centre and adose of 1.7 x 10* e” A2, matching experimental
conditions?.Scalebar,2 nm.b, Denoised and background-subtracted projection.

an R-factor defined as the normalized difference between calculated
and measured projections.

Todemonstrate the effectiveness of these advanced algorithms, we
used RESIRE*, the latest development in this class of methods, to recon-
struct multislice-simulated noisy projections of theamorphous CoPdPt
nanoparticleatadoseof 1.7 x 10* e” A2 with tilt-angle errors (Extended
Data Fig. 7a). For comparison, we applied the updated simultaneous
iterative reconstruction technique (SIRT) usedinref. 28 to the same tilt
series. Although this versionincorporates the oversampling principle
and improves on conventional SIRT*, it lacks angular correction and
other iterative refinement features implemented in RESIRE (Table 1).
Using RESIRE with angular correction, we correctly identified 94.8%
of Co, 98.9% of Pd and 100% of Pt atoms, with 3D positional precisions
of 30 pm, 12 pm and 7 pm, respectively (Extended Data Fig. 7b). Even
without angular correction, RESIRE achieved identification accuracies
and precisions of 87.1% and 42 pm for Co, 95.5% and 17 pm for Pd and
99.7% and 9 pm for Pt, still outperforming the updated SIRT method,
whichyielded 85.8% and 44 pm for Co, 95.7% and 19 pm for Pd and 99.7%
and 12 pmfor Pt (Extended DataFig. 7c,d). These results demonstrate
that RESIRE achieves both higher elemental identification accuracy
and greater 3D atomic positional precision than the updated SIRT
algorithm?® under experimentally realistic conditions.

¢, Corresponding projection calculated from the RESIRE reconstruction.
d, Histogram of traced atoms showing identificationaccuracies 0of 95.1% (Co),
99.0% (Pd),and100% (Pt), withanoverallaccuracy of 97.4%. e, 3D positional
precisions of 29 pm (Co),12 pm (Pd), and 6 pm (Pt); overall precision, 21 pm.

Three-dimensional atomic structure determination by
PAET

Compared with ADF-STEM, electron ptychography is a coherentimag-
ing method thatrecords both unscattered and scattered components
of the transmitted wave, resulting in higher dose efficiency”. When
combined with AET, termed pAET, it enables high-precision 3D atomic
imaging under practical dose conditions®**'. To demonstrate this abil-
ity, we simulated a 6 nm amorphous silica nanoparticle generated by
molecular dynamics and calculated diffraction patterns using the
multislice method*? with an 80 keV probe and eight frozen phonons
(Extended Data Table 1). Two tilt series were simulated at doses of
1.6 x10>e” A2and 1.6 x 10* e A2 Multislice and single-slice ptych-
ography?**>*were applied to reconstruct the complex object and
probe functions (Extended Data Table 2). Building on the ankylogra-
phy concept of single-view 3D structure determination introduced in
2010 (ref. 55), multislice ptychography leverages coherent scattering
and the curvature of the Ewald sphere to encode depth information
in 2D diffraction patterns, achieving higher reconstruction fidelity
than the single-slice approach. Each reconstructed projection was
convolved with a 0.35 A Gaussian kernel to account for partial coher-
ence before 3D reconstruction. At 1.6 x 10° e~ A2, multislice pAET
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1.6 x10°e”A2).a,b, Representative projections reconstructed by single-slice (a)
and multislice (b) ptychography. Scale bar, 2 nm. ¢, Atom-identification rates:
90.8% (Si), 77.5% (O) and 82% (all atoms) for single-slice pAET; 98.2% (Si), 96.7%
(0) and 97.2% (allatoms) for multislice pAET. Corresponding 3D positional

improved atom-identification accuracy from 82% to 97.2% and 3D
precision from 24 pmto 13 pmrelative to single-slice pAET (Fig. 4a-c).
At1.6 x10*e” A2, multislice pAET achieved 100% accuracy and 7 pm
precision, whereas single-slice reached 88.8% and 19 pm (Extended
DataFig. 8a).

