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Abstract

®

CrossMark

Magnetic skyrmions formed at temperatures around room temperature in square-based
parallelepiped magnetic FePt nanoparticles with perpendicular magnetocrystalline anisotropy
(MCA) were studied during the magnetization reversal process using micromagnetic
simulations. Finite differences method were used for the solution of the
Landau-Lifshitz—Gilbert equation. Magnetic configurations exhibiting Néel skyrmionic
formations were detected. The magnetic skyrmions can be created in different systems by the
variation of external field, side length and width of the squared-based parallelepiped magnetic
nanoparticles. Micromagnetic configurations revealed a variety of states which include
skyrmionic textures with one distinct skyrmion formed and stabilized for a range of external
fields around room-temperature. The size of the nucleated Néel skyrmion is calculated as a
function of the external field, temperature, MCA and nanoparticle’s geometrical characteristic
lengths which can be adjusted to produce skyrmions on demand having diameters down to

12 nm. The micromagnetic simulations revealed that stable skyrmions in the temperature range
of 270-330K can be created for FePt magnetic nanoparticle systems lacking of chiral

interactions such as Dzyaloshinskii-Moriya.

Supplementary material for this article is available online
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1. Introduction

Magnetic skyrmions are considered by many researchers as

dynamic candidates for next generation high density effi-

cient information encoding providing enhanced capabilities

* Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6463/23/085002+13$33.00 Printed in the UK

in magnetic writing and storage [1-5]. Their small size and
the low current density required for their manipulation and
control [6] pave the way for potential engineering applica-
tions. Over the last decade magnetic skyrmions have been
under intense theoretical, computational and experimental
investigation [7-16]. It is of significant importance to under-
stand how the confined nature of geometry can affect skyrmion
creation-stabilization [17-19] and consequently the size and
energetics of the skyrmionic states.

Recently, Fert et al [20] combined concomitant magnetic
force microscopy and Hall resistivity measurements to demon-
strate the electrical detection of sub-100nm skyrmions in

© 2023 The Author(s). Published by IOP Publishing Ltd
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a multilayered thin film at room-temperature. Additionally,
Legrand et al [21] showed that room temperature antiferro-
magnetic skyrmions can be stabilized in synthetic antiferro-
magnets (SAFs), in which perpendicular magnetic anisotropy,
antiferromagnetic coupling and chiral order can be adjusted
concurrently. In up to date reports room-temperature magnetic
skyrmions in ultrathin magnetic multilayer structures of Co/Pd
[22], Pt/Co/MgO [23] and Co/Ni [24] were reported. Brandao
et al [25] reported on the evidence of skyrmions in unpatterned
symmetric Pd/Co/Pd multilayers at room temperature without
prior application of neither electric current nor magnetic field.
Husain et al [26] observed stable skyrmions in unpatterned
Ta/Co, FeAl(CFA)/MgO thin film heterostructures at room
temperature in remnant state employing magnetic force micro-
scopy showing that these skyrmions consisting of ultrathin
ferromagnetic CFA Heusler alloy result from strong inter-
facial Dzyaloshinskii-Moriya interaction (i-DMI). Ma et al
[27] employed atomistic stochastic Landau-Lifshitz—Gilbert
(LLG) simulations to investigate skyrmions in amorphous fer-
rimagnetic GdCo revealing that a significant reduction in DMI
below that of Pt is sufficient to stabilize ultrasmall skyrmions
even in films as thick as 15 nm.

In the present simulation work, the formation of mag-
netic skyrmions around room-temperature in the external field
range used for the magnetization reversal in a single FePt
nanoparticle having parallelepiped geometry of square base
is studied. The current research effort was inspired—initiated
by the variety of skyrmionic magnetic textures detected in
FePt triangular and Reuleaux prismatic nanoparticles encap-
sulating multiple skyrmions at 0K using Finite Elements
micromagnetics simulations [28-30]. It was shown that for
magnetocrystalline anisotropy (MCA) values between Ku =
200-500kJ m—3 three distinct skyrmions are formed and per-
sist for a range of external fields along with rich magnetic
structures in the bulk of the FePt nanoparticle similar to those
observed in DMI stabilized systems [31]. Néel type skyrmi-
onic textures were detected on the Reuleaux geometry’s bases
coexisting with Bloch-type textures in the bulk of the FePt
nanoelement. It was also shown that the size of skyrmions
depends linearly on the field value Bey and that the slope
of the linear curve can be controlled by MCA value [30].
Single layered square-based FePt nanoparticles in the absence
of chiral interactions like Dzyaloshinskii—-Moriya (DM) or its
interfacial analogue (iDM) (present in multi-layered hetero-
structures with spin—orbit coupling) are investigated. Skyrmi-
onic textures and formations are explored in conjunction with
the underlying physical mechanisms for temperatures around
300K and for different geometrical characteristics of the
nanoparticle.

