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Lorentz electron ptychography for  
imaging magnetic textures beyond the 
diffraction limit
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Nanoscale spin textures, especially magnetic skyrmions, have attracted 
intense interest as candidate high-density and power-efficient information 
carriers for spintronic devices1,2. Facilitating a deeper understanding of 
sub-hundred-nanometre to atomic-scale spin textures requires more 
advanced magnetic imaging techniques3–5. Here we demonstrate a 
Lorentz electron ptychography method that can enable high-resolution, 
high-sensitivity magnetic field imaging for widely available electron 
microscopes. The resolution of Lorentz electron ptychography is not limited 
by the usual diffraction limit of lens optics, but instead is determined by the 
maximum scattering angle at which a statistically meaningful dose can still be 
recorded—this can be an improvement of up to 2–6 times depending on the 
allowable dose. Using FeGe as the model system, we realize a more accurate 
magnetic field measurement of skyrmions with an improved spatial resolution 
and sensitivity by also correcting the probe-damping effect from the imaging 
optics via Lorentz electron ptychography. This allows us to directly resolve 
subtle internal structures of magnetic skyrmions near the skyrmion cores, 
boundaries and dislocations in an FeGe single crystal. Our study establishes 
a quantitative, high-resolution magnetic microscopy technique that can 
reveal nanoscale spin textures, especially magnetization discontinuities and 
topological defects in nanomagnets6. The technique’s high-dose efficiency 
should also make it well suited for the exploration of magnetic textures in 
electron radiation-sensitive materials such as organic or molecular magnets7.

Magnetic skyrmions are non-collinear, swirling or hedgehog-like spin 
solitons with an integer topological index8. Since their discovery9, 
magnetic skyrmions have been observed by either neutron diffraction9 
or real-space imaging techniques3–5. Real-space imaging techniques 

with a high spatial resolution play crucial roles in the studies of skyr-
mions, especially when disorder3 or deformation10 of skyrmions occur. 
Commonly used magnetic imaging methods such as magnetic force 
microscopy (MFM) or X-ray microscopy have resolution limits of about 
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such as DPC, we employ an iterative phase-retrieval approach by LEP and 
reach a spatial resolution beyond the probe-size limit.

The imaging mode of 4D-LSTEM can be qualitatively understood 
from classical electromagnetism: fast electrons are deflected by the 
lateral magnetic induction field B(x, y) in the sample via the Lorentz 
force. The deflection angle βL is linearly proportional to the field19, that 
is, βL = e−Btλ/h, where e− is the charge of an electron, t is the sample thick-
ness, λ is the wavelength of electrons and h is the Planck constant. From 
the 4D datasets, the expectation value for the deflection angle can be 
determined from the measured diffraction patterns by calculating the 
centre of mass (CoM) in the x–y plane of the detector, providing what 
is, in effect, a more accurate analogue of DPC. One example is shown 
in Extended Data Fig. 1b,c. Meanwhile, the 4D datasets also contain 
crystalline structure information of the samples, such as the crystalline 
morphologies obtainable by synthetically forming scanning transmis-
sion electron microscopy images such as annular dark-field images 
(Extended Data Fig. 1a). This can be especially useful in polycrystalline 
samples for disentangling the crystal structure contribution from the 
magnetic fields20. The sample thickness (Extended Data Fig. 1d), which 
is important for quantifying the magnetic field, can also be determined 
from the diffraction patterns (Methods).

In a more quantitative quantum-mechanical treatment, the com-
plex wavefunction of the electron probe travelling along the optic 
axis (z axis) through a sample with a projected magnetic vector poten-
tial Az(x, y) acquires a phase shift φm(x, y) via the Aharonov–Bohm 
effect21, as discussed in the literature in the context of LTEM14 and 
electron holography5,19. This phase shift can be retrieved either via 
a transport-of-intensity equation approach using focal-series LTEM 
images or from the shift in interference fringes in electron hologra-
phy. The in-plane B(x, y) field can then be directly calculated from a 
first-order gradient of the phase5. In general, the electrostatic potential 
φe(x, y) of the sample also contributes to the total phase shift and must 
be accounted for (Methods).

