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Chapter

Stabilizing Zero-Field Skyrmions
at Room-Temperature in
Perpendicularly Magnetized
Multilayers

Jeovani Branddo, Marcos Vinicius Puydinger dos Santos
and Fanny Béron

Abstract

Magnetic skyrmions are twirling spin structures observed in bulk, thin films,
and multilayers with several features for both fundamental physics understanding
and spintronic applications, i.e., nanoscale size, efficient transport under electri-
cal current, and topological protection against defects. However, most magnetic
skyrmions have been observed under the assistance of an out-of-plane magnetic
field, which may limit their use in magnetic memory technologies. In this chapter,
we review and present two recent mechanisms to create zero-field skyrmions at
room-temperature in ferromagnetic multilayers. First, by tuning the perpendicular
magnetic anisotropy (PMA) and remnant magnetization (near magnetization
saturation) in unpatterned symmetric multilayer systems, it was achieved a transi-
tion from worm-like domains to isolated skyrmions. Besides, we present how to
find stable zero-field skyrmions in arrays of ferrimagnetic discs by tailoring their
diameter. Both methods demonstrate a robust route to stabilize zero-field sky-
rmions at room temperature, thus providing an important contribution to possible
applications of these textures in the next generation of skyrmionics devices.

Keywords: multilayers, room-temperature, stability, skyrmions, zero-field

1. Introduction

Chiral magnets [1-8] have been investigated intensively in the last years due to
their fascinating physical concepts and potential use in applications including sen-
sors [9-11], logic [12-14], and magnetic memory devices [15, 16]. Among different
magnetic structures, domain walls [17], vortices [18], and skyrmions [19] have been
investigated both theoretically and experimentally. They exhibit remarkable static
and dynamic behaviors under external stimulation such as magnetic [20] and elec-
trical fields [21], thermal effects [22], and electrical currents [23]. More specifically,
magnetic skyrmions, i.e., small-sized non-collinear chiral spin textures [24], have
been attracted much attention as the favorable candidates for information storage
in different technological devices, as examples, racetrack memories designed as
nanowires [25] and nano-oscillators [26] based on confined nano-discs [27]. This
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huge interest in manipulating skyrmions lies in their special properties including
topological protection [28], efficient transport under low electric current density
[29], and reduced (below 100 nm) size [30].

Experimentally, these non-collinear spin structures were firstly observed a
little more than one decade ago in bulk systems [31], but at low temperatures
(around 30 K) and under magnetic fields (around 0.2 T) [32, 33]. To achieve
skyrmions at ambient conditions, perpendicularly magnetized multilayers made
of nano-thick magnetic and non-magnetic materials have been used as a platform
with suitable parameters to host skyrmions at room-temperature [20]. One
important parameter is the Dzyaloshinskii-Moriya interaction (DMI) induced by
spin orbit-coupling [34]. In the case of multilayers, it arises due to the interfacial
nature between the atoms of the heavy metal (HM)\ferromagnetic (FM) layers
[20]. The DMI is responsible for the chirality of the magnetic structure, i.e., the
direction in which the spins rotate in the texture, giving rise to the topological
skyrmion stability [6].

For multilayers made of thin films, such as Pt/Co/Ta, Pt/Co/Ir, Pt/Co/W, and
other combinations, skyrmions have been observed in most cases under applied
external magnetic fields [20, 35, 36], while at zero magnetic field the magnetic
ground state favors the formation of spin spirals or labyrinthine magnetic configu-
rations [37]. Under the assistance of a moderate magnetic field, the magnetic stripes
shrink into small circular structures [20, 35], leading to the creation of magnetic
skyrmions. This is possible thanks to the DMI that acts to protect the skyrmion
against collapsing into a uniform magnetic state [20]. Moreover, the skyrmion size
depends on the magnetic field strength, usually being inversely proportional to the
applied field [20, 38].

