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Controllable creation of skyrmion bags in a ferromagnetic nanodisk
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Skyrmion bags are composed of an outer skyrmion and arbitrary inner skyrmions, which have recently been
observed in bulk chiral magnets, but still remain elusive in magnetic films. Here, we propose a method of
creating skyrmion bags in a thin-film nanodisk, which includes three steps. Firstly, the size of outer skyrmion is
enlarged by a vertical magnetic field, then inner skyrmions are nucleated at an off-center area by local current
injection, and the system is finally reconstructed due to multiple interskyrmion potentials. Thus, skyrmion bags
with topological charge up to forty can be created. Simulated Lorentz transmission electron microscopy images
are given to facilitate the experimental demonstration. Our proposal is expected to inspire relevant experiments
in magnetic films, and pave the way for potential spintronic applications based on skyrmion bags.
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I. INTRODUCTION

The interdiscipline of topological textures and spintronics
has attracted considerable interest and attention [1-3] since
the first experimental observation of magnetic skyrmions [4].
Many noncollinear spin textures as variations and extensions
of skyrmions have also been predicted and observed, some of
which promise even greater advantages compared to conven-
tional skyrmions [5]. In 2019, skyrmion bags were discovered
experimentally in liquid crystals [6], and then predicted to
exist in magnetic systems [6,7]. The structure of such topo-
logical textures seems like an outer skyrmion (oSk) bagging
multiple small inner skyrmions (iSks) with opposite polar-
ity. Attributed to the arbitrary topological charge, they are
expected to extend additional degree of freedom for data
encoding in skyrmion-based racetrack memory. Therefore,
intensive studies were reported successively in terms of their
existence and stability [8], spin excitation modes [9], and
dynamical behaviors driven by spin-orbit torque [10], spin-
transfer torque [11], and anisotropy gradient [12].

Similar to conventional magnetic skyrmions, skyrmion
bags are believed to exist in both chiral magnets with bulk
Dzyaloshinskii-Moriya interaction (DMI) [13,14], and mag-
netic films with interfacial DMI. On the one hand, chiral
skyrmions are prone to form chain states [15,16] or cluster
states [17-20], so skyrmion bags in B20-type magnets have
been observed very recently [21], although they were termed
as skyrmion bundles due to morphological distortion in three-
dimensional (3D) space. On the other hand, skyrmion bags in
magnetic films have yet been confirmed in experiments. How-
ever, remarkedly, theoretical studies [8—12] were all carried
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out in two-dimensional (2D) systems, and their initial config-
urations of skyrmion bags were all set artificially. Therefore,
it is in an urgent need to explore an effective method for the
creation of skyrmion bags in magnetic films to bridge the gap
between experimental and theoretical results.

Previous works have shown that skyrmions could be gener-
ated by local current injection [22-27]. But even with similar
methods, more elaborate design is needed to create skyrmion
bags owing to their complex topology. Herein, we propose
an available method to achieve highly controllable creation of
skyrmion bags in a 2D magnetic nanodisk. The process can be
vividly summarized as three steps: first loosen the oSk, then
put in an iSk, and finally tighten the oSk. The first and second
steps are controlled by a vertical magnetic field and local
spin currents, respectively, and the third step is realized with
the assistance of the multiple skyrmion-skyrmion interactions.
Thus, skyrmion bags with arbitrary topological charge could
be created.

II. MODEL AND METHODOLOGY

In the 2D model, the topological charge number Q is a
classical parameter to describe a spin texture, defined as [28]

