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Three-dimensional imaging of individual 
carbon atoms
 

Na Yeon Kim    1,9, Hanfeng Zhong    1,2,9, Jianhua Zhang    3,9, Colum M. O’Leary1,9, 
Yuxuan Liao1, Ji Zou    4, Haozhi Sha    1, Minh Pham1, Weiyi Li1, Yakun Yuan    1, 
Ji-Hoon Park    5, Dennis S. Kim    6, Huaidong Jiang    3, Jing Kong    5, 
Miaofang Chi    7,8 & Jianwei Miao    1 

Ptychography is a computational microscopy method that unifies 
crystallography and microscopy by combining coherent diffraction with 
iterative phase retrieval. Although multislice electron ptychography 
achieves deep-sub-ångström lateral resolution, its depth resolution 
is typically at the nanometre scale. Ptychographic atomic electron 
tomography (pAET) has enabled three-dimensional (3D) atomic structure 
determination in nanomaterials, yet reliably resolving individual light 
atoms remains challenging. Here, using twisted bilayer graphene as a model 
moiré system, we demonstrate pAET for 3D localization of 6,648 carbon 
atoms with a precision of 0.12 Å. The resulting 3D atomic structure reveals 
stacking-dependent interlayer spacing and corrugation across the moiré 
supercell, as well as chiral lattice distortions with meron-like, anti-meron-like 
and anti-skyrmion-like textures. Density functional theory calculations based 
on the experimentally derived structure predict electronic band narrowing 
and a gap at the K point relative to a relaxed model. Multislice pAET 
simulations further support extending the method to diamond containing a 
nitrogen–vacancy centre and to amorphous carbon. These results establish 
pAET for 3D imaging of individual carbon atoms and open a route to linking 
3D atomic structure with the properties of light-element materials.

Determining the three-dimensional (3D) positions of individual 
atoms is essential for understanding how local structural distortions 
affect material properties. Scanning probe microscopy is primarily 
surface-sensitive1–3, whereas transmission electron microscopy4–8 
and scanning transmission electron microscopy9–11 generally provide 
two-dimensional (2D) projection images. Ptychography reconstructs 
quantitative phase images from coherent diffraction measurements 
while computationally accounting for probe aberrations12. Multislice 

ptychography extends this approach by modelling wave propaga-
tion through successive specimen slices, enabling depth-dependent 
structure to be recovered without a tilt series or through-focus acqui-
sition13. Its depth sensitivity is conceptually and mathematically con-
nected to ankylography14 through the encoding of 3D information 
on a curved Ewald sphere15. Multislice electron ptychography has 
revealed depth-dependent structures in both heavy- and light-element 
materials16–19, but its depth resolution remains at the nanometre scale 
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the projections. High-precision tomographic reconstruction required 
accurate tilt angle calibration, which was achieved using nanoparticles 
as fiducial markers in low-magnification annular dark-field images 
(Supplementary Fig. 5), acquired after each ptychography measure-
ment at every tilt angle. The calibrated angles were refined and com-
bined with silicon dopants to align the 13 ptychographic projections 
(Methods). To ensure consistency, the phase images were scaled to 
maintain a uniform mean phase value across all projections42.

After image preprocessing, the 13 ptychographic projections 
and their calibrated tilt angles were used to reconstruct the 3D atomic 
structure of TBG (Methods). The reconstruction was performed using 
the real-space iterative reconstruction (RESIRE) algorithm, and conver-
gence was quantitatively monitored by the R-factor43. To account for 
specimen height variations across each tilted view and the resulting 
depth-dependent probe response, we incorporated a 3D axial probe 
into the tomographic reconstruction algorithm (Methods). During 
each iteration, the 3D object was divided into multiple slices along the 
projection direction, with each slice assigned a defocus-dependent 
probe. Compared with the simplified parallel-beam approximation, 
this approach provides a more accurate physical model and improves 
depth resolution by compensating for defocus variations intro-
duced at different tilt angles (Fig. 1b). From the 3D reconstruction, we 
selected 863 carbon atoms and averaged their subvolumes to obtain 
a statistically representative 3D atomic profile. We then fitted the 
one-dimensional (1D) profile along each axis with a Gaussian plus a 
constant background and defined the effective resolution as the fit-
ted full width at half maximum above that background. The resulting 
resolutions were 0.90, 0.80 and 2.86 Å along x, y and z, respectively 
(Supplementary Fig. 6). The slightly better y-axis resolution arises 
from the graphene lattice orientation, as neighbouring atoms aligned 
primarily along x contribute more to broadening the x profile than the 
y profile (Fig. 1e,f). The lower z-axis resolution primarily arises from 
the missing-wedge effect.

By laterally averaging the reconstruction over x and y, we obtained 
a 1D intensity profile that revealed two distinct peaks corresponding to 
the top and bottom graphene layers (Fig. 1b, blue curve). This profile 
was used to define a 1D support constraint along the z axis, modelled 
as a pair of generalized Gaussian distributions and applied together 
with the axial probe during tomographic reconstruction. Varying the 
kernel size of the generalized Gaussian functions yielded consistent 
3D reconstructions (Fig. 1c,d). Quantitative analysis showed that, 
with the 1D z-support, the 3D resolutions were 0.89, 0.82 and 1.42 Å 
along x, y and z, respectively (Extended Data Fig. 2), representing a 
substantial enhancement along the z axis. Figure 1e,f shows the top and 
bottom layers of TBG, clearly separated following the incorporation 
of the axial probe and 1D z-support constraint into the tomographic 
reconstruction (Fig. 1g). This separation is further supported by the 
Fourier transforms of the two layers, which reveal a twist angle of 1.96°, 
indicating minimal crosstalk between them (Supplementary Fig. 7).

Resolving 3D atomic positions with 
picometre-level precision
To identify individual atoms with improved precision despite the lim-
ited number of tilt angles and the presence of a large missing wedge, 
we developed an iterative atom-tracing algorithm to extract 3D atomic 
coordinates from the tomographic reconstruction (Methods). Unlike 
previous non-iterative approaches24–26, our algorithm identifies atomic 
positions iteratively, with tracing errors converging after just a few 
iterations (Supplementary Fig. 8). The resulting 3D atomic coordinates 
were further refined using a gradient descent optimization. Each atom 
was represented by a 3D Gaussian function that accounts for finite 
spatial resolution, thermal motion and residual experimental broad-
ening. For each experimental projection, calculated projections were 
generated over a range of tilt angles centred on the calibrated values 
(Supplementary Fig. 5b). The 3D atomic coordinates, tilt angles and 

and depends on the probe convergence semi-angle and maximum 
recorded diffraction angle14,15,18. Tilt-coupled multislice electron ptych-
ography achieved approximately 0.9-nm depth resolution using four 
projections20. A single dataset acquired at a 15° specimen tilt, combined 
with structural constraints and coordinate refinement, also enabled 
mapping of 3D atomic coordinates in twisted bilayer WSe2 (ref. 21). 
Neither study, however, experimentally localized individual light atoms 
in three dimensions.

To determine 3D atomic structures without relying on crystallinity 
or averaging over identical structures, atomic electron tomography 
(AET) has emerged as a leading approach12,22,23. Annular dark-field AET 
has determined individual atomic coordinates with picometre-scale 
precision in materials containing relatively heavy elements24–26. Ptycho-
graphic AET (pAET), which combines ptychography with AET, was pro-
posed and validated through numerical simulations27 and subsequently 
demonstrated experimentally in oxide nanoparticles and complex 
nanostructures28,29. Extending this capability to individual atoms in 
light-element materials such as carbon presents a major experimental 
challenge. Carbon’s versatile bonding gives rise to diverse structures, 
including diamond, graphite, amorphous carbon, fullerenes, carbon 
nanotubes and graphene30–32. In these materials, corrugation, interlayer 
misalignment, strain, disorder and point defects can alter local bonding 
environments and structural order, strongly influencing mechanical, 
thermal, electronic and optical properties33–36.

