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in diameter were observed.

These findings

Ferromagnetic Lag7Srg3Mn;_,Ru,O3 epitax-
ial multilayers with controlled variation of the
Ru/Mn content were synthesized to engineer
canted magnetic anisotropy and variable ex-
change interactions, and to explore the possi-
bility of generating Dzyaloshinskii-Moriya in-
teraction. The ultimate aim of the multilayer
design is to provide the conditions for the for-
mation of domains with non-trivial magnetic
topology in an oxide thin film system. Em-
ploying magnetic force microscopy and Lorentz
transmission electron microscopy in varying
perpendicular magnetic fields, magnetic stripe
domains separated by Néel-type domain walls
as well as Néel skyrmions smaller than 100 nm

are consistent with micromagnetic modelling
taking into account a sizeable Dzyaloshin-
skii-Moriya interaction arising from the in-
version symmetry breaking and possibly from
strain effects in the multilayer system.
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Epitaxial multilayers of ferromagnetic oxides
display a wealth of physical properties that
are the combined result of the properties of



the bulk ferromagnets subjected to epitaxial
growth-related effects, such as strain and recon-
structions, of the layer thickness, and of unique
interfacial interactions.!™ Heterostructures of
perovskite manganites (e.g., Lag7Sro3MnO3)
have been largely investigated, as their ferro-
magnetic ordering temperature is close to room
temperature (RT), the magnetic moment per
Mn ion is high and the conduction electrons in
its metallic ferromagnetic phase are highly spin
polarized.*® Coherent growth on single crystals
such as SI‘TiOg, (LaA103)0_3-(STA10.5T30.503)0_7
(LSAT), NdGaOg3 or LaAlOj affects the effec-
tive magnetic anisotropy: the tensile strain fa-
vors in-plane magnetic easy axes, while com-
pressive strain favors an out-of-plane (OOP)
direction of the easy axis.® Combining the
latter case, also dubbed perpendicular mag-
netic anisotropy (PMA),”® with (interfacial)
Dzyaloshinskii-Moriya interaction (DMI), is
the key for realizing topologically non-trivial
magnetic textures, such as skyrmions, with
small size and high stability even at room tem-
perature (RT), as achieved e.g., in metallic thin
films. 1013

Notwithstanding, epitaxial ferromagnetic ox-
ide films/heterostructures have been investi-
gated less intensively from the viewpoint of
skyrmion formation: e.g., the debate about the
formation of tiny magnetic bubbles in ultra-
thin SrRuOs3/SrIrO3 bilayers and their Néel
skyrmion character'*!” remains unsettled. An
attractive prospect of forming skyrmions in ul-
trathin oxide films is that electric field-effects
may be employed for their manipulation.!® In
contrast to STRuOj3 ultrathin films, which have
low ferromagnetic transition temperature and
strong magetocrystalline anisotropy, for per-
ovskite manganites films the Curie temperature
can reach above RT and the magnetocrystalline
aniostropy is much weaker.'® Observations of
skyrmions in manganite epitaxial films, such as
Lag7Srg3MnO3 grown on NdGaOs3(110) sub-
strates®® or Lag 7Sro3Mng g5 Rug.0503 grown on
LSAT(100) substrates,?’ have been recently
reported. In the former case, it was pro-
posed that inhomogeneous strain across the
relatively thick manganite layers results in
a DMI and ultimately in the formation of

skyrmions at RT, similar to the inhomogeneous
strain-induced formation of magnetic vortex
clusters in one-dimensional manganite wires.?2
The particular character of the skyrmions has
not been discussed, however. In the case of
the Ru-substituted manganite layers grown on
LSAT(100), both the Ru substitution and the
moderate compressive strain imposed by the
substrate are simultaneously affecting the ex-
change interaction and the effective magnetic
anisotropy. Without Ru substitution, 30 nm
thick Lag7Srg3Mn3Os (LSMO) layers epitax-
ially grown on LSAT show an in-plane mag-
netic anisotropy and the gradual substitution
of Mn by Ru results in increasing PMA: in
Ref.?! it was observed that 5 % Ru substitution
(5%Ru-LSMO) was optimal for the formation
of skyrmion-like magnetic bubbles. For the
layered manganite Laj oSr; sMnyO7 single crys-
tals, Ru substitution for Mn had also a massive
impact on the magnetic anisotropy and on the
zero field magnetic domains, resulting in the

