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Topologically non-trivial structures such as magnetic skyrmions are nanometric spin textures of outstand-
ing potential for spintronic applications due to their unique features. It is well known that Néel skyrmions
of definite chirality are stabilized by the Dzyaloshinskii-Moriya exchange interaction (DMI) in bulk non-
centrosymmetric materials or ultrathin films with strong spin—orbit coupling at the interface. In this work,
we show that soft magnetic (permalloy) hemispherical nanodots are able to host three-dimensional chiral
structures (half-hedgehog spin textures) with non-zero tropological charge. They are observed at room
temperature, in absence of DMI interaction and they can be further stabilized by the magnetic field arising
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from the Magnetic Force Microscopy probe. Micromagnetic simulations corroborate the experimental
data. Our work implies the existence of a new degree of freedom to create and manipulate complex 3D
spin-textures in soft magnetic nanodots and opens up future possibilities to explore their magnetization
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Introduction

Magnetic skyrmions, topologically protected inhomogeneous
spin textures on the nanoscale, named after T. Skyrme, who
predicted similar non-linear configurations in quantum field
theory," are widely investigated due to their potential spintro-
nic applications in memory storage devices,> or sensors,’ as
well as due to their unusual fundamental physical properties.

Most of the published papers report on magnetic sky-
rmions in systems with broken inversion symmetry, that
display Dzyaloshinskii-Moriya exchange interaction (DMI)
either in ultra-thin multilayers of transition metals® and
materials with strong spin-orbit coupling™® or in non-centro-
symmetric B20 compounds. Both Néel (hedgehog) and Bloch
skyrmions can be stabilized in the above-mentioned cases due
to the interplay of exchange interaction, DMI and uniaxial per-
pendicular magnetic anisotropy.”® DMI can also induce sky-
rmions in materials with easy-plane magnetic anisotropy.”"°
Moreover, the magnetization configuration of Néel and Bloch
skyrmions is chiral, i.e., only one rotation sense of the magne-
tization direction is energetically favourable, depending on the
DMI nature. A separate question is the stabilization of the Néel
and Bloch skyrmions in nanostructured materials such as
nanodots, where the confinement plays a very important role
and changes the skyrmion stability conditions.™

On the other hand, the so-called curvature driven effects in
nanomagnetic systems constitute a very active research

This journal is © The Royal Society of Chemistry 2020
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field.">" It has been established that the sample curvature
can be considered as a source of an effective magnetic an-
isotropy and trigger magnetochiral effects.'*'®> In 1D systems
as magnetic nanowires, for instance, the curvature and geo-
metrical confinement have proved to stabilize skyrmionics tex-
tures with no need of DML"*"”

Planar soft magnetic permalloy (Py, NiFe alloy) dots are
believed to host magnetic vortices only.'® However, the shape
and curvature may produce additional effects as the theoreti-
cally predicted 3D Bloch-type skyrmions in hemispherical or
spherical nanoparticles.'® Nevertheless, hemispherical shaped
soft nanomagnets have not been investigated systematically.
Despite the existence of Néel-like skyrmions in thick films
with out-of plane anisotropy has been recently reported,”® so
far nobody has observed the stabilization of chiral structures
in confined systems with neither DMI nor perpendicular mag-
netic anisotropy.

During the last decade, essential progress of the experi-
mental techniques enabled the detection of magnetic vor-
tices,>" bubbles** or skyrmions®® by using various imaging
techniques on the nanoscale. The importance of imaging indi-
vidual nano-objects lies in its capability to directly visualize
these spin textures or even to control them.***> Several tech-
niques such as Photo Emission Electron Microscopy (PEEM)’
or Electron Holography (EH)*® are commonly used to study
magnetic  configurations of individual nano-objects.
Nevertheless, the family of Scanning Probe Microscopy tech-
niques (Spin Polarized Scanning Tunneling Microscopy,
SP-STM,>” Magnetic Exchange Force Microscopy, MExFM,>®?°
Magnetic Force Microscopy, MFM,** and NV-magnetometry®")
provide higher resolution images as well as remarkable
sensitivity.

