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ACCESSIBLE OVERVIEW Magnetic skyrmions are whirling spin textures that have topological properties and
are being explored for applications in memory and logic devices. They can be generated in magnetic sys-
tems, such as multilayer stacks, either as isolated units or in a lattice arrangement. In the latter case, their
mutual dipolar interaction renders them an ideal platform to model and study two-dimensional (2D) inter-par-
ticle interactions. This work reveals the role of dipolar interactions in skyrmion lattices, which are strength-
ened upon increasing the number of repetitions of the stack, by tracking the skyrmion size and lattice peri-
odicity as a function of the number of repetitions. Starting from magneto-optical and magnetic force
microscopy imaging results, an analytical model is developed to fully capture the size dependence as a func-
tion of the number of repetitions. For the case of low repetitions, the results reveal an opposite scaling of the
skyrmion size compared to the case of isolated skyrmions. The extreme sensitivity of the skyrmion size to the
dipolar coupling strength in some regimes could potentially be used as a sensor in magnetic devices.

SUMMARY

Magnetic skyrmions are topological two-dimensional (2D) spin textures that can be stabilized at room tem-
perature and low magnetic fields in magnetic multilayer stacks. Besides their envisioned applications in data
storage and processing, these 2D quasiparticles constitute an ideal model system to study 2D particle prop-
erties. More precisely, the role of inter-particle dipolar interactions in 2D ensembles can be fully captured in
skyrmion lattices. We engineer a multilayer stack hosting skyrmion lattices and increase the relevance of the
dipolar coupling by increasing the number of repetitions n fromn = 1ton = 30. To ascertain the impact on
the spin structure, we carry out a series of imaging experiments and find a drastic change of the skyrmion
size. We develop an analytical description for the skyrmion radius in the whole multilayer regime, from thin
to thick film limits, identifying the key impact of the nucleation process leading to the skyrmion lattice. Our
work provides a detailed understanding of the skyrmion-skyrmion interaction, clarifying the role of dipolar
interactions as the multilayer stack is expanded in the z direction.

INTRODUCTION interactions (DMls), interlayer exchange coupling, or dipolar inter-
actions, can be tuned by selecting the materials forming the
Magnetic skyrmions are non-trivial topological spin textures with  multilayer stack.''®
promising applications in energy-efficient information storage Over the last years, different stack compositions have been
and processing technologies.'™ First realized in bulk systems, reported to host room-temperature (RT) stable skyrmions, which
such as chiral magnets,®'° over the last years, magnetic multi- can be nucleated at low magnetic fields and provide low
layer stacks have gained increasing attention, as they allow for  pinning."”~'® This constitutes already a step forward for the
tuning magnetic interactions by selecting the material parameters.  envisaged applications of skyrmions in information technologies
In this sense, the relevant properties for spin textures, such as  while enabling the study of the fundamental physics governing
perpendicular magnetic anisotropy (PMA), Dzyaloshinskii-Moriya  the formation of topologically non-trivial spin structure
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arrangements using laboratory techniques, such as Kerr micro-
scopy or magnetic force microscopy (MFM).%2° Furthermore,
densely packed skyrmions can also form two-dimensional (2D)
lattices, '®?" constituting an excellent playground to study 2D
properties, such as dipolar inter-particle interactions, similar to
2D melting in colloidal systems.?”?* The above-mentioned
tunability of the magnetic properties by engineering the mag-
netic multilayer stack parameters is indeed a key advantage of
skyrmions compared to their colloid counterparts.

