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Fact and artifact in Lorentz imaging of skyrmionic magnetic textures
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Lorentz transmission electron microscopy is widely used for imaging magnetic structures at the nanoscale in
real space. However, its interpretation can be complicated by imaging artifacts induced by the defocus distance
and specimen tilt. In this work, we systematically examine the origins of such artifacts through experimental
and simulated Fresnel defocused Lorentz imaging of Bloch-type skyrmionic spin textures. We analyze the
effects from the defocus distance, the magnetic field, and the sample thickness in an individual skyrmion, two
neighboring skyrmions, and the skyrmion lattice. We demonstrate that improper defocus distance and specimen
tilt may introduce artifacts that are not associated with the actual magnetic configurations. These findings provide
a practical framework for Lorentz TEM imaging and highlight the importance of the defocus distance, sample
tilt, and theoretical support for reliable interpretations of magnetic textures.
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I. INTRODUCTION

A variety of characterization techniques have been used
to study nanoscale magnetic structures in materials, includ-
ing neutron scattering [1], magnetic force microscopy [2],
magneto-optical Kerr microscopy [3], x-ray microscopy [4]
and Lorentz imaging [5], off-axis electron holography [6], and
differential phase contrast (DPC) imaging [7] in the trans-
mission electron microscope (TEM). In particular, Fresnel
defocused imaging in Lorentz TEM is a widely used tech-
nique that enables the measurement of projected in-plane
magnetic induction with nanometer-scale spatial resolution in
real space [8,9]. It has been utilized to verify the existence of
topological solitons in magnetic materials, for example, bub-
bles [10], skyrmions [11], antiskyrmions [12,13], biskyrmions
[14], bobbers [15], merons [16], and hopfions [17].

In the Fresnel defocused imaging mode of Lorentz TEM,
the image contrast is primarily governed by the projected
magnetic vector potential along the electron beam direc-
tion, both within and beyond the sample. This fundamental
mechanism complicates the direct interpretation of Lorentz
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TEM images, especially for systems with complex three-
dimensional (3D) spin textures, improper imaging conditions,
or sample geometry (e.g., nonflat or tilted specimens). For
example, type II magnetic bubbles could be misinterpreted as
biskyrmions [18,19], and Néel-like structures remain invisible
at zero specimen tilt due to the cancellation of vector potential
components along the electron beam direction [9,20,21]. Fur-
thermore, Lorentz TEM contrast cannot distinguish magnetic
chirality [22], and artifacts may arise from sample tilting
[23] or improper applications of the transport of intensity
equation (TIE) during phase retrieval [19,23], as well as from
the Fresnel fringes from sample edges or interfaces. Such
misinterpretations can obscure the true topology of magnetic
textures, hinder the identification of spin chirality, and poten-
tially lead to incorrect conclusions about statics and dynamics
of magnetic structures.

In this work, we investigate the origins and manifestations
of imaging artifacts in Lorentz TEM of skyrmionic mag-
netic textures. We focus in particular on the influence of the
defocus distance and the specimen tilt on the imaging of
Bloch-type skyrmions. Our findings highlight the importance
of careful interpretation of the Lorentz TEM contrast, and
we provide experimental and simulated evidence to guide
accurate imaging and analysis of these topological magnetic
structures.

©2025 American Physical Society
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FIG. 1. Schematic of Fresnel defocused Lorentz TEM imaging at in-focus, over-focus, and under-focus conditions.

II. FUNDAMENTAL PRINCIPLE

When an electron beam passes through a magnetic sample,
it experiences a Lorentz force arising from interactions with
both electrostatic and magnetic fields. To first-order approx-
imation, it is thus assumed the image contrast is associated
with the in-plane magnetic induction projected along the elec-
tron beam direction. A simplified model of Lorentz magnetic
imaging is illustrated in Fig. 1. In the in-focus condition, no
magnetic contrast is observed. When acquired under defo-
cused conditions, i.e., under- or over-focus, the Lorentz TEM
image reveals bright or dark contrast in association with mag-
netic features, thereby enabling the qualitative visualization of
domain walls.

