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Laser-driven manipulation of magnetic skyrmions holds great promise for the development of next-
generation information memory devices due to the flexibility of optical modulation. In this study, we
theoretically present an approach for generating and manipulating stable topological spin textures using
a light-induced radially polarized magnetic field, along with the ability to easily control quasiparticles by
adjusting the intensity of the input beam. The generated topological spin textures can shrink into a stabi-
lized quasiparticle with a size significantly smaller than the light-induced radially polarized magnetic field
in few picoseconds. Through exploiting the relaxation mechanism of the spin texture at the center of the
beam, we demonstrate the creation and stabilization of quasiparticles with higher ring numbers. Further-
more, we investigate the motion of these distinct quasiparticles and discover that the nw quasiparticles
(n > 1) exhibit significantly faster velocities than a traditional skyrmion, with the 47 quasiparticle being
the fastest. Our method offers a promising avenue for constructing various topological spin textures with
multiring profiles in ultrafast and high-density data-storage devices.
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I. INTRODUCTION

To increase memory capacity, the size of individual
domains for encoding an information disk needs to be
reduced [1]. The robust vortexlike spin texture of topolog-
ical magnetic skyrmions makes them attractive as infor-
mation carriers in next-generation devices [2,3], because
of its nanoscale dimensions and long-term thermal sta-
bility. Integrating computation with data storage has led
the push toward exploring skyrmionic devices with higher
density recording and faster manipulation, such as more
than 1 Tbit/inch? and 60 m/s, respectively [1,3,4]. In terms
of ultrafast manipulation, researchers are actively explor-
ing alternative methods for controlling the magnetization
of a medium beyond traditional magnetic fields. Electrical
control of magnetization dynamics is one of those efficient
methods [5,6]. Current-driven switching of topological
magnetic textures, however, is hampered by challenges
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related to high-current-density-induced thermal instabil-
ity [2,7] and the unpredictability of the magnetization-
switching behavior due to the slow processional motion
of the core [7]. Using a laser to manipulate magnetism
is a very attractive alternative approach. Ultrafast laser
pulses have been applied to trigger ultrafast demagnetiza-
tion [8,9], magnetization reversal [10—13], and the manip-
ulation of topological properties on magnetic nanostruc-
tures [7,14—17], approaching timescales of picoseconds
or less. Some researchers have experimentally explored
ultrafast laser-induced generation and annihilation of mag-
netic skyrmions, highlighting their potential for faster and
more-energy-efficient information technology applications
[18,19]. Printing laser profiles like skyrmion multiplexes
on magnets has been theoretically proposed, thanks to opti-
cal and electron vortex beams carrying intrinsic orbital
angular momentum [20]. The difficulty lies in using the
proper wavelength in the region of extreme ultraviolet light
to generate single topological magnetic textures. There is
another feasible method without the strict limitation of
wavelength. Based on the inverse Faraday effect, a con-
trollable effective magnetic field can be generated using
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a circularly polarized optical beam [21-23]. In addition
to the noncontact and instantaneous advantages, the dis-
tribution and direction of the light field can be tailored
easily by modulating the parameters of the focal optical
beam, such as wavelength, intensity [24—28]. It is notewor-
thy that the radially polarized magnetic field (RPMF), like
a Néel-type feature, can be generated by tightly focusing
two counterpropagating cylindrical vector beams (CVBs)
[29]. Furthermore, the method for the generation of CVBs
has been studied over the years [30,31]. Thus, the RPMF
induced by the inverse Faraday effect can offer intriguing
possibilities for achieving faster and more precise creation
of Néel-type skyrmions.

The transmission of a skyrmion, particularly during
high-speed operation, faces a notable obstacle, wherein
its motion under the driving current deviates from the
direction of the current [32,33]. This phenomenon is
known as the skyrmion Hall effect (SKHE). In addition
to the risk of annihilation at the edge, the drivable length
of skyrmions is limited by the width of the nanotrack
[2]. To address this challenge, the antiferromagnetically
exchange-coupled bilayer system is theoretically proposed
to suppress the SKHE [34]. It shows that the motion shift
acting on a pair of skyrmions with opposite topological
charge is cancelled out. Another intriguing approach is
to utilize a magnetic skyrmionium, the topological charge
of which is zero (0 =0), to achieve faster velocities and
reduce deformation [35-37]. Recently, circularly polar-
ized light has been theoretically proved to manipulate the
topological charge of the skyrmion structure in a frus-
trated magnet [38]. The corresponding simulations showed
that the switching of the topological charge in the sys-
tem depended on both the pulse duration and the intensity
of the circularly polarized light. When the polarized light
with helicity is applied to the whole system, only the
skyrmions with negative topological charge are affected by

b(r) (arb. units)

the light, while those with a positive topological charge
remain unchanged. While the overall topological charge
can be set, depending on the light helicity, this process
is stochastic and does not allow for precise control of the
topological charge of a single skyrmion.

