
Nature Physics

nature physics

https://doi.org/10.1038/s41567-026-03236-0Article

Laser-induced nucleation of magnetic 
hopfions
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Huai Zhang6, Bei Ding6, Zhipeng Hou6, Wen Shi2, Filipp N. Rybakov    7  , 
Olle Eriksson    7,8, Stefan Blügel    5, Yu Han    2,9,10, Rafal E. Dunin-Borkowski    11, 
Nikolai S. Kiselev    5  , Xuewen Fu    3,12,13   & Fengshan Zheng    1,2 

Hopfions are three-dimensional topological solitons formed by closed 
loops of vortex strings, often taking the shape of rings. In magnetic crystals, 
hopfions have so far been observed only in unusual configurations in which 
hopfion rings are linked to skyrmion strings. Although theory predicts the 
existence of stable, isolated hopfions, their experimental realization has 
remained challenging. Here we demonstrate the laser-induced nucleation 
and direct observation of isolated magnetic hopfions in a cubic chiral 
magnet, FeGe, using transmission electron microscopy. The nucleation 
conditions are determined as a function of laser fluence and external 
magnetic field. Quantitative agreement between experimental data and 
micromagnetic simulations provides evidence for the emergence of isolated 
hopfions. We derive the topological invariant for hopfions under realistic 
rather than idealized boundary conditions and calculate its integer values 
for the observed objects. We also reveal that hopfions can coexist and 
interact with other topological spin textures over a broad field range. These 
findings demonstrate a contact-free approach for nucleating complex 
three-dimensional magnetic textures, thus providing a basis for further 
fundamental and applied research on magnetic hopfions.

Topological magnetic solitons are localized spin configurations that 
have properties such as those of classical particles1. Their nanoscale 
size, topological protection and high mobility make them promis-
ing candidates for next-generation spintronic and neuromorphic 
applications2,3. Chiral magnets are unique types of crystals in which 
competition between the Dzyaloshinskii–Moriya interaction (DMI), 
Heisenberg exchange and Zeeman energy gives rise to an extensive 
diversity of two-dimensional and three-dimensional (3D) topologi-
cal solitons4. A prominent example of a two-dimensional topological 
soliton in magnetism is a skyrmion. In bulk crystals, skyrmions extend 
into the third dimension as filament-like structures known as skyrmion 
strings5–7. A hopfion can be thought of as a skyrmion string that is twisted 
and closed into a knotted loop. Such 3D solitons are characterized by a 
non-zero Hopf index and can exhibit a variety of configurations.

In frustrated magnets with competing exchange interactions8–12, 
hopfions may exist in a ferromagnetic background. However, such hop-
fions remain experimentally unobserved. By contrast, chiral magnets 
with bulk-type DMIs support hopfions embedded in helical or conical 
spin modulations. In this case, the hopfions can form exotic composite 
configurations by linking with skyrmion strings to form structures that 
are referred to as hopfion rings on skyrmion strings. Such configura-
tions have been observed experimentally in FeGe crystals13.

Theory indicates that hopfions embedded in a helical background 
can exist as free-standing objects, which are sometimes referred to as 
heliknotons14–16. However, direct experimental observation of these 
solitons has remained an outstanding challenge. The difficulty stems 
from their metastable nature, as hopfions correspond to local minima 
in a complex energy landscape. For a system to relax into such a state, 
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and energy-efficient approach for exciting magnetization dynamics. 
However, the optical nucleation and manipulation of 3D topological 
states, such as hopfions, remain largely unexplored. Here we demon-
strate the efficient nucleation of hopfions in cubic chiral FeGe magnets 
using femtosecond laser pulses in the TEM.

Hopfion in a helical background
A representative example of a statically stable solution for an isolated 
hopfion embedded in a helical background is shown in Fig. 1a. Details of 
the micromagnetic simulation are provided in Methods. The hopfion 
is a continuous texture, even when it is embedded in the surround-
ing helical state. An analytical ansatz for this specific configuration 
is provided in Methods and in Extended Data Fig. 1. Note that the spin 
texture of this hopfion has no axial symmetry. As illustrated in Fig. 1a, 
theoretical Lorentz TEM images for this case also exhibit pronounced 
asymmetry15. Such characteristic contrast allows one to distinguish 
hopfions from other magnetic textures. In the literature, one can find 
claims that hopfions supposedly exist only within a ferromagnetic 

it must overcome energy barriers that are difficult to surmount under 
standard experimental protocols. Although hopfion rings can be nucle-
ated from edge modulations using carefully designed field sequences 
and sample geometries13, the nucleation of isolated hopfions is even 
more demanding. In this work, we report a robust, contact-free method 
that can be used to nucleate and observe statically stable hopfions 
embedded in a helical background.

Recent advances in the ultrafast laser capabilities of the transmis-
sion electron microscope (TEM) have opened up new possibilities for 
the dynamic nucleation and manipulation of spin textures. Femto-
second laser pulses can excite magnetic systems on subpicosecond 
timescales by rapidly perturbing the electronic, spin and lattice degrees 
of freedom. Such transient processes can overcome the energy bar-
riers that stabilize topological configurations, thereby enabling the 
laser-induced nucleation, transformation or annihilation of magnetic 
solitons, such as vortices17–19 and skyrmions20–29. Compared with the 
use of other external stimuli, such as an electric current30,31, magnetic 
field13,32 or acoustic waves33,34, optical excitation offers a contactless 
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Fig. 1 | Hopfions in a background of helical spirals nucleated using ultrafast 
laser pulses. a, Top: statically stable solution of an isolated hopfion with Hopf 
index H = −1 in a plate of a chiral magnet with isotropic bulk DMI and zero external 
field. The hopfion is embedded in a helix with k vector perpendicular to the plate. 
The simulation domain is 3LD in all directions, where LD is the equilibrium period 
of the helix. Periodic boundary conditions are applied in the x–y plane. The 
magnetic texture is visualized at the domain boundaries and via the isosurface  
mz = −0.4 within the volume, where mz is the z component of the magnetization. 
Here and below, we use a standard colour code to indicate the direction of 
magnetization. White and black correspond to mz = +1 and mz = −1, respectively. 
The red-green-blue colour wheel encodes the in-plane orientation of the 
magnetization in the x–y plane. The two lower panels show theoretical Lorentz 
TEM images calculated in the over-focus and under-focus regimes for a defocus 
distance of 700 μm. b, Schematic representation of an experimental phase 
diagram of magnetic states nucleated by ultrafast laser pulses as a function of 
external magnetic field Bext for an FeGe sample with a thickness t = 110 nm 