In the presence of electrostatic (V') and magnetic vector (A)
potentials, the phase shift ¢ of the electron wave is governed
by the Aharonov-Bohm effect [24] and can be formulated:
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where e and % are the elementary electron charge and the
reduced Planck constant, respectively, r; denotes the lat-
eral dimensions in the sample plane and z is the electron
beam direction, Cg is the interaction constant that depends
on the electron energy. For 300 keV electrons, Cg = 6.53 x
1073 rad V"' nm~!. Note that only the z component of the
magnetic vector potential (A;) contributes to the phase shift.
Phase contrast techniques in the TEM can directly or indi-
rectly measure this phase shift, such as electron holography,
Fresnel defocused imaging via the TIE, DPC imaging and
electron ptychography in scanning transmission electron mi-
croscopy. However, TIE and iDPC may suffer from artifacts
due to undefined boundary conditions and numerical errors.

Here we briefly review the image formation mechanism in
conventional TEM, which also applies to Fresnel defocused
Lorentz imaging. Refer to textbooks for more details, e.g.,
Refs. [25,26].

Assuming a plane wave for the electron beam in the TEM
with a wavelength, X, an electron-transparent sample modifies
both the amplitude (@) and phase (¢) of the plane wave,
resulting in a wave function (y) that can be described as

Y(ry) = a(r, e, 2)

In the back-focal plane (BFP) of the Lorentz lens, the wave
function is then expressed as

v(qL) = FIy (r)IT (qu), 3

where F denotes the Fourier transform, q is the reciprocal
spatial frequency vector in the BFP, and 7 (q_ ) is the micro-
scope contrast transfer function (CTF). In general, the CTF
could be decomposed into three parts: the aperture function
A(q.), the phase transfer function e~*4)| and the damping
envelope function ¢4, The CTF can thus be written in the
form

T(qL) = A(|qy e x@0e8@), @)

The aperture function is equal to one inside the aperture and
zero outside. x (q_. ) is usually determined by the defocus A f
and the spherical aberration of the Lorentz lens C; in Fresnel
Lorentz imaging. It can thus be formulated as

T
x(Q) =7rAfq* + Ecsﬁqr‘. ®)

In experiments, A = 1.97 pm for 300 kV electrons and C; is
on the order of several hundred millimeters. Since the Lorentz
deflection angle from magnetic samples is usually in the order
of tens of urad, which is two or three orders smaller than the
Bragg angle, the fourth-order contribution from the spherical
aberration of the Lorentz lens can be neglected. Furthermore,
twofold astigmatism is assumed to be fully corrected. As such,
x(q.) could be simplified:

x(q) =TrAfq.’. ©6)

The damping envelope g(q ) is related to microscope stabil-
ity. Due to the ultra-high-brightness field-emission gun and
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stable environment in modern microscopes, we can reason-
ably neglect this term. Thus, in our case, the CTF becomes

T(qu) = A(lqy |)e a1l )

Finally, the recorded intensity in the image plane can be
derived using an inverse Fourier transform:

() = |F ' Y@ =vaE)@Tax) (8

where ® is the convolution operation and 7 (r_) is the point
spread function for Fresnel Lorentz imaging.

III. EXPERIMENTAL AND NUMERICAL METHODS

Lorentz TEM experiments. TEM specimens were prepared
from a single crystal of B20-type FeGe using a lift-out
method based on focused-ion beam milling. Fresnel defo-
cused Lorentz TEM imaging was performed using an FEI
Titan 60-300 TEM operated at 300 kV. The microscope was
operated in Lorentz mode with the sample under magnetic-
field-free conditions. The conventional microscope objective
lens was then used to apply an out-of-plane magnetic field
between —0.15 and 1.5 T, in order to nucleate skyrmions.
A liquid nitrogen specimen holder (Gatan Model 636) was
used to cool the sample to 250 K for nucleating the skyrmion
lattice, and to 100 K for stabilizing isolated and paired
skyrmions. Fresnel defocused TEM images were recorded
using a 4k x 4k Gatan IS K2 direct electron counting detector,
with an exposure time of 2 s.

Micromagnetic simulations. The total energy of the sim-
ulated magnetic system includes exchange, Dzyaloshinskii-
Moriya interaction (DMI), Zeeman, and demagnetization
contributions:

82/ drAlVim+Dm - (V xm) — M,m-B
v,

m

1
+— | dr|V x Aql%, )

2po Jro

where m(r) = M(r)/M; is the unit magnetization vector, with
M, = |M| denoting the saturation magnetization. A is the ex-
change stiffness constant, D is the bulk DMI constant, and g
is the vacuum permeability. The total magnetic field is given
by B =B+ V x Ay, where A, represents the magnetic
vector potential due to demagnetizing fields. The simulation
parameters are based on FeGe [17]: M; = 384 x 10° A/m,
A=475x 1072 J/m, and D = 0.853 x 1073 J/m>.