Dipolar-stabilized skyrmions rely on the competition between
long-range dipolar interactions, ferromagnetic (FM) exchange,
and magnetic anisotropy.?®>~>° In addition to not requiring signif-
icant DMI values, in these skyrmions, the lateral spin structure
size can be significantly larger than the domain wall (DW) width
A,*° which often results in significantly larger topological textures
(um vs. nm) compared to DMI-stabilized ones.®'° This has the
practical advantage that optical experimental techniques can
be used for probing the textures, either statically or dynamically,
under oscillating magnetic fields and/or currents,®?"*¢=%8 facili-
tating experimental studies. In addition to this, magnetic dipolar
interactions can easily be tuned in these multilayer stacks by
increasing the number of repetitions of the magnetic multilayer
unit, providing a wider range of coupling strengths compared
to the experimentally accessible DMI values that are, as an inter-
facial effect, restricted by the choice of materials. Moreover, the
dipolar effects make skyrmion-skyrmion interactions stronger,
rendering the system an ideal candidate to probe and quantify
the role of dipolar interaction in 2D lattices. Up to now, the
available models in the literature have focused only on under-
standing the role of dipolar interactions in isolated skyrmions,
where a single skyrmion can freely expand to minimize the total
energy in an infinite system without being affected by the sur-
rounding neighbors,*® and are thus not applicable to lattices.
The few recent works addressing dipolar-stabilized skyrmion
lattices only provide a qualitative understanding (e.g., Zazvorka
et al.,*” Rohart and Thiaville,” Li et al.,"" Vidal-Silva et al.,*?
and Leonov et al.*®). It is remarkable how, despite the significant
interest in the generation and manipulation of skyrmions in mag-
netic multilayer systems, fundamental aspects of the skyrmion
lattice phase, disregarding the presence or absence of local or
long-range order®” like the dependence of the radius R and peri-
odicity P on the dipolar coupling strength, have not yet been
addressed.

In this work, we engineer a magnetic multilayer stack hosting
skyrmion lattices at RT and zero field and vary the number of rep-
etitions to increase the magneto-dipolar coupling. We develop
an analytical model capable of accounting for the reduction of
the skyrmion size as the dipolar interactions get stronger. It is
worth mentioning that our stack is designed to have low pinning,
which is paramount to allow the system to relax into its ground
state with a very shallow energy minimum. The pinning in our
films is low enough that single-repetition stacks of the same ma-
terial’s sequence show thermally activated skyrmion diffusion at
RT, e.g., Zazvorka et al.’® and Gruber et al.'®?" The essential dif-
ference between our findings and preceding works on isolated
skyrmion lattices is that we consider the minimum of the energy
for a system where the number (or density) of skyrmions is a free
parameter itself, and the skyrmion lattice is lower in energy than
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the FM state. For the experiment, this implies that the nucleation
barrier is low and can be overcome using appropriate field
protocols. We will show in the following that dipolar-stabilized
skyrmions show the opposite size dependence upon increasing
the number of repetitions when they arrange into lattices
compared to what has been reported for an isolated skyrmion,
and we explain this based on the model that we develop.

RESULTS AND DISCUSSION

Experimental observation of skyrmion lattices in
multilayer stacks

We have engineered a magnetic multilayer from a Ta/CoFeB-
based stack that hosts Néel skyrmions, as verified by DMI anal-
ysis and current-induced dynamics measurements previously
performed in our group (e.g., in Raab et al.,° Gruber et al.,”’
and Zazvorka et al.*"), as a platform for skyrmion lattices. Start-
ing from this configuration, we have tuned the relative strength of
the dipolar interactions by increasing the number of repetitions,
n, from 1 to 30. A simple sketch of the stack is shown in Fig-
ure 1G. As for multilayer stacks, the metastable skyrmion lattice
state is the result of the interplay between several material pa-
rameters, namely the saturation magnetization Ms, the uniaxial
magnetic anisotropy K, the DMI strength (D), and the exchange
stiffness A (Lemesh et al.*%). To quantitatively determine M;
and K, we have used superconducting quantum interference
device (SQUID) magnetometry. Within the experimental uncer-
tainty, we find constant values of Mg = 600+30 kA/m and
K, = 300 + 40 kJ/m® over the whole series (see Note S1). From
the observation of a constant uniaxial anisotropy, we conclude
it is not significantly affected by the number of repetitions, which
leads us to assume that K|, is also homogeneous over the FM
layers of all individual repetition units. With the anisotropy
being generally the most susceptible quantity to any structural
changes at the interfaces, the constant K, serves as a good
indication to also expect a homogeneous interfacial DMI
over the whole stack, i.e., independent of n. The same holds
for the exchange stiffness in the unaltered local atomic environ-
ment of the CoFeB layers. Hence, we can assume a value of
A =10 pd/m for this parameter, which leads to a value of
D = 0.9 mJ/m? to obtain perfect quantitative agreement with
our model. Both values conform well with those reported in the
literature for similar stack compositions.'®2°> The contributions
to the total energy that originate from A, D, and K, define the DW
energy and scale linearly with n, so the skyrmion size resulting
from a minimization of these energy terms alone would not
change with n. In contrast, the dipolar energy, depending on
Ms, includes contributions from the mutual interactions between
all layers and shows a more complex, nhon-monotonic depen-
dence on the number of repetitions. Whereas for very thick
films with a total stack thickness h significantly larger than the
skyrmion radius, h > R, the explicit thickness dependence
vanishes entirely, in the thin film regime (h < R), which is the
regime where dipolar skyrmions are usually observed, the
dipolar energy scales almost quadratically with n, as proposed
by C. Kittel for stripe domains.*® This means that, by changing
n, we can selectively tune the strength of the dipolar interactions,
which translates into changes of the skyrmion size.
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Figure 1. Skyrmion lattices in multilayer stacks
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(A-D) Kerr microscopy images corresponding to n = 1-4 repetitions of the multilayer stack taken at room temperature (RT) and in zero external field. Light gray
represents magnetization pointing in the + z direction. A strong decrease of skyrmion size with increasing n is observed. Insets give higher-magnification views on

