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Magnetic skyrmions are topologically nontriv-
ial spin configurations that possess particle-like
properties. Earlier research was mainly focused
on a specific type of skyrmion with topologi-
cal charge Q = −1. However, theoretical analy-
ses of two-dimensional chiral magnets have pre-
dicted the existence of skyrmion bags – soli-
tons with arbitrary positive or negative topo-
logical charge. Although such spin textures are
metastable states, recent experimental observa-
tions have confirmed the stability of isolated
skyrmion bags in a limited range of applied mag-
netic fields. Here, by utilizing Lorentz transmis-
sion electron microscopy, we show the extraor-
dinary stability of skyrmion bags in thin plates
of B20-type FeGe. In particular, we show that
skyrmion bags embedded within a skyrmion lat-
tice remain stable even in zero or inverted exter-
nal magnetic fields. A robust protocol for nucle-
ating such embedded skyrmion bags is provided.
Our results agree perfectly with micromagnetic
simulations and establish thin plates of cubic chi-
ral magnets as a powerful platform for exploring a
broad spectrum of topological magnetic solitons.

Topological magnetic solitons1 are stable configura-
tions of magnetization fields that are characterized by
nontrivial topology. Similar to classical particles or parti-
cles in high energy physics, topological magnetic solitons
can move and interact with each other in response to ex-
ternal stimuli, e.g., magnetic field2,3, temperature4–6 and
electric current7–9. While experiments are typically car-
ried out on three-dimensional (3D) samples of magnetic
crystals, most of the magnetic solitons that have been ob-
served belong to the class of two-dimensional (2D) topo-
logical solitons10,11. The corresponding magnetic config-
urations are therefore only localized in two spatial direc-
tions, usually in the plane of the sample. In the third

direction, they extend through the sample to its physical
edges. In chiral magnets, an elementary 2D topological
soliton represents a vortex, in which the magnetization
twists by π from its center to its periphery, as shown in
the inset to Fig. 1a. In bulk samples, such π-vortices ex-
tend through the full sample thickness and are referred to
as skyrmions. It is common to refer to such filamentary
magnetic textures as skyrmion strings12–15. The mag-
netic textures of such strings in any plane parallel to the
sample surfaces are equivalent to each other up to trivial
transformations.
For magnetic textures that are localized in 2D, the

classifying group is the second homotopy group of the
two-sphere. This group is isomorphic to the group of
integers with respect to addition: π2(S2,m0) = Z, where
m0 is the base point16. A localized continuous magnetic
texture can thereby be attributed to an integer number,
which is usually termed the skyrmion topological charge
and can be calculated using the following invariant:

Q =
1

4π

∫
Ω

m · [∂xm× ∂ym] dxdy, (1)

where m(x, y) = M/|M| is the unit vector field of
magnetization and Ω is the skyrmion localization area,
such that at its boundary ∂Ω the magnetization field
m(∂Ω) = m0. Following the standard convention, the
right-handed Cartesian coordinate system xyz is chosen
so that m0 · ez > 0. For additional details, see Ref.17.
Two magnetic textures with the same topological

charge are topologically equivalent, meaning that they
can be transformed continuously into each other. By
definition, magnetic configurations with Q ̸= 0 cannot
be transformed continuously into a ferromagnetic state
without the formation of singularities, which are typically
associated with high energy states, suggesting that the
decay of a topological soliton requires an energy barrier
to be overcome. The experimentally observed collapse
and nucleation of skyrmions indicate that, at certain con-
ditions, the system can overcome this energy barrier18.
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Fig. 1 | Skyrmions of arbitrary topological charge in films of isotropic chiral magnets. Horizontal panels a and
b show representative skyrmion bags with topological charges Q = −2, 0 and 1. a illustrates skyrmion bags in a 2D system.
The magnetization field direction is depicted by means of a standard color code in all of the images, as explained in the in-
set. b illustrates skyrmion bags in a 3D system. The plate thickness t is close to an equilibrium period of the chiral modu-
lation LD (t = 0.85LD). The magnetization field in b is visualized in the form of isosurfaces of mz = 0 and magnetization at
the boundaries of the simulated domain. Demagnetizing fields are taken into account for a plate of finite thickness in b and
are omitted for the 2D system in a. In both cases, the external magnetic field Bext is perpendicular to the film. Its magni-
tude is given with respect to the critical field Bc. See Methods for details. The scale bar in all images corresponds to 1LD.