Simulations were carried out on a 256 x 256 in-plane mesh
of cubic cells, each with dimensions 2 nm X 2 nm X 2 nm
using the high-performance GPU-accelerated software Ex-
calibur [27]. The simulated sample thicknesses were varied
depending on the magnetic structures: 120 nm for individual
and two neighboring skyrmions and 70, 90, and 180 nm for
skyrmion lattices.

Theoretical Lorentz TEM images were calculated from the
simulated magnetic structures using Excalibur and the open-
source software PyLorentz [28]. Multislice simulations of
high-resolution TEM images are performed using the DrProbe
software [29].

IV. LORENTZ TEM EXPERIMENTS AND SIMULATIONS
OF SKYRMIONIC SPIN TEXTURES

A. Individual and two neighboring skyrmion(s)

Previous reports have clarified the expected behavior of
Lorentz TEM contrast as a function of the defocus distance.
In the small-defocus limit, the image intensity changes ap-
proximately linearly with the defocus distance and reflects the
Laplacian of the magnetic phase shift [30]. As the defocus
increases beyond this regime, the Fresnel-propagation effects
lead to a noticeable broadening of chiral domain-wall con-
trast, and interference features become more pronounced [31].
These findings provide the theoretical context for the present
analysis of skyrmions at experimentally relevant imaging
conditions.

Figure 2 presents experimental and simulated Lorentz im-
ages of an individual skyrmion and two adjacent skyrmions
as a function of the defocus distance. Notably, the skyrmion
exhibits radial asymmetry due to the coexistence of cone mod-
ulations along the magnetic field and double-twist modulation
perpendicular to it [32]. Axial symmetry is recovered only
when the cone phase transitions into a fully spin-polarized
ferromagnetic state under a sufficiently strong magnetic field.
For the isolated skyrmion [Fig. 2(a)], it can be seen that the ap-
parent size of the ringlike contrast increases with the defocus
distance. Fresnel fringes take the form of multiple concentric
rings around the core at a large defocus. In addition, a larger
defocus also introduces asymmetry in the skyrmion contrast.
This suggests that a large defocus could introduce imaging
artifacts that obscure real magnetic features.

At a small defocus, two neighboring skyrmions can be
identified as two individual skyrmions, whereas at a large dis-
tance, rings from the two skyrmions interfere with each other
[see Fig. 2(b)]. The criterion for the spatial resolution using
the Airy disk could be applied here to determine the optimal
defocus distance. It is clear that the separation distance be-
tween the two skyrmions determines the optimal defocus. This
phenomenon should also be expected in the imaging of the
skyrmion lattice with a smaller separation distance between
adjacent skyrmions (see Fig. 5 below).

To trace the evolution of image contrast with the defo-
cus distance, line profiles of the intensity along the central
section of the skyrmions (marked by dashed lines in Fig. 2)
are plotted as shown in Fig. 3. For the individual skyrmion
[Fig. 3(a)], in the over-focus regime, the profile typically
shows a peak, side lobes and extremes (negative maximum)
along the radial direction. It can be seen that the position
of the intensity peak slightly shifts away from the skyrmion
center with increasing defocus distance. In addition, at high
defocus distances, the profiles display multiple side lobes and
extremes. In the under-focus regime, the profiles instead show
a plateau around the center of the skyrmions. Note that there
is an asymmetry of the profiles both for the positions and
intensities in the left and right side of the skyrmion. Therefore,
“1” and “2” are used to mark the left and right sides of
the skyrmion, respectively. Similar behavior is also observed
in the two-skyrmion case [Fig. 3(b)], while at high defocus
distances, profiles are complicated due to the “interference” of
the Fresnel fringes of the two skyrmions. The corresponding
simulated magnetic isosurfaces are displayed in the insets of
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FIG. 2. Representative experimental (top) and simulated (bottom) Lorentz TEM images of (a) an individual skyrmion and (b) two
neighboring skyrmions as a function of the defocus distance. The defocus distance is labeled on top of each image in the first row. A gray
dashed line for the first simulated Lorentz image in (a) and (b) marks the central axis of the skyrmion. A 600 mT magnetic field is applied
perpendicular to the sample. The sample thickness is approximately 120 nm. Images are recorded at a sample temperature of 100 K. Note that
there are Fresnel fringes from the sample edges at a large defocus distance, > +2 mm.