2. Micromagnetic modeling

The LLG equation governs the rate of change of the dynamical
magnetization field M and is given by the relation
dM oy
dt  1+a? (1+a?) M|

(M X Beff) — M x (M X Beff).

ey

The quantity o >0 is a phenomenological dimensionless
damping constant that depends on the material and -y is the
electron gyromagnetic ratio. The effective field that gov-
erns the dynamical behavior of the system has contributions
from various effects that are of very different nature and can
be expressed as Beff = Bext + Bexch + Banis + Bdemag + Bthermal .
Respectively, these field contributions are the external field
B.x:, the exchange field Bexch, the anisotropy field Bayis, the
demagnetizing field Bgemae and the thermal field Bipermal-

In particular, the thermal field Bermar Which incorporates
implicitly the temperature can be expressed by Bermal () =

2uoakgT
n(1)\/ 522 v

expression « is the aforementioned damping constant, fi is
the vacuum permeability constant, kg is the Boltzmann con-
stant, T is the temperature (throughout manuscript slightly
slanted T is used for temperature), Bgy the saturation mag-
netization expressed in Tesla (T), AV the cell volume, At¢
the time step and n a random vector generated from a stand-
ard normal distribution whose value is changed every time
step. For the solution of the LLG equation micromagnetic
finite differences (FD) calculations have been conducted using
Mumax3 Finite Differences software [33, 34]. The dimension-
less damping constant («r) was set to 1 in order to achieve
fast damping and reach convergence quickly as we are inter-
ested in static magnetization configurations. It should be noted
that individual micromagnetic simulations have been conduc-
ted for the FePt nanoparticle having square side length a =
150 nm, MCA value Ku(300K) = 130.42kIm 3, exchange
parameter Aexe, = 7.128 pJ m~!, saturation magnetization M
= 1.026 MA m~! for different values of dimensionless phe-
nomenological damping parameter (o = 1.0, 0.8, 0.6, 0.4, 0.2,
0.1, 0.01) involved in the LLG equation in order to detect
any possible qualitative and quantitative differences on the
skyrmion nucleation. The simulation results from the afore-
mentioned additional calculations of the skyrmion number (S,
which will be defined shortly after in section 3) as a func-
tion of external field (Bex) for different values of « (figure
S1 in supporting information-SI) remained unaffected with
the variation of the damping constant in the [0.8, 0.01] range
throughout the magnetization reversal process. In addition, the
actual micromagnetic configurations as obtained from the sim-
ulations conducted for different damping constants (figure S2
in SI) showed that the magnetic states (and their succession)
remain essentially unaltered with respect to the damping con-
stant variation. The time step used for the integration of the
LLG equation was equal to Ar = 1fs.

The square-based nanoparticle with side length a = 150nm
and width w = 36 nm will be considered as the reference nano-
particle and will be used for the multi-parametric investigation
conducted in the present work. It is chosen since it encapsu-
lates the most stable skyrmion with respect to the magnetic
field range and skyrmion type as it will be made clear in the
sequel. The particular width value w =36 nm is selected fol-
lowing previous studies [28-30] which focus on FePt trian-
gular and Reuleaux prismatic nanoelements. In addition, the
36 nm thickness of nanoparticle matches that reported in [35].
For the objectives of the multi-parametric study additional

according to Brown [32]. In thermal field
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magnetic samples-nanoparticles with parallelepiped geometry
of square base with varying side length a from 40 to 180 nm
and w ranging from 6 to 36 nm were also used. The follow-
ing frame of reference axes assignment convention was used:
x,y along the square’s edges, and z perpendicular to the nano-
particle’s square base. The mesh used for the discrete repres-
entation of the rectangular parallelepiped nanoparticle under
study was a regular 3D mesh with characteristic discretiza-
tion lengths Ax = Ay = 2nm, Az = 1 nm in x,y, z-directions
respectively. The lengths Ax, Ay, Az used for the discretiza-
tion of the rectangular domain under investigation were lower

uilf\élf ~ 3.5 nm for the FePt

than the exchange length lx =

magnetic material.