This mechanism for creating skyrmions in multilayers under the aid of a
magnetic field opened an avenue for controlling their fundamental physical prop-
erties such as size and density. On the other hand, the usage of skyrmions in the
next generation of magnetic memory devices will depend on the achievement of
skyrmions without the support of external stimuli. In this sense, the research for
efficient methods to establish zero-field skyrmions at room-temperature yields
interesting findings. For instance, zero-field skyrmions have been observed at room-
temperature in lithographically shaped squares [39], through an exchange bias-field
created at the interface of antiferromagnetic/ferromagnetic-based structures [40],
and by their direct writing using magnetic force microscopy (MFM) tips [41], X-rays
[42], and electron beam [43].

In this chapter, we report on two current processes for stabilizing zero-field
magnetic skyrmions in ferro- and ferrimagnetic multilayers at ambient conditions.
The different approaches driving the formation of zero-field skyrmions consist of
tuning the magnetic properties such as perpendicular magnetic anisotropy (PMA)
and DMI in unpatterned symmetric multilayers, as well as by tailoring the geomet-
ric size of circular discs. The zero-field skyrmions were imaged by magnetic force
microscopy at room-temperature. Both mechanisms establish efficient strategies to
create zero-field skyrmions at ambient conditions, which is an important advance
in the development of skyrmionics devices.

2. Zero-field Skyrmions in Unpatterned symmetric multilayers

Skyrmions at room-temperature are created in perpendicularly magnetized
multilayers made of a magnetic material sandwiched by two different heavy metal
layers, HM1 and HM2, which yield sizeable DMI values to topologically protect
and stabilize skyrmions under the assistance of a magnetic field [20]. Therefore,
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most previous works have focused on asymmetric multilayers, which, at zero field
and under the competition of different energies (exchange, anisotropy, dipolar,
DMI), can lead to the labyrinthine domain structures. These domain structures
turn into skyrmions in the presence of a magnetic field below the saturation
magnetization [20, 35, 36].

Alternatively, symmetric multilayers made of the same heavy metal layers, for
instance Pt/Co/Pt and Pd/Co/Pd, can also be used to create skyrmions [44]. It has
been demonstrated that for polycrystalline symmetric Pt/Co/Pt tri-layers deposited
by magnetron sputtering, a low but non-negligible DMI is measurable in the system
[45]. More recently, a strong DMI has been observed in symmetric Pd/Co super-
lattices grown by molecular beam epitaxial (MBE) technique [46]. This is due to the
differences in the crystalline structures and inhomogeneities at the interfaces of the
HM/FM and FM/HM layers, which yield to the formation of asymmetric interfaces.
Therefore, a DMI emerges in these irregular interfaces and opens the possibility for
exploring chiral magnetic textures in symmetric systems [47].

In this sense, in order to find zero-field skyrmions at room-temperature, multi-
layers of (Pd/Co/Pd)x15 were fabricated by magnetron sputtering technique, where
the Pd thickness was fixed at 2 nm and the Co layer varied from 0.2 to 0.8 nm.
Figure 1 shows the schematic representation of the multilayer Pd/Co/Pd grown on
Si/SiO, substrate.

2.1 Magnetic properties

Hysteresis loops acquired under out-of-plane magnetic field for different Co
thicknesses show that the reversal magnetization behavior depends on the Co
thickness (Figure 2). At 0.8 nm-thick Co (down blue triangles), the hysteresis loop
exhibits a very low remnant magnetization, while its saturation occurs beyond 150
mT, which is a larger magnetic field compared to the ones obtained for thicknesses
below 0.8 nm. It essentially means that for this specific thickness, the in-plane
anisotropy plays an important role in the magnetization reversal. It has already been
demonstrated that above this thickness (0.8 nm thick Co), the magnetization of a
similar multilayered system lies in the sample plane [48].

