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ABSTRACT

Magnetic skyrmions are considered as promising candidates for next generation information carriers. In cubic
chiral magnets with bulk Dzyaloshinskii-Moriya interaction, skyrmions trivially extend into the third dimension
forming so-called skyrmion string. The third dimension of skyrmion strings introduces an additional degree
of freedom that can be utilized in skyrmion-based applications. An example of such application is spin-torque
oscillator based on skyrmion breathing, gyrotropic motion and skyrmion deformation mechanisms. Expanding
these mechanisms, we propose design of spin-torque oscillator based on topological charge oscillation in
confined geometry where skyrmion string breathing, gyrotropic motion and skyrmion-edge interactions are
coupled. Micromagnetic calculations were employed to demonstrate topological charge oscillation as a function
of model geometries. It is shown that only a small subset of material geometries is suitable to obtain topological
charge oscillations, indicating that precise engineering of geometry would be required to realize such a
device. Findings presented in this work contribute to a better understanding of a skyrmion string dynamical
phenomena, which offer additional route in designing spin-torque oscillators.

1. Introduction

Magnetic skyrmions are topologically-non-trivial, vortex-like mag-
netization configurations. Due to a high stability, magnetic skyrmions
are considered as candidates for the new generation of spintronic
memory and logic devices. Their promise lies in the fact that skyrmions
are characterized by topological invariant often called a topological
charge or winding number defined as
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where m = MY represents the magnetization-direction unit vec-

tor [1]. Topological protection signifies higher order of stability, since
a topologically protected object may only be annihilated by a discon-
tinuous transformation. Magnetic skyrmions are considered topological
objects since they are homotopic identity to the vector field on the unit
sphere, which differentiates them from uniform states. In practice, topo-
logical protection introduces an energy barrier that separates skyrmion
state from uniform (topologically trivial) state. In terms of topological
charge, a state with O = 0 is topologically trivial, while skyrmions
are characterized by O = +1 [1]. It was theoretically proposed that

skyrmions in materials could exist as single objects, or they could form
an ordered lattice phase [2,3]. First experimental observations of mag-
netic skyrmions were done on cubic chiral magnets MnSi and FeGe [4,
5]. Later, magnetic skyrmions were realized in multilayer thin films by
depositing magnetic thin film on a layer with high spin—orbit coupling,
inducing Dzyaloshinskii-Moriya interaction (DMI) at the interface of
two layers [6-9]. Skyrmions are, in principle, seen as 2D objects,
but in chiral bulk materials they trivially extend in third dimension
forming a skyrmion string [10]. Magnetic skyrmions are considered as
future energy efficient spintronic devices because they exhibit unique
static and rich dynamical properties [11-16] Until recently, application
possibilities were mainly assessed using two-dimensional skyrmions,
but presence of the skyrmion extension into third dimension offers ad-
ditional degree of freedom that could be utilized since skyrmion strings
could be further manipulated along their length [17-19]. While driven
by external forces like applied field, electric current or temperature
gradient, skyrmion strings can be twisted, bent, branched or annihilated
by a topological-defect mediation [20-23]. Among many targeted ap-
plications of magnetic skyrmions, significant focus has been dedicated
towards the design of skyrmion based spin-torque oscillators (STO) that
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can be utilized for future applications in neuromorphic computing as
physical artificial neurons, microwave-frequency generators and many
more [24-30]. Thus far, main mechanisms involved in the STO design
include gyrotropic motion of the skyrmion in the disc, skyrmion breath-
ing and periodic skyrmion deformation [28,30-32]. The gyrotropic
motion assumes skyrmion motion along circular or spiral trajectories
in nanodots or constrained geometries. Skyrmion breathing represents
periodic radial contraction and expansion without skyrmion motion.
Typical frequencies generated by the skyrmion gyration and breathing
are in the GHz range. Deformation modes utilize skyrmion shape
deformation as a frequency generation mechanism, which allows usage
of various device geometries. As of now, skyrmion gyration, breathing,
and deformation are promising mechanisms for frequency generation
with good tunability potential and device simplicity in spite of several
limitations being present. Mainly, frequency stability is highly depen-
dent on the presence of defects and interaction of skyrmion with the
edge of the nanostructure. Additionally, skyrmion collision with device
edges can lead to annihilation at stronger current driving, therefore
limiting frequency tunability with arbitrarily strong electrical currents.