formation of skyrmion bubbles for higher levels
of Ru.®

We synthesized Lag7Srg3Mn;_,Ru,O3 epi-
taxial multilayers building a stack of six man-
ganite layers (each 8 nm thick) of varying
Ru/Mn content, with asymmetric top and bot-
tom interfaces (see Fig. 1 and Supporting In-
formation Sect. 1 for details). By varying the
Ru/Mn content from one layer to the next, the
inversion symmetry is broken at all interfaces
and a variable strain is introduced in the mul-
tilayer system (Ru increases the lattice param-
eters). Moreover, the strength of the exchange
interaction is varied from one layer to the next:
The Ru substitution of Mn likely introduces
a local antiferromagnetic coupling via superex-
change along Ru-O-Mn bonds,?*2?® which may
lead to symmetry breaking and spin frustration
both inside the layers and at the interfaces.?6
The effective magnetic anisotropy is also differ-
ent in the individual layers, due to the single
ion anisotropy affected by the substitution of
magnetic ions (Ru vs. Mn)?* and the modi-
fied structure of the Ru-substituted perovskite
manganite (varying bond angles and lengths),
as well as due to the varying epitaxial strain.
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Figure 1: HAADF-STEM microstructure investigations of a cross-section specimen of a 48 nm thick
Lag 7Srg3sMn;_,Ru, O3 multilayer grown on an LSAT(100) substrate: a) an overview micrograph
on which the arrows mark the interfaces with the LSAT substrate and between the six manganite
layers with different Ru content (inset: a schematic of the multilayer, indicating the nominal Ru
content of the individual layers); b) chemical element distributions across the multilayer, mapped
by EDX: the intentional variation of the Ru content (yellow color map) across the stack is clearly

observable (scale bar corresponds to 5 nm).

Consequently, inhomogeneous exchange inter-
action and frustrated magnetic interactions at
the interfaces,?® and an inhomogeneous effec-
tive magnetic anisotropy are inherent to these
multilayers. Inversion symmetry is broken not
only at the interfaces between the layers, but
possibly also due to inhomogeneous strain dis-
tribution®® and cation off-centering induced by
strain.?” These jointly contribute to the gen-
eration of DMI?® and thereby to magnetic do-
mains with topologically non-trivial textures in
this multilayer system.

The magnetic and magnetotransport prop-
erties of the multilayers were investigated at
the macro-scale by magnetometry, by magneto-
optical Kerr effect (MOKE) measured in po-
lar geometry, and by anomalous Hall effect
resistance loops. The temperature and field-
dependence of these properties was correlated
with the formation of magnetic domains at the
micro-scale, observed by magnetic force mi-
croscopy (MFM)® in as-grown samples, run-
ning full hysteresis loops in perpendicular mag-
netic fields. For in-depth characterization of
the magnetic textures, Lorentz transmission
electron microscopy (LTEM)!221:23:29733 gtyid-
ies were conducted on backside thinned plan-

view TEM lamellas. We consistently observed
the formation of magnetic stripe domains® as
well as their nucleation from and fragmentation
into isolated bubbles at low temperatures (be-
low =~ 100 K). The magnetic domain morphol-
ogy and magnetization behavior observed by
MFM changed significantly above 200 K, in ac-
cordance with the change of the effective mag-
netic anisotropy observed by macro-scale mag-
netometry. In this temperature regime, we ob-
served inconsistencies between the MFM and
Lorentz TEM results, which is why we focus
on the low temperature regime in this study.
The interpretation of the experimental stud-
ies was supported by micromagnetic modelling
taking into account exchange, DMI, uniaxial
anisotropy and dipolar interactions.

