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ABSTRACT

Micromagnetic simulations are an essential tool in the theoretical study of magnetic skyrmions. When confined
into nanometric samples, these structures can serve as bits of information among other possible applications.
Accurate simulations are one of the major sources of theoretical results. In the case of confined skyrmions, it
is known that the boundaries play a critical role in their stabilization. However, most of the micromagnetic
simulations are done using a finite-difference method with quadrilateral meshes, that do not exactly fit the
boundaries. The use of this mesh can introduce a significant numerical error that can completely change
the results of the simulations. We present here two different finite-difference meshes to study skyrmions in
confined disks, taking advantage of the symmetry of that geometry. A two-dimensional cylindrical mesh for
non-symmetric scenarios but geometrically symmetric (boundary conditions) that reduces the propagation of
the numerical error, and the particular case of a one dimensional mesh for axisymmetric scenarios where the

computation time is hugely reduced.

1. Introduction

Ferromagnetic materials are at the core of a large and diverse
number of devices. Besides their description at macroscopic scales, at
the submicrometer scale, the magnetization dynamics of these materials
is usually modeled using micromagnetics. This model accounts for
the dynamics of the local magnetization function, that represents the
average of atomic interacting magnetic moments [1-4].

The micromagnetic model has been (and is currently being) used
to simulate systems ranging from nanomagnetic data storage [5-7],
spintronic logic devices [8,9], or sensors [10,11]. Devices based on
skyrmions and other skyrmionic structures are not an exception. Many
important advances in their study have been done after micromag-
netic calculations (for example, [12-15]). In the case of skyrmions
in thin films, they are usually stabilized thanks to the interfacial
Dzyaloshinskii-Moriya interaction (iDMI) appearing at the contact sur-
face with a heavy-metal substrate [16]. iDMI is added to the exchange,
the anisotropy, the dipolar interaction and, eventually, to the interac-
tion with external fields (or, in general, to other external agents). More-
over, if the skyrmion is confined, the presence of the iDMI, imposes
extra restrictions to the equilibrium magnetization distribution [17].
The use of skyrmions in confined geometries has been proposed as
elements for magnetic memories in bit patterned recording media or
for artificial neural network computation [18,19], among others.
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Within the micromagnetic model, the ferromagnet is described by
a continuous magnetization field, M(r,7) (r is the position and 7 the
time). This magnetization varies in time due to an effective magnetic
field, Hg;(r,?), which is not only produced by external sources but
also by internal interactions and, thus, depends on the magnetiza-
tion function itself. The magnetization dynamics is described by the
Landau-Lifshitz-Gilbert (LLG) equation [20],

a Jroﬂ)dd—l\:I = —yM x H; — Z/I—iMxMxHeff, D
where a is the Gilbert damping parameter, y is the gyromagnetic ratio,
and M| = M, is the saturation magnetization, which is assumed to be
independent of position and time.

We shall show that in a circular disk and starting from a cylindri-
cally symmetric equilibrium magnetization distribution, like a skyrmion,
the time dependent M(r,7) evolving according to the LLG equation
should preserve this symmetry (if the external field has also that same
symmetry). However, when solving numerically the LLG equation with
quadrilateral meshes (QM) but having rounded boundaries results in
inevitable numerical errors. These errors, usually larger at the bound-
aries, can affect the whole sample. Refining the meshes to retain the
symmetry for short enough calculation times is a valid strategy but at
the price of increasing the calculation time.
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Here we propose the use of cylindrical meshes (CM) in skyrmionic
micromagnetic simulations in two-dimensional disks in order to reduce
the numerical errors triggered by the usual use of rectangular dis-
cretizations, without compromising (even increasing) the performance
of the calculation in terms of computation time and accuracy. In the
case of skyrmions confined in disks, the boundary conditions are deter-
mined by the iDMI, which is also the interaction responsible of their
stabilization [17,18]. In that case, larger numerical errors at borders
could be critical for the validity of the simulation.