It is noted that device shape can play an important role in skyrmion
oscillation and skyrmion stability. Therefore in this work, we utilize the
geometry of a device for the emergence of the additional oscillation
mode that is based on topological charge unwinding. In particular,
we aim to utilize skyrmion string dynamics under applied electrical
current drive due to their intrinsic features like bending and resis-
tance to annihilation upon contact with the device edge. To this end,
we explore electrical current-driven dynamics of skyrmion strings in
highly confined geometries, where skyrmion tube diameter is a small
fraction of lateral material dimensions, by means of computational
micromagnetism. Skyrmion strings were stabilized in geometries with
circular and rectangular cross-sectioned materials with a varied width
and thickness. Current driven dynamics was studied in precessional
regime with ultra-low Gilbert damping. Our results demonstrate an
existence of a window, defined by of material dimensions and applied
current densities that accommodate the presence of topological charge
oscillation, that can be utilized as a mechanism for designing skyrmion
string-based spin-torque oscillators.

2. Methods

We consider a skyrmion-hosting chiral magnetic system with bulk
DML. In particular, we focus on creating a model which accommodates
its spatial dimension as a function of the helical length, which is one of
the detrimental factors for skyrmion stability, dynamics and size. Three-
dimensional (3D) objects hosting the magnetic skyrmion strings have
been considered for distinct models differentiated by their geometric
shapes, namely a square prism and a cylinder, which from here on
will be called a nanorod and a nanowire, respectively. The widths of
nanorods (w) and diameters of nanowires (d) were set to 35, 45 and
55 nm, allowing us to analyse skyrmion string dynamics for different
ratios of skyrmion string diameter (D) and lateral dimension of the
models (d, w). Lastly, skyrmion stability and dynamics are influenced
by the material thickness, which dependence was studied by setting the
length () of nanorods and nanowires to be 25, 50, 75 and 100 nm [33].
A scheme of the modelled geometries is depicted in Fig. 1.

Total energy of the system is given as:

E = —AmVin + Di(V X i) — %ﬂOMSrﬁ H, - M, - H, @

where A, D, uy,, M, H, and H are the exchange stiffness con-
stant, Dzyaloshinskii-Moriya constant, magnetic permeability, satura-
tion magnetization, demagnetizing field and external magnetic field.
Material parameters used in the calculations correspond to the bulk
FeGe material that hosts magnetic skyrmions at the nearly-room tem-
peratures, which shows strong potential for technological applications.
Energy terms are therefore set to A = 4.75 pJ/m, D = 47:% = 0.852
mJ/m?, with 4 = 70 nm being helical length of the system and M, =
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384 kA/m while external magnetic field was 2000 G [34]. Dynamics
under applied electrical current was examined through the Landau-
Lifshitz—Gilbert equation [35] with the spin-transfer torque (STT) given
as:

Dyl Flegy = (@, Vi i x S i x (@, - V)il ©)
. . . - _ 1 SE[m] - .
where y is the gyromagnetic ratio, H,;, = —3 on 8 effective mag-

netic field, « and g are Gilbert and non-adiabatic damping parameters.
The drift velocity 7, = —[%]fe is given by the polarization P,
electron charge e and current density j, [36]. Evaluating magnetization
dynamics, Gilbert damping is set to 0.003 [37]. Non-adiabatic damping
p was set to 0.3. Calculations were performed within Ubermag package
with Mumax3 as a micromagnetic runner [38,39]. Cell discretization
was set to 1 nm while time evolution was computed for 2 ns with 200
time steps.

3. Results and discussion
3.1. Skyrmion stabilization

The skyrmion diameter is affected by the underlying magnetic
interactions, dominantly by the competition between the DMI and the
isotropic Heisenberg exchange interaction. This competition can be
related to the helical length, 1 = 4 %‘ which is in our case equal to
70 nm. Dimensionality of the investigated nanorods and nanowires are
laterally much smaller than 70 nm, resulting in a strong confinement
of the skyrmion string. Initial magnetization was set to uniformly point
in the positive z direction with a cylindrical defect (spanning along
the whole thickness of the device) with magnetization pointing in —z
direction at the centre of the geometry. Such initial magnetization was
then relaxed to obtain the magnetization configuration with minimal
energy. To confirm that the obtained magnetization configuration is
indeed a skyrmion string, the thickness-averaged topological charge
was computed according to the Eq. (4):

N
1
Q-ﬁgQi @

where the summation goes over each magnetization slice along the
length of the nanowire and nanorod, N denotes total number of slices
in the model. For the present work we considered skyrmion tube as
any configuration that satisfied O < —0.8 and m, magnetization com-
ponent, along the skyrmion tube diagonal, exhibiting the antiparallel
arrangement of magnetic moments in the centre and at the edge of the
texture.