0 1 /m om 0m drd )
= — | — x — ) dxdy,
4 dx ay Y

where m is the unit vector of magnetization. Although
skyrmion bags can also be described by Q, here we use a
simpler notation S(Q + 1) [6,8,11,12] because there are over-
all O + 1 nested iSks. For example, as shown in Fig. 1(a),
skyrmion bags with Q = 2 have three iSks, thus labeled as
S(3). A single skyrmion with Q = —1 [29] and a skyrmio-
nium with Q =0 [30] are marked by S(0) and S(1),
respectively.
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FIG. 1. (a) Spin configuration of stable skyrmion bag S(3) with
topological charge number Q =2. It is composed of an outer
skyrmion (0Sk) and three inner skyrmions (iSks) with opposite polar-
ity. The color bar of m, is also applicable to all the spin configurations
presented below. (b) Schematic of the micromagnetic model. The
diameter of the nanodisk is 1024 nm, and the thickness is 4 nm,
including 3 nm Pt and 1 nm Co. A nanocontact with diameter ®
is positioned in the positive direction of the x axis, 128 nm from the
edge. The vertical current J is applied locally to the nucleation area,
and the vertical magnetic field H, is applied to the entire nanodisk.

1 nm Co

1024 nm

As shown in Fig. 1(b), the model used for micromagnetic
simulations is a bilayer disk of Co (1 nm)/Pt (3 nm) with
1024 nm in diameter. An off-center nanocontact with diam-
eter @ is placed along the positive direction of the x axis,
128 nm away from the edge. A similar geometry has been
reported effective to create a single skyrmion [31]. When
vertical currents inject into the nanocontact, it can act as a
skyrmion generator induced by spin Hall effect (SHE) [31] or
spin transfer torque (STT) [32]. Additionally, an external field
H. = (0,0, H,) is applied in the whole space.

The total energy of this system is given by

E= /dr{A(Vm)z + D[m,(V -m) — (m - V)m,]

1
+ Km? + woMsm H, — E:U«OMsm : Hdm}’ (2)

where A is the Heisenberg exchange constant, D is the anti-
symmetric interfacial DMI constant, K is the perpendicular
anisotropy constant, (g is the vacuum permeability, M is the
saturation magnetization, H, is the static Zeeman field applied
along the z axis, and Hgp is the demagnetizing field. To
describe the static states and dynamical behaviors of skyrmion

(a) 512 0-0-0-0-0-0-0-0-0
384
g
= 256 30 20 <10 0 10
=~ J:" |
1281 /
0 ‘ o-o-o-o-o-o-o<>~o-o-o-c»o-r)-o-l?-ﬁ"’"’""9"‘l> ‘ 1 1
30 20 -10 0 10 20 30
®) ;7 .
Quasi-uniform +1
~ i- f _1 :
; 38l : (S)l:laSI Pnl orm oo°°°§
Y yrmion o i
< -39}
-4.0 e

30 -20 -10 0 10 20 30
H, (mT)

FIG. 2. External field dependence of a single skyrmion with pos-
itive polarity on the nanodisk. (a) Variation of the skyrmion radius
rg versus the vertical magnetic field H,. The inset shows zoom-in
plot for H, < 13 mT. (b) Variation of the system energy E versus H_,
for different equilibrium states (quasiuniform magnetizations and a
single skyrmion). Vertical chain line marks the sudden change of E.

bags, we exploit the Landau-Lifshitz—Gilbert (LLG) equa-
tion with Slonczewski STT term [33]:

om om
Fre —ym x Hegr + a(m X W) + TsTTS 3)
hyPJ
TSTT = Meed [m x (m, x m)], 4)

where Heir = —(8€/6m)/(uoM;) is the effective field, with €
denoting the average energy density determined from Eq. (2).
J is the current density along the z axis, P is the degree of spin
polarization, m,, is the unit vector of the polarization direction.
h, e, and d are the reduced Planck’s constant, the elementary
electron charge, and the thickness of ferromagnetic layer,
respectively.