the skyrmion lattices.

(E) Magnetic force microscopy (MFM) image of the n = 30 repetition sample taken at RT and zero external magnetic field with an ultra-low moment customized
tip. Brown contrast corresponds to +z magnetization. The inset shows a higher-magnification view on the hexagonal clusters.

(F) Skyrmion diameter 2R vs. number of repetitions, n, as extracted from the images, together with a fit to a phenomenological exponential decay, yielding 2R =
aeb/", where a = (190 +15) nmand b = 5.1 +0.3. Error bars correspond to statistical standard errors from the measurements.

(G) Schematic view on the stack, with numbers in brackets indicating film thicknesses in nm. Each unit of thickness t; is repeated n times, yielding the total height h

of the stack as h = n-t,.

Figures 1A-1D show Kerr microscopy images of n = 1-4
repetitions measured at zero field, while Figure 1E includes a
representative MFM image of the n = 30 stack. With the excep-
tion of n = 1, where a larger spread of sizes and shapes is
observed, all the images show arrays of close-to-circular sky-
rmions with almost homogeneous sizes. The n = 1 repetition
hosts =40 um diameter skyrmions, with a significant size vari-
ation of about 50%, while the skyrmions at n = 2 are already a
factor of 20 smaller (=2.3 um) with a size variation below 10%.
At n = 4, the average skyrmion diameter is 520 nm, which is
close to the resolution limit of the Kerr microscope. This is
why the higher repetitions (from n= 10 to 30) have been
probed with MFM, which is capable of sensing the magnetic
spin structure at nanoscale resolution. Figure 1E includes a
representative image of the largest number of repetitions pro-
duced experimentally, n = 30, where even some hexagonally
ordered clusters of skyrmions (see inset) are formed. The
most striking observation is related to the conspicuous
decrease of the skyrmion size as the number of repetitions in-
creases. This decrease of the skyrmion size with increasing
dipolar coupling fits to a phenomenologically motivated expo-
nential decay, as included in Figure 1F, which agrees qualita-
tively with the models derived for checkerboard, stripe, and
stripe domain patterns.*” >’

This systematic decrease of the skyrmion size upon
increasing the number of repetitions is exactly opposite
behavior to the case of isolated skyrmions.*® To explain such
a difference, we hypothesize that the existence of neighboring
skyrmions results in an effective skyrmion-skyrmion interaction

