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Topological magnetic states, such as chiral skyrmions, are of great scientific interest and show huge
potential for novel spintronics applications, provided their topological charges can be fully controlled. So far
skyrmionic textures have been observed in noncentrosymmetric crystalline materials with low symmetry
and at low temperatures. We propose theoretically and demonstrate experimentally the design of spin
textures with topological charge densities that can be tailored at ambient temperatures. Tuning the
interlayer coupling in vertically stacked nanopatterned magnetic heterostructures, such as a model system of
a Co/Pd multilayer coupled to Permalloy, the in-plane non-collinear spin texture of one layer can be
imprinted into the out-of-plane magnetised material. We observe distinct spin textures, e.g. vortices,
magnetic swirls with tunable opening angle, donut states and skyrmion core configurations. We show that
applying a small magnetic field, a reliable switching between topologically distinct textures can be achieved
at remanence.

external perturbations' . Whereas vortices form in soft-magnetic confined films* due to minimisation
of exchange and stray field energy, more recently discovered topological states, such as chiral sky-
rmions>”’, are stabilised by the antisymmetric magnetic exchange, known as Dzyaloshinskii-Moriya interaction
(DMI)®. The chiral skyrmions in magnetic systems with defined handedness provide countable units charac-
terised by a topological charge. This integer index describes the fact that a skyrmion cannot be unwound by any
continuous deformation of the magnetisation. Conduction electrons passing through a non-collinear spin texture
with a topological charge density pick up a Berry phase, which can give rise to an anomalous topological Hall
effect”"*. Skyrmion systems composed of solitonic units can be assembled into arrays which display an additive
behaviour of the net Berry phase. Controlling skyrmionic states is becoming a focus of intense research both for
fundamental understanding**”'* and potential applications''®. So far, chiral skyrmions have been only
observed in single-phase materials with acentric crystal structures>>'”~*° or in magnetic films owing to broken
inversion symmetry”'**"** and at low temperatures that severely limits their potential application in spintronics.
An alternative route to exploit topological properties of magnetisation distributions is to create magnetic
heterosystems exhibiting non-collinear spin textures. In particular, these nontrivial topological states generate
a topological charge density which instills Berry phases and transport anomalies. Recent numerical simulation
studies have suggested the possibility to build up skyrmion configurations in magnetic systems without DMI via
interlayer exchange coupling in thin soft-magnetic bilayers* or in out-of-plane magnetized films with patterns of
soft-magnetic disks on top®. State-of-the-art nanofabrication allows for designing such functional heterostruc-
tures with tunable properties of the subsystems and an enhanced stability of the entire structure®?¢. The
advantage of this approach is to utilise conventional magnetic materials and to adjust key parameters, such as
anisotropy or coupling constants in a wide range by tailoring the geometry of the heterostructures. The recent
experimental report on artificial magnetic skyrmions at room temperature represents a first step towards their
realisation®’.
Here, we propose theoretically and demonstrate experimentally nontrivial topological states by imprinting
non-collinear spin textures into an out-of-plane magnetised material via stacking two magnetic nanopatterns
consisting of layers with in-plane and out-of-plane magnetisation. Within such heterostructures, it is possible to

M agnetisation configurations with nontrivial topological properties manifest an enhanced stability under
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Figure 1| Imprinting non-collinear magnetic spin textures into out-of-plane magnetised films (Co/Pd multilayers) via interlayer coupling to a vortex
state (Permalloy, Py) (a). Calculations are carried out for a Co/Pd anisotropy of K,, = 200 kJ/m’. Depending on the interlayer exchange coupling strength
and the magnetic field treatment (remanence or relaxed state), configurations of distinct topology can be imprinted in the out-of-plane magnetised
layer as revealed by micromagnetic simulations. Figures (b)—(e) show the magnetic configuration of four different states in Co/Pd films with decreasing
strength of interlayer coupling J; (left to right) after applying an out-of-plane magnetic field. Colours correspond to the normalised out-of-plane
magnetisation component: (b) Remanent and relaxed vortex state; (c)—(d) remanent donut state type II and type I (number of domain walls),
respectively; and (e) relaxed magnetic spiral. The skyrmion number S of each state is assessed based on the sketched magnetisation configuration in the

cross-section. (f) Line profiles through the center of the Co/Pd film for the normalised out-of-plane magnetisation (1,

M,/ M) in remanent state

Co/Pd spins illustrate the possibility to tailor the opening angle of the donut state by adjusting J;. The magnetic spiral also appears after opening the
circular domain wall of the donut state by applying a small in-plane magnetic field.

create vortex, spiral domain, and skyrmion states with different topo-
logical charge densities in the originally out-of-plane magnetised
layer [Fig. 1]. In confined nanostructures, like circular dots, non-
collinear magnetization configurations can be induced and shaped
as a consequence of the dipolar stray field, which enforces magnetic
flux closure, and exchange coupling between different parts of the
heterostructure. A topologically stable state in strict sense cannot
exist in a confined magnetised body with open boundaries, because
a nontrivial magnetization configuration always can be destroyed by
moving it across the boundary. This instable topology of any state in
a confined body can formally be understood by considering the
elementary classification of topological states through homotopy
groups®®. The maps from closed loops or surfaces in the physical
space to the order-parameter space, which for the magnetisation
vector is the sphere spanned by its directions, can be continuously
moved across the boundaries of the body. Thus, an unambiguous
definition of a stable topology is impossible [see Supplementary for
further details]. However, topological charge densities and their inte-
grals are well defined and are physical observables. They are not
conserved topological indices with integer values, but the topological
charges are geometric properties of the magnetisation configuration,
measured by rational numbers. In this sense, the magnetic states in a
confined nanoobject can be distinguished and their similarity with
corresponding topologically nontrivial states in an infinite system
can be quantified. Therefore, we address configurations in Co/Pd

sub-structure with a net skyrmion charge S = *1 as skyrmion cores.
1
Similarly, the vortices in such dots have S=~ + 5 and deviate from the

real vortex defect state of a planar spin system due to the presence of a
tilt of magnetization at the edge.

