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Abstract

Magnetic skyrmions forming two-dimensional (2D) lattices provide a versatile platform for
investigating phase transitions predicted by Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY)
theory. While 2D melting in skyrmion systems has been demonstrated, achieving controlled
ordering in skyrmion lattices remains challenging due to pinning effects from a non-uniform
energy landscape, which often results in polycrystalline structures. Skyrmions in thin films,
however, offer thermal diffusion with high tunability and can be directly imaged via Kerr
microscopy, enabling real-time observation of their dynamics. To regulate lattice order in such
flexible systems, we introduce geometric confinements of varying shapes. Combining Kerr
microscopy experiments with Thiele model simulations, we demonstrate that confinement
geometry critically influences lattice order. Specifically, hexagonal confinements commensurate
with the skyrmion lattice stabilize monodomain hexagonal ordering, while incommensurate
geometries induce domain formation and reduce overall order. Understanding these boundary-
driven effects is essential for advancing the study of 2D phase behavior and for the design of
skyrmion-based spintronic applications, ranging from memory devices to unconventional
computing architectures.
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Magnetic skyrmions are topologically non-trivial chiral spin textures that exhibit quasi-particle
behavior?!-3. Their small size, stability, and dynamic properties make them highly promising for
energy-efficient spintronic applications ranging from data storage* to sensing® and
unconventional computing - where so far single skyrmions have been usedé-. For enhanced
complexity however, arrangements of multiple skyrmions can be envisaged!?. Beyond their
technological significance for data processing, systems of dense skyrmion arrangements give rise
to intriguing phenomena such as skyrmion drag!l. And even denser lattice arrangements of
skyrmions provide an ideal platform for exploring fundamental two-dimensional (2D) ordering
phenomenal?-15 as quasi-long-range order (QLRO) can arise12-16,

Skyrmion quasi-particles can exhibit thermally activated Brownian dynamics!7-19 and offer on-
the-fly tunability of both their size and their diffusivity?820-22, This versatility allows to investigate
lattice phenomena beyond current observations and is a key advantage of skyrmions over other
2D systems like colloids or superconducting vortices. In particular, the tunability can be exploited
to drive and observe 2D phase transitions?s as described in Kosterlitz-Thouless-Halperin-Nelson-
Young (KTHNY) theory23-27. These 2D phase transitions differ fundamentally from behavior in
other dimensions, particularly from 3D. In particular, KTHNY theory describes the existence of a
hexatic phase with only orientational QLRO between the solid phase (with translational QLRO)
and the isotropic liquid (no QLRO)25-27. Eventually, these ordered lattice can even allow data
transport by exploiting shock waves or the dynamics of topological lattice defects, which can move
orders of magnitude faster than skyrmions!516, Consequently, 2D phase transitions have attracted
significant fundamental research interest for decades, both in theory and experiments1215.23-29,

In experimental skyrmion lattices, the key challenge in realizing QLRO is the underlying non-
uniform energy landscape caused by material inhomogeneities!3-1530, The non-flat energy
landscape describes a continuously varying potential with attractive as well as repulsive sites1831
- often commonly referred to as pinning effects. It causes quenched disorder, topological lattice
defects and polycrystallinity, together breaking the QLRO of the lattice!330. The local order is
quantified by the orientational order parameter

boll) =5 ) e~ W

k=1

for every skyrmion j at position r; and with n nearest neighbors at positions ry (k=1...n); where G
denotes the angle between the horizontal axis (arbitrarily chosen) and the vector r-r; connecting
the neighbor pair j and k2. The Euler angle of the complex value of s directly determines the local
orientation o(r;))=arg[ys(r;)]/6 of the lattice for every skyrmion. Regions of similar orientation o
form a lattice domain. In a polycrystalline lattice, multiple lattice domains exist with different
orientation of each domain. The domains are separated by boundaries at which « changes
abruptly. These domain boundaries have been shown to be effectively pinned due to a non-flat
energy landscape3?. Thus, the lattice domains and their orientation appear pinned by the sample-
specific energy landscape, imposing uncontrolled boundary conditions which are likely to be
incommensurate with the ideal hexagonal skyrmion lattice.