To solve Egs. (3) and (4), we perform micromagnetic sim-
ulations using the MuMax3 finite-difference GPU accelerated
code [34]. The ferromagnetic layer is discretized into 1024 x
1024 x 1 cubes with a side length of 1 nm, less than the mag-
netocrystalline exchange length «/A/K and the magnetostatic
exchange length /2A/(poM?) [35]. Material parameters are
derived from Co/Pt films in real experiments [36,37], which
has also been proved to be capable of hosting skyrmion bags
[8]: My =58 x 10°A/m, A=15x 107" J/m, D =3.5 x
1073 J/m?, K = 8.0 x 10° J/m?, and o = 0.3. Key inputs of
Slonczewski STT are P = 0.4 and m,, = (0, 0, 1) [32]. Exter-
nal excitations of H; and J are varied to control the skyrmion
bags. All simulations are performed at temperature 7 = 0 K
in the main text.
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FIG. 3. (a) Phase diagram of the nucleated iSk stability with respect to various nanocontact diameter @ and current intensity /. Green
represents stable situation and red represents unstable one. The star symbols correspond to the local spin configurations shown in the insets
of Fig. 3(b). (b) The system maximum torque Tory. plotted as a function of time for various /. Left inset: temporal shape of the imposed
pulse with 50 ps constant current. Right insets: snapshots of local spin configurations at 50 ps for unstable/stable iSk, with a yellow circle
marking the local twist. (c) Zoom-in picture of local spin configuration selected at 7 ps, and the schematic of force analysis. The white arrows
only indicate the direction of the forces, not the realistic ratio of amplitudes. (d) Snapshots of dynamical spin configurations at selected times
during the period of skyrmion bags tightening (H, = —10 mT) and loosening again (H, = 20 mT). (e) Time-dependent motion trajectory of
iSk during the skyrmion bags tightening. The arrow marks the direction of the motion.

III. RESULTS AND DISCUSSION

We start by determining the equilibrium states and exter-
nal field dependence of the system, which is preparation for
regulating the size of the oSk. The radius of an equilibrium
skyrmion under zero external field can be estimated by [38]

P A Kege
T /20 =-D/Dy)’

where Ko = K — MOMSZ /2 is the effective anisotropy con-
stant, and D, = 4/A X K /m is the critical DMI value.
For the present system, ry is calculated to be 13.0 nm, so
a single skyrmion with positive polarity and rg = 13.0 nm
is chosen as the initial state. The conjugate gradient method
is used to find the energy minimum within the range of
H, = 30 mT. As shown in Fig. 2(a), the simulation result
of rg under zero field is 16.5 nm, which is very close to
the theoretical value. For H, < 13 mT, the skyrmion expands
slightly with the increase of H, and almost coincides with the
infinite film solution [38]. When H, ~ 13 mT, the skyrmion
enlarges dramatically to become a circular domain with the
size comparable with the nanodisk. As H, increases further,
sk no longer grows up sharply owing to the edge confinement.
Similar results have also been discussed in Refs. [39,40]. To
find the threshold H_, we also calculate the total energy E of
skyrmion states, and two quasiuniform states with m, = 1
as references, as shown in Fig. 2(b). It can be seen that
the energy of skyrmion is only slightly higher than that of

®

quasiuniform state under negative H,; while for positive H,
skyrmion becomes metastable, and it is relatively more stable
when H, > 13 mT. The above results provide the threshold,
which means that H, that is greater than or less than 13 mT
can control the skyrmion bags loosening or tightening. In
the following, H, = 20 mT and H, = —10 mT are chosen as
typical cases to study.

Next, let us focus on the nucleation of an iSk. During this
process, H, = 20 mT is applied to keep the skyrmion bags
loosening, so that the iSk can be nucleated inside the oSk.
Herein, a vertical current is applied locally to the nanocon-
tact, which acts as a spin polarizer to provide STT effect
[32]. Note that a similar method induced by SHE is also an
equivalent candidate [31]. We first inject a constant current
with the intensity / into the nanocontact with the diameter
®. A phase diagram with respect to I and & is mapped to
describe whether a stable iSk can exist or not. As shown in
Fig. 3(a), the stable (green) region and unstable (red) region
have obvious boundary. With the increase of @, the I value
required to generate stable iSk decreases first and then in-
creases. Considering that ry under zero external field is about
13.0 nm to 16.5 nm [see Eq. (5) and Fig. 2(a)], we hereby
fix ® at an equivalent value of 30 nm for following studies.
Next, in order to give insight into the stability mechanism of
the nucleated iSk, we introduce the system maximum torque
Tormax = max(dm/dt) over all cells, and plot its variation
versus time in Fig. 3(b). Obviously, Torm.,x has two peaks
for stable situation (I = 20, 25 mA), but has only one peak
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FIG. 4. Spin configurations of S(1)-S(2) to S(15)-S(16) for the three steps of creating skyrmion bags: (a) the loosened states of skyrmion
bags under H, = 20 mT; (b) the states that an iSk is just nucleated, selected after the current pulse being applied; (c) the stable tightened states
of skyrmion bags under H, = 0 mT. (d) Zoom-in images of the stable skyrmion bags processed by computer-simulated Lorentz transmission
electron microscopy. The contrast is derived from the curl of the magnetization along the beam propagation axis (0, arcsin 20°, arccos 20°).