The epitaxial character of the multilayers is
readily visible in an high-angle annular dark
field scanning transmission electron microscopy
(HAADF-STEM) overview micrograph, dis-
played in Fig. la: the arrows mark the
position of the interfaces between the six
Lag 7Srp3Mn;_,Ru,03 layers of different Ru
composition (see inset for a schematic of the
multilayer structure). Elemental mapping by
energy-dispersive X-ray (EDX) spectroscopy



(Fig. 1b) corroborates the uniform chemical
composition within each layer and confirms the
change of Ru content at the layer interfaces, fol-
lowing the intended variation from 0 to 10 %.

Macroscopic magnetic properties of the multi-
layers were investigated by SQUID magnetom-
etry. Magnetic moment as a function of tem-
perature, measured after field cooling with the
magnetic field oriented either perpendicular to
the multilayer surface (cubic [001] direction) or
along two cubic in-plane directions, indicates
a Curie temperature slightly higher than 300
K and changes of the magnetic anisotropy with
temperature (see Supporting Information 2,
Fig. S 3). Magnetic moment hysteresis loops
measured for different direction of the mag-
netic field show that the magnetization is nei-
ther truly perpendicular nor totally in-plane,
but canted®*3> at all temperatures. The effec-
tive magnetic anisotropy of the multilayers has
a complex temperature dependence, changing
from OOP (at low temperatures) to dominantly
in-plane anisotropy above 200 K (see Support-
ing Information Sect. 2, Fig. S3d). Longi-
tudinal MOKE imaging at RT displayed in-
plane magnetic domains (tens of microns large)
and square in-plane Kerr rotation loops, con-
sistent with an in-plane magnetic easy axis (see
Supporting Information 2, Fig. S 6). The
temperature dependence of the effective mag-
netic anisotropy results from the competition
between dipolar interaction, favoring in-plane
magnetization, and magnetoelastic anisotropy
(induced by epitaxial compressive stress) along
with the magnetocrystalline anisotropy of (or-
thorhombic) Ru-substituted LSMO,% favoring
OOP magnetization. The OOP tilted easy axis
of our multilayers at low temperatures is likely
to affect the magnetic domain morphology, in
particular the type of bubble domains that form
in perpendicular magnetic field.3"

Hysteresis loops of the Hall effect resistance
of a LagrSrgsMn;_,Ru,O3 multilayer, mea-
sured in perpendicular magnetic field at var-
ious temperatures are discussed in the Sup-
porting Information 2 (see Fig. S 4). In
Fig. 2 we refer to the Hall loop (only the
anomalous Hall effect contribution) and to the
Kerr rotation loop measured simultaneously at

80 K, and the two loops are in good agree-
ment. In a previous study on 5%Ru-LSMO
films grown on LSAT substrates, pronounced
humplike features of Hall loops, similar to those
of SrRuO3/SrIrO3 bilayers, ' were attributed
to a THE contribution resulting from the for-
mation of skyrmions.?! The Hall loops of our
multilayers have no obvious hump features at
any temperature. We mention that our Hall re-
sistance investigations of a single 5%Ru-LSMO
layer (42.5 nm thick) grown on LSAT(100) un-
der the same conditions as the multilayer did
not exhibit humps of the Hall loops, at any tem-
perature from 10 K to 200 K, and the magnetic
domain imaging by MFM showed no evidence
of Néel skyrmion bubbles.?® THE contributions
may not manifest as pronounced humps nec-
essarily, but rather as dip and hump minute
modulations of the Hall loops,3? similar to
how our Hall loops behave, especially at high
temperatures (see Fig. S 4). The Hall loops
agree very well with perpendicular magnetiza-
tion loops measured by SQUID magnetome-
try (see Fig. S 5). The loops’ shape resem-
bles closely what is often measured for ferro-
magnetic thin films with PMA or canted mag-
netization, in which magnetic stripe domains
form as an effect of demagnetization!!3® and
are the stable remnant state. Thus, from the
shape of the Hall loops, the magnetotransport
investigations suggest the formation of mag-
netic stripe domains and possibly skyrmions.
We directly observed the latter by means of
MFM and LTEM (see Supporting Informa-
tion Sects. 3 and 4 for the details), as it will be
presented next.