Fig. 3. The skyrmion size (R) is the radius of the m, = 0
contour, while W is the skyrmion wall width, following the
definitions in Refs. [33,34]. For the individual skyrmion, R is
approximately 16.25 nm, and W is about 12.78 nm. For the
two-skyrmion configuration, the center-to-center separation
between the two skyrmions (L) is approximately 110 nm.
According to previous reports [33,35], the skyrmion size
decreases with increasing .4/D, with a theoretical value of
approximately 35 nm. The skyrmion radius (R + W) in our
simulations is smaller than the zero-field value predicted by
A/D, due to the slight compression of the skyrmion core by
the application of a perpendicular magnetic field of 600 mT.
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It is worth noting that the actual size and center position of
a skyrmion are difficult to determine experimentally and can
only be inferred theoretically. However, since a skyrmion is
distorted by the magnetic background, it is also difficult to
determine the boundary of a skyrmion theoretically.

Detailed analyses of the intensities and positions of the
skyrmion peak, the first extreme and the side lobe are provided
in Fig. 4. The intensity of the skyrmion peak (open squares)
decreases monotonically with the increasing defocus distance
in the over-focus regime, while the intensity of the skyrmion
peak decreases at a small defocus and then increases at a large
defocus distance in the under-focus regime. The intensity for
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FIG. 3. Representative line intensity profiles of (a) individual skyrmion and (b) two neighboring skyrmions, respectively, extracted along
the gray dashed lines in the first simulated Lorentz images of Figs. 2(a) and 2(b). The intensity of the conical phase region was defined as zero.
The locations of the skyrmion peak, first extreme and side lobe are marked by arrows in (a). The insets show simulated magnetic isosurfaces
illustrating the corresponding 3D spin configurations, with the measurement methods for determining the skyrmion size (R), skyrmion-wall
width (W), and skyrmion center separation (L) indicated. The corresponding skyrmion core position, R, W, and L values are also marked in the
intensity profiles. The corresponding defocus distances are indicated in the top-right corner in each image.
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FIG. 4. Analyses of simulated Lorentz TEM images of an individual skyrmion. (a) Intensity profile for the skyrmion peak, first extreme
and the side lobe as a function of the defocus distance (open-symbol lines). The three particular points are marked in Fig. 3(a). Contrast profiles
for the skyrmion as a function of the defocus distance (red closed circles line). (b) Positions of the three points as a function of the defocus
distance. The gray dashed lines mark the skyrmion core, skyrmion size (R), and skyrmion-wall width (W), respectively. “Left” and “Right” on
the left side of the image refer to the points 1 and 2 labeled in Fig. 3(a), respectively.

the first extreme (open triangles) shows a similar trend to that
of the skyrmion peak. The intensity for the side lobe (open
circles) almost stays constant as a function of the defocus
distance. Here we define the contrast of the skyrmion to be
the intensity difference between the skyrmion peak and the
first extreme. It can be seen that the contrast of the skyrmion
(closed circles) is slightly larger at a small defocus distance,
though it varies in a narrow range from 210 to 250 across the
4 3000 um defocus distance.

The position of the skyrmion peak almost linearly shifts
from the center of the skyrmion in both under- and over-focus
regimes (see open squares in Fig. 4), consistent with Fig. 3(a).
The observed lateral shift of the intensity peak relative to
the skyrmion center originates from the same asymmetry dis-
cussed in Fig. 2, namely, the coexistence of cone modulations
along the magnetic field and double-twist modulation perpen-
dicular to it [32]. This intrinsic 3D spin configuration leads to
a slight imbalance in the projected in-plane magnetic induc-
tion, producing a small but measurable contrast displacement
in defocused Lorentz images. The positions of the first ex-
treme (open triangles) at —200 wm and 41000 um exactly
mark the size of the skyrmion, though shifts farther outside
of the skyrmion edges with the increasing defocus distance,
except at a smaller (<1000 wm) positive defocus distance,
positions of the first extreme fall inside the skyrmion. This
may lead to a misjudgement of the actual skyrmion size with
under- or over-focus images. Similar behavior is also observed
for the positions of the side lobes (open circles).

In summary, due to the asymmetry of the Lorentz TEM
images in under- and over-focus regimes, the misalign-
ment between the skyrmion center and maximum intensity
(skyrmion peak), it would be misleading to tell the actual cen-
tral position and size of the skyrmion from Fresnel defocused
Lorentz TEM images. Due to dense Fresnel fringes at large
defocus distances, and almost constant contrast across a wide
range of defocus distances, it would be good to have a small
defocus distance for imaging, in particular in the presence of

neighboring skyrmions or other magnetic textures, e.g., heli-
cal spirals. We then next consider the case where skyrmions
are arranged in a regular lattice.

