RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Transformation from Magnetic Soliton to Skyrmion

in a Monoaxial Chiral Magnet

Long Li, Dongsheng Song,* Weiwei Wang,* Fengshan Zheng, Andrds Kovdcs,
Mingliang Tian, Rafal E. Dunin-Borkowski, and Haifeng Du*

Topological spin textures are of great interest for both fundamental physics
and applications in spintronics. The Dzyaloshinskii—Moriya interaction
underpins the formation of single-twisted magnetic solitons or multi-
twisted magnetic skyrmions in magnetic materials with different crystal-
lographic symmetries. However, topological transitions between these two
kinds of topological objects have not been verified experimentally. Here,
the direct observation of transformations from a chiral soliton lattice (CSL)
to magnetic skyrmions in a nanostripe of the monoaxial chiral magnet
CrNb;Sg using Lorentz transmission electron microscopy is reported. In the
presence of an external magnetic field, helical spin structures first trans-
form into CSLs and then evolve into isolated elongated magnetic skyr-
mions. The detailed spin textures of the elongated magnetic skyrmions are
resolved using off-axis electron holography and are shown to comprise two
merons, which enclose their ends and have unit total topological charge.
Magnetic dipolar interactions are shown to play a key role in the magnetic
soliton—skyrmion transformation, which depends sensitively on nanostripe
width. The findings here, which are consistent with micromagnetic simula-
tions, enrich the family of topological magnetic states and their transitions
and promise to further stimulate the exploration of their emergent electro-
magnetic properties.

1. Introduction

In magnetic materials with different crys-
tallographic symmetries, a delicate inter-
play between the Dzyaloshinskii-Moriya
(DM) interaction™? and the Heisenberg
exchange interaction can result in the
formation of periodically modulated topo-
logical spin textures that are mediated by
the Zeeman effect.’! The DM interaction,
which results from broken crystal inver-
sion symmetry,*’! can be expressed in
the form® Hpy = Dy,-(S; X S,), where
S; and S, are neighboring atomic spins
and the DM vector Dy, is intrinsic to chiral
magnetic crystals, whose symmetries dic-
tate the vector direction. A 1D DM vector
can generate magnetic solitons in chiral
helimagnetic (CHM) crystals, such as
CrND;Se,”) MnNb;Se, B and CrTa;Se, 1%
whereas a multi-dimensional DM vector
can generate a variety of magnetic states in
acentric chiral magnets, such as magnetic
skyrmions,[12 chiral bobbers,!'*™ mag-
netic bundles,>® and antiskyrmions.!"]
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These topological objects exhibit rich electromagnetic proper-
ties and have been considered for future spintronic devices.!"®!
Transitions between spin textures with different topological
magnetic orders in chiral magnets include skyrmions and
antiskyrmions,®2!1 skyrmions and merons,??l skyrmions and
bubbles,?’ and antiskyrmions and bubbles,*?% suggesting
their applications in magnetic solid-state memory devices, in
which streams of binary data bits are encoded by sequences
of two different objects. However, continuous transformations
are generally not favorable between topological spin textures
that originate from different types of DM vectors, such as skyr-
mions in monoaxial chiral magnets, as a result of the constraint
of crystal symmetry.

Here, we use Lorentz transmission electron microscopy
(LTEM) to directly observe a topological phase transition from
magnetic solitons to new types of skyrmions, which are highly
elongated and have unit topological charge, in CrNb;Ss mono-
axial crystals that have confined geometries. The elongated
skyrmions can be sustained over specific ranges of external
magnetic field and temperature, with topologically distorted
geometrical shapes. We resolve the fine magnetic structures of
the elongated skyrmions using off-axis electron holography and
study the dependence of the magnetic transition on nanostripe
width. We use micromagnetic simulations to show that dipolar—
dipolar interactions are responsible for the stabilization of the
skyrmion phase in such magnetic soliton crystals.