The material parameters used in this study have been
reduced accordingly in order to follow their temperature
variation. Since the exact temperature dependence is not
exactly known the reduction of the anisotropy parameter and
micromagnetic exchange takes place through the approximate
relations K(T) ~ [me(T)]3, Aexcn(T) ~ [me(T)]? [36, 37]. The
spontaneous equilibrium magnetization m.(7) is taken from
the atomistic FePt model presented in [38]. The dependence
of saturation magnetization on temperature was modeled using
the findings of Okamoto et al [39]. The magnetic parameters
are provided in the Supporting Information of the work. The
MCA was oriented perpendicular to the nanoparticle’s square
base and the MCA constant was varied. The Ku = 250kJ m~—3
in our previous micromagnetic numerical endeavors [29, 30]
at 0 K was capable of creating interesting skyrmionic textures
in triangular and Reuleaux based FePt nanoelements.

The FD micromagnetic simulations were conducted on
Nvidia GTX 1080 GPU. The magnetization curves for every
production run were investigated by applying external mag-
netic fields Bey with fixed orientation running parallel to z-
direction (the normal to the nanoparticle’s square base). The
range values of Bey were +1 T (maximum) and —1 T (min-
imum) having an external magnetic field step of §Bexy = 0.01 T
for the actual magnetic reversal process.

3. Results

3.1 Skyrmion formation and stabilization for the reference
nanoparticle

Skyrmion formation and stabilization as a function of the
external field, the nanoparticle’s geometric characteristics and
of temperature can be quantitatively characterized by calculat-
ing the topological invariant S, widely known as skyrmion or
winding number [8, 40, 41]. The skyrmion number S is defined
as S= - [,m- (%‘;‘ X %—';‘)dA and is numerically computed
based on the theoretical work of Berg and Liischer [42]. The
quantity m is the unit vector of the local magnetization defined
as m = M/M; where M is the magnetization and M is the sat-
uration magnetization. Magnetization M is provided by the FD
numerical solution of the LLG equation. The skyrmion num-
ber S is a physical and topological quantity that measures how
many times m wraps the unit sphere [8, 43, 44]. Surface A

is the surface domain of integration and corresponds to the
square base of the FePt nanoparticles under consideration.

The skyrmion number S has been computed during the
magnetization reversal process as a function of Bex and is
shown in figure 1(a) for the reference nanoparticle at 7=
300K and for Ku = 130.4kJm~>. As the external field
decreases the magnetic system departs from saturation. The
magnetization reversal process is closely followed by the
external field step 0By = 0.01T. At first glance for fields
down to 0.2 T skyrmion number attains very low values fluctu-
ating around zero. Below 0.2 T the skyrmion number remains
fluctuating but attains only positive values indicative for pos-
sible starting generation process for a specific micromag-
netic configuration. The decrease of the field below 0T activ-
ates a gradual increase of the skyrmion number from §=0.1
to $=0.3 when the external field reaches the Bey = —0.1
T value. Infinitesimal decrease of the magnetic field below
Bexy = —0.17T triggers a jump-like discontinuity on skyrmion
number. The value of S abruptly increases from S~0.3 to
S~ 1. Further decrease of the external field does not affect
the skyrmion number which develops an extended plateau
region with S~ 1 for external field values down to Bex =
—0.63T. For magnetic field value below Beyy = —0.63 T a new
abrupt jump-like reduction of skyrmion number S signals the
skyrmion annihilation and the finalization the magnetization
reversal process. It is worth mentioning that the existence of
thermal field is reflected on the oscillatory behavior of S(Bext).
These low amplitude oscillations also captured by the micro-
magnetic configurations visualizations are indicative of the
noisy character caused by the thermal field.

In should be also noted that in finite magnetic systems the
skyrmion number can be non-integer due to the restricted area
of integration and essential contributions of the magnetostatic
energy and/or DMI (absent in the present FePt material sys-
tem) [45]. The values of § can deviate from integer values
in confined and not infinite geometries due to the misalign-
ment of the magnetic moments located on the free boundaries
of the sample [46] and the thermal fluctuations introduced by
the thermal field term in the LLG equation [47]. Therefore the
skyrmion’s shape distortion which is apparent in the micro-
magnetic textures detected in the present work is not charac-
terized by exact integer values of S.

