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Magnetic skyrmion braids
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Haifeng Du 5, Stefan Blügel 3 & Rafal E. Dunin-Borkowski1

Skyrmions are vortex-like spin textures that form strings in magnetic crystals. Due to the

analogy to elastic strings, skyrmion strings are naturally expected to braid and form complex

three-dimensional patterns, but this phenomenon has not been explored yet. We found that

skyrmion strings can form braids in cubic crystals of chiral magnets. This finding is confirmed

by direct observations of skyrmion braids in B20-type FeGe using transmission electron

microscopy. The theoretical analysis predicts that the discovered phenomenon is general for

a wide family of chiral magnets. These findings have important implications for skyrmionics

and propose a solid-state framework for applications of the mathematical theory of braids.
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F ilamentary textures can take the form of braided, rope-like
superstructures in nonlinear media such as plasmas and
superfluids1–3. The formation of similar superstructures in

solids has been predicted, for example, from flux lines in
superconductors4. However, their observation has proved
challenging5,6.

Here, we provide unambiguous experimental evidence for
braids of skyrmion strings in cubic crystals of chiral magnets.

Magnetic skyrmions7–10 have been observed over a wide range
of temperatures and applied magnetic fields in Ge-based and Si-
based alloys with B20-type crystal structures, such as FeGe11–14,
MnSi15, Fe1−xCoxSi16,17 and others18. These skyrmions are
topologically nontrivial textures of the magnetization unit vector
field m(r), whose filamentary structures resemble vortex-like
strings or tubes, with typical diameters of tens of nanometers. The
length of such a string is assumed to be limited only by the shape
and size of the sample19, with direct observations confirming the
formation of micrometer-long skyrmion strings20,21. Previous
studies have suggested that magnetic skyrmion strings are
(nearly) straight19–25. In contrast, here we show that skyrmion
strings are able to twist around one another to form super-
structures that we refer to as skyrmion braids (Fig. 1).

We begin with a theoretical description, which is based on a
micromagnetic approach and a standard model of cubic heli-
magnets (chiral magnets), such as FeGe (see Methods). Static
equilibrium in such a system results from a delicate balance
between Heisenberg exchange, Zeeman interaction, chiral
Dzyaloshinskii–Moriya interaction26,27 (DMI), and dipole–dipole
interaction. The equilibrium state is typically a conical spin spiral,
whose modulation axis is parallel to the applied field Bext (inset to
Fig. 1a). The period of such a spiral LD is nearly constant for each
material, taking a value of ~70 nm for FeGe28. The conical phase
can be regarded as a natural “vacuum” (background), in which
clusters and isolated strings of skyrmions are embedded23,24.

Results
Micromagnetic simulations. We use energy minimization (see
Methods) to show that interacting skyrmion strings can lower
their total energy by twisting into braids. A representative
example of such a skyrmion braid is shown in Fig. 1 for an
energetically favorable configuration of five skyrmion strings,
which wind around a sixth straight string at their center. Such a
winding braid forms spontaneously from an initial configuration

Fig. 1 Skyrmion braid in a chiral magnet. a–d Skyrmion braid comprising six skyrmion strings represented by isosurfaces of mz= 0. The color modulation
at the edges of the box indicates the presence of the conical phase. (see inset in a). The equilibrium state for each value of applied magnetic field (Bextjjêz)
is found by using energy minimization (see “Methods”), on the assumption of periodic boundary conditions in the xy plane, free surfaces in the third
dimension, and a sample thickness of t= 1440 nm. The presence of bumps on the isosurfaces results from the magnetization modulations in the
surrounding conical phase. These bumps become less pronounced with increasing Bext, as the cone phase approaches a field-polarized state. e Dependence
of twist angle on distance to the lower surface for the five skyrmions that wind around a central sixth skyrmion. The angles φi(z) are measured from the x
axis, as indicated in c. The dotted lines are linear fits for each φi(z) dependence. f Dependence of the average twist angle hΔφi ¼ 1

