AIP
é Publishing

Controlling Skyrmion Lattice Orientation with Local Magnetic Field
Gradients
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Precise control over the formation and arrangement of magnetic skyrmion lattices is essential for understanding their
emergent behavior and advancing their integration into spintronic and magnonic devices. Using single-pass magnetic
force microscopy (MFM), we establish a protocol to nucleate and manipulate skyrmion lattices in soft magnetic CoFeB.
By tuning the scan-line spacing to match the intrinsic stripe domain periodicity, the stray field gradient from the MFM
tip induces reversible transitions from stripe domains to isolated skyrmions and locally ordered lattices. The resulting
skyrmion positions are extracted to compute the local orientational order parameter Y, enabling quantitative evaluation
of lattice ordering. A systematic improvement in {|yg|) is observed with repeated scanning, indicating a transition
from a disordered state to ordered hexagonal arrangements. Furthermore, we demonstrate that the lattice orientation
can be directly rotated by changing the scanning direction, as confirmed through real-space analysis and fast Fourier
transformations. This method enables the local creation, reordering, and deletion of metastable skyrmions on demand,

providing unprecedented control over lattice symmetry, order, and orientation.

Magnetic skyrmions are topologically stabilized chiral
spin textures that exhibit quasi-particle-like behavior, making
them promising candidates for spintronic and neuromorphic
applications'~!°. In the low-pinning regime with a flat energy
landscape, skyrmions assemble into dense hexagonal arrange-
ments, constituting a fruitful model to study the properties of
two-dimensional (2D) ordering phenomena!!~1®. Information
about local correlations and orientations, ordering transitions,
and formation of topological defects can be extracted from
the dynamics of skyrmion lattices'"!7!8. For magnonic inter-
actions, these skyrmionic crystals are of particular interest as
complex spin-wave modes!®2°, minibands?!, Landau levels?2,
edge states?>>?*, and resonances>>2® can be excited depending
on the order and relative alignment of the underlying skyrmion
lattice.

While thermally activated skyrmions in a suitable confine-
ment can form lattices with long-range order when assisted
with periodic field oscillations to reduce the effect of pinning
potentials' 72730, their diffusive nature eventually promotes
melting of the lattice and diminishing correlation. Magnetic
textures in multi-repetition stacks with enhanced thermal sta-
bility provide a more robust model in sustaining hexagonal ar-
rangements. As the skyrmion size decreases rapidly with the
number of repetitions’!, magnetic force microscopy (MFM)
is usually employed as an accessible in-house technique to
study these systems. In this approach, MFM offers a unique
opportunity to both image and directly manipulate magnetic
textures via the stray field at the tip’s apex, enabling con-
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trol at the local scale. By scanning the magnetic tip in close
proximity to the sample surface, a sufficiently strong field
gradient is generated that induces transitions from the ener-
getically favorable stripe domain to the metastable skyrmion
state>>*. However, most conventional MFM implementa-
tions use a two-pass imaging scheme, in which the magnetic
signal is acquired during a lift scan following an initial to-
pography pass that operates much closer to the surface, i.e.,
in the so-called tapping mode. This first pass often causes
strong tip-induced magnetic perturbations, making MFM an
inherently intrusive technique. Consequently, the phase in-
formation in the subsequent MFM image reflects an already
altered state due to the magnetic perturbation from the pre-
ceding surface mapping. While this approach can work rea-
sonably well in hard magnetic systems that can withstand such
disturbances®3-3°, soft magnetic materials like CoFeB are far
more susceptible, and the tip can readily distort or even erase
magnetic textures during the topography scan.