2. Results and Discussions

In skyrmion-hosting chiral magnets, such as FeGe[?
FeCoSi,”l MnSi, and Cu,0Se03,>! Bloch-type skyrmions
are generally formed from chiral helical textures in the pres-
ence of an external magnetic field, as shown in Figure 1. 2D
skyrmion lattices are stabilized by a competition between fer-
romagnetic exchange and DM interactions. In comparison, in
magnetic-soliton-hosting CHM crystals, such as CrNb;S,20%/]
chiral helical textures are transformed into 1D chiral soliton
lattices (CSLs)”?%32 along the helical axis (z direction) in the
presence of an external magnetic field (x direction), as shown
in Figure 1b, as a result of the monoaxial DM interaction. CSLs
are separated by ferromagnetic domains and have periodici-
ties that increase non-monotonically with applied field, exhib-
iting strong coupling with conduction electrons and giving
rise to nontrivial magneto-transport properties.3%33#2 The
magnetic skyrmion states most commonly exist in cubic crys-
tals with magnetic isotropy, while the magnetic soliton states
are formed in hexagonal crystals with uniaxial magnetic ani-
sotropy. Transformations from 1D solitons to 2D skyrmions
are therefore typically restricted by the intrinsic crystal struc-
ture and the resulting different types of DM vectors. However,
this behavior is observed in systems that have infinite size. In
contrast, in a sample that has a fixed geometry, boundary con-
ditions may result in confinement effects on topological spin
textures and in the formation of twisted magnetic structures,
such as magnetic skyrmions with elliptically distorted shapes
in nanostripes.3! Similar considerations are anticipated for
transformations between magnetic solitons and skyrmions, as
shown in Figure 1b,c.
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Figure 1. Schematic diagram of transformations between different spin
textures. a) Representative spin texture of a chiral helical stripe in a
ground state at H = 0 mT. The period of the spin helix stripe is L(0).
b) Chiral soliton lattice (CSL) stabilized by a monoaxial DM vector in an
external field H along the x-direction. The period of the CSL is L(H) and
the helical axis is along z direction. c) Formation of a magnetic skyrmion
with multidimensional DM vectors in an external field. The skyrmion has
unit topological charge. The CSL is anticipated to transform into skyr-
mion in a geometrically confined system.

In order to systematically investigate the CSL to skyrmion
transformation in a confined geometry experimentally, we
studied the archetypal magnetic soliton crystal CrNbsSs. A
CrND;S4 nanostripe was fabricated using focused Ga ion beam
milling by the traditional lift-out technique, as described in
the Experimental Section. The helical axis was oriented along
the long side of the nanostripe to ensure a vertical arrange-
ment of CSLs. Figure 2a shows a defocused LTEM image of a
CrNb;S¢ nanostripe that has a width of =1 um and a thickness
of =150 nm. The image shows magnetic contrast with a perio-
dicity of ~48 nm in zero magnetic field (H = 0) at a temperature
of T=95 K, corresponding to a CHM phase, in agreement with
previous results.”3%44] When the external magnetic field is per-
pendicular to the helical axis (in the out-of-plane direction), the
incommensurate CHM phase transforms into the CSL phase at
H =176 mT, as shown in Figure 2b. The number of helical stripes
decreases and the spacing of neighboring stripes increases, cor-
responding to the formation of a CSL with a larger periodicity,
while some of the solitons break away from the two edges. As the
magnetic field is increased to 198 mT, the periodicity of the CSL
becomes much greater. Most of the solitons have now escaped
from the two edges and disconnected solitons have formed, as
shown in Figure 2c. The lengths of the disconnected solitons in
the vertical direction range from tens to hundreds of nm. On
increasing the magnetic field further, the disconnected solitons
decrease in size, becoming smaller than 50 nm at H = 211 mT,
as shown in Figure 2d. When the external magnetic field reaches
H = 225 mT, all of the disconnected solitons have disappeared
and the nanostripe is saturated ferromagnetically.