mediated by dipolar interactions, which is actually an interac-
tion term not accounted for in the isolated skyrmion model pre-
viously put forward. This skyrmion-skyrmion interaction would
result effectively in an additional dipolar field for the single sky-
rmion under consideration, acting as an additional magnetic
field aligned opposite to the magnetization of the skyrmion.
As a result, the skyrmion size shrinks in the same way as it
would when a Zeeman term for an external field is considered.
The contribution stemming from the dipolar energy term in-
creases more strongly than linear when the number of repeti-
tions is increased and can be effectively reduced by increasing
the density of skyrmions despite the energy cost of their DWs.
To test the influence of neighboring skyrmions on final skyrmion
size, we have used the model proposed by Biittner et al.,**
including ad hoc an external magnetic field. Our experimental
results are reproduced by a Zeeman field in the range of uT,
in line with our hypothesis of a field generated by the neigh-
boring skyrmions, motivating our development of a full analyt-
ical model that includes this field contribution from the other
skyrmions to account for the skyrmion-skyrmion interaction.
In the next section, we put forward an analytical model where
the energy of the system, different for each repetition n, is mini-
mized while taking into account both the skyrmion size and lat-
tice periodicity. We will expand our model to the limit of n— o
under the assumption of a vertically homogeneous magnetiza-
tion. Our calculations yield excellent agreement with the exper-
iments, as well as with the results from the micromagnetic
simulation, enabling us to fully capture the physics underlying
these dipolar-stabilized skyrmion lattices. We also refer the
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Figure 2. Skyrmion radius R vs. number of
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reader to the supplemental information, especially Note 3.6,
where the magnetostatic energy term is fully derived for the
present case of skyrmion lattice arrangements.

Analytical model for dipolar-stabilized skyrmion lattices
In order to capture the physics underneath skyrmion lattices, we
have developed an analytical model capable of providing a
description of the skyrmion size and periodicity. Our model
assumes skyrmions arranged in a lattice with periodicity P as rigid
circular cylinders with radius R and height h centered at the sky-
rmion center, which extend across all layers. We consider sky-
rmions with radius R and DW width A under the condition R >
A. The magnetization configuration of the wall follows a Néel-
type profile.®>>* To reduce the computational costs, we treat
the full stack as a single homogeneous magnetic layer using the
effective medium model introduced in Woo et al.>® (green dots
in Figure 2). The validity of this approach is discussed in the sup-
plemental information (see Note 2) and can be easily checked by
following the pink dots in Figure 2, which show the results of the
full micromagnetic calculations treating all layers individually.

In the following, we will introduce the expressions for the en-
ergy terms in a skyrmion lattice assuming both square and hex-
agonal skyrmion arrangements, for which we consider the total
energy density € per unit cell as the sum of the contributions
from DW and magnetostatic energies:

¢«(A,R,P) = Al[szhaDW(A) + E(P) + Es(R)

uc

+ Ecot(R) + Ecc(R,P)]
(Equation 1)
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from the front-most skyrmion to its right-hand
neighbor is shown in green to illustrate how the
stray field from each skyrmion acts as a reverse
field on all others.

In this expression, apw represents the DW energy density of the
skyrmion per unit wall area. The terms arising from the magneto-
static energy are the following: E;(P) is the self-energy
contribution of the homogeneously magnetized film within
the considered unit cell, E¢(R) is the self-energy of an isolated
homogeneously magnetized cylinder, E...+(R) represents the
interaction between the cylinder and the FM film, and
E;oc(R,P) describes the interaction between the cylinder in
the considered unit cell and all other cylinders in the lattice.
Note that these energy terms are divided by A ~ P?, the area
of the unit cell, to obtain €. The main innovation of our model
concerns the analytical treatment of the interaction between
the cylinder in the considered unit cell with all other cylinders,
E. . To perform this calculation, we proceed in two steps: first,
the interaction energy between two individual cylinders, Es ¢,
is calculated via a multipole expansion. Second, Escoc is
summed over all the cylinders in the lattice, excluding the cylin-
der in the considered unit cell. This sum is a 2D infinite series,
which is estimated to be a good approximation using the
Euler-Maclaurin formula,*® which has also been recently applied
to calculate two-skyrmion system energies.®” In this way, the in-
fluence of the complete lattice is captured. The detailed deriva-
tion is explained in the supplemental information, along with the
remaining terms arising from the magnetostatic energy.

To calculate the DW energy density, opw, we first decompose
it into the following independent contributions:

Eex+Ea+Epmi +Epp+Eaa,nc

oow(A.h) = 27Rh

(Equation 2)
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This includes exchange Egy, anisotropy E,, and DMI Epy, en-
ergy terms, along with E,,, which is the energy of the volume
charges arising in the whole volume of the DW, and E,; nc, which
is the energy due to the deviation of surface charges from the cyl-
inder lattice caused by the finite DW width A. A more detailed
explanation on these terms is provided in the supplemental infor-
mation. Note that A depends on neither R nor P, as A < R, so
the curvature of the DW can, in practice, be neglected for the
relatively large dipolar skyrmions. This implies that opw(A,h)
can actually be numerically minimized to obtain the equilibrium
value Ag(h) as a function of h before considering the minimiza-
tion of the other terms in €. Actually, the variation of Aq(h) with
h is quite weak. Taking the material parameters of our system,
Ao varies from Ag(h —0) = 11.6 nm to Ag(h —» «) = 8.1 nm.
These values agree with the ones reported for similar
systems.*>?