Thereby, the stability of magnetic solitons, besides the
above topological arguments, is also determined by the
interplay of competing magnetic interactions.

Here, we study magnetic skyrmions in thin plates of
isotropic chiral magnets that are stabilized by a compe-
tition between Heisenberg ferromagnetic exchange and
the chiral Dzyaloshinskii-Moriya interaction (DMI)19,20,
in the presence of external magnetic fields applied per-
pendicular to the plates21.

Axially symmetric solutions, or so-called kπ-
skyrmions22, are known to have topological charges
of Q = 0 for even k and Q = −1 for odd k. Most earlier
experimental studies of B20-type crystals of chiral
magnets have been devoted to the static, dynamic and
transport properties of π-skyrmions with Q = −12,23,24.
However, recent theoretical studies of 2D models of
chiral magnets have predicted that there is an infinite
diversity of skyrmions with arbitrary positive and
negative topological charges25,26. We refer to these
configurations as skyrmion bags, following established
terminology in the literature.

The ground state of an isotropic chiral magnet is a ho-
mochiral spin spiral. In the absence of an external mag-
netic field, this spiral has a period LD = 4πA/D, which is
defined by the ratio of the Heisenberg exchange stiffness
A and the DMI constant D. In this case, the stability of
the skyrmions requires the presence of an external mag-
netic field. Representative examples of skyrmion bags
with Q = −2, 0 and 1 in a 2D system are shown in
Fig. 1a. Figure 1b shows skyrmion bags with the same
topological charges obtained as stable solutions in a 3D
system, in which the plate thickness t is assumed to be
close to the period of the helical modulations LD. De-
tails about the model and micromagnetic simulations are

given in the Methods section. Due to the isotropic prop-
erties of ferromagnetic exchange and DMI, these mag-
netic configurations show additional modulations along
the thickness of the plate. As a result, isosurfaces of the
skyrmion bags show distortions and twists along the z-
axis. The magnetization field around a skyrmion bag is
not a ferromagnetic state with m ∥ ez, as in the 2D case.
Instead, here the magnetization field takes the form of
a conical spin spiral, whose k-vector is parallel to the
external magnetic field Bext. As the topological charge
remains fixed in any xy-plane, such configurations can be
identified as quasi-2D skyrmion bags.

Experimental observations and current-driven mo-
tion of skyrmion bags with positive topological charge
0 ≤ Q ≤ 52 were recently reported in chiral magnets and
referred to as skyrmion bundles27,28. The topologically
trivial soliton with Q = 0 depicted in the central column
of Fig. 1 was also observed experimentally earlier27,29,30.
Recently, skyrmion bags of diverse topological charges
were also reported in the system without chiral interac-
tion, e.g., in van der Waals ferromagnets31 where they
were referred to as composite skyrmions and in hexa-
ferrite32. However, the observation of such skyrmion
bags in chiral magnets has proved to be more challeng-
ing. It was recently shown that in thick films of an
isotropic chiral magnet with t ≳ 2LD the outer rings
of skyrmion bags tend to transform into hopfion rings17.
Moreover, in Ref.17 it was shown that 3D magnetic tex-
tures should be characterized by a more general homo-
topy group, in which the corresponding invariant is de-
fined by the skyrmion-hopfion topological charge repre-
sented by a pair of integers (Q,H). Formally, magnetic
configurations with (Q ̸= 0, H = 0) should be attributed
to 2D topological solitons, whereas configurations with
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Fig. 2 | Micromagnetic simulations of isolated and embedded skyrmion bags. a corresponds to solutions for iso-
lated skyrmion bags, while b shows skyrmion bags embedded in skyrmion lattices. The first row shows the magnetization
field averaged over the thickness of the plate for skyrmion bags with Q = − 2, 0 and 1, as shown in Fig. 1b. Here, we use
a specific color code33, with convergence to a gray color when |⟨m⟩z| → 0. The second and third rows show corresponding
calculated over-focus and under-focus Lorentz TEM images. The fourth row shows the calculated phase shift, φ, which would
be recorded using off-axis electron holography. All phase shift images are shown on the same scale. c plots the energies of
isolated and embedded skyrmion bags as a function of the perpendicular applied magnetic field. The energies of the isolated
solutions are given with respect to the energy of the conical phase, while the energies of the embedded solutions are given
with respect to the energy of a regular skyrmion lattice. The isolated skyrmion bags only remain stable over a finite range of
fields applied in the positive direction. The embedded skyrmion bags are stable over a wider range of applied fields, including
inverted fields.

