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ABSTRACT Magnetic skyrmions offer a pathway to ultra-dense, low-power memory, but writing them efficiently
remains a challenge. Using atomistic spin simulations and minimum energy path calculations in a PdFe/Ir(111)
film, we show that deliberately placing linear chains of four atomic vacancies cuts the skyrmion nucleation
barrier nearly in half-down to 44.7 meV at 3.75 T-compared to 85 meV in a pristine track. Linear defects
excel because they remove high-energy core regions during skyrmion creation while minimally disturbing its
outer negative energy halo during depinning. This geometry-driven effect relies only on generic energy density
profiles, making it broadly applicable to all skyrmion-hosting materials.
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1. Introduction

Magnetic skyrmions (Sks) are topological spin structures that arise in chiral magnetic materials [1,2]. Their nanometer-
scale size, high mobility, and the low current densities required for their manipulation make them promising candidates
for information carriers in future storage devices [3]. The intentional creation, destruction, and control of Sk are essential
challenges that must be addressed to facilitate their application in future spintronic technologies.

One of the factors that influences the control of Sks is their interaction with impurities that are inevitably present in
the sample. Impurity-induced pinning has been shown to affect Sk mobility [4], potentially leading to slower operation
of spintronic devices. Furthermore, pinned Sks exhibit lower stability compared to free Sks [5—-8], which may lead to a
shorter information storage lifespan.

Impurities can also serve a beneficial role in skyrmionic applications. For instance, impurities can be utilized to
create repelling and attracting rails for Sks guides [8—10]. Boundary notches can be employed to position Sks by creating
potential wells [11-13]. Experimental evidence shows that Sks nucleate more readily on impurities [14], suggesting that
artificially created impurities can act as effective nucleation centers for Sks. Additionally, the destructive effects of defects
on Sks have been proposed for use in the development of Sk deletion devices [15].

Effective use of Sks requires a thorough understanding of their interactions with defects of various types, sizes, and
geometries. Numerous studies have focused on the theoretical studies using various approaches, including atomistic
models [7-9, 16-18], micromagnetic models through the solution of the Landau-Lifshitz-Gilbert equation [19-26], rigid
models described by the Thiele equation [25-27], as well as analytical approaches [28-30].

However, Sk nucleation on impurities remains insufficiently explored. This paper will focus on investigating the
influence of the geometry and size of atomic-scale non-magnetic defects on the processes of Sk creation and depinning.
By calculating the activation barriers for Sk creation and depinning, we aim to determine the optimal defect type for
efficient Sk nucleation in future memory and computing devices.

2. Method and simulated system

A thin magnetic film is modelled within the generalized Heisenberg model, which is a standard tool for Sk simulation
with atomistic resolution. Symmetric (Heisenberg) exchange, Dzyaloshinskii-Moriya interaction (DMI), anisotropy, and
the Zeeman energy of interaction with an external field B contribute to the total energy E:

E=-J) 8;-S; =Y D;j-(Six8;)—pY B-S;—K» S7.. (1)
(i,9) (i,9) i i

The summation is taken over all pairs (4, j) of nearest neighbours atoms, and over all atoms 4 of the crystal lattice, except

for non-magnetic impurities (vacancies). Here J is the symmetric exchange parameter; D;; is the DMI vector, which
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lies in the film plane and is perpendicular to the vector connecting atomic sites ¢ and j, thus stabilizes Néel-type Sks.
K > 0 is the anisotropy constant corresponding to an easy axis along the coordinate axis z perpendicular to the film;
B is the external magnetic field, applied parallel to z-axis; and S; is a three-dimensional unit vector in the direction
of the magnetic moment at the site 7. The magnitude of the magnetic moment, u, is assumed to be the same at all
sites. Impurities are treated as vacancies without magnetic moments in the lattice. The system parameters correspond
to experimentally observed Sks in a Pd/Fe bilayer on an Ir(111) substrate: a triangular crystal lattice, uB = 0.093.J,
K =0.07J, D = |D;;| = 0.32J, and J = 7 meV [31]. The parameters correspond to an isolated free Sk with a
radius of approximate 4a = 1.08 nm, where a = 0.27 nm is the lattice constant. We apply periodic boundary conditions
along the x-axis and assume free boundaries along the y-axis, thereby simulating a track of finite width. Track length

lo = 60a and width I, = 60a sin T are the same for all simulations and are large enough to prevent Sk self interaction

and interaction with the track boundaries. Nonmagnetic impurity cluster (IC) is simulated by removing a cluster of the
spins and excluding corresponding terms from energy (1).