The numerical solution of the LLG equation allows the dir-
ect representation and inspection of the micromagnetic config-
urations. These configurations are also shown in figure 1(a) for
representative values of the external field. It should be noted
that the pseudo color used for the micromagnetic configura-
tions refers to z-component of magnetization (). At the ini-
tial states of the reversal process the magnetization vectors
are aligned parallel to the external field (red colored square
in figure 1(a)). The micromagnetic configurations for fields
Bex € [—0.14,0.2] T have a particular shape in which the core
magnetizations point upwards (4-z) and the magnetizations on
the distinct peripheral (rim) domain are tilted having m, =0
(white color domains in figure 1(a)) or reversed (m, < 0) (light
blue color spots also in figure 1(a)). The aforementioned mag-
netization configuration is a magnetic skyrmionium which
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Figure 1. Skyrmion number S as a function of By for the reference nanoparticle at 300 K (panel (a). The pseudo color which is shown in
the depicted micromagnetic configurations refers to the z-component of magnetization (m;). Relative energy differences as a function of the

external field (panel (b). The magnetic parameters were Ku = 130.4kJ m

is a non-topological soliton in magnetic nanoparticles and
thin films. It can be viewed as a coalition of two magnetic
skyrmions with opposite skyrmion numbers giving a zero total
(Sskyrmionium = 0) [48, 49]. The skyrmionium is considered as
a distinct skyrmionic state with particular characteristics [48]
heralds the abrupt transition to a clear skyrmionic state (S = 1).
The formed skyrmion which has a perfect circular shape is a
Néel-type skyrmion and as mentioned earlier remains stable
for a significant external field range. In the one skyrmion plat-
eau region as the field value decreases from By = —0.16T
to Bext = —0.63T the actual diameter of the skyrmion also
decreases as it can be seen from the representative micro-
magnetic configurations shown in figure 1(a). The magnetiza-
tion reversal process is complete when all magnetization vec-
tors are aligned parallel to z-direction (blue colored square in
figure 1(a)).

The jump discontinuities of skyrmion number as the
external field decreases were evident in figure 1(a), albeit the
exact mechanism behind this behavior is not clear. The com-
plex phenomena related to skyrmion formation as well as
with the skyrmion number discontinuities could be associated
with the rich energetic environment having contributions from
demagnetization Egenmag, €xchange Eexc, and anisotropy Egpis

3 Aexen = 7128 pIm~!, My = 1.026 MAm™!.

energies. In order to shed light on the skyrmion formation the
individual energetic contributions [50] were quantified dur-
ing the magnetization reversal process by computing the abso-
lute relative energy difference AE{;LQ — |Fome e | x 100(%)
(where type stands for anis,exch,demag) between the con-
secutive (i and i + 1) external magnetic field values B., B!
with (i = 0,199). The relative difference values of anisotropy,
demagnetization and exchange energies are also shown in
figure 1(b) as functions of Bey for Ku = 130.4kJ m~3.
Initially, the relative energy differences have very low fluc-
tuating values as the external field decreases down to Bey =
0.5T where a discontinuity can be observed for all relat-
ive anisotropy and demagnetization energies. The observed
behavior can be associated with the creation process of the
aforementioned skyrmionium texture. The relative difference
values are 6%, 6.5% for AE;ﬁiS,AEé‘;L]ag, respectively. The
gradual decrease of the external field is followed by demag-
netization and exchange energy fluctuations for field values
down to —0.14 T. Further decrease of the external field triggers
the skyrmion formation which is followed by abrupt jump dis-
continuities in AE™  AE™! values at —0.14 T. The formed

anis? dema

skyrmion (S ~ 1) at —0.14 T remains stable as the field further

| Eiy*pi
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Figure 2. Skyrmion number S as a function of By for side value @ = 150 nm at 300 K for geometries having different widths

w=6,12,18,24,30,36 nm.

decrease with AEj, AEf] - retaining their fluctuating char-
acter showing a clear tendency to attain lower values. At the
field value of —0.63T a new jump discontinuity but with
significantly reduced jump amplitude is evident on the rel-
ative energy differences shown in figure 1(b) which signals
the skyrmion annihilation. The relative difference values at
the skyrmion annihilation discontinuity are 2%, 3% for aniso-
tropy, demagnetization, respectively. It is worth noting that
AE™, (<0.7%) remains practically constant with weak fluc-
tuations during the magnetization reversal process while the
demagnetization and anisotropy energies play the crucial role

to skyrmion formation.

3.2. Skyrmion dependence on nanoparticles’s width

For nanoparticles having a = 150nm individual micromag-
netic simulations have been conducted at different width (w)
values in order to investigate the effect of the nanoparticle’s
width on the actual skyrmion formation during the magnet-
ization reversal process at the temperature of 300 K. The
skyrmion number S as a function of By is shown for width
values w = 6-36nm in figure 2. The numerical data also
show that skyrmions can be produced in substantial ranges
of external field values for widths higher than 12nm. It is
clear that the skyrmion stabilization field range depends on
the nanoparticle’s width. Nanoparticles having higher widths-
thicknesses encapsulate skyrmionic entities for wider external

field ranges. Similar behavior has been reported for the mag-
netic vortices developed in iron nanodots [51].

