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ABSTRACT

Target skyrmions (TSks) are topological spin textures where the out-of-plane component of the magnetization twists an integer number of
k-p rotations. Based on a magnetic multilayer stack in the form of n� [CoFeB/MgO/Ta], engineered to host topological spin textures via
dipole and DMI energies, we have stabilized 1 p, 2 p, and 3 p target skyrmions by tuning material properties and thermal-excitations close to
room temperature. The nucleated textures, imaged via Kerr and Magnetic Force Microscopies, are stable at zero magnetic field and robust
within a range of temperatures (tens of Kelvin) close to room temperature (RT¼ 292 K) and over long time scales (months). Under applied
field (mT), the TSks collapse into the central skyrmion core, which resists against higher magnetic fields (� 2� TSk annihilation field), as the
core is topologically protected. Micromagnetic simulations support our experimental findings, showing no TSk nucleation at 0 K, but a
� 30% probability at 300K for the experimental sample parameters. Our work provides a simple method to tailor spin textures in continuous
films, enabling free movement in 2D space and creating a platform transferable to technological applications where the dynamics of the topo-
logical textures can be exploited beyond geometrical confinements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0236814

Magnetic skyrmions are topological solitons with potential applica-
tions in spintronic devices, owing to their size, mobility, and topological
stabilization.1–4 Along with skyrmions, further chiral magnetic topologi-
cal spin textures have gathered the interest from the scientific commu-
nity, such as merons or target skyrmions (TSks).5–7 The latter k–p
vortices, experimentally demonstrated in the last decade, differ from sky-
rmions by the higher magnetization twists along the z component,
quantified by k > 1 [see Fig. 1(a)]. Beyond their fundamental interest,
an even number of rotations k leads to a trivial topological charge, as
defined by the winding number W ¼ 1

4p

Ð
dxdy ~m ð@x~m @y~mÞ. In the

absence of topological charge, there is no skyrmion Hall effect, which is
advantageous for current-driven technology applications.8–13

Furthermore, the polarity of a TSk can be easily switched by means of
AC field, which provides an additional control parameter in spintronics
applications.14

In the recent years, TSks have also enabled the experimental reali-
zation of 3D spin textures, as they serve as hopfion precursors.15 These
topological 3D solitons, together with other recently discovered struc-
tures like skyrmion cocoons,16 are the result of the expansion into the

third dimension of 2D topological textures, a groundbreaking research
field hosting exciting unique physical phenomena and potential appli-
cations in magnetic sensor and information processing technolo-
gies.15–19 There is, however, an open challenge in the experimental
stabilization of 3D solitons for technological applications. To date, the
preferred strategy relies on the lateral confinement of the structures
(typically, in a nanodisk shape). This procedure, although prosperous
for stabilizing hopfions,15 actually prevents the free motion of the soli-
ton in the whole continuous film, hampering their foreseen computing
applications, as the information carriers need to freely move in
space.20,21

Here, we report a magnetic multilayer stack, capable of hosting
target skyrmions with and without finite topological charge (1p and
3p, and 2p-type) in the continuous film. The TSks are activated
through temperature fluctuations close to room temperature
(RT¼ 292 K), being stable in a range of temperatures close to RT and
zero field. In addition to this, we report an increase in the energy bar-
rier of such metastable states with the magneto-dipolar coupling
strength, scaled up by increasing the number of repetitions of the
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multilayer (n ¼ 2, 3, 4, 7, and 12). To ensure the technological transfer
of our results, the multilayer stack is designed so as the metastable TSk
states can be reached at temperature values in agreement with the
working range of technological devices (i.e., from 314K up to 380K),
which validates our method for application perspectives.

We have designed a magnetic multilayer stack in the form of
Ta(4)/[Co20FeCo60B20(0.86)/MgO(2)/Ta(2)]n, being n ¼ 2, 3, 4, 7,
and 12. Numbers in brackets indicate the layer thickness, in nm.
The Ta/CoFeB interface provides the interfacial Dzyaloshinskii-
Moriya interaction (DMI), while the CoFeB/MgO interface is the
source of the perpendicular magnetic anisotropy (PMA) of the
stack. A schematic representation of the stack can be visualized in
Fig. 1(b). Details on the specific stack parameters are included in
the supplementary material. To image the TSks, we have employed
Kerr Microscopy in the polar mode and Magnetic Force
Microscopy (MFM) in the Variable–Field (VF–MFM) mode, which
allows us to probe structures down to sub-nm regime while

applying an OOP magnetic field. Details on the particular set up
can be found in Ref. 22. All the stacks were heated by a Peltier ele-
ment equipped with a Pt100 sensor attached right next to the sam-
ple for temperature control between 280 and 380 K. The
temperature stability was ensured to be within 0.1 K from 280 to
340 K and within 1 K up to 380 K.