Here, we demonstrate pAET for 3D imaging of individual carbon 
atoms in twisted bilayer graphene (TBG), achieving a 3D precision 
of 12 pm. Our workflow integrates data acquisition, ptychographic 
phase retrieval, projection alignment, tomographic reconstruc-
tion, iterative atom tracing, coordinate refinement and structural 
analysis (Extended Data Fig. 1). The resulting atomic model reveals 
stacking-dependent interlayer spacing and chiral lattice distortions, 
providing an experimental basis for investigating structure–property 
relationships in carbon-based materials.

pAET experiment of TBG
We chose TBG as a model system owing to its importance as a quantum 
material37 and the necessity to resolve 3D atomic positions for deeper 
insight into interlayer interactions within moiré patterns38. The TBG 
sample was prepared by stacking graphene monolayers at a small twist 
angle (Methods). A focused electron probe was used for single-atom 
fabrication, introducing individual silicon dopants at defect sites in 
TBG (Supplementary Fig. 1; Methods). The experiment was performed 
using a 70-keV electron beam, with the TBG sample tilted to 13 different 
angles using a double-tilt stage (Methods). To minimize vertical vibra-
tions of the freestanding TBG, regions near the edge of the support hole 
were selected. At each tilt angle, diffraction patterns were recorded 
by scanning the sample with a 70-keV focused electron probe in a 2D 
raster pattern (Fig. 1a and Extended Data Table 1). These diffraction 
patterns encode electron–sample interactions, providing input for 
computational phase retrieval algorithms that reconstruct the com-
plex functions of both the sample and the probe12. By capturing nearly 
all transmitted and diffracted electrons, ptychography enhances the 
signal-to-noise ratio and resolution, overcoming the limitations of 
conventional electron microscopy39.

Reconstruction was performed using the multimode extended 
ptychographic iterative engine40 (ePIE), incorporating four orthog-
onal probe modes to account for partial coherence and measure-
ment imperfections41 (Supplementary Fig. 2). To account for the 
tilt-induced defocus gradient across each projection, the probe was 
Fresnel-propagated to the local specimen height at each scan posi-
tion (Methods). The reconstructed phase images of TBG at 13 tilt 
angles, together with the corresponding annular dark-field images, 
are shown in Supplementary Figs. 3 and 4 and Supplementary Video 
1, where individual silicon dopants are visible and their projected 
positions appear consistent with the expected tilt geometry across 
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projection alignment were iteratively refined by minimizing the differ-
ence between the experimental and calculated projections (Methods). 
The aligned projections and refined tilt angles were then used for the 
final tomographic reconstruction with the axial probe and 1D z-support, 
followed by iterative atom tracing and coordinate refinement to obtain 
the final 3D atomic model.

To estimate the 3D precision of pAET, we generated 13 multislice 
ptychographic datasets from the experimental 3D atomic model 
using the refined tilt angles and the same data-acquisition param-
eters as in the experiment (Extended Data Table 1; Methods). Thermal 
vibrations were modelled with 64 frozen-phonon configurations, 
and Poisson noise was added at the experimental dose. The datasets 
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Fig. 1 | Experimental demonstration of pAET for resolving the 3D coordinates 
of individual carbon atoms in TBG. a, Schematic of the pAET workflow. A 
focused electron probe scans the sample, producing diffraction patterns that 
are reconstructed into phase projections. These projections serve as input for 
tomographic reconstruction, followed by atom tracing and position refinement. 
b, Reconstructed intensity averaged over the entire field of view as a function 
of z, with and without the 3D axial probe. The two peaks correspond to the top 
and bottom graphene layers, with clearer separation after incorporation of the 

axial probe. c, Application of a 1D support constraint along the z axis, modelled 
as a pair of generalized Gaussian distributions with different kernel sizes (yellow 
and green), iteratively applied to enhance structural precision. d, Comparison 
of atomic coordinates obtained using different z-support kernel sizes, yielding a 
3D RMSD of 5 pm. e,f, Cropped top (e) and bottom (f) graphene layers resolved 
after applying both the 3D axial probe kernel and the 1D support constraint. Red 
arrows indicate silicon dopants. g, Side view of both layers along the dashed lines 
indicated in (e) and (f), confirming effective layer separation. Scale bars, 2 Å.
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were reconstructed using multimode ePIE40,41. To reproduce residual 
broadening from partial coherence and other experimental effects, 
each reconstructed phase projection was convolved with a Gaussian 
kernel whose width was optimized against the corresponding experi-
mental projection. The 13 simulated projections were then processed 
through the same pAET workflow used for the experimental data, 
yielding a validation atomic model. Comparison with the input experi-
mental model yielded root-mean-square deviations (RMSDs) of 6, 5 
and 7 pm along x, y and z, respectively, and an overall 3D RMSD of 11 pm 
(Extended Data Fig. 3). An independent randomized ground-truth test 
gave corresponding RMSDs of 4, 5 and 8 pm and a consistent overall 
3D RMSD of 10 pm (Methods; Supplementary Fig. 9).

To further assess the 3D precision of pAET directly from the 
experimental data, we performed two independent analyses. First, 
we replaced the generalized Gaussian support with two transient 
square supports along the z axis, each 1.52 Å wide and centred on 
one graphene layer (Supplementary Fig. 10a), substantially broader 
than any plausible local out-of-plane variation. The supports were 
applied only during the first 50 of 200 iterations and then removed. 

The atomic coordinates were subsequently refined against the experi-
mental projections without any support constraint. The resulting 
model closely agreed with the generalized-Gaussian-support model, 
with an overall RMSD of 8 pm (Supplementary Fig. 10b). Second, we 
reconstructed the same 13 projections without either the 1D z-support 
or the axial probe. The two graphene layers remained resolved, allowing 
atoms in each layer to be traced independently and used to initialize a 
flat-bilayer model. The 3D coordinates were then refined against the 
experimental projections without either constraint, producing a 3D 
atomic model that matched the full pAET model, with an overall RMSD 
of 12 pm (Extended Data Fig. 4). These independent analyses support 
a 3D precision of 12 pm for the full pAET workflow. The consistency 
among the models reflects the final refinement of each coordinate set 
against the same experimental projections, which reduces sensitivity 
to the initial model.

Figure 2a–c shows the top and bottom graphene layers and the cor-
responding interlayer spacing of the experimental 3D atomic model, 
comprising 6,648 carbon atoms and three silicon dopants with one 
identified carbon vacancy. Yellow and blue regions represent upward 
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Fig. 2 | Three-dimensional atomic corrugations in TBG arising from stacking-
dependent interlayer interactions. a,b, Out-of-plane corrugations in the top (a) 
and bottom (b) graphene layers of the experimental 3D atomic model obtained 
using the full pAET workflow. c, Spatial variation of the interlayer spacing, 
revealing stacking-dependent corrugation across AA, AB and BA regions. To 
improve displacement-field precision at the expense of resolution, atomic 
positions were convolved with a 3D Gaussian kernel with standard deviations 
of 1.26 Å in x and y (half the in-plane lattice constant) and 1.71 Å in z (half the 

mean interlayer spacing). d, Histogram of sp2 C–C bond lengths, with a mean of 
1.44 ± 0.02 Å. e, Histogram of the interlayer spacing, with a mean of 3.43 ± 0.03 Å. 
f, Interlayer spacing distributions in AA and AB/BA stacking regions, with mean 
values of 3.45 ± 0.02 Å and 3.41 ± 0.03 Å, respectively. Values are reported as 
mean ± s.d.; because the interlayer spacing is averaged over many atom pairs, 
the uncertainty in the mean value is substantially smaller than the positional 
uncertainty of individual atoms.
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and downward atomic corrugations, respectively, while black lines indi-
cate sp2 C–C bonds. The bond length was determined to be 1.44 ± 0.02 Å 
(mean ± s.d.; Fig. 2d), closely matching the value of 1.43 Å in the density 
functional theory (DFT)-relaxed model (Supplementary Fig. 11). The 
experimental 3D atomic model also reveals the local environments of 
the three Si dopants and one carbon vacancy (Fig. 3). Two Si dopants, 
one in each graphene layer, show small local distortions (Fig. 3a–d), 
whereas the third dopant in the bottom layer is associated with pro-
nounced distortion of the surrounding lattice (Fig. 3e,f). The carbon 
vacancy, also located in the bottom layer, shows small local distortion 
(Fig. 3g,h). The contrasting Si environments reveal site-dependent 
variations in the local lattice geometry, demonstrating the ability of 
pAET to characterize individual defects and their surrounding 3D 
atomic structures in TBG.

