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ABSTRACT Magnetic skyrmions are considered promising candidates for coding bits of information in racetrack
memory devices. Information recording in such devices is assumed to occur by creating skyrmions. This
work is devoted to finding solutions to make this process as energy-efficient as possible. One of the factors
influencing the creation of skyrmions is the geometry of the track on which recording takes place. We study
the influence of the shape and size of track boundary notches on the energy barriers of skyrmion nucleation.
We show that skyrmions generation is facilitated by the presence of irregularities at the track boundary and
the best solution is a deep narrow notch. On the other hand the skyrmion nucleation rate is smaller for smooth
boundaries and skyrmions generation can be suppressed by their interaction with the track boundary, if notch
size is smaller than the skyrmion radius. These results can be used in development of future memory devices
based on skyrmions.
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1. Introduction

Magnetic racetrack memory is a perspective device for data storage proposed in 2008 by Parkin [1]. Currently
large companies such as IBM are close to practical implementation of the devices, which requires to overcome some
technical problems [2, 3]. Initial racetrack device was supposed to use domain wall (DW) as information carrier [1], but
further research suggests that magnetic skyrmion (Sk) can be a better information carrier [3,4]. In particular, Sk has
smaller chances to pin to impurities than DW, hence energy consumption of Sk based devices is smaller [5—7], moreover
Sk velocity can even increase due to interaction with impurities [8]. Function of Sk racetrack memory device consists
of creation of Sk on the track (writing bit), moving Sk along the track (register shift), detection of Sk (reading) and
annihilation of Sk (erasing). The material that the track is made of should both provide lifetime of Sk of decades at
room temperature to be a reliable data storage, and Sk creation and annihilation should be energy efficient. Skyrmions
stable at room temperature was found in ultrathin Pt/Co/MgO nanostructures [9]. Stability of Sk in Fe monolayer on an
Ir(111) substrate was demonstrated in [10], and is theoretically predicted in [11, 12]. Creation of Sk can be achieved by
several means, among which local heating using laser irradiation [13], applying local magnetic field [14] or by injection
of current [15, 16]. The Sk generation can be facilitated by geometry of the system [17]. In particular, Sk tends to
easier appear on the impurities [7, 18-21] as a result certain impurities can be used for Sk generation provided means
to remove Sk from such an impurity, e.g. spin-polarized current can be applied. In the article we focus on creation of
Sk by employing a notch, which represents the nonmagnetic impurity located at the track boundary. In [22] we have
demonstrated that Sk generation rate due to thermal perturbations is much smaller at the boundary than inside the track.
Below we show that the Sk generation at a side of the track can be significantly improved by creating a notch. This
situation turns out to be more complicated for analysis, than the case of isolated impurity, because the interaction of Sk
occurs not only with the impurity, but also with the boundary of the track.

An efficient generator of Sk should have the following properties: it should not create Sk in waiting mode and cre-
ate Sk in robust manner under applied control. Nucleation of magnetic Sks on the track with a notch was investigated
experimentally [23-26] and theoretically [27-32]. Despite the fact that the works [23-32] studied systems with different
magnetic characteristics, geometries and external conditions, it was shown in all cases that notches may serve as a gen-
erator of skyrmions. However, these studies considered only one or several notches with fixed geometry, which is not
enough for revealing the effect of notch design on Sk nucleation. In this work we systematically investigate this question
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by making calculations of minimum energy pathes (MEPs) and energy barriers for skyrmion nucleation at notches of
various geometry.

The notches can also be used to solve another problem with positioning of Sk on the track. While Sk can be moved
by spin-polarized current [16, 33], electric current [34], or by voltage [35], small variation in the material parameters or
in local current can lead to unexpected position of Sk and failure of the read operation. The problem can be solved by
creating potentials wells, where Sk will slide to, when the spin transfer current is off. One way to create the well is to
make a set of notches on the track [30, 36,37]. Except for this purpose, at the same time, the notches can undesirably
create and destroy Sk, therefore it is important to have design of the notches that resists to these processes. This issue will
be analyzed in this work.

In this article we study skyrmion nucleation energy barrier on the notch in a magnetic track. For a fixed film pa-
rameters we study round and triangle notches for wide range of angles and radii. We show that Sk generation activation
barrier depends on small size features such as single-atom steps on the boundary shape, medium size features such as
notch curvature and on the distance from the notch to the global track boundary. Below we provide estimates for all the
contributions.