Here, we use micromagnetic simulations to study the
generation and manipulation of different topological spin
structures in ultrathin magnetic nanostructures by a RPMF,
promising high flexibility and individual control for next-
generation skyrmionic devices and applications in infor-
mation processing. By tuning the intensity of the input
beam, where the magnitude of the induced RPMF can be
changed immediately, a magnetic skyrmion, a skyrmion-
ium, and other nw states with multiring profiles can be
generated. These generated quasiparticles possess dimen-
sions reduced 8§ times in comparison to the size of the
induced RPMF after the full relaxation time. We also
explore the velocity of the generated quasiparticles when
they are driven by a current in a nanotrack. Our find-
ing reveals that, upon excitation with spin-transfer torque
(STT) or spin-orbit torque (SOT), the generated 47 -state
quasiparticle displays the highest velocity among the gen-
erated skyrmionium and skyrmion. This approach offers
prospects for high-speed and low-power-consumption
skyrmionic devices in the future.

II. THEORETICAL FRAMEWORKS

Figure 1 depicts a schematic illustration of the process
for generating skyrmions and other topological magnetic
quasiparticles by a RPMF. As shown in Fig. 1, two coun-
terpropagating CVBs, each possessing an electric field E,
and E,, are focused by a tightly focused 47 configuration
[39]. Their polarization angles are, respectively, rotated by
+45° from the purely radial polarization. Many methods
can be applied to generate these CVBs, e.g., using a fiber

FIG. 1. Creation of topologi-
cal spin textures by a RPMF.
Two CVBs with electric fields
E, and E; are tightly focused on
the sample. RPMF is induced by
the inverse Faraday effect (left
inset). Under different amplitudes
of the RPMF, four stable topolog-
ical spin textures can be created
(right inset).
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CVB laser combined with a two-half-wave-plate polariza-
tion rotator, where the fiber CVB laser can generate a CVB
with its polarization along the radial direction directly
[31], and the two-half-wave-plate polarization can rotate
its polarization direction by £45°from the purely radial
polarization [40]. A heterostructured thin film composed
of a ferromagnetic film with magneto-optical constant x
and a heavy-metal film with a strong spin-orbit coupling
is located in the confocal plane of the two lenses. Given
that the thickness of the heterostructured film is on the
nanometer scale, the focal shift and the reflection at the
interface can be disregarded [41]. According to Richards-
Wolf vector diffraction theory, the electric field in the focal
region can be obtained (see Fig. S1 within the Supple-
mental Material [42]). As shown in Fig. S1 within the
Supplemental Material [42], the radial component of the
total electronic field on the focal plane is null due to
the destructive interference of the two counterpropagat-
ing CVBs, while the other two components are nonzero
[29]. Consequently, based on the inverse Faraday effect,
a RPMF can be produced and calculated in cylindrical
coordinates, as follows [26,43]:

Brevr = pox (E x E*) = £By(r)e,, (1)