Here, we employ single-pass MFM to overcome these lim-
itations by decoupling topography and magnetic sensing, en-
abling minimally invasive imaging and controlled tip-induced
manipulation. Adjusting the spacing A between adjacent scan
lines allows for deterministic and fully reversible nucleation
and annihilation of skyrmions. In the “writing mode”, where
the tip is scanned close to the sample surface, stripe domains
are locally converted into skyrmions. The resulting textures
and lattices are subsequently captured in the minimally inva-
sive “imaging mode” at a fixed, extended lift height for quan-
titative ordering evaluation. We further demonstrate that in-
dividual skyrmions can be selectively displaced to improve
lattice order, enabling a transition from a disordered ensemble
to a long-range ordered hexagonal packing. Finally, we show
that the lattice orientation can be directly rotated by chang-
ing the writing direction without creating new or deleting ex-
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isting skyrmions. This ability to freely reconfigure local lat-
tice ordering and orientation has not been demonstrated pre-
viously and provides a versatile platform for exploring lattice-
dependent phenomena, including anisotropic spin-wave prop-
agation.

Figure la details the magnetic multilayer stack of
Ta(4)/[C020Fef,0B20(0‘8)/Ta(0.05)/MgO(2)/Ta(2)]X 105 de-
posited by DC/RF magnetron sputtering using a Singulus
Rotaris tool with a base pressure of 3x10"® mbar on a SiN
substrate. Layer thicknesses are given in nanometers in
parentheses. The Ta/CoFeB interface provides the interfacial
Dzyaloshinskii—-Moriya interaction (DMI) to stabilize chiral
magnetic textures, while the CoFeB/MgO interface generates
a sizeable perpendicular magnetic anisotropy (PMA)Y, as
seen in Figure 1b. A thin 0.05-nm Ta dusting layer is intro-
duced between the CoFeB and MgO to balance competing
energy terms from anisotropy, exchange, dipolar, and DMI to
host skyrmions, and also to optimize the energy landscape for
skyrmion lattice formation by low pinning dynamics®’-3. The
core skyrmion hosting configuration of Ta/CoFeB/MgO is
repeated 10 times to promote dipolar stabilized skyrmions>!.
SQUID magnetometry confirms that the magnetic moment
of our system saturates at approximately 18 mT in an
out-of-plane magnetic field, which limits the use of most
conventional MFM probes operating in the two-pass scheme.
To avoid significant perturbation, we imaged the magnetic
textures using single-pass MFM with an ND-MDT Ntegra
Prima scanning probe microscope equipped with a built-in
electromagnet. Commercial MESP-LM-V2 magnetic probes
(Bruker) were used at a fixed lift height of 200 nm, producing
a nominal stray field below 1 mT acting on the sample in the
imaging sequences>>>*340_ In tapping mode, these probes
generate stray fields exceeding the sample’s saturation field,
sufficiently enabling nucleation of dense skyrmion lattices2.
The single-pass mode decouples the topographic scan from
the magnetic phase detection, bypassing the need for consec-
utive surface mappings. This approach effectively eliminates
topography-related interference, enabling minimally invasive
imaging of magnetic textures. As shown in Figure 1c, a maze
domain pattern is observed in the demagnetized state, consis-
tent with systems exhibiting PMA and low remanence. Dark
(bright) contrast represents magnetization pointing along
the —z (4z) direction. The undistorted stripe configuration
and equal distribution of the up and down magnetization
confirm minimal perturbation of the single-pass technique.
Our measurement procedure is detailed in Figure 1d. First,
we recorded the topography of the entire region of interest
in conventional tapping mode. Subsequently, the sample
was demagnetized to reset any influence from the tip in the
previous topography scan. Finally, non-contact scans were
performed to collect the MFM phase signal at a fixed lift
height, using the initially recorded topography as surface
mapping reference.

‘We show that by tuning the probe’s stray-field intensity act-
ing on the sample via the lift height, magnetic domains can
shrink or expand depending on their relative polarity to the
probe’s magnetization. Operating in tapping mode, where the
tip oscillates in the regime of 1 - 10 nm, induces a sufficient

