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Chiral magnetic skyrmions1,2 are nanoscale vortex-like spin 
textures that form in the presence of an applied magnetic 
field in ferromagnets that support the Dzyaloshinskii–Moriya 
interaction (DMI) because of strong spin–orbit coupling and 
broken inversion symmetry of the crystal3,4. In sharp contrast 
to other systems5,6 that allow for the formation of a variety 
of two-dimensional (2D) skyrmions, in chiral magnets the 
presence of the DMI commonly prevents the stability and 
coexistence of topological excitations of different types7. 
Recently, a new type of localized particle-like object—the 
chiral bobber (ChB)—was predicted theoretically in such 
materials8. However, its existence has not yet been verified 
experimentally. Here, we report the direct observation of 
ChBs in thin films of B20-type FeGe by means of quantita-
tive off-axis electron holography (EH). We identify the part of 
the temperature–magnetic field phase diagram in which ChBs 
exist and distinguish two mechanisms for their nucleation. 
Furthermore, we show that ChBs are able to coexist with sky-
rmions over a wide range of parameters, which suggests their 
possible practical applications in novel magnetic solid-state 
memory devices, in which a stream of binary data bits can be 
encoded by a sequence of skyrmions and bobbers.

In non-centrosymmetric crystals with a strong spin–orbit inter-
action9, such as B20-type MnSi (ref. 10), FeGe (ref. 11), Fe1−xCoxSi 
(ref. 12), Mn1−xFexGe (ref. 13), β -Mn-type Co–Zn–Mn alloys14 and 
molybdenum nitrides15, the competition between the ferromagnetic 
exchange interaction and the DMI results in a homochiral helical 
spin spiral ground state. The equilibrium period of such a spin spi-
ral, LD =  4π A/D, is governed by the ratio of the exchange stiffness A 
and the DMI constant D (ref. 16). In a bulk sample, the spin spiral 
usually appears as a multidomain state, with a set of spiral k-vector 
directions across domains17. In the presence of an external mag-
netic field, Bext, such a multidomain spiral state transforms into a 
monodomain conical state, with the magnetization M tilted towards 
the direction of Bext and with k || Bext. The conical state persists as the 
lowest energy state over the entire range of applied magnetic fields 
up to a critical value of BD =  D2/2AM, above which it converges to a 
saturated ferromagnetic state.

In a thin film of thickness L ~ LD, the system undergoes a field-
induced transition into a regular lattice of topologically non-trivial 

vortex-like spin textures—skyrmion tubes (SkTs) (Fig. 1a). Owing 
to the effect of a chiral surface twist, the energy of a skyrmion lat-
tice becomes lower than that of the conical phase over a wide range 
of Bext (ref. 18). It has been shown both experimentally11 and theo-
retically18,19 that the range of magnetic fields for which skyrmions 
are the ground state depends on the film thickness, and above a 
threshold value the skyrmions become metastable. The mechanism 
for skyrmion stabilization in isotropic chiral magnets, including 
B20-type crystals with commonly weak cubic anisotropy, is differ-
ent from that in ultrathin films and multilayers that possess strong 
out-of-plane magnetocrystalline anisotropy and in which the DMI 
appears due to a broken inversion symmetry at interfaces20,21.

Although it has been assumed that the magnetic skyrmion is a 
unique localized spin texture in chiral magnets, it was recently pre-
dicted theoretically that, for film thicknesses that are larger than the 
equilibrium period L ≳  LD and magnetic fields Bext <  BD, magnetic 
skyrmions may coexist with another type of localized particle-like 
object, the ChB8,19 (Fig. 1a). The energy barriers that protect sky-
rmions and ChBs are of the same order of magnitude8 and the two 
objects are potentially ideal candidates for use as ‘1’ and ‘0’ bit car-
riers (Fig. 1b). The potential advantages of using such an approach 
for binary data encoding22, when compared to the recently pro-
posed skyrmion-based racetrack memory23, are discussed in detail 
in Supplementary Section 1.