At the moiré scale, the experimentally determined 3D coordinates 
enable quantitative analysis of interlayer spacing across different local 
stacking configurations. The interlayer distance in the experimental 
model is 3.43 ± 0.03 Å, consistent with the DFT-relaxed model value of 
3.41 ± 0.04 Å (Fig. 2e and Supplementary Fig. 11e). However, a closer 
comparison reveals stacking-dependent differences. The experimental 
interlayer spacings are 3.45 ± 0.02 Å in AA regions and 3.41 ± 0.03 Å in 
AB/BA regions (Fig. 2f), compared with 3.49 ± 0.01 Å and 3.37 ± 0.01 Å, 
respectively, in the DFT-relaxed model (Supplementary Fig. 11f). The 
experimental distributions are broader for each stacking configuration, 

with a smaller separation between the AA and AB/BA mean spacings. 
Structural heterogeneity is also evident between the AA regions. Both 
layers curve upward in AA1, whereas AA2 exhibits a pronounced bulging 
deformation (Fig. 2a–c). Such sample-specific corrugations can induce 
charge redistribution, break local rotational symmetry and modify the 
electronic structure of TBG8,44.

Quantifying 3D chiral lattice distortions in TBG
Using the experimental 3D atomic model, we quantitatively ana-
lysed 3D displacement vectors in TBG, which represents a substan-
tial advancement over previous experimental efforts limited to 2D 
characterization45,46. To enhance the statistical precision of the dis-
placement vector field, the atomic positions were convolved with a 3D 
Gaussian kernel whose standard deviations corresponded to the in-plane 
lattice constant and the mean interlayer spacing along the z axis. This 
smoothing suppresses high-frequency noise and local fluctuations, 
enabling more robust extraction of long-wavelength structural distor-
tions. To investigate the displacement field driven by van der Waals 
interactions, we compared the experimental 3D atomic model with an 
unrelaxed TBG model composed of two flat graphene layers (Methods). 
This comparison enabled extraction of 3D displacement vectors for both 
the top and bottom layers (Fig. 4a,b). The displacement vectors show 
strong in-plane vorticity around the AA stacking regions, accompanied 
by out-of-plane components along the z axis, which exhibit chiral lattice 
distortions resembling magnetic merons and skyrmions47.

We quantified these chiral textures by calculating their skyrmion 
numbers (Methods). The experimental TBG model contains two 
meron-like, three anti-meron-like and one anti-skyrmion-like struc-
tural texture. Figure 4c,d illustrates the 3D displacement vector fields 
of meron-like and anti-meron-like structural textures, both featuring 
elliptical geometries with skyrmion numbers of −0.42 and 0.46, respec-
tively. Additional meron-like and anti-meron-like structural textures 
are shown in Extended Data Fig. 5. The displacement vectors are ori-
ented along the z axis near the core, with their polar angles gradually 
increasing outwards, tilting predominantly into the xy plane at the 
boundary. The experimentally observed vector fields deviate from 
those in the DFT-relaxed TBG model, which display perfectly symmetric 
meron-like and anti-meron-like structural textures with skyrmion num-
bers of −0.5 and +0.5, respectively (Supplementary Fig. 12a,b). Figure 4e 
shows the 3D displacement vector field of an anti-skyrmion-like struc-
tural texture, characterized by an elliptical geometry and a skyrmion 
number of 0.97. This configuration features an anti-meron-like core 
(Fig. 4d), with some boundary vectors tilting their polar angles close 
to 180°. Compared with its counterpart in the DFT-relaxed model 
(Supplementary Fig. 12c), the experimental anti-skyrmion-like struc-
tural texture exhibits deviations in geometry, skyrmion number and 
3D displacement-field configuration.

To assess the robustness of the chiral lattice distortions observed 
in TBG, we repeated the analysis after halving the Gaussian kernel 
standard deviations along the x, y and z axes. Although the smaller 
kernel increases local fluctuations, the main features of the 3D displace-
ment vector field and the associated chiral lattice distortions remained 
unchanged (Fig. 4 and Extended Data Fig. 6). The same six chiral tex-
tures, two meron-like, three anti-meron-like and one anti-skyrmion-like, 
were identified using both kernel sizes. We further assessed reproduc-
ibility through a split-half analysis of the raw experimental data. At each 
of the 13 tilts, the ptychographic scan positions were divided into two 
interleaved half-datasets and independently processed through the 
complete pAET workflow. The resulting displacement fields showed 
minor local differences but preserved the same overall chiral distor-
tions (Extended Data Fig. 7). Consistent displacement fields were also 
recovered from an experimental 3D atomic model obtained without 
the 1D z-support or axial-probe constraint (Supplementary Fig. 13). 
These tests show that the observed textures are robust to kernel size, 
data splitting and reconstruction constraints.
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Fig. 3 | Local 3D structures of three Si dopants and one carbon vacancy in 
TBG. a–d, Two Si dopants in the top (a and b) and bottom (c and d) graphene 
layers, each showing small local distortion. e,f, Third Si dopant in the bottom 
layer, exhibiting pronounced local lattice distortion. g,h, Carbon vacancy in 
the bottom layer, showing small local distortion. a, c, e and g show the atomic 
coordinates, while b, d, f and h show the corresponding coordinates overlaid with 
a colour map representing the local z-coordinate deviation. Si atoms are shown 
in orange.
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DFT analysis and pAET simulations of carbon 
materials
Building on this structural analysis, we investigated how chiral lattice 
distortions affect the electronic properties of TBG by incorporating 
experimentally determined 3D atomic coordinates into DFT calcula-
tions. Although DFT has been widely used to predict TBG’s electronic 
properties48, it typically relies on idealized lattice models with manu-
ally introduced defects, which are then relaxed to their ground-state 
configurations. By incorporating experimentally measured atomic 
coordinates, our approach captures the sample-specific structural 
complexity of real TBG and enables direct evaluation of its electronic 
structure. Because DFT calculations using the unsmoothed 3,268-atom 
experimental model did not converge reliably, we smoothed the atomic 
coordinates with a 3D Gaussian kernel with standard deviations of 1.26 Å 
along x and y and 1.71 Å along z, adjusting only atoms near the super-
cell boundary to maintain periodic continuity (Methods). This proce-
dure suppressed high-frequency positional noise while preserving the 
moiré-scale structure. Figure 5a shows a moiré supercell containing 
3,267 carbon atoms and a silicon dopant, including two anti-meron-like 
structural textures. Compared with the DFT-relaxed model, the experi-
mental 3D atomic coordinates exhibit larger out-of-plane variations 
along the z axis (Fig. 5b,c).

Figure 5d compares the electronic band structures calculated from 
the experimentally derived and DFT-relaxed models. In the relaxed 
model (green), the valence and conduction bands meet at the K point 
near the Fermi level, forming a gapless Dirac cone consistent with semi-
metallic behaviour, analogous to monolayer graphene49. By contrast, 
the experimentally derived model (blue) exhibits a 22-meV gap between 
these bands at K. Replacing the single Si atom with carbon produced 
essentially unchanged low-energy bands and K-point gap, showing that 
these features persist without the Si dopant (Supplementary Fig. 14). At 
room temperature, the thermal energy (~26 meV) is comparable to the 
calculated 22 meV gap at K, suggesting appreciable thermal excitation 
across this energy scale. Upon cooling, thermal excitation near K is 
expected to decrease, potentially leading to more insulating behaviour 
if the Fermi level lies within a global band gap. In addition, relative to 
the DFT-relaxed model, the experimentally derived structure raises the 
valence-band energy and lowers the conduction-band energy at the Γ 
point, resulting in a bandwidth reduction of up to 13.5%. This narrowing 
is consistent with stronger interlayer electronic coupling associated 
with the sample-specific corrugation and stacking distortions.