for unstable one (I = 10, 15 mA) even if the constant current
continues for 100 ps. The first peak represents the appear-
ance of reverse spins, while the second peak represents that
those spins overcome a local twist and arrange into a Néel-
type skyrmion. If 7 is too small to rearrange the twist, the
unstable reverse spins will annihilate at last. Snapshots of
local spin configurations at 50 ps for the two situations are
shown in the insets of Fig. 3(b), where the abovementioned
twist is marked by a yellow circle. In the following, I =
25 mA is chosen for creating iSks, which is close to the value
of 22 mA reported in Ref. [31]. To resemble an experimentally
achievable generator output, the current is applied in the form
of a picosecond pulse, as shown in the inset of Fig. 3(b). The
pulse is consisted of 10 ps each rising/falling time and 50 ps
constant current, which is enough for I = 25 mA to overcome
the local twist. Additionally, the nucleation is also influenced
by other factors, such as discretization of the simulations,
damping, finite temperature, and the shape of the current
pulse. See results and discussion about those factors in the
Supplemental Material [41].

Although an iSk is created now, it is located underneath
the nanocontact, which will cause trouble for the nucleation
of subsequent iSks. So, in this step, we aim at moving the iSk
to the central area of the nanodisk. As has been demonstrated,
the skyrmion bags will tighten when H, < 13 mT, so it is
expected that the iSk will be pushed toward the center by the
interaction potential from the oSk. To accelerate this process,
H, = —10 mT is applied, and the snapshots of dynamical
spin configurations at selected times are shown in Fig. 3(d).
When ¢t = 2 ns, the outer circular chiral domain wall of the
oSk contacts the iSk and produces slight deformation; the iSk
hereby starts moving and then almost arrives at the central
area at 12 ns. After the system is fully stabilized at 14 ns,
H, = 20 mT is applied to loosen the skyrmion bags again with

the iSk being left at the center, so that the nucleation of next
iSk will not be influenced. It is worth noting that the motion
of iSk toward the center does not follow a straight line, but a
curve shown in Fig. 3(e). Assuming that the iSk has a rigid
structure, the motion trajectory can be understood by Thiele
framework [42]

GxR—aD-R+F,(R)=0, ©6)

where G = GZ is the gyromagnetic coupling vector that re-
lates to Q defined in Eq. (1), D is the dissipative tensor, R
is the motion velocity, and R is the position (x,y) of the
nucleated Sk, defined by the cells with magnetization com-
ponent m, = —1. The first term is the Magnus force F,, the
second term is the dissipative force Fy, and the third term F,
is the force due to the confining potential. Similar confining
potential has been reported effective in regulating skyrmion
motion [43,44], which is induced by a DMI-determined twist
of the magnetization [45—47]. A zoom-in picture of the spin
configuration selected at 7 ns is shown in Fig. 3(c), with a
schematic of instantaneous force analysis. At this moment, R
is nearly along the —y direction. Because F, and Fg are always
perpendicular or antiparallel to R, they are currently along the
—x and +y direction, respectively. F}, is always perpendicular
to the tangent of oSk and iSk, which play the role of balancing
F; and Fy, and also providing the driving force for iSk motion.
The competition among the above forces jointly leads to the
curve trajectory shown in Fig. 3(e).