where £Bo(r) = uox (Eq,Ej—EZE:;). Here, ¢ is the vac-
uum permeability constant; E is the total electric field on
the focal plane; E"denotes the conjugate of E; E, and E.
stand for the azimuthal and longitudinal components of
the total electric field at the focus, respectively; and e,
represents the unit vector along the radial direction. The
value of By is determined by the total laser pulse flu-
ence, F, and duration, 7, of the two focused CVBs, and
Bo(r) = 2xF/ct [43,44]. The strength of By is calculated
from 0.1 to 30 T for a common laser fluence with duration
from 0.1 ps to several ps [45]. For the convenience of sub-
sequent calculations, we define By (r) = Iob(r). Here, I is
a dimensionless value determined by the amplitude and
pulse duration of the two CVBs, and b(r) corresponds to
the normalized radial distribution function of the induced
RPMF that peaks at 1 T (as shown in the left inset of
Fig. 1). In this study, Brpmr is along —e, at its peak value,
with the wavelength of the two input CVBs of 400 nm,
the magneto-optical constant x ~2 x 107® m/A, and the
pulse duration T =10 ps. The numerical aperture (NA)
of the two objective lenses is set to NA =0.95, and this
implies that the radius of the induced RPMF can be cal-
culated to be about 200 nm [26]. We would like to point
out that under other rotated angles 6 of the polarization of
the two CVBs (except 0, 7, and +/2), the total azimuthal
and longitudinal components, £, and £, on the focal plane
are changed. In this situation, the radial component is still
zero, and a RPMF can also be induced. However, its inten-
sity will become weaker, as shown in Fig. S2 within the
Supplemental Material [42]. We can find that the induced

RPMF will have the largest intensity when 8 = +mx/4. So
0 = =£m/4 is selected in the next simulation. To get a sta-
ble skyrmion or any other topological quasiparticle, it is
claimed to be better to have a size of the induced RPMF
comparable to the size of the quasiparticle in the sample
[20]. As previously demonstrated in Ref. [27], the size
scale of the induced magnetic field is determined by the
wavelength of the focused CVBs. However, the size of
a skyrmion corresponds to a local minimum of all the
magnetic interactions and is consequently dictated by the
magnetic parameters, among which the exchange coupling
between the spins and the Dzyaloshinskii-Moriya inter-
action (DMI) at the interface exert a stronger influence
[15,46].

To study the interplay between these effects, we con-
ducted simulations of a thin film of 1 nm thick and
in-plane dimensions of 1024 x 1024 nm?. The evolution
of magnetization (M) upon the laser-induced RPMF is
calculated based on the Landau-Lifshitz-Gilbert (LLG)
equation [34,35]:

aM M x Hor 4+ * (o aM @
— = X — x —).
dt Ve T, dr

Here, @ denotes the magnetic damping coefficient, M; sig-
nifies the saturation magnetization, y 4 is the gyromagnetic
ratio, and Hg represents the effective field. This effective
field is linked to the energy density, ¢, by the following
relationship:

1 de

Hyp= ——.
eff 140 aM

3)

In our study, the effective field includes the Heisenberg
exchange interaction, magnetic anisotropy, DMI, dipo-
lar field, and the light-induced RPMF contributions. The
energy density can be expressed as follows:

2 2
& = Aex [V (%)} - K, -7 Kom . H;(M)

K Ms2 2
D oM, oM, oM, oM,
FRN )V icaic SRy iciic Y /e S
M? ox ay 0x ay
— M - Brpmr. 4)

Here, A, K,, and D denote the Heisenberg exchange-
energy constant, perpendicular magnetic anisotropy, and
DMI energy constant, respectively. M,, M,, and M, are
the three components of magnetization M. The perpendic-
ular anisotropy unit vector and the demagnetization-field
vector are represented by e; and H,y(M), respectively.
The material parameters utilized in this study are listed
as follows: M;=5x 10> A/m, Aex=9.7 x 10712 J/m,
D=3.0x10"3 J/m?, and K,=0.8 x 10° J/m?, « =0.1.
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These parameters correspond to experimental observa-
tions for Co/Pt [47]. The calculated exchange length
and helical length corresponding to these parameters are,
respectively, 7.86 and 40.6 nm [48]. In comparison, our
space-discretization cell has a volume of 1 x 1 x I nm>.
The laser-pulse duration used in the simulation is 10 ps,
with uniform amplitude during the pulse. The initial mag-
netization of the film was aligned along the —z axis.
The magnetization’s evolution was calculated via the LLG
equation, utilizing the finite-element micromagnetism soft-
ware MUMAX3 [49]. Contrary to other laser studies, where
the topological structures are generated due to heat [14—
17,49], the focus of this work is the role of the RPMF.
Thus, our study does not include heat contributions to
ensure that the creation of topological structures is solely
due to the RPMF.