Both techniques, MFM and LTEM, are well
suitable to observe magnetic domains. While
MFM is mostly sensitive to the OOP mag-
netic induction component at the sample sur-
face, LTEM probes the in-plane components
of the magnetic induction projected along the
viewing direction. We start with the discussion
of the LTEM data and compare them to the
MFM results subsequently.

We begin with the microscopic domain struc-
ture that corresponds to the macroscopic
AHE resistance loops obtained at 80 K (see
Fig. S 5b), which we correlated with the
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Figure 2:

OOP magnetization loops extracted from polar
MOKE as well as from LTEM imaging (Fig. 2).
The LTEM images shown in Fig. 2 represent
snapshots of two field series (shown in Sup-
porting Movie 1 and 2), which are described in
the Supporting Information 5. Each point
of the LTEM magnetization graph (blue tri-
angles) in the central diagram of Fig. 2 was
determined by the ratio of the areas within
the LTEM images identified as up and down
domains, respectively (see Supporting Infor-
mation Sect. 4 for details).

Correlated hysteresis loops of anomalous Hall effect resistance (AHE), Kerr ro-
tation (MOKE), and LTEM measurements as a function of applied magnetic field for the
Lag 7Sr93Mn;_,Ru,O3 multilayer at a temperature of 80 - 90 K. The magnetic field was always
applied perpendicular to the sample surface. Around the hysteresis loops are the LTEM micro-
graphs taken in corresponding magnetic fields, as indicated on the images.

In order to unravel which type of domains,
bubbles or skyrmions, is present in the mul-
tilayer, we compare the observed LTEM con-
trasts to theoretical models taking into account
the LTEM contrast formation and its sensi-
tivity to the in-plane components of the mag-
netic induction B as depicted in Fig. 3. When-
ever the electron beam is aligned parallel to
the sample’s OOP direction, Bloch DWs sep-
arating OOP domains or Bloch skyrmion cores
and surroundings provide a strong antisymmet-
ric black-white contrast,®' whereas Néel DWs or
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Figure 3: Lorentz TEM (LTEM) imaging of
a plane-view prepared Lag;Srg3Mn;_,Ru,O3
multilayer at a temperature of 90 K and com-
parison with simulation. a) LTEM image cap-
turing stripe domains at an applied OOP field
of -19 mT. (b, ¢) Simulated magnetization of
both Néel (b) and Bloch (c¢) type DWs visual-
ized by the color-coded OOP component M, in
units of saturation magnetization Mg and arrow
plot. (d, e) Simulated LTEM image at -900 pm
defocus for Néel (d) and Bloch (e) type DWs
assuming the direction of the electron beam
10° tilted with respect to the normal vector of
the sample around the y—axis as indicated by
the gray arrow in (b). f) LTEM image cap-
turing the fragmentation of the stripe domains
into Néel skyrmions at an applied OOP field
of 300 mT. The white arrows mark the posi-
tions of some of the Néel skyrmion bubbles. (g,
h) Simulated magnetization of both a Néel (g)
and Bloch (h) skyrmion visualized by the color-
coded OOP component M, and arrow plot. (i,
j) Simulated LTEM image at -900 pm defocus
for Neéel (i) and Bloch (j) type assuming the
direction of the electron beam 10° tilted with
respect to normal vector of sample around the
y—axis as indicated by the gray arrow in (g).