Off-axis electron holography was used to resolve the mag-
netic structures of the disconnected solitons with high spatial
resolution and high magnetic sensitivity.*) The details of the
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Figure 2. Experimental observations of the transformation from a magnetic soliton lattice to a magnetic skyrmion in a CrNb;Sg nanostripe. a) Rep-
resentative helical stripes in a nanostripe in zero magnetic field. The magnetic contrast is sinusoidal and has a period of =48 nm. The width of the
nanostripe is =1 um. The crystallographic ¢ axis is marked by a black arrow in the horizontal direction. b-d) Magnetic-field-dependent evolution of
magnetic spin texture from helical stripes to CSLs and elongated skyrmions with increasing magnetic field applied in the out-of-plane direction. Some
of the disconnected solitons are indicated by the red arrows to guide the eye. The left panels in (e) and (f) show experimental magnetic phase shift
images of elongated skyrmions recorded using off-axis electron holography. Their lengths are marked by black arrows. The right panels show cor-
responding magnetic induction maps with contour spacings of 277/100 = 0.0628 rad. g) Simulated magnetic phase shift image and corresponding
magnetic induction map based on the spin texture of an elongated skyrmion from micromagnetic simulations shown in Figure 3a. The red dotted
boxes show magnetic vectors at the upper and lower ends of the elongated skyrmion. h) Magnetic phase diagram plotted as a function of magnetic

field and temperature. The Curie temperature of CrNb;Sg is estimated to be =125 K.

measurements can be found in the Experimental Section. Rep-
resentative magnetic phase images recorded at 95 K are shown
in the left panels of Figure 2e,f for applied magnetic fields of
198 and 205 mT, respectively. The disconnected solitons exhibit
flux-closed magnetic structures, with continuous transitions in
magnetic induction at their upper and lower edges. Around the
disconnected solitons, the lack of magnetic phase contours is
consistent with a ferromagnetic state with out-of-plane mag-
netization. Each disconnected soliton can be regarded as an
elongated skyrmion, whose ends are enclosed by two merons,
with unit total topological charge. It should be noted that the
sizes of the elongated skyrmions can be varied by using the
external magnetic field, in contrast to Bloch-type skyrmionsl®!
with an intrinsic size. In order to confirm the interpretation of
the observed magnetic structures, magnetic phase images were
simulated based on the micromagnetic simulations shown later
in Figure 4a. The simulations shown in Figure 2g reproduce
the experimental results shown in Figure 2e,f closely.

A phase diagram showing the temperature and magnetic
field dependence of the magnetic transition in the nanostripe is
shown in Figure 2h. The value of T for the CrNb;Sg nanostripe
is estimated to be =125 K from the phase diagram, which is com-
parable to that of the bulk magnet.””] As the magnetic field is
increased, the CHM phase transforms into a CSL. Before trans-
forming into a ferromagnetic state, the solitons act as seeds at
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the fixed boundaries, evolving into isolated elongated skyrmions.
The critical magnetic field for the formation of elongated skyr-
mions decreases with increasing temperature. When compared
with solitons, the elongated skyrmions are stabilized in a rela-
tively narrow window of magnetic field, especially at higher tem-
peratures close to T;. In contrast, on decreasing the magnetic field
from the saturated state, the ferromagnetic domains transform
directly into magnetic solitons, as a result of the large magnetic
hysteresis of CrNb;S¢*/l in Figure S1, Supporting Information.
CrND;S¢ nanostripes with widths of 400, 600 nm, 3, and
9 um were fabricated and used to systematically study the
effect of geometric confinement on the formation and sta-
bility of elongated magnetic skyrmions, as shown in the
Figures S2-S5, Supporting Information. Only the nanostripe with
a width of 400 nm showed no magnetic transition. A wedge-
shaped nanostripe with a continuous variation in width from
0 to 1000 nm was also fabricated. Figure 3a—e shows defocused
LTEM images of the wedge-shaped nanostripe, in which the
magnetic solitons transform to elongated skyrmions as a func-
tion of nanostripe width. The regions with opposite magnetic
contrast are also observed in the nanostripe, as indicated by the
shadowed blue box in Figure 3a—e. It is caused by the flipped
crystallographic chirality in CrNb;Sg crystal, which has already
been studied in similar helimagnets, that is, CrTa;S¢l*® and
FeTa;Sq.¥ In a low magnetic field, helical stripes and solitons
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Figure 3. Width dependence of soliton-to-skyrmion transition in a wedge-shaped CrNb;Sg nanostripe. a—e) Magnetic-field-driven evolution of soliton-
to-skyrmion transformation in a wedge-shaped nanostripe with a width of 0-1 um in the presence of an external magnetic field. The critical width for
the transformation is =500 nm, as marked by a red dotted line. The disconnected solitons are indicated by red arrows. The shadowed blue box marks
the regions with opposite magnetic contrast owing to the reversal of crystal chirality. f) Magnetic phase diagram plotted as a function of magnetic field
and nanostripe width. Multiple magnetic phases can be identified with increasing magnetic field, including CHM, CSL, skyrmion, and ferromagnetic
states. g) Representative Lorentz TEM image of elongated skyrmions in a nanostripe with a width of 3 um at H =187 mT.