Moreover, by reducing the Co layer thickness to 0.6 nm, the hysteresis loop
turns into a tail-like shape with reduced saturation magnetic field (up green
triangles), but no significant change is observed for the remnant magnetization.
This tendency is altered significantly when the Co thickness is reduced to 0.4 (red
circles) and 0.2 nm (black squares). The square format of the magnetization curve
is characterized by a reduction of the saturation magnetic field, as well as a notable
enhancement of the remnant magnetization (near to the saturation magnetization),

x15 .
Pd

Co
Pd

Si/SiO2

Figure 1.
Stack of the symmetric multilayer produced by magnetron sputtering. Figure adapted from vefevence [47].
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Figure 2.
Out-of-plane hystevesis curves for different Co thicknesses. Figure adapted from reference [47].

indicating that the (PMA) is higher in this thickness range. It yields a thickness-
dependency modulation of the remnant magnetization.

Consequently, both the tunable remnant magnetization and the PMA as a
function of the thickness play an important role in the resulting magnetic domain
patterns at zero magnetic field and room-temperature, as shown in Figure 3. The
blue frame (0.8 nm) exhibits the formation of small periodic out-of-plane magnetic
domains, while the green frame (0.6 nm), of the well-known worm-like domain
pattern in such perpendicularly magnetized systems. The domain pattern transition
occurs at Co-thick 0.4 nm (red frame), where the MFM image shows long separated
magnetic stripes with a few circular domains in between. This is a preliminary
indication of the magnetic skyrmion formation in the symmetric multilayer.

The formation of these round structures in symmetric multilayers is further
confirmed for the 0.2 nm-thick Co film (black frame), in which the magnetic
domain pattern is given by isolated skyrmions at room-temperature and zero
magnetic field. This result shows that by carefully tuning the remnant magnetiza-
tion and PMA of the multilayer, isolated skyrmions can be observed without the
need of applying a magnetic field. In other words, increasing the PMA and the
remnant magnetization can yield the formation of field-free skyrmions at ambient
conditions. Notably, these skyrmions are created only by tuning the multilayer
thickness, rather than through any geometric confinement or writing methodolo-
gies. This represents a straightforward and feasible alternative to stabilize zero-field
skyrmions at room-temperature.

2.2 Skyrmion formation reproducibility

The homogeneity of the magnetic skyrmions along the sample surface was also
tracked by taking MFM images over different areas of the 0.2 nm-thick Cofilm, as
shown in Figure 4. The skyrmions are isolated with randomly distributed positions.
This result confirms that the skyrmions at zero-field are reproducible on the entire
surface of the multilayer rather than from any topographic influence on the differ-
ent sample regions. Besides, the skyrmion sizes observed in each image are slightly
different, which arises from minor inhomogeneities in the sample and different
local variations of the multilayer properties such as saturation magnetization (M),
PMA, and DMI [49].

To explore the features of the stabilized zero-field skyrmions, their size (diam-
eter) and density (number of skyrmions per area) were extracted from the MFM
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Figure 3.
Magnetic force microscopy (MFM) images of the zero-field domain evolution. Figure adapted from
reference [47].

Figure 4.
Magnetic skyrmions observed in different areas of the 0.2 nm-thick Co film at the remnant state. Figure
adapted from [47].

images. The skyrmion size was evaluated by performing line scans on the magnetic
structures and using the full width at half maximum (FWHM), as shown in
Figure 5(a) and compiled in a histogram in Figure 5(b), along with the skyrmion
density statistics (Figure 5(c)). The average size and density of the skyrmions
were ~ 165 nm # 32 nm and 0.25/pm’. These values agree with previous works
where skyrmions were stabilized under applied magnetic field [20, 35], which
usually reduces these values [37].
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Figure 5.
(a) Line scans performed on skyrmions of different sizes. Histograms of the skyrmion size (b) and number
(c) distributions obtained in each MEFM image. Figure adapted from [47].
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Figure 6.
(a-c) Micromagnetic vesults of isolated skyrmions stabilized at zero magnetic field. (d) Skyrmion size obtained
as a function of M for different values of PMA and DMI. Figure taken from [47].