We shall proceed as follows. In Section 2, we present the general
geometry, boundaries and effective fields used in the calculations and
in the problem definition. After some general comments on the error
propagation due to quadrilateral meshes with cylindrical boundary
conditions (Section 3), we introduce (Section 4) the two-dimensional
CM for the cases where the boundaries are axisymmetric but M(r, ¢) is
not. The use of this mesh reduces the numerical error and, more im-
portantly, avoids the appearance of erroneously computed metastable
magnetic structures due to the r/4-symmetry of a QM in a circular
boundary, as we will show in Section 5. Next, in Section 6, we adapt the
study to the case of rings with a central hole, where the roundness of
the boundaries have more influence. As a particularly interesting case,
we shall also introduce, in Section 7 a variation of the CM to a one-
dimensional mesh with cylindrical symmetry for the cases where both,
M and the boundaries are axisymmetric. We finish with the conclusions
(Section 8).

2. Geometry, effective fields, and boundaries

We consider a planar ferromagnetic disk of radius R and thickness
tpy- We assume that 7, < R so that the magnetization and any
other magnetic quantity are uniform across the thickness. The problem
is thus reduced to a two-dimensional problem. The disk is located on
the xy-plane with the center at the origin of coordinates. To fix the
notation, we will use both standard Cartesian coordinates (x, y, z) and
cylindrical coordinates (p, ¢, z), with the components of the vectors in
these coordinate systems indicated by the corresponding subscript.

We consider here that the effective fields acting on the ferromagnet
are the exchange field H,, the anisotropy field Hy, the iDMI field H,,
and an externally applied field H,,,. Physically, we consider that the
ferromagnet is on top of a heavy metal that produces iDMI which not
only affects the effective field but also the boundary conditions. We also
consider uniaxial anisotropy with the easy axis perpendicular to the
disk plane (in the z-direction). Since we consider ultra-thin disks, the
demagnetization field is included into the anisotropy field by renormal-
izing the anisotropy constant [21]. This assumption is valid as long as
the sample is an ultrathin film, since in this case the z component of the
demagnetizing field is approximately proportional to the z component
of the local magnetization, justifying the renormalization. Although the
numerical treatment we present would be also valid for other sets of
effective fields that could appear considering bulk materials or non-
uniaxial anisotropies, we focus on this particular case because it is the
usual way for studying skyrmionic structures in thin films. Extensions
considering other types of effective fields would be straightforward.

Indeed, the total effective field is expressed as

Heff = HA +HK +HD +Hext =
= 2A2v2M+ 2K2M12+ 2D2
HoM; HoM oM

N

[(V-M)z—VM,] +Hg, (2)

where the terms in the second line are expressed in the same order
as in the first one. A is the exchange constant, K the effective uni-
axial anisotropy constant, D the iDM constant, and g, the vacuum
permeability.

In order to work with non-dimensional magnitudes, we normalize
the magnetization and all the fields with respect to M|, the length
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dimensions with respect to the exchange length, /., = 1/2A/uyM?2, and
the time with respect to (y M,)~!. Thus, we define

_H
hy = 57 )
M
m = R 4
t
= s 5
s 2
2K
K = _ﬂoMf’ (6)
— lexD (7)
£= ==

where f stands for ext, A, D, K, or eff. The normalized effective field
is rewritten as (note that the V operator is now also a normalized
operator, which means that the derivatives are done with respect to
normalized magnitudes)

hegr = V2m+ km 2 + & [(V-m)z — Vi, | + hey, )

and the normalized LLG equation becomes

(1+a2)i—m = —m X hy; — am x m X hegp. ©)
T

When considering a circular dot geometry (with radius R) and iDMI,
we solve Eq. (9) with boundary condition [17]

3—‘;} = %(ixi))xm, 10
where p’ = p/l., and R’ = R/I,,. For all the examples in this work we
have used the following parameters: /,, = 8.42 nm, (y M,)~! = 7.84 ps,
& = 1.85, k = 0.3, and a = 0.3, which are in the range of the common
micromagnetic parameters for skyrmionic systems [12,22]. From now,
and for the rest of the paper, although we will not explicitly write it,
all the magnitudes are considered as normalized magnitudes, including
coordinates. To simplify notation, we will skip the primes in p’ and R’.