In this article, we study sub-100 nm diameter Py (NigoFe,)
hemispherical shaped nanodots with no uniaxial out-of-plane
magnetic anisotropy or DMI. Many previous works studying
cylindrical Py nanodots reported the stabilization of flux-
closure vortex state or a single domain state due to the low
magnetocrystalline anisotropy.'®**> However, half-skyrmionic
(Néel-type) spin textures were unexpectedly detected in the
present study using MFM. The evolution of the magnetic con-
figuration under externally applied in-plane (IP) fields,
together with micromagnetic simulations leave no doubts of
the existence of stable three-dimensional configurations with
non-zero topological charge, which behave as chiral radial vor-
tices in such Py nanodots.

Results and discussion
Ruling out vortex configuration

For the present experiments, Py hemispherical-shaped nano-
dots with a diameter of 70 nm and height of 30 nm were
grown by hole mask colloidal lithography (HCL) using prepa-
ration conditions that guarantee the absence of out-of-plane
magnetic anisotropy, as explained elsewhere.>® The studied
nanodots were distributed onto a silicon substrate far enough
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from neighbouring nanodots in such way that they can be con-
sidered as non-interacting with each other. Their shape and
size were assessed by Scanning Electron Microscopy (SEM) and
High-Resolution Transmission Electron Microscopy (HR-TEM),
which confirmed polycrystalline nature of the nanodots and
reveal a dome-shape, close to a hemisphere (see ESI1f for
further details on the morphological characterization).

As a first approach, magnetic imaging was performed after
subjecting the sample to a saturating out-of-plane (OOP) mag-
netic field. The resulting MFM image, shown in Fig. 1a,
resembles a magnetic vortex because their core can clearly dis-
tinguished from the surrounding area. Magnetic vortices
present in-plane (IP) closed-flux magnetization with a core at
the centre, where the OOP magnetization component can be
either positive or negative and their chirality can be clock- or
counter-clockwise.**?

In the vortex configuration, since the MFM signal is mainly
sensitive to the OOP component of the magnetization, a repul-
sive (bright) or attractive (dark) contrast is expected at the
vortex core when the tip stray field and the core polarization
are antiparallel (repulsive interaction) or parallel (attractive
interaction), respectively, as Fig. 1b illustrates. Thus, the core
contrast could be simply reversed by changing the magnetiza-
tion of the MFM tip.

Keeping this in mind, MFM experiments were repeatedly
performed on a previously saturated sample, whose magnetic
state is left unchanged during the imaging process.
Surprisingly, despite changing the MFM probe polarization,
the contrast at the centre of the Py nanodots is always positive
(corresponding to an antiparallel tip-core configuration, as
illustrated in Fig. 1c). Moreover, the contour of the magnetic
configuration of the sample is quite intense, considering that
the MFM in-plane configuration should lead to a faint con-
trast. All in all, the results point at the existence of an alterna-
tive configuration to the expected magnetic vortex. Further

Expected MFM image of vortex configuration

-
!
> i RePULSIVE

Obtained MFM images reversing tip polaritie
o

MFM image overview after saturation

e g =
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Fig. 1 (a) Magnetic force microscopy image of permalloy nanodots dis-
playing white cores and dark surrounding areas. The sketch on the
bottom left corner shows how the sample was saturated by applying an
out-of-plane magnetic field (up to 2T) before carrying out the MFM
measurements. (b) Sketch showing the two possible polarities of the
MFM tip giving rise to a different MFM contrast for a vortex with the
same polarity. (c) MFM images of sub-100 nm nanodots performed with
different tip polarities where the magnetic contrast remains unchanged,
despite changing the tip polarization.
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experiments (presented in ESI2f) were done in order to
discard any crosstalk with electrostatic interactions, given that
they are also strong at the scale of a few tens of nanometers.

Half-hedgehog spin texture

The fingerprint of the vortex spin texture is the perpendicular
displacement of its core with respect to an IP applied magnetic
field direction, until the critical field is reached and the mag-
netic moments completely align with the in-plane field.

Moreover, the final movement direction of the core
depends entirely on the vortex chirality and it is therefore inde-
pendent of its core magnetization direction.*®*”

The application of in situ magnetic field during MFM
measurements is frequently used to shed light upon the mag-
netic configuration and its dynamic behaviour. In this case,
Variable Field-MFM (VF-MFM) is performed applying the field
along the in-plane direction. The results display an unexpected
behaviour where the movement of the core is parallel or anti-
parallel to the external magnetic field. These results are incom-
patible with the conventional vortex configuration and they
necessarily imply the presence of some radial magnetization
component.