So far, we have presented the whole cycle of the cre-
ation of S(1). By repeating this cycle, skyrmion bags with
higher topological charge can be obtained. In Figs. 4(a)-4(c),
the three steps of the creation are shown, from S(1)-S(2)
to S(15)-S(16). Figure 4(a) shows the loosened states of
skyrmion bags under H, = 20 mT, Fig. 4(b) shows the spin

224431-4



CONTROLLABLE CREATION OF SKYRMION BAGS IN A ...

PHYSICAL REVIEW B 107, 224431 (2023)

(a) 512

384

256

ry (nm)

128[

4 6
Time (ns)

(b) 300
225

150

rsk (nm)

75

0 1 L 1
9 11
Time (ns)

FIG. 5. Dynamical variation of the oSk radius ry versus time, for S(1) to S(6), and S(16), under (a) H, = 20 mT and (b) H,

Cc) 12 Il .
( ) 0 ---4---loosen ---=---tighten N
A ) ) ;‘\E
0ol o I
k -
: £
£ 8o} N
N L L g
ol T Tl
40 L— . . L ) T P
1 2 3 4 P : -
0
(d) 384 )
- - - Analytic curve o -
¢ Simulation -~ ”
’g 256 ///
£ w%wa 00
g K : o o o
& 128 o
o o
0 ; . | I
o e

10 mT.

Dotted line represents the variation of an iSk radius as a reference. (c) Variation of parameters of static properties dys and dyq versus Q, for both
loosen and tighten skyrmion bags. The error bars give the variable ranges of corresponding parameters. (d) Variation and prediction of 7y,
versus Q. The red dot symbols represent simulation results, and the dashed line represents the analytic curve. Inset: schematic of the definitions
of dg, dgg, and rp.x. dgs is defined as the distance between two neighboring iSks; dyq is defined as the distance between an outermost iSk and
the outer circular chiral domain wall of 0SKk; 7.« is defined as the distance from the outermost iSk to the center of the nanodisk.

configurations when an iSk is just nucleated, selected after
the current pulse being applied, and Fig. 4(c) shows the stable
states of skyrmion bags. To further bring the theoretical results
closer to real experiments, we give the simulated Lorentz
transmission electron microscopy (L-TEM) images [48,49].
This approach is usually adopted for complex topological
configurations that have not been observed experimentally,
such as magnetic hopfions [50-52]. When considering the
real application of the proposed system, some amount of
capping layers is necessary to provide electric connection and
insulate surrounding to the nanocontact, which may influence
the direct imaging underneath the nanocontact. So, we only
show the partly enlarged images of the stable skyrmion bags
in Fig. 4(d). Assuming that full electron-wave processing of
the electron beam is used within the small defocus limit, the
L-TEM contrast generated by the underlying skyrmion bags
can be described by the curl of the magnetization along the
beam propagation axis Z, given by [53]

IR, A) = 1 — (Aepord /E)(V - R) x 2, )

where I is the normalized intensity, A is the degree of defocus,
and A is the electron wavelength. Here, Z is tilted to 20°
to simulate the tilt of the sample in real experiments. These
zoom-in images clearly depict the morphology of skyrmion
bags, which can be compared with skyrmions that are already
observed in Co-based thin films [53-55] and facilitate the
experimental demonstration of our simulation results.

Finally, we investigate the differences in skyrmion bags
with various topological charge, in terms of their dynamics
and static properties. In Figs. 5(a) and 5(b), the chosen ex-
ternal field H, = 20 mT and H, = —10 mT are applied for