(Q,H ̸= 0) should be attributed to 3D topological soli-
tons. Representative examples of skyrmion bags shown
in Fig. 1 belong to the class of 2D topological solitons.
The outer ring of a skyrmion bag with Q = −2 shown in
Fig. 1b can only transform into a hopfion ring in a rel-
atively thick film. Therefore, a plate with a thickness in
the range 0 < t ≲ LD (for B20-type FeGe, LD = 70 nm)
is more suitable for the observation of skyrmion bags.
The fabrication of such plates with a thickness below
100 nm using the standard method of focused ion beam
milling is challenging. In the present work, we describe
the experimental observation of magnetic skyrmion bags
with negative topological charge embedded in a skyrmion
lattice in a 70-nm-thick FeGe plate. We also provide a
reliable approach for their nucleation, based on the exper-
imental diagram of magnetic states in such a thin sample
explored in our earlier study30.

Results

Micromagnetic simulations. Figure 2 shows micro-
magnetic simulations, which demonstrate that the range
of external magnetic fields in which isolated skyrmion
bags remain stable is relatively narrow. When Bext is
reduced below ≈ 120 mT, the isolated skyrmion bags
exhibit an instability with respect to elongation [Sup-
plementary Fig. 1a-c]. When Bext is increased above

340 mT, the isolated skyrmion bags become unstable
with respect to topological transitions. In our simu-
lations, configurations with Q = 0 and 1 transform
into chiral bobbers [Supplementary Fig. 1d], whereas
skyrmion bags with Q = −2 transform into pairs of
skyrmions through collapse of their outer rings [Supple-
mentary Fig. 1e].

In contrast, we find that skyrmion bags that are em-
bedded in skyrmion lattices remain stable over very wide
ranges of applied field, even when the directions of these
fields are inverted. In our calculations, we assume peri-
odic boundary conditions in the plane of the plate and
an extended system with a fixed skyrmion density ∼ 150
µm−2, in order to approximate the samples of confined
geometry that are used in our experiments. Our re-
sults show that a variation in skyrmion density does
not change the skyrmion bag stability range significantly.
Most importantly, the embedded skyrmion bags remain
stable even in negative fields of up to Bext = −240 mT.
For Bext < −240 mT, even though the structure of
the skyrmion lattice undergoes irreversible changes, the
skyrmion bags can still be identified when the magnetic
field is switched back to the positive direction. As a
result, even Bext = −240 mT is not a strict critical
field for embedded skyrmions, but can be regarded as
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an approximate lower bound. Such extraordinary sta-
bility makes embedded skyrmion bags more accessible
for experimental observations when compared to isolated
skyrmion bags.

In positive fields, the embedded skyrmion bags exhibit
an instability at nearly the same field of ∼ 350 mT as
isolated skyrmion bags. In our micromagnetic simula-
tions, at Bext > 320 mT a skyrmion bag with Q = 1
transitions into a skyrmionium with Q = 0, which it-
self transforms into an ordinary skyrmion with Q = −1
at Bext > 350 mT. The skyrmion bag with Q = −2
turns out to be the most stable solution, which then col-
lapses into an ordinary skyrmion at Bext > 400 mT. Al-
though the energies of the skyrmion bags are provided in
Fig. 2c to illustrate the difference in stability range be-
tween isolated and embedded skyrmion bags, it should be
noted that a direct comparison of energies may be mis-
leading since the backgrounds for isolated and embedded
skyrmions are different.

Experimental stability diagram of magnetic states
in a thin FeGe plate. We studied a thin FeGe plate
with a lateral dimension of 1 µm × 1 µm and a thickness
of 70 nm, which corresponds to 1LD. This sample was
used in our previous work30, where we estimated the sta-
bility diagram of magnetic states, which is reproduced in
Fig. 3a. The blue and red dashed lines were estimated in
increasing magnetic fields. Below the dashed lines, one
can observe either isolated skyrmions or helical spirals.