2. Simulated system

We model a track for the movement of skyrmions in the racetrack memory [3]. The system is described by the
atomistic generalized Heisenberg model with the energy

E=-JY8;-8;=Y Dy-(Six8;)—py B-S;—KY (5, (M

(4,3) (4,7) @ i
where S; is a three-dimensional vector of unit length in the direction of the magnetic moment of a spin ¢ of a two-
dimensional crystal lattice. The first term describes the Heisenberg exchange with the parameter J for the magnetic
moments of the nearest neighbors, the second term takes into account the Dzyaloshinskii-Moriya interaction (DMI) with
the vector D; lying in the plane of the track perpendicular to the vector connecting the spins ¢ and j. The third and fourth
terms correspond to the interaction with the external magnetic field and to the contribution of magnetic anisotropy with an
easy axis along the z-axis perpendicular to the track plane. The spins magnetic moment y, external field B and anisotropy
parameters K are assumed to be the same for all atoms. The summation (7, j) in (1) runs over all pairs of nearest neighbor
atoms.

We studied Neel-type skyrmions on triangular lattice with the lattice constant a = 2.7 A and parameters K =
0.49 meV, Dij| = 2.24meV, J = TmeV, u = 3up, which corresponds to the Pd/Fe bilayer on the Ir(111) substrate [12].
This system maintains skyrmions of radius 3.95a, defined as distance from skyrmion center to the ring S* = 0. All
calculations were carried out with the magnetic field value |B| = 3.75 T. Ground state for the selected parameters
is ferromagnetic homogeneous everywhere except for boundary of the track where magnetic moments are twisted due
to uncompensated DMI. For the considered parameters skyrmions are metastable states with energy 43.81 meV above
ferromagnetic state. We are considering a part of the track, with the x-axis oriented along the track, and the y-axis
oriented across it. Periodic boundary conditions are set along the track and the free boundary conditions are imposed
on the track boundary. We simulated lattice of size N; x N,, spins, with the first lattice vector coinciding with x-axis,
that is we simulate track of length N;a and width N,,b, where b = \/§a/ 2. We take the width IV, as 60 = 90 atomic
rows, which was chosen large enough to make influence of boundaries negligible for isolated Sk at the central part of the
simulated domain. N; was chosen equal to V,,. Below we fix the coordinate system in such a way that spin (4, j) has the
coordinates:

! QNZ, % :jsing—i—(l—Nw)sing.

In the article we focus on generation of skyrmions due to boundary effects. The geometry of the magnetic film is
taken into account by excluding spins belonging to the notch from the sums in (1). Due to discrete nature of the lattice,
small variations in the geometry may lead to significant change in the number of spins belonging to the film, which, as
will be shown below, affects Sk generation energy barrier. The notch is created by removing some spins from the track
near its upper boundary. We consider two types of notches. The round notch is created by removing spins belonging to a
circle:

x .. T
— =1+ j)cos - +
a 3

z? + (y — Db)* < (Ra)?,

where Ra is radius of curvature of the notch and Db is the distance from the circle center to the upper track side. We also
remove the strip connecting the track boundary and the circle, see Fig. 2:

|x] < Ra and y > —Db.

Total penetration depth of the notch is Ra + Db. Large values of D are used to separate effect of interaction with the track
boundary and with interaction with the notch.
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F1G. 1. MEPs for the nucleation of a skyrmion at round notch of various radius. The insets show
magnetic configurations along the MEPs for R = 4.45. States 1 and 5 correspond to minima, state 3
corresponds to saddle point. The color in insets indicates the value of the out-of-plane component of
the magnetic moments.

We also study triangular notch, where inner part of an angle is removed:

y—ig—CD‘ <tan% and y > —Db,
see Fig. 6. The penetration depth in this case is D. Both notches are symmetric with respect to the line x = 0.

To estimate activation barriers for skyrmion nucleation we computed MEP, that is a continuous line in the phase
space connecting initial and final state of magnetic texture such that each point of the line corresponds to the minimum of
energy in the hyperplane orthogonal to the path at the point. In practice MEP is approximated by its discretization defined
by several states of magnetization vectors (called images) computed numerically. In our computations we take 15 = 50
images along every path and employed string method for numerical optimization of MEP [38]. For all the paths the initial
state was ferromagnetic and final state corresponds to the relaxed isolated skyrmion completely separated from the track
boundary. To obtain MEP for skyrmion creation on the boundary, a reasonable initial approximation should be taken. In
out study every image of the initial path contains a single copy of the equilibrium skyrmion with the center at z = 0 and
y = —30bl, where [ is the coordinate of reaction, 0 < [ < 1. The copy of Sk in the first image is centered at (0,0) and
therefore extends beyond the track. The image is relaxed to the FM state during the MEP optimization.