Accuratelocalization of individual Siand O atoms enables quantita-
tive analysis of medium-range order in amorphous silica. According
to the model in ref. 9, alternating Si-O rings define the glass network
topology. Using multislice pAET at 1.6 x 10> e A2, 80.6% of identified
rings preserved correct heteroatomic ordering, compared with 33.8%
for single-slice reconstructions (Fig. 4d-f). At 1.6 x 10* e~ A2, multislice
pAET fully recovered the heteroatomic network without homopolar
defects (Extended Data Fig. 8b). Despite its potential, pAET remains
experimentally demanding for imaging light elements in amorphous
materials. The main challenges are (1) mitigating radiation damagein
low-Z materials; (2) maintaining consistent multislice ptychographic
reconstructions across all tilt angles; and (3) accurately aligning noisy
phase projections under experimental uncertainties.
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precisions: 17 pm (Si), 28 pm (0) and 24 pm (all atoms) for single-slice; 10 pm
(Si), 14 pm (O) and 13 pm (all atoms) for multislice. d, Seven representative
N-membered atomicringsinthe ground-truth structure. e, Corresponding
N-membered rings from multislice pAET, with homopolar defects indicated
by arrows. f, Heteroatomic ring-size distributions from the ground truth,
single-slice and multislice pAET.

Conclusions

We present acomprehensive and quantitative framework for accurately
determining the 3D atomic structure of amorphous materials. By inte-
grating robust preprocessing, advanced tomographicreconstruction
and systematic postprocessing, our AET workflow enables reliable
determination of 3D atomic coordinates and elemental identities across
diverse disordered systems. Benchmarking against ref. 28 shows sub-
stantial improvements in both 3D positional precision and elemental
classificationaccuracy. Rigorous numerical simulations further demon-
strate that pAET canresolve the 3D atomic structure and medium-range
order ofamorphoussilica under realistic dose conditions. Each stage
of the workflow, from denoising, background subtractionand projec-
tion alignment to normalization, angular correction, tomographic
reconstruction, atomic tracing and position refinement, contributes
tothefidelity and quantitative precision of the final 3D atomic model.
Collectively, these results establish a quantitative foundation for AET
and pAET by defining the conditions and workflow parameters required



foraccurate 3D atomic reconstruction. Although simulations cannot
fully capture experimental complexity, this analysis clarifies the capa-
bilities and practical constraints of AET and pAET and, when combined
with carefully executed experiments, is expected to enable reliable
determination of 3D atomic structures in non-crystalline materials.
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Methods

Multislice simulations
The ground-truthatomic models of the amorphous Si, SiGeSn and CoP-
dPtnanoparticles were obtained from the references listed in Extended
Data Table 1, whereas the SiO, model was generated by molecular
dynamics simulation. The atomic coordinates were provided asinput
to the ab initio transmission electron microscopy (abTEM) package*
androtated to the desired angle of asingle projection. The simulation
volume of the nanoparticle was padded in three dimensions to avoid
edge artefacts. The projected potentials for the simulation volume were
calculated using the parameters provided in Extended Data Table 1.
Eight frozen phonons were generated to account for atomic thermal
vibrations during electron transmission at room temperature.
Theimages were generated in abTEM* using the multislice method
toaccount for multiple electron scattering through the sample thick-
ness*®*, The probe was calculated based on a convergence angle
defined by a simulated aperture and was focused at the centre of the
nanoparticle. A random focus shift of £3 nm was applied to emulate
operator-induced defocus variation during microscope alignment.
The initial exit wave was computed by modelling the interaction
between the incident electron probe and the first potential slice
using the phase-object approximation. The resulting exit wave from
each slice was used as the entrance wave for the next slice, and this
process was repeated throughout the entire simulation volume. For
eachfrozenphonon, the exit wave from the final slice was propagated
to the detector plane by Fourier transform. The signal at each scan
position was then calculated based on the specified detector geom-
etry to generate either ADF-STEM images or a ptychography dataset
(Extended Data Table 1). The ADF signal and diffraction pattern at
each scan position were averaged over eight frozen phonons. The
simulated ADF-STEM image was convolved with a 0.35 A Gaussian
kerneltoaccount for partial coherence. Abackground noise of 1e”per
pixel (corresponding to 26 e" A2and 8 e” A for pixel sizes of 0.195 A
and 0.347 A, respectively) was added, followed by Poisson noise to
simulate a finite electron dose.

