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Supplementary Section I.

New approach for binary data encoding in novel type of magnetic
solid-state memory

Although magnetic hard disk drives show great reliability and are some of the most in-demand devices on the
market, the ultimate data density and operating speed are limited by superparamagnetic effects1 and by the presence
of energy-consuming mechanical components, such as engines and actuators. Therefore, alternative approaches for
solid state magnetic memory devices that have no movable mechanical parts have been proposed. Such approaches
should achieve higher performance, data capacity, reliability and energy efficiency.
One of the most promising candidates for a new solid-state magnetic memory device is based on the concept of
racetrack memory (RM)2 , in which the role of data bit carriers is played by either (i) magnetic domain walls, which
are small transition regions between domains whose magnetization typically points in opposite directions2 or (ii) chiral
magnetic skyrmions3 , which possess topologically protected stability and can be moved using currents that are several
orders of magnitude lower than those required for magnetic domain wall motion4 . Skyrmion-based RM is currently
considered to be the most promising approach.
The presence of only one type of excitation currently defines the approach for data encoding, which is based on the
quantization of distances between adjacent excitations on a track. However, skyrmions are highly movable, interacting
objects that can drift as a result of thermal fluctuations, making it difficult to maintain their distribution along a
track. The fabrication of arrays of artificial pinning centers on the nanoscale to solve this problem is a serious challenge
that is likely to lead to higher costs. In a system with surface/interface-induced DMI, a solution is the fabrication of
a nanostripe with a special profile that results in the location of skyrmions in two parallel channels5 .
Here, we propose a powerful alternative approach, which does not require fixed distances between movable bit
carriers because the stream of binary data representing a sequence of ones and zeros can be encoded via a sequence of
skyrmions and bobbers. The need to maintain defined distances between data bit carriers is then not required. The
coherent motion of chiral bobbers (ChBs) and skyrmion tubes (SkTs) is expected to be stable because of cohesion
effects due to interparticle interactions. The conceptual scheme of a single register in such a memory device is shown
in Fig. 1b in the main text. The proposed concept of data encoding promises to expedite the realization of a new
generation of magnetic solid-state memory, where a higher data density can be achieved in comparison to the existing
skyrmion-based racetrack memory concept.

Supplementary Section II.

Magnetic phase diagram of skyrmions and bobbers

In order to estimate the stability range of ChBs, we first nucleated a ChB according to the method described in
the main text. At temperature T = 95 K, we tilted the sample with respect to the applied magnetic field by an
angle of ∼ 10◦ and performed several cycles of increasing-decreasing field up to ∼ 250 mT in the positive direction
and ∼ 150 mT in the negative direction. After the nucleation of a ChB, we changed the sample tilt angle back to 0◦ .
We then increased the temperature to a desired value and recorded electron holograms or Lorentz TEM images, as
shown in Supplementary Fig. 10 for T = 150 K and Supplementary Fig. 11 for T = 200 K.
Supplementary Fig. 10a shows Lorentz TEM images recorded at Bext = 214 mT after the nucleation of a ChB at 95 K
and a subsequent increase in temperature. With decreasing applied field, the ChB and skyrmions clearly demonstrate
an elliptical instability (see Supplementary Fig. 10c and the intermediate state in b). We then increased the applied
field to the point at which the ChB collapsed, i.e., 325 mT (see Supplementary Fig. 10f and the intermediate states
before collapse in d and e). Similar states were recorded at T = 200 K and different values of Bext , as shown in
Supplementary Fig. 11 for T = 200 K.
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It is important to emphasize the fact that the elliptical instability does not lead to complete collapse of the skyrmion
or ChB. In most cases, after increasing the field again we observed the appearance of the same number of skyrmions
and ChBs. This behavior suggests the presence of a high energy barrier that prevents the escape of a Bloch point
from the sample due to the presence of an edge twist. For T = 95 K, we estimated the critical field below which the
Bloch point is pushed out from the sample, which in turn leads to complete collapse of the ChB, to be Bext ≈ 100 mT.
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Supplementary Table 1. Parameters of specimens examined using Lorentz imaging and and off-axis electron holography. the
specimens were prepared from a single crystal of B 20-type FeGe using a focused ion beam workstation and a lift-out method.
Sample
Thickness (nm) Length (nm) Width (nm)
S1 (wedge)
30-160
1200
400
S2 (nanostripe)
175
800
540
S3 (large plate)
190
-
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e
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Supplementary Figure 1. Processing steps used to obtain quantitative magnetic phase images of magnetic
skyrmions and chiral bobbers in a wedge-shaped sample of B20-type FeGe. a, Off-axis electron hologram of a
wedge-shaped FeGe sample recorded at 95 K in an applied magnetic field of 300 mT. Inset I shows a magnified region of
the interference fringes, while inset II shows the central part of the Fourier transform of the sample hologram, containing a
centerband, two sidebands and streaks originating from the Fresnel fringes from the edges of the biprism wire. b, c, Wrapped
and unwrapped phase images, respectively, after subtracting the phase of the vacuum reference hologram. d, Unwrapped phase
image of the same region of FeGe recorded at room temperature. e, Magnetic phase image obtained by subtracting the mean
inner potential contribution to the phase shift shown in d from the phase image shown in c. The scale bar in d has a length
of 100 nm.