Figure 2 provides an overview on the nucleation procedure of the
TSk states in n ¼ 2. To ease the tracking of the nucleated textures,
while ensuring the reproducibility of the experiments, a 200lm square
has been patterned using Electron Beam Lithography. The large
dimensions of the structure exclude significant lateral confinement
effects (see the supplementary material, Fig. S1). This strategy has
enabled us to repeat systematically the described nucleation procedure
excluding thermal drift or other error sources, confirming its validity
and robustness against time.

The ground state of the system after saturation at RT¼ 292 K
corresponds to a multidomain pattern, as it can be seen in the top left
image, encircled in orange (Fig. 2). In order to activate TSk states using
temperature fluctuations, the following nucleation procedure is fol-
lowed: after in-plane (IP) saturation (IP field¼ 0.4 T), the sample tem-
perature is stabilized at the values inserted at top row of Fig. 2 (307,
310K, etc.) and then decreased back to RT. The top row of Fig. 2
shows that below T ¼ 314K, the sample relaxes back to a multidomain
configuration without significant alteration of the domain periodicity.
The situation changes drastically for T � 314K (� 27meV), when
k� p TSk states get activated, including k ¼ 1p (skyrmions), 2p (also
known as skyrmionium), and even 3p. Further increasing the thermal
excitation to 320 or 327K also yields TSks. In all cases, the number of
TSks is on average the same, regardless the temperature value, indicat-
ing that the probability to nucleate TSk remains constant in the whole
studied temperature range (� 327K). This reveals that the energy

FIG. 2. Kerr microscopy images of the TSks stabilized in a 200 lm square patterned for the n ¼ 2 stack. Scale bar 10 lm is common for all images, and dark (bright) contrast
represents magnetization in the þz (�z) direction. All measurements are performed at RT¼ 292 K. Top (middle) panel evaluates the thermal nucleation (stability) of TSks at
l0H ¼ 0mT OOP. Bottom panel evaluates the stability of the TSks under out of plane (OOP) magnetic field applied in the þz direction. Multidomain patterns (TSk) are
enclosed in orange (purple). In the bottom image, the annihilation of a TSk can be followed by the red circle.

FIG. 1. (a) Top-view of the magnetization of a 2p target skyrmion, also known as
skyrmionium. Scale color indicates the direction of the z component or the magneti-
zation M, normalized to Ms. (b) Scheme of the multilayer stack. Each multilayer
unit, tr , is composed of (from bottom to top) Ta, FCB (Fe60Co20B20), MgO, and Ta,
number in brackets referring to the film thickness (in nm). Each unit is repeated n
times to scale up the dipolar coupling. All samples are deposited on Si/SiO2.
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landscape of our stack hosts metastable topological phases, protected
by energy barriers that can be overcame at temperature ranges close to
RT (see Fig. 5). In addition to this, the TSks are nucleated at different
positions in every re-nucleation for all the stacks [see the supplemen-
tary material Figs. S1(c) and S1(d)]. Therefore, there is no preference
of some specific sites for the nucleation of the textures. This indicates a
flat energy landscape of the sample, and, thus, pinning is not the mech-
anism responsible for TSk nucleation, which constitutes a step forward
compared to previous works.6,23,24 Furthermore, our stack is also capa-
ble of stabilizing TSks following the reported strategy based on the geo-
metrical confinement. As it can be seen in Fig. S1 in the
supplementary material, TSks are stabilized at zero field in 4lm
microdiscs, while the larger disks showcase a multidomain state with a
similar domain periodicity of the continuous film (� 2lm). This
means that our stack can not only host TSk in confined geometries, yet
it does in the continuous film, which boosts their implementation in
technology applications.

We have tested the TSk stability against further thermal excita-
tions. The middle panel of Fig. 2 provides an overview on the effects of
temperature for the TSks. First, we have nucleated TSks by raising the
temperature to 314K. Then, we have decreased the temperature to RT
and taken the first image (first in the row). After this, we have raised
the temperature to 307K and decreased it to RT, where the measure-
ment has been taken (second image in the row). Then, we have
repeated the procedure for each temperature value up to 327K. This is
what we denote “temperature cycling.” All measurements are per-
formed at 0 field. As it can be seen in the whole series, the TSks are
robust against temperature, as no significant changes are detected. We
have also reversed the procedure, i.e., starting the temperature cycling
from highest T and repeating the process until the lowest 307K,
obtaining the same results. An additional experiment has been per-
formed, shown in the supplementary material Fig. S2, confirming the
reversibility of the temperature cycles.