B. Skyrmion lattice

Experimental Lorentz imaging of the skyrmion lattice.
While the interference patterns of individual and two
neighboring skyrmion(s) reveal key imaging artifacts, more
complex behavior arises when skyrmions are arranged in
a periodic lattice. For the skyrmion lattice, the apparent
size variation with defocus differs from that of an isolated
skyrmion, as overlapping Lorentz contrast between neighbor-
ing skyrmions modifies the interference pattern and thereby
changes the perceived lattice spacing and feature width.
Figure 5 presents experimental Lorentz TEM images of a
Bloch-type skyrmion lattice in FeGe recorded as a function of
defocus distances. It can be seen that as the defocus distance
increases, the contrast pattern of the skyrmion lattice changes
remarkably.

In the over-focus regime, skyrmions appear as bright cir-
cular spots, and the size of this bright spot varies with the
increasing defocus, reflecting contrast evolution. At Af =
42500 um [Fig. 5(f)], a bright line emerges between adjacent
skyrmions but disappears at higher defocus. Instead, a new
bright spot forms at the center of three neighboring skyrmions
at Af = +3000 um [Fig. 5(g)].

In the under-focus regime, the Lorentz contrast of the
skyrmion lattice is much more complicated as a function of
the defocus. The skyrmion lattice first appears as hexagonal
honeycomb disks at a lower defocus distance. As the defocus
increases to —1000 um [Fig. 5(c)], a faint bright spot appears
in the center of each disk. At the same time, six bright spots
appear around the skyrmion, which merge into continuous
bright contours at —1500 um [Fig. 5(d)]. At —2000 um, six
new peripheral bright spots appear [Fig. 5(e)]. The hexagon
formed by these bright spots is rotated by 30° relative to the
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FIG. 5. Experimental Lorentz imaging of a skyrmion lattice in an FeGe sample as a function of the defocus. A circle is used to mark the
position of the skyrmion and adjacent characteristic bright features in each image. Defocus distances are labeled at the top of each column.
The pattern or shape of the skyrmions is marked in each image. The hexagonal skyrmion lattice in (e) is rotated by 30° relative to that in (c)
under under-focus conditions. A 64 mT magnetic field is applied perpendicular to the sample. The sample thickness is approximately 120 nm.

Images are recorded at a sample temperature of 250 K.

pattern observed at —1000 um. At —2500 um [Fig. 5(f)], the
center of a skyrmion becomes the brightest region, although
with weaker intensity than in the over-focus regime. Finally, at
—3000 wm [Fig. 5(g)], the peripheral spots evolve into bright
lines connecting neighboring skyrmions.

It is worth to note that the images at A f = —2500 um and
43000 um, as well as those at —3000 um and +2500 pm,
exhibit striking similarity [Figs. 5(f) and 5(g)]. The defocus-
dependent contrast and appearance of skyrmions arise from
the changing interference conditions of the transmitted elec-
tron waves during Fresnel propagation, which can introduce
imaging artifacts that are not related to intrinsic variations of
the magnetic structure.

Simulated Lorentz imaging of the skyrmion lattice. To inves-
tigate the origin of these effects, we performed micromagnetic
simulations of skyrmion lattices and calculated Lorentz TEM
images as a function of the defocus distance. In addition,
in order to consider effects from the sample thickness and
magnetic field, we also simulated samples with a thickness
of 70, 90, and 180 nm at both 150 mT and 0 mT. Note that a
zero field skyrmion lattice could be obtained experimentally
through field cooling [36] or electric currents [37].

For samples with a thickness of 70 and 90 nm, the sim-
ulated skyrmion patterns and contrast variations with the
defocus distance show qualitative agreement with the exper-
imental observations [see Figs. 5 and 6(a) and 6(b)]. In the
180-nm-thick sample, it is clear that the skyrmion pattern
changes dramatically as a function of the defocus distance in
both over- and under-focus regimes. This is partly due to a
larger phase for a thicker sample as the skyrmion is longer
in the thickness direction. This suggests that the magnitude
of the phase also determines the optimal defocus distance for
Lorentz imaging. The symmetry of the pattern as a function
of the defocus distance will be discussed below.

To monitor the evolution of the contrast of skyrmions in
Lorentz TEM images, we extract the intensity variation of the
positions along the gray solid line indicated in Fig. 6(a), as a
function of the defocus distance; see Fig. 7(a). In particular,
we pick two representative positions (marked in the first col-
umn of Fig. 6) in the skyrmion lattice: skyrmion center (1),

the center between two adjacent skyrmions (2). We trace their
intensity variations as a function of the defocus distance, as
plotted in Fig. 7(b).