(Extended Data Fig. 3). Inset: schematic illustration of the set-up used in the TEM 
with in situ laser irradiation. The entire sample is irradiated by circularly 
polarized femtosecond laser pulses, resulting in the formation of topological 
spin textures. c, Representative over-focus Lorentz TEM image with a defocus 
distance of 700 μm showing a variety of topological magnetic solitons, including 
a pair of hopfions with H = −1 each as well as skyrmions and antiskyrmions 
nucleated by a single laser pulse under the conditions indicated in the blue region 
in b. d, Schematic visualization of relevant topological spaces. The first item is 
the cube I3 with boundary ∂I3, which can represent the localization domain of a 
hopfion depicted in a. The magenta sphere 𝕊𝕊2 illustrates the unconstrained order 
parameter space, indicating that the magnetization vector inside I3 may take any 
arbitrary value on the sphere. The remaining blue spheres depict different 
constrained versions of the order parameter space on the boundary ∂I3: 𝕊𝕊2\{P1}, a 
sphere with one point removed; 𝕊𝕊2\{P1,P2}, a sphere with two punctures; 
𝕊𝕊2\⋃n

i=1Xi (here n = 7), a sphere with several excluded regions. The latter space is 
homotopy-equivalent to a bouquet of (n − 1) circles.
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phase. Using algebraic topology, we demonstrate below that this is 
by no means a necessary condition.

To classify a 3D topological magnetic texture, we apply methods 
from algebraic topology35 and consider continuous maps between 
pairs of spaces:

f ∶ (I3,∂I3) → (A,B), (1)

where I3 is the localization domain of the magnetic texture (taken here 
as a cube) and ∂I3 is its boundary, as illustrated in Fig. 1d. The cube I3 can 
be replaced by any homeomorphic domain, such as a ball, a cuboid or 
even the entire space ℝ3. In the latter case, ∂I3 corresponds to points at 
infinity. The target spaces A and B represent the order parameter inside 
the domain and on its boundary, respectively. Mapping (1) identifies 
homotopy classes that form the so-called third relative homotopy group 
of A modulo B. In the present case, the order parameter is the normalized 
magnetization field, m(r) = M/∣M∣, which takes values on a two-sphere, 
so A = 𝕊𝕊2. The space B represents a subspace of 𝕊𝕊2 determined by the 
constraints—boundary conditions—imposed on m(r ∈ ∂I3). If no con-
straints are imposed (B = A), then the relative homotopy group is trivial 
for any A: π3(A, A) = 0, where π3 is a homotopy group. This formalizes 
the intuitive fact that, without boundary restrictions, any texture can 
be continuously removed by translation across the boundary. Non-trivial 
topology, therefore, requires a constraint on certain magnetization 
directions on the boundary.

Numerous earlier studies on hopfions considered idealized yet 
maximally restrictive boundary conditions such that only a single spin 
direction was permitted at the boundary. That is, the subspace B 
reduces to a single point, B = m0 (refs. 1,8–10,36–40). In this case,  
the surrounding vacuum is a collinear magnetic phase, and the  
relative homotopy group reduces to the well-known equality: 
π3(𝕊𝕊2,m0) ≡ π3(𝕊𝕊2) = ℤ . However, simple observation immediately 
allows one to substantially soften the restrictions on the boundary. 
Indeed, as the sphere with one point removed is contractible (it can be 
continuously shrunk to a point), then replacing B = m0 by B = 𝕊𝕊2\{P1} 
does not affect the homotopy classification. The central theoretical 
result of this work is that this statement can be generalized as follows. 
The third relative homotopy group of a sphere and a sphere with holes 
is isomorphic to the group of integers:

π3 (𝕊𝕊2, 𝕊𝕊2\⋃
n

i=1
Xi) = ℤ, n ≥ 1, (2)

where Xi are arbitrary disjoint simple regions (‘holes’) on the sphere. 
For the derivation of equation (2), see Methods. This result holds regard-
less of the shapes of Xi and shows that a non-trivial Hopf invariant exists 
under much weaker boundary restrictions than previously assumed. 
It is worth emphasizing that the second relative homotopy group for 
the same spaces, π2(𝕊𝕊2, 𝕊𝕊2\⋃

n
i= 1Xi), which classifies merons and skyr-

mions, is substantially different, as it depends on the number of holes 
and may even be non-abelian41.

To illustrate the practical use of equation (2), consider a surround-
ing magnetization state that excludes a few discrete ‘hard’ directions 
of m corresponding to highly energetically unfavourable configura-
tions. A hopfion embedded in a helical background is an example of 
this case where the subspace B is a two-punctured sphere, 𝕊𝕊2\{P1,P2}, 
or its homotopy equivalence, like a circle 𝕊𝕊1 or a spherical segment. In 
Fig. 1a, the helical phase surrounding the hopfion projects onto a spin 
sphere as a circle, although minor distortions make it resemble a spheri-
cal segment. The two punctures correspond to the most unfavourable 
deviations from the ideal helical phase, and they lie along the helix axis 
at mz = 1 and mz = −1. Under this constraint, B is homeomorphic to a 
sphere with its poles removed, 𝕊𝕊2\{P1,P2}, as shown schematically in 
Fig. 1d. Thus, this situation corresponds to the particular case of equa-
tion (2) with n = 2.

Isolated hopfions classified by equation (2) are naturally related 
to the abelian group ℤ × ℤ used to classify skyrmion–hopfion combina-
tions13 via the subgroup {0} × ℤ. In other words, a hopfion that is not 
linked to skyrmion strings can be characterized by a single integer H, 
usually referred to as hopfion charge. Moreover, isolated hopfions with 
∣H∣ = 1 can be considered as (anti)generators. Supplementary Video 1 
illustrates an example of a homotopy showing the unwinding of a 
hopfion ring by a heliknoton. The example corresponds to the following 
arithmetic of topological invariants: (Q, H) = (−1, 1) + (0, −1) = (−1, 0), 
where Q denotes the skyrmion charge. The topological index of the 
hopfion depicted in Fig. 1a is H = −1. The detailed procedure for comput-
ing the Hopf index is outlined in Methods.