To examine whether pAET can be extended to thicker and struc-
turally disordered carbon materials, we performed two multislice 
simulations under realistic noise and electron dose conditions (Meth-
ods). First, we simulated a 15-nm diamond nanocrystal containing a 
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Fig. 4 | Quantification of 3D displacement vectors and chiral lattice 
distortions in experimental TBG. a,b, Three-dimensional displacement vector 
fields in the top (a) and bottom (b) graphene layers. Vector colour represents 
the polar angle measured from the +z axis. c,d, Localized 3D vector fields of 
meron-like (c) and anti-meron-like (d) structural textures. Near the core, vectors 
align with the z axis and gradually tilt into the xy plane towards the boundaries, 
characteristic of chiral lattice distortions. e, The 3D vector field of an anti-
skyrmion-like structural texture incorporating the anti-meron-like core from 

d. Several boundary vectors approach polar angles near 180°, indicating more 
complex out-of-plane deformation. To improve displacement-field precision 
at the expense of spatial resolution, atomic positions were convolved with a 3D 
Gaussian kernel with standard deviations of 2.51 Å in x and y (the in-plane lattice 
constant) and 3.43 Å in z (the mean interlayer spacing). Displacement vectors 
are plotted on the same spatial scale as the atomic structure, with their lengths 
enlarged 25-fold for visualization. Scale bars, 5 Å (b) and 2 Å (e), corresponding to 
actual displacement magnitudes of 20 pm and 8 pm, respectively.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-026-02316-9

nitrogen–vacancy (NV) centre using 57 tilt angles from −70° to 70°, 
reflecting the larger number of projections required for thicker speci-
mens at a given target resolution. Because the crystal thickness was 
about three times the probe depth of focus, single-slice pAET could 
not resolve individual atoms in the final 3D reconstruction. Multislice 
pAET performed substantially better, resolving the individual carbon 
atoms and the vacancy at the NV centre, while incorporation of the 
depth-dependent probe response improved the 3D localization preci-
sion from 9 pm to 7 pm (Extended Data Fig. 8). Second, we simulated a 
5-nm amorphous carbon nanoparticle containing 7,514 atoms using 37 
ptychographic projections. Multislice pAET identified 99% of the atoms 
and recovered the 3D coordinates with an overall RMSD of 11 pm. The 
reconstructed model also reproduced the medium-range-order ring 
structures of the ground-truth model (Extended Data Fig. 9). These 
results demonstrate the broader potential of pAET for high-precision 
3D atomic structure determination in both crystalline materials con-
taining defects and disordered materials.

Conclusion
We demonstrate that pAET achieves picometre-precision deter-
mination of the 3D coordinates of individual carbon atoms in TBG, 
revealing interlayer spacing variations governed by local stacking. 
Quantitative analysis of the 3D displacement vector field reveals 
van der Waals-driven chiral lattice distortions, including meron-like, 
anti-meron-like and anti-skyrmion-like structural textures. Incorporat-
ing the experimentally determined 3D atomic coordinates into DFT 
calculations predicts an asymmetric electronic band structure with 
a 22-meV gap at K, in contrast to the gapless Dirac cone predicted by 
the DFT-relaxed model. Beyond TBG, multislice pAET simulations 

further support the broader applicability of the method, including 
resolving an NV centre embedded deep within a 15-nm diamond crys-
tal and determining the 3D atomic structure of a 5-nm amorphous 
carbon nanoparticle. Continued methodological advances could 
enable pAET to achieve sub-ångström 3D imaging across a wide range 
of low-Z materials, including van der Waals heterostructures38, quan-
tum emitters35, superconductors1,19, charge-density-wave systems50, 
ferroelectrics51, catalysts52 and amorphous carbon32, thereby providing 
atomic-scale insight into structure–function relationships in complex 
and beam-sensitive materials.
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maries, source data, extended data, supplementary information, 
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butions and competing interests; and statements of data and code avail-
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Methods
TBG synthesis
Monolayer graphene was synthesized via chemical vapour deposition53 
on a 25-µm-thick Cu foil (Alfa Aesar, 99.8%, #13382). The chemical 
vapour deposition-grown graphene was spin-coated with poly(methyl 
methacrylate) (PMMA), followed by selective etching of the Cu foil 
using ferric chloride solution (CE-100, Transene). The graphene/PMMA 
layer was rinsed multiple times in deionized water to remove Cu etch-
ant residues and transferred onto a transmission electron microscopy 
sample grid (Quantifoil 200 mesh Au R 1.2/1.3). After air drying, the 
grid was heated to 90 °C to improve adhesion between the graphene/
PMMA layer and the grid. The PMMA layer was then removed by soaking 
in a 60 °C acetone bath, and the graphene/grid was rinsed in isopropyl 
alcohol. To eliminate volatile organics, the grid was annealed under Ar/
H2 gas (300 sccm/100 sccm) at 350 °C for 3 h. A second graphene layer 
was transferred onto the grid using the same procedure, resulting in 
TBG. To minimize electron-beam-induced amorphous carbon contami-
nation during data collection, UVO treatment (Zone-TEM, Hitachi) was 
applied to both sides of the sample grid for 5 min. Finally, the sample 
and holder stage were annealed in vacuum (10−3 Pa, 160 °C) for 18 h to 
remove volatile compounds before data acquisition.

Electron beam manipulation of individual dopant atoms
To incorporate individual silicon dopants into TBG lattices, a 100-keV 
converged electron beam was raster-scanned over regions of TBG 
enriched with dopant sources (Supplementary Fig. 1). The incident 
electrons, exceeding the carbon knock-on threshold energy54, created 
atomic vacancies in the TBG lattice. Subsequently, the electron beam 
was precisely applied in line-profile scanning to transfer source atoms 
from impurity-rich areas to these defect sites. The Si dopants were 
incorporated into substitutional sites in the graphene lattice.

Ptychography data acquisition
Electron ptychography data were collected on a Nion UltraSTEM 100 
scanning transmission electron microscope equipped with an optically 
coupled Hamamatsu Orca CMOS detector (2,048 × 2,048 pixels) and a 
double-tilt side-entry holder. The holder provided two orthogonal tilt 
axes, each with a nominal range of ±22°. The detector was windowed 
to 48 × 48 pixels with a dwell time of 1.5 ms per probe position. An 
accelerating voltage of 70 kV was used to minimize knock-on damage 
to carbon, and a convergence semi-angle of 32 mrad was selected 
to achieve atomic resolution with high contrast. To optimize the 
imaging conditions, we performed preliminary tests and found that 
a focused probe yielded slightly better reconstruction quality for 
our specific set-up. A probe current of 60 pA and a scan step size of 
0.65 Å were used, yielding 230 × 230 diffraction patterns over the 
TBG region of interest. The electron dose per tilt was 1.3 × 106 e⁻ Å−2, 
giving a total dose of 1.69 × 107 e⁻ Å−2, which is below the threshold for 
defect formation in graphene55. Data acquisition was repeated at 13 
tilt angles using the double-tilt holder, with the specific angles listed 
in Supplementary Fig. 5b. To mitigate beam effects during acquisi-
tion, we introduced ~1-h intervals between tilts to allow thermal and 
mechanical relaxation and to reduce holder hysteresis. Beam blanking 
was applied between scans, and dwell times were minimized to limit 
radiolysis and contamination.