Here, we report the experimental observation of ChBs in thin 
plates of B20-type FeGe by means of off-axis EH. EH provides quan-
titative measurement of the phase shift φ of the incident electron 
beam in a transmission electron microscope (TEM) with a high 
spatial resolution. The phase shift originates from the interaction 
of the electrons with the projected in-plane component of the mag-
netic induction within and around the sample24. As a ChB has a 
finite penetration depth and occupies a much smaller volume of 
the sample than a SkT, the phase shift at the position of a ChB is 
expected to be significantly weaker than that at a SkT (Fig.1c–e). A 
quantitative comparison between the experimentally measured and 
theoretically calculated phase-shift difference Δ φ, which is defined 
in Fig. 1e, allows ChBs and SkTs to be identified and distinguished 
unambiguously.

Owing to the interaction of localized objects, the shapes of SkT 
and ChB can be slightly distorted and the penetration depth of 
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Fig. 1 | ChBs and SkTs in a nanostripe. a, Schematic representation of spin structures for a magnetic ChB and a SkT, which are represented by isosurfaces 
defined by the positions of the spins oriented perpendicular to the z axis. Here and below, the colours of the vectors and the isosurfaces are defined by  
the in-plane component of the magnetization, according to a standard colour wheel (Supplementary Fig. 7). b, New concept for magnetic solid-state 
memory based on encoding a data stream in a nanostripe, which takes the form of a closed track that contains a chain of alternating magnetic SkTs and ChBs 
that correspond to 1 and 0 bits. The actions of writing, reading and erasing units are performed at different positions along the guiding track. c, Results of 
micromagnetic simulations performed for a chain of SkTs and ChBs in an FeGe nanostripe in the presence of an external magnetic field applied along ez.  
The 3D vector field of equilibrium magnetization obtained after full relaxation is represented by isosurfaces that correspond to those in a. d, Phase shift of an 
electron beam φ calculated for the magnetization distribution shown in c. e, Profile of the phase-shift map in d averaged over the width of the band marked by 
the red rectangle. The blue, red and black dashed lines in e correspond to the average signal of a SkT, a ChB and the nearly homogeneous state in between them, 
respectively. The red arrows indicate peaks that correspond to ChBs. Δ φ is the difference in height between peaks that correspond to SkTs and those  
that correspond to ChBs.
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Fig. 2 | Experimental evidence for the nucleation of chiral magnetic bobbers by means of in-field cooling. a,b, Sizes and geometries of a wedge-shaped 
(a) and rectangular (b) FeGe stripes. c,d, Magnetic-phase-shift images that correspond to a and b, respectively, recorded in the presence of a 300 mT 
magnetic field after in-field cooling. Image c corresponds to the dotted magenta rectangle in a. The red arrows indicate objects with weak contrast that  
are identified as ChBs. e,f, Phase-shift profiles as a function of position that correspond to the bands of the same colour marked in c and d, respectively. 
The dashed line in e, which represents a trend line for the phase shifts of SkTs, exhibits a nearly linear increase due to the gradient in specimen thickness.
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ChB may deviate from the equilibrium value that corresponds to 
the case of isolated ChB in a pure conical phase. Hence, the maxi-
mum of the phase shift that corresponds to a particular SkT and 
ChB may slightly deviate from the values averaged over the different 
configurations (horizontal dashed lines in Fig. 1e). Such deviations 
are typically very weak and provide significant contributions to the 
absolute values of the phase-shift peaks only at relatively low fields 
when both SkTs and ChBs become highly distorted.

We chose thin plates of B20-type FeGe to demonstrate the for-
mation of ChBs. FeGe is well known for its near-room-temperature 
magnetic transition, Tc ≈  278 K, and for the relatively small period of 
its helical spin spiral, LD ≈  70 nm. A magnetic field applied perpen-
dicular to an FeGe plate typically induces a transition to a skyrmion 
lattice at higher temperatures or individual SkTs at a lower tempera-
tures11. Most of our EH measurements were carried out on three 
samples: S1, a nanostripe with varying thickness (Fig. 2a); S2, a rect-
angular-shaped sample of fixed thickness (Fig. 2b) and S3, a plate 
with a large lateral size and a nearly fixed thickness (Supplementary 
Table 1). Representative EH data discussed in the main text were 
obtained primarily from sample S2. The other samples are described 
in Supplementary Figs. 2–5.