5∑i φið0Þ � φiðtÞ
� �

on the
applied magnetic field. g Dependence of the average twist angle 〈Δφ〉 on sample thickness t. The solid circles in f, g are obtained from numerical
calculations, while the lines are used to guide the eye.
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of six straight skyrmion strings (see Methods and Supplementary
Movie 1). A skyrmion braid has one energetically preferable
chirality, which depends on the sign of the DMI constant D.
Without loss of generality, we assume below that D > 0. The
chirality of the twist is opposite to that of the magnetization of the
surrounding cone phase, as indicated using blue and red arrows,
respectively, in Fig. 1a. Although this behavior may appear to be
counterintuitive, along any line parallel to the z axis, the spins
have the same sense of rotation about êz as for the conical spiral.
The twisting or untwisting of a skyrmion braid by an external
magnetic field, as illustrated in Fig. 1a–d, is fully reversible (see
Supplementary Movie 1).

In order to quantify the degree of twist, we trace the position of
each skyrmion by its center, where the magnetization is
antiparallel to Bext. We define the twist angle φi(z) for the ith

skyrmion in each z plane as the angle between the x axis and the
line connecting the central and ith skyrmion (Fig. 1c). The φi(z)
curves shown in Fig. 1e are almost linear and have identical
slopes, with small deviations close to the free surfaces due to the
chiral surface twist22. A linear fit to each plot of φi(z) can be used
to estimate the total twist angle Δφi, by which the strings rotate
from the lower to the upper surface.

Figure 1f shows the dependence of the average twist angle
hΔφi ¼ 1

5∑iΔφi on the applied magnetic field, both with and
without consideration of demagnetizing fields, to illustrate the
role of dipole–dipole interactions. The twist angle is reduced by a
factor of ~2 when demagnetizing fields are neglected. This
difference decreases with increasing Bext. The applied magnetic
field is shown in reduced units relative to the critical field Bc in
Fig. 1f, in order to facilitate a comparison between the results
obtained with and without demagnetizing fields. In both cases, Bc
is the phase-transition field between conical and saturated
ferromagnetic states (see Methods). Figure 1g shows the
dependence of the twist angle 〈Δφ〉 on sample thickness t at
fixed Bext. Although dipole–dipole interactions increase the
degree of twist significantly, they are not necessary for the
stability of skyrmion braids.

The quasilinear dependence of φi(z) on z in Fig. 1e and the
monotonic dependence of 〈Δφ〉(t) on t in Fig. 1g suggest that the
volume and the free surfaces both play important roles in the
formation of skyrmion braids.

Calculations performed for a bulk sample with periodic
boundary conditions show that, for example, in Fig. 2a, a six-
string skyrmion braid is energetically more favorable than a
cluster of straight strings in fields below B* ≈ 0.61Bc (see the
vertical dashed line in Fig. 2b). Figure 2c illustrates the details of
the energy redistribution for an arbitrarily chosen value of Bext
below B*. In a thin plate, however, the same braid is stable above
B* (Fig. 1f), suggesting that surface effects may additionally
enhance braid stability. The mechanism of skyrmion braid
stability therefore results from a sophisticated interplay of
multiple energy terms and depends on the geometry of the
system. The dipole–dipole interaction does not play a funda-
mental role in the energy stability of a braid, but contributes to it.
Instead, the stability of a braid results primarily from the energies
of exchange-type interactions associated with texture distortions.

Experimental observations. The dependence of the average twist
angle 〈Δφ〉 on plate thickness shown in Fig. 1g suggests that the
helical twist of skyrmion strings should be observable in a thin
sample, for which t ~ LD. This criterion is important for obser-
vations using transmission electron microscopy (TEM), for which
an electron-transparent sample is required. For Fe0.5Co0.5Si, with
LD ~ 90 nm, the thickness below which a sample is electron-
transparent at an accelerating voltage of 300 kV is ~3.3 LD,

corresponding to ~300 nm17. This value is assumed to be
approximately the same for FeGe.

We studied three high-quality electron-transparent FeGe
lamellae with thicknesses of ~180 nm (~2.6 LD), which is large
enough for the formation of skyrmion braids but small enough
for magnetic imaging in the TEM. The lateral dimensions of the
samples were 1 × 1 μm (S1), 800 × 540 nm (S2), 6 × 7 μm (S3). We
observed skyrmion braids in all three samples. Below, we provide
representative results from samples S1 and S2. Other results are
included in Supplementary Figs. 2–9 and Movies 3–6.