We address the most crucial aspects, namely, how to control these
states and to manipulate the respective topological charge densities.
Spin textures can possess distinct topological charge densities,

1
defined as the skyrmion number S= i J m(d,m x d,m) dxdy with

the magnetisation m = M/M; of the out-of-plane magnetised layer.
In the skyrmion states, the net integral charge can be fractional owing
to the confinement within the nanostructure. The net charge is gov-
erned by an opening angle of the spin texture that can be precisely
controlled by tuning the interlayer exchange coupling between in-
plane and out-of-plane magnetic substructures and applying small
magnetic fields. Our concept is experimentally confirmed by observ-
ing the magnetic configurations and magnetisation reversal pro-
cesses in heterostructures consisting of nanopatterned out-of-plane
magnetised Co/Pd films and Permalloy (Py, NigoFe;;) nano-
structures in the vortex state separated by a thin Pd spacer. Two
magnetic X-ray microscopy techniques, namely bulk sensitive mag-
netic transmission soft X-ray microsopy (MTXM) and surface sens-
itive X-ray photoemission electron microscopy (XPEEM), were used
to image the magnetic domains in the individual layers, harnessing
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the inherent element-specificity of the X-ray magnetic circular
dichroism (XMCD) effect. Furthermore, XMCD spectroscopy
enabled us to retrieve element-specific hysteresis curves in those
structures. We prove that the interlayer coupling strength can be
tailored by adjusting the thickness d of the non-ferromagnetic Pd
spacer layer between Permalloy and Co/Pd layers.

Theoretical predictions

Firstly, we investigate this concept by a numerical study of magnetic
spin textures in a disk-like heterostructure consisting of a hard-
magnetic out-of-plane magnetised Co/Pd multilayer stack and a
soft-magnetic Permalloy that are separated by a non-magnetic spacer
of varying thickness d [Fig. 1(a)]. The interlayer exchange coupling
strength is varied in the range from J; = 0.1 to 2 mJ/m* (Pd spacer
thickness 0 to 30 nm), as expected e.g. for RKKY-type coupling
through Pd**°. The magnetic coupling through thick Pd spacers
(> 3nm) is mediated by spin diffusion mechanisms involving
unfilled 4d and 5s — p Pd bands®, which can numerically described
in the same way. Magnetostatic coupling alone does not stabilise the
reported configurations [Supplementary Fig. 1]. We focus on the
magnetic pattern in the Co/Pd multilayers, since the large asymmetry
between Co/Pd and Py thickness preserves the topology of the Py
vortex.

In strongly coupled systems (J; > 1 m] / m?), the equilibrium spin
configuration, i.e. vortex structure, exhibits the same circulation
(sense of rotation of in-plane magnetisation with respect to surface
normal) in the Py and the Co/Pd layers. The minimum of the normal
magnetisation m, around the core is enlarged compared to that of
decoupled Py vortices.

Decreasing the interlayer exchange coupling and running major or
minor hysteresis loops stabilise the remanent donut state type II
[Fig. 1(c)] and type I [Fig. 1(d)] with two and one domain walls,
respectively, and radially varying opening angle/out-of-plane mag-
netisation component [Fig. 1(f), also Supplementary Fig. 2]. In par-
ticular, donut type I exhibits a spin configuration similar to those in a
disk with DMTI’". In the view of the definition above, this state is
referred to as a skyrmion core configuration. The sense of in-plane
circulation remains as in the Py disk. The circular symmetry is
caused by the imprint of the central vortex core region. The vortex
core in the Co/Pd layer is more extended in weakly coupled sys-
tems (J; = 0.4 mJ/m?), since the ratio between interlayer coupling
and out-of-plane anisotropy constant K,, becomes smaller [Sup-
plementary Fig. 2](j)]. For J; = 0.4 m]J/m?, the vortex core diameter
in donut configurations is about 80 nm compared to 6 nm in Py,
illustrating the possibility to tailor the vortex core profile via imprint,
which might be beneficial for studying the inner structure of
the vortex core. Systems with even smaller interlayer coupling
(Ji <03 mJ / m?) exhibit a non-uniform single-domain remanent
state [Supplementary Fig. 2(a)]. The remanent donut state type II
cannot be obtained in systems with J; < 0.3 m]J / m?, because all Co/
Pd spins except the vortex core flip simultaneously.