(Meta)stable states correspond to local minima on the multidimensional energy surface defined by equation (1) for F,
as a function of the directions of all magnetic moments S. For the given set of parameters, the ground state corresponds
to the ferromagnetic (FM) state, with a perturbation near the IC and rotating moments at the free boundary. A Sk pinned
(attached) to the IC and a free Sk form two distinct metastable states. Metastable states were computed using a constrained
nonlinear conjugate gradient method adapted for magnetic systems [32]. Activation barriers for the transition between
pinned, depinned Sks and FM phase were computed using minimum energy path (MEP), which provides the most prob-
able transition scenario [33]. The energy maximum along the MEP determines the first-order saddle point on the energy
surface (transition state). Activation barrier is computed as difference between energies of the transition state and the
initial one. MEP is approximated by its discretization defined by several states of magnetization vectors (called images)
computed numerically. In our computations we used 15 to 50 images along each path and employed the string method for
the numerical optimization of the MEP [34,35]. For all paths, the initial state was FM and final state corresponds to the
relaxed isolated Sk, completely separated from the IC.

3. Results

We investigated the processes of Sk nucleation on multiatomic nonmagnetic impurities, taking into account their
geometry and size. To this end, we calculated MEP between two states: the initial state represented a FM configuration
with the IC, while the final state corresponded to a Sk that was separated from the IC. We considered three types of IC
shapes: compact, angular, and linear. A compact IC is defined as a cluster of atoms arranged in such a way that it has the
smallest boundary for a given number of atoms. Examples of compact ICs are shown in the upper row of the right panel
in Fig. 1. A linear IC refers to a cluster of atoms aligned along a lattice vector, thus maximizing the boundary; examples
are shown in the lower row of Fig. 1. An angular IC consists of two linear ICs oriented along different lattice vectors that
originate from a single lattice site. We denote the number of atoms forming the IC as N. The resulting nucleation barriers
for the three types of ICs as a function of N are presented in the left panel of Fig. 1.

For N = 1 and 2, the ICs of different types are identical; however, starting from N > 3, the ICs differ in geometry,
which, as shown in the plot, leads to variations in the corresponding nucleation barriers. For all values of IV, linear ICs
yield the lowest barrier for Sk nucleation. It is also evident that, for all types of ICs, there exists an optimal impurity size
at which the barrier is minimized. The reasons for these two observations are discussed below.

Effect of Linear IC Size on the Nucleation Barrier. The mechanism of Sk nucleation on a linear IC is illustrated in
the lower panel of Fig. 2. As the domain wall winds around the IC, it begins to expand until a Sk core is formed. The Sk
then shifts toward one end of the IC and subsequently detaches from it. It is worth noting that for long ICs, Sk creation
occurs on one side of the impurity, while the magnetization texture on the other side remains unaffected, until very late
stages of the creation process.

The upper panel of Fig. 2 presents the MEPs for several values of N. Each path exhibits an intermediate minimum
corresponding to a Sk pinned to the IC. Thus, the nucleation process can be divided into two stages. The first stage
involves the creation of a Sk on the IC, where the initial state is a homogeneous FM configuration with an IC, and the final
state is a Sk localized at the IC (insets 1-2-3 in Fig. 2). The second stage is the depinning of the Sk from the IC, where
the initial state is a Sk localized at the IC and the final state is a free Sk (insets 3-4-5 in Fig. 2). For clarity, we will refer
to the first stage as creation, while encompassing both stages-including depinning from the IC-as nucleation.

The nucleation barrier is defined by the maximum energy along the MEP, with the energy of the FM state set to zero.
As illustrated in Fig. 2, the energy of the transition state for creation rapidly decreases with increasing NV, while the energy
for depinning increases moderately. Energy of intermediate metastable state (the pinned Sk) also decreases with increase
of N, but more slowly. For large IV, the energy of the pinned Sk approaches the energy of the transition state for the
creation process.