For experimental observations of skyrmion braids, we designed
the following protocol. First, we performed magnetization-
reversal cycles until a desired number of skyrmion strings had
nucleated in the sample. Multiple cycles were required due to the
probabilistic character of skyrmion nucleation. In order to avoid
the interaction of skyrmions with the edges of the sample, the
strength of the external magnetic field was increased to move the
skyrmions toward the center of the sample. We then gradually
decreased the applied magnetic field until the contrast of the
straight skyrmion strings changed to those expected for braids.
(see Supplementary Movie 5). Although this is not a unique

Fig. 2 Energy gain of a skyrmion braid in a bulk sample. a Cluster of six
straight skyrmion strings (left) and a corresponding skyrmion braid (right)
in a bulk sample with periodic boundary conditions in all three dimensions.
b Dependence of energetically optimal twist per unit length on the applied
magnetic field calculated without dipole–dipole interactions. c Component-
wise energy difference between a cluster of straight skyrmion strings and a
skyrmion braid at Bext= 0.392 Bc for a period along z equal to 25 LD, with
〈Δφ〉≈ 14 deg/LD.
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protocol for nucleating skyrmion braids (see, e.g., Supplementary
Fig. 3), it results in high reproducibility of the results. (See
Supplementary Movies 4 and 6). We did not observe skyrmion
braids during in-field cooling of the samples.

Figure 3 shows experimental Lorentz TEM images (a–c) and
theoretical results (d–g) for short skyrmion braids. Here, we
compare only the Lorentz TEM images. See Supplementary
Fig. 10 for different defocus values and Supplementary Fig. 11 for
the case of opposite chirality of the material. Representative
experimental phase-shift images for sample S1 recorded using off-
axis electron holography are provided in Supplementary Fig. 2.
Good agreement is obtained between the experimental and
simulated images. The key feature of these magnetic images of
skyrmion braids is the appearance of a ring-like pattern and a
significant reduction in contrast in comparison with straight
skyrmions, as shown in the lower row in Fig. 3a–c. The

correlation between the magnetic images and average in-plane
magnetization components hmxyiz ¼ t�1

R
mxydz in Fig. 3d–g

arises because, to a first approximation, the magnetic field follows
the m vector. It should be noted that the electron beam is
perpendicular to the plate and only sensitive to xy component of
the magnetic field within and around the sample. In sample S1
(and similarly in sample S3—see Supplementary Fig. 9), the
typical applied fields that were found to stabilize braids were
different from theoretical values. This discrepancy can be
attributed to minor damage from the fabrication process29,
including the formation of thin amorphous magnetic surface
layers30–32. In contrast, excellent agreement with theory was
achieved for sample S2, which was also used in Ref. 33.

Figure 4 shows experimental and theoretical images for sample
S2 (see also Supplementary Fig. 4). Figure 4a shows a three-string
skyrmion braid. Figure 4b shows a skyrmion braid comprising six

Fig. 3 Skyrmion braids in an extended FeGe plate of thickness 180 nm. a–c Experimental Lorentz TEM images of twisted skyrmions–skyrmion braids
(upper row) and untwisted (lower row) skyrmions recorded at two different magnetic fields in sample S1 at 95 K. d–g Theoretical results for Bext= 275 mT,
assuming periodic boundary conditions in the xy plane and free surfaces in the third dimension. From left to right, each row shows: an equilibrium state
represented by isosurfaces of mz= 0; in-plane magnetization hmxyiz averaged over the thickness of the plate; underfocus and overfocus Lorentz TEM
images; electron optical-phase image. The index at the top-right corner in a–c and in the simulated images of hmxyiz indicates the number of skyrmion
strings Nsk in the braid. An isolated skyrmion string is shown in d for comparison with skyrmion braids in e–g.
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strings in a pentagonal pattern, similar to those shown in Fig. 3c, g.
As a result of its smaller size, electron phase-shift images could be
recorded from this sample using off-axis electron holography (see
Methods). Excellent agreement is obtained between experiment and
theory for both underfocus and overfocus Lorentz TEM images and
electron phase-shift images, providing confidence in the interpreta-
tion of the experimental data. The skyrmion braids can be stabilized
over a wide temperature range, as shown in the form of
representative magnetic images in Supplementary Fig. 8 for sample
S1 at 120K and Supplementary Fig. 6 for sample S2 at 170 K.

