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Iron germanide (FeGe) emerges as a promising magnetic alloy for spintronics and high-
density data storage, owing to its distinctive magnetic properties and compatibility with
existing fabrication techniques. This compatibility enables the synthesis of customized
FeGe nanocylinders characterized by chirality, where their magnetization asymmetrically
twists. Within specific size parameters, these nanocylinders can accommodate skyrmions
- swirling magnetic structures with significant implications for information storage and
processing technologies. This study investigates the response of FeGe nanocylinders to
external magnetic fields, focusing on how their magnetic properties vary with dimensions
(diameter and length). Specifically, we analyze the impact of length on the pseudo-static
properties of short FeGe nanocylinders and examine the average topological charge and
remanence states across different aspect ratios. Our investigation underscores the rela-
tionship between chirality and diverse magnetization states in four types of nanocylinders
with varying aspect ratios. This comprehensive analysis elucidates the connection between
nanocylinder magnetic states and the average topological charge - a critical factor in ad-

vancing ultra-low-energy data storage and logic devices.
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Magnetic skyrmions are swirling, chiral nanostructures with vortex-like spin textures, often re-
ferred to as chiral magnetic skyrmions (CMSs)'~3. Characterized by their topological stability at
the nanoscale, these formations result from the interplay between strong spin-orbit coupling and
the broken inversion symmetry of the crystal lattice in ferromagnets that exhibit Dzyaloshinskii-
Moriya interaction (DMI) under an external magnetic field*3. Skyrmions have gained significant
attention in recent years due to their potential applications in future spintronic devices. These non-
collinear, stable magnetic textures are characterized by a topological charge and exhibit geometric
properties such as polarity, helicity, and vorticity. These topological characteristics can be under-
stood through a stereographic projection, making them topologically non-trivial magnetic objects

in two-dimensions®!1.

The field of nanomaterials has seen a significant surge in interest in exploring the properties
of chiral magnetic textures in nanostructures. This interest is driven by their high potential for
applications in spintronics, magnetic data storage, and biomedical sensing'>~!4. Recently, the fo-
cus has expanded beyond nanowires (MNWs) to include a wider range of geometries, such as
nanocylinders and nanodots. Recent breakthroughs have shown that manipulating the diameter of
these nanostructures can significantly influence the magnetic configurations they can support!3-22,
These diverse nanostructures offer promising prospects for hosting and manipulating skyrmions.
This ability to engineer complex magnetic landscapes within these nanostructures opens doors
to a diverse range of stable and controllable magnetic states for CMSs. Such versatile mag-
netic textures offer exciting possibilities for applications requiring multi-state storage or logic
elements, such as high-density magnetic memories, racetrack memories, or non-Boolean logic

devices”:8:12:23,

Among the materials that show DMI, iron germanide (FeGe), a non-centrosymmetric cubic
helimagnet (space group P23, B20-type structure), is one of those that stands out>*->7. This ma-
terial can be formed at atmospheric pressure and shows skyrmions close to room temperature®2,
making it an excellent prototype for studying nanostructure chiral properties. The key to its suit-
ability lies in its intrinsic chirality exhibited through asymmetric magnetization at the nanoscale.
Moreover, in this material, the skyrmions have an approximate diameter of 70 nm?8, a size that
allows them to be confined within nanocylinders with diameters of around 100 nm. This makes
FeGe an ideal candidate for hosting skyrmions with distinctive characteristics that can emerge

15,30,31

under specific size-dependent conditions within tailored nanostructures . However, despite

extensive theoretical investigations, a complete understanding of the intricate relationship between
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chirality and the magnetic states of FeGe in cylindrical nanostructures with diameters between 50
and 200 nm and lengths between 25 and 200 nm remains elusive. Clarifying this connection would
provide deeper insights into micromagnetic behavior and offer a critical perspective on the design
advantages and limitations of electronic devices utilizing skyrmionic FeGe systems.