Here we demonstrate that the phase shift can also be obtained 
from 4D electron diffraction measurements via a computational 
phase-retrieval method, namely, LEP. This approach is well suited for 
correcting the aberration-induced image distortions from the optics 
and achieves an enhanced SNR, improved resolution and higher accu-
racy for quantitative magnetic field measurement. Figure 1b shows the 
phase shift experimentally reconstructed via LEP showing a skyrmion 
lattice state in a single crystal of FeGe at 94 K after cooling from 240 K in 
an external magnetic field of μ0H = 130 mT. Figure 1c shows the lateral 

10–20 nm (refs. 4,11,12). Scanning tunnelling microscopy techniques can 
provide a sub-nanometre resolution13, but they are more surface sensi-
tive and incapable of revealing the full internal structure of magnetic 
skyrmions. Higher-resolution methods based on Lorentz electron 
microscopy, such as Lorentz transmission electron microscopy (LTEM) 
or electron holography can, in principle, reach resolutions below 10 nm 
and provide sensitivity to bulk-like structures up to a depth of almost 
a micrometre5. However, these electron microscopy methods have 
limitations, either in resolution due to delocalization effects from 
the defocused illumination in LTEM14 or in sensitivity from the limited 
electron doses that can be applied due to the coherent source require-
ments for electron holography15.

As an alternative, differential phase-contrast (DPC) imaging 
directly measures the local magnetic field using focused-probe illu-
mination in the Lorentz scanning transmission electron microscopy 
(LSTEM) geometry. However, the resolution is limited by the probe 
size and the signal-to-noise ratio (SNR) determined by the saturation 
dose rate of the detector. Probe sizes of a few nanometres down to the 
sub-nanometre scale16 have been recently demonstrated, limited by 
the aberrations of the lens optics in magnetic-field-free conditions 
that are usually required for magnetic imaging. However, achieving 
both high resolution and high SNR with DPC requires the use of a tiny, 
non-distorted probe and a high-dynamic-range detector capable of 
acquiring high-dose illumination, which is an extremely challenging 
combination.

Figure 1a shows a schematic of the experimental setup for acquir-
ing the four-dimensional LSTEM (4D-LSTEM) datasets used in Lorentz 
electron ptychography (LEP). The four-dimensional (4D) datasets are 
formed by acquiring the full diffraction pattern at each probe position as 
a focused probe is scanned with a few nanometres in diameter across the 
sample utilizing a high-dynamic-range electron microscope pixel array 
detector (EMPAD)17. Different from conventional 4D scanning transmis-
sion electron microscopy18, a major challenge for 4D-LSTEM is that the 
main image-forming lens (objective lens) of the microscope is used to 
set the external magnetic field at the sample; therefore, beam focusing 
is accomplished using a more distant lens. This allows imaging with con-
trol over the external field condition at the sample, including the option 
of a magnetic-field-free condition that may be necessary to preserve 
the intrinsic magnetic structures. The much longer focal length of the 
substitute lens results in larger aberrations and can limit the probe size 
to a few nanometres, thus lowering the spatial resolution of 4D-LSTEM. 
Instead of using a standard probe deflection method for image recovery 
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Fig. 1 | Workflow for LEP. a, The 4D-LSTEM setup. The deflection angle  
βL caused by the lateral magnetic induction field (B) in the sample via the 
Lorentz force is measured by a 2D pixel array detector, such as an EMPAD.  
b, Measured magnetic phase shift of a skyrmion lattice in FeGe reconstructed 
from LEP using a 4D-LSTEM dataset. Out-of-plane component of B goes 
inwards (labelled as a circle with a cross). c, Lateral magnetic field map 
calculated via the first-order gradient of the phase recorded in b. The colour 