ITI. RESULTS AND ANALYSIS

Depending on different values of 7y, an array of mag-
netic configurations can be generated, with Fig. 2 display-
ing the magnetization states at various times for different
I values. Notably, for each / value, three images show-
case the magnetization configuration during the pulse at 2,
6, and 10 ps, while the fourth image displays the magnetic
configuration at 60 ps, i.e., 50 ps after the laser pulse’s ter-
mination. Though the magnetization states at 2 ps appear

lp=2 I

lh=6

10 ps

60 ps

FIG. 2. Magnetization states at different times for /y=2
(a)yH(e), [oy=4 (D)), o= 6 (k)H0), and Iy="7 (p)t). We define
a stable state as the state where magnetization stops evolv-
ing. Time necessary to reach each stable state depends on the
magnetic state generated itself.

similar for all /( values, the final (stable) states differ topo-
logically. We ensured that a state was stable by observing
that the dimensions of the quasiparticle no longer changed
in 10 ps. After a standard MUMAX3 relaxing procedure on
each final state [50], we confirmed that those were indeed
stable.

As shown in Fig. 2, we can find that the RPMF has the
capability to generate diverse topological magnetic struc-
tures, namely, n -state quasiparticles with =1, 2, 3, and
4, where n denotes the accumulated magnetization-rotation
value from the center of a quasiparticle to its edge along the
radial direction. For instance, a skyrmion corresponds to
a m state. Because its magnetization direction is changed
from —1 to 1 when scanning from its center to its edge
along the radial direction, the magnetization-rotation value
is 1 [2,35]. Here, for the sake of simplicity, we refer to
ni-state quasiparticles as nzr QPs. In Fig. 2, when [y=2,
4, 6, and 7, the final states are a 27 QP (also known as a
skyrmionium or doughnut [30]), m QP (skyrmion), 47 QP,
and 37 QP, respectively. The formation of more rings dur-
ing the laser pulse is a notable phenomenon observed for
higher 7, values. Remarkably, the final state has the same
topology as the state after 60 ps for each /7, value, with
the laser creating magnetic objects of size commensurate
with the beam size. After laser exposure, the magnetic tex-
ture initially stabilizes in a few hundred picoseconds and
then experiences a drastic shrinkage in size during several
nanoseconds, providing the possibility of creating even
the smallest topological spin textures using experimentally
accessible sizes of laser beams. An example of magnetic
texture stabilization between the end of the pulse and 60 ps
is shown in Fig. S3 within the Supplemental Material for
1y=4 [42]. It can be observed that the relaxation process
is nontrivial and that, even at 50 ps, the skyrmion state is
not fully homogenous, thus justifying our choice of 60 ps
in Fig. 2 for a clear observation of all the quasiparticles.
After stabilization, the strongest shrinkage is observed for
a skyrmion with an initial diameter of 262 nm and a final
diameter of 32 nm.

The dynamics during and after the pulse are dissimi-
lar, as observed in Fig. 2. The RPMF forcefully drives
the system out of equilibrium, leading to large areas of in-
plane magnetization (white contrast). Conversely, after the
pulse, the magnetization relaxes by forming domains with
orientations along +z and —z due to the contribution of
anisotropy. Hence, it is imperative to study magnetization
evolution during and after the pulse separately. At the early
stages of pulse application (2 ps), the beam center under-
goes no magnetization modification, consistent with the
induced RPMF reaching zero at its center. The topological
charge, Q, is a critical property of nr QPs, with Q equal to
0 (1) for even (odd) values of n because the magnetization
at its center is parallel (antiparallel) to that at its edge. Ulti-
mately, magnetization at the center can be reversed during
the pulse, as indicated by the change of topological charge
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observed in Fig. S4 within the Supplemental Material
[42], owing to the interactions between different magnetic
moments (DMI, Heisenberg exchange, and dipolar field).
The creation of several rings, as observed more strikingly
in Figs. 2(m) and 2(r), must be a consequence of the RPMF
itself.