From the intensity map shown in Fig. 7(a), it is seen that
the map displays a periodic pattern, with a half period between
position “1” and ‘2.’ In the over-focus regime, maximum
intensity is located at a defocus distance between 600 and
1600 wm around the skyrmion center, with a peak at 1000 um
[see the cyan profile in Fig. 7(b)]. In the under-focus regime,
the minimum intensity is also localized at the skyrmion center,
though at a defocus distance between 1000 and 1600 um,
with a peak at 1500 um [see the purple profile in Fig. 7(b)],
slightly larger than that in the over-focus regime. In the center
between two adjacent skyrmions, position “2,” the intensity
map in the over- and under-focus region shows an inverted
trend compared to that of position “1.” In particular, in the
under-focus regime, it is clear that there are two local maxima
[see the purple profile in Fig. 7(b)]. On the other hand, in the
over-focus regime, between position “1” and “2,” there is a
localized minimum region with a defocus distance between
1800 and 2500 ym. It is worth emphasizing that the intensity
at any point does not monotonically vary as a function of the
defocus distance.

The intensity profiles for the two particular positions when
the lattice is free of the magnetic field are also plotted in
Fig. 7(b) (dashed lines). It is apparent that at a small defocus
distance, the intensity difference from the lattice at 150 mT
is not huge, while at high defocus distances, the difference is
significant, in particular for the skyrmion center. This suggests
that the magnetic field also alters the phase of the skyrmions,
or the stray field also contributes to the image contrast.

We also provide similar intensity maps and intensity pro-
files for the 90- and 180-nm-thick samples; see Fig. S1 in the
Supplemental Material [38]. It is seen that a similar behavior
is also observed in the 90-nm-thick sample. On the other
hand, there are considerable differences in the 180-nm-thick
sample, in particular for the skyrmion center. For example, the
position of the maximum intensity in the over-focus regime is
shifted toward a lower defocus distance. Moreover, at a high
defocus distance in the under-focus regime (=1500 um), the
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FIG. 6. Simulated Lorentz TEM images of the skyrmion lattice at different defocus distances. The sample thickness in panels (a)—(c) is
70, 90 and 180 nm, respectively. A field of 150 mT is applied perpendicular to the sample. The defocus distance is labeled on the top of each
column. In the first column, gray solid lines mark the path where intensity profiles are plotted in Fig. 7. Two representative spots are also
marked in cyan and purple, labeled as “1” and “2,” respectively. The pattern of the lattice is also marked.
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FIG. 7. Analyses of simulated Lorentz TEM images of the skyrmion lattice in the 70-nm-thick sample. (a) Intensity map for the points
along the gray line [marked in Fig. 6(a)] as a function of the defocus distance. (b) Intensity profiles for the two particular points as a function
of the defocus distance. “1” and “2” denote the skyrmion center and the center between two adjacent skyrmions, respectively [see the inset in
(b)]. Two lines mark the positions of the two points in (a). In addition, intensity profiles for the lattice at 0 mT (dashed lines) are also plotted
for comparison.
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peaks from the phase are also plotted for comparison.

intensity of the skyrmion center shows an oscillating manner.
In addition, the intensity of the skyrmion center is higher than
that of the center of the two adjacent skyrmions (“2”) in the
under-focus regime, whereas the situation is reversed in the
other two thinner samples.

Periodicity of skyrmion-lattice patterns. From both experi-
mental and simulated Lorentz images of the skyrmion lattice,
it is clear that the hexagonal symmetry is not always main-
tained in the lattice, or even extra sublattices may appear in
particular at a high defocus distance or the phase of skyrmion
is relatively high [see Fig. 6(c)]. To further understand the
evolution of the lattice pattern as a function of the defocus
distance, we thus perform a fast Fourier transform (FFT) of
the intensity profiles in Fig. 7(a) to analyze the frequency-
domain characteristics.

Representative power spectra of the intensity profiles for
Lorentz images at a defocus distance of 2000 um and the
actual phase are plotted in Fig. 8(a). It is seen that there
are several peaks in the spectra, corresponding to periodic
features in the frequency domain. Here we identify four major
peaks in the spectra, q1, ¢2, 3, and q4. Their corresponding
spatial spacings are marked in Fig. 8(b).