3. Results

Round notch. We first studied the nucleation of skyrmions on the track with a semicircular notch centered on its
boundary, see the notch shape in the insets of Fig. 1. Calculations of minimum energy paths were carried out for various
radii of the notches, Fig. 1 shows the paths for the radii R = 1,2,4.45,10, 30. As can be seen, the energy of the saddle
point relative to the initial state without a skyrmion, that is, the barrier to nucleation, has a non-monotonic dependence on
the notch radius. The insets in Fig. 1 show the magnetic configurations along the MEP for skyrmion nucleation at a notch
radius of R = 4.45. Initial state 1 corresponds to the ground state having no skyrmions. Then the spins at the bottom of
the notch begin to rotate so that a skyrmion is formed attached to the notch (inset 2). The maximum energy along the path
corresponds to the state when the skyrmion core is fully formed and the boundaries of the skyrmion and the notch are
in contact (inset 3). After passing the transition state the SK separates from the notch and moves away from it (insets 4
and 5).



Nucleation of magnetic skyrmions at a notch 195

We carried out calculations of the MEP for radii in the range from 1 to 30 with a step of 0.05 and obtained the
dependence of the nucleation barriers on the radii of the notches, shown in Fig. 2 in blue. The energy barrier as the
function of the notch radius oscillates with the period close to the lattice constant due to the discrete nature of the crystal
lattice. The oscillations in most cases are associated with the appearance of a new series of vacancies with increasing
notch size. The correlation between the number of removing atoms in the bottom row of the notch and the jumps in the
barrier may be observed in Fig. 3a, which shows part of the dependence for the radius in Fig. 2a in the range from 13
to 14. Local maxima of the AE(R) dependence correspond to the maximum number of vacancies in the bottom row of
notch, for example nine vacancies at R = 13.85, Fig. 3b, and local minima correspond to the appearance of a new row
of vacancies with increasing radius, as for example in this case of R = 13.9 a new lower row of two atoms appeared
(Fig. 3¢).

When the radius of the notch tends to infinity, its boundary near the site of skyrmion nucleation tends to a straight
boundary. Therefore, the barrier for skyrmion formation at the notch asymptotically tends to a constant value equal to
the barrier for formation through the straight track boundary, Ey = 75.62 meV, shown by green dashed line in Fig. 2a.
Similar behavior is observed for the lower envelope, but in this case the notch boundary becomes similar to a flat boundary
with the presence of one vacancy on it. The extreme point on the left on the blue graph corresponds to the situation of
one vacancy on a straight boundary. The barrier in this case, according to our calculations, is F; = 72.67 meV, shown by
purple dashed line.

To approximate the envelopes of the dependence of the barrier on the radius for R > 16, we used functions of the
form Ey — po/R and E; — p1 /R with parameters pg and p;, assuming the notch curvature is a perturbation parameter for
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FI1G. 2. (a) Energy barrier for skyrmion nucleation at the semicircular notch and round notch with
depth D = 20 as a function of radius of notch. The vertical dotted line shows the radius value above
which the barrier for nucleation at the semicircular notch and at the deep notch differ by less than 1%.
Solid lines show approximations of envelopes of function of energy barrier for highest radii. Dashed
lines shows asymtotics for upper and lower envelopes. (b) Approximations of envelopes and their
asymtotics shown at larger interval of radius. (c) Transition state configurations for skyrmion nucleation
at the boundary round notch with radius R = 3 and R = 10, and at deep round notch with depth D = 20
and radius R = 3 and R = 10.
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FI1G. 3. (a) Energy barrier for skyrmion nucleation at the round notch and number of vacancies in the
bottom row of notch as a function of radius of notch for 13 < R < 14. Configuration of notch for
radius R = 13.85 with exclusion of 9 atoms (b) and for radius R = 13.9 with exclusion of 2 atoms in
the bottom row of the notch (c).

energy barrier of Sk creation on the flat boundary. Our fitting predicts the following interval of activation energy values
for large R:
E1—110meV-R'!<AE < Ey—79meV-R L.

The graph in Fig. 2b shows the envelopes and their asymptotic behavior over a larger range of radii. It allows to predict
the approximate range of the barrier of skyrmion nucleation for specific value of notch radius.