During the skyrmion relaxation, in the cases when ¢ < 50 nm in both,
the nanorods and nanowires with w = 35 nm and d = 45 nm, we observe
a formation of the vortex state with Q < —0.5, rather than of magnetic
skyrmion string with Q ~ —1. Such behaviour occurs due to a shift of
skyrmion string phase in the magnetic phase diagram, where either a
change of magnetic-field strength or a change in the material-specific
energy terms would be required to stabilize the skyrmion string. Since
in this study, we exclusively limit our focus to the geometric aspects
of the 3D objects that may be considered in future applications, further
investigation of the magnetic phase diagram is implemented. The cross-
sections of relaxed magnetization configurations are presented in Fig.
2. It can be seen that the skyrmion-string-state stability is dominantly
determined by the nanorod and nanowire length, and that in the cases
presented in Fig. 2 the minimum length in 3D objects to stabilize
skyrmion string is 50 nm when nanowire diameter and nanorod widths
are 35 and 45 nm. The measured skyrmion string diameters for each
geometry are listed in Table 1. The discrepancy in skyrmion size
between the nanorod and nanowire occurs due to a demagnetizing
field, which is larger in the case of nanorods leading to bigger skyrmion
strings. [40,41]. Furthermore, the skyrmion string diameters are higher
in the cases of shorter nanorods and nanowires.
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Fig. 1. Schematic representation of input models. (a) Nanorod and (b) nanowire with stabilized skyrmion string along the length of the object. The legend for
the in-plane magentization directions is presented in top-down view where m, and m, are magnetization components in the x and y directions, respectively.
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Fig. 2. Relaxed skyrmion string cross-sections with corresponding topological charges. Magnetization configurations of stabilized skyrmion strings are separated
into columns where side width of nanorod and diameter of cylinder is kept constant, while along rows, length of the nanorods and nanowires is kept constant.

3.2. Current induced dynamics

After the magnetic-skyrmion strings have been stabilized, we apply
an electrical current to the modelled objects and monitor the magne-
tization components and the time evolution of the topological charge.
In the cases of a very small Gilbert damping, which is typical for bulk

cubic chiral magnets like FeGe, the dominant term in Eq. (3) is related
to precession. To increase the efficiency of the angular momentum
transfer in affecting magnetization dynamics for miniaturized devices,
three high values of the current densities are chosen: 1 x 10'1, 5 x 10!!
and 1 x 10'2 A/m? [42]. For small Gilbert damping (@ = 0.003) the
magnetization dynamics is dominated by the precession term and the
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Table 1
Measured diameters of stabilized skyrmion strings in calculated nanowires and nanorods.
Nanowires Nanorods
d =35 nm d =45 nm d = 55 nm w = 35 nm w = 45 nm w = 55 nm
t =25 nm - - 36.7 nm - - 42.8 nm
t = 50 nm 26.8 nm 30.7 nm 36.7 nm 30.1 nm 34.8 nm 40.7 nm
t=75nm 24.7 nm 30.7 nm 36.7 nm 26.8 nm 32.7 nm 38.7 nm
t = 100 nm 22.6 nm 28.6 nm 34.3 nm 26.8 nm 32.7 nm 38.7 nm