Finally, to calculate the equilibrium values for the radius Rg
and the periodicity Py, the energy density € is minimized,
which implies solving (Ro, Po) = mingp €(Ag, R, P). To enable
further analytical treatment, a simplification can be made
provided the absence of external fields, which conforms to the
condition in our experiments. For this case, we can assume
that the area filling of the skyrmion and the FM background are
equal, giving rise to surface-charge neutrality on both top and
bottom surfaces in order to minimize . This yields the relations
P = 2R/7/+/3 for the hexagonal lattice and P = R v/2r for the
square lattice. With this, we derive a closed analytical solution
for the equilibrium value of Ry in the two regimes h < 64 (thin-
film regime) and h > 64 (thick-film regime) for the hexagonal
and square skyrmion lattices, A = aDW/,uOMg:

C. hexp <%A> h <« 64
Ro(h) =

Co V2h

(Equation 3)
h> 62

With Co hex. = 0.976 and Conex. = 2.646 for the hexagonal lattice
and C. sq. = 1.019 and Cog 5q. = 2.580 for the square lattice. The
characteristic length is calculated from opw = opw(Ao(h)) using
the previously determined Ag(h). In our systems, the threshold
between the regimes h = 61 corresponds ton = 30.

In the regime h <« 64, Equation 3 has the same scaling
behavior as previously derived for the stripe and checkerboard
domains in Kaplan and Gehring,*” Malek and Kambersky,*® Mil-
lev,° and Kooy.*® The h >> 61 limit, which predicts an increase
in skyrmion size with a large number of repetitions, has the
same scaling as the Kittel model for periodic stripe domains.*®
Indeed, the prefactors we find for skyrmion lattices are different
from the ones derived for stripe domains. To validate the assump-
tion of charge neutrality that we made for the field-free case,
we numerically minimized (Ro,Po) = mingp €(Ag, R, P) without
assuming magnetic charge neutrality to obtain Rq(h) for arbitrary
h. Theratio Ry /Py deviates by, at maximum, 3% from the ratio ob-
tained under the charge neutrality assumption for arbitrary h from
the thin-film to the thick-film region.

Figure 2 includes the predictions from our model, the analyt-
ical formulas for the hexagonal lattice in both limits from Equation
3, and the results from the numerical minimization of ¢(A, R, P) for
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both square and hexagonal lattices, as well as the experimental
results shown in Figure 1F. A plot with the analytical formulas for
both limits of the square lattice in Equation 3 is provided in the
supplemental information. We have also added values for the
skyrmion sizes derived from micromagnetic simulations (details
on the simulations are included in the supplemental information,
Note S4). The simulations have been carried out both in the
effective-medium model (green dots in Figure 2) and using the
full stack of individual, decoupled layers (dark pink dots in Fig-
ure 2). Both simulation sets coincide, validating the use of the
effective-medium model for our system.

As observed in Figure 2, the model reproduces very well the
decrease of the skyrmion size as a function of the number of rep-
etitions for n < 4, matching both the experimental and simulation
results. Toward the thick-film regime h > 64, the model predicts
an increase of the skyrmion size, which is beyond the range
accessible in our experiments but is also reproduced by our nu-
merical simulations. There is, however, a clear discrepancy be-
tween the experimental values and the model and simulations
in the regime around the skyrmion minimum size, from n = 10
to 30, where the observed skyrmions are about a factor 2 smaller
than predicted from energy minimization. The reason for this
discrepancy, which is consistent in all measurements fromn =
10 to 30, concerns the specific nucleation mechanism of the
skyrmion lattice and will be discussed in detail in the next
section.