To gain more insight into the mechanism of formation
of magnetic textures with our laser profile, we plotted the
evolution of each energy during the pulse for /o =10, as
shown in Fig. 3(a). Notably, both DMI and Heisenberg
exchange are included in the exchange energy plotted in
Fig. 3(a). We can find the total-energy variation mainly
follows the reduction of the Zeeman energy, indicating
that the RPMF is the primary driving force behind the
observed dynamics. To probe the distinct impact of the
RPMF, we performed a simulation employing identical
material parameters, but with sole interaction from the
RPMF. Figure S5 within the Supplemental Material [42]
shows that such a simulation also generates multiple rings
during the pulse, as in our initial simulations. As time pro-
gresses, more rings are created, indicating the key role of
the RPMF. Notably, the spatial distribution of the RPMF is
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FIG. 3. Effect of the RPMF on magnetization evolution. (a)
Time evolution of each energy term for /o= 10. (b) Value of n
corresponding to nr QP at 60 ps under different /. (c) Magnetic
field with a Gaussian profile applied on the initial magnetization
state (d). Resulting magnetic configurations after one precession
period (e) and two precession periods (f) without damping and
other interactions except for the magnetic field.

inhomogeneous, as illustrated in the left inset in Fig. 1, and
is responsible for the creation of rings. We can explain the
connection between inhomogeneous spatial distribution
and the generation of rings by considering a Gaussian dis-
tribution of magnetic field along —e,, as shown in Fig. 3(¢).
Here, the center of magnetization is fixed at x=0 of the
magnetic field, and we primarily focus on the role of the
precession term from the magnetic field, while temporar-
ily ignoring the effect of damping and other interactions,
except for the magnetic field. When there is no damping,
a magnetic field along —e, induces precession in the plane
perpendicular to —e,, as depicted in Figs. 3(e) and 3(f). The
precession period, 7, is equal to 7'=2n/By,, and an inho-
mogeneous magnetic field leads to an uneven rate of rota-
tion. With /o= 10, this period of rotation at the peak value
amounts to 3.57 ps. Starting from all magnetic moments
along —z [Fig. 3(d)], the configuration after 3.57 ps is dis-
played in Fig. 3(e). At lower magnetic field values, the
magnetic moments undergo partial rotation, creating two
rings with opposite magnetization. After another 3.57 ps,
the magnetization at the center has performed two turns,
and there are now four domains of opposite magnetization,
as shown in Fig. 3(f). After each period of rotation, the
number of domains with overall magnetization along +z
is doubled. In our actual system, the RPMF intensity plays
a crucial role in the mechanism of ring formation, which is
more evident when the RPMF intensity is high. Addition-
ally, it is worth noting that the ring configuration obtained
during the pulse may not be stable. This raises the pos-
sibility of ring annihilation after the pulse has ended. To
investigate this phenomenon, we have plotted the cumu-
lated magnetization (i.e., the value of n for an nr QP) at
60 ps as a function of 7 in Fig. 3(b). As expected from the
precession effect, the value of n generally increases with
the intensity of the pulse up to /o= 10, where it reaches
a maximum of 9. However, upon further increasing the
pulse amplitude, the value of n gradually decreases and
even drops to 1 at /o= 20.

To gain further insights, we have examined the mag-
netization state at the end of the pulse [10 ps for /(= 20,
which is shown in Fig. S6(a) within the Supplemental
Material [42]]. It can be observed that the magnetization
mainly has an in-plane component along —e, at the loca-
tion of the pulse. By removing all the interactions, except
for the RPMF for /=20, the magnetization configura-
tion is mostly oriented along —e, [see Fig. S6(b) within
the Supplemental Material [42]]. This behavior can be
attributed to the damping effect, which drives the magne-
tization towards the direction of the applied field. When
most of the magnetic moments exposed to the laser have a
strong component along —e, at the end of the pulse, they
tend to relax more coherently, since their magnetization
is more similar. Therefore, the higher the magnetic field,
the more the magnetic moments align along —e,, which
enhances the coherence of their relaxation. This explains
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the observed trend of decreasing » with increasing intensity
above ten, as depicted in Fig. 3(b).

Although more rings can be generated at higher ampli-
tude values, it appears that the highest stable value of n
for the nr QP state is limited to four. Interestingly, for n
greater than four, the magnetization ultimately relaxes to
the 47 QP after an extended time (see Fig. S7 within the
Supplemental Material [42]). Notably, the maximum stable
value of n is entirely determined by the material parame-
ters and reducing the exchange coupling to 1 x 10~!! J/m
results in a reduced highest stable value of  to 3, as shown
in Fig. S8 within the Supplemental Material [42]. Hence,
investigating skyrmions, 27, 37, and 47 QPs remain most
relevant for the chosen material parameters. To examine
the stability of these configurations, in Figs. 4(b)4(e) we
showcase the diameter of each domain wall (DW) that sep-
arates states with opposing magnetization. In Fig. 4(a), we
take the example of a 47 QP just after the end of the pulse
(60 ps) to explicitly show how we define the different DWs.
The first DW diameter always corresponds to the overall
size of the magnetic object and, in any nwr QP, the DW
with the number # corresponds to the closest DW to the