Another distinct magnetic state is the spiral state [Fig. 1(e)] that
can be set after relaxation from the out-of-plane saturated state
[Supplementary Fig. 3]. Contrary to the remanent donut states,
where the edge magnetisation is invariant under azimuthal rotation,
the Co/Pd spins possess a sufficiently large energy during relaxation
to modify the initial homogeneous magnetisation at the edge. For the
formation of a spiral state, the starting configuration is a magnetic
domain wall that is anchored at the edge in two points. The
imprinted vortex core acts as a driving force that twists the domain
wall to a spiral while approaching the center. As the ratio Ji/K,
increases, the spiraling distortion of the domain wall by the
imprinted vortex is stronger leading to a more extended spiral. In
this respect, its experimental observation would represent a strong
hint for an interlayer exchange coupling with an in-plane circulation.

Experimental observation
These theoretical predictions are further experimentally verified by
measuring the magnetisation reversal process and visualising the
magnetisation texture in nanopatterned [Co/Pd]/Pd/Py multilayers.
Tailoring the ratio J;//K, can experimentally be realised by modifying
the thickness and material of the non-magnetic spacer or tuning the
thickness of Co in the Co/Pd multilayers. Here, we modify the thick-
ness of the non-magnetic spacer. Layer stacks consisting of Pd(2)/
[Co(0.4)/Pd(0.7)]s/Pd(d)/Py(40)/Pd(2) with thicknesses in nm and
variable Pd spacer thickness d ranging from 1 to 30 nm were pre-
pared onto assemblies of non-magnetic SiO, spherical particles with
a diameter of 500 nm [Fig. 2(a)]. Reference samples with single Py
and Co/Pd films are shown in Supplementary Fig. 4. Changing the
spacer thickness at small values affects the magnetic properties of the
Co/Pd spins significantly, transforming the originally out-of-plane
preferential orientation into an in-plane preference [Supplementary
Fig. 5]. Using magnetic caps instead of planar disks provides several
experimental advantages. We already demonstrated that arrays of
closely packed vortices can be achieved in Py cap structures’** in
contrast to planar disks. Closely packed Py vortices with small
intercap interaction provide a large signal when measuring the mag-
netisation reversal process and yield a better statistics during mag-
netisation visualisation in full-field magnetic microscopes. The
curvature gradient of the cap reduces significantly the magnetostatic
interaction with nearest neighbor caps*. The residual interaction is
small and of dynamic nature: the circulations are predetermined
during the vortex nucleation process (interaction between total mag-
netic moments of the neighbouring caps). Upon nucleation, the
interaction between neighbouring caps is substantially reduced
(interaction between vortex cores of the neighbouring caps). More
importantly, patterning via electron beam lithography and lift-off or
etching can lead to edge roughnesses that act as pinning sites, thus
disturbing the formation of the desired non-collinear spin textures.
Contrary, deposition of magnetic thin films onto arrays of spherical
particles without any post-processing ensures highest possible struc-
ture quality. Furthermore, the angular spread of the out-of-plane
easy axis of the Co/Pd spins on a cap®* provides a perspective to
reduce the switching fields at the edge and thus the required field
values to switch between donut type I and type IL

Utilising the element specificity of MTXM?® and XPEEM?, we
unambiguously proved by two independent visualisation techniques
and samples the stabilisation of non-collinear spin textures in Co/Pd
layers. The magnetic contrast is provided by XMCD that detects the
difference in X-ray absorption depending on the relative orientation
between photon beam and sample surface®. In the MTXM, both out-
of-plane and in-plane components of the magnetisation can be
distinctly imaged by tilting the sample surface normal from 0°
(out-of-plane) to 30° (in-plane) with respect to the beam®. The
incidence angle in XPEEM is fixed to 74° with respect to the surface.
Combined with the surface sensitivity, small tilt angles of the out-of-
plane magnetisation could be measured. Accordingly, MTXM and
XPEEM allowed for discriminating between in-plane and out-of-
plane magnetisation components, and revealing small tilts of the
out-of-plane magnetisation, respectively. Magnetic fields up to
30 kA/m were applied perpendicularly to the sample surface. The
magnetic state is afterwards visualised at remanence. The observed
magnetic contrast is different from that of planar films due to the
curved surface. In particular, the XMCD contrast simulations of
vortex and donut state type I and type II [Fig. 2(b)] in a magnetic
cap reveal a fading of contrast towards the edge of the cap because of
decreasing thickness and increasing projection angle. Note that the
spin textures are shown for planar disks, while the XMCD contrast is
calculated for caps and experimental illumination conditions [see
Supplementary for further details on XMCD contrast calculations].
In case of normal incidence and out-of-plane sensitivity, the central
region behaves similar to its planar counterpart. An oblique illu-
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Figure 2 | Visualising magnetic spin textures by means of MTXM and XPEEM. (a) Schematics of the investigated layer stack and SEM cross-section of
the sample. Magnetic hysteresis loops of Co/Pd spins for different Pd spacer thickness d reveals peculiar properties of the approach. (b) Contrast
origin for curved non-collinear textures (XMCD contrast calculated, not normalised). The wavy pattern indicates regions of very weak/absent XMCD
contrast. (c), (d) MTXM (brown and gray shaded) and XPEEM (red-blue colorspace) images of the remanent state of closely packed CoPd/Pd(d)/Py
caps with various Pd spacer thickness reveal non-collinear spin textures in Co/Pd. (c) For 1 nm Pd spacer thickness, Py and Co/Pd spins form a
vortex with the same circulation (left and right circulation labelled by red and green circles). (d) Samples with 4 ~ 5 nm-thick Pd spacer show stronger
out-of-plane contrast, and the numerically predicted states: red — donut state type I; cyan — donut state type II; purple — spiral state; gray — ambiguous.
(See text for information about magnetic fields applied before.) The scale bar is 500 nm. (e) Line profiles. The core size of the donut state ranges
from 60 to 110 nm. The XPEEM data within each cap exhibits a small asymmetry originating from a small in-plane magnetisation component of the Co/
Pd spins. (In-plane contrast of images at Co Ledge is enhanced for better visualisation.)