3. General considerations on the symmetry of the solutions

Given Egs. (8), (9), and (10) in a circular dot, one sees that if
both the initial magnetization distribution and the external field are
axisymmetric, m(r,7 = 0) = m(p,7 = 0), and h_(r,7 = 0) = h (p, 7 =
0), then the initial effective field also shares the same symmetry:
hg¢¢(r, 7 = 0) = hy¢(p, 7 = 0). If both initial m and h; are axisymmetric,
it follows that mx h.; and mx (m x h.) are also axisymmetric. Hence,
according to Eq. (9), the initial variation over time of the magnetization
should also be axisymmetric: ‘Z—T(r, t=0)= ‘Z—T(p, 7 = 0). Finally, if both
the magnetization and its time derivative have radial symmetry, then
this symmetry should be conserved over time: m(r, r) = m(p, 7).

In summary, in a ferromagnetic ultra-thin dot, if we initially have
an axisymmetric magnetic structure and we apply an axisymmetric
external field, the structure can evolve in time, but it must conserve
the symmetry all the time.

However, when solving the LLG using finite differences in a QM we
shall show that, even though initially both the initial magnetization and
the applied field are axially symmetric, one could obtain structures that
do not conserve the axial symmetry. As an example, consider a ferro-
magnetic dot of radius R, with an initial magnetization distribution as
follows:

m, = sin <%’> s 11)
m, =0, 12)
m, = cos <%’> . 13)

This initial magnetization satisfies the boundary conditions, Eq. (10).

We can compute the effective fields (h,,, = 0), obtaining

2
hegt, = <%—%>sin<§—;>+gcos<%>, as)
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Fig. 1. Difference between the effective field components multiplied by 10° [(a):
radial, (b): angular, and (c): axial] when calculated numerically using a QM (square-
shaped cells of side R/100) and when evaluated with the analytical expressions of
Egs. (14)-(16).

heff,q) =0, (15)

2
heg, = 2£p sin <52p> + %cos <§p) (16)

In Fig. 1 we show the difference between the numerically calculated
effective field using a QM and the effective field analytically obtained
from Egs. (14)—(16), considering the same magnetization distributions
given in Egs. (11)-(13). It is clear that there is a slight difference
between both but the interesting part is that the symmetry of that
numerical difference is not cylindrical but it has a = /4-rotation symme-
try. That slight difference will produce, following the numerical time
integration of Eq. (9), a (numerically) non-symmetric magnetization
distribution. At each time step this numerical error propagates with the
possible appearance of magnetic structures with a rotation symmetry of
r/4 or = /2, the same symmetries than the error distribution and the QM
have.

The numerical error produced by the QM is higher at the bound-
aries, due to the fact that the boundary cannot be exactly fitted. This
error is specially relevant when iDM interaction is present since it
affects not only to the effective field but also directly to the boundary
conditions. In materials with larger ¢ (large iDM constant) we have
steeper space derivatives at the boundaries [Eq. (10)] and thus, since
the numerical error using finite differences is proportional to the spatial
derivatives, larger numerical errors with the QM mesh.

4. The cylindrical mesh, CM

In order to precisely simulate skyrmionic structures confined in dots,
we propose a new type of mesh which, without being fully axially
symmetric, takes advantage of the cylindrical symmetry.

It is important to note that, while the introduced CM is axisymmet-
ric, neither the applied field nor the magnetization distribution need to
be cylindrically symmetric.

The effective fields, expressed in standard cylindrical coordinates
(p, @, z), can be expressed as:

2
- o m, L1 1 Om, _m, N
A 92 p dp 2 pr o p? 0

*m om m *m om
+ fﬂ+l_(ﬂ__<ﬂ+i_¢_l_ﬂ ¢+
op> p dp P2 pr 0> p? 0

0? 0 0?

< mz+l mz+i mz>i’ 17)

9p? p dp | P2 0g?

1 am(p 1 dm‘, Bm(p R

hp = -—@+ - +p—+ — s 18
D 90 ] p <m,, p o 9 z (18)
hy = km,Z, (19)
h, = hexti' (20)

The proposed mesh is sketched in Fig. 2, compared with the stan-
dard QM. Note that the CM has uniform radial discretization step
but adaptative angular discretization step (depending on the radial
distance). The mesh is constructed using the following algorithm. Given
a disk of radius R:
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a) -

Fig. 2. Sketch of the proposed cylindrical mesh (right) and comparison with the
quadrilateral mesh. The main advantage is that the boundary conditions can be much
more accurately established in the cylindrical mesh for rounded geometries. However,
the magnitudes do not need to be axisymmetric since angular finite differences are
allowed within numerical precision. The small green dots are the grid points of our
system.