The skyrmion that is generated for different thickness val-
ues (6nm < w < 36nm) sensitively depends on the demag-
netizing effects which are proportional to the thickness (as
the easy axis remains in-plane) and are expected to vanish for
low thickness values. The present FD micromagnetic simu-
lations reveal that the 12 nm width for nanoparticles having
a = 150nm is critical for the creation of skyrmions. Nano-
particles with width values below 12 nm cannot generate com-
plete and persistent skyrmions. The S(Bex) line shapes for
the nanoparticle with w = 6 nm substantially deviate from the
respective line shapes for higher widths. A smooth increase
(still fluctuating) of the skyrmion number as a function of
the reducing external magnetic field during the skyrmion’s
creation process is evident. The nanoparticles with w = 12—
36 nm expose a discontinuous jump-like character for external
fields around OT. The higher the width the higher the jump-
like discontinuity. For all widths the skyrmion annihilation
which occurs at different field values is an abrupt process. The
skyrmion number reduces from S~ 1 to S~ 0 without inter-
mediate transition magnetic states.

3.3. Skyrmion dependence on MCA

For the reference nanoparticle (¢ = 150nm, w = 36 nm) sim-
ulations have been conducted with varying MCA values
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Figure 3. External fields relative to the formation (Bcreationsk ), annihilation (Bannihsk) and switching field (Bsw) as a function of MCA value

(Ku = 78.2-234.7kI m~?) for the reference nanoparticle at 300 K.

Ku = 78.2-234.7kJm~> while its orientation is set paral-
lel to external field and z-direction. It is interesting the fact
that MCA affects the magnetic field range of stabilization
of the skyrmion formed. Two external fields during the cre-
ation (Bcreationsk) and annihilation (Byninsk) of skyrmion were
recorded along with the switching field (Bsw) and are presen-
ted in figure 3. The Bcreaionsk values of the magnetic field fol-
low a rather weak decrease from —0.12T to —0.25T with
the gradual increase of the MCA from Ku = 78.2kJm ™ to
Ku =234.7kJm~3. The skyrmion annihilation field value of
Baminsk €xposes a weak but gradual increase from —0.7 T to
—0.6 T as the MCA value increases.

The external magnetic field skyrmion’s stabilization range
| Bannihsk — Bereationsk | 18 also monitored in figure 3 exposing a
monotonic decrease as MCA value increases from Ku = 104.3
and 234.7kJ m—3. The switching field which is related to initi-
ation of the reversal process is affected by the MCA value and
exhibits a clear reduction from 0.5 to 0.3 T with the increase
of Ku.

3.4. Skyrmionic states

The topological invariant S reported along with the actual mag-
netic configurations can provide valuable qualitative inform-
ation toward the detection and characterization of skyrmionic
states. It is very interesting the fact that a variety of micromag-
netic skyrmionic states emerges for the square-based FePt nan-
oparticles. The most commonly detected micromagnetic states
are presented along with the respective skyrmion number S in
figure 4 and can be assigned to the following categories:

a, f. Uniform states: states where the magnetization is uni-
form and the actual magnetization vectors point all upwards
(red color) or all downwards (blue color) [13, 52].

b, ¢. Skyrmionium: a magnetic skyrmionium is a non-
topological soliton [48, 49].

d. Domain wall: a domain wall is a gradual reorientation of
individual magnetic moments across a finite distance under-
going an angular displacement of 90° or 180° [53].

e. Skyrmion with S = 1: state where one skyrmion is formed
[29, 41].

From the results presented and the conclusions drawn so
far it is clear that skyrmionic textures can be created and sta-
bilized by adjusting the width of the nanoparticle, the MCA
value and the temperature of the magnetic system. Moreover,
the skyrmion number S has been computed during the mag-
netization reversal for FePt nanoparticles with variable side
length. The figure 5 depicts for the temperature of 300K,
Ku = 130.4kJm ™~ and w = 36 nm a skyrmionic state diagram
constructed by the different values of external field B,y and of
the square side length a.