2.3 Micromagnetic simulations

The formation of zero-field skyrmions in unpatterned symmetric multilayers is
described better with the assistance of micromagnetic simulations. Mumax3 was
the chosen code to carry out the simulations, and the used methods and parameters
can be found in [47]. The results are summarized in Figure 6.
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In Figure 6(a-c), the micromagnetic simulations are representative for an
anisotropy K = 0.06 MJm and a Dzyaloshinskii-Moriya interaction D = 0.04
mJm"?, while the saturation magnetization M, was varied. It shows that skyrmions
are stabilized at zero-field with a random distribution of their positions, corrobo-
rating our experimental findings. Furthermore, by varying D in the micromagnetic
simulations and comparing with the size of zero-field skyrmions obtained experi-
mentally, the DMI was estimated to range between 0.4-0.8 mJm . More details can
be seen in the phase diagrams shown in the next section.

More remarkable, the skyrmion size increases for larger values of M; as clearly
shown in Figure 6(a-c), indicating that this parameter plays an important role on
the skyrmion diameter due to the impact of the magnetization stray field upon the
magnetic structure size. In addition to the saturation magnetization, the influ-
ence of both K and D parameters was evaluated to understand their effects on the
skyrmion stability and size. Figure 6 (d) shows that the skyrmion size monotoni-
cally increases as a function of M for any value of K and D. However, smaller K and
D values lead to larger skyrmion size (black squares) compared to higher values
(red circles and blue triangles). This important conclusion suggests that the sample
saturation magnetization M, must be reduced, while the PMA and DMI must be
increased slightly to reduce the skyrmion average size at zero-field. This can be
accomplished by engineering the multilayer structure varying, for instance, the
magnetic layer thickness.

2.4 Magnetic domain phase diagrams

A phase diagram was constructed using the micromagnetic simulations to
explore and indicate the achievable magnetic ground states as a function of the
multilayer magnetic parameters, as can be seen in Figure 7.

Three different magnetic ground states were acquired at zero magnetic field,
as shown in Figure 7(a): uniform magnetization (dark cyan frame), isolated
skyrmions (cyan frame), and mixed phase (purple frame), in which the latter

(a)

250 nm
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Figure7.
(a) Possible magnetic ground states. (b) DMI vs. M, phase diagram for selected values of K. Figure adapted
from reference [47].
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means that both skyrmions and magnetic stripes can coexist. The phase diagrams
show that for low DMI values a uniform magnetization is the preferable ground
state along the entire range of saturation magnetization M; (Figure 7(b)). For DMI
values above 0.4 mjm 2, isolated skyrmions take place, while the area that covers
this magnetic state in the phase diagram expands as the saturation magnetization
M; and K values increase. On the other hand, the mixed phase exhibits an opposite
behavior with a reduced area in the phase diagram when M; and K enhances. It
demonstrates that at zero magnetic field, the stability of isolated skyrmions will
strongly depend on the system magnetic parameters, mainly M and K. Moreover,
a DMI non-null value is required to stabilize isolated zero-field skyrmions, which
has been achieved for both symmetric multilayers grown by MBE and magnetron
sputtering techniques. Therefore, symmetric multilayers that present moderate
values of DMI below 1 mJm?, with high remnant magnetization and PMA, can be
strategically used to stabilize skyrmions in the absence of external magnetic field.

3. Zero-field Skyrmions in Ferrimagnetic multilayers

Ferromagnetic skyrmions have been shown remarkable phenomena under
external excitation, which have helped to understand their fascinating properties.
For instance, when driven by electrical current, ferromagnetic skyrmions experience
a transverse motion with respect to the current direction, known as skyrmion Hall
effect, which can lead to limiting their use in magnetic memory applications [50]. To
overcome this issue, skyrmions have been researched in systems with antiferromag-
netic coupling. It has been realized that skyrmions coupled with antiparallel magnetic
moments, or, in other words, with opposite topological charges, may be used to sup-
press the undesirable skyrmion Hall effect when driven by electrical currents [51, 52].