As the radius decreases, the distance from the partially instantiated Sk at the transition state to the straight boundary
decreases and it begins to influence the barrier. To decouple this effect from the influence of the curvature of the notch, we
calculated the dependence of the barrier on the depth of the notch for the smallest Sk radius, Fig. 4a, that is the notch in the
case is a chain of vacancies of one atom thick. We will further call a notch of this shape a needle. Fig. 4b and c show the
saddle points for skyrmion nucleation for depths of 5 and 19. Note that the configurations differ: in the first case it has the
shape of a drop, and in the second it has the shape of circle. This is because, as can be seen from Fig. 5, with an increase
in D, an intermediate minimum (inset 3) and a second maximum (inset 4) appear on the MEP, which becomes dominant.
This process is similar to the process of nucleation of Sk on impurities, which we studied earlier [7]. It also occurred in
two stages, first the creation of a skyrmion attached to the impurity, then its separation from the impurity. As it is seen in
Fig. 4a, the proximity of a flat boundary increases the barrier. This effect disappears with increasing D, and at D > 10 the
variation of the barrier is less than 2%. Thus, considering a sufficiently deep notch makes it possible to practically avoid
the influence of the boundary when studying the influence of the shape and size of the notch on the nucleation barrier.
Therefore, we further calculated the nucleation barriers at a fixed notch depth D = 20 depending on the radius, which is
shown by red in Fig. 2a. The blue dotted line in Fig. 2a shows the radius value above which the barriers of nucleation at a
deep notch and at a semicircular notch with the same radius differ by less than 1%. Fig. 2¢ shows the spin configurations
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FIG. 4. Energy barrier for skyrmion nucleation at 1-atomic chain notch as a function of notch depth
D. Transition states for skyrmion nucleation at the notches with depth D = 5 and D = 19.
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F1G. 5. MEDPs for the nucleation of a skyrmion at needle notch of various depth. The insets show
magnetic configurations along the MEP for notch depth D = 19. States 1, 3, 5 correspond to minima,
states 2 and 4 correspond to saddle points.

of saddle points for nucleation on semicircular notches with radii R =3 and 10, and on notches with depth D = 20 and
radii R = 3 and 10, and the parameters D and R are indicated. We found that the barrier for nucleation at deep notch
decreases down to the narrowest notches. Note that the drop in the barrier when new vacancies appear in the bottom row,
discussed above, is qualitatively consistent with this result, since the notch becomes also sharper in that case.

As we have seen, the proximity of the flat boundary and the narrowness of the notch have opposite effects on the
barrier of nucleation. The play of these two factors leads to the emergence of a minimum in the region of R = 4 for the
envelopes shown by dotted curves in Fig. 2a. A minimum of the energy barrier, 58.36 meV, is reached when the notch
radius is 4.45, which is approximately equal to the Sk radius. Qualitatively the same result was obtained in [27]. There,
the a skyrmion has been created on a notch by applying an electric current and it was found that skyrmions were born
when the curvature radius is comparable to the size of the skyrmion.

Our calculations showed that the smallest barrier in a system with a circular notch is 45.65 meV and is achieved for
the narrowest deep notch (smallest R for the red line in Fig. 2a), which corresponds to the needle notch shown in Fig. 4c.
To reveal the reason of this result, we plotted the contributions to the energy of the transition state as a function of the
notch radius, Fig. 6a, and density of total energy at the transition state, Fig. 6b. The smaller the notch radius, the smaller
part of the skyrmion is excluded. As can be seen from Fig. 6b, the notch is located in a region with a negative total energy
density. Therefore a narrower notch will lead to a decrease in the energy of the transition state. Fig. 6a shows that all
contributions except for DMI one increase as curvature of notch decreases. Therefore the small activation barrier for the
sharpest notch is attributed solely to DMI.

Triangular notch. Another basic situation that we studied was nucleation on a triangular shaped notch, Fig. 7b and
¢ show the spin configurations for angles of 30° and 90°. To avoid the influence of a flat boundary, we chose a notch with
a depth of D = 20, which in this case sets the height of the triangular notch. Fig. 7a shows the calculated dependence of
the nucleation barriers on the notch angle. We see that the barrier decreases monotonically with decreasing angle, and the
lowest value is achieved at zero angle, which again corresponds to the situation of the needle notch.

In both cases of triangular and round notches, Sk generation is easier for sharper notches. For all studied MEPs
transition state (TS) is very similar to the equilibrium Sk touching the tip of the notch. The energy of TS is mainly
affected by spins belonging both to the boundary of the track and to the TS. The number of the spins is determined by the
“exit length”, to which a measure of effective angle can be attributed, that is, the angle of the triangular notch at which
the same barrier value is obtained. Having the dependencies of the energy barrier on the radius of a deep circular notch
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FIG. 7. (a) Energy barrier for skyrmion nucleation at triangular notch as a function of the angle of
notch. Transition states for skyrmion nucleation at the notches with angle & = 30° (b) and o = 90° (¢).

and on the angle for a triangular notch, we mapped the angle to the radius corresponding the same energy, which gives
the effective angle as a function of the radius, Fig. 8. Due to discrete nature of the lattice, precise value of the angle is
not strictly defined, thus an interval of angles corresponds to every notch radius. For small radii the effective angle is
proportional to the radius:

Qeff ~ R.
For large radii the effective angle dependence on the notch radius is less than variation of the angle due to discreteness of
the boundary.