Discussion
Because of the magnetization inhomogeneities along the sky-
rmion braids, their electromagnetic properties are expected to
differ from those of straight skyrmion strings. Electrons passing
along the braids accumulate a Berry phase and experience
emergent electric and magnetic fields that are modulated with the
thickness of the sample and quantized by the number of sky-
rmion strings in the braid. This, in turn, gives rise to magne-
toresistive and transport phenomena that would not be observed
for straight skyrmion strings. A promising system for demon-
strating these effects is a magnetic nanowire34,35, in which a
skyrmion braid can occupy the entire volume. In larger samples,
skyrmion braids are expected to differ in structure and close-
packing form36,37. See additional examples of superstructures of
braided skyrmions in Supplementary Figs. 12 and 13.

In contrast to magnetic hopfions38–40, skyrmion braids cannot
be localized completely in three dimensions without singularities.
In other words, skyrmion strings start on one surface of a sample
and end on the other surface. A skyrmion braid represents a
geometric braid41 when the ends of the skyrmion strings are fixed
on the sample surface due to pinning or surface engineering. It is
then topologically protected and cannot be unwound. The latter
behavior is guaranteed by the robustness of skyrmion strings,
resembling strides42 of a geometric braid. Such skyrmion braids
can be described in terms of an Artin braid group43 BN . In this
sense, skyrmion braids are three-dimensional analogs of anyons44

in (2+ 1)-dimensional space-time.
In summary, we have discovered novel magnetic super-

structures, which we term skyrmion braids, using electron
microscopy and micromagnetic calculations. The generality of
our theoretical approach suggests that superstructures of sky-
rmion strings that wind around one another can be formed in all
noncentrosymmetric cubic magnets, offering new perspectives for
studies and applications of the anomalous (topological) Hall
effect34,45,46, magnetic resonance, spin waves on skyrmion
strings47,48, and magnetization dynamics driven by currents34.

Methods
Micromagnetic calculations. For a theoretical description of skyrmion braids, we
follow the micromagnetic approach. In the most general case, when the demag-
netizing field is taken into account, the state of a system is described in terms of
two coupled vector fields: the magnetization fieldM(r), which is defined only inside
the volume of the magnet Vm, and the magnetic field B(r), which is defined in all
space. The field B(r) is typically the sum of a homogeneous applied magnetic field
Bext and the demagnetizing field produced by the magnetic sample itself. It can be
expressed in the form

B ¼ Bext þ ∇ ´ Ad ; ð1Þ

where Ad(r) is the component of magnetic vector potential due to the presence of
the magnetization field M(r). The total energy of the system (up to an additive
constant) is the sum of the exchange energy, the DMI energy, the Zeeman energy,
and the self-energy of the demagnetizing field:

E ¼
Z
Vm

drA j∇mj2 þD m � ð∇ ´ mÞ �Ms m � B

þ 1
2μ0

Z
R3

dr j∇ ´ Adj2;
ð2Þ

where m(r)=M(r)/Ms is a unit vector field that defines the direction of the
magnetization, Ms= ∣M(r)∣ is the saturation magnetization, A is the exchange-
stiffness constant, D is the constant of isotropic bulk DMI, and μ0 is the vacuum
permeability (μ0 ≈ 1.256 × 10−6 N A−2). The notation j∇mj2 � ∑i¼x;y;z j∇mij2
denotes the Euclidean norm of gradients of m. In our simulations, we used the
following material parameters for FeGe33: A ¼ 4:75 pJm−1, D ¼ 0:853 mJm−2,
and Ms= 384 kAm−1.