RESIRE reconstruction

RESIRE is atomographic algorithm designed to achieve high-accuracy
3D reconstructions from a limited number of noisy 2D projections**.
Unlike Fourier-based methods**®, RESIRE operates entirely in real
space, incorporating the oversampling principle***® and using gradi-
ent descent toiteratively minimize the difference between measured
and calculated projections. It supports both Radon transform- and
Fourier slice theorem-based forward projections, includes real-space
constraints and features integrated angular refinement to correct tilt
inaccuracies by minimizing the R-factor. Although both implementa-
tions achieve comparable accuracy, the Radon-based version is com-
putationally more efficient, highly parallelizable and scalable to large
datasets, completing 100 iterationsin 36 s onthree NVIDIARTX A6000
GPUs. Benchmarking results show that RESIRE consistently outper-
forms conventional methods such as SIRT, filtered back-projection
and generalized Fourier iterative reconstruction, particularly in sce-
narios involving missing wedges and/or angular errors*¢, Extended
Data Table1lists the parameters used for RESIRE in this study. As the
RESIRE source code for the Fourier slice version was made available at
GitHub in ref. 25, the Radon-based version is provided alongside this
paper (see Data availability).

Three-dimensional atomic position determination and
elemental identification

Eachreconstruction volume was oversampled by a factor of 3 in the
x-,¥-,and z-directions, and local maxima were identified. Starting
from the highest-intensity peak, polynomial fitting®>*® was applied
to a7 x7x7voxel region surrounding each maximum to determine

its centre position—that is, the 3D coordinates of a potential atom.
Peaks within1 A of each other were merged based on intensity. Finally,
K-means clustering was used to exclude non-atomic sites and classify
atomic species among the identified positions®~".

Assessment of histogram similarity and elemental classification
Inref. 28, the authors reported that the histogram of traced atominten-
sitiesin their simulated dataset (Extended Data Fig. 5f) was similar tothe
experimental histogram reported inref. 25. However, our quantitative
analysis demonstrates that the apparent similarity arises from projec-
tion misalignment and intensity mis-normalizationintroducedin the
preprocessing of their reconstruction. First, the simulated CoPdPt
dataset contains only three elements, whereas the experimental sam-
pleincludes eight elements (Co, Ni, Ru, Rh, Pd, Ag, Ir and Pt) (ref. 25);
therefore, the simulated histogram should exhibit more distinct peaks
than the experimental one. Second, similar procedures were appliedin
ref. 28 to two compositionally distinct nanoparticles—an 8 nm amor-
phous SiGeSn and an 8 nm amorphous CoPdPt system. Although the
SiGeSn histogram (Extended Data Fig. 4g) shows well-resolved inten-
sity peaks for Si, Ge, and Sn, the CoPdPt histogram (Extended Data
Fig. 5f) is substantially blurred, despite Co, Pd and Pt having higher
atomic numbers and larger Z-contrast differences. This discrepancy
is not consistent with physically expected contrast behaviour. Third,
based on our extensive experience in AET over more than a decade of
development and application, histograms derived from simulated data
consistently show better peak separation than those obtained from
experimental datasets, owing to the inherent variability and complexity
of experimental conditions. The histogram similarity reportedin ref. 28
is therefore unlikely to represent genuine physical correspondence.