mination as required for in-plane sensitivity generates in case of an
in-plane circulation of the magnetisation (vortex) a dipolar XMCD
contrast that is shifted off the center due to the hemispherical geo-
metry of the cap. To avoid complications with contrast analysis of the
experimental data, the “upper” part of the projected circle with weak/
absent contrast will be shaded.

We focus on samples with a Pd spacer thickness in the range from
1 to 5 nm that show a transition from in-plane to out-of-plane
magnetic anisotropy of the Co/Pd spins in XMCD hysteresis
loops [Fig. 2(a), also Supplementary Fig. 5]. For d =1 nm, the Py spin

configuration is fully imprinted into the Co/Pd layer [Supplementary
Fig. 5]. Comparing the experimental with the numerical hysteresis
loop suggests that samples with a spacer thickness of 3 ~ 5 nm
should have an interlayer coupling strength in the range from 0.4
to 0.5 mJ/m?, which stabilises magnetic spiral and donut textures in
Co/Pd.

The in-plane magnetisation component of closely packed caps
with a 1 nm-thick Pd spacer (indicated by circles) is shown in
Figs. 2(c) [also Supplementary Fig. 6] measured at Fe L3 edge (for
Py) and Co L3 edge (for Co/Pd); No magnetic out-of-plane contrast
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were observed. The dipolar XMCD contrast of the Py cap originates
from the circulation of the in-plane magnetisation representing the
magnetic vortex state as shown schematically in Fig. 2(b). As the
sample is tilted by 30° with respect to the photon propagation dir-
ection, the magnetic contrast in MTXM appears only in one half of
the cap. The other part not revealing physical information is shaded.
The vortex core could not be resolved due to the small thickness of Py
and the spatial resolution limit. Typically, Py films with a thickness
larger than 70 nm are needed to resolve the vortex core’®*”. The
magnetic signal in MTXM of the Co layer with a total thickness of
only 2 nm is much less than that originating from the 40 nm-thick
Py. In this respect, the contrast is enhanced for better visualisation,
which also increased the noise. However, the aforementioned dipolar
XMCD contrast of a vortex structure in Fe-containing layers is also
apparent in the Co signal exhibiting the same circulation [compare
Figs. 2(c1) and 2(c2)], as predicted by theory [Fig. 1(c)].

In order to strengthen the statement of an imprinted vortex in the
Co/Pd system, samples with Co/Pd layers on top were prepared and
visualised by XPEEM, which provides large XMCD signal because of
its surface sensitivity [Fig. 2(c3)]. The thin Co/Pd layer and the 1 nm-
thick Pd spacer still allow for detecting photoelectrons excited in
both Co/Pd and buried Py and thus for direct correlation.
Comparing the dipolar XMCD contrast of Co [Fig. 2(c3)] and Fe
[Supplementary Fig. 6(b)] reveals planar vortices with same circula-
tion in both subsystems. The vortex state in the thin Co/Pd caps
generates a dipolar XMCD contrast contrary to the quadrupolar
one occurring in thick Py caps. This is because of the asymmetry
in the absorption of left and right circularly polarised X-ray beams
while penetrating the magnetic cap is insufficient to compensate the
XMCD contrast at the back side of the cap usually inducing an
inverted shadow contrast’>***. The XMCD contrast in-between
neighbouring caps is caused by two mechanisms: Curvature and
slight electrostatic charging generate a halo and a detectable mag-
netic signal even outside the cap; The aforementioned asymmetry in
transmitted intensity of left and right circularly polarised light at
resonance results in an artificial XMCD contrast of non-magnetic
regions (shadow contrast). While the first one sets the same contrast
as in the embedding cap, the second one may also partially compens-
ate the XMCD contrast. However, the theoretical prediction of
imprinted vortices with same circulation was verified in two different
sample systems by two distinct measurement techniques. Note that
the comparison between experimental data and simulations per-
formed at T = 0 K is valid due to the high Curie temperatures of
the layer stack (>400 K).

In case of a 3 nm-thick spacer, both in-plane and out-of-plane
magnetisation components were detected in the Co/Pd film [Sup-
plementary Fig. 7]. The corresponding spin texture circulates
according to the Py vortex but with a non-vanishing out-of-plane
component illustrating a continuous transition between in-plane and
out-of-plane Co/Pd magnetisation.