In order to investigate the kind of magnetic configurations
that fulfil such condition, micromagnetic simulations have
been performed. Similarly to conventional vortices, where the
combination of the two possible core polarities plus the two
chiralities give rise to 4 energy degenerate states, one might
also expect to find 4 stable states in the system that concerns
us, combining the two polarities and two radial components.
To reveal the stability of the magnetic configurations, micro-
magnetic simulations were carried out using Object Oriented
Micromagnetic Framework (OOMMEF).>® Hemispherical Py
nanoparticles were modelled choosing a configuration with a
core pointing perpendicular to the plane, an outer part point-
ing opposite to the core magnetization and a radially magne-
tized shell as initial condition. To mimic the existence of
internal tensions generated by the dot fabrication process, a
radial magnetic anisotropy of 2.5 x 10> ] m~> was chosen.

As a matter of fact, micromagnetic simulations show that 4
different states are stable states-resulting from the combi-
nation of 2 different core polarities P and 2 radial chiralities
RC- (see Fig. 2, where cross sectional and basal planes of the
nanodot magnetic configurations are shown). However, due to
the lack of cylindrical symmetry of the nanodot, they do not
present equal energy values. Micromagnetic simulations esti-
mate that the total energy of the configurations displayed in
Fig. 2a and b is E = 1.934 x 10" J, while those in 2c and d
present E = 1.701 x 10~"7 J value. Therefore, they do reveal the
existence of 3D chiral magnetization configurations, herein-
after referred to as half-hedgehog spin textures, with a half-
Néel skyrmion in the dot basal plane.*”

VF-MFM imaging shows, however, that not all the simu-
lated configurations are possible in the studied system. In the
two sequences shown below, the magnetization of the tip is
fixed in up or down direction, while the sample is initially
demagnetized in both cases. As it was previously mentioned,
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Posible configurations

Higher energy

Lower energy

Fig. 2 Cross section and basal planes of the dome shaped nanodots,
showing possible magnetic configurations with radial magnetic an-
isotropy, combining positive and negative core polarities and inwards
and outwards radial magnetization. The energy of the configurations in
(a) and (b) are 13% higher than those in (c) and (d). P stands for Polarity
and RC for radial chirality.

the MFM images display the same contrast (bright core,
corresponding to repulsive interaction) in both sequences
where all the cores are antiparallel to the tip magnetization.
When magnetic in-plane field is applied along the x direction
(see Fig. 3a and b), the white cores move antiparallel to the
field direction (sequence I). In sequence II, the experiment is
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Fig. 3 Evolution of the dot magnetic configuration under in-plane
magnetic field. The left panel shows schematically the defined state of
the MFM tip polarity prior to sequence | and Il, respectively. MFM images
in (a) and (c) show the evolution of the core of the configuration moving
antiparallel (parallel) to the applied in-plane magnetic field. The fields of
+20 mT are applied to displace the core from the centre and +55 mT to
saturate the nanodots. Simulated half-hedgehog magnetic structures of
positive and negative core polarities (b) and (d) reproduce the displace-
ment of the core in sequence | and I, with m, depicted in colour scale.
In (e) the profile from the MFM contrast shown in (c) is displayed. The
red arrows point at the positions of the displaced cores.

This journal is © The Royal Society of Chemistry 2020
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repeated with opposite tip polarity (Fig. 3d), which gives a
different result, since the core moves parallel to the magnetic
field. The combination of the two sequences proves that the
displacement of the core (antiparallel or parallel to the applied
field) depends on the polarity of the tip. The core displace-
ment can be better seen on the profiles of the MFM data dis-
played in Fig. 3e.

Simulations in Fig. 3b and d reproduce the magnetic con-
figurations with a radial vortex on the base plane as a
minimum energy state and prove that the configuration is
stable in hemispheres of 70 nm in diameter. Notice that the
out-of-plane (m,) magnetization component is represented in a
colour scale and that a transversal dot cross section is shown
to emphasize the movement of the core. The stability of both
positive (and negative) polarity half-hedgehog configurations
is proven, with the radial component of the magnetization
pointing in (and out), in good agreement with the obser-
vations. Results unveil that the core diameter is narrow at the
base and it grows in size approaching the nanodot surface.
Additionally, when it is subjected to external field, the mag-
netic moments of the base respond later than the ones closer
to the dot upper surface.