STT. Applied electrical currents are strong enough to de-pin skyrmion
string and induce gyrotropic motion within the objects. For the ob-
ject dimensions presented in this work, we observe skyrmion string
motion without deformation along its length, which can be attributed
to the confining effects of the modelled objects. As electrical current
is switched on, we observe three distinct cases of the skyrmion string
dynamics, (1) skyrmion string annihilation by at the edge of the nano-
objects, (2) breathing and gyration of skyrmion string and (3) breathing
and gyration coupled with topological charge unwinding. Due to geo-
metrical confinement, skyrmion tube driven by the electrical current
undergoes gyration, a circular motion within the cross-section of the
nano-object. This motion arises from the interplay between the Magnus
force and the confining boundaries, which prevents the skyrmion from
moving freely along a straight path. In an ideal case, gyration can be
utilized as skyrmion tube dynamic mode for frequency generation in
STT based devices. Yet, the requirement for delicate balance between
external drive and confining boundary repulsion is needed to prevent
skyrmion string from annihilation. Despite the resiliency to continuous
deformations implied by the topological character of skyrmion strings,
the collision with the object walls can result in skyrmion string an-
nihilation, provided that driving current is high enough to overcome
repulsive force between skyrmion string and nano-object walls. Such
annihilation is observed for nearly all shapes and sizes of nano-objects
when applied current density was 1 x 10'> A/m? except for 50 nm
long nanowire with 35 nm diameter where skyrmion string core gets
pinned by the wall of the nano-objects allowing formation of half-
skyrmion with approximately half-integer topological charge. For 5 x
10! A/m? current density, skyrmion strings in nanowire exhibit sig-
nificantly higher stability compared to their counterparts in nanorods.
This higher stability can be attributed to the uniformity of dipolar field
in the disc. Typically, the wall of the nano-object hosting a skyrmion
string would act repulsively on a skyrmion string, but lack of the dipolar
field uniformity in nanorods effectively reduces the repulsive force,
resulting in a lower energy barrier for the skyrmion string annihilation.
Additionally, as a skyrmion tube is driven by the current, a breathing
mode is being triggered, increasing the skyrmion string diameter which
results in skyrmion string edge colliding with the wall of the nano-
object initiating topological charge unwinding. It has to be emphasized
that a supposedly contradicting behaviour is observed for skyrmion-
strings dynamics under 1 x 10'! A/m? drive, where a string in 35 nm
wide and 50 nm long nanowire is preserved after 2 ns and a sting in
35 nm wide and 100 nm long nanowire is annihilated, while opposite
occurs when applied current density is 1x10'2 A/m?. In our calculations
electrical current was applied in the positive direction along the x-axis,
therefore current-driven skyrmion annihilation will more likely occur if
the skyrmion string is positioned next to the right edge of the nanowire,
whereas a string positioned next to the left edge of the nanowire is
more stable. This simply occurs due to the fact that the skyrmion
motion is oriented in the same direction as the applied current, with
the addition of the transverse motion due to Magnus force. On the
other hand, due to a gyrotropic motion, at the instance of the skyrmion
string-nanowire edge interaction, a skyrmion may be located on the
opposing sides of the nanowire. Furthermore, the skyrmion-string speed
is depends on the skyrmion string length, therefore, while driven by the
current, the skyrmion string in 35 nm wide and 100 nm long nanowire,
collides with nanowire wall leading to an annihilation. By applying
a lower current density, 1 x 10! A/m?, skyrmion string is preserved

both in nanowires and nanorods of all lengths and widths. In these
cases, both gyrotropic motion and skyrmion string breathing cause
local changes in magnetization that are periodic. To date, the skyrmion
based STT oscillators utilizing either breathing or gyrotropic mode of
frequency generation were already demonstrated. Among the studied
nano-objects we identify that while 1 x 10! A/m? of current density
is applied, skyrmion strings can be used as STT oscillators. Further
examining the complex interplay between gyrotropic motion, breathing
dynamics and skyrmion string interactions with nanowire edges reveals
that partial unwinding of the skyrmion string can serve as an additional
mechanism for frequency generation. This is particularly visible in a
50 nm long nanowire with 35 nm width. In Fig. 3 we present the tempo-
ral evolution of the magnetization components and topological charge
during the current-driven dynamics. The spectral analysis is performed
on the mx(t), my(t), mz(t) and Q(t) signal and corresponding harmonics
are marked. For harmonic detection, we used the prominence factor,
a topographic measure to identify relevant harmonics relative to their
background.

In the temporal evolution of measured mx, my, mz and Q, we see
that oscillation modes are coupled as the dominant changes occur at
the same moments in time, that is at 0.59 ns, 1.1 ns and 1.74 ns.
The magnetization maps and corresponding topological charge density
maps at these moments are shown in Fig. 4.

From the top panels of Fig. 4, depicting the magnetization maps, we
can clearly see that the skyrmion-string cross-section lacks a defined
radius due to the unwinding at the edges, since magnetic moments
forming the skyrmion string located at the edge of the device are not
twisting to lead towards unit topological charge.

The frequency spectra exhibit very strong fundamental oscillation
at f, = 0.503 Ghz. Other harmonics are detected as multiples of the
fundamental mode. The Table 2 contains harmonics extracted from the
data. From Table 2 we can see that the oscillation modes are coupled,
as most harmonics do not appear in single frequency spectra.