A proper XMCD contrast interpretation becomes even more cru-
cial when analysing more complex spin textures as occurring in
samples with thicker Pd spacer, namely 5 nm. The vortex state
within the Py subsystem remains stable independently from the
interlayer exchange coupling/spacer thickness, as proven by magne-
tometry measurements [Fig. 2(a)] and XMCD imaging at the Fe edge
[Supplementary Fig. 8(a)]. In contrast, Co/Pd spins show a transition
towards out-of-plane orientation with increasing spacer thickness
[Supplementary Fig. 9]. The residual coherent in-plane magnetisa-
tion component due to the imprint mechanism is not detectable by
MTXM [Supplementary Fig. 8(b)]. However, its impact can be seen
by comparing the XMCD contrast of samples with negligible inter-
layer coupling (30 nm-thick Pd spacer, Supplementary Fig. 9) and
with moderate strength [4 ~ 5 nm, Fig. 2d], revealing “uniform”
(out-of-plane saturated magnetisation) and inhomogeneous (unsat-
urated magnetisation), respectively. The word “uniform” refers to

the fact that the XMCD contrast in cap structures fades out when
approaching the edge. Figure 2(d1) shows the out-of-plane magne-
tisation component of the remanent states after initial saturation in a
negative out-of-plane magnetic field followed by a small positive one
(5 kA/m) visualised by MTXM. Dark and bright contrast refer to
out-of-plane magnetisation components aligned parallel and anti-
parallel to the positive magnetic field direction, respectively. The
majority of caps reveal an isotropic contrast with a bright-dark-
bright sequence (indicated by cyan circle) representing donut state
type II where the inner part of the Co/Pd spins, except for the vortex
core, is switched. The occurrence of a few caps with dark-bright
contrast (donut I, indicated by red circles) is assigned to an opposite
vortex polarity (not switched in saturation field) that leads to an
expansion of the core in positive magnetic fields. Please note that
deviations from perfect isotropic symmetry of the contrast are due to
enhanced contrast and noise.

To provide images with larger signal-to-noise ratio, samples with
inverted stack order were investigated by XPEEM. The magnetic
states shown in Fig. 2(d2) were recorded at remanence after initially
saturating in a negative magnetic field outside the chamber and
applying a large positive out-of-plane magnetic field (32 kA/m) that
switched all Co/Pd spins but those of the vortex core. The corres-
ponding donut state type I (indicated by a red circle) exhibits a white
central region surrounded by a red area. The absence of a blue vortex
core is due to the limited spatial resolution of the microscope, which
leads to an XMCD signal that refer to a net magnetisation in a certain
volume. Thus, the usual implication of white contrast referring to no
or very small parallel magnetisation components with respect to the
X-ray beam propagation direction as applying to large homogeneous
domains with respect to the spatial resolution is not valid. The
XMCD contrast of smaller spin textures, such as vortex cores, is
blurred and may thus appear white, bluish, blue or even slightly
reddish depending on the core size, when surrounded by magnetisa-
tion vectors with opposite direction [Supplementary Fig. 10]. In
other words, not only the local, but also its spatial distribution as
known from shadow contrast analysis is crucial for a proper inter-
pretation. Alternatively, the appearance of states with different cent-
ral contrast at same field history reflects a distribution of slightly
varying magnetic properties throughout the cap array. The small
asymmetry in the XPEEM data apparent in each cap and perpendi-
cularly to the beam propagation direction hints for a small in-plane
magnetisation component of the donut state due to imprinting. The
contrast in-between the caps is due to the same reasons given for
Fig. 2(c3). The line profiles of the observed donut states indicate a
laterally extended core in the range from 60 to 110 nm [Fig. 2(e)],
reliably measured using MTXM and XPEEM with a spatial resolu-
tion of 25 nm. These values coincide with those derived from micro-
magnetic simulations for the expected interlayer exchange coupling,
which show a linear increase with decreasing coupling strength
[Supplementary Fig. 2(j)]. It has to be noted that donut state type I
exhibit a core larger than the vortex core imprinted in Co/Pd by the
Py vortex [Fig. 2(d3)]. The remaining states indicated by purple
circles in Fig. 2(c2) are swirls/spirals with a slightly tilted out-of-
plane magnetisation. The magnetic contrast of the spiral shown in
Fig. 2(e) coincides very well with that obtained from simulations. The
experimental observation of these states is another proof for inter-
layer exchange coupling with certain circulation as the vortex core
dynamics act as a driven force for the domain wall twisting.