shows the direction, and the brightness shows the magnitude, as given by the 
colour wheel in the lower left inset in c. d, Magnetic-field vector map from 
the enlarged region marked by a white box in c. The arrows represent the 
magnetic field vectors with the length representing the lateral magnetic field 
magnitude. The false colour shows only the magnetization direction. The 
dataset was acquired at a temperature of 94 K with an external magnetic field 
of 130 mT pointing into the page. Scale bars, 50 nm.
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vector field B(x, y) of the skyrmion lattice directly obtained from the 
gradient of the phase shown in Fig. 1b. FeGe is a good model system as 
the skyrmion lattices in FeGe single crystals have been imaged using 
different electron microscopy methods, such as LTEM22, electron holog-
raphy23 or DPC imaging24, but the internal spin structure was barely 
resolved due to the limited SNR, even though detailed simulations 
of this internal structure have been made23. To show the details of the 
field distribution, the boxed region in Fig. 1c is enlarged in Fig. 1d, with 
the field vectors displayed as arrows. The counterclockwise swirling 
magnetic structure of the Bloch-type skyrmions can be directly seen.

More importantly, the internal structures of the skyrmion lattice 
are easily identified from the field direction map shown in Fig. 2a, 
including singular points like the vortex cores and sharp boundaries 
between skyrmions. Several singular points are highlighted in Fig. 2c–e. 
Figure 2e directly shows the counterclockwise swirling approaching 
the inner core of skyrmions. The shared corner of three neighbouring 
skyrmions shows a reversed vortex, that is, clockwise (Fig. 2c). Addi-
tionally, the lateral spin structure at the midpoint of the boundaries 
between two skyrmions has an anti-vortex-like texture (Fig. 2d). It is 
expected that at singular points, the direction of the lateral component 
of magnetization in the x–y plane abruptly changes and the magnitude 
approaches zero25. Therefore, a high SNR together with a small meas-
urement uncertainty is needed for imaging the magnetization near 
the singular points, and it is these details that have not been revealed 
by previous experimental measurements23,24. The high precision of 
our LEP results can be illustrated from vector field images (Fig. 2c–e), 
as the magnetic vector direction at one pixel away from the singular 
points, ~1.2 nm, is still well defined, even though the magnitude of the 
lateral field is smaller than 20 mT. The discontinuities in the lateral 
magnetization vector field can be more clearly seen in the line profiles 
across the singular points (Extended Data Fig. 2). Interestingly, along 
a boundary between skyrmions, there are two local maxima in the 
magnitude of the magnetic field along the skyrmion boundary (marked 
by arrows in Extended Data Fig. 2e, inset). These are formed due to the 

two-dimensional (2D) anti-vortex structure (Fig. 2d), which has been 
discussed in the context of simulations24 and electron holography23.

It is not surprising that the projected lateral field contains 2D 
singularity points at the vortex cores and skrymion boundaries, even 
though skyrmions are smooth topological objects in three-dimensional 
space that do not have singularities, that is, no vanishing of the 3D 
magnetization along points, lines or planes8. This was noted in previous 
simulations23,24. We can reproduce the 2D singularity points such as the 
reversed vortex and anti-vortex at the corners and boundaries of the 
skyrmion lattices via micromagnetic simulations (Extended Data Fig. 
3). These projected 2D singularity points share a common topology 
with 2D spin systems25. In 2D, the winding number of vortex cores and 
reversed vortex cores at the corners is +1, whereas the anti-vortexes 
have a winding number of −1 (ref. 25). The total winding number of a 
single 2D skyrmion in a lattice is 0, which is required for a 2D vector 
field according to the Poincaré–Hopf theorem26.