Néel skyrmions are invisible. To observe the lat-
ter, the specimen needs to be tilted around an

in-plane axis, such that the OOP component of
B is partly tilted in-plane.®3 In this case, LTEM
images show either black or white DWs depend-
ing on the orientation between magnetic field
and tilt direction. Consequently, Fig. 3a (see
also Fig. SI 8 of Supporting Information Sec-
tion 4), which was recorded at a sample tilt of
about 10° out of the [001] zone axis, reveals
Néel-type DWs at a temperature of 90 K. The
image was taken a few tens of micrometer away
from the sample edge and captured stripe do-
mains at an applied OOP field of -19 mT near
the coercive field. Corresponding LTEM im-
age simulations assuming OOP domains with a
saturation magnetization 0.5 T,%%4! separated
by either Néel or Bloch type DWs (Figs. 3b,c),
a sample thickness of 50 nm and a tilt angle
between the specimen’s normal and the elec-
tron beam of 10° are depicted in Figs. 3d,e,
respectively. The comparison with the exper-
iment clearly supports that Néel DWs form in
the multilayer. With increasing applied OOP
field, the stripe domains become smaller (see
Supporting Movies 1,2), ultimately fragmenting
into small bubbles at certain positions within
the field of view. The LTEM image in Fig. 3f
captures the fragmentation of the stripe do-
mains into such bubbles at an applied OOP field
of 300 mT. Again, LTEM image simulations of
Néel skyrmions (Figs. 3g,i) agree much better
with the experimentally obtained contrast (in-
dicated by white arrows in Fig. 3f) than im-
age simulations of Bloch skyrmions / bubbles
(Figs. 3h,j). Taking into account that the dom-
inant Néel character could be explained by the
presence of a sizeable DMI and stays in contrast
to the formation of Bloch bubbles via contribu-
tion of PMA, exchange and dipolar interactions
(see micromagnetics discussion further below),
we refer to these bubbles as Néel skyrmion bub-
bles in the following. Interestingly, the Néel
skyrmion bubbles prefer to nucleate at sample
edges (see SI Fig. 9) at high applied fields of
~350 mT, and not in the middle of the sample,
where saturation is reached locally at ~200 mT.
At these field strengths the skyrmion bubbles
have a radius of slightly below 50 nm. Note,
however, the temperature dependence of the
observed stripe domains and skyrmion bubbles



varies from the bulk sample behavior observed
with MFM, which is most likely the result of
the substrate removal.

Figure 4: Magnetic force microscopy observa-
tion of the evolution of the magnetic pattern
with applied OOP field at T'= 10 K (a-h) and
T =80 K (i-]), showing selected images of one
hysteresis branch for each temperature. The
formation of skyrmion bubbles at the begin-
ning and the end of the magnetization rever-
sal is clearly visible at both temperatures. All
images were corrected for both a topographic
background and a magnetic background signal.
The span of the color bar has been adapted for
each image.

In order to study the appearance of mag-
netic stripe domains and skyrmion bubbles also
in as-grown multilayers on intact bulk LSAT
substrates, we used MFM at various temper-
atures and applied magnetic fields. We start
with the measurements performed at the lowest
temperature T' = 10 K. After zero field cool-
ing, the applied field was swept in a range of
—2 < B < 2 T applied perpendicular to the
sample surface. Typical images obtained dur-
ing the up-sweep of the hysteresis measurement
are shown in Fig. 4.

Besides a topographic and magnetic back-
ground, images for fields B < —200 mT and
B > 180 mT show no magnetic contrast, see
also Fig. 4a,h. The absolute signal strength of
these background signals is one order of magni-
tude smaller than the domain contrast observed

during the switching of the OOP magnetiza-
tion. Details are shown in the Supporting
Information Sect. 3. For better visualization
of the magnetic patterns, all images in Fig. 4
were corrected for both the topographic and the
magnetic background signal. The frame size
measures 3.8 pm x 3.8 pm for all images, and
the span of the color bar has been adapted for
each image individually.