Static equilibrium solutions discussed in the main text were obtained by
numerical minimization of (2) for the pair of fields m and Ad. Such an approach
for the solution of magnetostatic problems is well known49–51, but has rarely been
used in practice due to the complexity of its implementation and an ambiguity
associated with gauge freedom. In order to eliminate the gauge freedom and to
increase the robustness of the numerical scheme, we used the replacement
∣∇ ×Ad∣2→ ∣∇Ad∣2 in the last integral in (2) (see Ref. 52 for details). A well-known
consequence of the fact that the vector potential is a continuous field that is
noncompact is the Ehrenberg–Siday–Aharonov–Bohm effect. As a result of the
noncompactness of Ad, the last integral in (2) is taken over the entirety of three-
dimensional space.

We split our implementation into two regions: the interior region—the sample
and a relatively small (with respect to the size of the sample) vacuum layer around
it, and the exterior region—the rest of the space. The interior was discretized on a
regular mesh with spacing 3 nm and the corresponding equations were
approximated by a finite-difference method. In the case of periodic boundary
conditions in the xy plane, the in-plane mesh size was 256 × 256. In the exterior,
the field Ad was approximated by a linear combination of the vector fields a1, a2, ...
an. The vector fields ai(r) were selected to be linearly-independent solutions of the
Laplace equation, with regular behavior at infinity. The total number of the ai
vector field n was chosen to achieve a balance between accuracy and performance.
By using toy problems (e.g., uniformly magnetized cuboids), as well as the method
of optimal grids53,54, it was concluded that the most significant factor that limited
the overall accuracy of the calculation was the grid spacing in the interior.

For the calculations of the bulk (Fig. 2), we omitted dipole–dipole interactions.
When using periodic boundary conditions, we increased the accuracy of the
calculations by means of an 8th-order finite-difference scheme, which is a
generalization of the approach suggested by Donahue and McMichael55. In this
case, the mesh spacing was set to 0.05 LD (3.5 nm).

Fig. 4 Comparison between experimental and simulated images of skyrmion braids. a, b Magnetic images of skyrmion braids containing three and six
skyrmion strings, respectively. The upper panel shows experimental underfocus and overfocus Lorentz TEM images and electron optical phase-shift images
recorded using off-axis electron holography from sample S2 at 95 K. The lower panel shows the corresponding simulated Lorentz TEM images and phase-
shift images. The perpendicular applied magnetic field in a and b is 218 and 187 mT, respectively. The high-contrast feature at the lower-right corner in a is
an isolated skyrmion string attached to the edge. The sample size, external magnetic field, defocus and accelerating voltage are the same for the
experimental and simulated images.
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Minimization was carried out using a nonlinear conjugate-gradient method. All
of the calculations, including simulations of Lorentz TEM images and phase-shift
images, were performed using the high performance GPU-accelerated software
Excalibur. (see Ref. 56 for more details). For additional verification, a double-check
was performed by reproducing some of the solutions for m(r) using the publicly
available software MuMax357.

Derivation of critical fields. The Hamiltonian in Eq. (2) has an exact solution for
a film of finite thickness t (thin bulk) in the presence of a perpendicular applied
magnetic field Bextjjêz:

m ¼ ðsinðΘcÞ cosðkzÞ; sinðΘcÞ sinðkzÞ; cosðΘcÞÞ; ð3Þ

Ad ¼ �Am cosðkf ðzÞÞ; sinðkf ðzÞÞ; 0� �
; ð4Þ

where the cone angle

Θc ¼ arccos
Bext

BD þ μ0Ms

� �
; ð5Þ

the amplitude of the vector potential

Am ¼ μ0Ms sinðΘcÞ=k;
the auxiliary function

f ðzÞ ¼ maxð�t=2;minðt=2; zÞÞ;
the wave number k ¼ D

2A, and BD ¼ D2

2MsA is the critical value of the magnetic field

in the limit of neglecting demagnetization (this limit corresponds to the case
μ0→ 0).

In accordance with Eq. (5), we define the critical field Bc to be equal to BD for a
model approach that neglects magnetostatics, while Bc= BD+ μ0Ms for a full
model based on Eq. (2). For the above material parameters for FeGe, BD= 0.199 T
and BD+ μ0Ms= 0.682 T.