We have further studied the stability of the TSks against out-of-
plane (OOP) magnetic field. Our experimental results, included in the
bottom panel of Fig. 2, illustrate the stability of the TSk up to 0.33mT,
where they collapse, but with a clear difference between the annihila-
tion of even and odd k–p TSks. Fundamentally, there are only two
types of k–p skyrmions: k ¼ 1 (W ¼ 1) and k ¼ 2 (W ¼ 0). All other
TSks are built up as a combination of the two. This means that a 3p
TSk is actually a 1p TSk wrapped by a 2p TSk, with no net topological
charge. This implies a different collapse path for the structures, being
the domains annihilated at lower fields than the inner skyrmion, which
holds topological charge. As the OOP field is increased, the external
2p TSk shrinks progressively until it gets annihilated at 0.33mT. On
the contrary, the central 1p TSk remains, since its collapse requires
going through an energetically highly unfavorable magnetic state,
implying a higher energy to be annihilated.23,25,26 This additional
protection explains why at 0.56mT, odd–p TSks still survive, while
the even-ones have already collapsed. It is worth mentioning here
the recent work by Nakamura et al.,27 where they propose to adopt
the perspective of communication between skyrmions. This way the
annihilation path can be viewed as the energy competition between
the opposite polarities (skyrmion core vs ring). Higher rotations of
the magnetization (k) would result into increased competition of
polarities, ensuring a more robust TSk. After saturating the sample
OOP, the system is restarted, and a multidomain structure with no

topological structures is formed at zero field, as shown in the bot-
tom right figure.

Finally, we have tested the validity and robustness of our
thermal-excitation TSk nucleation method against magneto-dipolar
interactions. This constitutes an essential step to assess the validity of
our proposed experimental methodology in building up a 3D spin tex-
ture, following the procedure stated by Kent et al.,23 where a 3D hop-
fion texture can be promoted by inserting a TSk in between two
multilayer stacks with strong PMA, forcing the magnetization to wrap
into the whole space. Important to note, the current experimental
efforts for stabilizing 3D solitons notably rely on the expansion of the
magnetic multilayer stack into the z direction, as the multilayer stack
allows us to tune exchange, DMI, anisotropy, or dipolar interactions.
However, as a consequence of the increasing number of repetitions,
the importance of the dipolar magnetostatic coupling raises, which
could imply enhanced energy barriers protecting the TSk energy states.
This would shift the thermal energy up, with the inherent thermal fluc-
tuations, which could potentially prevent the stabilization of any spin
texture that may be formed. In order to address this critical issue, we
have reproduced the thermal-excitation nucleation procedure in four
stacks with increasing number of repetitions, from n ¼ 3 to n ¼ 12,
keeping the same composition as the one described before for n ¼ 2
[Ta/CoFeB/MgO/Ta].

Figure 3 includes representative images of TSk generated ther-
mally in n ¼ 3, 4, 7, and 12 repetitions. After saturation at room tem-
perature, all the continuous films showed a multidomain maze-like
pattern state. To nucleate the TSk, an OOP field was needed, unlike
the case of n ¼ 2, along with a higher temperature ramp. In such a
way, we managed to nucleate TSk by an OOP field of
l0H ¼ 0.736 0.01, 6.306 0.01, 11.86 0.1, and 26.16 0.1mT in
n ¼ 3, 4, 7, and 12, at temperature values of 320, 327, 350, and 380K,
respectively. The systematic increase in the nucleation temperature
with increasing number of repetitions (i.e., dipolar interactions) indi-
cates a higher energy barrier for the annihilation of the topological
states, which agrees with magneto–dipolar coupling stabilizing role of

FIG. 3. Room temperature measurements of n ¼ (a) 3, (b) 4, (c) 7, and (d) 12 rep-
etitions, nucleated at OOP field of l0H ¼ 0.73, 6.3, 11.8, and 26.1 mT, respectively.
Green circles enclose some of the 2p TSk, while the purple ones, 3p TSk.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 192402 (2024); doi: 10.1063/5.0236814 125, 192402-3