To overcome this limitation, in this work, we artificially tune the boundary conditions by confining
the skyrmion lattices inside different geometrical shapes. We find that commensurate shapes
enhance the lattice order compared to an unconfined lattice, while the order is suppressed by
incommensurate shapes. The results are consistent for Kerr microscopy experiments as well as
Thiele model simulations31-33,

We stabilize a polycrystalline skyrmion lattice close to room temperature (335K) in a
Ta(5 nm)/CozoFesoB20(0.9 nm)/Ta(0.07 nm)/MgO(2 nm)/Ta(5 nm) magnetic thin film multilayer
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stack with various confinement patterns (see supplementary material with Fig. S1 for details). The
skyrmions are imaged in real-time (16 fps) and -space by using a commercially available Kerr
microscope by evico magnetics GmbH using the polar magneto-optical Kerr effect. In Fig. 1a, we
show a Kerr image of a skyrmion lattice in a hexagonal confinement. We use the trackpy3* Python
package to track the skyrmions and a Voronoi tessellation3s to determine the lattice neighbors as
well as the local order. After nucleation, the lattice evolves in time. In Fig. 1b, we color the local
lattice orientation « for different snapshots of one video. While several small lattice domains are
present in the beginning, the whole lattice aligns with the hexagonal confinement within minutes.
The growth of the lattice domains is accelerated by an oscillating magnetic out-of-plane (OOP)
field20. The hexagonal confinement is commensurate with the hexagonal skyrmion lattice
structure and therefore allows stabilization of QLRO on this finite length scale?s.

(b)

(@) -1 m, +1
[T t=0min

square pentagon heptagon

Fig. 1: (a) Polar Kerr microscopy image of a skyrmion lattice in a hexagonal confinement. (b) After
nucleation, the skyrmion lattice arranges into hexagonal order on time scales of minutes within
the commensurate hexagonal confinement, illustrated by the color-coded lattice orientation «
per skyrmion for t=0,1,5 min after nucleation. Due to the six-fold symmetry of the hexagonal
lattice, the color map of «is cyclic. (¢) In different geometries, the incommensurate edges anchor
different lattice domains, suppressing hexagonal order even after t=5 min.

As a comparison, in Fig. 1c, we present skyrmion lattices confined in different, incommensurate
geometric shapes. All confinements are patterned on the same sample piece and have nominally
the same area as the hexagon. Furthermore, all shapes are regular, except for the heptagon, which
is a hexagon with an additional kink. In all geometries, the lattice locally aligns with the
confinement edges and is therefore frustrated for the incommensurate shapes. Consequently,
distinct lattice orientations are anchored at the boundary and enforce the occurrence of domain
boundaries between each other30. While for the pentagon, every corner induces only a slight
distortion, in total causing one domain boundary through the center, the many orientations
around the octagon and the circle lead to much smaller areas of similar orientation. The
distortions caused by the subtle irregularity of the heptagon can range from only slight
misalignment of the outermost 2-3 skyrmion layers to even significant distortions far inside the
lattice. In principle, a regular triangle would also be commensurate with the hexagonal lattice and
3
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therefore expected to enhance lattice order. However, edge effects may play a role in comparison
to the hexagonal shape as the distances of every skyrmions to the edges are distributed differently.

To compare the lattice order in the different confinements quantitatively, we calculate the average
local order ¥=(lysl) as well as ys=|(ws)| in Fig. 2. For both parameters, higher values indicate
better ordering. We furthermore compare the results to videos of a continuous sample of
millimeter extension, where no confinements are patterned and around 3500 skyrmions are
nucleated in the field of view. We find that the ordering is enhanced in the commensurate hexagon
and suppressed for the incommensurate shapes. Thereby, ys reveals more drastic differences as it
globally averages over ¢, thus providing more long-range information but being significantly
affected by changes of ¢, that occur for instance at domain boundaries.
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Fig. 2: Order parameters % and ye, fraction of lattice defects and number of skyrmions N
compared for different confinement geometries and a lattice in an unpatterned, continuous film
(N>3000) for reference. Data points are the average values from the last minute (4 min <t <5 min)
of three independent videos. While the commensurate hexagonal confinement enhances the
lattice order, incommensurate geometries suppress order with respect to the continuous case.
From the mean values of the three different nucleations, we calculate the standard error of the
mean as the error bar.