Manipulation of skyrmion numbers

The experimental evidence by direct observation of the numerically
predicted states, including vortex, donut state type I and II, allows for
considering transitions between them. Applying out-of-plane mag-
netic fields to the sample displaces the magnetic spiral or enlarges the
core of the donut state that eventually switches [Fig. 2(d3), also
Supplementary Fig. 11]. In this respect, a reliable transformation
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from donut state type I into type II, and vice versa is achieved with
magnetic fields below the switching field of the vortex core. Before
mounting, the vortex polarity is set by saturating the sample in a
negative out-of-plane magnetic field outside the XPEEM; a large
positive magnetic field (32 kA/m) is applied to reverse all Co/Pd
spins but those of the vortex core; the field were switched off and
the remanent donut state type I were obtained [Fig. 2(d3), left].
Applying a large negative out-of-plane magnetic field (—32 kA/m)
followed by a small positive one (5 kA/m) switches the inner Co/Pd
spins except for the vortex core revealing donut state type II at the
very same magnetic cap [Fig. 2(d3), right]. These transitions were
reproduced by micromagnetic simulations using a moderate inter-
layer exchange coupling (J; < 0.4 mJ/m?). The larger switching field
of the vortex core (140 kA/m) compared to the switching field of Co/
Pd (~20 kA/m) allows for setting donut state type I with one domain
wall [Fig. 1(d)] by driving a minor hysteresis loop. This state pos-
sesses a different skyrmion number compared to donut type II
[Fig. 1(c)], since the z magnetisation undergoes an odd number of
reversals from edge to center resulting in S close to 1(0.93) at reman-
ence [Fig. 3]. The corresponding topological charge of donut type II
is close to zero (0.07). A similar magnetic field-driven bistability of
topologically distinct states, namely single domain and vortex state,
was observed in soft-magnetic nanopatterned asymmetric disks*.
The possibility to switch reliably the skyrmion numbers at reman-
ence is the key advantage of our approach compared to previous
works®. As our concept does not rely on vortex polarity switching,
much lower static magnetic fields are needed to manipulate the
topological charge of the material. The small deviation of the sky-
rmion number from 0 and 1 for donut state type II and type I,
respectively, is due to the tilted Co/Pd spins at the edge. This limita-
tion can be overcome by extending the lateral size of the Co/Pd layer
and keeping the dimensions of the Py disk unchanged. The modi-
fication ensures almost out-of-plane Co/Pd magnetisation at the
edge and an asymptotic approach of the net topological charge to
integer values. For instance, the same system with a 40 nm-larger
Co/Pd diameter has skyrmion numbers of 0.995 and 0.005, but also
larger switching fields [Supplementary Fig. 12].

In conclusion, we demonstrated theoretically and verified experi-
mentally the imprint of non-collinear spin textures into an out-
of-plane magnetised nanostructure. By continuously varying the
interlayer exchange coupling strength, a continuous circulation of
the in-plane magnetisation component without Bloch lines was set.
This approach allows for engineering skyrmion core textures with
adjustable nontrivial skyrmion numbers at room temperature and
remanence, which will enable the creation of chiral behaviour/con-
figurations in nanomagnetic systems with a high degree of freedom.
The possibility to switch between room temperature stable remanent
states with different skyrmion numbers is very promising for digital
recording. Although our approach relies on magnetic field-driven
manipulation, it can be further extended to current-driven switching
as required for future spintronic devices'>'°.

Methods

Sample preparation. The patterned layer stacks consist of Pd(2)/[Co(0.4)/Pd(0.7)]s/
Pd(d)/Py(40)/Pd(2) with units in nm and a variable Pd spacer thickness d ranging
from 1 to 30 nm that were directly prepared onto curvature templates made of
assemblies of non-magnetic SiO, spherical particles with a diameter of 500 nm. The
multilayer was deposited via dc magnetron sputtering at room temperature (base
pressure: 7 X 10~® mbar; Ar pressure: 10~* mbar, rate: 1A/s). By positioning an
aperture right above the substrate a curvature-driven thickness gradient is achieved
with the nominal thickness at the pole and a persistently decreasing thickness when
approaching the equator. To ensure transparency to the soft x-ray radiation for the
XMCD spectroscopy and MTXM studies, the samples were fabricated onto 200 nm
thin SisNy membranes. Layer stacks with reversed ordering were prepared onto Si
wafer and investigated by XPEEM.

Element-specific characterisation. The magnetic hysteresis loops of the buried Co/
Pd multilayer were acquired by means of X-ray magnetic circular dichroism (XMCD)
measurements in transmission geometry using the ALICE chamber at the PM-3
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Figure 3 | Theoretically predicted switching of skyrmion number S via
out-of-plane magnetic fields (J; = 0.4 mJ/m?). Initially out-of-plane
saturated samples (positive field) exhibit donut state type II at remanence
with a topological charge close to zero (0.07). At negative fields, all Co/Pd
spins except the vortex core reverse, increasing the charge to one until the
core switches as well. Setting the field to zero before the core switches
results in donut state type I with a nonzero topological charge (0.93). Insets
depict the z magnetisation component.

beamline (BESSY II). The experimental data were correlated to that of Permalloy via
switching from Co L3 (782 eV) to Ni L; (861 eV) absorption energy. For in-plane
magnetisation reversal, the sample was tilted by 50° with respect to beam and
magnetic field direction.

The magnetic domain patterns were imaged using two complementary X-ray
microscopy techniques, namely bulk sensitive soft x-ray transmission microscopy
(MTXM) at the Advanced Light Source (beamline 6.1.2) in Berkeley, CA, and surface
sensitive X-ray magnetic circular dichroism photoemission electron microscopy
(XPEEM) at the UE49-PGM1 beamline (BESSY II), providing both a 25 nm spatial
resolution. The magnetic contrast is provided by XMCD that detects the difference in
X-ray absorption depending on the relative orientation between photon beam and
sample surface®. In the MXTM, both out-of-plane and in-plane components of the
magnetisation can be distinctly imaged by tilting the sample surface normal from 0°
(out-of-plane) to 30° (in-plane) with respect to the beam™. The incidence angle in
XPEEM is fixed to 74° with respect to the surface. Combined with the surface sens-
itivity, small tilt angles of the out-of-plane magnetisation could be measured.
Magnetic fields up to 30 kA/m were applied perpendicularly to the sample surface.
The magnetic state were afterwards visualised at remanence.