When lowering the magnetic field strength,
magnetization reversal begins with the nucle-
ation first of skyrmions in the field range be-
tween —200 < B < —100 mT. They persist
in zero field and transform into a stripe pat-
tern for fields slightly larger than zero (see Figs.
4b,c). The highest stripe density is reached for
B ~ 50 mT, shown in Fig. 4e. As exemplified
in Figs. 4f g, starting at B ~ 100 m'T piece-
wise switching of individual stripes transforms
the stripe pattern again into the field saturated
state. The very same behavior is observed for
the down-sweep of the applied magnetic field.
A slideshow of the complete data series can be
found in the Supporting Movies 3, 4.

Next, we compare these results to measure-
ments performed at 7' = 80 K, exemplarily
shown in Figs. 4i-1. The general behavior — nu-
cleation of skyrmion bubbles, growth of the lat-
ter into stripe domains and piecewise switching
of the stripes into the saturated state — equals
our findings for 7" = 10 K with slightly changed
values for the characteristic magnetic fields, as
can be seen in Figs. 4i-l. For, both temper-
atures and at B = 0 T the skyrmion bubble
diameter as well as the stripe width measures
~ 200 nm. Note, however, that the lateral sizes
of the skyrmion bubble textures may be sub-
stantially smaller than the lateral extension of
the corresponding MFM contrast due to the im-
pact of the MFM tip size and the stray field
delocalization in the MFM measurement.

Taking that into account the magnetic do-
main patterns and their field dependency as ob-
served by MFM compare well with our LTEM
results at temperatures below 90 K. Thus, we
find that the sample properties, in particular
the magnetic anisotropy, remained mostly in-
tact after the substrate removal for LTEM in-
vestigations. Consequently, the skyrmion bub-



bles observed by MFM can also be identified as
Néel type skyrmion bubbles.

The experimentally observed Néel domain
walls and skyrmion bubbles in the multilayer
system and hence the departure from the typ-
ical Bloch bubble physics in PMA thin films
suggest the presence of a sizeable DMI (of Néel
compatible symmetry, such as interfacial DMI)
as underlying driving force. In order to test
this hypothesis and to rationalize the exper-
imental findings, we carried out two micro-
magnetic modelling approaches - an analyti-
cal stripe domain model and a full-scale mi-
cromagnetic simulation of stripe domains and
skyrmion bubbles. In order to employ the stripe
domain model,*? which links the domain width
of a periodic stripe pattern to the competi-
tion between magnetostatic interaction, uniax-
ial anisotropy, exchange stiffness, and DMI, we
replace the stacked multilayer by a homoge-
neous film (film thickness 48 nm) described by
an effective saturation magnetization, exchange
stiffness, DMI strength, and anisotropy. Us-
ing that approximation, the stripe domain pat-
terns observed by LTEM measurements at 90
K (Fig. 2) allow for a (rough) estimation of the
effective DMI strength in the multilayer film of
D ~ 0.23 mJ/m? (see Supporting Informa-
tion 6). Using the derived material parameters,
we carried out full-scale micromagnetic simula-
tions (see Supporting Information 6 for de-
tails) yielding stripe domain structures resem-
bling the experimental patterns and confirming
the prediction of the analytical stripe domain
model used above. The micromagnetic simu-
lations revealed a continuous transition from
Bloch domain walls to Néel domain walls upon
increasing DMI strength from zero to a critical
DMI strength of Dy, = 0.23 mJ/m? (see Sup-
porting Information 6). This critical DMI
strength is roughly similar to the DMI strength
estimate obtained from the analytical model,
which supports the dominant Néel character of
the domain walls observed experimentally. We
finally stabilized skyrmion bubbles by increas-
ing the external magnetic field in the micromag-
netic model and estimate the radius of the simu-
lated skyrmion bubbles taking into account pre-
viously estimated magnetic parameters. The