Hopfion laser nucleation
In our experiment, we used a set of plates fabricated via focused ion 
beam (FIB) milling from a single crystal of B20-type FeGe (Methods). 
The plate thicknesses t ranged from 110 nm to 200 nm, corresponding 
to ~1.5LD to 2.8LD, where LD is the equilibrium period of the helix, as 
shown in Fig. 1a. Electron diffraction patterns recorded from samples 
of different thickness are shown in Extended Data Fig. 2a–d. Despite 
slight variations in crystallographic orientation relative to the sample 
normal, none of the samples was aligned along high-symmetry direc-
tions. Nevertheless, their magnetic behaviour and Lorentz TEM con-
trast are nearly identical. Thus, consistent with previous studies6,7,13,42, 
B20-type FeGe can be regarded as a nearly isotropic system. A schematic 
illustration of the experimental set-up is shown in the inset of Fig. 1b. 
The femtosecond laser was circularly polarized. It had a wavelength 
of 515 nm, a spot diameter of 50 μm and a pulse duration of 240 fs. 
The laser fluence was tunable between 0 mJ cm−2 and 40 mJ cm−2. Dur-
ing laser excitation, an external magnetic field of between 0 mT and 
±100 mT was applied perpendicular to the plate. All measurements 
were performed at temperatures of between 95 K and 200 K.

Even a single femtosecond laser pulse was found to be sufficient 
to generate a rich variety of topological spin textures, including hop-
fions. However, for a given film thickness and temperature, efficient 
nucleation required the laser fluence and external magnetic field to 
fall within an optimal range. To identify the most favourable conditions 
for hopfion formation, the observed spin configurations were mapped 
systematically onto a state diagram as a function of laser fluence and 
applied magnetic field. Such a schematic diagram is shown in Fig. 1b for 
a 110-nm-thick FeGe plate. For an experimentally measured diagram of 
states after laser excitation, see Extended Data Fig. 3. The greatest diver-
sity of spin textures is present at lower magnetic fields (∣Bext∣ ≲ 35 mT) 
and at laser fluences above 9 mJ cm−2. A representative example of the 
resulting textures is shown in Fig. 1c. The figure shows a pair of hopfions 
at the top, antiskyrmions and skyrmions in the middle, and a hopfion ring 
on a single skyrmion string at the bottom. As a result of the high quality 
of the crystal, we did not observe preferable sites for hopfion nuclea-
tion. Instead, hopfions nucleated at random positions after each pulse. 
Theoretically calculated Lorentz TEM images of hopfions shown in Fig. 1a 
exhibit good agreement with the experimentally observed contrast.

Figure 2 shows a series of images of the phase shift recorded using 
off-axis electron holography. The images were acquired in zero external 
magnetic field with different angles between the plate normal and the 
incident electron beam direction. The line profiles shown in Fig. 2c–e 
demonstrate quantitative agreement between theoretical predictions 
and the experimental measurements. The images also illustrate a 
unique characteristic of hopfion contrast, which arises from its com-
plex 3D structure. At lower sample tilt angles, the contrast comprises 
one bright and one dark spot. However, at the highest positive and 
negative sample tilt angles, it shows a pair of dark spots and a pair of 
bright spots, respectively. Extended Data Fig. 4 shows experimental 
and simulated Lorentz TEM tilt series for an isolated hopfion tilted 
about different axes, which further confirms the consistency between 
theory and experiment.

http://www.nature.com/naturephysics
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Extended Data Fig. 5 compares the contrast of a hopfion with that 
of other particle-like states that are stable under similar conditions, 
namely, skyrmions, antiskyrmions and chiral bobbers. A compara-
tive analysis of these images indicates that the experimental con-
trast originates from a hopfion and cannot be explained based on the 
other objects.

Before applying a laser pulse, the sample was usually saturated in 
a perpendicular magnetic field, which was then gradually reduced to 
zero. Under these conditions, the sample enters a helical (or conical) 
phase whose k vector is aligned perpendicular to the plate. Such a 
configuration produces no appreciable contrast in Lorentz TEM 
images. For an extended FeGe plate with easy-plane shape anisotropy43, 

𝒦𝒦s = − 1
2
μ0M2

s, where μ0 is the vaccum permeability and Ms is the satura-

tion magnetization, this configuration represents the ground state of 
the system. Therefore, saturation using a perpendicular magnetic field 
is, strictly speaking, not required before each laser pulse, as the system 
naturally tends towards this state. In earlier studies6,7,13,42, the contribu-
tion of shape anisotropy was less pronounced because the lateral 
sample dimensions were much smaller, of the order of ~1 μm2. By con-
trast, in the present work the plates are more extended, with lateral 
sizes of the order of tens of squared micrometres.

At lower laser fluences, the magnetic texture remains unchanged, 
irrespective of the applied magnetic field strength, and no further 
contrast appears after the laser pulse. Magnetic textures such as heli-
cal spirals, skyrmions and antiskyrmions appear only when the laser 
fluence exceeds a critical threshold value. (A representative example 
is shown in Supplementary Video 2 for the nucleation of hopfions by 
ultrafast laser pulses.) The blue region in Fig. 1b marks the regime that 
is optimal for the nucleation of hopfions. Skyrmions and antiskyrmions 
can also be nucleated under these conditions.

Figure 3 summarizes the hopfion and skyrmion nucleation prob-
abilities for different applied magnetic fields, sample temperatures 
and sample thicknesses. Hopfion nucleation requires a higher laser 
fluence in the presence of a strong magnetic field and a lower flu-
ence at elevated sample temperature, whereas skyrmion formation 
is promoted by increases in both magnetic field and temperature. 
The dependence on sample thickness was observed to be weak and 
non-monotonic, probably reflecting the finite penetration depth of the 
laser excitation and the reduced heating efficiency of thicker samples.

The observed dependence of magnetic texture nucleation on 
laser fluence indicates that heating is probably the dominant effect of 
laser excitation. In this regard, no other dependence on light polariza-
tion or repetition rate was observed. It is also important to note that, 
despite the nucleation of hopfions requiring a low magnetic field, their 
stability range is broad.

Hopfion stability diagram
Figure 4a shows a theoretically calculated stability diagram for hop-
fions embedded in a helix with the k vector perpendicular to the plate. 
An alternative configuration, in which the k vector lies in the plane 
of the sample, was considered earlier in ref. 16. The present diagram 
accounts for the effects of demagnetizing fields in an extended plate. 
The plate thickness and applied perpendicular magnetic field are 
expressed in both reduced units and real units corresponding to FeGe 
parameters (Methods).