LEP is also very effective at delineating changes in the internal spin 
structure to accommodate an edge dislocation in the skyrmion lattice 
(Fig. 3a). As skyrmions are quasiparticles, the edge dislocation shows 
a pentagon–heptagon membrane structure similar to crystalline edge 
dislocations. Sharp polygons and their boundaries can be more easily 
identified in the magnetization direction (Fig. 3b). Because skyrmions 
are also topologically protected and have very high flexibility, they can 
undergo substantial deformations. We observe that skyrmions near the 
dislocation core are notably distorted. The anisotropic factor for the 
heptagon is as large as ~22%, and the area of the heptagon is ~2.5 times 
that of the pentagon. However, the topology of magnetization winding 
at the dislocation core of the skyrmions is still conserved, the same as 
in perfect regions of the skyrmion lattice.

The improved precision and resolution of the LEP technique ena-
bles us to directly image spin structures near the singular points of 
skyrmion lattices with accurate measurements of the size and posi-
tion of each skyrmions. A qualitative sense of the improved resolu-
tion for LEP can be seen from the sharp boundaries of the skyrmions 

a b

d

d

c

c e

e

0

0.1

0.2

0.3

0.4

M
agnetic field (T

)

Fig. 2 | Measured lateral magnetic induction field of a skyrmion lattice 
in FeGe. a,b, Direction (a) and magnitude (b) of the lateral magnetic field 
obtained by LEP. Scale bar, 50 nm. c–e. Magnetic field near a skyrmion corner (c), 
boundary (d) and core (e) from the positions marked in a, showing the in-plane 
singularities. Scale bar, 2 nm. A schematic showing the lateral magnetization 

around the anti-vortex point is overlaid in d. The black arrows in c–e show the 
magnetic vectors with length representing the lateral magnitude. The out-of-
plane component of the magnetic field is outwards near the skyrmion cores and 
inwards near the boundaries, labelled as a circle with a cross in c and a circle with 
a dot in e, respectively.
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(Figs. 2a and 3b and the enhancement in the peak field compared with 
that from the CoM (Extended Data Fig. 4)). However, determining the 
spatial resolution is not straightforward, because the feature size of 
the magnetic textures is much larger than the probe size and thus any 
expected resolution estimate. As with conventional ptychography, the 
resolution is dependent on the illuminating dose27. Figure 4a shows 
the dose-dependent resolution estimated from simulations by using 
a model structure with peaks of varying distances to ensure a wide 
range of Fourier coefficients (Extended Data Fig. 5 and Methods). 
Sub-nanometre resolution is achievable at doses higher than 100 e– Å–2 
and probe size of 5.2 nm, both of which are similar to that used for our 
experiments. Therefore, it has the potential to be 2–6 times better in 
resolution than the diffraction limit of the probe-forming aperture.

The phase precision for LEP estimated from the local fluctuation 
in terms of standard deviation (σ) is determined to be 2 ± 1 mrad or 
2π/3,142 rad for the experimental data shown in Fig. 2 (Methods). This 
measurement uncertainty is extracted from a 60-nm-thick sample 
region, rather than the best-case free-space scenario. Therefore, it 
should be considered as a conservative upper limit, because the intrin-
sic fluctuation of the field in the sample, such as from surface rough-
ness, also contributes to this variation. In contrast, the best reported 
phase precision from electron holography is typically 2π/1,500 rad, 
measured in vacuum (where fringe contrast is the highest) after an 
extensive image integration28, and typical recent results are around 
2π/1,150 rad (ref. 29). Therefore, the precision achieved by LEP is at least 
a factor of two to three beyond what has been demonstrated by electron 
holography. We note that this improvement is similar to the reported 
3.75 times improvement in DPC in the high-dose limit compared with 

electron holography on the same sample region29. At lower doses,  
we would expect an improvement of a factor of two for LEP over DPC 
(Fig. 4c). The corresponding precision for magnetic field measure-
ments is provided in the Methods section.