This work investigates the size-dependent magnetic properties of FeGe nanocylinders under
an external magnetic field applied along the z-axis. Our aim is to unravel the interplay between
geometrical parameters and magnetic behavior. We will study how coercivity and remanence vary
with changes in the diameter and length of these nanocylinders. Additionally, we will identify
magnetization states and their link to chirality, employing various nanostructures with varying
aspect ratios. This in-depth exploration aims to elucidate the relationship between their magnetic
states and the average topological charge, a crucial property for data storage and logic devices with
ultra-low energy consumption.

The quasi-static magnetic properties of FeGe magnetic nanocylinders were studied using the
open-source software Mumax>2, which solves the Landau-Lifshitz-Gilbert equation using the fi-
nite difference method. The equation is expressed as follows

dM

o dM
W:*Y(MXHeff)+ﬁs (Mxﬁ> ey

where 7y denotes the gyromagnetic ratio of the free electron spin and ¢ represents a phenomeno-
logical damping constant. This equation describes both the precession and relaxation motions of
the magnetization M under the influence of an effective field Heg.

Short magnetic nanocylinders were simulated with varying diameters (D) and lengths (L). In
this study, we varied the length (L) from 50 nm to 200 nm in steps of 25 nm, while the diameter
(D) was chosen from four values ranging from 50 nm to 200 nm, each 50 nm apart. These dimen-
sions were selected based on their experimental feasibility and the intriguing magnetic properties
observed in similar investigations>>.

Micromagnetic simulations were conducted with an exchange stiffness constant (A) set to
8.78 x 10712 T m~!, a saturation magnetization (M) of 3.84 x 10° A m~!, and a DMI constant
(Dp) of 1.58 x 1073 T m~2, in line with previous research on FeGe nanomaterials®*34-3_ To inves-
tigate the pseudo-static magnetic properties, the damping coefficient was set to o = 0.5'840. The
simulation space was discretized into cells of 2.5 x 2.5 x 2.5 nm? along the x, y, and z directions,
with the z-axis aligned with the main axis of the nanocylinders.

An external magnetic field (1oH) was applied parallel to the nanocylinder axis, with a 1° offset
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to break the symmetry condition. The field magnitude was varied from 4000 mT to -4000 mT
in steps of 2 mT. A maximum torque condition of Tmax /% < 10~* T was used to ensure that
the magnetization reached equilibrium at each field intensity***!. Skyrmion stability is described
by the topological charge (Q) or by geometric parameters such as polarity (p), helicity (), and

vorticity (m)>11:

1 dm Jom
— (2 X 2
0 47t/sm (8x>< 3y)dXdy @
or in terms of geometric quantities,
Q=p-m 3)

Polarity (p = £ 1) refers to the magnetization direction at the skyrmion core along the z-axis,
while vorticity (m = 0,£1,%£2,...) indicates the sense of in-plane magnetization rotation when
tracing magnetic moments in a closed loop around the skyrmion core. Therefore, a skyrmion is
defined by a magnetization density that cannot be continuously transformed into a ferromagnetic
state without discontinuous changes in the density.

In Fig. 1, normalized hysteresis curves are shown for FeGe nanocylinders with diameters (D)
of 50 nm, 100 nm, 150 nm, and 200 nm. These curves were obtained by applying an external
magnetic field ranging from 4000 mT to -4000 mT, inclined at 1° from the z-axis (all curves were
plotted in a lower range of the applied field for ease of viewing). Hysteresis loops with similar
shapes are observed for the cases with diameters of 100 nm, 150 nm, and 200 nm. It is interesting
to note that these curves show several points that do not follow a monotonic behavior, such as D
=200 nm, L = 50 nm, and a field of approximately 300 mT. These abrupt changes are primarily
due to a modification in the magnetic texture that minimizes the torque in the nanocylinder. In the
mentioned example, this involves a transition from a S-type state to a target skyrmion (see Fig. S1
in the Supplementary Material). In contrast, the behavior for D = 50 nm is markedly different,
with noticeably higher coercivity and remanence compared to the other diameters. Furthermore, a
notable decrease in coercivity is observed as the diameter increases, except for the nanostructures
with 50 nm diameter, where coercivity shows a non-monotonic behavior with increasing L (which
will be discussed below).