In this context, materials with ferrimagnetic ordering are attractive candidates to
host coupled skyrmions with opposite topological charges since they can reduce the
skyrmion Hall effect due to the balance of the Magnus force acting on each sky-
rmion [53, 54]. In this section, we show how to observe skyrmions in lithographi-
cally shaped discs made of ferrimagnetic CoGd/Pt-based multilayer by tailoring the
size of the disc diameter. For this purpose, unpatterned and patterned multilayers
were grown by magnetron sputtering to image the evolution of the magnetic domain
structures. Figure 8 shows the schematic representation of the multilayer in the
unpatterned and patterned (discs) geometries. The CoGd alloy was grown by using
two independent Co and Gd targets in a co-sputtering deposition. The Pt/CoGd/Pt
tri-layer was repeated 15 times and 2 nm Pt under and over layers were deposited as
the buffer and protective oxidation, respectively. The CoGd thickness was fixed to
1.8 nm, and both unpatterned and patterned discs were deposited during the same

(a)
Pt 2nm cap layer
Co;sGd;s 1.8 nm
x15
Pt 2nm buffer

Pt2 nm buffii I

Figure 8.
Representative geometries of the unpatterned (a) and patterned (b) multilayer (shaped as discs) of the
CoGd/Pt multilayer. Figure adapted from [27].
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sputtering batch. Electron beam lithography (EBL) was firstly performed on the
Si/Si0; substrate to fabricate the patterned discs. More details about the methods
used in the sample fabrication can be found in Ref. [27].

3.1 CoGd layer magnetic orientation
3.1.1 Magnetization behavior

As a first step, the magnetic properties of CoGd/Pt-based multilayer unpat-
terned sample were characterized. We used a vibrating sample magnetometer
(VSM) and a SQUID to measure the hysteresis loops at ambient conditions and the
temperature-dependent magnetization, respectively, as shown in Figure 9.

Hysteresis loops acquired by VSM at room-temperature exhibit the magnetization
reversal for in-plane (IP) and out-of-plane (OOP) magnetic fields (Figure 9(a)).
One may observe that the unpatterned CoGd multilayer presents a perpendicular
magnetic anisotropy (PMA). On the other side, the out-of-plane magnetization
has a tail-like structure with low remnant magnetization (blue curve) that reflects
on the magnetic domain pattern observed at zero-field as it will be shown later. In
Figure 9(b), the temperature-dependent magnetization under zero magnetic field
shows a behavior previously observed in ferrimagnetic alloys made of 3d transition
metals and 4f rare earth elements. Depending on the composition between the alloy
elements, the Co and Gd magnetic moments may align along the same or opposite
direction, being ordered ferro- or ferrimagnetically. If the magnetic moments are
arranged in an anti-parallel alignment, the compensation temperature corresponds
to the magnetic moments of the Co and Gd sublattices compensating each other,
leading to a minimization of the resultant magnetization [55]. This behavior is
an important signature of the sample ferrimagnetic order. Starting from 2 K and
without magnetic field, the sample magnetization decreases slowly as the tempera-
ture is increased, reaching a magnetization minimum at 154 K. By further increasing
the temperature, the magnetization raises until reaching room-temperature (300 K),
before gradually reducing around 350-400 K. This peculiar temperature-dependent
behavior indicates that the CoGd/Pt based multilayer has a ferrimagnetic order of the
Co and Gd magnetic moments.