Micromagnetic simulations. The imprint of magnetic spin textures was numerically
investigated for a disk-like heterostructure consisting of a hard-magnetic out-of-
plane magnetised Co/Pd multilayer stack (M; = 500 kA/m, A = 10" J/m, K =
200 kJ/m’) and a soft-magnetic Permalloy (M; = 860 kA/m, A = 1.3 X 107" J/m),
which are separated by a non-magnetic spacer of varying thickness d [Fig. 1(a)]. The
simulations were conducted at T = 0 K using Nmag v0.2**, a finite-element method/
boundary-element method micromagnetic simulator, in combination with the HLib
library*>**. The modeled disk has a diameter of 400 nm with a mesh size of 2.5 nm
and 6 nm for Co/Pd (5 nm thick) and Py (40 nm thick), respectively. The effect of the
spacer thickness on the coupling between the layers is considered by varying the
interlayer exchange coupling strength in the range from 0.1 to 2 mJ/m?’, as expected
for the RKKY-like coupling through Pd***. Landau-Lifschitz-Gilbert damping
coefficients of gp, = 0.05 and g¢, = 0.1 were used for relaxation simulations. The

1
topological charge S= — [ m(0,m x d,m) dxdy of the Co/Pd spins m = M/Ms

47 ) 4
taken over the interface A was afterwards calculated from the simulated
magnetisation vector field.

1. Jonietz, F. et al. Spin transfer torques in mnsi at ultralow current densities. Science
330, 1648-1651 (2010).

2. Yu,X. et al. Skyrmion flow near room temperature in an ultralow current density.
Nat. Commun. 3, 988 (2012).

3. Mochizuki, M. et al. Thermally driven ratchet motion of a skyrmion microcrystal
and topological magnon hall effect. Nat. Mater. 13, 241-246 (2014).

| 5:8787 | DOI: 10.1038/srep08787



4. Cowburn, R. P,, Koltsov, D. K., Adeyeye, A. O., Welland, M. E. & Tricker, D. M.
Single-domain circular nanomagnets. Phys. Rev. Lett. 83, 1042 (1999).

5. Roessler, U. K., Bogdanov, A. N. & Pfleiderer, C. Spontaneous skyrmion ground
states in magnetic metals. Nature (London) 442, 797 (2006).

6. Yu, X. Z. et al. Real-space observation of a two-dimensional skyrmion crystal.
Nature (London) 465, 901-904 (2010).

7. Heinze, S. et al. Spontaneous atomic-scale magnetic skyrmion lattice in two
dimensions. Nat. Phys. 7, 713-718 (2011).

8. Dzyaloshinskii, I. E. Theory of helicoidal structures in antiferromagnets. Sov.
Phys. JETP 19, 960 (1964).

9. Ye,]. et al. Berry phase theory of the anomalous hall effect: Application to colossal

magnetoresistance manganites. Phys. Rev. Lett. 83, 3737-3740 (1999).

. Taguchi, Y., Oohara, Y., Yoshizawa, H., Nagaosa, N. & Tokura, Y. Spin chirality,
berry phase, and anomalous hall effect in a frustrated ferromagnet. Science 291,
2573-2576 (2001).

.Onoda, M., Tatara, G. & Nagaosa, N. Anomalous hall effect and skyrmion number
in real and momentum spaces. J. Phys. Soc. Jpn. 73, 2624-2627 (2004).

12. Neubauer, A. et al. Topological hall effect in the a phase of mnsi. Phys. Rev. Lett.
102, 186602 (2009).

. Schulz, T. et al. Emergent electrodynamics of skyrmions in a chiral magnet. Nat.
Phys. 8,301 (2012).

14. Romming, N. et al. Writing and deleting single magnetic skyrmions. Science 341,

636-639 (2013).

15. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nano. 8, 152-156
(2013).

. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic
skyrmions. Nat. Nano. 8, 899-911 (2013).

. Bogdanov, A. N. & Yablonskii, D. A. Thermodynamically stable “vortices” in
magnetically ordered crystals. the mixed state of magnets. Sov. Phys. JETP 68,101
(1989).

. Huang, S. X. & Chien, C. L. Extended skyrmion phase in epitaxial FeGe(111) thin
films. Phys. Rev. Lett. 108, 267201 (2012).

19. Kanazawa, N. et al. Large topological hall effect in a short-period helimagnet

mnge. Phys. Rev. Lett. 106, 156603 (2011).

20. Seki, S., Yu, X. Z., Ishiwata, S. & Tokura, Y. Observation of skyrmions in a
multiferroic material. Science 336, 198-201 (2012).

. Bogdanov, A. N. & RaBler, U. K. Chiral symmetry breaking in magnetic thin films
and multilayers. Phys. Rev. Lett. 87, 037203 (2001).

. Sonntag, A., Hermenau, J., Krause, S. & Wiesendanger, R. Thermal stability of an
interface-stabilised skyrmion lattice. Phys. Rev. Lett. 113, 077202 (2014).

23. Sun, L. et al. Creating an artificial two-dimensional skyrmion crystal by

nanopatterning. Phys. Rev. Lett. 110, 167201 (2013).

24. Dai, Y. Y. et al. Skyrmion ground state and gyration of skyrmions in magnetic
nanodisks without the dzyaloshinsky-moriya interaction. Phys. Rev. B 88, 054403
(2013).

25. Eerenstein, W., Wiora, M., Prieto, J. L., Scott, J. F. & Mathur, N. D. Giant sharp and
persistent converse magnetoelectric effects in multiferroic epitaxial
heterostructures. Nat. Mater. 6, 348 (2007).