center of the QP. We define the full relaxation time as the
duration required for all the DWs to reach their final diame-
ter value. As shown in Fig. 4, the associated full relaxation
times are 5.8, 5.2, 11, and 12 ns, for the 7, 27, 37, and 47
QP, respectively. While the size of an nm QP exclusively
depends on n and the material parameters, the same can-
not be said for its full relaxation time. Indeed, the value
of I, alters the magnetic state right after the pulse, thus
affecting the relaxation dynamics and time. Therefore, the
relaxation times presented in Fig. 4 are specific to each
1y value, and they correspond to Iy in Fig. 1. The over-
all size of the quasiparticles after full relaxation, shown
in Fig. 4, is far smaller than the wavelength of the laser.
This method could be particularly attractive as an alterna-
tive way to generate skyrmions due to its wider and more
feasible selection of wavelengths.

The excited robust vortexlike spin texture might
become an information carrier in next-generation spin-
tronic devices only if it can be easily moved at lower
energy costs. To evaluate the comparative effectiveness of
various magnetic quasiparticles generated by the RPMF,
we sought to determine their respective velocities when

FIG. 4. Shrinking process of

(a)
1st DW nw QPs after the pulse. (a)
P Scheme of different numbers of
2nd DW DWs in a 47 QP. Evolution of
the distance between each domain
wall and the center for a skyrmion
3rd DW (b), 2 QP (c), 37 QP (d), and 47
QP (e).
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FIG. 5.

Current-induced motion of 47 QP. Velocity of the generated magnetic quasiparticles with current in STT (a) or SOT (b)

geometry. (¢) Schematic diagram of a racetrack memory prototype system working with 47 QP.

subjected to STTs and SOTs. STTs can be decomposed
into adiabatic and nonadiabatic components, the expres-
sions of which are provided in previous works [35,47]:

u oM
TSTT adiabatic = —— ( M X — x M, 5

M? ox
Bu oM
TSTT_nonadiabatic = _]\7 M x a_x 5 (6)

with u =y 4(hjP/2eMjy). Here, j is the current density in
A/m?, P is the unitless spin polarization, e is the electron
charge, and 8 is the nonadiabaticity factor. The direction of
electron flow is along +x. In our simulations, we used the
values P =0.4 and 8=0.2 [47]. Similarly, SOTs can be
split into adiabatic and nonadiabatic components, whose
expressions are [35,47]:

Usor
TSOT_adiabatic = M2d M x o x M), (7
:3 SOTUSOT
TSOT_nonadiabatic = W(M x o), )]

with usor=y ¢(hjoy/2eMy); d denotes the film thickness
in meters, Bsor denotes the unitless nonadiabaticity factor
associated with SOT, oy denotes the unitless current con-
version factor, and o is the current-polarization unit vector

along —y. We assumed oy =0.15 and Bsor=—2 [47].
We chose a ferromagnetic thickness of d=1x 107" m,
consistent with experimental reports [51].

By applying STT or SOT to the four types of quasiparti-
cles, we calculated their longitudinal velocities for various
current densities, as shown in Figs. 5(a) and 5(b). We
observed that, for both excitation types, the 47 QP exhibits
the fastest quasiparticle velocity, followed by the 27 QP,
the 37 QP, and finally the skyrmion. The lower velocity
of odd n values compared to their even counterparts is due
to the skyrmion Hall effect, which generates a side contri-
bution to the velocity with a resulting loss of longitudinal
velocity [35]. Odd » values have a topological charge of
O =1, while even n values have a zero topological charge,
and therefore, do not exhibit skyrmion Hall effects. The
impact of O on the motion of the quasiparticle can be
observed by comparing Videos 1 and 2, which, respec-
tively, show the motion of a skyrmion and a 27 QP when
applying STT with a current density of 5.10'! A/m?. Con-
cerning quasiparticles with a nonzero topological charge,
the dependence of the skyrmion Hall angle on the cur-
rent density is shown in Fig. S9 within the Supplemental
Material [42] for both 7 QP and 37 QP. Additionally,
Figs. 5(a) and 5(b) have more points for the skyrmion state
than for the other states, since the other states are not sta-
ble for high current densities. Moreover, it appears that, as
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Time:10.0 ns

VIDEO 1. Motion of skyrmion (w QP) when applying
STT with a current density of 5.10'' A/m? (blue line is a
reference line).

n increases, the stability of the quasiparticle with respect
to current decreases, i.e., a lower threshold value of the
current density breaks the magnetic order.