The obtained dependencies of the energy maxima for both stages, within the range of N up to 15, are presented in
Fig. 3a. For small IC sizes up to N = 4, the barrier for creation dominates. However, as the size increases, depinning
starts to take precedence. The maximum along the entire path determines the barrier for Sk nucleation at a specific N
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F1G. 1. (Left panel): Energy barrier for nucleation as a function of the number of atoms in the IC,
shown for three types: compact, angled, and linear. (Right panel): Dark circles indicate IC atoms for
compact (top row), angled (middle row), and linear (bottom row) configurations. Arrows represent the
magnetization orientation in the ground state.
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F1G. 2. MEPs for the nucleation of a Sk at linear IC of various sizes. The insets in the bottom show
magnetic configurations along the MEP in case N = 4. States 1, 3 and 5 correspond to minima, state
2 corresponds to saddle point of creation and state 4 to saddle point of depinning from IC. The color in
insets indicates the value of the out-of-plane component of the magnetic moments.
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FI1G. 3. Energy of saddle points for creation and depinning as a function of size of IC for line type
(a) and for compact type (b). The dominant energy is indicated by empty circles. Energy contributions
to saddle point for creation (c) and depinning (d) from linear IC as a function of N. Total energy in
(c) corresponds to the energy of saddle point for creation, shown in red in (a). Total energy in (d)
corresponds to the energy of saddle point for depinning, shown in blue in (a). Labels for Anisotropy,
Zeeman, Heisenberg and DMI energy are the same for (c) and (d).

(indicated by empty circles in Fig. 3a). The maximum determines energy barrier in Fig. 1. We are interested in identifying
the optimal value of N at which the nucleation barrier is minimized, thus Sk nucleation is fastest. Since both dependencies
are monotonic, this minimum occurs at their intersection. In our case, with discrete values of NV, the optimal size is the
smallest N at which the barrier for depinning exceeds that for creation. Thus, in our analysis, we find that Ny = 4.

To explain the contrasting behaviour of the barriers as IV increases in Fig. 3a, we examine the spin configurations
at the saddle points for both creation and depinning across three different sizes, along with the corresponding energy
density distributions (see Figs. 4 and 5). During the creation process, we observe that the impurity is situated in a region
of maximum positive energy (relatively the FM state). Introducing an IC — essentially removing atoms from this region —
results in a decrease in energy. For small N, as illustrated in Figs. 4a and b, an increase in the size of the linear IC is
accompanied by an increase in the radius of the saddle point. In this case, a larger radius of the Sk-like transition state
configuration leads to a reduction in energy, since exchange energy in a micromagnetic framework behaves as R~ for
small R [36]. It is worth noting that the presence of the IC allows the Sk to bypass the small-radius phase during creation,
since its minimum diameter is constrained by the size of the IC. Thus, two factors contribute to the sharp decrease in
creation energy at small N: the increase in the subtracted positive energy as the IC size increases and the expansion of the
saddle point radius.

At the saddle point, the energy densities associated with exchange, anisotropy, and Zeeman terms are positive, while
the DMI energy density is negative. In the outer region of Sk, the DMI contribution dominates, resulting in a negative
total energy density, whereas in the inner region, the other contributions prevail, leading to a positive total energy density.
Introducing vacancies without changing the radius of the transition state would typically reduce the total energy, as the
vacancies lie in the inner region of the Sk along the MEP. However, if the shape of the saddle point is assumed to remain
fixed, the energy should decrease monotonically with the addition of impurities. This monotonic decrease is not observed
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FIG. 4. Creation of Sk at linear IC: spin configurations of saddle point for N=2, 4 and 7 (a, b, c) and
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FI1G. 5. Depinning of Sk from linear IC: spin configurations of saddle point for N=2, 4 and 7 (a, b, ¢)
and corresponding distribution of energy per atom (d, e, f).

in Fig. 3c, which shows that the contributions from anisotropy, Zeeman, and symmetric exchange interactions actually
increase at small N. This indicates that the energy reduction due to an increasing Sk radius has a stronger effect than the
energy reduction from IC removal alone.