Based on a theoretical prediction of the spontaneous nucle-
ation of ChBs during in-field cooling8, we performed a series of 
EH experiments by cooling the samples at a fixed value of Bext || ez. 

Representative magnetic-phase-shift images and the corresponding 
line profiles recorded from samples S1 and S2 after cooling from 
temperature Tmax =  240 K to T =  95 K at Bext =  200 mT and then 
increasing Bext to 300 mT are shown in Fig. 2c–f. For both samples, 
the phase-shift images show contrast that is typical for magnetic sky-
rmions in the form of bright spots of nearly identical intensity and 
size with bell-like profiles (Fig. 2c,d). A phase-shift image recorded 
from a wedge-shaped sample is characterized by a linear increase in 
phase shift associated with a thickness gradient dashed trend line in 
Fig. 2e, in agreement with a previous experiment25. Significantly, a 
quantitative analysis of the phase-shift profiles reveals the presence 
of two distinct types of objects, which are characterized by differ-
ent phase shifts and large values of Δ φ. The objects with weaker 
contrast, which are marked in Fig. 2c,d by red arrows, show a close 
similarity to the emergence of ChBs in micromagnetic simula-
tions (Fig. 1c–e). Such weaker-intensity features appeared in the 
wedge-shaped sample only above a certain value of film thickness 
(L ≳  110 nm ≈  1.6LD). These objects exhibit a magnetic-field depen-
dence of their position, size and intensity (Supplementary Fig. 2). 
As all of these properties are consistent with theoretical predictions, 
the weaker intensity objects are identified as ChBs. Although their 
formation is reproducible, the nucleation of each ChB corresponds 
to a metastable state in the presence of in-field cooling and is a rare 
event. In most cases, a change of Tmax and Bext from their optimal 
values of 240 K and 200 mT, respectively, results in the formation of 
a pure multi-skyrmion state (Supplementary Fig. 3).

To perform a systematic study of ChBs, we established a more-
reliable approach for their nucleation on the basis of micromagnetic 
simulations, which predicted the nucleation of ChBs from edge-
dislocation defects in helical spin spirals in the presence of a tilted 
applied magnetic field (Fig. 3). With increasing field strength, the 
isosurfaces of a helical spin spiral reflect the tilt of the k-vector of 
the spiral towards the direction of Bext. At a certain value of Bext, the 
tilt leads to the formation of a fold in the isosurface, which in turn 
gives rise to the formation of a Bloch point that penetrates from the 
surface to a certain depth into the volume of the sample (Fig. 3c). 
This state only remains stable over a narrow range of Bext and trans-
forms to a complete ChB on further increasing the field (Fig. 3d).  
A similar mechanism is responsible for the emergence of Bloch 
points in a skyrmion lattice and a helical magnetic state26,27. As 
edge dislocations and similar defects occur often in the heli-
cal state, the process of demagnetization commonly leads to the 
formation of Bloch points and to the nucleation of ChBs in an 
inclined magnetic field.

In our experimental set-up, the direction of the applied mag-
netic field is fixed and coincides with the direction of the incident 
electron beam. A tilt of the field is then achieved by rotating the 
sample about two mutually orthogonal axes α and β, such that Bext 
makes an angle of ~10° to the plate normal n. At such a tilt angle, 
a small number of magnetization–demagnetization cycles is suffi-
cient to nucleate ChBs. After the nucleation of ChBs, the sample 
was returned to a zero tilt angle and measurements of the phase 
shift were performed using EH. Representative phase-shift images 
of ChBs in sample S2 obtained using this approach are shown in  
Fig. 4a–g. Corresponding images recorded from samples S1 and S3 
are shown in Supplementary Figs. 4 and 5.