The diagram shows that, when the temperature in-
creases above the so-called activation temperature Ta, the
system undergoes an abrupt transition into a skyrmion
lattice phase. This transition can be induced by varying
the applied magnetic field or temperature. At a sample
temperature in the range Ta ≲ T ≲ Tc and an external
field in the range 40 mT ≲ Bext ≲ 220 mT, we always
observe the appearance of a skyrmion lattice. The pro-
tocol for the nucleation of embedded skyrmion bags that
we introduce below relies on the abrupt transition be-
tween helical spirals and a skyrmion lattice induced by
an external magnetic field.

Protocol for skyrmion bag nucleation. Figure 4
shows a sequence of over-focused Lorentz TEM images,
which illustrate a protocol for the reliable nucleation of
skyrmion bags. The images were recorded at sample tem-
perature of T = 250 K, which is above the activation
temperature. At this temperature, the transition into a
skyrmion lattice occurs at ∼ 39 mT. The magnitude of
the magnetic field applied in the positive and negative
directions should therefore be lower than this value. We
estimated the optimal magnitude of the magnetic field to
be ≲ 30 mT.

We start from a helical spiral state in zero magnetic
field at a temperature of T > Ta, as shown in Fig. 4a.
We first apply a few cycles of varying magnetic field,
which is always oriented perpendicular to the plate but
changes in direction from positive to negative, as shown
schematically in Fig. 3b. The aim of this step is to create
closed loops of helical spin spirals. Figure 4c, d and e

Fig. 3 | Temperature - applied magnetic field di-
agram of magnetic states in a 70-nm-thick FeGe
plate. a shows a diagram of magnetic states reproduced
using data from Ref.30. We estimate the activation temper-
ature Ta = 245 K and the critical temperature Tc = 278 K.
For T < Ta, the dashed blue line marks the instability
of the helical spin spiral state with respect to a transition
to individual skyrmions. The dashed red line corresponds
to collapse of skyrmions. For Ta < T < Tc, the solid
blue line marks an abrupt transition between a helical spin
spiral state and a regular skyrmion lattice. The solid red
line corresponds to the nearly simultaneous collapse of all
skyrmions. b shows a schematic representation of our em-
bedded skyrmion bag nucleation protocol at T > Ta. We
first apply several cycles of a lower field between negative
and positive directions. The applied field is then gradually
increased above a value that induces a transition from heli-
cal spin spirals to a skyrmion lattice.

shows the formation of helical spirals (marked by red
lines) near the edges, while two helical spirals (marked
by yellow lines) in the interior of the sample form a closed
loop after the first and second field swapping cycles. A
skyrmion bag with Q = −1 is embedded in the helical
spirals. We then increase the field gradually to induce a
transition from the helical spirals to a skyrmion lattice
state, as shown in Fig. 4h, i and j.

With more field-swapping cycles, we observe that
closed loops can also be formed from the edges, leading to
a diversity of skyrmion bags embedded within the helical
spirals and skyrmion lattice. In this way, the number of
skyrmions inside the bag and the number of closed loops
can be controlled. Furthermore, the initial configuration
of the system influences the diversity of the skyrmion
bags. For instance, Supplementary Fig. 2 illustrates the
above protocol for an initial configuration of an ideal he-
lical spin spiral. This protocol is conceptually identical
to that used for the nucleation of skyrmion-antiskyrmion
pairs30 and hopfion rings17. However, here we apply it
at elevated temperature.
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Fig. 4 | Nucleation protocol for skyrmion bags in a 70-nm-thick FeGe plate. a shows a random initial magnetic
state in zero magnetic field. We chose a magnetic field of ∼ 30 mT for the field swapping process. b-c show states in the first
swapping cycle between −29 and +29 mT. c shows the formation of a helical spiral near the edge (red line). Two short spi-
rals (yellow lines) are pushed and turned into a skyrmion bag, with a skyrmion inside them in the second cycle, as shown in
d and e. The skyrmion bag is located in the background of the helical spirals, with a topological charge of −1. Two further
helical modulations are created continuously from the edge of the sample with more cycles of field swapping, as shown in d-
e and f -g. By following the red line, these newly-formed helical spirals are pushed gradually towards the inner area of the
sample. On increasing the field further, such helical spirals transition into skyrmions, resulting in skyrmion bags embedded
in the skyrmion lattice, as shown in h, i and j. The frames show over-focus Lorentz TEM images recorded at T = 250 K.
The defocus distance is 800 µm. The value of the applied magnetic field is indicated above each frame. Supplementary Fig. 2
shows another example of skyrmion bag nucleation in the sample. Supplementary Fig. 9 shows skyrmion bag nucleation in a
180-nm-thick FeGe plate.