LEP allows for highly accurate magnetic field measurements since the 
effects of distortion and damping of the probe beam can be corrected. In 
contrast, what CoM or DPC measures is the field convolved with the inci-
dent probe function that inevitably introduces damping and distortion. 
As shown in Fig. 4b, from simulations using a model phase distribution 
(Extended Data Fig. 6a), LEP can measure the field magnitude (for exam-
ple, maximum) very accurately when the illuminating dose is higher than 
500 e− Å−2, whereas the field maximum from CoM, in comparison, is more 
than 10% reduced due to the probe convolution effect. The probe-damping 
effect can be reduced by a deconvolution procedure30 in cases where 
the probe shape is known, but this is not always possible, especially for 
sub-nanometre and atomic-resolution imaging conditions. The improve-
ment becomes increasingly substantial for increasingly sub-nanometre 
resolution. Further, the precision of field measurements using LEP is two 
times better than CoM for the same illumination dose (Fig. 4c).

Another advantage of the LEP technique is its high-dose efficiency. 
As shown in Extended Data Fig. 6c–f, LEP with a dose as low as 1–10 e− Å−2 
still shows clear sub-ten-nanometre features in the phase and field 
images. Such low doses are tolerable even for many electron-beam 
radiation-sensitive organic molecules31. Therefore, LEP is well suited 
to study the spin textures in a wide range of organic or molecular mag-
nets7, which have potential applications in next-generation spintronic 
devices7 but remain largely unexplored due to the lack of suitable 
real-space imaging tools.
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Fig. 3 | Skyrmion-lattice edge dislocation in FeGe. a, Lateral magnetization 
direction in a skyrmion lattice containing an edge dislocation. b,c, Zoomed-in 
lateral magnetization direction (b) and magnitude (c) near the dislocation 
core. The white dashed lines in b outline the 5–7 pairs near the dislocation core. 

The images were recorded at a temperature of 94 K and an external magnetic 
field: μ0H = 130 mT for a; μ0H = 160 mT for b and c. The lateral magnetic field in 
a is directly determined from the CoM of diffraction patterns and b and c are 
determined from ptychography. Scale bars, 100 nm.
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Fig. 4 | Quantification of field measurements from LEP. a, Resolution of 
field measurements from the diffraction-limited, direct iCoM analysis and 
ptychography as a function of illumination dose. b,c, Field maximum and field 
precision for direct CoM and ptychography. The simulations in a used a model 

field distribution with peak features of varying distances (Extended Data Fig. 5d) 
to capture a wide frequency range, and b and c used the model field distribution 
shown in Extended Data Fig. 6a, intended to match the skyrmion lattice in  
the experiments.
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The limiting factors for the precision improvement of LEP include 
the degree of probe coherence especially for large beam current 
conditions and the surface roughness of the specimen. The surface 
roughness of the sample introduces fluctuations due to electrostatic 
potential contributions. It can be removed by subtracting uniform 
magnetic states (for example, above the Curie temperature or magnetic 
saturation state) or reversed magnetic states from the same sample 
region, which has been similarly adapted in electron holography5. A 
high-coherence probe is also preferred for electron ptychography, 
because for a fixed maximum allowable dose, the SNR decreases 
with coherence. However, compared with electron holography, an 
advantage of the LEP technique is that the redundancy in information 
channels makes it possible to account for inevitable partial coher-
ence of illumination using mixed-state ptychography algorithms32. 
Nevertheless, using a brighter and more coherent source, such as a 
cold field-emission gun, can further improve the measurement pre-
cision. Additionally, LEP can retrieve the mixed quantum states and 
three-dimensional magnetic structure information of the sample if 
more advanced algorithms are implemented32,33.