Published under an exclusive license by AIP Publishing

 17 D
ecem

ber 2024 09:45:37

pubs.aip.org/aip/apl
https://doi.org/10.60893/figshare.apl.c.7508505
https://doi.org/10.60893/figshare.apl.c.7508505
https://doi.org/10.60893/figshare.apl.c.7508505
https://doi.org/10.60893/figshare.apl.c.7508505


spin textures.2,15,28,29 Our experimental evidence points to the energy
barrier to scale linearly with the number of repetition n as E / 6:6kBn,
on first approximation. Assuming that the only sample parameter that
changes from one stack to the other is the dipolar coupling,28 the linear
dependence with n comes simply as a consequence of the increase in
magnetic material, as already stated in the literature, e.g., Woo
et al.30 Notice that all the experiments are performed at tempera-
ture values far below the annealing point promoting structural
changes (� 520 K or even higher31) and in no case did the magnetic
properties of the stack irreversibly change, as the multidomain
state was always settled after saturation (see the supplementary
material Fig. S3).

We would like to highlight the existence of both 2p (see green
circles in Fig. 3) and 3p-TSk states (purple circles), with a decrease in
the occurrence as the number of k rotations increases. On average, the
amount of 3p TSks is half the one of 2p-ones in n ¼ 3, dropping to a
fourth in n ¼ 4. The dependence of the number of TSks with the num-
ber of repetitions n remains an interesting point that, however, needs
to be reserved to a future study.

We have performed micromagnetic MuMax3 simulations32 to
understand the role thermal fluctuations in the nucleation of TSks. For
these, we have used a 2lm� 2lm� 24nm slice of material with sim-
ilar magnetic properties as the CoFeB multilayer stacks at n ¼ 4
(Ms ¼ 600 kA/m, Ku ¼ 340 kJ/m3, D ¼ 0:9 mJ/m2, and A ¼ 10 pJ/m,
see Ref. 28). The system was initialized to match experimental condi-
tions (IP saturation, followed by an OOP field of 6mT) and allowed to
relax under the external field. We slightly varied the anisotropy
between simulations to account for non-uniformity in material param-
eters and focused on the timescale between nucleation and stabiliza-
tion, which is on the order of tens of nanoseconds. None of our
simulations has included an energy contribution associated with non-
flat energy landscapes, excluding, thus, pining from the TSk nucle-
ation. Six sets of simulations were performed for all material parame-
ters: at T¼ 0, 100, 200, 300, 350, and 450K. Our simulation results
reveal the critical role of thermal fluctuations when the system relaxes
from saturation, as no TSk is created at T¼ 0 K. In contrast, the sys-
tem relaxes to a multidomain pattern regardless of the anisotropy
value, as shown in Fig. 4(a), ensuring that the energy minima of the
system are not the skyrmion lattice, i.e., topological states are metasta-
ble states in our system. On the other hand, in the presence of thermal

fluctuations at T¼ 300 K, up to two TSks are nucleated and stabilized,
as shown in Fig. 4(b). The result of our simulations is in good agree-
ment with our experimental results, where the nucleation for the n ¼ 4
stack is achieved at 327K. Note the quantitative difference between
simulations and experiments (300K is enough to nucleate TSks in sim-
ulations, whereas 327K is needed in experiments), which can result
from the inherent inaccuracies of the micromagnetic model when
applied to finite temperatures as well as uncertainties of the magnetic
parameters. For instance, the values for A and D are taken from the lit-
erature for a similar stack composition,28,33–35 yet the actual ones from
the sample can be slightly different, hampering a full quantitative 1:1
agreement between experiments and simulations. Still, the mismatch
between simulation and experimental results is below 10%, which we
consider sufficient for elucidating the critical role of temperature fluc-
tuations in the nucleation of TSks in continuous films. We have further
investigated the subtleties of this thermally activated process by analyz-
ing the results of temperature values beyond the experimental capabili-
ties, i.e., from 0 to 450K, represented in Fig. 4(c). The percentage of
TSk nucleated after saturation is zero below 300K, as the thermal fluc-
tuations are insufficient. At T¼ 300 K, the chance to get a TSk raises
to 30%, yet further increase in the temperature yields a cut of the prob-
ability to 20% (T ¼ 350K), dropping to zero at 450K. This reveals the
fine balance of thermal fluctuations during the relaxation of the sys-
tem. On the one hand, they need to deliver enough energy to overcome
the energy barrier protecting the metastable states; on the other hand,
they must keep moderated enough to let the nucleated TSks stabilize.
Worth to mention, once nucleated, TSks are stable and robust against
temperature reduction and time, assuming no critical temperature
dependence of the magnetic properties. Micromagnetic simulations
show the prevalence of the TSks down to 0K, revealing that tempera-
ture fluctuations play a role when the structure relaxes after saturation.
Our experimental observations show that the TSks nucleated in n ¼ 7
remained unaltered for 4months at RT and 0 field (see Fig. S4 in the
supplementary material).