Critical fields for hopfion collapse were calculated for two cases: 
with FIB-damaged surface layers44 (red) and without such damage 
(blue). Based on previous estimates13,44, we assumed a damaged 
layer thickness of 7 nm on each sample surface. Experimentally, the 
FIB-damaged surface layer was measured to have a thickness of 8 ± 2 nm 
(Extended Data Fig. 2e–k), in reasonable agreement with the value 
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assumed in the calculations. Notably, the presence of a FIB-damaged 
layer substantially broadened the hopfion stability range. Without 
damage, the critical thickness for stability was ~140 nm, whereas with 
a damaged layer, it was ~75 nm. We attribute this difference to the pres-
ence of another surface barrier created by the damaged layer, which 
prevented hopfion escape at the sample surface.

The hopfion collapse field exhibited oscillatory behaviour with 
sample thickness, which is attributed to a chiral surface twist effect. 
Such oscillations reduced with increasing thickness and converged to 
a nearly constant value of about ~180 mT (horizontal dashed line). For a 
very thin plate, the collapse field could substantially deviate from this 
value to reach a value of up to ~220 mT.

The theoretical diagram is in good agreement with the experi-
mental data. In particular, Fig. 4b,c shows Lorentz TEM images of iso-
lated hopfions in a 110-nm-thick sample, and Fig. 4d,e shows hopfions 
in 170-nm-thick and 200-nm-thick samples as a function of applied 
magnetic field. Under-focus images corresponding to Fig. 4b–e are 
provided in Extended Data Fig. 6a–d. These results indicate that sample 
thickness does not markedly affect hopfion stability. This behaviour 
is consistent with the hopfion being a fully 3D magnetic object that 
is localized in all spatial directions. In agreement with the diagram, 
hopfion collapse is consistently observed at ~185 ± 10 mT. Other experi-
mental data showing the in-field evolution of isolated hopfions are 
provided in Extended Data Figs. 7a and 8a and Supplementary Video 3.  
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Furthermore, Extended Data Fig. 8d demonstrates the long-term tem-
poral stability of a single hopfion, as it shows nearly constant Lorentz 
contrast over time.

Energy barriers for hopfion nucleation
To estimate the energy barriers and possible mechanisms for hopfion 
nucleation and annihilation, we calculated the minimum energy paths 
(MEPs)45,46. The MEPs shown in Fig. 5a are for an FeGe plate of thickness 
105 nm in zero external field, assuming the same FIB-damaged layer as 
in the micromagnetic simulations (Methods). The vertical axis corre-
sponds to the energy of the system, and the horizontal axis corresponds 
to the so-called reaction coordinate. The latter term describes the rela-
tive distance between distinct spin configurations in multi-dimensional 
geodesic space45,46. Points in the MEPs corresponding to values of the 
reduced reaction coordinate of 0 and 1 correspond to local energy 
minima of the system. They describe the stable skyrmion–antiskyr-
mion pair depicted in Fig. 5b and the hopfion depicted in Fig. 5e.  
A reduced reaction coordinate of 2 corresponds to the helical spiral 
state. Figure 5c,f shows snapshots of the system at the saddle points. 
Intermediate configurations are shown in Fig. 5d,g.

The MEP shown in Fig. 5a comprises two parts. The first part (blue) 
corresponds to the merger of a skyrmion–antiskyrmion pair into a 
hopfion. The second part corresponds to the collapse of a hopfion into 
the helical phase, which can follow two distinct pathways: collapse via 
hopfion shrinking (red) and hopfion escape through the free surface 
(yellow). Extended Data Fig. 9 shows these paths separately and includes 
further snapshots of intermediate configurations. When viewed in the 
reverse direction, that is, from the low energy to the high energy states, 
the first part can be thought of as a hopfion splitting into a skyrmion 
and an antiskyrmion, and the second part can be thought of as sponta-
neous hopfion nucleation in a helical background. Both processes are, 
of course, highly improbable due to the presence of very large energy 
barriers. Therefore, hopfion formation via the merger of a skyrmion–
antiskyrmion pair seems to be the most plausible mechanism. Note that 
this transition was continuous, and no magnetic singularities appeared 

throughout the path. The energy barrier for the transition from a  
skyrmion–antiskyrmion pair into a hopfion, ΔEm, is relatively low.  
Collapse of the hopfion is protected by slightly higher energy barriers, 
ΔEc > ΔEm. As a result, the probability for the transition from a skyrmion–
antiskyrmion pair into a hopfion is expected to be higher than the prob-
ability for hopfion collapse. The above arguments are naturally applied 
for lower temperatures, kBT ≲ ΔEc, where kB is the Boltzmann constant, 
and they agree with the experimental observations. Supplementary 
Video 4 illustrates hopfion nucleation from the merger of a skyrmion 
and an antiskyrmion, both experimentally and theoretically.

Composite textures with hopfions
Figure 4b illustrates a composite state, in which a hopfion is located 
next to a hopfion ring on a skyrmion string. Such a configuration is 
not unique. Our experiments reveal that femtosecond laser excitation 
can nucleate a wide diversity of composite textures, including hopfion 
clusters, hopfion–skyrmion pairs and hopfion–antiskyrmion pairs. 
Figure 6 illustrates such configurations and their in-field evolution. 
All the composite textures in Fig. 6 were nucleated in the absence of 
an external magnetic field. More examples of composite textures with 
hopfions are provided in Extended Data Figs. 7b,c and 8b–d.

The in-field evolution of such composite textures is, in general, 
consistent with the collapse field estimated for an isolated hopfion. 
However, for configurations in which a hopfion interacts with other 
magnetic textures, it often collapses at a slightly lower field. For exam-
ple, in a hopfion pair (Fig. 6a), the first hopfion collapses at 167 mT, 
whereas the other hopfion couples to a skyrmion and then disappears 
at ~200 mT. In a hopfion–skyrmion pair (Fig. 6b), the hopfion col-
lapses at 196 mT, whereas the adjacent skyrmion remains stable until 
~500 mT. By contrast, in a hopfion–antiskyrmion pair (Fig. 6c), the 
antiskyrmion vanishes first at 108 mT, followed by hopfion annihilation 
at 132 mT. Under-focus images corresponding to Fig. 6 are provided in 
Extended Data Fig. 6e–h. These results indicate that the presence of 
magnetic inhomogeneities introduces local distortions, which lower 
the effective energy barrier for hopfion collapse.
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Note that the theoretical diagram shown in Fig. 4a is assumed to be 
symmetrical with respect to the direction of the applied perpendicular 
magnetic field. In other words, theory predicts that the most favour-
able hopfion state is at zero applied field. An increase in the strength of 
the perpendicular applied field in either direction should then lead to 
hopfion collapse at identical fields. This prediction is in full agreement 
with the experimental observations. When an external magnetic field 
is applied in the opposite direction (see, for example, Figs. 4c,d and 6d 
and Extended Data Fig. 7b), hopfions in all configurations annihilate 
at nearly the same values: −174 mT (isolated), −183 mT (hopfion pair), 
−189 mT (hopfion–skyrmion) and −130 mT (hopfion–antiskyrmion). 
Supplementary Videos 5, 6 and 7 show the field-sweep evolution for the 
hopfion–skyrmion, hopfion–antiskyrmion and hopfion–skyrmion–
antiskyrmion configurations, respectively.