In summary, we have demonstrated that the phase induced by the 
magnetic flux from skyrmions can be reconstructed from LEP. Utilizing 
this high-resolution and high-precision magnetic imaging technique, 
we directly revealed the details of the 2D magnetization singularities 
in a skyrmion lattice in FeGe with a nanometre-scale resolution. We 
quantitatively measured the saturation field and effects of skyrmion 
lattice dislocations in FeGe, which are crucial for a comprehensive 
description of skyrmion states. This real-space magnetic imaging tech-
nique provides a unique tool for investigating the topology, dynamics 
and singularities of different spin textures in many magnetic materials 
and spintronic devices.
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Methods
Experiments
The FeGe single crystals were grown by a chemical vapour transport 
method34. A thin-plate transmission electron microscopy sample along 
the [110] axis was fabricated using a lift-out method by a focused-ion 
beam (Thermo Fisher, Strata 400) with 2 kV Ga+ beam energy for the 
last thinning step to reduce sample damage. LSTEM was carried out in 
a field-free mode on a Thermo Fisher Themis Titan microscope oper-
ating at 300 keV with a probe forming a semi-angle of 0.23 mrad. The 
diffraction-limited probe resolution is ~5 nm. The 4D-LSTEM datasets 
were acquired using an exposure time of 1 ms and beam current of 23 pA 
employing a high-dynamic-range EMPAD. The scan step sizes of the 
datasets varied from 1.6 to 2.3 nm. One dataset contains 256 × 256 dif-
fraction patterns and took ~2 min to acquire. The camera length used 
for the acquisition of the 4D datasets was 19 m with the centre disk 
covering 17.5 pixels of the detector in radius. Low-temperature electron 
microscopy was achieved by using a dual-axis Gatan liquid nitrogen 
holder (Gatan model 613). The external magnetic field, vertical to 
the sample, was applied using the field from one electromagnetic 
lens (objective) of the microscope with a controlled current. The lens 
current versus magnetic field was calibrated using a homemade Hall 
probe chip mounted on a Protochips biasing holder. The relative rota-
tion between the scanning and diffraction directions at each objective 
lens current was calibrated using a standard carbon grating sample 
with gold particles. The probe-position-dependent diffraction shift 
was carefully minimized by adjusting the scan/descan pivot points and 
diffraction focus, and no visible shift can be seen at the magnification 
used for our 4D data acquisition.

LEP
Following the conventional ptychography35, LEP uses scanning diffrac-
tion patterns to reconstruct the complex sample transmission function 
and the incident probe function under multiplicative approximation36. 
The projected magnetic vector potential can be obtained from the 
phase of the transmission function when the electrostatic potential 
contribution due to sample thickness variation is negligible in local 
uniform regions. Commonly used wedge-like samples with linear 
thickness variation adds a linear phase shift and constant offset in the 
magnetic field. We removed this small contribution from the change 
in sample thickness by making each component of the magnetic field 
have zero mean in magnitude. It should be noted that the nonlinear 
variations in electrostatic potential due to surface roughness or sample 
curvatures may not be separated from the magnetic signal by such an 
approach. We estimate the contribution to the magnetic field from the 
sample-thickness variations in this work by using φe(x, y) = σeV0∇t(x, y), 
where σe is the interaction constant and V0 is the mean inner potential. 
The equivalent field from such variation is shown in Supplementary Fig. 
1 with a standard deviation smaller than 0.07 T. It is noted that the field 
from the electrostatic potential does not show similar patterns as the 
magnetic skyrmions and mostly has long-range random-like features. 
The quantification of the magnetic field in smaller regions (Figs. 2 and 
3c) is negligibly affected by the electrostatic contribution.

A focused-probe illumination setup was chosen for the datasets 
used in the LEP. We adapted the generalized maximum-likelihood 
ptychography method initially developed for X-ray ptychography37,38. 
Partial coherence of the probe was modelled using a mixed-state model 
via the modal decomposition approach32. Minor variations in the illu-
mination probe due to the instability of electron optics and scan-
ning system were considered using the orthogonal probe relaxation 
approach39. Ptychography from experimental data reaches good con-
vergence after a few hundred iterations. One typical example is shown 
in Supplementary Fig. 2 with both error evolution and shape of the 
reconstructed probe modes. The pixel size of the reconstructed phase 
image is 1.18 nm with the maximum scattering angle of 0.843 mrad in 
the diffraction patterns.