26. Ramesh, R. & Spaldin, N. A. Multiferroics: progress and prospects in thin films.
Nat. Mater. 6, 21 (2007).

27. L, J. et al. Tailoring the topology of an artificial magnetic skyrmion. Nat.
Commun. 5, 4704 (2014).

28. Mermin, N. D. The topological theory of defects in ordered media. Rev. Mod. Phys.
51, 591-648 (1979).

29. Celinski, Z. et al. Growth and magnetic studies of lattice expanded pd in ultrathin

fe(001)/pd(001)/fe(001) structures. Phys. Rev. Lett. 65, 1156-1159 (1990).

. Santos, D. L. R,, Venezuela, P., Muniz, R. B. & Costa, A. T. Spin pumping and
interlayer exchange coupling through palladium. Phys. Rev. B 88, 054423 (2013).

31. Du, H,, Ning, W, Tian, M. & Zhang, Y. Field-driven evolution of chiral spin
textures in a thin helimagnet nanodisk. Phys. Rev. B 87, 014401 (2013).

. Streubel, R. et al. Magnetic vortices on closely packed spherically curved surfaces.
Phys. Rev. B 85, 174429 (2012).

. Streubel, R. et al. Equilibrium magnetic states in individual hemispherical
permalloy caps. Appl. Phys. Lett. 101, 132419 (2012).

1

(=1

1

—

1

W

1

(=}

1

~

1

oo

2

—_

2

N

3

[=1

3

[}

3

@

34. Albrecht, M. et al. Magnetic multilayers on nanospheres. Nat. Mater. 4, 203
(2005).

35. Ulbrich, T. C. et al. Magnetisation reversal in a novel gradient nanomaterial. Phys.
Rev. Lett. 96, 077202 (2006).

36. Fischer, P., Kim, D.-H., Chao, W., Liddle, E. H., Alexanderand Anderson, J. &
Attwood, D. T. Soft x-ray microscopy of nanomagnetism. Mater. Today 9, 26
(2006).

37. Kronast, F. et al. Spin-resolved photoemission microscopy and magnetic imaging
in applied magnetic fields. Surf. Interface Anal. 42, 1532 (2010).

38. Fischer, P. et al. X-ray imaging of vortex cores in confined magnetic structures.
Phys. Rev. B 83, 212402 (2011).

39.Im, M.-Y. et al. Symmetry breaking in the formation of magnetic vortex states in a
permalloy nanodisk. Nat. Commun. 3, 983 (2012).

40. Streubel, R. et al. Imaging of buried 3d magnetic rolled-up nanomembranes. Nano

Lett. 14, 3981 (2014).

. Ding, H. F,, Schmid, A. K,, Li, D., Guslienko, K. Y. & Bader, S. D. Magnetic
bistability of co nanodots. Phys. Rev. Lett. 94, 157202 (2005).

. Fischbacher, T., Matteo, F., Bordignon, G. & Fangohr, H. A systematic approach
to multiphysics extensions of finite-element-based micromagnetic simulations:
Nmag. IEEE Trans. Magn. 43, 2896 (2007).

43. Hackbusch, W. Hierarchische Matrizen: Algorithmen und Analysis (Springer,

2009).

44. Borm, S. Efficient Numerical Methods for Non-local Operators: H>-Matrix
Compression, Algorithms and Analysis, vol. 14 of EMS Tracts in Mathematics
(European Mathematical Society, 2010).

4

—_

4

N

Acknowledgments

This work is financed via the German Science Foundation (DFG) grant MA 5144/1-1 and
the European Research Council under European Union’s Seventh Framework program
(FP7/2007-2013)/ERC grant agreement n. 306277 and the Future and Emerging
Technologies (FET) programme under FET-Open grant number 618083. We thank HZB
for the allocation of synchrotron radiation beamtime. M.-Y 1. and P.F. acknowledge support
by the Director, Office of Science, Office of Basic Energy Sciences, Materials Sciences and
Engineering Division, of the U.S. Department of Energy under Contract No.
DE-AC02-05-CH11231 and by Leading Foreign Research Institute Recruitment Program
through the National Research Foundation (NRF) of Korea funded by the Ministry of
Education, Science and Technology (MEST) (2012K1A4A3053565). The ALICE
diffractometer is funded through BMBF Contract No. 05K10PC2.

Author contributions

R.S. and D.M. conceived the experiment. R.S. and G.L. designed and produced the sample.
R.S. and D.M. performed the experiments together with M.-Y.L, P.F., FX,, F.R. and R.A.

R.S. and L.H. performed micromagnetic simulations. R.S., D.M., UK.R. and O.G.S. wrote
the manuscript considering suggestions from all authors.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Streubel, R. et al. Manipulating Topological States by Imprinting
Non-Collinear Spin Textures. Sci. Rep. 5, 8787; DOI:10.1038/srep08787 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
5% License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:8787 | DOI: 10.1038/srep08787


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Manipulating Topological States by Imprinting Non-Collinear Spin Textures
	Introduction
	Theoretical predictions
	Experimental observation
	Manipulation of skyrmion numbers
	Methods
	Sample preparation
	Element-specific characterisation
	Micromagnetic simulations

	Acknowledgements
	References