Diversity of embedded skyrmion bags. By follow-
ing the above protocol, we obtained a wide diversity of
skyrmion bags embedded in skyrmion lattices. Repre-
sentative examples of skyrmion bags with different topo-
logical charge are shown in Fig. 5. Further examples of
negative skyrmion bags are provided in Supplementary
Fig. 4.

Positive skyrmion bags with Q > 0 were not observed
in our experiments. Merging of skyrmion bags was also
not observed. Even when there were several skyrmion
bags in the system, as shown in Fig. 5b, d and h, we
never observed merging of their outer rings.

The shape and position of a skyrmion bag were found
to depend not only on the number of field-swapping cy-
cles, but also on the angle of the applied magnetic field.
In general, the use of a tilted magnetic field breaks the
symmetry of the system by making specific directions of
magnetization in the plane more favorable than others,
resulting in an obstacle to the formation of closed loops
of helical spirals from the sample edges. The tilt angle of
the magnetic field was therefore always kept below 5◦ in
our experiments.

Skyrmion bags in inverted magnetic fields. In or-
der to verify the prediction of the micromagnetic model
about the stability of skyrmion bags in inverted magnetic
fields, we performed dedicated experiments at reduced

temperature, since the micromagnetic constants used in
the simulations were adapted for the low temperature
regime. We first nucleated skyrmion bags by following
the above protocol at a higher temperature of 250 K and
then cooled the sample to 95 K. Representative examples
of the field evolution of skyrmion bags with topological
charges of Q = 0, −1 and −2 in negative fields are shown
in Supplementary Figs 5, 6 and 7, respectively. All of
the skyrmion bags exhibit topological instability in ap-
plied magnetic fields of between −150 and −200 mT, but
are otherwise in good agreement with the micromagnetic
simulations shown in Fig. 2c, in which skyrmion bags em-
bedded in a skyrmion lattice are shown to be stable over a
wide range of external magnetic fields in both directions.
This slight discrepancy between theory and experiment
can be attributed to the confined sample geometry and
to the fact that thermal fluctuations are ignored in the
micromagnetic simulations.

An intriguing asymmetry is observed in the contrast
of the skyrmions, especially in strong negative fields in
Supplementary Figs 5, 6 and 7. This behavior resembles
an initial stage of a process that is referred to as turn-
ing skyrmion inside out34, in which a skyrmion gradually
transforms into an antiskyrmion30. With increasing neg-
ative field, the number of spins pointing along the field
increases gradually. The negative direction then takes
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Fig. 5 | Representative examples of skyrmion bags with negative topological charge in a 70-nm-thick FeGe
plate. a shows a single embedded skyrmionium. b shows two so-called 4π-skyrmions with Q = 0. c shows a single 3π-
skyrmion, i.e., a skyrmion bag with Q = −1. d shows a pair of 3π-skyrmions. e, f and g show embedded skyrmions with
two, three and four skyrmions inside outer rings and topological charge Q = −2, −3 and −4, respectively. h shows the
coexistence of two skyrmion bags with Q = −4 and −1. i shows an embedded 5π-skyrmion. j, k and l show non-axially-
symmetric skyrmion bags with multiple rings and topological charge Q = −2, −4 and −5, respectively.

over the role of the base point m0, which, in turn, leads
to a flip of the coordinate system in Eq. 1. A dedicated
discussion of this intriguing transformation will be pre-
sented elsewhere.