From the actual phase, the majority of the information
should be localized in g1 = 0.00643 nm~!, 155.52 nm in real
space, with a minor portion in ¢, = %ql =0.01286 nm™!,
77.76 nm in real space [see the gray profile in Fig. 8(a)]. In
the over-focus Lorentz image, it is apparent that the portion of
the ¢, peak increases with respect to the actual phase [see the
cyan profile in Fig. 8(a)]. On the other hand, in the under-focus
Lorentz image, the g, peak almost disappears, instead with an-
other minor portion in g4 = Alfql =0.02573nm™"', 38.86 nm
in real space [see the purple profile in Fig. 8(a)]. In other
Lorentz images with different defocus distances, there is an
additional peak at g3 = 1¢; = 0.0193nm~"', 51.81 nm in real
space.

The FFT power spectra for a series of Lorentz images
at varying defocus distances are thus plotted in Fig. 8(c). It
is obviously seen that the four characteristic peaks change
with the defocus distance. At all defocus distances, ¢y is
dominating in the spectra, except at a huge defocus distance
(22600 um), where g3 prevails. g4 is almost negligible except
at the over-focus Lorentz images with a defocus distance of
around 1000 wum. It is worth noting that the gy, g2 and g4
have an asymmetric distribution with respect to the under- and
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over-focus regimes and dominate more in the latter, whereas
the g3 shows an almost symmetric profile.

To trace the proportion of the three major peaks in the
power spectra, line profiles of their proportions are plotted
as a function of the defocus distance; see Fig. 8(d). Propor-
tions of the peaks for the actual phase are also included for
comparison (see solid symbols). In the phase, more than 80%
of the information is localized in the ¢q, and the rest falls
in the ¢,. For Lorentz images, it is clear that the localized
frequency changes with the defocus distance in an oscillating
and asymmetric manner in over- and under-focus regimes. At
200 um, the over-focus Lorentz images almost display exactly
the same as the actual phase. At 400 um, the under-focus
Lorentz images show a similar proportion of g, but g, is
almost absent. This observation highlights that the optimal
defocus distances for over- and under-focus Lorentz imaging
are different. At a large defocus distance, g3 is dominating at
both over- and under-focus regimes, suggesting that another
symmetry or closed packed pattern is formed instead of the
hexagonal lattice. This is consistent with experimental and
simulated Lorentz images recorded at relatively large defocus
distances in Figs. 5 and 6.

The FFT power spectra for the skyrmion lattice in the
absence of the magnetic field are also provided in Fig. S2 [38].
Similar phenomena are also found for the frequency distribu-
tions, though no g3 dominance is found at least with a defocus
distance of < 3000 um. In addition, we also provide the FFT
power spectra for the skyrmion lattice at 150 mT in two other
thicker samples; see Fig. S3 [38]. It could be seen a similar
behavior in the 90-nm-thick sample, while the situation in the
180-nm-thick sample is more complicated. In particular, there
are multiple peaks (characteristic frequencies), instead of four
in the thinner samples, and a mixture of at least ¢; and gq3 is
found at high defocus distances, which may make the Lorentz
images more complicated in terms of symmetry of the lattice
pattern. This is also observed in simulated Lorentz images at
high defocus distances; see Fig. 6(c). This suggests that for a
large phase object (thick samples), a relatively small defocus
is always favorable by not introducing artificial symmetry and
ideally a series of Lorentz images as a function of the defo-
cus distance is always necessary for accurate interpretation
of Lorentz images, alongside support from simulated images
from micromagnetic models.

In the present case, the skyrmions can be regarded as
quasi-two-dimensional (2D) Bloch-type structures extending
through the sample thickness. In reality, the magnetization is
not perfectly uniform, and slight twisting or Néel-type surface
caps may occur near the surfaces [39-43]. This scenario is
different from the atomic crystal lattice, in which atoms are
arranged discretely with a physical spacing along the thick-
ness direction. Multislice simulations of high resolution TEM
images for a hexagonal cobalt crystal [001] as a function of
the defocus distance and specimen thickness are provided in
Fig. S4 [38] for comparison.