Ptychographic reconstruction and image preprocessing
Each TBG projection was reconstructed using a customized multimode 
ePIE algorithm40. Diffraction patterns were zero-padded to 192 × 192 
pixels, yielding a real-space pixel size of 0.095 Å. This step was used 
solely to refine the computational sampling grid and reduce discretiza-
tion error. To account for partial coherence, four orthogonal probe 
modes were used in the reconstruction41,56 (Supplementary Fig. 2). 
Robustness was evaluated by repeating the reconstructions with two, 
four and six modes, with and without a detector response model; 

results with four or more modes were highly consistent and insensitive 
to the detector model. Both single- and multislice ptychographic recon-
structions produced very similar results because the local beam path 
through the bilayer remained much smaller than the ~4.3-nm probe 
depth of focus at all tilt angles. To compensate for the lateral defocus 
gradient across each tilted projection, the probe at every scan position 
was assigned the defocus predicted by the specimen geometry and 
Fresnel-propagated along the optical axis. Supplementary Fig. 3 shows 
the 13 ptychographic phase images across the tilt series. Phase images 
were aligned using the centre-of-mass method57, with Si substitutional 
dopants providing supplementary positional references.

Angle calibration
The nominal angles were measured using the Nion double-tilt holder 
during data acquisition but required calibration to account for stage 
hysteresis. To calibrate the angles, we utilized low-magnification annu-
lar dark-field images featuring multiple metal nanoparticles. The x 
and y coordinates of each nanoparticle were determined through 2D 
Gaussian fitting. The tilt angles of the 13 projections were calibrated 
using the least-squares method, minimizing the error function E,

E = ∑
i
∑
j
{[Px (ri,ψj,θj) − x j

i ]
2
+ [Py (ri,ψj,θj) − y j

i ]
2
} , (1)

where Px  and Py are the functions projecting the 3D coordinates of 
nanoparticles onto the x and y coordinates, respectively. ri denotes the 
3D coordinates of the ith nanoparticle, while ψj and θj are the tilt angles 
for the jth projection. The measured x and y coordinates for the ith 
particle in the jth projection are given by x j

i  and y j
i . Using equation (1), 

we jointly determined the 3D coordinates of all nanoparticles within 
the field of view and the projection orientations across the complete 
tilt series, yielding the calibrated tilt angles and tilt axes shown in 
Supplementary Fig. 5. The least-squares optimization converged to 
consistent solutions from different initial guesses.

Tomographic reconstruction incorporating a 3D axial  
probe kernel
The pre-processed dataset was used as input to an enhanced version 
of the RESIRE algorithm43. This algorithm minimizes the least-squares 
difference between the measured ptychographic projections and 
projections calculated from the 3D object. To account for the probe’s 
depth dependence, we incorporated a depth-dependent axial probe 
kernel into the loss function for each calibrated projection 
orientation, ω = (ϕ,θ,ψ),

εω (O) =
1
2 ∑x,y

||||
∑
z
K (z) ∗Oω {x, y, z} − bω {x, y}

||||

2

(2)

where * denotes the convolution operator, Oω {x, y, z} is the 3D object 
O {x, y, z} rotated to the orientation ω, K (z) is the axial probe kernel cor-
responding to depth z, and bω is the measured projection at the cali-
brated orientation shown in Supplementary Fig. 5. The axial probe 
kernel was defined from the experimental probe parameters (electron 
voltage and convergence semi-angle) and positioned relative to the 
sample according to the measured defocus. Because the projection 
operators in equation (2) are linear, we solved the minimization prob-
lem using gradient descent. Quantitative simulations demonstrated 
that this kernel produced reconstructions of higher fidelity than those 
obtained with either the parallel-beam assumption or a more complex 
probe function extracted from ptychographic reconstructions. In the 
tomographic reconstruction of our experimental data, the number of 
slices varied with the tilt angle: higher tilt angles required more slices, 
while lower tilt angles required fewer. For the 13 projections, we used 
between 5 and 15 slices, with each slice having a thickness of 80 pixels 
(7.6 Å). Reconstructions performed with different slice thicknesses 
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yielded consistent atomic coordinates, confirming that the results are 
robust to the choice of slice sampling.

For the 13 experimental projections, we performed three iterative 
RESIRE reconstruction cycles. The first cycle consisted of 80 itera-
tions and produced a preliminary 3D volume. We then averaged this 
volume laterally over the x and y directions to obtain a 1D intensity 
profile along z, which showed two peaks corresponding to the two 
graphene layers (Fig. 1b). The peak positions defined the centres of 
two generalized Gaussian functions, while the peak widths guided their 
respective widths. These functions formed the 1D z-support used in the 
subsequent reconstruction cycles. We tested different Gaussian kernel 
widths to evaluate the robustness of the reconstruction (Fig. 1c,d). Next, 
RESIRE was run for 200 iterations, incorporating the 3D axial probe 
and the 1D support, to generate an enhanced 3D reconstruction. The 
axial-probe model used here is distinct from the position-dependent 
defocus correction applied during ptychographic reconstruction. 
The defocus correction accounts for the gradual change in specimen 
height across each tilted 2D scan, whereas the axial probe models how 
the convergent electron beam changes with depth within the 3D speci-
men. Spatial alignment and angular refinement were then conducted by 
aligning the experimental projections with the calculated projections 
(Supplementary Fig. 5). Finally, a third RESIRE cycle consisting of 200 
iterations, incorporating both the axial probe and the 1D support, was 
performed to obtain the refined 3D reconstruction. The reconstruction 
assumes a single static structure that best fits all 13 projections. An 
additional Si-associated vacancy-like feature was visible only in projec-
tions 5–9 and was therefore not classified as a persistent vacancy in the 
final model. Resolving such transient structural changes would require 
time-resolved 3D atomic reconstruction. For each tilt, we calculated the 
R-factor between the experimental projection and the corresponding 
projection from the 3D reconstruction. The 13 values are 11.9%, 9.3%, 
12.5%, 13.5%, 11.0%, 12.7%, 10.1%, 9.9%, 12.2%, 11.1%, 14.4%, 10.1% and 
9.7%, with a mean of 11.4%.

Iterative atom tracing from the final tomographic 
reconstruction
To address the limited number of projections and the presence of a 
large missing wedge, we developed an iterative atom-tracing method to 
identify the 3D atomic coordinates from the final tomographic recon-
struction. Supplementary Fig. 8a shows a diagram of the method, which 
began tracing atoms from the final reconstruction using the polynomial 
method24,26,58, while enforcing a minimum nearest-neighbour distance 
of 1.35 Å. After examining all the local maxima, a set of 3D coordinates 
for the initial atoms was obtained, from which an average initial atom 
with dimensions of 2.19 × 2.19 × 2.19 Å3 was calculated. At each traced 
position, the average initial atom was subtracted from the final recon-
struction, and the polynomial method was then applied to the residual 
volume to identify additional atoms and generate an average residual 
atom. This average residual atom, along with the traced residual atom 
positions, was used for the next iteration. At each iteration, an R1 factor 
was calculated, defined as the difference between the calculated and 
experimental projections24. The calculated projections were derived 
from a 3D structure in which all traced atom positions were filled with 
an average atom. Compared to previous non-iterative atom-tracing 
approaches24–26, the current method refines atom positions by iterat-
ing between initial and residual atoms. Supplementary Fig. 8b shows 
the decrease in the R1 factor as the iteration number increases, with the 
process terminating after ten iterations. Because not all atoms were 
initially identified, the intermediate reconstruction was corrected by 
subtracting an average atomic density at the traced atom positions 
from the tenth iteration, followed by additional tracing using the poly-
nomial method. The iterative automated tracing algorithm successfully 
identified approximately 93% of the atoms. The remaining atoms were 
located through manual inspection followed by quantitative fitting. 
Specifically, manual inspection was used only to identify visible local 

maxima that were missed by the automated peak-search algorithm 
because of local intensity variations, peak overlap or background 
fluctuations. A 3D Gaussian function was then fitted to each identified 
local maximum to determine the centroids of the remaining ~7% of 
atoms using the same procedure applied to the automatically traced 
atoms. In total, 6,648 carbon atoms and 3 silicon atoms were identified.