In addition to a perpendicular field, hopfion stability was also 
assessed for magnetic fields that were tilted by small angles of 
~5–8°. Such a tilt can be interpreted as an another in-plane mag-
netic field applied to the sample (Extended Data Fig. 10). Hop-
fions are then expected to become more fragile and to collapse at 
lower fields, ~±55 mT. Nevertheless, in some measurements, hop-
fions survived up to 180 mT, even in the presence of tilted fields 
(Extended Data Fig. 10a).

The results presented here establish a magnetic-field-free and 
contactless approach for nucleating 3D topological solitons in a cubic 
chiral magnet, FeGe. This approach goes beyond the geometrically 
confined nanostructures studied in earlier works13. Furthermore, 
these results may lead to new concepts for spintronics based on other 
approaches for manipulating 3D magnetic textures with a laser beam.

During the review process, we became aware of a submitted manu-
script reporting the electrical writing of heliknotons in chiral magnets47. 
This work demonstrates that magnetic hopfions can be nucleated 
and moved by electrical current pulses, which may be relevant for 
potential applications. Accordingly, this points to two complementary 

approaches to hopfion nucleation—current-induced nucleation and 
optical nucleation—introduced here.
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Methods
Specimen preparation
FeGe TEM specimens were prepared from a single crystal of B20-type 
FeGe using a standard lift-out method from the bulk using a FIB instru-
ment (Helios 5 CX DualBeam, Thermo Fisher Scientific). The FeGe 
lamellae used in this work had lateral dimensions of the order of a few 
micrometres in each direction.

In situ optical Lorentz TEM experiments
Fresnel defocus images were recorded in a four-dimensional electron 
microscopy system based on a Thermo Fisher Talos F200i26. Experi-
ments were performed at 95 K using a double-tilt cooling holder (Gatan 
model 915). Lorentz images were recorded in Fresnel mode with an 
out-of-plane magnetic field applied to the sample via the objective 
lens by tuning its current. The defocus distance for all Fresnel defocus 
Lorentz images was 700 μm.

The experimental set-up allows single-shot femtosecond laser 
excitation under Lorentz phase imaging conditions. Femtosecond laser 
pulses (515 nm for 240 fs) were triggered by a digital delay generator, 
which delivered single shots with fluences ranging from 0 mJ cm−2 to 
40 mJ cm−2. The laser spot was adjusted to ~50 μm to ensure uniform 
illumination of the sample. According to a previous report48, under the 
present experimental conditions, the optical reflectivity of FeGe was 
~47 % and the penetration depth was estimated to be 15.8 nm.

Micromagnetic simulations
In our theoretical examination of magnetic states, we employed a 
canonical model designed for isotropic chiral magnets. This model 
encompasses Heisenberg exchange, DMI and demagnetizing fields. 
The corresponding energy density functional can be expressed 
as follows13,49:

ℰ = ∫
Vm
dr𝒜𝒜 ∑

i=x,y,z
|∇mi|2 +𝒟𝒟m ⋅ (∇ ×m)

−Msm ⋅ B + 1
2μ0

∫
ℝ3
dr ∑

i=x,y,z
|∇Ad,i|2,

(3)

where Vm is the volume of the magnetic sample, m(r) = M(r)/Ms is the 
magnetization vector field, Ms is the saturation magnetization, μ0 is 
the vacuum permeability, Ad(r) is the component of the magnetic vector 
potential induced by the magnetization, and 𝒜𝒜 and 𝒟𝒟 are the Heisen-
berg exchange constant and DMI constant, respectively. It is assumed 
that the magnetic field B(r) is a sum of the external magnetic field Bext 
and the demagnetizing field produced by the sample: B = Bext + ∇ × Ad. 
Here we use material parameters for FeGe: 𝒜𝒜  = 4.75 pJ m−1, 
𝒟𝒟 = 0.853 mJ m−2 and Ms = 384 kA m−1. We define the critical field above 
which the conical phase transitions to the ferromagnetic state as 
Bc = BD + μ0Ms , where BD = 𝒟𝒟2/(2Ms𝒜𝒜) ; the magnetic field is applied 
perpendicular to the plate. Periodic boundary conditions were applied 
in the x–y plane. The damaged layer was ~7 nm. All the micromagnetic 
simulations were performed using Excalibur50.

Initial state for hopfions
In this section, we outline the procedure for generating an initial hop-
fion configuration, which serves as a starting point for micromagnetic 
simulations. We consider a magnetization vector field m on an 𝕊𝕊2 
sphere, parameterized by an azimuthal angle Φ and a polar angle θ, that 
is, m = (sin ϴ cos Φ, sin ϴ sin Φ, cos ϴ) . Making use of equations (4) 
and (5), we embedded a hopfion into a ferromagnetic background13:

ϴ = π (1 − η
R1
) , 0 ≤ η ≤ R1, (4)

Φ = arctan ( yx ) − arctan (
z

R2 − ρ ) −
π
2 , (5)

where R1 and R2 are the minor and major radii of the hopfion, respec-

tively. ρ = √x2 + y2 and η = √(R − ρ)2 + z2. However, a hopfion created 

by equations (4) and (5) was found to be unstable in these calculations. 
To stabilize it, other transformations were performed on this texture.

First, the hopfion was rotated by 90° about the y axis, as shown 
in Extended Data Fig. 1a. This rotation can be expressed in the form:

m′ =
⎡⎢⎢⎢⎢
⎣

cos π
2
0 sin π

2

0 1 0

− sin π
2
0 cos π

2

⎤⎥⎥⎥⎥
⎦

m. (6)

Next, spiralization was applied to the texture in Extended Data Fig. 1a  
in the +z direction, resulting in the configuration shown in 
Extended Data Fig. 1b.