stray field to saturate local domains beneath the probe3>3440,

This strategy allows us to create skyrmions locally by cut-
ting long stripe domains whose magnetization is antiparallel
to the one of the tip. Figure 2a demonstrates the local and
reversible transition from the energetically favorable stripes
to skyrmions, triggered by the scanning magnetic field gra-
dient. All MFM images in this work were obtained with the
tip magnetized in the +z direction, antiparallel to the magne-
tization of the skyrmion cores. Minimally invasive imaging
scans were performed at a lift height of 200 nm above the
sample surface, whereas manipulations (writing and erasing)
were carried out consistently in tapping mode at a low scan
speed of 5 um/s to sufficiently convert stripes into skyrmions
and reduce the influence of other scanning parameters. The
line spacing A was controlled by adjusting the number of scan
lines constituting each complete image. A small OOP field
of 0.25 mT was applied to bias the sample’s magnetic state.
This external field offsets the system from the stable ground
state and slightly favors one magnetization at the expense of
the other, thereby facilitating an efficient stripe-to-skyrmion
transition when a writing pass is conducted. In addition, the
field was kept low to promote a dense domain configuration
over isolated stripes and skyrmions. Five writing passes, each
consisting of 16 scan lines with spacing A ~ 312 nm, were
performed along the 0° direction to slice stripe domains into
skyrmions, as illustrated in Figure 2b. The line spacing A is
crucial to facilitate efficient stripe-to-skyrmion conversion and
dense lattice formation, and was chosen to closely match the
domain periodicity L ~ 320 nm (see Supplementary Mate-
rial S2). Insets present the Fourier transformation (FFT) of
the phase images, starting with a diffuse ring pattern, char-
acteristic of the maze domain pattern, to periodic peaks with
sixfold rotational symmetry after skyrmion lattices have been
written, and finally a diffuse ring pattern again after they have
been erased, confirming the reversible process. The nucleated
skyrmions are aligned along the fast scan axis, indicating sig-
nificant tip-induced repulsion affecting and ordering the low-
pinning skyrmions in our system. A single erasing scan was
performed with A ~ 10 nm—too narrow to split any domains,
but sufficiently dense to push them out of the scanning path,
as illustrated in Figure 2c. In the densely populated domain
environment, displaced skyrmions had no available space to
occupy and were consequently annihilated by rejoining back
to stripe domains. This process effectively erases the previ-
ously nucleated skyrmion lattices, reverting the system to its
energetically favorable stripe domain state.

Nucleating local skyrmion lattices with MFM has been
demonstrated in various ferromagnetic systems!>323341
However, when conventional two-pass MFM is used, topo-
graphic scanning inevitably perturbs the sample before any
magnetic phase information can be collected. This hinders the
ability to freely manipulate magnetic textures into complex
arrangements. Consequently, most studies have focused on
the spontaneous nucleation of skyrmions, typically exhibiting
lower lattice order and mostly short-range correlations, even
in material systems designed to host skyrmion lattices (see
Supplementary Material S3). In contrast, single-pass MFM
can directly access the positions of individual skyrmions, al-
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FIG. 1. Skyrmion-hosting stack and measurement scheme. (a) Schematic of the ten-repetition ferromagnetic stack. (b) Normalized OOP
SQUID magnetometry loop of the continuous multilayers at 300 K. (c) Demagnetized magnetic domain pattern recorded with single-pass
MEM. (d) Single-pass procedure to obtain MFM measurements with minimized perturbation by the stray field of the tip.

lowing for their controlled rearrangement and the realization
of 2D transitions with progressively enhanced lattice order,
which has so far only been studied at a global scale!!'=1316:17,
Figure 3a illustrates the repulsive interaction generated at the
MEFM tip’s apex, which acts on local skyrmions with anti-
parallel magnetization in a low-pinning system3>3*. At low
magnetic fields, the system favors a stripe domain config-
uration that fills the magnetic background to minimize the
energy landscape. This stripe environment creates a spatial
confinement around the scan region, effectively compress-
ing the nucleated skyrmions into dense clusters. The scan-
line spacing A was set to write a region filled with uniformly
sized skyrmions, thereby minimizing topological defects aris-
ing from uneven neighboring sites. By positioning the scan-
ning probe between adjacent skyrmions, we harness the com-
peting repulsive forces to drive and align the skyrmions along
a fixed writing direction®?. To quantify the ordering of our
skyrmion lattices, we calculate the local orientational order
parameter Y, defined as