calculations confirm that Bloch-type magnetic
bubbles may be stabilized in the absence of
DMI by stray fields.*? Increasing DMI, however,
shifts their radius to smaller values and alters
the magnetization profile, confirming the stabi-
lization of Néel skyrmion bubbles with < 100
nm radius, as observed experimentally. We
stress, however, that the critical magnetic field
of ~ 77 mT for the skyrmion bubble annihila-
tion is lower than observed experimentally, par-
ticularly for the thinned TEM samples, which
we attribute to the rather larger uncertainties
in the employed sample parameters (e.g., mag-
netic properties, thickness) and the shortcom-
ings of our micromagnetic model (e.g., simpli-
fication of the heterostructure). We thus con-
clude that the presence of an effective DMI may
explain the formation of Néel domain walls and
skyrmion bubbles in the Lag 7Srg3Mn;_,Ru,O3
multilayer.

In summary, we synthesized high quality epi-

taxial stacks of ferromagnetic Lag 7Srg.3Mn;_,Ru,O3

layers with varying Ru content in the consec-
utive layers. The multilayer shows tunable
magnetic anisotropy, with dominant out-of-
plane magnetic anisotropy below 100 K. High-
resolution magnetic imaging techniques re-
vealed the presence of magnetic stripe domains
and skyrmion bubbles of Néel character in the
same temperature range, in an OOP exter-
nal magnetic field. Micromagnetic modelling
showed that the presence of a sizeable DMI
strength D ~ 0.23 mJ/m? consistently explains
the observed domain widths, skyrmion sizes be-
low 100 nm and their dominant Néel character.
It remains an open question whether the DMI
is of purely interfacial origin or whether an in-
version symmetry breaking occurs at the unit
cell level, e.g., due to strain induced cation
off-centering.  We demonstrate the deliber-
ate creation of Néel domains and skyrmion
bubbles in epitaxial ferromagnetic oxide thin
films with high Curie temperature. This opens
the path towards magnetic domains with non-
trivial topology at RT: by adjusting the stack
design (layer composition, layer thickness, num-
ber of layers, etc.), the magnetic interactions
and anisotropy may be tuned to expand the
temperature range of skyrmion formation. One



can exploit the structural compatibility of man-
ganites with room temperature ferroelectric
perovskites, such as PbTiOgs, to design hybrid
heterostructures with combined functionalities
and for electric-field manipulation of skyrmions.
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Supporting Information Avail-
able

The following files are available free of charge.

e Supplement.pdf: Supporting Informa-
tion on multilayer growth and struc-
tural investigations, SQUID magnetome-
try, Hall effect and MOKE measurements,
the applied MFM background correction,
LTEM and the transport of intensity re-
construction, as well as details about the
stripe domain model, skyrmions and the
micromagnetic simulations.

¢ Neel-Domains 90K-.mp4: LTEM
magnetic field series applied in out-
of-plane direction with respect to the

Lag7Srg3Mn;_,Ru,0O3 multilayer from
+12 mT to -112 mT at 90 K.
e Neel-Domains 90K-+.mp4: LTEM

magnetic field series applied in out-
of-plane direction with respect to the
Lag 7Srg3Mn;_,Ru,0O3 multilayer from
0 mT to +138 mT at 90K.

e MFM 10K zfc.mp4: MFM mag-
netic field series applied in out-of-
plane direction with respect to the
Lag7Srg3Mn;_,Ru,0O3 multilayer after
zero field cooling from 0 mT to +2 T to
-2 T and finally to +0.5 T at 10 K.

e MFM 10K.mp4: MFM magnetic field
series applied in out-of-plane direction
with respect to the Lag 7Srg3Mn;_,Ru,03
multilayer from 0 mT to +300 mT to -
300 mT and back to 0 mT at 10K.
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