Nanoparticles with side length a < 50 nm are not capable
of hosting stable skyrmionic entities irrespective of the applied
external field as can be seen in figure 5. The restricted sur-
face area affects also the precursor skyrmionium state which
is absent in the aforementioned nanoparticles. The precursor
skyrmionium states for positive external field values start to
appear assisting the development of Néel skyrmions for square
bases with a > 60 nm. The skyrmionium states are present and
their development is intimately related to the side length a. The
higher the side length the higher the value of the characteristic
positive external field value in which they appear. It is very
interesting the fact that for the square based parallelepiped
geometry the magnetic skyrmions are created for Bey < 0 val-
ues and in particular for —0.1 T. The detected skyrmions are
Néel skyrmions having skyrmion number values in the [0.79,
0.96] interval.
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a

Figure 4. Different states detected for the square base FePt nanoparticle (reference geometry). The states are: (a), (f) uniform,
(b), (c) skyrmionium, (d) domain wall, (e) skyrmion with § = +1. MCA value was Ku = 130.4 kJm™>
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Figure 5.

Magnetic nanoparticles that promote not only the cre-
ation but also the stabilization of skyrmions in a consider-
able range of external fields are the nanoparticles with square
side length a > 90nm. For instance the skyrmions created on
the nanoparticles with a =90,100nm can be persistent for
the field [-0.4,—0.1] T range while the a = 100,120, 130nm
and a = 140-180 nm the annihilation field is in the vicinity
of —0.5 and —0.6T, respectively. At this point it should be
noted that the micromagnetic states represented in figure 5
reveal a significant symmetry with respect to —0.1 T mag-
netic field. In the majority of the cases the skyrmionic tex-
tures of well developed skyrmioniums at positive fields have
their mirror —0.1 T axis skyrmion analogue created at negative
fields.

0.03 2;:35 0.08 kwr‘s 0.09 ¢

a (nm)

Micromagnetic states revealed at 300 K for the FePt nanoparticle. The color bar refers to the z-component of magnetization (m;).

3.5. Nanopatrticle’s internal magnetic structure

The FD micromagnetic simulations can provide rich and
detailed information about the magnetization behavior on the
surface and in the bulk of nanoparticle. The detected skyrmi-
ons on the surface are inevitably related to the magnetization
formations on the internal domain of the nanoparticle. The
existence of magnetic structure in the internal domain of the
magnetic nanoparticle can be revealed by monitoring the mag-
netization vectors M for grid points located at different z-levels
(xy-cross section) and for yz, xz—cross sections. These cross
sections were chosen for micromagnetic systems hosting one
Néel skyrmion in order to describe the qualitative characterist-
ics of the actual skyrmionic texture. Néel skyrmion is shown
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Figure 6. Micromagnetic configurations of a Néel skyrmion at different z-levels (z =0, 9, 18, 27, 36 nm) for Bexy = —0.37 and for the
reference nanoparticle at 300 K. In addition, xz and yz-cross sections sliced at y = 75,x = 75nm respectively are depicted for the
square-base parallelepiped geometry of the magnetic nanoparticle. In particular, a magnified domain of the yz-cross section is also shown.

The color bar represents the z-component of the magnetization ().

in figure 6 for the reference geometry and for Bexy = —0.3 T
and MCA value Ku = 130.4kJm .

At first glance the presence of a magnetic structure is evid-
ent for the Néel skyrmion (figure 6) in all cross sections visu-
alized. In particular, xy-cross sections at z = 0,9, 18,27,36 nm
reveal skyrmionic configurations appearing in each square z-
level and are presented in figure 6. Interesting is the fact that
micromagnetic configurations for z = 9, 18, 27 nm expose
different magnetic characteristics with respect to skyrmions
observed on the square top and down bases of the FePt nan-
oparticle. On the top or bottom surface Néel skyrmions are
formed while in the proximity of central bulk region mag-
netization vectors deviate (z = 9,27 nm of figure 6) from the
Néel skyrmion pattern adopting a more Bloch-type skyrmi-
onic magnetic texture at z = 18 nm with vortex type circulating
magnetizations.

It should be noted that the diameters of the skyrmionic
regions at different z-heights for different widths (w) along
with the respective skyrmion numbers have been calculated
and reported in the supplementary information: figures S3,
S4). The aforementioned computations revealed that the sizes
of the skyrmionic regions at different z-heights are different
with the skyrmion diameter being increased from the surface
to the bulk domain of the nanoparticle supporting qualitatively
the quantitative information from the micromagnetic configur-
ations presented in figure 6 for w = 36 nm. The larger diameter
can be observed at z = w/2 nm.

Magnetization configurations represented by the magnetiz-
ation vector on the nodal points at z = Onm and z = 36 nm
are different as can be observed in figure 6. It should be
pointed out that although the two aforementioned z-levels
where the magnetization configurations hosting skyrmions
look different they are topologically equivalent. This can

be justified by the fact that the calculated integrals of the
topological density on the two square base areas give the
same S.