The images clearly illustrate: (1) the reproducibility of ChB nucle-
ation in an inclined magnetic field, (2) the appearance of ChBs in dif-
ferent positions in the sample, (3) the mobility of ChBs in an applied 
magnetic field and (4) quantitative agreement between experi-
mentally measured phase-shift values and the theoretical calcula-
tions. Figure 4h shows the theoretical phase shift calculated based 
on the results of micromagnetic simulations for the configuration  
that corresponds to a pair of SkTs and a single ChB, similar to that in 
the experimental image shown in Fig. 4d. The comparison between 
the experimental and theoretical phase-shift profiles across three 
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Fig. 3 | Nucleation of a ChB from an edge dislocation in the helical state 
in an inclined external magnetic field. a, Schematic representation of 
a sample and two orthogonal axes of rotation α and β. The vector n is 
normal to the plane of the sample. b, Initial configuration of a helical state 
represented by corresponding isosurfaces, as in Fig. 1c. A corresponding 
phase-shift map is shown on the top surface of the cuboid in a, with the 
position of an edge dislocation marked by a red circle. c, Nucleation of a 
Bloch point at Bext =  150 mT tilted by β =  5°. d, ChB at Bext =  250 mT with 
β =  5°. The images below c and d are magnified views of the corresponding 
images. The size of the simulated domain is 540 ×  800 ×  180 nm3. The 
isosurfaces in c and d are defined in Fig. 1a–c.
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bright spots (Fig. 4i) shows an excellent quantitative agreement of the 
relative differences between the phase shifts of SkTs and ChB, Δ φ.  
The predicted magnetic field dependence of Δ φ is fully con-
sistent with the experimental data (Fig. 4j and Supplementary  
Figs. 6–8). Small deviations of the experimentally measured values of  
Δ φ from the theoretical trend line of approximately ± 0.2 rad may 
result from: (1) a slight surface roughness after the focused ion 
beam (FIB) sample preparation, (2) the presence of electrostatic 
charges on the sample surface and (3) small variations of Δ φ that 
depend on the adjacent physical and magnetic texture of the sample.

Our simulations predict the abrupt shrinkage of ChBs between 
375 mT and 400 mT (Supplementary Figs. 7 and 8). Such small ChBs 
remain stable in the simulations, but collapse rapidly in the presence 
of very small perturbations, such as those produced by only a 2° 
tilt of Bext. This transition, which corresponds to a collapsed field, 
agrees well with the experimentally measured value of 387 mT (red 
dashed line in Fig. 4j).

Both the equilibrium distance between a ChB and the edge of the 
sample and the SkT–edge distance increase with increasing applied 

magnetic field, which suggests the same character of interaction. The 
distances between the ChBs and SkTs observed at 320 mT (Fig. 4e)  
and 370 mT (Fig. 4f) are approximately the same as the intersky-
rmion distance, which confirms the presence of interactions that 
define the equilibrium distances between ChBs and SkTs, which are 
similar to the Lennard–Jones-type interactions for SkTs28.

Our implementation of a reliable method for ChB nucleation 
also allowed us to study the stability of ChBs at elevated temper-
atures. Figure 4k shows a magnetic phase diagram constructed 
from an extensive set of measurements made over a wide range 
of temperatures and applied magnetic fields (Supplementary 
Figs. 9–11). The grey region corresponds to the range of stabil-
ity of magnetic skyrmions and is bounded by a collapse field 
(black line) and an elliptical instability field (green line). The 
blue line corresponds to SkT nucleation, that is, to the transi-
tion with increasing applied magnetic field from a helical spin 
spiral to isolated skyrmions. The elliptical instability field has a 
lower value than the field for SkT nucleation, which gives rise to a  
weak hysteresis.
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instability, whereas the red line corresponds to ChB collapse. The star represents a sharp increase in the theoretical phase shift due to the abrupt shrinkage 
of a ChB in a high magnetic field. k, Magnetic phase diagram that shows the experimentally measured range of existence of SkTs (grey) and ChBs 
(hatched) in sample S2 of 175 nm thickness. The blue line marks the nucleation field for skyrmions in an increasing field. The green lines correspond to an 
elliptical instability for both SkTs and ChBs. The red and black lines correspond to the collapse fields for ChBs and SkTs, respectively. As a result of thermal 
fluctuations for T ≥  200 K, a reliable estimation of the critical fields for ChBs was precluded. Above T =  240 K, all of the transition lines are extrapolated to 
zero at Tc =  278 K. Further details about the phase diagram are available in Supplementary Section 2.
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The hatched area inside the grey region corresponds to the range 
of existence of ChBs and is bounded from the bottom by the same 
elliptical instability field as for the SkTs, but has a much lower col-
lapse field than that for SkTs. Above 200 K, it is no longer possible 
to distinguish reliably between SkTs and ChBs because of thermal 
fluctuation and spontaneous drift.