By relaxing the state in Extended Data Fig. 1b, a hopfion embed-
ded in a cone state was obtained, as shown in Extended Data Fig. 1c. 
This configuration agrees well with our experimental observations. 
The spiralization along the z direction can be expressed in the form:

m′′ =
⎡
⎢
⎢
⎢
⎣

cosφ − sinφ 0

sinφ cosφ 0

0 0 1

⎤
⎥
⎥
⎥
⎦

m′, φ = 2π
LD

z. (7)

After energy minimization (relaxation) of the initial configuration, 
the texture shown in Fig. 1a and Extended Data Fig. 1c was obtained. In 
Extended Data Fig. 1c, the hopfion is visualized via the isosurface at  
mx = 0, whereas in Fig. 1a, the isosurface for mz < 0 is displayed. An 
alternative way to visualize a hopfion embedded in a helical background 
is through despiralization—the opposite procedure to spiralization—
defined by φ′ = −φ . When it is applied to the texture shown in 
Extended Data Fig. 1c, this transformation yields a hopfion embedded 
in a ferromagnetic background, as illustrated in Extended Data Fig. 1d.

Hopfion stability diagram
The stability diagram shown in Fig. 4a was calculated using Excalibur 
with the following parameters. The cuboid size in the finite difference 
scheme was fixed at 1.75 nm × 1.75 nm × 1.75 nm. To suppress inter-
actions between periodic images of the hopfion resulting from the 
boundary conditions in the x–y plane, a relatively large simulation 
domain of 560 nm × 560 nm (320 cuboids in each lateral direction) 
was used. The sample thickness was defined by the number of cuboid 
layers along the z axis.

For each sample thickness, the stability of the hopfion was tested 
by starting in zero field and gradually increasing the applied magnetic 
field Bext ∥ ez, where ez is the unit vector along the z direction, until the 
hopfion collapsed. Calculations were performed both with and with-
out the presence of a FIB-damaged layer, which was modelled as four 
cuboid layers (~7 nm) at each sample surface.

MEP calculations
To compute the MEPs shown in Fig. 5, the regularized geodesic nudged 
elastic band (RGNEB) method51 was used. RGNEB extends the standard 
GNEB approach45,46 to the regularized micromagnetic model intro-
duced in ref. 52. In the regularized micromagnetic model, the order 
parameter is a four-dimensional vector ν = (ν1, ν2, ν3, ν4) constrained to 
the 𝕊𝕊3 sphere, so that ∣ν∣ = 1. The first three components correspond to 
the magnetization m = (mx, my, mz), whereas the fourth, auxiliary com-
ponent satisfies ν24 = 1 − |m|2. This representation imposes the natural 
constraint ∣m∣ ≤ 1 across the entire sample. Within this model, the 
Heisenberg exchange term in equation (3) is replaced by

𝒜𝒜 ∑
i=x,y,z

|∇mi|2 ↦ 𝒜𝒜
4
∑
i=1

|∇νi|2 + κν24, (8)
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where κ is a phenomenological constant ( J m−3) that determines the 
Bloch point localization52. All the other terms in the micromagnetic 
Hamiltonian follow from the substitution (mx, my, mz) ↦ (ν1, ν2, ν3) and 
are independent of ν4.

RGNEB calculations were performed using an open-source micro-
magnetic simulation package53 that is based on a fork of the MuMax3 
code54. The material parameters were identical to those used in micro-
magnetic simulations, with κ = 10−3MsBD (≈ 76.54 J m−3). As shown earlier 
in ref. 51, for 10−4 < κ/MsBD < 10−2, the energy barrier varies negligibly. 
The calculations were performed in a domain with sizes in the x and y 
directions of 210 nm and a thickness of 105 nm. The mesh density was 
128 × 128 × 64 nodes. For consistency with the micromagnetic simula-
tions, in the MEP calculations, periodic boundary conditions were 
applied in the x–y plane and a FIB-damaged layer of thickness ~7 nm 
was assumed on each sample surface. The reaction coordinates in 
the MEP calculations shown in Fig. 5a and Extended Data Fig. 9a–c are 
given in reduced units.

The MEP shown in Fig. 5 comprises three segments that connect 
local energy minima representing a skyrmion–antiskyrmion pair, a 
hopfion and a conical state with weak surface modulations. Snapshots 
of the skyrmion–antiskyrmion pair and hopfion are shown in Fig. 5b,e, 
respectively. More snapshots of intermediate states along each MEP 
are provided in Extended Data Fig. 9. Initial paths were constructed 
using snapshots of the system obtained during micromagnetic simula-
tions of corresponding processes55. For example, to generate an initial 
path describing a skyrmion–antiskyrmion merger into a hopfion, a 
skyrmion and an antiskyrmion were placed at a distance at which they 
begin to merge under energy minimization. Intermediate snapshots 
of this evolution were then used as images forming the initial guess 
for the MEP calculation. These pseudo-dynamical simulations were 
performed using the Excalibur code50. The final MEPs were obtained 
using an iterative RGNEB algorithm.

Homotopy group derivation
In this section, we use algebraic topology, focusing on the long exact 
sequence of homotopy groups, πi(A) and πj(B), and relative homotopy 
groups, πk(A, B), for the pair of spaces A ⊇ B. The sequence is a chain of 
group homomorphisms, such that the image of one homomorphism 
equals the kernel of the next35. We derive group G ≡ π3(A, B) based on other 
groups surrounding it in the chain. The third relative homotopy group 
π3 is a homotopy group classifying maps introduced in equation (1),  
so that the domain for the function f is the cube I3 and the overall codo-
main is the set A, f(r ∈ I3) ∈ A. On the boundary of the cube, the function 
takes values in B, f(r ∈ ∂I3) ∈ B. For our order parameter, the space is the 
sphere A = 𝕊𝕊2, and the subspace is associated with restrictions on this 
sphere, so we denote it by the set-theoretic difference B = 𝕊𝕊2\⋃n

i=1Xi . 
Each Xi in the above union is either a point on the sphere or a contractible 
region (such as a spherical cap) with or without a boundary. Also, none 
of these domains overlap, Xi ∩ X j≠i = ∅. The total number of punctured 
domains (holes) is any positive integer, n ∈ ℤ+. For every such B, there is 
a deformation retraction of B into some connected graph Γ. This map-
ping can be thought of as expanding every hole Xi so that, at the end, all 
that remains from the sphere is a set of lines connected by points. Thus, 
we have homotopy equivalence, B ≃ Γ. In turn, the higher homotopy 
groups of a connected graph are trivial, πi≥2(Γ) = 0, which can be  
revealed, for example, by taking the tree (it is a contractible space) as the 
universal cover of the graph35. The last important component here is the 
classic result of homotopy theory established by Hopf et al.: the third 
homotopy group of the sphere is isomorphic to the integers, π3(𝕊𝕊2) = ℤ.