Tomographic tilt-series imaging of the skyrmion lattice.
Since the skyrmion lattice is a 2D periodic structure, it would
be interesting to see the hexagon lattice at different zone axes.
Tomographic tilt-series experiments on the skyrmion lattice
in the FeGe sample were thus performed. Due to the fact that
the magnetic field in the TEM was applied using the objective

lens, in order not to destroy the skyrmion lattice in the process
of the tilt, a zero-magnetic-field skyrmion lattice was obtained
through the field cooling protocol. Representative Lorentz
images of the skyrmion lattice as a function of the specimen
tilt angles are provided in Figs. 9(a)-9(d). It is found that the
symmetry of the lattice pattern is changing with the specimen
tilt angle. A square-lattice structure could be seen at high tilt
angles [see Figs. 9(c) and 9(d)]. A similar observation was
also reported previously; see, e.g., Supplementary Fig. 3. in
Ref. [36]. It is worth noting that such a square lattice could be
misinterpreted as the so-called meron/antimeron lattice [16],
if no information of the specimen tilt angle is provided.

A possible explanation for the changing symmetry of the
lattice pattern is due to projection nature of the TEM imag-
ing. Individual skyrmions could be assumed as cylindrical
tubes. As the tilt angle increases, the circular cross section is
viewed more elliptical, and the tube become longer. Inside the
skyrmion lattice, these skyrmions overlap with each other and
form different symmetric patterns.

To visualize how the tilt axis orientation governs the pro-
jected lattice symmetry, we performed additional simulations
under different tilt configurations, as summarized in Fig. 10.
The tilt axis, indicated by the white coordinate markers in the
first over-focus images at a tilt angle of 0° in Figs. 10(a)-
10(c), is oriented along the x axis and y axis and +30° from
the x axis, respectively. It could be seen that experimental
images in Figs. 9(e)-9(i) are in excellent agreement with
simulated images in Fig. 10(c).

The present analysis considers idealized periodic lattices.
In practical samples, grain boundaries between misoriented
skyrmion domains can introduce distinct contrast features,
especially under large defocus or tilt conditions. Such inho-
mogeneities may further complicate image interpretation and
are an important subject for future studies.

We also have to highlight that the Lorentz image con-
trast is due to the 2D projection of the 3D magnetization
structure. This is in particular crucial for the 3D magnetic
structures that could not be assumed to be 2D spin textures,
e.g., antiskyrmions in cubic chiral magnets [13]. Such twisted
magnetization textures in antiskyrmions along the thickness
direction produces a circular-ring contrast (depending on the
sample thickness) in the Lorentz images, mimicking simi-
lar features from skyrmionium textures. However, these two
textures are completely different. Moreover, chiral bobbers
and dipole strings are also not distinguishable from Lorentz
images, though they have different numbers of Bloch points
[15,44]. This highlights the fact that for complicated 3D
magnetic textures, it is not straightforward to tell the mag-
netization configurations only from Lorentz TEM images.
Complementary information including from experiments and
theory is necessary for reliable interpretations.

V. CONCLUSIONS

In this work, we have systematically investigated the
Lorentz image contrast for individual skyrmions, two neigh-
boring skyrmions, and the skyrmion lattice as a function of
the defocus distance and the specimen tilt. We also discuss
the effects from the applied external magnetic field and the
sample thickness. We analyze the image contrast through the
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FIG. 9. Representative experimental Lorentz TEM images of the skyrmion lattice in an FeGe sample under different specimen tilt angles
and defocus distances. (a—d) Images recorded with the tilt axis along the x direction at various tilt angles, as indicated above each column. The
defocus distance for all images is 400 um. (e)—(i) Additional images acquired with the tilt axis rotated by +30° from the x axis, the tilt angle
is 45°, and defocus distances systematically varied from 400 um to 2000 um. The defocus distance is marked at the top row of (e)—(i). The
symmetry of the skyrmion lattice at each image is marked. The sample thickness is approximately 180 nm, and no external magnetic field is

applied.

intensity profiles and periodicity in the lattice patterns. It
should be concluded that a relatively small defocus distance
would not create artifacts albeit at the expense of the mag-
nitude of the contrast from skyrmions. The acquisition of a
series of Lorentz images as a function of the defocus distance
is strongly suggested in experiments for accurate interpreta-
tions, alongside support from simulated Lorentz images from
the magnetization textures in the micromagnetic calculations.
Due to the projection nature of the TEM imaging, this is
crucially important for the complicated 3D magnetic objects.

While our study focuses on Bloch-type skyrmions and
Fresnel-mode imaging, the underlying principles and chal-
lenges are applicable to broader phase contrast techniques.
Electrostatic artifacts, beam effects, specimen preparation,
and inhomogeneous textures (e.g., grain boundaries or
Néel components) may further complicate contrast inter-
pretation. We hope that our findings will contribute to
a growing awareness of artifact sources and motivate ro-
bust imaging protocols across various topological magnetic
systems.
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