3

Supplementary Figure 2. Electron holographic magnetic phase images recorded from a wedge-shaped sample.
a, b and c were recorded from sample S1 in applied magnetic fields of at 200, 300 and 400 mT, respectively. Corresponding
quantitative measurements of phase difference between skyrmions and bobbers are shown in d-f. The red arrows indicate chiral
bobbers.

Supplementary Figure 3. Electron holographic magnetic phase images of multi-skyrmion states in a wedgeshaped sample and a fixed thickness sample. a, Magnetic phase image recorded from sample S1 in an applied magnetic
field of 200 mT. b, Phase shift profiles along bands of corresponding color in a, showing the presence of SkTs, which all follow
the same trend line. c, Magnetic phase image recorded from sample S2 in an applied magnetic field of 300 mT. d, Phase shift
profiles along bands of corresponding color in c, showing the presence of SkTs with signals of nearly identical intensity.
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Supplementary Figure 4. Nucleation of a chiral bobber in a wedge-shaped sample. The images were obtained from
sample S1 using demagnetization in an inclined applied magnetic field. The two columns show overfocus (upper panel) and
underfocus (lower panel) Lorentz TEM images recorded at a, b 280 mT and c, d 300 mT. The position of a chiral bobber is
indicated by the red arrow. The dark contrast strips in the thin part of the sample are due to the crystallographic diffraction
effect, which typically can be suppresed via small tilt of the sample . 0.5◦ with respect to electron beam direction. However,
due to the variation of the thickness and possible slight crystallographic disorientation across the specimen, in this case it was
impossible to avoid appearance of diffraction contrast everywhere in the whole sample.

Supplementary Figure 5. Nucleation of two chiral bobbers in a larger sample. The images were obtained from
sample S3 using demagnetization in an inclined applied magnetic field. The three columns show a underfocus and b overfocus
Lorentz TEM images and c an electron holographic phase image of two chiral bobbers (indicated by red arrows) alongside two
skyrmions.
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Supplementary Figure 6. Quantitative comparison of the phase shift of two skyrmions and one bobber in an
FeGe nanostripe in different applied fields. The left column shows electron holographic phase images recorded from
sample S2 in different applied magnetic fields (indicated in the lower left corner of each image), alongside corresponding lines
profiles in the middle and right columns, which show phase differences between the skyrmions and the bobber.
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Supplementary Figure 7. Results of micromagnetic simulations for two skyrmions and a chiral bobber in
an FeGe plate. The simulations correspond to the experimental dataset shown in Supplementary Fig. 6. Bext is applied
perpendicular to the plate. An isosurface corresponding to θ = 90◦ (mz = 0) is used to visualize the shapes and positions of
the skyrmion tubes and chiral bobber. An isosurface corresponding to θ = 10◦ (mz ≈ 0.98) is used to show the volume of the
plate, where the magnetization points along Bext . Corresponding phase shift images are shown in Supplementary Fig. 8. The
right panel in each figure shows a magnified image generated from another viewing direction. The inset in a shows a standard
colour sphere for a unit vector field used for coloring the isosurfaces.
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Supplementary Figure 8. Calculated phase shift images and line profiles for two skyrmions and a chiral bobber
in an FeGe plate. The images were generated from the simulations shown in Supplementary Fig. 7. The line profiles
were obtained from the simulated phase images across the skyrmions and bobber, as in the experimental dataset shown in
Supplementary Fig. 6.

Supplementary Figure 9. Magnetic phase diagram and overfocus Lorentz TEM images of different magnetic
states in fixed thickness sample S2. a, Phase diagram of skyrmions and chiral bobbers. b, Almost ideal spiral states
without defects. c, Spiral states with edge dislocation defects. d, Appearance of skyrmions and coexistence with a stacked spin
spiral state. Such contrast is observed only for Bext below the critical field depicted by the cyan line on the phase diagram
in a. e, Pure multiple-skyrmion state. f, Skyrmion cluster attached to the sample edge. g, Skyrmion cluster in the center of
the domain in a large applied magnetic field above critical field depicted by the magenta line on the phase diagram in a. h,
i, Pure multi-skyrmion state at (h) T = 220 K and (i) T = 240 K. j-o, Behavior of skyrmions and a chiral bobber as a function
of increasing applied magnetic field.
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Supplementary Figure 10. Lorentz TEM images of different states of a chiral bobber at 150 K. The images were
recorded both underfocus (upper panel) and overfocus (lower panel). The skyrmions and chiral bobber were first nucleated at
95 K in an applied magnetic field of 214 mT. The temperature was then increased to 150 K (first column) and the applied
magnetic field was decreased until the instability of the bobber was reached, i.e. at 128 mT in the third column. Subsequently,
the applied magnetic field was increased until the bobber collapsed (at 325 mT in the right-hand column). Intermediate states
of the skyrmions and chiral bobber are also shown, for applied magnetic fields of 135, 251 and 300 mT in the second, fourth
and fifth columns, respectively.

Supplementary Figure 11. Representative Lorentz TEM images of different states of a chiral bobber at 200 K.
The images were recprded both underfocus (upper panel) and overfocus (lower panel). The skyrmions and chiral bobber were
first nucleated at 95 K. The temperature was then increased to 200 K. The first column shows the bobber approaching collapse
in an applied magnetic field of 224 mT, while the middle column shows an intermediate state at 160 mT, before the bobber
becomes elliptically unstable in a 90 mT field in the third column.