1y i66
Wo(rj) = 5 Y e 0 M

k=1

for a particle at position r; with N neighbors and 6 as the
orientational angle of the connecting vector from r; to ry with
respect to an arbitrary fixed axis'”. g can then be used to
indicate whether the skyrmions are in an arrangement that can
be described as a liquid phase, hexatic phase, or solid phase*3.
‘We used a machine-learning-based pixel-wise classification to
detect skyrmions by their size and morphology** (see Supple-
mentary Material S1). The obtained positions were used for
every skyrmion to determine the local order parameter Y, the
orientational angle 6, and its nearest neighbors, applying a
Voronoi tessellation to identify the lattice defects. Any lattice
site with a number of nearest neighbors different from six is
classified as a topological defect. Skyrmions at the edge of
the system and/or neighboring a stripe are neglected for the
analysis, as their position produces artifacts in the Voronoi
tessellation. The local orientational order parameter || was
calculated for every skyrmion, and the mean value (| yg|) rep-
resents the overall lattice order.

Figure 3b demonstrates the process of improving lattice or-
der. The lattices were imaged in the “imaging mode” after
writing to analyze the resulting degree of order. The skyrmion
positions following each sequence, along with their corre-
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FIG. 2. Local nucleation and annihilation of magnetic skyrmions by
the MFM tip. (a) Transition from the initial maze domain state to a
skyrmion state after 5 writing scans, and erasing back to maze do-
mains, driven by scanning the sample in tapping mode with different
line spacings A. Insets show the corresponding FFTs of the MFM
images. Schematic of the process to (b) write skyrmions using A
2 312 nm, closely matched to the domain periodicity, and (c) erase
skyrmions by driving skyrmions into annihilation with A ~ 10 nm.

sponding || values and connections to nearest neighbors,
are mapped and presented. Initially, two writing passes along
the 0° direction were applied to a labyrinth domain pattern,
stabilizing a low-order skyrmion lattice with (|ys|) = 0.51.
As shown in the first panel of Figure 3b, the resulting lat-
tice was slightly misaligned relative to the writing direction.
Four additional writing passes improved the order to (|y|)
= 0.58, aligning the skyrmions along the 0° direction. Fur-
ther applying four more passes yielded hexagonal lattices in
which most skyrmions had six nearest neighbors, indicating
fewer topological defects and higher local order, reflected by
increased |yg| values. By optimizing the number of writing
passes, skyrmions with non-six neighbors were displaced to
more optimal positions in the lattice, thereby improving the
overall lattice ordering and leading to a higher (|ys|). Us-
ing ten consecutive writing passes, a well-ordered lattice was
situated within a stripe domain environment, as shown in Fig-
ure 3c. Ten skyrmions were arranged along the 0° direction,
with the homogeneous stripe background acting as a spatial
confinement boundary to prevent escape and compressed the
skyrmions into a near solid phase configuration with (|ys|) =
0.7. Note that skyrmions in our ten-repetition system exhibit
negligible diffusion due to enhanced thermal stability arising
from interlayer exchange coupling. As a result, no self-driven
rearrangement occurs, and the improved ordering observed is
a direct consequence of our active manipulation (see Supple-
mentary Material S3).
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FIG. 3. Improving the skyrmion lattice order. (a) Schematic of the
local tip-induced repulsion due to antiparallel magnetization used
for rearranging skyrmions along the writing direction. (b) Evolution
of the mean lattice order parameter (|yg|), achieved by rearranging
skyrmions after 2, 4, and 10 writing passes. Each circle gives the lo-
cal order parameter || per skyrmion within the lattice. (c) Ordered
skyrmion lattice with (|yg|) = 0.7. The dashed white box indicates
the region where skyrmions were nucleated and rearranged.