Ptychographic reconstruction starts from an ideal focused probe 
as the initial probe and a random phase with a constant magnitude as 
the initial object. The reconstruction from different initial guesses 
shows very small numerical differences with a standard deviation 
of ~0.02 rad (a phase error of less than 1% of the maximum) corre-
sponding to a magnetic field of ~13 mT, which is smaller than the field 
magnitude of 20 mT at ~1.2 nm away from the singular points near the 
cores or boundaries of skyrmions (Supplementary Fig. 3). The phase 
uncertainty mainly comes from the uncertainty of the probe position 
due to sample vibration and drift under the cryogenic imaging condi-
tion. Simulations without sample drift show a phase error more than 
two orders smaller (~0.0006 rad) using similar imaging parameters 
(Supplementary Fig. 4). The reconstruction time is roughly linearly 
dependent on the number of diffraction patterns. Each iteration on a 
good graphics processing unit card (for example, NVIDIA A6000) takes 
less than 1 s using 124 × 124 diffraction patterns with each binned down 
to 64 × 64 pixels, which means that the reconstruction (for example, 
Supplementary Fig. 3a) can converge within 10 min.

The magnetic induction field was calculated via a first-order gradi-
ent of the phase reconstructed from ptychography. A light Gaussian 
smoothing with a standard deviation of two pixels, that is, 2.36 nm, was 
applied for a better display (Figs. 1–3), but no smoothing was applied 
when the precision of the phase or field was estimated (Fig. 4).

Data analysis
Sample thickness t was measured using the Beer’s law40, that is, 

ln ( It
I0
) = t/λel, where I0 is the intensity of the centre disk of the diffraction 

pattern, It is the incident-beam intensity measured from vacuum and 
λel is the elastic mean free path. The elastic mean free path of FeGe for 
300 keV electrons was estimated to be 46.4 nm using Wentzel poten-
tials as the atomic-scattering potentials40, which have been proven to be 
sufficient for thickness measurements41. We also verified the thickness 
from diffraction and elastic mean free path data by using the electron 
energy loss spectroscopy method. For this method, the collection angle 
is 44.9 mrad and the probe-forming semi-angle is 30.0 mrad, and thus, 
the inelastic mean free path of FeGe is estimated to be 91.9 nm (ref. 42).  
As shown in Supplementary Fig. 5, good agreement within 10% is 
achieved between these two methods. The precision was measured 
from the fluctuations in phase or magnetic field by estimating the 
deviation from a local smoothing function. To reduce any bias from 
the fitting parameters, we used the autocorrelation function of the 
residual instead of the direct residual43. One example of both phase 
and field is shown in Supplementary Fig. 6. For the simulations in Fig. 
4 and Extended Data Figs. 5 and 6, diffraction patterns were calculated 
under multiplicative approximation36 from the model phase images 
formed from 2D Gaussian functions. The spatial resolution (Fig. 4a) was 
obtained from the radial distribution function of the Fourier intensity 
of phase images for both integrated centre of mass (iCoM) or ptych-
ography. The threshold frequency above the noise level in the radial 
distribution function, multiplied by 1.22, is chosen as the resolution to 
match the Rayleigh criterion.

Determining magnetic field precision
The precision of the experimental magnetic induction field from LEP 
in terms of deflection angle is 0.6 μrad, corresponding to a magnetic 
field of 0.01 T from a 100-nm-thick specimen with 300 keV electrons. 
This should be considered as a conservative upper limit similar to the 
case in phase measurements. The precision from vacuum without any 
sample is ~0.17 μrad estimated from direct CoM and is about three 
times better (Supplementary Fig. 7). The saturation field MS in the 
skyrmion lattice state, measured by averaging the local maxima around 
a skyrmion core, is 0.32 ± 0.02 T at 94 K and 0.16 ± 0.02 T at 240 K 
(Supplementary Fig. 8). Both are ~80% of the values predicted from an 
ideal cylindrical skyrmion model44, but agrees very well with previous 
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reported results from electron holography44. The chiral surface twist 
has been considered as a possible origin for such discrepancy44. We 
also notice that the fluctuations in the measured phase and magnetic 
field images may be larger than that can be caused from experimental 
uncertainties such as sample surface roughness or scanning drift dur-
ing imaging. Therefore, there may be intrinsic spin fluctuations in the 
skyrmion states caused by local perturbations such as strain variation10 
or thermal fluctuations45.