Therefore, the comparison of simulations and experiment
shows that only structures with one chirality are observed.*’

A similar coupling effect between polarity and the domain
wall chirality was reported for vortex-like structures in spheri-
cal dots."’

At this point we can claim that the stray field of the tip
plays a critical role on the definition of the magnetic configur-
ation of the nanodots, considering that a positive or negative
core structure can be induced by applying an out-of-plane field
in the appropriate direction. This explains why the images
obtained in the MFM measurements (i.e., faint core and dark
contour, on Fig. 1c) stay the same regardless of the magnetiza-
tion direction of the tip: the relative orientation of sample-tip
magnetization remains always the same. Notice that in this
system, the MFM tip does not produce the usual reversible
process where the sample magnetization aligns parallel to the
tip magnetic moment. The tip creates a perturbation that
induces a metastable state, where the dot external part keeps
the radial component of the tip stray field while the core is
magnetized antiparallel to it.

More importantly, it should be made clear that despite all
four configurations in Fig. 2 being energy minimum states,
only the two lower energy configurations have been experi-
mentally detected (Fig. 2c¢ and d). This conclusion can be
extracted through careful interpretation of the VF-MFM images
in Fig. 3. A more detailed explanation can be found in ESI3.7}

Topological charge

Systems with topological defects have attracted much attention
due to their rich physics that serve as extensible models for
condensed matter systems beyond the scope of magnetism. A
topological whirl is a region of singular field distribution,
which mathematically represents a soliton solution for a con-
tinuous field described by a partial differential equation.

This journal is © The Royal Society of Chemistry 2020
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Vortices and radial vortices can be considered as solitons of
topological charge 1/2, instead of 1. At the same time, it is
known that exactly integer and half-integer topological charges
can exist in infinite thin films only, while the confined geome-
try of dots imposes additional boundary conditions, which
render the topological charge to be non-integer.

We also note that the widely used concept of the topological
charge (skyrmion number or degree of mapping) in 2D spin
systems is not directly applicable to our dots because the mag-
netization depends on the thickness coordinate z, m (x, y, 2).
Despite this issue, several works in literature report 2D topolo-
gical charge analysis in nanowires as a function of z
dimension."”*!

In order to understand the evolution of the topological
charge as a function of the dot thickness, we have calculated
the 2D topological charge a function of the dot thickness coor-
dinate in the dot, according to the following equation:

Q:%Jm~(%—}:x%n)dxdy (1)

The 2D topological charge (eqn (1)) is approximately equal
to 0.4 at the base of the nanodot and it decreases when
approaching the dot surface (Fig. 4a). A more rigorous
approach to the topological charge in 3D case assumes calcu-
lation of the flux of the gyrocoupling density vector over the
sample surface or introducing a Hopf invariant.*

At this point, the interpretation of the MFM images might
be controversial due to the high intensity measured in the
contour of the nanodots. For deep analysis of the MFM con-
trast, the intensities of the signal from the remnant state and
the signal from the saturated nanodot are compared in ESI4.}
At first sight, this might lead us to think that the topological
charge of the configuration is higher than what we calculated.
However, considering the stray field generated by the nanodot
(Fig. 4b), with strong OOP field component close to the
nanodot contour, a strong attractive interaction (dark contrast)
between the MFM tip and the nanodot edge is expected.

Topological charge Stray field
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Fig. 4 (a) 2D topological charge versus the thickness coordinate of the
dot. (b) Simulated stray field of the dome-shaped nanodot. Black arrows
represent the magnetization following stream lines. Red-Grey-blue
arrows show the field direction (unitary vector) and the colour the Hz
component of magnetization over the base of the dot.
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Stability of the magnetic configuration

The stabilization of these chiral 3D configurations, resembling
2D hedgehog Néel half-skyrmions in soft sub-100 nm nano-
dots, is herein reported for the first time. Two parameters,
namely the nanodot geometry and the tip stray field, seem to
play a key role in the stabilization and the determination of
the half-hedgehog magnetization configuration chirality.