Correspondingly, the fraction of skyrmions being a topological lattice defect (i.e., n#6 lattice
neighbors) increases for reduced ordering. The topological defects emerge as an intrinsic property
of 2D lattices mediating their phase behavior23-27, but also at domain boundaries or pinning sites.
Even though a similar amount of N=510+20 skyrmions is created per nucleation (at t=0) in every
geometry, we notice a clear difference in the annihilation rate for the different shapes: Skyrmion
annihilation is less pronounced for the hexagon being commensurate with the hexagonal lattice,
resulting in around N=395#5 skyrmions remaining at t=5 min; which is particularly close to the
centered hexagonal number 401. In the incommensurate shapes however, the different lattice
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domains and domain boundaries cause space conflicts, which lead to skyrmion annihilations and
result in only N=365+15 at t=5 min. In the continuous reference area, N=2620+15 skyrmions are
left after 5 min, all of them are included to calculate the plotted order parameters. The time
evolution of all shown parameters is presented in Fig. S2 in the supplementary material.

Our results demonstrate that confinement geometries play a critical role in stabilizing lattice
order. By carefully designing the boundary conditions, however, the degree of order in skyrmion
lattices can be effectively controlled - while the finite size itself has been shown only have a minor
effect on the 2D phase behavior!s. To understand the commensurability effect, we next perform
Thiele model simulations31-33 using confinements of different geometry.
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Fig. 3: (a) Local orientation afor simulated skyrmion lattices (N=400) in confinement, reproducing
the alignment of lattice domains with the confinement edges and leading to multidomain states
in incommensurate geometries. (b) The ordering parameters % and ys as well as the fraction of
lattice defects behave similar to the experiment: the lattice order is significantly enhanced in the
commensurate hexagon and the closely related heptagon. Data points are averages over
3x1000 snapshots, where the error bar is calculated as the standard error of the mean from the
three independent data sets.

In the simulations, we employ a purely repulsive interaction potential of the form r8, which has
been demonstrated to describe our experimental skyrmion system well153036 (see supplementary
material with Fig. S3 for details). We find that the simulated particles align with the edges of the
confinements as in the experiment and anchor differently oriented domains. We show examples
of snapshots for every shape in Fig. 3a. The extent of the single domains varies between the 1000
snapshots of three different equilibration sequences of the system. However, the average ordering
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(reflected by ¥, ys and the fraction of lattice defects) is consistent as presented in Fig. 3b.
Especially, we reproduce the experimental result that the lattice order is suppressed in
incommensurate geometric confinements. The error bars (calculated as standard error of the
mean from the three equilibration sequences) are only visible for the incommensurate geometries
as different lattice domains are forced to coexist but can have varying extent and distribution from
snapshot to snapshot. For example, the distortion induced in the heptagon affects the 8 outermost
skyrmion layers in Fig. 3a. However, in some equilibration sequences, it may only affect 2-3 layers
but can - in analogy to the experiment - even reach the center of the geometry in other sequences,
depending on the specific configuration. In contrast, the distribution of domains in the experiment
is additionally influenced by the energy landscape which yields certain preferences for domain
orientations and domain boundaries30.

In conclusion, we demonstrate in both Kerr microscopy experiments and molecular dynamics
simulations that the order of a confined magnetic skyrmion lattice can be tuned as it strongly
depends on the confinement geometry. While a hexagonal confinement is commensurate with the
hexagonal skyrmion lattice structure and stabilizes the lattice order, incommensurate geometries
suppress order and differently oriented lattice domains form along the edges. In magnetic thin
films, lattice domains are typically pinned in a similar way by the non-flat energy landscape3°.
Therefore, understanding those boundary effects is key to study 2D phase behavior with
skyrmions on larger scales. Magnetic skyrmions are of special interest for investigating 2D phase
behavior as their real-time accessibility in Kerr microscopy can allow one to investigate key open
questions like the dynamics of topological defects!s and their interaction potential - even in the
presence of a Magnus force. Understanding and controlling the dynamics of densely packed
skyrmions in a confined geometry6719 also plays a key role for realizing low-power non-
conventional computing applications5-7.

Supplementary Material

See the supplementary material for a detailed description of the experimental and simulation
setups.
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