Nucleation of overfilled skyrmion lattices from the stripe
phase

As observed in Figure 2, in the regime around the skyrmion min-
imum size, i.e., from n = 10to 30, the experimental values for
the skyrmion size are a factor of =2 smaller compared to the nu-
merical values. We have evaluated several scenarios that could
lead to such a deviation. First, we considered the possibility that
skyrmions may actually deviate from a perfect rigid skyrmion
tube shape across the multilayer, resulting in a flower-vase-like
tube, which would yield a decrease in the skyrmion size at the
top and bottom surfaces. This scenario has recently been dis-
cussed by Srivastava et al. for n = 20 repetitions in a FeCoB-
based stack.’® However, none of our simulations (without using
the effective-medium model) showed significant deviations
(below 5%) of the skyrmion radius across the multilayer (see
the supplemental information and Figures S7 and S8 therein).
Our simulations also rule out the hybrid-skyrmion scenario,
observed in Fe/Gd multilayers, for which the weak PMA results
in a Néel-Bloch-Néel skyrmion tube across the stack,’*®" or in
Legrand,®® where hybrid chiral DWs are promoted from the inter-
layer exchange. We can also exclude the factor 2 difference as
an artifact from MFM imaging. Although the stray field of the
MFM tip could, in principle, locally evoke a reduction in skyrmion
size, we can exclude a significant influence of the tip magnetic
field on the sample, as we do not observe sudden changes in
the skyrmion lattice from one scan line to the next. This excludes
already stochastic reconfigurations of the skyrmion lattice trig-
gered by the local proximity of the tip and, hence, from the
tip’s stray field. Very likely, the lattice, with its long-range mutual
dipolar interactions, is much more robust compared to an iso-
lated skyrmion. Moreover, the presence of a localized external
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Figure 3. Stripe-to-skyrmion transition

(A and B) Representative MFM images of a multilayer with n = 15 after out-of-plane and in-plane saturation, respectively. Note the difference in the periodicity
between the maze domain pattern in (A) and the skyrmion lattice in (B), with the presence of local hexagonal order zoomed-in in the inset.

(C) The areal energy density for the uniform, stripe, and skyrmion phases is plotted vs. the periodicity. The stripe phase is the lowest energy state for all the
experimentally observed periodicities. The dots indicate the minima in the energy areal density.

(D-F) Three successive states from a micromagnetic simulation showing the nucleation process of a skyrmion lattice (F) from the stripe-domain phase (D),
mediated via topologically trivial bubble domains (E). The dataset is obtained by minimizing the total energy of the system under continuous linear field variation,
starting from an initial state at zero field (left) via an applied field of uoH = (150 mT, 0, 20 mT) (middle) back to zero field (right). The magnetic contrast is encoded

according to the color wheel.

magnetic field above the skyrmion could, in principle, give rise to
a gradual and reversible continuous deformation of the skyrmion
lattice directly under it. However, given that in this scenario, no
nucleation or annihilation of skyrmions occurs, this would not
alter the lattice periodicity over the whole scan range of an im-
age, which is the actual parameter used to determine the sky-
rmion radius from the MFM measurements. Taking all this into
account, we propose a dynamic effect occurring during the
nucleation of the spin textures from stripes to skyrmions as the
most likely explanation for the factor 2 deviation.

Figure 3A shows a representative MFM image, taken at zero
field, of the n = 15 sample after applying a 135 mT out-of-plane
(OOP) field, which is sufficient to saturate the stack (see magne-
tization characterization in Note S1). When the field is removed,
the magnetization relaxes back to a stripe-domain state. Note
the maze-like pattern, which, together with the occurrence of
areas with local hexagonal order, indicates the low pinning of
the samples.®® The periodicity extracted from the MFM images
(2D-fast Fourier transform [FFT]) corresponds to (300 + 30)
nm for all n = 10-30. If we now change the geometry of the field
in such a way that we combine a strong in-plane (IP) component
(135 mT) with a small OOP component (below 20 mT), we
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observe that the magnetization undergoes a transition to a sky-
rmion lattice phase, adopting the arrangement shown in Fig-
ure 3B. To better understand this transition, we have plotted in
Figure 3C the calculated energy areal density corresponding to
both the stripe and skyrmion phases. As can be seen, both en-
ergy minima are close in energy and well below the one corre-
sponding to the uniform phase. Note, however, that while the
calculated energy minimum for the stripe phase (350 nminn =
15) is close to our experimental finding, (290 + 20) nm, there is
a factor 2 difference between the calculated energy minimum
for skyrmions (450 nm) and the experimentally observed value,
(250 + 40) nm. This factor 2 difference, already observed in
the analytical model presented in Figure 2 in the previous sec-
tion, can be understood by diving into the nucleation process,
which is possible thanks to micromagnetic simulations.