The previous experiments shown in Fig. 1c and 3 have
demonstrated that the MFM tip stray field nucleates the chiral
structure. Johnson et al. already predicted the possibility of sta-
bilizing skyrmionic spin textures in curved nanostructures
assisted by an external stray field.** In fact, the direction of the
core can be chosen by selecting the polarization of the tip
prior to scanning. Furthermore, none of the MFM images
obtained so far present any kind of sudden changes or
“jumps”, where the stability of the induced configuration
might to some extent be questioned. Conversely, they seem to
remain always stable during the scan, even if the retrace dis-
tance is on purpose enlarged (see ESI5).

However, the influence of the MFM tip over the stability of
the configuration is not yet clear. For further experiments
addressing this topic, lower moment MFM tips were designed
and characterized***’ (see Table 1 and ESI6+ for more details),
which give us a gradient of tip stray fields with tuned intensity.

Making use of the series of VF-MFM based methods,*® the
critical fields of the structures creation and annihilation have
been determined, repeating the experiment with each one of
the tips. In Fig. 5a, the field intervals for the half-hedgehog
structure existence are depicted as a function of the stray field
contrast of the probes.

Notice that the stray field contrast value is given in Hz
units, as the observable of the MFM contrast is the oscillation
frequency channel due to the use of the Phase Locked Loop.
Fig. 5b-d display representative standard MFM images of the
structures under in situ applied magnetic fields, performed
with probes of different stray field values. The colour code of
frames of the MFM images in Fig. 5 is in accordance with that
shown in Table 1. Interestingly, the annihilation field is
almost 5 times larger when a commercial probe is used (tip 1,
Fig. 5b) as compared to the values obtained for the nanorod
probe (tip 3, Fig. 5d).

Table 1 Description of the MFM probes. Features of the tips utilized for
the VF-MFM experiments summarized in Fig. 5 of the main text

3
Tip category
Nanosensors  Sputtered Co
Type comercial coating Fe nanorod
Properties Coating: Coating: Diameter: 30-50 nm;
50-25 nm 35-20 nm length: 1007 nm
OOP stray field 29-24 Hz 19-15 Hz 24-4 Hz

18650 | Nanoscale, 2020, 12, 18646-18653
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Tip influence on the critical fields
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Fig. 5 Assessment of the half-hedgehog stability as a function of the
magnetic force gradient. (a) Correlation between OOP magnetic probe
stray field (x axis) and the field range where the structure is stable (y
axis). The black dots represent the experimental data obtained from the
MFM based measurements described in ESI7.7 Field sequences per-
formed ith different tips show the decreasing saturating in-plane mag-
netic fields from (b)—(d). Image size is 250 x 250 nm.

Thus, the larger stray fields lead to the stabilization of the
half hedgehog 3D structures, turning it into a magnetically
harder configuration. This phenomenon has been observed in
previous works, where the local field of the MFM tip was used
to manipulate the magnetic charges.”””*® In this work, the tip
stray field serves as a tool to create and enhance the stability of
the configurations. The set of images from Fig. 5d, which were
scanned with the smallest possible stray field tip (4 Hz) speak
for themselves, remarkably showing how just a very small stray
field is needed to nucleate the half-hedgehog spin texture.
Moreover, the configuration still stays relatively stable, i.e. it
does not immediately vanish upon applied field.

On the other hand, in simulations, the configuration is
stabilized specifically for 70 nm diameter hemispheres.
However, additional experiments with slightly different
samples show that the stabilization of the studied configur-
ation is closely related to a specific dot geometry and aspect
ratio. Some examples are shown in ESI7,} where a sample with
a bigger size dispersion presents also single domain configur-
ations, additionally to the here studied magnetic
configurations.

Experimental
Materials and methods

Sample preparation. The sample was fabricated through
Hole-mask Colloidal Lithography.>® It involves three steps:
first, a short-range-ordered polystyrene (PS) nanosphere array
is formed onto a poly methyl methacrylate (PMMA) polymeric
layer. Subsequently, titanium is sputtered onto the system
before the spheres are peeled-off and the exposed PMMA
etched in oxygen plasma, leaving an array of holes as a tem-
plate for the nanodot growth. Finally, permalloy is sputtered
with a DC magnetron sputtering to fill the pores and grow the
nanodots, while the PMMA template is removed with acetone,
remaining only the nanodots onto the silicon substrate.