Refining the 3D atomic coordinates
The traced 3D atomic coordinates were refined by minimizing the 
error between the calculated and experimental images using gradient 
descent. Specifically, each atom was modelled as a 3D Gaussian func-
tion to generate a 3D atomic model24,

O′ {x, y, z} = ∑
i
Hi exp (−

|x − xi|
2 + |y − yi|

2 + |z − zi|
2

B′i
) (3)

where xi, yi and zi represent the coordinates of the ith atom, Hi is the 
scaling factor, and B′i  describes the effective atomic-profile width, 
including finite spatial resolution, thermal motion and residual experi-
mental broadening. The fitted 3D atomic model was then linearly 
projected to generate images using the experimental tilt angles. To 
improve precision, positional and angular refinement was performed 
using the 3D atomic model. For each experimental projection, a series 
of calculated projections was generated from the model over a range 
of tilt angles centred on the experimentally calibrated values. The tilt 
angles were then refined by maximizing the cross-correlation between 
the calculated and experimental projections. This process was itera-
tively repeated until no further improvement was detected, yielding a 
refined set of atomic positions and optimized tilt angles for the experi-
mental projections. The final R1 factor of the atom refinement process 
is 12%. To eliminate edge effects, atoms located at the boundary of the 
atomic model were excluded from the position refinement.

3D precision estimation
Multislice ptychographic datasets for precision estimation were simu-
lated in abTEM59 from the experimental 3D atomic model using the 
refined tilt angles and parameters listed in Extended Data Table 1. 
Thermal motion was represented by 64 frozen-phonon configurations, 
and Poisson noise corresponding to the experimental dose was added. 
Each tilt dataset was reconstructed using multimode ePIE40,41, and the 
resulting phase projection was convolved with an optimized Gaussian 
kernel to reproduce the experimental broadening. The simulated pro-
jections were then processed using the same RESIRE reconstruction, 
atom-tracing and coordinate-refinement workflow as the experimental 
data. The resulting precision estimates are reported in the main text 
and Extended Data Fig. 3.

To obtain a more rigorous precision estimate, we independently 
displaced each atom in the DFT-relaxed TBG model by a random 
amount between −10 and +10 pm along each of the x, y and z axes. We 
then generated multislice ptychographic datasets using the same tilt 
geometry and imaging parameters as in the experiment, including 32 
frozen-phonon configurations to model thermal vibrations and Pois-
son noise at the experimental dose. The simulated data were processed 
through the same pAET workflow used for the experimental data, 
including ptychographic reconstruction, tomographic reconstruction 
with a z-support constraint, iterative atom tracing and position refine-
ment. Comparison of the reconstructed and known ground-truth coor-
dinates yielded RMSDs of 4, 5 and 8 pm along x, y and z, respectively, 
and an overall 3D RMSD of 10 pm (Supplementary Fig. 9).

To complement the simulation-based precision estimates, we also 
evaluated coordinate reproducibility directly from the experimental 
data using two independent reconstructions with altered reconstruc-
tion constraints, as described in the main text. Replacing the general-
ized Gaussian z-support with transient square supports yielded a 3D 
RMSD of 8 pm, while reconstruction and refinement without either 
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the 1D z-support or axial probe yielded a 3D RMSD of 12 pm relative to 
the full pAET model (Extended Data Fig. 4 and Supplementary Fig. 10).

Determination of 3D atomic displacement vectors
To calculate atomic displacement vectors in TBG, we first created an 
unrelaxed TBG model consisting of two flat graphene layers with an 
interlayer distance of 3.43 Å, consistent with the mean interlayer distance 
observed in the experiment. The atomic displacement vectors were then 
determined by calculating the differences in atomic positions between 
the experimental model and the rigid model. To enhance the statisti-
cal precision of the displacement vector field, the atomic positions 
were convolved with 3D Gaussian kernels. This smoothing suppresses 
high-frequency noise and local fluctuations, enabling more robust 
extraction of long-wavelength structural distortions. Two kernel sizes 
were applied: one with standard deviations equal to half the lattice con-
stant in the xy plane (σx = σy = 1.26 Å) and half the mean interlayer distance 
along z (σz = 1.71 Å), and another with standard deviations equal to the full 
lattice constant in the xy plane and the full interlayer distance along z.

Figure 4 shows the 3D displacement vectors and chiral lattice 
distortions in the experimental TBG structure after convolution with 
the larger Gaussian kernel. For comparison, Extended Data Fig. 6 shows 
the same analysis using the smaller kernel. Although convolution with 
the larger kernel reduces local fluctuations and produces a smoother 
displacement field, the key features of the 3D displacement vectors and 
chiral lattice distortions remain consistent between the two analyses. 
To test the robustness of the observed displacement fields, we per-
formed multislice simulations of a flat-bilayer graphene model with 
a 1.96° twist angle and an interlayer spacing of 3.43 Å. The simulated 
diffraction patterns were processed using the same pAET pipeline 
(Extended Data Fig. 1) applied to the experimental data, yielding a 
reconstructed atomic model. After convolving this model with both 
Gaussian kernels, no spurious structural textures were observed, con-
firming that the observed chiral distortions in the experimental data 
are intrinsic and not artifacts of the analysis procedure.

Calculation of the skyrmion number
To compute the skyrmion number, we normalized the displacement 
vectors, triangulated the TBG lattices and calculated the solid angle 
(Ω) of each triangular surface subtended by three normalized vectors 
(n1, n2 and n3). The solid angle is given by60,61

tanΩ
2 = n1 ⋅ (n2×n3)

1 + n1⋅n2 + n1⋅n3 + n2⋅n3
. (4)

The skyrmion number was calculated by summing the solid angles 
over all consistently oriented triangles within the selected region and 
dividing by 4π,

Ns =
1
4π ∑

all triangles
Ω (5)

DFT calculations of relaxed and experimental 3D atomic 
models of a moiré supercell
A moiré supercell of TBG was constructed using the following approach. 
Let ai for i = 1, 2 represent the lattice vectors that define the primitive 
cell of the top layer in the TBG. The lattice vectors of the bottom layer 
are given by bi = R (θ)ai, where R (θ) is the rotation matrix and θ is the 
twist angle. The lattice vectors of the moiré supercell are defined as, 
L1 = ma1 + na2 and L2 = −R ( π

3
)L1, where m and n are integers. The twist 

angle θ and the lattice constant L of the moiré supercell can be 
expressed in terms of the integers m and n,

cosθ = m2 + n2 + 4mn
2 (m2 + n2 +mn)

, L = |L1| = |L2| =
a|m − n|
2 sin ( θ

2
)
, (6)

where a = |a1| = |a2| is the lattice constant of the primitive cell62. When 
L equals the moiré pattern period Lm = a

2 sin( θ
2
)
, the condition n −m = 1 

holds. A twist angle θ = 2.005° corresponds to the pair (n, m) = (17, 16). 
Under this condition, the superlattice constant L = 7.01 nm, which is 
consistent with the measured moiré pattern period of approximately 
7 nm. After determining the values of n and m, the TBG moiré supercell 
can be constructed, comprising 3,268 atoms. The supercell dimension 
along the z axis was set to 12 Å, which is sufficient for convergence 
according to prior benchmarks63.

The constructed TBG moiré supercell was structurally relaxed using 
the Vienna Ab initio Simulation Package64. The rev-vdW-DF2 exchange–
correlation functional was used to describe nonlocal van der Waals 
interactions65, following its previous application to the structural relaxa-
tion and corrugation of TBG63. A plane-wave kinetic-energy cutoff of 
420 eV was used. The electronic self-consistency criterion was set to 
1.0 × 10−4 eV, and ionic relaxation was continued until the magnitude of 
the residual force on every atom was below 1.0 × 10−2 eV Å−1. This force 
threshold served solely as the numerical convergence criterion for struc-
tural relaxation and was not interpreted as an atomic-position uncer-
tainty. Brillouin-zone integrations were performed using a Γ-centred 
2 × 2 × 1 k-point mesh. A calculation using a 1 × 1 × 1 mesh yielded a similar 
charge density, providing a consistency check on the electron-density 
distribution. The electronic band structure was calculated along the 
high-symmetry path Γ–M–K–Γ, using five k-points along each segment.