S(1) to S(16), to study the time-dependent radius variation of
oSks. Here, third-order Runge-Kutta method is used to run
the calculation, and the results are also verified by fifth-order
solver. It can be seen that during the loosening process, rg
has a different starting value, which gradually increases over
time and eventually reaches the same maximum. On the con-
trary, during the tightening process, rg decreases from the
same starting value, and ends at a different radius. This is
because S(n) hosts more iSks than S(n — 1), which makes
the rg of S(n) larger. As a reference, radius variation of
an iSk is also shown in Fig. 5(a) by a dotted line, which
decreases very slightly with the positive field. Notably, the
fluctuation of ry at 11-14 ns is caused by the reconstruction of
skyrmion bags induced by repulsive potential between a new
iSk and original iSks. The static properties of skyrmion bags
are shown in Fig. 5(c), where the loosened and tightened states
corresponding to Figs. 4(a)-4(c) are marked by triangle and
square symbols, respectively. Two parameters, dgs and dgg are
introduced, with their definition shown schematically in the
inset of Fig. 5(d). d is defined as the distance between two
neighboring iSks, and dy is defined as the distance between
an outermost iSk and the outer circular chiral domain wall of
oSk. Overall, for loosened states, dgs fluctuates up and down
around 100 nm, while for tightened states, dys and dyg both
increase monotonically. It can be also seen that for a large
topological charge such as Q = 16, the error value of dy
becomes relatively large, but the error value of d; still remains
in a small range. This can also suggest that the tightened state
skyrmion bags are more stable than the loosened ones. In
Fig. 5(d), we give a prediction about how many iSks can be
created in total on such a nanodisk. The prediction is carried
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out by introducing rm.x, defined as the distance from the
outermost 1Sk to the center of the nanodisk, as schematically
shown in the inset of Fig. 5(d). The red dots are simulation
results for S(1) to S(16), and the analytic curve is originated
from extrema solutions suggested by Besicovitc lemma on
Euclides geometry, given as [56]

'max = dss X M’ (8)
V 2w

where dj; is taken as 100 nm according to Fig. 5(c). Obviously,
the theoretical curve is well matched with the simulation re-
sults for S(1) to S(16), so it is reasonable to believe that this
curve can predict the subsequent trend. Considering that the
distance from the nucleation area to the center is 384 nm, and
the size of iSks is around 30 nm, we conservatively estimate
that at least S(40) can be created on this nanodisk.

IV. CONCLUSION AND PROSPECT

In conclusion, we proposed a method to create magnetic
skyrmion bags with arbitrary topological charge in a 2D
nanodisk. Firstly, we studied the field dependence and equilib-
rium states to determine the threshold value of external field
for regulating the size of skyrmion bags. Then, as an example,
we showed a complete cycle of creating S(1), which includes
three steps: loosening S(0) by a positive field, nucleating
an iSk by current pulses, and tightening S(1) by a negative
field. The nucleated iSk stability was mapped by a phase
diagram with respect to current intensity and nanocontact
diameter, and the mechanism was explained by introducing
the system maximum torque. The tightened step was analyzed
by a force diagram and Thiele equation, which suggest that
the force from confining potential plays a key role in driv-
ing iSk towards the central area. Moreover, corresponding
simulated L-TEM images were presented to facilitate the ex-
perimental investigation. Finally, we compared the static and
dynamical properties of S(1) to S(16) to reveal the multiple

interskyrmion interactions when skyrmion bags are recon-
structing. Based on analytical solution, we gave a prediction
that at least S(40) could be created by the proposed approach
on this nanodisk.

The present work primarily focuses on fundamental
physics, and it acknowledges the presence of technical
challenges that need to be addressed before experimen-
tal verification. For example, the skyrmion bags might get
destabilized by the vertical field or even collapse at room
temperature due to the reduction in energy barrier. To enhance
the stability of room-temperature skyrmions, one experimen-
tal approach involves the construction of multilayers [57].
Another issue is about the realistic current required to create
the iSks. On the one hand, Supplemental Materials related
to cell discretization indicate that overcoming the local twist
becomes more challenging in smaller cells, suggesting the
possibility of higher actual threshold currents [58]. On the
other hand, the vertical current generates a swirling Oersted
field in the plane, which was not considered in this work. It
has been demonstrated that the Oersted field facilitates the
creation of skyrmions [59], implying that the actual threshold
currents may be reduced. We hope that our theoretical find-
ings will stimulate future experimental works and encourage
exploration of technological applications based on skyrmion
bags.
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