In frequency spectra of topological charge evolution, we identify a
single harmonic positioned at the f = 8.040 GHz that is not present in
any other signal; therefore, we assign it to be the mode of topological
charge oscillation due to a partial skyrmion string unwinding. In Fig. 4,
topological charge density maps, at the maxima of topological charge
is asymmetric with enhanced weight towards the edge where the
skyrmion string interacts weakly. The tail of the topological charge
density is oriented towards the edge, where unwinding of the skyrmion
string occurs. This indicates that a subsequent increase of the QO(r)
occurs due to the skyrmion-string interaction with the edge.

The pronounced amplitude variation of Q(¢) in the time domain, at
t = 1750 ps can indicate the metastable oscillatory regime in which
repeated oscillations can lead towards irreversible unwinding and an-
nihilation of the skyrmion string. To prevent this outcome, a further
stabilization mechanism may be required. For geometry as described
here, in principle, an optical-vortex beam (OVB) might be utilized to
create a stronger repulsive potential for the skyrmion string at the edge
of the device [43,44]. The main advantage of using an OVB would be
the possibility to tune the gyration radius, due to which the topological
charge increase amplitude might stay fixed upon the breathing. Yet the
applicability of the OVB would have to be investigated to appropriately
tune the OVB frequency to maintain the sustained topological charge
oscillation at constant amplitude and frequency.
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Fig. 3. (a)-(d) Temporal evolution of magnetization components and topological charge. (e)-(h) The Fourier transforms of components and topological charge.

Harmonics detected by the prominence factor are marked with red circles.
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Fig. 4. Top row panels (a), (c), (¢) show magnetization vector maps at time instances where extrema in Q(r) are observed. The bottom row panels (b), (d) and
(f) show corresponding topological charge density maps at the same time instances.

Table 2

Frequencies at which each observable exhibits peaks, expressed both in GHz

and as integer multiples of the fundamental frequency f, ~ 0.503 GHz.
Observable

Frequencies (GHz) Multiples of f;

m, 1.005, 3.518, 5.025, 7.035 2o Tfor 10f,, 14,
8.543, 11.055, 13.065, 14.573 17f, 225, 26f0, 291,
m, 0.503, 3.518, 5.025, 7.035 for Tfor 10fy, 14f,
8.543, 11.055, 13.065, 14.573 17f5, 220, 26f0, 29f,
m, 0.503, 2.010, 3.518, 6.030 for 4f0r Thor 12£,

2.010, 3.518, 6.030, 8.040 4fo, Tfo, 121y, 16£,

From this analysis, we clearly identified that our frequency spec-
tra was a result of dynamical mode mixing present in current-driven

skyrmion string dynamics as indicated by the overlapping harmonics
in Table 2, but single harmonic clearly indicates the independent mode
at 8.04 GHz. Fig. 4 shows magnetization snippets, with corresponding
topological charge densities showing where skyrmion string exhibits
partial unwinding. The complete magnetization dynamics is provided
as Supplementary video. Observed dynamics is a result of an appro-
priate parameter tuning, leading to partial and sustained oscillatory
unwinding of the skyrmion string at the edge of the nanowire.

4. Conclusion

In this work, we have performed detailed analysis of the electrical-
current-driven skyrmion string stability in a confined geometry. The
role of geometric shape and material dimensions in dynamical be-
haviour is examined in detail by correlating temporal evolution of
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the topological charge and by a visualization of the string dynam-
ics. We show that specific nano-object geometries offer better per-
formance, making them desirable for an application in spin-torque
nano-oscillators. Furthermore, based on the behaviour of a topologi-
cal charge for specific set of model parameter, we propose the idea
of using topological charge oscillation as an additional mode of the
frequency generation. Firstly, the applied current-density upper limit is
determined to be 1x10'" A/m? where steady skyrmion string breathing
and gyrotropic motion can be utilized for a frequency generation.
Our results further show that current-induced drive of skyrmion string
in confined geometry produces a non-trivial temporal evolution of
topological charge along with the breathing dynamics and gyrotropic
motion. We found that the nanowire geometry can be further uti-
lized for design of STT nano-oscillators utilizing complex interplay of
skyrmion string breathing dynamics, gyrotropic motion and interaction
with the nanowire edges.
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