To derive the electronic band structure from the experimental 
data, we constructed a moiré supercell using the experimentally 
measured 3D atomic coordinates of TBG, comprising 3,267 carbon 
atoms and one silicon atom. Because band-structure calculations 
require periodic boundary conditions, only atoms near the supercell 
boundary were matched to the corresponding relaxed coordinates to 
ensure periodic continuity, while the Gaussian-smoothed experimental 
coordinates were retained throughout the interior. Because the experi-
mental structure was not relaxed, we evaluated the residual forces on 
the Gaussian-smoothed, boundary-conditioned coordinates. The 
root-mean-square force components were 0.96, 0.89 and 0.04 eV Å−1 
along x, y and z, respectively, while the corresponding mean compo-
nents were close to zero, indicating no net directional force. Using a gra-
phene C–C bond-stretching force constant of 7.174 mdyn Å−1 (ref. 66), 
equivalent to approximately 44.8 eV Å−2, an in-plane force of approxi-
mately 0.9 eV Å−1 corresponds, as an order-of-magnitude estimate, 
to a bond-length change of approximately 0.02 Å. The much smaller 
z-direction root-mean-square force and its near-zero mean indicate no 
net out-of-plane force bias. The band structure of the experimental TBG 
was then calculated along the high-symmetry path Γ–M-K–Γ within the 
first Brillouin zone, using the same potential and exchange–correlation 
functional as in the relaxed model.

Comparison of the full-supercell DFT calculations for the relaxed 
and experimentally determined 3D atomic models indicates that the 
measured sample-specific geometry, including corrugation, stack-
ing registry and local strain, modifies the electronic structure of TBG 
(Fig. 5). Because both models were evaluated using the same com-
putational framework, the relative changes in band asymmetry and 
bandwidth are more informative than the absolute gap value. The calcu-
lated 22-meV gap should therefore be interpreted as a sample-specific 
result for the Gaussian-smoothed, boundary-conditioned experi-
mental structure. Its magnitude may depend on the exchange–cor-
relation functional and on the omission of quasiparticle and other 
many-body corrections.

Multislice pAET simulations of a diamond nanocrystal 
containing an NV centre
A 3D atomic model of a diamond nanocrystal was constructed with 
12 × 12 × 43 unit cells. To create an NV centre, one carbon atom was 
removed from the central unit cell, and a neighbouring carbon site was 
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replaced with a substitutional nitrogen atom. The atomic coordinates 
of the 3 × 3 × 3 unit cells surrounding the NV centre were relaxed using 
Vienna Ab initio Simulation Package64, using the local-density approxima-
tion and the projector-augmented-wave method67,68. The 3D atomic coor-
dinates were used as input to abTEM59 to generate ptychographic datasets 
with the following parameters: accelerating voltage of 70 kV, convergence 
semi-angle of 32 mrad, collection angle of 70 mrad, 84 × 84 pixels per 
diffraction pattern, and a scan step size of 0.4 Å (Extended Data Table 1). 
To account for thermal diffuse scattering observed in experiments, dif-
fraction patterns were simulated using 16 frozen phonons for the pro-
jected potential. Poisson noise was added to the diffraction patterns to 
simulate an electron dose of 1.0 × 104 e⁻ Å−2 per projection. Due to the 
15-nm thickness of the diamond nanocrystal, a large angular tilt range 
was required to achieve an accurate tomographic reconstruction. A total 
of 57 tilt angles, ranging from −70° to 70° in 2.5° increments, were used 
to simulate ptychographic data along a single tilt axis.

Single- and multislice ptychographic reconstructions were 
performed using a maximum likelihood algorithm implemented 
in fold-slice, a MATLAB package adapted from Ptychoshelves69–71. 
Unlike ePIE40, fold-slice includes a regularization term on the object 
function that suppresses unphysical phase fluctuations along the 
depth, thereby enhancing the stability of multislice ptychographic 
reconstructions17,18,70,71. This algorithm improves noise tolerance and 
enhances reconstruction accuracy, particularly in datasets with lim-
ited redundancy. Diffraction patterns were padded from 84×84 to 
128×128 pixels prior to reconstruction to achieve a real-space pixel 
size of 0.213 Å. Each reconstruction was performed with 200 itera-
tions using a single probe mode. The optimization step sizes for both 
the object and probes were set to 0.1. In the multislice ptychographic 
reconstruction, the object function was divided into 20 slices, each 
1 nm thick, with a regularization factor of 0.5.

Using two sets of 57 projections obtained through single- and mul-
tislice ptychography, we conducted tomographic reconstructions with 
and without incorporating the axial probe. Extended Data Fig. 8a–d 
illustrates the 3D atomic structure around the NV centre, reconstructed 
using single-slice ptychography without and with probe incorporation. 
Due to the diamond nanocrystal’s thickness being approximately three 
times the depth of focus of the electron probe, pAET reconstructions 
based on single-slice ptychography were unable to resolve individual 
atoms. However, multislice ptychography notably improves the pAET 
results. Extended Data Fig. 8e,f shows the 3D atomic structure of the NV 
centre in the xy and xz planes, reconstructed by multislice pAET without 
probe incorporation. These results appear less well defined than the 
reconstruction with probe incorporation (Extended Data Fig. 8g,h), 
where carbon atoms and the vacancy are more distinctly resolved 
(Extended Data Fig. 8i). Quantitatively, multislice pAET with probe 
incorporation yields the highest localization precision, with an RMSD 
of 7 pm, which is 2 pm better than that obtained without probe integra-
tion (Extended Data Fig. 8j). Despite this high precision, distinguishing 
nitrogen atoms from carbon atoms in diamond using pAET remains 
challenging, as it requires a higher electron dose owing to the minimal 
difference in atomic number (ΔZ = 1).

Multislice pAET simulations of an amorphous carbon 
nanoparticle
A 3D atomic model of an amorphous carbon nanoparticle, 5 nm in 
diameter and containing 7,514 carbon atoms, was constructed. The 
structure was generated in LAMMPS using the Tersoff potential via 
a melt-quenching process72, with a quenching rate of 0.3 K ps−1 to 
ensure high-quality amorphous configurations. The resulting 3D 
atomic coordinates were used as input for multislice ptychographic 
simulations performed with abTEM59. Simulation parameters included 
a 70 kV accelerating voltage, a probe with 13 nm underfocus, a con-
vergence semi-angle of 32 mrad, a collection angle of 65 mrad, 
128 × 128 pixels per diffraction pattern, and a scan step size of 0.65 Å 

(Extended Data Table 1). Eight frozen phonons were used to account for 
thermal diffuse scattering. Poisson noise was added to the simulated 
diffraction patterns to represent an electron dose of 1.5 × 104 e⁻ Å−2 per 
projection. Given the beam sensitivity of amorphous carbon, a wide 
angular range with relatively large tilt increments was used to balance 
reconstruction quality and radiation damage. Specifically, 37 tilt angles 
were simulated along a single axis, spanning from −72° to +72° in 4° 
steps, to generate the ptychographic dataset.

Multislice ptychographic reconstructions were carried out using a 
maximum likelihood algorithm implemented in fold-slice69,70. A repre-
sentative reconstructed projection is shown in Extended Data Fig. 9a. 
The reconstruction framework includes a depth-resolution constraint 
governed by the combined effects of the probe’s semi-convergence 
angle and the detector’s maximum collection angle14,15,18,71. The 
real-space pixel size was 0.34 Å. Each reconstruction used a single 
probe mode and ran for 200 iterations, with step sizes of 0.02 applied to 
both the object and probe updates. The object volume was discretized 
into 10 slices of 1 nm thickness, and a regularization factor of 0.5 was 
applied during reconstruction.