Based on micromagnetic simulations, we propose a mecha-
nism that enables the transition from the stripe to the skyrmion
lattice phase through an intermediate phase of topologically triv-
ial bubble domains. Starting from a stripe-domain configuration
with all domains perfectly aligned, as pictured in Figure 3D, we
apply an IP field of 150 mT at 90° + 15° relative to the stripe di-
rection with a small OOP component (20 mT, which corresponds
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to =6° OOP). Under the influence of this field, the stripes deform
and finally break up, forming an intermediate phase consisting of
topological trivial bubbles with zero topological charge (Q = 0),
as shown in Figure 3E. We would like to point out that these bub-
bles are not akin to the skyrmion-antiskyrmion droplets recently
reported.® In our case, the bubbles exhibit Néel and Bloch walls
at the same time, unlike the skyrmion-antiskyrmion droplets. Ac-
cording to our simulations, these bubbles are not stable in the
absence of an IP field and evolve to the final metastable sky-
rmion lattice (see Figure 3F) with a topological charge Q = 1
per skyrmion when the field is removed. This resulting skyrmion
lattice does not arrive, however, at the very shallow energy min-
imum of the system, yet it ends in a local metastable minimum,
corresponding to an overfilled configuration, as the annihilation
barrier of the skyrmions is too high to overcome. This overfilled
configuration consists of a higher density of smaller skyrmions
compared to the one corresponding to the equilibrium state of
the global energy minimum, which is the one calculated and
shown in Figure 2. This has, in fact, a crucial impact on the lattice
periodicity, as the overcrowded skyrmion lattice has a much
smaller periodicity (calculated values between 250 and 300 nm
for n = 10-30) than the equilibrium skyrmion lattice (around
500 nm). The different nucleation protocol for the case of low
repetitions (n = 1-4), where we combined the OOP with an IP
pulse, drives the experimentally obtained skyrmion lattice to
the actual global energy minimum. Note that this difference of
just a factor 2 is visible clearly in our experiments thanks to the
careful design of the multilayer stack, as the n = 10-30 repeti-
tions have sufficiently steep energy minima (large curvature of
the energy landscape) to lead to the deviations from the calcu-
lated periodicity.

Conclusions

In this work, we have systematically studied the role of dipolar in-
teractions in skyrmion lattices at equilibrium, elucidating the role
of both skyrmion size and lattice periodicity in minimizing the en-
ergy density of the system. Our results reveal an opposite scaling
of the skyrmion size with the number of repetitions of the FM
layer compared to the case of isolated skyrmions. This finding
can be attributed to a stronger-than-linear increasing contribu-
tion of the dipolar energy with the number of repetitions,
which can be effectively reduced by increasing the density of
skyrmions despite the energy cost of their DWs. The model
that we derived to describe this low-repetition range reproduces
the same scaling previously derived for stripe domains®’+*® but
with a prefactor. With the parameters of our material, this
behavior is found over the range of repetitions fromn= 1 to
10, which is typically realized in experiments nowadays. The
reduction of the skyrmion size with increasing n in this low-repe-
tition regime constitutes an asset for implementing skyrmion
lattices in spintronic devices, as it enables achieving larger
densities of skyrmions whose stability over external fields and/
or temperature variations is also increased. Following a region
with almost constant skyrmion size, which, in our system, com-
prises from 10 to 30 repetitions, at the high-repetition range, this
dependence inverts so that the skyrmion radius increases with
the square root of the thickness, reproducing the scaling of the
Kittel model for stripe domains.“® In addition to these equilibrium
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considerations, we also describe a transient nucleation mecha-
nism for a skyrmion lattice starting from a stripe domain state,
elucidating the key role of the initial stripe periodicity on the final
skyrmion lattice density (overfilled lattice vs. not overfilled).