1. Set the number of radial crowns, N + 1.

2. Define 4p = 5 1 N This will determine the radial step. The
radial crowns where we evaluate the functions are indicated by
subscript i =0, 1,..., N. The radial positions are p; = (i + 1/2)4p.
At the extremes, p, = %Ap, and py = R.

3. The angular step, 4¢;, depends on i, which means that the num-
ber of points that form each radial crown is different. Set 4, =
’2—’, which is the maximum angle that satisfies the inequality in
the next point

4. Compute Ag;, for 0 < i < N, according to

» If 64p > p;Ap;_,, then Ap; = Ap,_;.
1
« If 64p < p;Ag,;_,, then Ag; = 240

Where we set 6§ = %, so that the error in the radial derivative is
of the same order as the error in the angular derivative. The ith
radial crown will have L; angular points uniformly distributed
along the crown: L; = 2z /Ag;.

Consider an arbitrary function evaluated at a given point, f(p, @).
Its value at the considered mesh points (pis ;) = ((i + 1/2)4p, jAp)),
fori =0,1,...,N and j = 0,1,...,L; — 1, would be fije Notice that
when i = 0, p # 0. This is done to avoid the cylindrical coordinates
indeterminacy at p = 0. To evaluate the effective fields [Eqgs. (17)-(20)]
using the presented mesh, one also needs the discrete derivatives of
the (components of) magnetization function. In Fig. 3 one can see the
stencils used for evaluating the radial derivatives. The detailed expres-
sions for these discrete radial and angular derivatives are presented in
Appendix A.

5. Comparative results between quadrilateral and cylindrical
meshes

We have performed the same micromagnetic simulation using two
different meshes: one with the QM and the other with the presented
CM. The physical process followed is the following: we set m(z = 0) = Z,
and h.,(r = 0) = 0.4. Then we let the system evolve as the external field
varies from 0.4 to —0.4 following a lineal decay with time, A, (r) =
04(1- 2%), setting T=6400, the total simulation time. We choose a
radius R =7.5 and N = 100, so that 4p = A = R/100.5, being 4 the side
of the squared cell in the QM. The time step is set to Az = 5-10~*. The
total number of cells are very similar in the QM and in the CM (about
10000 cells, more details in Section 7 and Fig. 7).

We show in Fig. 4 some results for the magnetization obtained
during a total simulation time equivalent to 50 ns, comparing the two
meshes at different times.
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Fig. 3. Sketch for the finite difference of the radial derivatives of a function using the cylindrical mesh. Blue points are where the finite difference is being evaluated, red points
are the ones used in the stencil and purple points are the ones where we apply the boundary conditions. In (a) All the possible stencils are sketched, and the relation between the
J index of different radial crowns is shown. In (b), (c), and (d) we show the different stencils we can find for 0 <i < N. In (e) we show the points used to apply the boundary

conditions.

Fig. 4. z-component of the magnetization distribution for an ultra-thin ferromagnetic
disk calculated using the cylindrical mesh (I: top-half) and the quadrilateral mesh (II:
bottom-half). In each half, each plot corresponds to the different times (a): 0 ns (b):
18.75 ns (c): 25 ns (d): 37.5 ns (e): 46.25 ns, and (f): 50 ns. The central bar is the
colorbar for the m,_ values.

As seen, using the QM we can find magnetic structures with z/2
or z/4 symmetry, while with the CM the axial symmetry is preserved,
as should be. It is worth to note that in the QM the /2 or n/4
symmetry appears from the beginning of the calculation. As time goes
by, this numerical error becomes more prominent and propagates to
the whole sample, triggering the nucleation of a magnetic structure
of z/4 symmetry. Our conclusion is that the cylindrical mesh is more
convenient since it offers coherent physical results. Moreover, the
computational complexity of the algorithm is similar for both methods
(there is approximately the same amount of cells in both methods
for the same numerical precision). Although with a finer mesh the
numerical error with the QM could be reduced, the computation time
needed to have similar numerical error than with the CM would be
excessive for a typical simulation.

When reducing the number of cells, reducing the dot size, or/and
when there is a relatively large iDMI (affecting considerably the bound-
ary conditions), the use of the presented cylindrical mesh becomes
more efficient in terms of accuracy/time.