Inside the Sk, the energy density is positive, so removing atoms from this region reduces the energy barrier. However,
it is energetically unfavourable for the saddle-point configuration to exceed the typical size of the Sk. As a result, beyond
a certain IC size (in our case, N = 5), the IC can no longer be fully contained within the positive-energy region. At this
point, some IC atoms extend into areas of zero or even negative energy density (see Fig. 4c), diminishing the effectiveness
of energy reduction. This explains why the energy contributions in Fig. 3c exhibit a change of trend at point N=5. From
the energy density distribution shown in Figs. 4d, e, and f, it is evident that in the negative energy regions, the energy
density is relatively low and decreases gradually. This behaviour explains why the energy for creation begins to change
only slightly for N > 5 (as depicted in Fig. 3a).

The depinning process involves the transition from a Sk localized at an IC to a free Sk. The saddle-point configura-
tions associated with this process (see Fig. 5, upper panel) can be qualitatively understood as follows. The energy density
distribution (Fig. 5, lower panel), shows that the maximum of positive energy in the inner region of the Sk decreases with
radial distance r from the center, becomes negative, and reaches a minimum at a finite distance R;. Beyond r > Ry, the
negative energy density decreases in magnitude with further increase in r. As the Sk detaches from the IC, it traverses
this region of negative energy. Introducing an IC into this region effectively removes contributions with negative energy,
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F1G. 6. Distribution of energy per atom in transition state for creation and depinning of Sk from
compact IC (a) and (c) and linear IC (b) and (d).

thus increasing the total energy. Consequently, the maximum energy along the depinning path occurs when the IC coin-
cides with the region of minimum energy density. Since we are interested in the minimum energy path, the path must be
arranged to minimize this maximum energy. The total energy also depends on the orientation of the linear IC relative to
the Sk’s radial direction. Because the negative energy density diminishes for > R;, the lowest-energy configuration is
achieved when the IC is aligned radially with respect to the Sk.

Adding atoms to the IC corresponds to removing additional atoms from the negative energy region, progressively
further from the Sk center (see Fig. 5d, e, f). As shown, the energy density in the negative region is relatively low
compared to that in the central part and also decreases with increasing distance from the center. This behavior accounts
for the minimal change in the depinning barrier as IV increases, as shown in Fig. 3a. It is worth noting that the variation
in the depinning barrier with N is primarily driven by changes in the DMI energy contribution, as illustrated in Fig. 3d,
which plots the energy components at the depinning saddle point as a function of N.

Effect of IC Geometry on Nucleation Barrier. In the previous section, we analyzed the influence of linear IC size on
Sk nucleation. Another key factor is the geometry of the IC maximizing Sk nucleation rate. As mentioned earlier, for all
values of NV, linear ICs yield lower nucleation barriers compared to angular and compact ICs geometries. To understand
the origin of this trend, we examine nucleation on compact IC more closely. During the Sk creation process, a compact
IC - like a linear one — is located in a region of maximum energy. However, the radius of the saddle point associated with
a compact IC is smaller (see Fig. 6a, b), leading to a higher creation barrier compared to that of a linear IC for N values
up to 6 (as shown by the red curves in Fig. 3).

As previously noted, for N > 6, the linear IC no longer fits entirely within the Sk and begins to overlap with regions
of negative energy, whereas the compact IC remains fully confined to the positive energy region. In this regime, the
compact IC exhibits a lower creation barrier than the linear one (see N = 7 and 8 in Fig. 3a and b).

Regarding the depinning process, a linear IC consistently yields a lower energy barrier than a compact IC for all
values of N (see Fig. 3a and b). This can be attributed to the fact that a compact IC, situated in the region of minimum
negative energy, will inevitably removes atoms with a higher magnitude of negative energy (Fig. 6¢), whereas a linear IC
extends along the gradient where the negative energy density gradually decreases (Fig. 6d).

The crossover point between the creation and depinning barriers for a compact IC occurs at N = 4. For smaller
N, the creation barrier dominates and is higher for compact ICs than for linear ones. For N > 4, the depinning barrier
becomes dominant and remains higher for compact ICs as well. As a result, the nucleation barrier for a compact IC
exceeds that for a linear IC across all values of NV, as shown in Fig. 1.