Next, we demonstrate the ability to control the skyrmion
lattice by tuning its orientation. We start by writing a lat-
tice with skyrmions oriented along the 0° direction (horizon-
tal) with some topological defects induced by uncut stripes.
Then, another writing procedure was performed in the same
area, but with the scan oriented along a 90° direction. The
skyrmion lattices before and after the rotation are shown in
Figures 4a and 4b, respectively. The subsequent skyrmion lat-
tice orientation was rotated to align along the 90° direction.
For a 2D hexagonal lattice with a sixfold rotational symmetry,
rotations of integer multiples of 60° are identical. As such,
a 30° shift in reciprocal space of the FFT in Figure 4b is an
equivalent representation of a 90° rotation, confirming that the
scanning field gradient of the tip induced a 90°-oriented lat-
tice. In 2D systems, the orientational quasi-long-range order
can be reflected via the possibility of finding nearest neigh-
boring skyrmions along a fixed axis relative to the orienta-
tional angle %40, The orientational angle was calculated
for each skyrmion, defined as 6 = arg(yg)/6, and analyzed
to find skyrmions with similar orientation over the entire lat-
tice. 4c presents the distributions of 6 for lattices written
along the 0° and 90° directions, respectively. Since our anal-
ysis considers a two-dimensional system with sixfold orien-
tational symmetry, 0 is calculated in the range from -30° to
+30°, as other values can be mapped equivalently with a 60°
rotation. For lattices written along the 0° direction, a distri-
bution of 6 centered around 0° was observed, confirming that
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FIG. 4. Rotating the skyrmion lattice orientation. (a) Hexagonal
skyrmion lattices written along the horizontal (0°) direction. (b) The
same skyrmion lattice rotated by 90° after applying writing scans
along the vertical direction. White arrows indicate the fast scan axis
directions. (c) Statistical analysis of the orientational angle 6 for
skyrmion lattices written along the 0° and 90° directions.

most skyrmions have neighbors along the 0° direction. Writ-
ing scans at 90° shift the nearest neighbors toward the + 30°
angles, where we observed higher counts of skyrmions. A
nearly zero count at 6 = 0 demonstrates a 90°-oriented lattice.

In conclusion, we develop and demonstrate a robust,
minimally invasive technique for the local imaging and
manipulation of skyrmion lattices using single-pass MFM.
By decoupling topographic mapping from magnetic phase
detection, our approach eliminates tip-induced perturbations
that commonly compromise soft magnetic textures in the
conventional two-pass scheme. This method enables nonde-
structive observation of soft magnetic textures and provides a
useful tool to study skyrmion stability in pinning-dominated
systems. Tapping scans were used to trigger reversible
transitions from stripe domains to skyrmions by tuning the
spacing A between adjacent scan lines, enabling reliable
creation and deletion of energetically metastable textures
on a homogeneous stripe background. When A =~ L in the
demagnetized state, efficient stripe-to-skyrmion conversion
with circular morphology and skyrmion lattices is facilitated.

Further optimization of the scan parameters and the alignment
of the initial domain pattern can result in a higher conversion
yield. By operating near zero-field conditions, we leveraged
the interactions originating from surrounding domains and
tip-induced repulsion to align skyrmions and improve their
arrangement along the writing direction. We calculate the
local orientational order parameter Y from skyrmion posi-
tions to reveal a progressive improvement of the lattice order
when passing the tip repeatedly in writing mode, inducing a
transition from a disordered state to a lattice with long-range
hexagonal order. In particular, we demonstrate that the lattice
orientation can be freely rotated by changing the writing
direction, as confirmed by the analysis of 2D-FFTs and the
orientational angle 6. Our approach establishes a pathway
towards the tailored formation of skyrmionic crystals with
artificial boundaries and tunable lattice attributes, which has
not been previously possible, yet is crucial for applications,
such as spin-wave devices, where the propagation of certain
spin-wave modes depends on their direction relative to the
skyrmion lattice.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the image
classification used for lattice analysis, the correlation between
A and L for efficient stripe-to-skyrmion conversion, and
the comparative analysis of ordering and orientation in
spontaneously nucleated skyrmion lattices.
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