IV. DISCUSSION

As previously demonstrated, a 2 QP exhibits a greater
velocity than a skyrmion owing to its absence of topolog-
ical charge. In our current study, however, we not only
establish the existence of stable states for higher values
of n, but also reveal that even nm QPs exhibit higher
velocities for larger n values. This discovery offers an
alternative avenue for exploring material parameters that
could facilitate the stabilization of even nzr QPs. In addi-
tion to their stability, temporary nzt QPs with higher values
could also be generated in materials with lower damping.
As Fig. 3(b) illustrates, light-induced polarized magnetic
fields are promising candidates for the generation of nrw
QPs, given the large diameter of the beam and the empty
center, which allows for the creation of small concentric
rings. It is worth noting that nt QPs with n values higher
than four have been demonstrated previously, but only in

Time:10.0 ns

VIDEO 2. Motion of 2w QP when applying STT with a
current density of 5.10'" A/m? (blue line is a reference line).

materials that are shaped in a circular manner to stabilize
the nr QP [35]. In our work, the creation of the nw QP
does not depend on the material shape but is inherited from
the light-polarization geometry.

Finally, a schematic diagram of a racetrack memory
prototype system working with a 47 QP is proposed, as
depicted in Fig. 5(c). The working principle of such a race-
track can be divided into several stages. First, a 4w QP is
generated during the laser pulse that lasts until #;. Here,
only half of the tightly focused 47 configuration is shown.
Because the size of the quasiparticle created is similar to
the beam size at ¢, it is not generated on the main path of
the racetrack, but rather on a pad located on the side of the
track. As illustrated in Fig. 4, it takes 1.2 x 1078 s for the
quasiparticle to reach its equilibrium state in the absence of
external perturbation. The quasiparticle can then be trans-
ported to the main track using a STT current pulse. To save
time, STT can be applied while the quasiparticle size is
still decreasing. Our observations in Fig. S10 within the
Supplemental Material [42] demonstrate that the quasipar-
ticle retains its integrity when STT is applied with a current
density of j =1.10 x 10'" A/m? only 1 ps after #;, the end
of the laser pulse. Furthermore, the relaxation time and the
final diameter of the 47 QP are not affected by the STT.
In our geometry, we consider a pad with dimensions of
1024 x 1024 nm? and a racetrack lateral size of 200 nm.
Therefore, it takes 1.5 x 108 s for the quasiparticle to
reach the main body of the racetrack at #,. From #, to #3, the
quasiparticle behaves as it would on a standard racetrack
memory device, moving with the chosen spin torque. The
main advantage of the racetrack geometry we propose is
that it combines accessible sizes of laser beams and faster
topological quasiparticles than conventional skyrmions.
While we propose a racetrack memory based on STT, SOT
could also be used, but its operation frequency would be
more limited due to the lower maximum velocity observed
in Fig. 5(b).

V. CONCLUSION

Our study has revealed the potential of using a unique
RPMF distribution to produce topological spin textures
with varying sizes and properties. Notably, by leverag-
ing laser beams of readily accessible dimensions, we were
able to generate quasiparticles with significantly reduced
dimensions, thanks to the size-reducing mechanism that
occurred upon their formation. Through manipulation of
the RPMF amplitude or material parameters, stable states
with higher values of n, including even nm quasiparti-
cles, can be created and stabilized, thereby opening up
avenues for research into material parameters that can
support these quasiparticles. Of crucial importance is the
relaxation mechanism of the generated spin texture at the
center of the beam, given that the RPMF has a null magni-
tude at this location. Moreover, while quasiparticles can
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be displaced using STT and SOT, the 47 quasiparticle
stands out as the fastest and most-promising candidate for
integration into racetrack memories.
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