In summary, our work provides the direct observation of theo-
retically predicted particle-like objects, ChBs, that coexist together 
with magnetic skyrmions in thin films of cubic chiral magnets. 
These objects represent a promising area of further fundamental 
research and possible practical applications. In particular, the pres-
ence of two types of localized movable object suggests an alternative 
approach for data encoding, in which a data stream can be encoded 
in a single chain composed of two distinct particles.

Note added in proof: During the review process, we became aware of 
a submitted paper that reports on a new stable magnetic phase in an 
epitaxial film of FeGe/Si(111) (ref. 29). The results of magnetization 
measurements presented in the paper are interpreted as evidence of 
the formation of a layer of ChBs at the FeGe/Si interface.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0093-3.
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Methods
Sample preparation. Specimens were prepared from a polycrystal of B20-type 
FeGe using a FIB workstation and a lift-out method30,31.

Off-axis EH. Off-axis electron holograms were recorded using an electrostatic 
biprism positioned in a conjugated image plane in an FEI Titan 60–300 TEM 
operated at 300 kV. The microscope was operated in the aberration-corrected 
Lorentz mode with the sample in magnetic-field-free conditions. A conventional 
microscope objective lens was used to apply the chosen vertical (out-of-plane) 
magnetic fields of between − 0.15 and 1.5 T, which were precalibrated using a Hall 
probe. A liquid-nitrogen-cooled specimen holder (Gatan model 636) was used to 
vary the sample temperature between 95 and 380 K. Lorentz images and off-axis 
electron holograms were recorded both using a 2k ×  2k charge-coupled device 
camera (Gatan Ultrascan), Fig. 2c and Supplementary Figs. 1–3, and using a direct 
electron counting K2-IS camera32 (Gatan). A total of 20 object electron holograms 
and 20 vacuum reference electron holograms, each with a 6 s exposure time, were 
usually recorded to improve the signal-to-noise ratio in the phase images33,34. The 
hologram interference fringe contrast was typically 50%. The standard deviation 
of the phase values measured in a vacuum region adjacent to the sample was in 
the range 0.04–0.06 rad. The off-axis electron holograms were analysed using a 
standard fast Fourier transform algorithm in Holoworks software (Gatan).

Magnetic imaging in the TEM. Magnetic imaging in the TEM was performed in 
the Lorentz mode with the objective lens of the microscope turned off to provide 
magnetic-field-free conditions at the position of the sample. In the Fresnel mode 
of Lorentz TEM, the intensity distribution at defocus Δ z is recorded to reveal 
a bright or dark contrast at the positions of the magnetic domain walls. Large 
defocus values of several tens or hundreds of micrometres are typically required. 
For a Bloch-type magnetic skyrmion, the presence of a rotating magnetic field 
results in an intensity maximum or minimum in a defocused image, depending 
on its helicity and on the sign of the defocus. The technique is straightforward 
to implement and provides a direct qualitative image that reveals the positions 
at which the projected in-plane magnetization in the sample changes abruptly. 
However, it is difficult to extract quantitative information from such images or to 
study magnetic structures that are a few tens of nanometres in size or smaller.

The TEM mode of off-axis EH24,35 is based on the interference of an object  
wave of primary interest with a tilted plane reference wave. The resulting 
interference fringe pattern is modulated locally in contrast and position by 
the amplitude and phase of the object wave. The intensity distribution in the 
interference pattern can be written in the form:

ϕ= + + ΔI x y( , ) A A 2A A cos( ) (1)1
2

2
2

1 2

where Ai is the amplitude of each wave and Δ ϕ is the phase difference between 
them at each point across the field of view.