at the upper and lower side are terminated at the nanostripe
edge. With increasing magnetic field, the solitons escape from
the boundaries and collapse into independently elongated
magnetic skyrmions. A critical width of =500 nm is identified
for the soliton-to-skyrmion transition, as indicated by a red
dotted line in Figure 3. Below this width, no skyrmion phase
is observed. Above it, the soliton-to-skyrmion transition follows
the same behavior as that described above. A magnetic phase
diagram plotted as a function of magnetic field and nanostripe
width is shown in Figure 3f. A typical LTEM image is shown in
Figure 3g for a width of 3 um at H =187 mT.

Micromagnetic simulations were performed using a graphics
processor unit (GPU)-supported micromagnetic package*!
to understand the origin of the soliton-to-skyrmion transition
and its width dependence. Although a field-dependent perio-
dicity of magnetic solitons is observed, the elongated magnetic
skyrmions are not reproduced by only considering a mono-
axial DM interaction, a ferromagnetic exchange interaction,
and a Zeeman energy term, even in a nanostripe with a fixed
boundary. Dipolar—-dipolar interactions are therefore expected
to play a significant role during the magnetic phase transitions.

Figure 4a shows typical magnetic profiles for a sample with
a width of 1000 nm and a thickness of 180 nm after considering
dipolar—dipolar interactions. Interestingly, the magnetic soliton
escapes from the edges with increasing magnetic field. The
topological charge of the elongated skyrmion is calculated to be
Q = —1. Therefore, dipolar-dipolar interactions are essential in
stabilizing elongated skyrmions.®>!l The skyrmion becomes
shorter when the external field is increased, as the magnetization
at the core of the skyrmion is antiparallel to the external field.
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Besides, the Lorentz—Fresnel images are simulated in Figure S6,
Supporting Information, based on these magnetic profiles, con-
sistent with the experimental observations. To clarify the differ-
ence between the magnetic solitons and elongated skyrmions,
the spin configurations are plotted for comparison in Figure S7,
Supporting Information. The soliton can be regarded as an
infinite line and the spin textures are all the same along the
soliton. In contrast, the elongated skyrmion encloses its ends by
two merons, as the enlarged images extracted from the top and
bottom parts. In the middle part of the elongated skyrmion, it
holds the same spin configurations as the soliton. Therefore, the
elongated skyrmion takes a unit topological charge. Figure 4b
shows the energy density plotted as a function of CSL periodicity
(L) at H=170 mT in the nanostripe. There is an optimal length, at
which the energy density is lowest for a specific external field. By
searching for the optimal length for the CSL and skyrmion states,
we obtained the lowest energy density for the CSL and skyrmion
as a function of external field in Figure 4c for a sample of width
400 nm and in Figure 4d for a width of 800 nm, respectively. The
CSL always has the lowest energy density in the 400-nm-width
sample. However, for the sample with a width of 800 nm, the
skyrmion state is the ground state if the external field is greater
than 200 mT. The width-dependence of the soliton-to-skyrmion
transition indicates that dipolar—dipolar interactions contribute
to the stabilization of elongated skyrmions, which are not pre-
sent in the narrowest nanostripe because the dipolar-dipolar