Discussion

In order to distinguish the observed skyrmion bags
from hopfion rings, we performed quantitative measure-
ments using off-axis electron holography [Supplemen-
tary Fig. 8]. The skyrmions and the outer rings of the
skyrmion bags produced nearly identical recorded phase
shifts, confirming that the rings penetrate through the
thickness of the plate. In contrast, the signal from a
hopfion ring would be significantly weaker17.

The protocol presented here only allows skyrmion bags
embedded in a skyrmion lattice to be nucleated in very

thin films of FeGe. We attempted to reproduce this pro-
tocol in a 180-nm-thick FeGe plate of identical lateral
size (1 µm×1 µm). Snapshots of the system during field
swapping cycles are provided in Supplementary Fig. 9.
Over seven cycles, helical spirals from the edges (marked
in red) propagated gradually to the center of the sample
and finally formed a single skyrmion. This final configu-
ration represents a nearly ideal set of nested closed loops
of helical spirals. The behaviour of the helical spirals
nucleating at the edges of thicker and thinner films is,
therefore, nearly identical. By following this approach,
one can obtain skyrmion bags embedded in the helical
spirals, as shown in Supplementary Fig. 10. However,
on further increasing the applied magnetic field, the tex-
ture undergoes a transition to a skyrmion lattice state,
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including the helical spirals and skyrmion bags. A rep-
resentative example of such a state, after increasing the
field above the transition to a skyrmion lattice, is shown
in Supplementary Fig. 10h. This behavior can be ex-
plained by the fact that, in a thick film, a skyrmion bag
state is energetically higher than that of a hopfion ring.
In order to reduce its energy, the system therefore shrinks
any closed ring into a hopfion ring. However, at higher
temperatures the hopfion ring collapses, leading to a state
in which only skyrmions are present.

In conclusion, our results provide direct experimental
evidence for the formation of magnetic skyrmion bags
embedded in skyrmion lattices or helical spirals in thin
plates of B20-type FeGe. Micromagnetic simulations
support our observations and show excellent agreement
with the experimental results. Magnetic skyrmion bags
with tunable topological charge offer a powerful platform
to study both the fundamental physics and the dynami-
cal and topological properties of magnetic solitons.
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Methods

Magnetic imaging in the TEM. TEM samples were
prepared from a single crystal of B20-type FeGe using a

focused ion beam workstation and a lift-out method35,36.
Fresnel defocus imaging and off-axis electron hologra-
phy were performed at 300 kV in an FEI Titan 60-300
TEM equipped with an electrostatic biprism. The mi-
croscope was operated in the Lorentz mode with the
sample either in magnetic-field-free conditions or in a
pre-calibrated out-of-plane magnetic field applied using
the conventional microscope objective lens. A liquid-
nitrogen-cooled specimen holder (Gatan model 636) was
used to vary the sample temperature between 95 and
380 K. Fresnel defocus images and off-axis electron holo-
grams were recorded using a 4k × 4k Gatan K2 IS di-
rect electron counting detector. Multiple electron holo-
grams, with a 4 s exposure time for each hologram, were
recorded to improve the signal-to-noise ratio. Holograms
were analyzed using a standard fast Fourier transform
algorithm in Holoworks software (Gatan). The magnetic
induction maps that are shown in Supplementary Fig. 8
were obtained from the gradients of recorded magnetic
phase images.

Micromagnetic calculations. We used a micromag-
netic model described by following energy density func-
tional14,37 :

E=
∫
Vm

dr A
∑

i=x,y,z

|∇mi|2 +Dm· (∇×m)−Ms m·Btot+

+
1

2µ0

∫
R3

dr
∑

i=x,y,z

|∇Ad,i|2 , (2)

where A and D are the Heisenberg exchange and DMI
constants; µ0 is the vacuum permeability; m(r) =
M(r)/Ms is the unit vector field of the normalized mag-
netization, Ms is the saturation magnetization, Ad(r) is
the component of the magnetic vector potential induced
by the magnetization37 and Vm is the volume of the calcu-
lation domain. The total magnetic field Btot includes the
external magnetic field Bext and the demagnetizing field
produced by the sample14,37, according to the expression
Btot = Bext+∇×Ad. We used the following parameters
for FeGe14,30,36: A = 4.75 pJm−1, D = 0.853 mJm−2

and Ms = 384 kAm−1. Micromagnetic calculations
based on energy minimization to find solutions of Eq. (2),
as well as simulations of Lorentz TEM images and elec-
tron phase shift images, were performed using Excalibur
software38. Detailed descriptions of the methods are pro-
vided in Ref.14.