To elucidate the role of thermal fluctuations in the nucleation
process of the TSk metastable states, we have performed micromag-
netic simulations focusing at very short time steps after nucleation
from saturation. Figure 5 includes the first seven frames in time steps
of 0.5 ns. We have identified that the starting point of the TSk nucle-
ation is intimately related to the nucleation of skyrmions. As it can be

FIG. 4. MuMax3 thermal micromagnetic of the relaxed state of the system with an anisotropy of 340 kJ/m3. Black and white represent spins in þz and �z directions, respec-
tively, (a) T¼ 0 K, neither TSks nor skyrmions observed in any simulation. (b) T¼ 300 K. Two target skyrmions (encircled in purple) are stabilized. (c) Percentage of TSks
nucleated at T ¼ 0, 100, 200 (none), 300 K (maximum), 350, and 450 K (none). Eleven simulations performed at each temperature.
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seen, right immediately after saturation and heated up to 300K, a sky-
rmion is nucleated (see t¼ 0.5 ns, encircled in red), as a consequence
of the reduction of the PMA with the increase in the sample tempera-
ture, which renders topological metastable states accessible. Importantly,
the process does not stop after the skyrmions are activated, but thermal
fluctuations further deform the magnetic domains. As a result, a mag-
netic domain can encircle a skyrmion, (follow red circle in Fig. 5), which
further stabilizes into a TSk, provided the thermal fluctuations are suffi-
cient to overcome the domain wall repulsion and not too high to settle
down a closed TSk, as it can be seen after 3.0 ns. A sketch of the process
starting from multidomain and ending up in TSk via skyrmion metasta-
ble state is captured in the bottom right sketch of Fig. 5. Further increase
in temperature provides higher thermal fluctuations, easing the path to
overcome domain wall repulsion, in such a way as 3p TSks, or further
topological states, can be accessed. However, at much higher tempera-
tures, thermal fluctuations will overwhelm the skyrmion like core of the
TSk, causing it to collapse, leaving just a normal skyrmion.

Starting from a magnetic multilayer stack, we have managed to
nucleate TSk textures assisted by temperature fluctuations, with differ-
ent topological charges in continuous films. The required temperature
values are compliant with the ones of operating technological devices,
and the described method is also valid for multilayer stacks comprising
several repetitions in the z direction. The created 1, 2, and 3p TSks are
robust against temperature variations, low magnetic fields, dipolar

coupling, and time (months). Micromagnetic simulations support our
results, showing a negligible probability of TSk nucleated at T ¼ 0K,
in contrast to the 30% chance of getting them at 300K.

The crucial difference between our experimental system and pre-
vious ones is that our nucleation method relies on no pinning or lateral
confinement stabilizing TSk states, where all previous works
did.6,10,23,24,36 Our work proposes a completely different strategy,
which does not depend on the particular pinning energy landscape of
the sample and does not require from additional geometrical confine-
ment, enabling the nucleated structures to move freely over the whole
continuous film. This constitutes an enormous advantage for the envi-
sioned spintronic devices, as the information carriers can freely move
in all plane directions. On top of that, our multilayer stacks have been
tuned to have nucleation temperatures between � 300 and 350K, i.e.,
within the range of operating values of technological devices. Our
method also allows us to reduce the topological charge of the structures
via OOP magnetic fields, as TSk (2p) can be effectively converted to
skyrmions (1p) within the mT range. This constitutes an additional
advantage of our method toward applications, as the topological
charge has a direct influence on carrier velocities and/or read/write
information process.

Our engineered platform hosts TSk in continuous films of differ-
ent orders, namely, 1, 2, and 3p. It remains an open question whether,
at sufficiently high temperatures, higher order of TSk (5, 6, 7p, etc.)
would become enabled, as already hypothesized by Gao et al.37

Furthermore, our work enables the route for the experimental realiza-
tion of hopfions in continuous films, as the closure of the magnetiza-
tion rotation in the z dimension shall be forced by encapsulating the
multilayer in between to two stacks with higher PMA, mimicking the
strategy proposed for TSk confined in nanodisks by Kent et al.15

See the supplementary material for extended information on the
design of the multilayer stack; a comparison between the behavior of
continuous films vs confined geometries; additional notes on the TSk
stability against temperature, showcasing the case of reverse tempera-
ture cyclings; images corresponding to multidomain states at room
temperature for the multilayers; and a representative MFM image of a
TSk nucleated in n ¼ 7 and stable after four months.
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