3.1.2 X-ray spectroscopy and X-ray magnetic civcular dichroism

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) were performed to extract the magnetic orientation of each Co and Gd
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Figure 9.
(a) Hysteresis loops obtained with magnetic field applied in-plane (IP) (ved curve) and out-of-plane (OOP)
(blue curve). (b) Temperature-dependent magnetization in the absence of magnetic field. Figure adapted

from [27].
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sublattice by taking advantage of the technique chemical selectivity. It allows us
to further confirm the magnetic order of the CoGd alloy at room-temperature.
The XAS was obtained under an out-of-plane magnetic field relative to the sample
surface and parallel to the incoming X-rays by using a superconducting magnet
[56]. Right and left circularly polarized X-rays were used to separate the dependent
magnetic orientation of the Co and Gd elements.

Figure 10(a) shows the XAS acquired for Co around the L, ; absorption edges.
At the first and more intense peak around 779 eV (L3 edge), there are two distinct
amplitudes: higher (dashed blue line), for left circularly polarized X-rays, and
lower (solid red line), for right circularly polarized X-rays. This difference in
amplitude is due to the X-ray magnetic circular dichroism that relates the depen-
dence of the element magnetic orientation with the incoming X-ray polarization.
Likewise, for Gd, a difference in amplitude is also observed at the most intense
peak around 1552 eV at the Gd M;s edge. However, contrary to the Co case, higher
amplitude occurs for right circularly polarized X-rays, while lower absorption for
left circularly polarized X-rays (Figure 10(c)). These results reflect on the XMCD
(difference between the right and left circularly polarized X-ray spectra), as
demonstrated in Figure 10(b, d).

Looking at the L; and Ms edges where the XAS maximum occurs, one can
see that the XMCD is negative for Co, while it is positive for Gd. This confirms
that the magnetic orientation of the Co and Gd are arranged in an antiparallel
direction, thus forming a ferrimagnetic CoGd alloy at room-temperature. This
result helped us to conduct the magnetic force microscopy images of the CoGd/Pt
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Figure 10.
(a), (c) XAS acquired around the Co L, ; and Gd M, ; edges, vespectively. (b), (d) XMCD acquired for Co and
Gd. Figure adapted from [27].
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multilayer and confirms the magnetic textures observed at ambient conditions as
ferrimagnetic domains.

3.2 Magnetic textures
3.2.1 Unpatterned multilayer

Magnetic force microscopy was carried out to image the magnetic domains of
the unpatterned sample and observe its features. Figure 11(a) shows the image
acquired at remanence with alternating red and blue stripes in a typical worm-like
configuration. By recalling that the out-of-plane magnetization of the unpatterned
sample exhibits low remnant magnetization (see Figure 9(a)), it is expected to
observe this type of magnetic texture in such CoGd/Pt-based multilayer.

The magnetic domain pattern is characterized by a spatial periodicity of the
stripes obtained by using a linear profile on the MFM (dashed line) (Figure11(a)).
Figure 11(b) exhibits the oscillations along a 1 pm length of the spatial domain
distribution of the up and down magnetic stripes, resulting in a wavelength of
~150 nm and domain width A of ~90 nm. The MFM image undertaken in the
unpatterned multilayer will be used as a guide to evaluate the evolution of the mag-
netic domains in the confined structures, as will be discussed in the next section.

3.2.2 Confined nanostructures

Here we present the magnetic domain textures of the CoGd/Pt multilayer
influenced by the confinement induced by the geometric disc. We produced disc
arrays by electron beam lithography and lift-off techniques with different diameters
of 1 pm, 650 nm, and 250 nm. Figure 12 (top) shows the scanning electron micros-
copy images (SEM) of the arrays.

To visualize better the magnetic domain formation in the nanostructures,
individual MFM images of the discs for each diameter are displayed at the bottom
of Figure 12. Figure 12 (a, bottom) displays the magnetic domain for the larger
disc (1 pm). One may see that the disc supports a magnetic domain pattern like
the one observed in the unpatterned multilayer (see Figure 11(a)), with alternat-
ing up and down magnetic stripes. Therefore, there is no significant influence of
the geometric confinement at this specific diameter on the magnetic domain type
formation. On the other hand, the geometric confinement leads to a modification
of the magnetic stripe periodicity in the disc compared to the unpatterned sample
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Figure 11.