6. Cylindrical mesh for ferromagnetic rings

Another important advantage of the CM is that it allows to simulate
dots with small circular holes, of radius R, at their center. If one
uses a QM, a cell size much smaller than R, is required, yielding
prohibitive computational time. With the CM one can simulate these
ferromagnetic rings without increasing the computational time since
the inner boundary is perfectly fitted regardless the cell size.

Since the p = 0 point is not in the sample, now the algorithm to
generate the mesh, Fig. 5, can be optimized varying slightly the general
algorithm presented for non-holed dots. Given a ring with internal and
external radii R, and R, respectively:

1. Fix the number of radial crowns, N + 1.

2. Define 4p = 2220 This will determine the radial step. The radial
crowns are indicated with subscript i. i =0, 1,..., N. The radial
position of the crowns where the magnitudes are evaluated are
p; = Ry +idp. We have p, = Ry and py = R.
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a)

Fig. 5. Sketch of the proposed cylindrical mesh (right) and comparison with the
quadrilateral mesh (left), in the case of a ring.

3. The angular step, Ap; will depend on i, which means that the
number of cells that form each crown will be different. Set
Apy = ;—’S[, being S is the minimum integer that would satisfy
the inequality %Ap > pod@y.

4. Compute Ag; for i > 0 using the following relation also with

3
6=7:
2

« If 64p > p;Ap;_;, then Ap; = Ap;_;.
« If 64p < p;Ap,_,, then Ap, = ;Ap,_,.

The ith radial crown has L; angular points: L, = 27/ Ay,

The discrete version of the radial and angular derivatives in this case
is detailed in Appendix B.

We repeat the simulation of the previous section but using a ferro-
magnetic ring with R = 6 and R, = 1. The physical process simulated
and the numerical details are exactly the same as in Section 5. The
results of the simulations are shown in Fig. 6. Again the differences
using the QM and the CM are critical. In particular, we observe that
the presence of the hole affects substantially the magnetic structure. In
this case the numerical errors in the QM appearing at the central hole
are even larger than those at the external border.

7. A particular case: radial mesh

From the previous simulations one may wonder why we have
computed the angular derivatives if we are sure that the axial symmetry
must be conserved. Actually, if the initial magnetization distribution
and the applied field are both cylindrically symmetric, angular deriva-
tives are zero. In this case, the system is actually one dimensional (only
p dependence) and we could set m = 0 in the cylindrical mesh, resulting
in only radial divisions. We call it radial mesh (RM).

2.
In this case ‘;L; =0, ’32—'; =0, and the effective fields are

’m m 0*m m PZm
h, = P L )p+ 2o+ —17], 21
A [( PYe p2)p pYS 2 9 pyS @1
19(pm,) — om, ]
h, =¢&|- pl, (22)
P [P dp ap
hy = km.2, (23)

The involved functions only depend on p. There is no angular
dependence, nor angular variations. Thus, the evaluation points would
be defined by a single radial index. We use finite differences as we did
for the CM, the exact expressions are presented in Appendix C.

For the boundaries, i = 0, N; we use the boundary condition,
Eq. (10), except for the dot at i = 0 where we use %‘:‘ o= 0, which
must be satisfied if m is axisymmetric. ~

Naturally, with this mesh we recover the results obtained in the
simulation of the previous section done with the CM, with a substan-
tially less computation time. In Fig. 7, we compare the amount of
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Fig. 6. z-component of the magnetization distribution for a magnetic disk calculated
using the cylindrical mesh (I: top-half) and the quadrilateral mesh (II: bottom-half). In
each half, each plot correspond to the different times (a): 0 ns (b): 21.25 ns (c): 25 ns
(d): 26.25 ns (e): 28.75 ns, and (f): 50 ns . The central bar is the colorbar for the m,
values.

cells that each method (QM, CM and RM) needs to simulate a given
ferromagnetic dot. To compare, we plot the total number of cells N,
as a function of the number of radial divisions N,, using 4 = 4p for
the QM. For a fixed 4p the horizontal axis is proportional to the radius
of the dot. We observe that the amount of cells is always comparable
between QM and CM while in the RM the cells used are much less,
specially as the radius of the dot increases (with 4p fixed). Actually,
for the RM N, ~ R while for the QM and the CM N, ~ RZ%. As
for the computation times, the number of operations needed for each
cylindrical is, in average, only slightly larger to those needed for a
quadrilateral cell. Actually, in all the simulations the running times for
a simulation using the CM is less that 5% larger than that for the QM,
with similar number of cells. Note that the RM and the CM do not allow
for Fast Fourier Transform algorithms (which are used sometimes to
compute demagnetizing fields) since they are not regular meshes.