The present simulation results support the depth depend-
ence of helicity and change from Néel to Bloch-twisting which
is an interesting result that has been observed experiment-
ally by reciprocal space tomography in Cu,OSeOs systems
(with chiral interactions) that host bulk skyrmions and repor-
ted by Zhang et al [31]. It should be pointed out that although
the physics behind skyrmion formation in this system may
differ the depth dependence is obviously related to surface
effects in both systems. In the present case where skyrmions
are created in thin nanoparticles the depth dependence of the
demagnetizing field (which has increased z-component near
the surfaces [54]) can force the vortex to acquire a Néel char-
acter at the surfaces while maintaining its typical chiral nature
at the bulk. The skyrmionic structures observed here depend
on the demagnetizing effects which are proportional to the
thickness w (as the easy axis remains in-plane) and vanish
for low thickness values (<6 nm) as it was shown from the
presentation of the current simulation results and discussion.
Inevitably, the rich skyrmionic textures and physical phenom-
ena related to the depth dependence of helicity are being sup-
pressed as the thickness becomes comparable to the exchange
length (lex).

For the xz-cross section (sliced at y = 75 nm) which hosts
the Néel skyrmion the magnetization vectors develop three
distinct regions along the x-direction as exposed in figure 6
with two clear vortex-like magnetization circulations on the
interfaces between the regions. In the regions (blue-shaded)
located at the right and left corners of xz-cross section mag-
netizations are pointing downwards with the dimensionless
magnetization z-component attaining values m, = —1. Moving



J. Phys. D: Appl. Phys. 56 (2023) 085002

C Tyrpenou et al

70—

0 \ I | I

|
NN CENENE e W NN W NN

-~

B

(T)

ext

Figure 7. Skyrmion’s diameters (dsx) at 7 = 300K as a function of the applied external field (Bex;) along with representative
micromagnetic configurations for the reference nanoparticle (a = 150nm, w = 36 nm). The magnetic parameters were Ku = 130.4kJ m~>,

Acxeh = 7.128 pym~™!, My = 1.026 MAm ™.

away form the corners toward the skyrmionic bulk regions the
tilting of magnetizations starts producing the aforementioned
vortex formations at the interfaces. At the central bulk region
the magnetizations start to align parallel to z-direction pointing
upwards (m, = +1).

The yz-cross section is also shown for the Néel in figure 6.
A region hosting magnetization circulations is located at the
center of the yz-cross section. Distinct regions hosting parallel
magnetizations pointing downwards (blue-shaded region with
m, = —1) and upwards (red-shaded region with m, = +1) are
evident. Their position follows an alternating fashion blue-red-
blue with the interface regions (white region having m, = 0)
hosting the center of vortex formations.

3.6. Skyrmion’s size-diameter

The isolated Néel skyrmions that have been generated on the
FePt nanoparticle of square parallelepiped geometries during
the reversal process have varying diameters dgx. Their size can
be controlled by the magnitude of external field as reported
in the recent literature [55] and shown for FePt nanoparticles
having Reuleaux geometries at 0 K by Finite Element micro-
magnetics simulations [30]. The skyrmion’s size dependence
on the external field and on the square base side length (a) is
computed.

In figure 7 the calculated skyrmion diameter (dg) along
with representative micromagnetic configurations are shown
as a function of the external field in the [—0.64 T, —0.16T]
range where S~ 1. The dy values depend linearly on Bgy.
Therefore, a straightforward linear regression of the simula-
tion points gives dg (Bext) = 87.074Bcx, + 78.18 with a cor-
relation coefficient R = 0.9817879. The formed skyrmion at
Beyi = —0.16 T has its maximum diameter value which is
close to 62 nm. Further decrease of the magnetic field causes
the gradual decrease of the skyrmion diameter. Just before
its annihilation at Beyy = —0.64 T skyrmion attains the min-
imum diameter value of 15 nm. It is evident that the external
magnetic field plays a dominant role on the actual size of the
developed Néel-skyrmion.

The effects of the geometrical characteristics of the nan-
oparticle on the skyrmion’s size are also studied. Diameters
for magnetic systems with Ku = 130.4kJm 3, Beyi =—04T
at T=300 K were calculated as functions of nanoparticle’s
width (w) and square’s side length (a).

For nanoparticles with side length a = 150nm the dg(w)
functional form is shown in blue color in figure 8. The increase
of w is followed by a monotonic increase of dy values from
17 to 46 nm. This monotonic increase consists of two dif-
ferent linear regions. The first region which includes nano-
particles with w € [10,26] nm follows dy (w) = 0.8027w +
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Figure 8. Skyrmion diameters (dg) at 7 =300 K, Ku = 130.4kJm_3, Bext = —0.4 T as a function of nanoparticle’s width w in blue color
(side length was set to @ = 150nm) and as a function of the side length (a) in red color (width length was set to w = 36 nm). The magnetic
parameters were Ku = 130.4kJm’3, Aexch = 7.128 pJ m’l, M =1.026 MAm~!.