(a) MFM image of the unpatterned sample exhibiting magnetic stripes (blue and red) with out-of-plane
orientation. (b) Domain periodicity extracted by performing line scan on the MFM image. Figure adapted

from [27].
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(Top) Scanning electron microscopy (SEM) images of the disc arvays. (Bottom) Respective MFM images of

magnetic domain textures in individual discs. (a) 1 pm, (b) 650 nm, (c) 250 nm. Figure adapted from [27].
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Figure 13.
Profile as a function of the length acquired by using line scan on the multiple skyrmions (a) and single
skyrmions (b). Adapted from the supplementary material of reference [27].

(~ 190 nm vs. ~150 nm, respectively). This indicates that the confinement given by
the 1 pm diameter increases the distance between up and down magnetic stripes.
The impact of the disc size is more evidenced for the 650 nm diameter disc,
where the confinement strongly modifies the magnetic domain pattern. The disc
does not support a magnetic stripe domain, but rather the formation of small sky-
rmions, with a size of ~120 nm (Figure 13(a)). It is worth noting that this disc size
supports three ferrimagnetic skyrmions at room-temperature and zero magnetic
field. By further reducing the disc size to 250 nm, a stable single ferrimagnetic sky-
rmion is observed in the nanostructure. The single ferrimagnetic skyrmion exhibits
a size of ~70 nm (Figure 13(b)), which is a very desirable feature for the use of
this magnetic structure in future applications [57]. Therefore, by tailoring the disc
diameter, we could stabilize magnetic domain textures at room-temperature and
zero-field from magnetic stripe configurations, in larger discs, to multiple or single
skyrmions in smaller discs. Furthermore, the reduction of the disc size and hence
increased confinement modifies not only the magnetic domain type but also allows
the existence of multiple or single ferrimagnetic skyrmions. This control can be
used in new applications based on the dynamic mode of coupled skyrmions such as
neuromorphic computing [58].
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4. Conclusion

To summarize, in this chapter we presented two recent approaches to stabilize
skyrmions at zero magnetic field and room-temperature. First, ferromagnetic
skyrmions were observed in unpatterned symmetric Pd/Co/Pd multilayer by tuning
both the remnant magnetization and perpendicular magnetic anisotropy. The PMA
enhancement in combination with high remnant magnetization found for the thin-
nest Co layer (0.2 nm) yields the formation of ferromagnetic skyrmions at ambient
conditions without the assistance of a magnetic field. By comparing the experimen-
tal 165 nm and simulated skyrmion sizes, we are able to estimate the non-vanishing
DMI around 0.4-0.8 mJm %, as an additional sample parameter required to stabilize
skyrmions even in nominally symmetric multilayers. The DMI obtained in the
micromagnetic modeling emerges mainly owing to the imperfections (roughness,
intermixing) at the Co/Pd interfaces, allowing the formation of zero-field magnetic
domains and isolated skyrmions.

Second, ferrimagnetic skyrmions were stabilized in confined geometric discs
made of Pt/CoGd-based multilayers. The ferrimagnetic order of the multilayer is
confirmed by dependent-temperature SQUID measurement and room-temperature
XMCD. By adjusting the disc diameter, magnetic stripes in larger discs evolve to
multiple and single ferrimagnetic skyrmions in smaller discs. The single skyrmion
observed in the 250 nm diameter exhibits a size of ~70 nm. This sub-100 nm size
and quasi antiferromagnetic arrangement of the skyrmions are very desirable
both for fundamental physics understanding regarding the skyrmion Hall effect
and technological applications based on antiparallel coupled skyrmions. These
mechanisms are robust to find skyrmions at ambient conditions and zero-field by
engineering symmetric multilayers made of ferro- or ferrimagnetic layers.
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