In a quantum mechanical description, an incident electron wave experiences 
a phase shift on travelling through an electromagnetic potential that can be 
expressed in the form:

∫ ∫φ φ φ= + = − πx y C V z e
h

A z( , ) d 2 d (2)zE M E

where the incident electron-beam direction z is perpendicular to the xy plane, 
CE is an interaction constant that takes a value of 6.53 ×  106 rad V−1 m−1 at an 
accelerating voltage of 300 kV, V is the electrostatic potential, e is the elementary 
charge of an electron 1.6 ×  10–19 C, h is Planck’s constant 6.63 ×  10–34 m2 kg s–1 and 
Az is the component of the magnetic vector potential along z. The magnetic vector 
potential A is related to the magnetic flux density by the expression B =  ∇  ×  A. In 
the absence of long-range charge redistribution within and around the sample and 
electron-beam-induced specimen charging, V comprises primarily the mean inner 
potential (MIP) of the material V0, which depends on its composition, density and 
ionicity. The magnetic contribution to the phase shift that results from an enclosed 
magnetic flux, ΦM (without the necessity for classical interaction with a B field) 
is described by the Aharonov–Bohm effect. The magnetic contribution to the 
recorded phase shift between two arbitrary points in a phase image can be written 
in the form:

∮φ = − πe
h

A l2 d (3)M

for a rectangular loop (l) that is formed by two parallel electron trajectories 
crossing the sample and joined, at infinity, by segments perpendicular to their 
trajectories. With reference to equation (3), Stokes’ law can be used to show that:

φ Φ= − π e
h

S2 (4)M M

where h/e =  4.135 ×  10−15 T m2 is a flux quantum (the magnetic flux that results in a 
phase difference of 2π ) and S is the area of the loop that encloses the magnetic flux. 
Supplementary Fig. 1 shows the sequence of experimental and data-processing 

steps that is required to obtain a magnetic phase map of B20-type FeGe skyrmions 
and bobbers. Off-axis electron holograms were first recorded from the sample  
and from a vacuum reference area (not shown) using the same illumination 
conditions, as shown in Supplementary Fig. 1a. Inset I of Supplementary Fig. 1a  
shows a magnified region of interference fringes, which are slightly bent as a 
result of local variations in the in-plane magnetic field at the positions of the 
skyrmions. A Fourier transform of the hologram of the sample, which is shown 
in inset II of Supplementary Fig. 1a, contains a centre band and two sidebands, 
as well as streaks that are associated with Fresnel fringes from the edges of the 
biprism wire. The local variation in intensity around the sidebands results from 
phase shifts introduced by the sample. Reconstruction of the holograms involves 
digitally selecting one of the sidebands using an aperture (inset II Supplementary 
Fig. 1a), followed by centring it in Fourier space and calculating its inverse Fourier 
transform. The phase of the resulting complex image ϕ =  arctan(i/r) is evaluated 
from the imaginary i and real r parts of the wavefunction, whereas the amplitude 
is obtained from the expression = +a r i2 2 . The difference between the object 
phase and the phase of the vacuum reference hologram (Supplementary Fig. 1b) is 
initially evaluated modulo 2π  and therefore contains phase discontinuities, which 
can be ‘unwrapped’ using suitable algorithms (Supplementary Fig. 1c). To separate 
the magnetic contribution to the phase shift from the MIP contribution, phase 
images were recorded from the B20-type FeGe sample both at low temperature 
(Supplementary Fig. 1c) and at room temperature (Supplementary Fig. 1d).  
The two phase images were then aligned and subtracted from each other (on the 
assumption that the MIP is the same and that there are no changes in diffraction 
contrast or specimen charging, contamination or damage between the two 
temperatures). Supplementary Fig. 1e shows the final magnetic contribution  
to the phase shift of the skyrmion lattice in B20-type FeGe, which can be  
evaluated quantitatively.