Substituting all the above equalities into the long exact sequence, 
we obtain:

(9)

In the resulting short exact sequence (chain of three homomor-
phisms bounded by zeros), the central homomorphism can only be an 
isomorphism. Therefore:

G = ℤ, (10)

which completes the derivation of equation (2) presented in the 
main text.

Below, we provide some important special cases of equation (2) 
in full notation:

π3(𝕊𝕊2, 𝕊𝕊2\{P1}) = π3(𝕊𝕊2,P0) ≡ π3(𝕊𝕊2) = ℤ, (11)

π3(𝕊𝕊2, 𝕊𝕊2\{P1,P2}) = π3(𝕊𝕊2, 𝕊𝕊1) = ℤ, (12)

π3(𝕊𝕊2, 𝕊𝕊2\{P1,P2,P3}) = π3(𝕊𝕊2, 𝕊𝕊1 ∨ 𝕊𝕊1) = ℤ, (13)

where Pi are points on the sphere.

Hopf index calculation
Our method of finding the integer topological invariant H for  
equation (2) involves a two-step procedure. First, we apply an auxiliary 
map p ∶ m(r) ↦ 𝔪𝔪𝔪r) , such that it does not change the topological  
invariant H but simplifies the boundary conditions: 𝔪𝔪(r ∈ ∂Ω) = const, 
where Ω denotes the domain of hopfion localization and ∂Ω is the bound-
ary of this domain. Second, we use the Whitehead integral formula.

We focus on the case isolated in equation (11) and then prove that 
the same routine is universal for all other cases of equation (2). For the 
auxiliary map, we use deformation retraction resembling the half of 
the ‘dumbbell’ introduced in ref. 41. For convenience and without loss 
of generality, we assume that the base point is the north pole (PN), and 
the punctured point is the south pole (PS):

p ∶ (𝕊𝕊2, 𝕊𝕊2\{PS}) → (𝕊𝕊2,PN), (14)

⎛
⎜
⎜
⎝

mx

my

mz

⎞
⎟
⎟
⎠

↦
⎛
⎜
⎜
⎝

2γmx

2γmy

1 − 2γ2(1 −mz)(1 + μ)

⎞
⎟
⎟
⎠

, (15)

where

γ =
⎧
⎨
⎩

√
μ−mz

(1−mz)(1+μ)
2 , ifmz < μ,

0, otherwise,

and where the parameter μ = μ(r) is a monotone function that changes 
in value from +1 to −1 from inside Ω to the boundary ∂Ω. For Ω in the 
form of a cuboid described in dimensionless coordinates as 
r1,2,3 ∈ [−1/2, 1/2], we use

μ(r) = 128 ( 14 − r21 ) (
1
4 − r22) (

1
4 − r23) − 1. (16)

For the unit vector field 𝔪𝔪 obtained from equation (15), we calculate 
the Whithead integral:

H = − 1
16π2

∫
Ω

dr F ⋅ [(∇×)−1F], (17)

where F represents the vector of curvature, defined as

F ≡
⎛
⎜
⎜
⎝

𝔪𝔪 ⋅ [∂r2𝔪𝔪× ∂r3𝔪𝔪]

𝔪𝔪 ⋅ [∂r3𝔪𝔪× ∂r1𝔪𝔪]

𝔪𝔪 ⋅ [∂r1𝔪𝔪× ∂r2𝔪𝔪]

⎞
⎟
⎟
⎠

. (18)
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As in ref. 13, the vector field F was calculated using the Berg–Lüscher 
method56, and the following integral was calculated numerically to 
give the vector potential:

(∇×)−1F = ∫
r1

−1/2
dr1 F × êr1 . (19)

Next, we prove that the procedure starting with equation (15) is 
universal for all other cases. Because every holey sphere can be con-
sidered as an inclusion into the single-punctured sphere,

𝕊𝕊2\
n
∪
i=1

Xi ↪ 𝕊𝕊2\{P j} (20)

there is an induced homomorphism of the corresponding relative 
homotopy groups:

(21)

A simple analysis reveals that homomorphism equation (21) is an 
isomorphism. Indeed, an arbitrary element 𝔪𝔪k of the group π3(𝕊𝕊2) is an 
element of both groups in equation (21) because one can always choose 
a base point outside the holes. Let us consider one of these elements 
that has unit charge, H(𝔪𝔪k) = 1. It turns out that a homomorphism from 
integers to integers (endomorphism57), which is always multiplication 
by an integer, can result in an integer equal to 1. This is possible only if 
the homomorphism is a multiplication by ±1. As such multiplications 
are in the group of automorphisms Aut (ℤ), we obtain that the homo-
morphism equation (21) is an isomorphism. Accordingly, to calculate 
H, the procedure starting with equation (15) is always applied when 
choosing a base point outside the holes.

Data availability
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Code availability
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Extended Data Fig. 1 | Spin texture in a simulated box of size 4LD × 4LD × 2LD, 
with LD = 70 nm. a, The first column shows the initial hopfion ansatz embedded 
in a ferromagnetic background with m0 = (−1, 0, 0). b, The second column 
shows the spin texture after applying the spiralization Eq. (7), where the spiral’s 
wavevector k is parallel to the z axis with ∣k∣ = 2π/LD. c, The third column shows 
the spin texture following energy minimization, assuming periodic boundary 
condition in the xy plane. d, The fourth column shows the relaxed spin texture 

from c after applying despiralization. The first row shows isosurfaces of mx = 0. 
The second, third, and fourth rows show the magnetization field in the y-z, x-y, 
and x-z middle planes, respectively. The parameters d and D define the small and 
large diameters of the toroidal hopfion ansatz. In the configuration shown in 
a, d = D = 0.3LD. The grid size is 140 × 140 × 70. Color mapping: Black: magnetic 
moments aligned along the +z direction; Green: magnetic moments aligned 
along the +y direction; Red: magnetic moments aligned along the +x direction.
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Extended Data Fig. 2 | Diffraction patterns and cross-sectional TEM analysis. 
a–c, Diffraction patterns recorded from 110nm-thick-, 130-nm-thick, and 170-nm-
thick FeGe samples, with the zone axis [122] oriented along the plate normal.  
d, Diffraction pattern recorded from a 180-nm-thick FeGe sample with the zone 
axis [123] oriented along the plate normal. e, Cross-sectional high-angle annular 
dark field (HAADF) image of a FIB-prepared FeGe lamella recorded in scanning 
TEM (STEM) mode. The FeGe sample was first thinned to approximately 150 nm  
using FIB milling. Carbon protective layers were deposited on both sides of 
the lamella plane, after which a cross-sectional specimen was extracted and 