Fourth, after applying the centre-of-mass and common-line meth-
0ds***'to the same projections used in ref. 28, we identified substantial
projection misalignment and intensity mis-normalization (Extended
Data Fig. 5a,b). Following realignment and renormalization of the
projections (Extended Data Fig. 5¢), RESIRE reconstruction yielded
clearer separation of atomic speciesin the histogram and more accurate
identification of Co, Pd and Pt atoms (Extended Data Fig. 5g). Finally,
we analysed three simulated tomographic datasets provided inref. 28:
a208-atom amorphous Si, a13,982-atom amorphous SiGeSn and an
18,356-atom amorphous CoPdPt nanoparticle. We found no misalign-
mentin the projections of the amorphous Si dataset, ruling out poten-
tialissues in their projection simulation code. In contrast, the SiGeSn
dataset exhibited misalignment errors ranging from -0.45Ato 0.11 A
(Extended Data Fig. 4a) and the CoPdPt dataset showed substantially
larger misalignment errors ranging from -0.92 A t0 1.25 A (Extended
DataFig. 5a). Collectively, these results demonstrate that the claims
regarding histogram similarity and elemental classificationinref. 28 are
not supported by quantitative analysis, and instead arise primarily from
substantial projection misalignment and intensity mis-normalization
introduced during their simulated data processing.

Electron ptychographicreconstruction

Single-slice and multislice electron ptychographic reconstructions
were performed in MATLAB using the fold-slice package *>'. Single-slice
ptychography models the specimen as a phase-object described by a
single complex 2D transmission function. In contrast, multislice ptych-
ography adopts the inverse of the multislice simulation formalism,
reconstructing astack of complex-valued object slices along the beam
direction from the set of diffraction patterns for each tilt*>*¢2, Both
reconstruction modes employed the maximum likelihood method,
using the parameters listed in Extended Data Table 2. Step sizes for
boththe probe and the object updates were optimized to ensure con-
vergence while avoiding overfitting to noise. Unlike simulated ADF
images, whichremain aligned as long as the atomic modelis consistent
acrosstiltangles, the reconstructed phaseimages can exhibit relative
shifts between tilts. This misalignment arises from the simultaneous



updates of both the probe and object functions during reconstruction.
Asaresult, eveninsimulations, careful alignment of the phase images
across tiltanglesis required. Finally, to account for partial coherence,
the single-slice and multislice reconstructions were convolved with
a0.35 A Gaussian kernel, and the resulting projections were used as
input to the AET workflow described in Table 1.
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signal-to-noiseratio. ¢, Corresponding projection calculated fi the RESIRE
reconstruction. d-f, Same as (a—c) at adose of 1.6 x 10°e /A2 g-i,Sameas(a-c)
for the 19,993-atom nanoparticle atadose of 8.0 x 10° e /A% Scale bar, 2 nm.
j-1,Sameas (g-i) atadose of 1.6 x 10°e /A2

Extended DataFig.1|Projections of208-atomand 19,993-atom amorphous
Sinanoparticlesusing our AET workflow. a, Representative projection of the
208-atom Sinanoparticle atadose of 8.0 x10°e /A% Scale bar, 5 A. b, Denoised
and background-subtracted projection showing residual artifacts due to low
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updated SIRT under experimentally realistic conditions. Reconstructions
were performed using the same simulated noisy projections of theamorphous
CoPdPtnanoparticleatadoseof1.7 x10*e /A%asinFig.3.a, Angular refinement
using RESIRE with experimental tilt angles (containing errors) as theinitial input.
RESIRE successfully refined all three tilt angles (¢, 6, and ). b, Histogram of
traced atoms fromthe RESIRE reconstruction showingidentificationaccuracies

ted intensity (a.u.)