In order to estimate the stabilities of the skyrmion
bags in Fig. 2, we used calculation domains with sizes
of 1.05 µm × 1.04 µm × 70 nm, on the assumption
of periodic boundary conditions in the xy plane. For
the simulations of electron phase shift images shown in
Supplementary Fig. 8, the simulated domain had open
boundary conditions in all directions.
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Supplementary Fig. 1. Field evolution of skyrmion bags embedded in the conical phase. a-c show skyrmion
bags with Q = 0, +1 and −2 embedded in the conical phase in a relatively lower magnetic field than the minimum of the
stability range shown in Fig. 2c. Elongation of the skyrmions implies an elliptical instability of the state. In a magnetic field
higher than the stability range, skyrmion bags with Q = 0 and 1 transition to a chiral bobber (see d), whereas a skyrmion
bag with Q = − 2 transitions to two skyrmions (see e). The left column shows isosurfaces (mz = 0), while the middle
and right columns show corresponding calculated over-focus and under-focus Lorentz TEM images for a defocus distance of
800 µm.
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Supplementary Fig. 2. Further example of the nucleation process of a skyrmion bag in a 70-nm-thick FeGe
plate. One cycle of magnetic field swapping results in the generation of helical spirals from the edge (see the upper edge
in images b-d). On increasing the field, several closed loops of helical spirals are formed (see e and f). By increasing to a
higher field, the inner closed loop of the helical spiral transitions into a skyrmion, leading to the formation of a skyrmion
bag with a topological charge of -1 (see g and h). At 64 mT, a perfect skyrmion lattice is formed. The frames show over-
focus Lorentz TEM images recorded at T = 250 K. The defocus distance is 800 µm. The value of the applied magnetic field
is indicated above each frame.
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Supplementary Fig. 3. Under-focus Lorentz TEM images of skyrmion bags corresponding to those shown
in Fig. 5.
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Supplementary Fig. 4. Further variants of skyrmion bags with negative topological charge in a 70-nm-thick
FeGe plate. The upper and lower panels show over-focus and under-focus Lorentz TEM images of skyrmion bags, respec-
tively. a shows a configuration containing two separate skyrmion bags. The upper left one is a skyrmionium (also seen in
Fig. 5a-b). The lower right one comprises two rings and two skyrmions, with one skyrmion located between the outer and
inner rings and the other one in the inner ring. The total topological charge is −2. b shows a skyrmion bag with a total
topological charge of −3. Two skyrmions are located between the outer and inner rings, while one skyrmion is located in the
inner ring. c shows a skyrmion bag with a total topological charge of −6. Five skyrmions are located between the outer and
inner rings, while one skyrmion is located in the inner ring. d shows a skyrmion bag containing three skyrmions and three
rings, with a topological charge of −3. The outermost ring encloses two skyrmions, while the two inner rings surround one
skyrmion. The defocus distance is 800 µm. The sample temperature is T = 250 K. The value of the applied magnetic field is
indicated above each frame.
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Supplementary Fig. 5. Field evolution of a magnetic skyrmionium. a shows a skyrmionium in a skyrmion lattice
in a positive field of 47 mT. The magnetic field was then changed gradually towards the negative direction. The skyrmion-
ium remained stable until a negative field of 187 mT (see j). Elongation of the skyrmionium and skyrmions was observed, in
particular at higher negative fields (see h, i and j). The direction of elongation corresponds to the direction of the in-plane
component of the applied magnetic field. The frames show over-focus Lorentz TEM images recorded at T = 95 K. The defo-
cus distance is 800 µm. The value of the applied magnetic field is indicated above each frame.