7.978 (R = 0.9653107). The second linear region has a
higher slope and follows dy (w) =2.0324w —24.475 (R=
0.9825414) and refers to nanoparticles with w € [26,36] nm.
The width value w =26 nm represents a critical value for the
creation of skyrmions with intermediate sizes having diamet-
ers close to 27 nm.

The functional form of dy(a) is presented in the same
figure with red color for nanoparticles having constant width
(w =36nm). The effect of the square side length of the nan-
oparticle on the skyrmion diameter also reveals two regimes
as can be seen in figure 8. The first one is linear and follows
the increase of dg from 15 nm to 45 nm as the side length a
increases from 90 nm to 130 nm. The second one is a plateau
region in which the skyrmion diameter remains almost con-
stant at 45 nm for square side lengths up to 180 nm.

In addition, the skyrmion diameter has been calculated
at different MCA values (was set to Bey = —0.4 T) for the

reference nanoparticle and the results are given in figure 9.
The necessary magnetic parameters for obtaining the respect-
ive data are given in the tables of supporting information. At
first glance two regimes exist describing the skyrmion’s size
dependence on the MCA value. Lower MCA values have a
stronger effect on dg. In particular, as MCA value increases
linearly (dy = 0.4148Ku — 8.8949) from 78.2, to 104.3 and
finally to 130.4 kJm~3 the diameter of skyrmion increases
attaining the values dy =~ 25, 31, 47 nm, respectively. Further
increase of the MCA values up to Ku = 234.7kJm > does not
affect the diameter of the skyrmion and a plateau region where
dy =~ 47.5 nm is evident.

Finally, dg(T) for the reference nanoparticle and Bey =
—0.4T has been calculated for temperatures around 300K as
can be seen also in figure 9. It is clear that the temperature does
not affect the size of the created skyrmion even for temperat-
ures 30 K above or below the room-temperature.
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Figure 9. Skyrmion diameters (dgs) for magnetic field value Bexe = —0.4T as a function of temperature (T) (red horizontal axis) and of
MCA (Ku) (blue horizontal axis) at T =300 K. The reference square-based nanoparticle was used.

4. Conclusions

The skyrmion formation in FePt nanoparticles was studied
using FD micromagnetic simulations. The adopted micro-
magnetic model takes into account thermal effects in the
form of a Brownian term in the effective field involved in
LLG equation and the magnetic material properties were
reduced to the temperature range of 270-330 K. MCA and
external field were set normal to nanoparticle’s surface in all
conducted numerical simulations. Magnetic skyrmions have
been detected during the magnetization reversal process for
FePt square-based parallelepiped nanoparticles having dif-
ferent side lengths and widths with MCA value kept con-
stant at Ku = 130.4kJ m—3 and 7 = 300 K. Computation of the
topological invariant of skyrmion number () accompanied
by the visualization of the actual micromagnetic configura-
tions provided detailed quantitative and qualitative informa-
tion relative to skyrmion formation and stabilization. Interest-
ing magnetic structures were revealed for particular external
magnetic field value ranges. Néel type skyrmionic textures
were detected on the outer surfaces coexisting with Bloch-type

textures in the bulk of the FePt square-based parallelepiped
nanoelements.

The computed sizes of the created Néel skyrmions showed
a linear dependence on the external field. At different tem-
peratures and for the external magnetic field value of Bex =
—0.4 T skyrmions can be generated with a diameter around
45 nm for the reference nanoparticle having a = 150nm. Vari-
ation of MCA have a significant effect on the skyrmion dia-
meter for Ku € [78.2, 130.4] kI m~3 while higher MCA values
(Ku > 130.4kJm~?) do not significantly affect the skyrmion
diameter which attains a plateau value close to 47.5 nm. The
variation of nanoparticles’ side length (a) and width (w) affects
the skyrmion diameter. The increase of w is followed by an
increase of the skyrmion diameter values from 17 to 46 nm.
The increase of side length can give birth to skyrmions with
diameters close to 50 nm. In conjunction with previous finite
element studies at 0 K it is clear that magnetic skyrmions can
be produced around 300K in a wide range of external fields
and for nanoparticles with different geometrical characteristic
dimensions even in the absence of chiral interactions such as
Dzyaloshinskii—-Moriya for FePt nanoparticles.
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