Our designed stack shows remarkably low pinning all over the
number of repetitions, which is key for achieving the ground state
and understanding the critical influence of the dipolar interac-
tions in such 2D lattice arrangements. As a future direction, it
can be envisioned to study the 2D transitions (solid-hexatic-
nematic) of such 2D skyrmion lattices as a function of the number
of repetitions, n, to determine the influence of the skyrmion-sky-
rmion dipolar interactions in the melting of the lattice. Beyond the
static regime, our system is also ideal for future dynamic studies,
where the impact of the dipolar term in collective skyrmion mo-
tion, such as current-induced dynamics and/or the skyrmion
Hall effect, in n>1 multilayer stacks, is expected to also lead
to interesting collective phenomena.®®

Our work also provides a nucleation mechanism that enables
the transition from stripes to skyrmions at RT and with magnetic
fields in the mT regime, obtaining overfilled skyrmion lattices, by
the rotation of the IP field. This opens up a very simple experi-
mental procedure to increase the lattice density. Finally, it is
worth mentioning there is an extremely sensitive size decrease
of the skyrmions at low dipolar coupling, which could be used
as an indicator to monitor the dipolar coupling in magnetic tunnel
junctions (MTJs) or current-induced motion of skyrmions in de-
vices (e.g., race-track memories, as introduced in Fert et al.?).
In this way, inhomogeneities in the dipolar field, caused by the in-
teractions with the different components, would be detectable
by imaging the skyrmion size and shape.

METHODS

Experimental procedures

Magnetic multilayer stacks of the form Ta(4)/[Co,oFegoB20(0.86)/
Ta(0.06)/MgO(2)/Ta(2)] xn (layer thicknesses in nm, 0.01 nm pre-
cision), with n being the number of repetitions, were deposited
using a Singulus Rotaris magnetron sputtering tool with a base
pressure of 3x10~8 mbar onto Si/SiO, substrates. The surface
roughness of the films (root mean square [rms]) was determined
by atomic force microscopy (AFM) to be below 1 nm. To reduce
the strong PMA induced at the interface between CosgFegoB2o
and MgO and thus enable skyrmion nucleation at RT, a dusting
layer of Ta is introduced between them. The randomly distrib-
uted Ta atoms weaken the Fe-O and Co-O bonds, reducing
the PMA of the stack.®® The increase in dipolar energy density
has been achieved by increasing the number of repetitions, n.

Hysteresis M vs. H loops were performed using a SQUID for
both IP and OOP configurations at RT and for fields between
—2and2T.

Magnetic contrast was established using the polar magneto-
optical Kerr effect (MOKE) in a commercially available Kerr mi-
croscope from Evico Magnetics. Electromagnetic coils allow
for the simultaneous application of OOP and IP fields up to 13
and 120 mT, respectively. The microscope was set up in a ther-
mally stabilized flow box, ensuring constant 292 K temperature
conditions. Data were acquired with a charge-coupled device
(CCD) camera as grayscale images. Skyrmions were nucleated
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in a constant OOP field, from =100 uT forn = 1to = 6 mT for
n = 4, by applying a saturating IP field pulse of =0.5 s duration,
in the same way as in Gruber et al.® and Zazvorka et al.*” Allim-
ages shown and discussed in the present work are taken at zero
field (both IP and OOP). Skyrmion sizes were determined from
the images by machine-learning-based detection using U-
Net®” and cross-checked by ImageJ.®®

MFM and the corresponding AFM images were recorded
using a Nanotec scanning probe microscopy system
controlled by WSxM software.® In order to minimize the influ-
ence of the tip magnetic moment on the sample, customized
ultra-low moment tips were produced. For this, a thin film
of Co (=10 nm) was deposited onto the front face of a
commercial Nanosensors PPP-FMR tip. This ultra-low coating
thickness’® ensured a proficient signal-to-noise ratio during
the measurements, carried out in amplitude modulation mode.

Numerical simulations

Micromagnetic simulations were performed using MuMax 3.”
Additionally, the simulations were conducted by treating each
magnetic layer individually, as well as by modeling the multilayer
stack as a single-layer homogeneous ferromagnet, following
the effective medium model.*® In this approach, the parameters
Ms, A, K, and D were scaled accordingly. A discretization of
Ax = Ay = 5 nm was employed. A hexagonal skyrmion lattice
was simulated, with the simulated area having lengths of I =
P in the x direction and /, = v/3P in the y direction. Periodic
boundary conditions were applied in both the x and y directions.
Technical details and further information are included in the sup-
plemental information.
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