Micromagnetic simulations
Micromagnetic simulations were carried out using the MuMax3.9 soft-
ware46. The unit cell size is 1 × 1 × 3 nm3 and the total simulation volume 
is 900 × 900 × 30 nm3. The micromagnetic energy density includes 
the exchange energy (Aex = 1.35 × 10−12 J m−1), Dzyaloshinskii–Moriya 
interaction (0.242 × 10−3 J m−2) and Zeeman energy (Bext = 0.13 T). The 
saturation magnetization is 290 kA m−1.

Data availability
The full raw experimental data is available via Zenodo at https://doi.
org/10.5281/zenodo.6684163 (ref. 47).

Code availability
The source code for LEP is available via Zenodo at https://doi.
org/10.5281/zenodo.4659690 (ref. 48).
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Extended Data Fig. 1 | Synthesized image modes from the 4D LSTEM dataset used in Fig. 1. a, Center-of-mass (CoM) along horizontal direction (x-axis) ; b, CoM 
along vertical direction (y-axis); c, Annular dark-field (ADF) image; d, Thickness determined from the diffraction. Scale bar is 50 nm.
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Extended Data Fig. 2 | Discontinuity near skyrmion boundaries.  
a, b, Magnitude and direction of lateral magnetic field of skyrmion lattice in 
FeGe, respectively. Scale bar is 50 nm. c, d, Magnitude (c) and direction (d) of the 
magnetic field along the blue dashed line marked on (a) and (b). e & f, Magnitude 
(e) and direction (f ) of the magnetic field along the black dashed line marked on 

(a) and (b). In order to show the reversal of the magnetic field direction across 
the boundaries, the line for (d) and (f) is slightly away the skyrmion boundary. 
The inset in (e) is a cropped region of (a) with arrows indicating the local maxima 
along the skyrmion boundary.
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Extended Data Fig. 3 | Comparison of measured and simulated magnetization of skyrmion lattice. a, Experimental measurements of magnetization vector map; 
b-d, Enlarged magnetization vector maps near the singular points labeled on (a). e-h, Micromagnetic simulations of magnetization of skyrmions lattice and singular 
points. Scale bar for (a) and (e) is 50 nm, for (b)-(d) and (f)-(h) is 2 nm.
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Extended Data Fig. 4 | Resolution improvements of ptychography compared to center-of-mass (CoM). Magnetic field (Bx) from CoM (a) and ptychography (b). 
c, Line profiles from the position marked by the red line on (a) and (b). The profile from CoM has a further broadening of 12.4 nm (Gaussian, FWHM) compared to that 
from ptychography (pty_blur).
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Extended Data Fig. 5 | Simulations for sub-nanometer spatial resolution 
of ptychography. a–c, Phase images from iCoM and e–g, from ptychography 
at different doses; d, The model phase structure used to generate diffraction 
patterns; h, Radial distribution function of the Fourier intensity of phase 

images in (a), (c), (e), (g). The model structure contains varying peak distances 
vertically and the arrows on (d) mark two rows with the distance of 5.2 nm. Scale 
bar is 50 nm.
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Extended Data Fig. 6 | Model phase image for ptychography simulations.  
a, Original phase image for ptychography simulations generated from arrays of 
two-dimensional Gaussian functions; b, Field strength along horizontal direction 

from (a). c, d, Phase and field retrieved from ptychography with an illuminating 
dose of 1 e− Å−2, respectively. e, f, Phase and field retrieved from ptychography 
with an illuminating dose of 10 e− Å−2, respectively. Scale bar is 30 nm.
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