The present EH measurements do not allow a reconstruction of the 3D 
magnetic configuration within and around the sample and only provide 
information about the in-plane magnetic induction projected in the direction of 
the incident electron beam. As a result, it is not possible to determine whether 
the ChBs are located at the top or the bottom surface of the sample, or whether 
they form a coupled state, with two ChBs located at both surfaces, as predicted 
theoretically8.

Micromagnetic simulations. Initial micromagnetic simulations for a simplified 
model without dipole–dipole interactions were performed using software 
described previously8 and the phenomenon of merging of SkTs and ChBs into 
chains or clusters was found. The final micromagnetic simulations were performed 
using MuMax36 using the energy functional:

∫= + + +

= ∂ + ∂ + ∂
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= − = −
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where m ≡  m(x,y,z) is a unit continuous vector field (|m| =  1) that represents the 
magnetization M =  Msm, A and D are the micromagnetic constants for exchange 
and DMI, respectively, Ms is the saturation magnetization of the material, Bext 
is the applied magnetic field and Bd is the demagnetizing field generated by the 
divergence of the magnetization within the volume of the sample and at its edges. 
As a result of the relatively high magnetic moment of μFe ≈  1μB, the stray fields, 
which depend on the shape and size of the sample, make a significant contribution 
to the total magnetic energy37. The integration in equation (5) extends over the 
entire volume of the sample, Vs. In our calculations, we assume the material 
parameters Ms =  384 kA m−1, A =  4.75 pJ m−1 and D =  0.853 mJ m−2, defined from 
the expression for the equilibrium period of the spin spiral LD =  4π A/D, for which 
the typical value in FeGe is 70 nm. The mesh size of the simulated domain was 
528 ×  82 ×  64 cells. Each cell was a cube of edge length 2 nm. To achieve a state with 
alternating skyrmions and ChBs, as shown in Fig. 1c, we initiated the simulations 
from a homogeneously magnetized state, either with SkTs that penetrated the entire 
thickness of the nanostripe or with tubes that ended in the mid-plane of the sample. 
After energy minimization using a conjugate-gradient method, the spin structure 
was exported to the Spirit code (https://spirit-code.github.io) for the advanced 
visualization of isosurfaces.

The presence of Bloch point magnetic singularities does not lead to a 
divergence in the total energy38. The dynamics and equilibrium configurations of 
the system can still be calculated using a micromagnetic approach, as has been 
shown for permalloy disks39 and thin films40.

Calculation of magnetic phase images. The calculation of magnetic phase images 
from a 3D magnetization distribution is based on the Aharonov–Bohm equation. 
The magnetic vector potential A(r) can be expressed in terms of the magnetization 
M(r) by using the convolution integral41:
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where integration is performed over the volume of the magnetic material. The 
combination of the magnetic parts of equations (2) and (6) yields an equation that 
directly links the magnetization distribution to the magnetic contribution to the 
phase shift in the form:

∫φ μ= −
− ′ ′ ′ − − ′ ′ ′

− ′ + − ′
′ ′e

h
y y x y x x x y

x x y y
x y

( )M ( , ) ( )M ( , )

( ) ( )
d d (7)x y

M 0 2 2

where Mx y,  are the projections of the in-plane magnetization distribution42:

∫ ∫′ ′ = ′ ′ ′ ′ = ′ ′x y M z x y M zr rM ( , ) ( )d , M ( , ) ( )d (8)x x y y

and integration is performed over the thickness of the magnetic material along the 
line defined as x =  x′  and y =  y′ .

In the discretized form, projection and convolution can be executed in two 
separate steps, both of which can be described in terms of a matrix operation that 
leads to the equation:

= QPy x (9)

where P is the projection matrix, Q is the convolution matrix, x is the magnetic 
state vector (that is, M in vectorized form) and the vector y contains the vectorized 
form of the calculated magnetic phase image. An efficient implementation of the 
projection step can be achieved by employing sparse matrix calculations, especially 
in the case of the projection along the z axis. To optimize the second step, the 
convolution kernels (equation (7)) were precalculated by using known analytical 
solutions for simple magnetized geometries in real space and by employing fast 
convolutions in Fourier space.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding authors on  
reasonable request.
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