The obtained above results for round and triangular notches allow to estimate activation energy of Sk creation on
arbitrary shaped notch. Indeed, an arbitrary boundary can be decomposed to a number of smooth curves connected at non
zero angles. The activation barrier for every corner can be estimated by the barrier of the triangular notch having the same
angle. The smooth curves are defined by their curvature. As we have seen above, the smallest energy barrier corresponds
to the lowest radius of curvature. Hence the activation barrier for a curve can be estimated by the barrier for round notch
with the radius equals to the minimum radius of curvature of the curve. The minimal of the barriers of the curves and the
corners gives an approximation for the barrier of the corresponding notch.

4. Discussion.

We studied the nucleation of skyrmions on a semicircular notch with the center located at boundary of track, which
was previously considered in [27]. It was found that skyrmions are best produced when the notch has a radius that
matches the radius of the skyrmion, which is consistent with the results of the work [27]. The barrier depends not only
on the radius, but also on the distance to the flat boundary. If we remove the influence of the boundary, the barrier will be
determined entirely by the narrowness of the notch. However, if the notch tip is close to the boundary, the energy barrier is
larger. So, two factors contribute to the barrier: the value of the radius of the notch, and the proximity to the flat boundary.
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F1G. 8. Correspondence of the radius of a round notch with depth D = 20 to the effective angle of
triangular notch giving the same nucleation barrier.

Their sum gives the minimum of barrier, or in other words, the most effective Sk generation, that was also observed in the
article [27].

For rectangular notch the authors of [27] found that the angle of notch corner 90° is most suitable for the Sk creation,
which in contrast to our finding that the best case for creation is the sharpest angle. The reason for that disagreement
may be the following. Our calculations showed that the most energetically favorable direction of skyrmion motion during
nucleation is along the bisector of notch angle. In the work [27], the direction of movement was different due to the
action of the current and perhaps this led to the increase of current density in case of sharpest notches. The current add
energy to the system and it can thereby overcome the energy barrier for nucleation, and eventually a skyrmion will appear.
We estimated the magnitude of the barrier from which one can obtain an estimate for the minimum current required
for nucleation. However, the orientation of the angle notch relative to the direction of the current constrains possible
variations of the magnetic moments, therefore the actual magnitude of the current required for nucleation can be higher,
which is not taken into account in our approach.

In this work, we did not consider the issue of skyrmion annihilation at the notch. The barrier for annihilation can be
found as the difference between the nucleation barrier and the free skyrmion energy calculated relative to the ferromag-
netic state. The latest does not depend on the geometry of the sample. Therefore, the behavior of the dependencies of
annihilation barriers on geometry qualitatively coincides with the behavior of nucleation barriers presented in this work.
The mechanism of skyrmion annihilation on a circular notch of two different radii was considered in the work [30]. It was
found that a smaller barrier was obtained with a smaller notch radius, under condition the size of the notch exceeded the
size of the skyrmion, which qualitatively coincides with our results.

Previous studies of skyrmion nucleation on a track [20] allow us to compare the results for a track with a straight
boundary and with a notch. The barriers for nucleation inside the track and at its boundary were 85.07 meV and
75.62 meV, respectively, while the minimum barrier at the semicircular notch is 58.37 meV, and the barrier at the needle-
type notch is 45.65 meV. Thus, for this system, the use of a notch allows one to reduce the barrier of nucleation by up to
50% compared to a track with straight boundaries. Thus, using track notches to create skyrmions could make the process
of recording information in memory devices more energy efficient.

Our results allow us to make recommendation for notch design in systems where they are used for positioning Sk.
Since energy barriers increase with increasing radius or angle of the notch, for these purposes it is better to use the notch
with the largest radii or angles to avoid unwanted creation or destruction of Sk.

In this work, we showed that the Sk nucleation barrier depends both on the local characteristics at the tip of the notch
and on the sharpness (radius or angle) of the notch. Also, if the notch is shallow, the barrier will increase due to the
proximity of the straight border on either side of the notch. Our calculations provide guidance for creating skyrmions in
racetrack memory, namely to use a notch as narrow as possible and with sufficient depth to avoid the influence of flat
boundaries.
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