Initial guesses for calculations. We set the initial guess for the magnetization (the
initial magnetization state), representing a vacuum for embedded localized states,
to be a perfect conical phase (3). We then use a vortex-like ansatz7 to embed
straight skyrmion strings into this conical background. In some cases, the skyrmion
strings in the initial guess are twisted arbitrarily, in order to identify other possible
stable states that have different morphologies or twist angles from the spontaneous
one. The initial guess for the vector potential field Ad is always set to be zero.

The positions of the textures in the experimental images were reproduced by
adjusting the orientation of Bext and using a technique for crafting magnetic
textures that is described in Ref. 56 and Supplementary Movie 2. In the simulations,
the maximum tilt angle of Bext relative to the normal êz was 1∘, which does not
exceed the corresponding tolerance of such an angle in the experimental setup.

Simulation of electron optical-phase shift. Since our approach for the solution of
the micromagnetic problem recovers the magnetic vector potential Ad, simulation
of the electron optical-phase shift is straightforward. When the incident electron
beam direction is along the negative z axis, the phase shift can be calculated using
the following integral58:

φðx; yÞ ¼ 2πe
h

Zþ1

�1

dzAd � êz; ð6Þ

where e is an elementary (positive) charge (~1.6 × 10−19 C) and h is Planck’s
constant (~6.63 × 10−34 m2 kg s−1).

Simulation of Lorentz TEM images. In the phase-object approximation, the wave
function of an electron beam58 transmitted through a sample in the xy plane can be
written in the form

Ψ0ðx; yÞ / exp iφðx; yÞ� �
; ð7Þ

where φ(x, y) is the phase shift defined in Eq. (6). In the Fresnel mode of Lorentz
TEM, neglecting aberrations other than defocus, aperture functions, and sources of
incoherence and blurring, the wave function at the detector can be written in the
form

ΨΔzðx; yÞ /
Z Z

dx0dy0 Ψ0ðx0; y0ÞKðx � x0; y � y0Þ ; ð8Þ

where the kernel

Kðξ; ηÞ ¼ exp
iπ
λΔz

ðξ2 þ η2Þ
� �

; ð9Þ

the relativistic electron wavelength

λ ¼ hcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðeUÞ2 þ 2eUmec2

q ; ð10Þ

Δz is the defocus of the imaging lens, c is the speed of light (~2.99 × 108 m s−1), U
is the microscope accelerating voltage, and me is the electron rest mass
(~9.11 × 10−31 kg).

The integrals in Eq. (8) were calculated using the convolution theorem. The
Fourier transform of (7) is straightforward for the case of periodic boundary
conditions in the xy plane. For open-boundary conditions in all dimensions, the
wave function in Eq. (7) is nonperiodic, and we use a windowed Fourier
transform59. As a window, we took a rectangular function that is more than an
order of magnitude larger than the sample, in order to ensure sufficient accuracy of
the Fourier transform. The image intensity was then calculated using the
expression

Iðx; yÞ / jΨΔzðx; yÞj2: ð11Þ

TEM sample preparation. TEM samples with well-defined geometries were pre-
pared from a single crystal of B20-type FeGe using a focused ion beam workstation
and a lift-out method60.

Magnetic imaging in the TEM. Fresnel defocus imaging and off-axis electron
holography were performed in an FEI Titan 60-300 TEM, which was operated at
U= 300 kV and is equipped with an electron biprism. The microscope was
operated in aberration-corrected Lorentz mode with the sample in magnetic-field-
free conditions. The conventional microscope objective lens was used to apply the
chosen vertical (out-of-plane) magnetic fields to the sample 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 specimen temperature
between 95 and 380 K. Fresnel defocus images and off-axis electron holograms
were recorded using a 4k × 4k Gatan K2 IS direct electron counting detector. The
defocus distance was ∣Δz∣= 400 μm for all images presented in the text.

Multiple off-axis electron holograms, with a 6-s exposure time for each
hologram, were recorded to improve the signal-to-noise ratio. The off-axis electron
holograms were analyzed using a standard fast Fourier transform algorithm in
Holoworks software (Gatan). In order to remove the mean inner potential (MIP)
contribution from the total recorded phase shift, phase images were recorded both
at low temperature and at room temperature, aligned, and subtracted from each
other on the assumption that the MIP contribution is the same and that there are
no significant changes in electron-beam-induced specimen charging and dynamical
diffraction.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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