This journal is © The Royal Society of Chemistry 2020
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Structural characterization. The sample morphology was
assessed by SEM (MEBFEG JEOL 7000F). The structural charac-
terization was carried out through TEM and HRTEM imaging
in an FEI Titan Cube 60-300 system operated at 300 kV and
fitted with an S-FEG and a CETCOR aberration corrector for
the objective lens from CEOS, obtaining a point resolution
below 1 angstrom. It is also equipped with a 2 K x 2 K
Ultrascan CCD camera from Gatan.

Magnetic force Microscopy measurements. Most of the
MFM imaging was performed on the sample using a commer-
cial CoCr coated tip from Nanosensors™. Further experiments
were carried out by using both homemade Co coating probes
and Fe nanorod tips by using similar Nanosensors™ cantile-
vers. The MFM measurements were performed at ambient con-
ditions using a scanning force microscope from Nanotec
Electronica in the amplitude modulation mode and with the
phase-locked loop (PLL) enabled to track the resonance fre-
quency. The MFM signal is presented in units of Hz corres-
ponding to the frequency shift due to the magnetostatic inter-
action between the tip and the sample. The positive MFM con-
trast corresponds to a repulsive interaction, while the negative
signal is due to an attractive interaction. The tip oscillates
between 15 nm and 35 nm and the retrace was performed at a
typical distance between 30 nm and 50 nm.

Micromagnetic simulations. The simulations of the magne-
tization configurations and their energy were performed with
the Object Oriented Micromagnetic Framework code.*®
Hemispherical permalloy nanoparticles were modelled via
simulations with initial conditions close to that of Néel sky-
rmions. The nanoparticles were discretized with a 1 x 1 X
1 nm® mesh and the following magnetic parameters were used
for permalloy: exchange stiffness A = 11 pJ m~" and saturation
magnetization of 800 kA m™". A uniaxial anisotropy of 2.5 x
10° ] m~* was introduced in the radial direction.

Fabrication of low moment MFM tips. The non-commercial
tips were fabricated following two different procedures. For
low moment tips, magnetic cylindrical nanorods were grown
onto the apex of AFM tips by FEBID. The 3D magnetic nano-
wire was fabricated in the commercial Helios Nanolab 600
Dual Beam system equipped with a Schottky field emission
gun (S-FEG) electron column and a gas injector system for
depositing Fe using Fe,(CO), precursor gas. The nanostructure
was grown using an electron-beam voltage of 30 kV, an elec-
tron beam current of 43 pA and a chamber growth pressure of
8 x 107° mbar (base pressure of 1.3 x 107° mbar), scanning a
single point pattern during 75 s with the electron beam.
Intermediate moment tips were coated in a homemade built
RF sputtering chamber.”® For sputtering coated tips, Co was
deposited on tips under 10~ mbar argon pressure, with a bias
voltage of 295 V and 50 W of power.

Conclusions

In summary, in the present work we achieve to induce 3D half-
hedgehog configurations with radial vortices in the base plane

This journal is © The Royal Society of Chemistry 2020
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on permalloy hemispherical nanodots with neither DMI nor
perpendicular magnetocrystalline anisotropy. Remarkably, a
single chirality of the structures is observed in the absence of
DM]I, induced by the hemispherical shape of the nanodots.
This is a non-expected magnetization configuration in permal-
loy nanoparticles, where only two magnetic configurations
have been previously reported as possible ground states in
numerous phase diagrams, i.e. single domain and vortex con-
figuration. The magnetic force microscopy results are sup-
ported by micromagnetic simulations. Under in-plane applied
magnetic field, the observed magnetic configurations behave
as half-Neél skyrmion (radial vortices) as it is theoretically pre-
dicted, i.e. their core moves parallel or antiparallel to the field
in agreement with its radial component direction. The chirality
of the structures seems to be further stabilized by the fact that
they are created in the presence of stray field coming from the
MFM tip.

We believe that the possibility of stabilizing chiral struc-
tures in permalloy nanodots without magnetic anisotropy and
DMI opens new perspectives for the exploration of topologi-
cally non-trivial spin textures in soft magnetic systems that
have not been yet considered, or novel magnetic configur-
ations arising from curvature in nanoscale magnetic systems.
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