and 3D positional precisions: 94.8 % and 30 pm for Co, 98.9 % and 12 pmfor Pd,
and100 % and 7 pmfor Pt. ¢, RESIRE reconstruction without angular correction,
achieving 87.1% and 42 pmfor Co, 95.5%and 17 pm for Pd, and 99.7 % and 9 pm for
Pt.d, Updated SIRT reconstruction, achieving 85.8 % and 44 pm for Co, 95.7 %
and 19 pmforPd,and 99.7 % and 12 pm for Pt. The resultsin (c) and (d) were
obtained underidentical conditions except for the reconstruction algorithm
used.
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Extended DataFig.8|3D atomicstructure and medium-range order of
a7,704-atom amorphoussilicananoparticle reconstructed by pAET
(dose:1.6 x10* e /A?). a, Atom identification rates: 96.3% (Si), 85% (0), and
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Number of atoms

PAET. Corresponding 3D positional precisions:13 pm (Si), 22 pm (0),and 19 pm
(allatoms) for single-slice; 5 pm (Si), 8 pm (0), and 7 pm (all atoms) for multislice.
b, Heteroatomicring-size distributions from the ground truth, single-slice, and

88.8% (all atoms) for single-slice pAET; 100% (Si, O, and all atoms) for multislice multislice pAET.



Analysis

Extended Data Table 1| Parameters used in multislice simulations and RESIRE reconstructions

Atomic model | Si*® Si?8 SiGeSn?® CoPdPt» SiO:
— Si: 4,610 Co: 8,322 Si: 2.603
i: 2,
umber o 208 19,993 Ge: 4,709 Pd: 6,896
atoms 0: 5,101
Sn: 4,663 Pt: 3,138
Diameter (nm) | 2 9 8 9 6
Voltage (kV) 200 200 200 200 80
Convergence
semi-angle 17.5 17.5 17.5 25 30
(mrad)
Defocus from Random Random Random With and without
centre (i) - 13 » random defocus 18
(£3nm range) | (¥3nmrange) | (£3nm range) (+3 nm range)
(S;S“ stepsize | ) 195 0.347 0.347 0.347 0.5
Detector
collection angle | 38-190 38-190 38-190 38-190 0-60
(mrad)
i 0.065 0.065 0.065 0.065 0.08
sampling
Slice thickness
1 2 2 2 2
A)
# frozen 3 3 3 3 3
phonons
Sigma of
Gaussian
. 0.35 0.35 0.35 0.35 0.35
convolution
A)
Tilt range (°) -90 to +87 -90 to +87 -90 to +87 -69 to +75 -72 to +72
Number:of 60 60 60 55 49
projections
8.0x10° 8.0x103
/A2 1.6x10* 1.6x10°
Dose (¢7/A%) 1.6x10° 1.6x10* 1.7x10*
per projection 1.6x10° 1.6x10%
1.6x10° 1.6x10°
RESIRE RESIRE RESIRE RESIRE RESIRE
Algorithm (2%2x2 sub- (2x2x2 sub- (2x2x2 sub- | (2x2x2 sub- (2x2x2
voxels) voxels) voxels) voxels) sub-voxels)
Namber:of 200 200 2000 1000 1000

iterations




Extended Data Table 2 | Parameters used in single- and multislice ptychographic reconstructions with the foldslice package

Maximum likelihood

Maximum likelihood

Earameter (Single-slice) (Multislice)
Number of scan positions 208x208 208%208
Detector size (pixel) 152x152 152x152
Max collection angle (mrad) 60 60
Compute node GPU GPU _MS
Number of probe modes 1 1

Number of iterations 100 100

Noise model Amplitude likelihood Amplitude likelihood
beta_L.SQ 0.9 0.9

delta p 0.1 0.1

Layer regularization N/A 0.5
Number of slices N/A 5

Slice thickness (nm) N/A 2
Reconstruction size (pixel) 152x152 152x152
Reconstruction pixel size (A) | 0.345 0.345
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