After multislice ptychographic reconstruction at each angle, 
we applied tomographic reconstruction, atom tracing and position 
refinement, yielding a 3D atomic model of the amorphous nanoparti-
cle (Extended Data Fig. 9b,c). Simulation and reconstruction param-
eters are summarized in Extended Data Table 1. Comparison with the 
ground-truth model yielded RMSDs of 4, 5, 9 and 11 pm along the x, y and 
z axes, and overall, respectively, with 99% of atoms correctly identified 
(Extended Data Fig. 9d–g). The medium-range order rings identified 
in the refined atomic model closely match those in the ground-truth 
structure (Extended Data Fig. 9h,i), validating the method’s reliabil-
ity in disordered systems. These results demonstrate that the pAET 
workflow developed in this study can achieve high-precision 3D atomic 
structure determination of amorphous carbon at experimentally 
relevant conditions.

Data availability
All experimental and simulated data supporting this paper are pub-
licly available via GitHub at https://github.com/pAET-TBG/Supple-
mentary-Data-Codes and via Zenodo at https://doi.org/10.5281/
zenodo.17420338 (ref. 73).

Code availability
All source code supporting this Article, including code for ptych-
ographic and tomographic reconstruction, atom tracing, position 
refinement and data analysis, is publicly available via GitHub at https://
github.com/pAET-TBG/Supplementary-Data-Codes and via Zenodo at 
https://doi.org/10.5281/zenodo.17420338 (ref. 73).
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Extended Data Fig. 1 | Flowchart of the pAET pipeline. The workflow begins 
with data acquisition, followed by ptychographic reconstruction of the 
diffraction patterns to recover phase images. These phase projections are aligned 
through angular calibration and projection alignment. An initial tomographic 
reconstruction with an axial probe kernel retrieves 3D structural information, 
followed by another reconstruction with an axial probe and 1D z-support to 

enhance depth resolution. Iterative atom tracing identifies individual atomic 
positions, while atomic position and angular refinements further improve 
accuracy and consistency across tilts. The refined parameters are used for the 
final tomographic reconstruction with the axial probe and 1D z-support, followed 
by iterative atom tracing and refinement, yielding the final 3D atomic model.
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Extended Data Fig. 2 | Quantification of 3D spatial resolution with a 1D 
z-support constraint. a–c, Orthogonal xy, xz, and yz slices through the 3D 
atomic profile obtained by averaging subvolumes centred on 863 reconstructed 
carbon atoms. d–f, Corresponding 1D intensity profiles along x, y, and z through 

the centre of the averaged profile. Solid curves show the intensity profiles, and 
dotted curves show fits to a 1D Gaussian plus a constant background. The FWHMs 
of the fitted Gaussian peaks, measured relative to the fitted background, are 0.89, 
0.82, and 1.42 Å along x, y, and z, respectively.
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Extended Data Fig. 3 | Precision assessment of pAET using multislice simulations of the experimental 3D atomic model. a–d, Atomic-coordinate deviations 
between the input and reconstructed models along x, y, and z and in 3D, yielding RMSDs of 6, 5, 7, and 11 pm, respectively.
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Extended Data Fig. 4 | Comparison of 3D atomic models obtained with and without reconstruction constraints. Histogram of 3D atomic-coordinate deviations 
between the model reconstructed and refined without either the 1D z-support or the axial-probe model and the model obtained using the full pAET workflow, yielding 
an overall RMSD of 12 pm.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-026-02316-9

Extended Data Fig. 5 | Experimental 3D displacement vectors in TBG revealed 
by pAET. a–c, 3D vector fields of two anti-meron-like structural textures (a, c), 
with skyrmion numbers Ns = 0.35 and 0.45, respectively, and one meron-like 
structural texture (b), with Ns = −0.42. Vector colour represents the polar angle 
measured from the +z axis. To improve the precision of the displacement vector 

field at the expense of spatial resolution, atomic positions were convolved using 
a 3D Gaussian kernel with standard deviations equal to the in-plane lattice 
constant along x and y and the mean interlayer spacing along z. Displacement-
vector lengths are enlarged 25-fold for visualization. Scale bar, 2 Å.
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Extended Data Fig. 6 | 3D displacement vectors and chiral lattice distortions 
in experimental TBG. a, b, 3D displacement vectors in the top and bottom 
layers, with vector colour indicating the polar angle measured from the +z axis. 
c, d, Localized vector fields corresponding to a meron-like structural texture 
(c) and an anti-meron-like structural texture (d). e, 3D vector field of an anti-

skyrmion-like structural texture. To improve displacement field precision at the 
expense of resolution, atomic positions were convolved using a 3D Gaussian 
kernel with standard deviations equal to half the in-plane lattice constant along x 
and y and half the mean interlayer spacing along z. Displacement-vector lengths 
are enlarged 25-fold for visualization. Scale bars, 5 Å in (b) and 2 Å in (e).
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Extended Data Fig. 7 | Experimental 3D displacement vectors in TBG 
from split-half reconstructions. a, b, 3D displacement vector fields of 
the top and bottom graphene layers obtained from one split-half dataset. 
c, d, Corresponding 3D displacement vector fields of the top and bottom 
graphene layers obtained from the other split-half dataset. To improve 
displacement-field precision at the expense of spatial resolution, atomic 

positions were convolved using a 3D Gaussian kernel with standard deviations 
equal to the in-plane lattice constant along x and y and the mean interlayer 
spacing along z. Vector colour represents the polar angle measured from the 
+z axis. Displacement-vector lengths are enlarged 25-fold for visualization. 
Scale bar, 5 Å.
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Extended Data Fig. 8 | pAET simulations of an NV colour centre in diamond. 
 a-h, 3D atomic structure of the NV centre in the xy (a, c, e, g) and xz (b, d, 
f, h) planes. Reconstructions were performed using pAET with single-slice 
ptychography without (a, b) and with probe incorporation (c, d), as well as 
multislice ptychography without (e, f) and with probe incorporation (g, h). 
Scale bar, 2 Å. i, Line scans along the x, y, and z directions around the NV centre, 

obtained using multislice pAET with probe incorporation, demonstrating 
high resolution. j, Histogram of deviations in 3D atomic positions. The 3D 
RMSDs obtained by multislice pAET with (blue) and without (orange) probe 
incorporation are 7 pm and 9 pm, respectively. Atom tracing from the single-
slice reconstructions was unsuccessful, demonstrating the need for multislice 
ptychography for this specimen thickness.
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Extended Data Fig. 9 | 3D atomic-resolution pAET simulation of amorphous 
carbon. a, Ptychographic projection at 0°, reconstructed from electron 
diffraction patterns with a dose of 1.5×104 e⁻ Å−2. b, c, Internal slices (1.3 Å thick) 
from the 3D reconstruction in the xy (b) and xz (c) planes, where the z axis 
corresponds to the missing wedge direction. Scale bar, 5 Å. d-g, Histograms of 
atomic-coordinate deviations between the reconstructed and ground-truth 

models along the x, y, and z axes and in 3D, yielding RMSDs of 4, 5, 9, and 11 pm, 
respectively. Overall, 99% of the atoms were correctly identified. h, Medium-
range order motifs consisting of N-membered rings (N = 6-12) in the ground-truth 
atomic model. i, Corresponding ring structures in the reconstructed model, with 
arrows indicating two representative unidentified atoms within the displayed 
ring motifs.
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Extended Data Table 1 | Parameters for pAET data collection, reconstruction, and statistics

Experimental and simulated parameters for TBG, an NV centre in diamond and an amorphous carbon nanoparticle. Exp, experiment; Sim, simulation; ePIE, extended ptychographic iterative 
engine; RESIRE, real-space iterative reconstruction; N/A, not applicable.
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