Supplementary Fig. 6. Field evolution of a magnetic skyrmion bag with a topological charge of −1. a shows
a skyrmion bag with one skyrmion in a skyrmion lattice in a positive field of 56 mT. The magnetic field was then changed
gradually towards the negative direction. The skyrmion bag remained stable until a negative field of 160 mT, before collaps-
ing into a skyrmionium (see g). The size of the skyrmion bag decreased with increasing applied magnetic field (compare a,
e and f). The skyrmionium collapsed in a negative field of 181 mT (see j). Elongation of the bag and the skyrmions was ob-
served, in particular at higher negative fields (see h, i and j). The direction of elongation corresponds to the direction of the
in-plane component of the applied magnetic field. The frames show over-focus Lorentz TEM images recorded at T = 95 K.
The defocus distance is 800 µm. The value of the applied magnetic field is indicated above each frame.
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Supplementary Fig. 7. Field evolution of a magnetic skyrmion bag with a topological charge of −2. a shows
a skyrmion bag with two skyrmions in a skyrmion lattice in a positive field of 80 mT. The magnetic field was then changed
gradually towards the negative direction. The skyrmion bag remained stable until a negative field of 183 mT, before collaps-
ing (see j). Elongation of the bag and the skyrmions was observed, in particular at higher negative fields (see g, h, i and j).
The direction of elongation corresponds to the direction of the in-plane component of the applied magnetic field. The bag is
smaller in g than in h and i. The frames show over-focus Lorentz TEM images recorded at T = 95 K. The defocus distance
is 800 µm. The value of the applied magnetic field is indicated above each frame.
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Supplementary Fig. 8. Comparison between experimental and theoretical electron phase shift images of
skyrmion bags in a 70-nm-thick FeGe plate. a-b show experimental (left) and theoretical (middle) electron phase shift
images for skyrmion bags with Q = − 1 and −2, respectively, embedded in skyrmion lattices. Corresponding experi-
mental Lorentz TEM images for the two skyrmion bags are shown in Fig. 5b-c and Supplementary Fig. 3b-c, respectively.
The insets to the experimental images show corresponding magnetic induction maps of each skyrmion bag and its surround-
ings. The right column shows line profiles of the experimental (red) and theoretical (blue) phase shift across the center of
each skyrmion bag. In the line profiles, the skyrmions and the outer rings of the skyrmion bags have nearly identical con-
trast, indicating that the rings, which are composed of two nested closed 180-degree domain walls, penetrate the full sample
thickness. This behavior is opposite to that observed in images of hopfion rings in thicker films of chiral magnets, in which
the contrast from the ring is much weaker than that of the individual skyrmions. The experimental images were recorded at
T = 250 K, whereas in the micromagnetic simulations the parameters were adapted for T = 95 K. The saturation magne-
tization and the strength of the magnetic induction field are therefore different for the experimental and theoretical images,
resulting in a difference between the absolute values of the phase shift.
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Supplementary Fig. 9. Protocol for nucleation of magnetic skyrmion bags in a 180-nm-thick FeGe plate.
a-o show that, after several cycles of field swapping between +50 and -50 mT, helical edge modulations are generated and
pushed towards the center of the sample (see the red line in each image). A closed loop of the helical spiral forms at the
early stages of field swapping (see b), in part due to the perfection of the sample. In general, this state can be termed
a “skyrmion bag”, albeit with helical spirals inside it. A skyrmion bag then forms with five skyrmions inside it (see h).
Annihilation of the skyrmions in the bag is then observed during field swapping, with the number of skyrmions decreas-
ing gradually to zero. The closed loop of the helical spiral (red line) turns into a skyrmion, leading to the formation of a
skyrmion bag with one skyrmion inside it (see o). The outer closed domain walls are also part of the bag in most images.
p shows a schematic illustration of the field swapping process. The frames show over-focus Lorentz TEM images recorded at
T = 250 K. The defocus distance is 400 µm.
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Supplementary Fig. 10. Skyrmion bags embedded in the helical phase in a 180-nm-thick plate. The frames
show over-focus Lorentz TEM images recorded at a defocus distance of 400 µm. For the skyrmion bags , the topological
charge in a and b, Q = 0, in c, Q = − 2, in d, Q = − 3, in e and f, Q = 2 and in g, Q = 3. The images in a-g
were recorded in approximately zero external magnetic field. In a thick film studied at a high temperature (T > Ta), all of
the configurations shown in a-g undergo a transition to a skyrmion lattice phase in an increasing magnetic field. h shows a
representative image of the skyrmion lattice phase recorded at T = 250 K in an external magnetic field of 112 mT.
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