mounted on a FIB lift-out grid. Final thinning was performed using plasma FIB 
(Helios 5 Hydra UX DualBeam, Thermo Fisher Scientific) to avoid secondary 
Ga+ implantation. The image reveals a crystalline FeGe layer (100-nm-thick) 
sandwiched between FIB-induced amorphous FeGe layers. f, Magnified view of 
the interface between the amorphous and crystalline FeGe layers. g–k, Energy 
dispersive X-ray elemental maps showing Ga+ implantation into the FeGe lamella, 
with an estimated penetration depth of ~ 8 ± 2 nm defining the damaged region 
where Ge is removed.
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Extended Data Fig. 3 | Experimental data points in a phase diagram for 
a 110-nm-thick FeGe plate. These data points were used to construct the 
schematic phase diagram shown in Fig. 1b. Each gray point corresponds to a 
specific value of the applied magnetic field (0–50 mT) and laser fluence  
(0–17 mJ/cm2). Before each measurement, the sample was taken to magnetic 
saturation in a positive out-of-plane field. Laser pulses were then repeatedly 

applied at a frequency of 1 Hz, typically at least 50 times, to statistically assess 
the presence or absence of a particular spin texture. If the Lorentz TEM contrast 
characteristic of the corresponding magnetic texture (helix, skyrmion, 
antiskyrmion, hopfion) was observed in at least one measurement, then the data 
point was assigned to the corresponding domain in the diagram.
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Extended Data Fig. 4 | Tilt series of Lorentz TEM images of hopfions.  
a, Three-dimensional isosurface of a hopfion. The labeled axes indicate rotation 
directions for the tilt series. b, Tilt series of over-focus Lorentz TEM images of the 
hopfion rotated around the α axis. c, Tilt series of over-focus Lorentz TEM images 
of the hopfion rotated around the β axis. d, Tilt series of over-focus Lorentz TEM 
images of the hopfion rotated around the γ axis. Upper panel: Experimental  
over-focus Lorentz TEM images; lower panel: Corresponding simulated  

over-focus Lorentz TEM images. The rotation angles are labeled in the upper 
panel. The Lorentz TEM images were recorded at 95 K with a defocus value of 700 
μm. The sample thickness is 110 nm in panels b and c, and 130 nm in panel d. The 
simulations in panels b and c were performed in domains of identical size  
(300 nm × 300 nm × 110 nm), while those in panel d used a domain of 300 nm × 
300 nm × 130 nm. The scale bar is 100 nm.
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Extended Data Fig. 5 | Quantitative comparison between experimental and 
theoretical TEM images for different statically stable configurations. The first 
column in a shows experimental Lorentz TEM images recorded from a 130-nm-
thick sample at 95 K in zero applied magnetic field. The remaining columns in 
a show simulated Lorentz TEM contrast for different statically stable magnetic 
configurations, illustrated at the bottom of each column by an isosurface of  
mz = − 0.45. All of the simulations were performed in domains of identical 
size (256 nm × 256 nm × 130 nm) using the same material parameters (see 
Methods) and including a 7-nm-thick dead layer at the sample surfaces. All of the 
configurations correspond to local energy minima in zero magnetic field, except 
for chiral bobbers, which require an external magnetic field for stability. The 
first and second rows in a show under-focus and over-focus Lorentz TEM images, 

respectively. The defocus distance is identical for the experimental images and 
simulations and equals 700 μm. The scale bar in all images in a is 100 nm. The 
third row show electron phase shift maps, which were recorded using off-axis 
electron holography and, unlike Lorentz TEM, provide a quantitative signal. All 
of the experimental and simulated phase shift images are shown on the same 
gray scale, as indicated at the bottom of the first column. Panels b and c compare 
line profiles extracted from the phase shift maps in a along the lines connecting 
points A and B. The best agreement with the experimental signal is obtained for 
the hopfion configuration. Other configurations differ in the magnitude and 
shape of the phase shift profiles and in the stability conditions under which they 
exist. (Notably, chiral bobbers require an external magnetic field).
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Extended Data Fig. 6 | Under-focus Lorentz TEM images corresponding to the over-focus images shown in Fig. 4 and Fig. 6. a-d correspond to the over-focus 
images in Fig. 4b-e. e-h correspond to the overfocus images in Fig. 6. All of the images were recorded at 95 K with a defocus of 700 μm. The scale bar is 100 nm.
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Extended Data Fig. 7 | Field evolution of hopfions in a perpendicular external 
magnetic field in a 110-nm thick sample. a, Isolated hopfion. b, Hopfion-
skyrmion. c, Hopfion-antiskyrmion. d, Hopfion-skyrmion-antiskyrmion.  

The magnetic field magnitudes are indicated in the upper left corner of each 
image. All of the images were acquired at 95 K with a defocus value of 700 μm. The 
scale bar is 100 nm.
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Extended Data Fig. 8 | Field evolution of hopfions in a perpendicular magnetic 
field in samples of different thickness and temporal stability of an isolated 
hopfion. a, Field evolution of an isolated hopfion in a 200-nm-thick sample. 
b and c, Field evolution of isolated hopfions in a 170-nm-thick sample. The 
magnetic field magnitudes are indicated in the upper left corners of panels a-c.  

d, Temporal stability of an isolated hopfion in zero magnetic field in a 130-nm-
thick sample. The Lorentz images were acquired at different time points, with the 
time labeled at the lower right corner. The sample thicknesses are indicated in the 
upper right corners of the leftmost images. The over-focus Lorentz TEM images 
were acquired at 95 K with a defocus value of 700 μm. The scale bar is 100 nm.
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Extended Data Fig. 9 | Extended version of Fig. 5 in the main text. The left panels in a, b, and c show minimum energy paths (MEPs), while the right panels show 
representative system snapshots at selected points along these paths.
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Extended Data Fig. 10 | Field evolution of hopfions in a tilted magnetic field in 
a 110-nm-thick sample. a-c, Isolated hopfions. d and e, Hopfion-skyrmion pairs.  
f and g, Hopfion-antiskyrmion pairs. Panels a, b, d and f are for increasing positive 
fields, while panels c, e, and g are for increasing reversed (negative) fields.  

An in-plane field component was introduced by tilting the sample to angle α.  
The strength of the magnetic field is marked in the upper left corner of each 
image. The Lorentz TEM images were acquired at 95 K with a defocus of 700 μm. 
The scale bar is 100 nm.
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