8. Conclusions

We have presented some studies on magnetic skyrmionic structures,
when confined in circular dots or rings. The specially designed CM takes
advantage of the axisymmetric boundaries, even though the whole
system may not necessarily be axisymmetric. We have seen, by imple-
menting the CM in a typical skyrmionic problem in thin disks, that the
use of standard QM can yield numerical error propagation that could
invalidate the obtained results. The presented mesh drastically reduces
this error, without compromising the computational performance.

A real sample would never be perfectly circular, and one would
expect that the real magnetization distribution was not perfectly sym-
metric. Nevertheless, in simulations, if the symmetry is broken not by
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Radial divisions

Fig. 7. Number of computational cells as a function of the number of radial divisions
for the different meshes used in this work:QM (blue), CM (red), and RM (violet).

controlled notches or defects but as the result of numerical error, this
leads to misleading results. We have shown here that these errors can
be greatly avoided.
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Appendix A. Discrete derivatives for the CM mesh

In the case of a circular dot, using the CM mesh, the radial deriva-
tives, when 0 < i < N, are evaluated as (see the sketches in Fig. 3),

o
ofij N I =1 (24)
op ~ 24p
Af., Sh=2+ S
fig | Jig J T (25)
0p? (4p)?

where the value of f;; and iy depends on the number of angular
divisions of the crowns i + 1 and i — 1, respectively, according to (in
the following j/2 is the integer division of j):

» If Ap; . = Agp;, then

fi‘j} = firr g (26)
» If Ap; = Ap;_,, then

fi,_j :fi—l,j' (27)
» If 24¢,,; = Ag;, then

fi-; = fir12j (28)
« If 2Ap; = Ap;_, and j is even, (Fig. 3-b), then

fii=ficnjp (29
» If 2A¢p; = Ap;_, and j is odd, (Fig. 3-c), then

_ 1
Jij = 3Gy + ficrjaen): (30)
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When i = 0, the points f;_; ; do not exist, so we use forward finite
differences, (Fig. 3-d),

9fo,; N Saj = Joj

dp  24p GD
azfo,j fz,j—zfl,j + fo,)
ap° = (4p)? ’ 32

When i = N, the boundary condition of the system, Eq. (10),
represented by the purple stencil in (Fig. 3-e), will be used to directly
compute the different components of the magnetization, according to:

MpyNj "My N-1j _ ¢
J - Jo_ e (33)
Mo.Nj T Me.N-1j _ 0 (34)
Ap ’
m; N, —MzN-1,; I3
Ap = TN ©>)
The angular derivatives are evaluated taking into account that j is
a periodic index, which means that f;;, = f;op and f;_; = f; ;,_,. Then,
0fi,j ~ fi,j+l _fi,j—l (36)
0@ 2p;Ap;
2
0 f;j N Sije1 =27 ':fi,j—l @37
op (pi4g;)

Appendix B. Discrete derivatives for the CM mesh in rings

In the case of a ring with the CM mesh, the numerical radial
and angular derivatives for 0 < i < N are the same Egs. (31)-(32)
(Appendix A). At the boundaries (i = 0 and i = N) we use the boundary
conditions Eq. (10). For i = N we use Eq. (33)-(35) (Appendix A), for
i = 0 the magnetization is given by

Mp1j —Mpo,j
Zebd Tl _ _gmwd_, (38)
m . —m .

fﬁ.l,jAp ®,0.j =0, (39)
Mz1,j = Mz0,

z. JAp 20 _ zmﬂ,o,j' (40)

Appendix C. Discrete derivatives for the RM

Using the same notation as in the CM, the expression used for the
first and second radial derivatives are,

9fi  Jfin ~ fin (41)
dop 24p

Pfi S =2+ fin (42)
0p* (4p)?
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