interactions are more prominent in larger nanostripes. At the
edge of the nanostripe, dipolar—dipolar interactions align spins
parallel to the boundary, leading to the formation of elongated
skyrmions to reduce magnetic charges.
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Figure4. Micromagnetic simulations of the transformation from magnetic solitons to skyrmions. a) Evolution of magnetic configurations with increasing
external magnetic field obtained by minimizing the total micromagnetic energy. The sample size used in the simulations was 60 x 400 x 180 nm? with
periodic boundary conditions in the +x direction. The CSL state (Q = 0) is stabilized when H =110 mT. An elongated magnetic skyrmion (Q = -1) is
stabilized when the external field is higher than H =130 mT. b) Energy density of the skyrmion plotted as a function of CSL period L for an external
field of H =170 mT. The optimal period L = 68 nm. c,d) Energy densities compared between the CSL and skyrmion states for sample widths of 400 and
800 nm, respectively. The energy densities of the CSL states are always lower than those of the skyrmion states in (c), whereas the skyrmion state is
the ground state when the external field is higher than 200 mT in (d). e) Calculated minimum energy path for the transition from the CSL state to the
elongated skyrmion using the nudged elastic band (NEB) method. A sample with the dimension of 60 x 800 x 180 nm? and the periodic boundary
condition in the +x direction are used. The applied Zeeman field is 190 mT, under which the total energy of the CSL is larger than that for the elongated
skyrmion. The typical magnetic configurations and their topological charges are shown to demonstrate the transition dynamics.

To darify the dynamics and the variation of topological
charge during the transition, we have further calculated the
minimum energy path using the nudged elastic band method
as shown in Figure 4e. The system with the dimension of
60 x 800 x 180 nm? is used and the periodic boundary condition
in the +x direction is applied. The applied Zeeman field is 190 mT,
so the energy density of the elongated skyrmion is lower than that
of the CSL state, as shown in Figure 4d. The initial CSL state with
Q =0 corresponds to the leftmost point in the minimum energy
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path, whereas the elongated skyrmion with Q = -1 is shown on
the right of the path. The transition from the CSL to skyrmion
first occurs in the top and bottom layers of the sample, prob-
ably due to the nonuniform distribution of the demagnetization
fields. Meanwhile, the nonzero topological charge of Q =-9/16 is
obtained with the increasing total energy. Subsequently, the skyr-
mions grow in the thickness direction until the elongated skyr-
mions are fully formed in all layers with a topological charge of
Q =-1, accompanying the decreasing total energy.
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3. Conclusion

We have observed the transformation of a magnetic soliton to
a magnetic skyrmion in a nanostripe of CrNDb;S; soliton crystal
with a monoaxial DM interaction as a result of the presence of
a fixed geometric boundary. We also observe width-dependent
transitions, in which magnetic dipolar interactions are thought
to dominate the formation of magnetic skyrmions. These infer-
ences are confirmed by micromagnetic simulations. Our find-
ings bring new insight into the control of magnetic transitions
and into the physical characters of skyrmions and chiral soli-
tons, thereby enriching their future spintronic applications.