It is worth noting that the depinning energy varies non-monotonically with N for compact ICs (Fig. 3b). This
nonmonotonic behavior arises because adding impurities can create sharp angles that contribute to a reduction in the
depinning barrier.

It is also important to note that the creation process for compact ICs effectively “disappears” when the size reaches
N = 9 (see Fig. 3b). As demonstrated in the work by Potkina et al. [7], as the size of the compact IC increases, the barrier
for the collapse of the Sk localized on it decreases, ultimately reaching zero at NV = 9. Consequently, the metastable state
associated with the Sk localized on the IC vanishes, leading to a transition from a two-stage nucleation process to a single
process in which a Sk is created while simultaneously detaching from the IC.

In addition to the types of ICs discussed, intermediate variants are also possible, such as an angular IC. This type
differs from a linear IC by having a break at one point, resulting in a more compact shape, which leads to intermediate
values of nucleation energies, as shown in Fig. 1. As can be observed, the difference between the energies associated with
an angular IC and those of a linear IC is not high. Therefore, minor imperfections in the fabrication of a linear IC do not
significantly compromise the effect of reducing the nucleation energy.

4. Discussion

Based on the calculated energies of the transition states, we have identified a trend indicating that elongated ICs
are more favorable for Sk nucleation compared to compact ones. We have provided a qualitative explanation for this
observed effect, independent of the specific parameters of Hamiltonian (1) and the type of lattice used. This supports the
universality of our findings.
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In addition to geometry, the size of the linear IC also influences the nucleation energy. An increase in the IC size
reduces the barrier for creation, but simultaneously raises the barrier for depinning. Therefore, the optimal size is deter-
mined by balancing the energies of the transition states for creation and depinning. Since these energies generally depend
on the parameters of the system, the optimal IC size will also vary accordingly. It is important to note that for certain
system parameters, there may be no crossover between the energies of creation and depinning, or nucleation may occur
in a single stage without an intermediate minimum corresponding to a Sk localized on the IC. These scenarios warrant
further investigation.

The superiority of the linear defect geometry is further supported by our earlier findings on nucleation at boundary
defects [37]. We discovered that among all possible notch geometries, the most favorable configuration for nucleation is
a needle-shaped notch with sufficient depth. However, this option is still less effective than a linear IC. For instance, in
the studied PdFe/Ir(111) system at a magnetic field of B = 3.75 T, the nucleation barrier for a needle-shaped notch is
45.65 meV, whereas for a linear IC consisting of 4 atoms, it is 44.74 meV, resulting in an energy gain of approximately
2%. This difference arises from the additional exclusion of atoms from the region of negative energy density in the case
of the notch, which adversely affects the energy required for depinning.

It is interesting to compare nucleation on ICs with other types of Sk nucleation on a track that we have previously
investigated [6]. The barriers for Sk nucleation within the track and at its boundary were found to be 85.07 meV and
75.62 meV, respectively. In contrast, a linear IC of optimal size, as well as a needle-shaped notch, can reduce the
nucleation barriers by nearly half in the PdFe/Ir(111) system under consideration at a magnetic field of B = 3.75 T.

The energies of the saddle points for creation and depinning are measured from a homogeneous FM state with an IC
that does not contain a Sk. To investigate the reverse process — the annihilation of a Sk on ICs — the obtained energies of
the transition states should be referenced from the energy of a free Sk, which is independent of the shape and geometry of
the IC. Consequently, the behavior of the transition state energies for pinning and collapse qualitatively aligns with those
reported for creation and depinning. This indicates that, for erasing information, it is also most advantageous to utilize a
linear IC of optimal size.

In experimental studies [38—41], notches at boundaries have been employed to create Sks. Our findings suggest that
boundary notches of any geometry are less energy-efficient for Sk creation compared to a linear defect. It is also worth
noting that the minimum possible nucleation barrier is determined by the difference in the energy of the final free Sk and
the energy of the initial ferromagnetic state. A linear cluster of optimal size yields a barrier only slightly higher than
this value (44.74 meV versus 43.9 meV). We hope that these results will encourage further experimental research into Sk
nucleation at defects.

In summary, we have demonstrated that a linear defect of optimal size minimizes the energy required for Sk nucle-
ation, which could be advantageous in the design of Sk-based magnetic memory and computing devices.
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