4. Experimental Section

Fabrication of CrNb3Sg Nanostripes: A single crystal of CrNb;Sg was
synthesized using a chemical vapor transport method. Nanostripes
with various sizes were prepared for TEM observation using a lift-out
method in a focused ion beam scanning electron microscope dual-beam
workstation (FEI Helios Nanolab 600i) equipped with a gas injection
system and a micromanipulator (Oxford Omniprobe 200). Details of the
sample fabrication procedure can be found in ref. [43].

Lorentz TEM and Off-Axis Electron Holography: Lorentz—Fresnel
defocus imaging and off-axis electron holography experiments were
performed in magnetic-field-free conditions (Lorentz mode) at 200 kV
in a Thermo Fisher Talos F200 TEM and at 300 kV in a spherical image
aberration-corrected FEI Titan 60-300 TEM equipped with a Lorentz
lens and an electrostatic biprism, respectively. A liquid-N,-cooled
TEM specimen holder (Gatan 636) was used to control the specimen
temperature between 95 and 380 K. Electron holograms were recorded
using a single electrostatic biprism and a direct electron counting camera
(Gatan K2-1S). A typical voltage of 120 V was used to form an interference
fringe spacing of 2.78 nm with a fringe contrast of more than 65%. Each
experiment involved the acquisition of 25 object holograms, followed
by 25 vacuum reference holograms to remove distortions associated
with the imaging and recording system of the microscope. Averaging
of the holograms, which were each acquired using an exposure time of
4's, was used to improve the signal-to-noise ratio. Phase images were
reconstructed using a standard Fourier-transform-based approach in
Holoworks 6.0 software (Holowork LLC).52 The mean inner potential
contribution was separated from the magnetic contribution by taking
half of the difference between total phase shift images that had been
recorded below the Curie temperature and at room temperature. The
phase diagram was reconstructed by recording the magnetic states with
respect to the magnetic field and temperature. At each temperature, the
magnetic field was increased from 0 mT to the saturated field with the
step of =10 mT, in order to record the full magnetic evolution process.
For simplicity, the critical field for the transition from CHM to soliton
phase was defined when the period of CHM was obviously increased.
The critical field for the transition from soliton to skyrmion phase was
defined when the first elongated skyrmion was formed. The critical field
for the transition from skyrmion to ferromagnetic phase was defined
when the magnetic contrast was invisible.

Micromagnetic ~ Simulations: Micromagnetic  simulations  were
performed using the GPU-supported micromagnetic package
JuMag.*l The parameters used for CrNb;S¢ were as follows: saturation

magnetization M, = 2{/9/1'6[3 =1.55%105 Am™', where V = 173.52 A® was

3
AoS” _ 733510713 Jm2,
4V0

where Ay = 106.3 meV A? was the spin wave stiffness constant and
S =3/2; 1D DMI constant D = 47A/L = 1.918 X 107 | m™', where the
period L = 48 nm; hard axis anisotropy with K = -1.46 x 10° | m=3. The
discretization cell size was 1x 1 5.625 nm3. The energy densities both
for the CSL and skyrmion states depend on the external fields as well

the atomic volume; exchange constant A=
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as the periods. In the simulations, one unit with periodic boundary
conditions in the +x direction was chosen. To obtain the lowest energy
density, the external fields and the unit period L, were varied both for
CSL and skyrmion states. Therefore, the lowest energy density for each
external field could be obtained, as shown in Figure 4b, for H =170 mT.
In this way, the lowest energy densities were obtained in Figure 4c
as a function of an external field, indicated with dark dots. The same
procedure was applied to calculate the energy density of skyrmion
phases, as plotted in Figure 4c with red dots.

Simulation of Magnetic Phase Images: The electron optical phase shift
could be written in the form

__ oML, ((y=a)ms(p.g) = (x=p)m, (p.q)
Pv=- 2¢ 2 2 dP dq (1)
0 (x=p) +(y=a)
where ¢y was a magnetic flux quantum and m was the magnetic moment.
Spin configurations were based on output from the micromagnetic
simulations. Phase images were calculated using a self-customized
python code.
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