To facilitate a comparative analysis between geometric parameters (diameter and length) and
magnetic properties (coercivity and remanence), Fig. 2 illustrates these properties as a function

of length. Fig.2(a) shows that coercivity exhibits a non-monotonic behavior, with a sharp decline
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FIG. 1. Normalized simulated magnetic hysteresis loops of FeGe nanocylinders with diameters (D) of (a)
50 nm, (b) 100 nm, (c) 150 nm, and (d) 200 nm, when the external magnetic field is applied at an angle of

1° from the z direction.

up to lengths of 100 nm for all cases. For the smallest diameter nanocylinder (D = 50 nm), a
significant increase in coercivity is observed for lengths greater than 100 nm, with a particular
outlier at L = 100 nm. This is due to a slight change in the reversal mechanism, as it involves the
nucleation and annihilation of a skyrmionic structure while bypassing the helical state (see Fig.
S1 in Supplementary Material). In contrast, coercivity remains near zero for the other analyzed
diameters. Fig. 2(b) illustrates that for D = 50 nm, remanence increases monotonically with
increasing length, reaching its highest value of 0.6 M, /M, for L = 200 nm. In contrast, remanence
shows a slight decrease for other diameters, with no significant discrepancies observed between
their values. For longer lengths, remanence remains nearly constant and close to zero.

To better understand the topologically non-trivial nature of the magnetic configurations, we
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FIG. 2. (a) Coercivity and (b) normalized remanence for FeGe nanocylinders as a function of the length L,

when the external magnetic field is applied at an angle of 1° from the z direction.

calculated the value of the 2D topological charge for various cross-sections across the short-length

nanocylinders using the following equation:

1 dm Jdm
Q:E/Sm-(gxa—y)dxdy C)]

Although the concept of the topological charge (skyrmion number or degree of mapping) in
2D spin systems is not directly applicable to these short nanocylinders due to the dependence of
magnetization on the z coordinate, m(x, y, z), several studies report 2D topological charge analysis
as a function of the z coordinate*>#4,

In Fig. 3, we illustrate the magnetization states in FeGe nanocylinders for sixteen distinct
geometric configurations (the same as in Fig. 1) in the absence of an external magnetic field (toH
= 0). For each configuration, we present the corresponding average magnetic charge < Q > =
Zﬁv:l Qi/N, where N is the number of cross-sections (N = L/Az, with Az = 2.5 nm).

We begin our discussion with the case D = 50 nm, where the magnetic states are associated
with incomplete skyrmions or quasi-ferromagnetic states, indicating no full spin rotation along
the diameter. The average topological charge < Q > is approximately 0.4 for all four lengths of
the nanocylinders. The consistency of < Q > across all lengths suggests that the chiral structure

remains almost unchanged for each cross-section, regardless of the nanocylinder’s length.
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FIG. 3. (a) Magnetization states of sixteen FeGe nanostructures at zero external magnetic field (uoH = 0).
The 3D plots show the z component of the magnetization accompanied by the magnitude of the average

topological charge < Q >.

For the case D = 100 nm, a significant change is observed between L = 50 nm and longer
lengths. At the shortest length, a 277 skyrmion with < Q >= 0.8 is present, while at longer lengths,
a mix of U and helix states emerges with < Q >= 0.1. Again, the chiral structure remains con-
sistent across cross-sections. In the cases of D = 150 nm and 200 nm, a target state with two
full spin rotations along the diameter and a negative value of < Q > is observed at the shortest

length. However, as the length increases, mixed and S states are observed, and the value of < Q >
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becomes positive, except for (D =200 nm, L = 150 nm).

Considering the length (L), as the diameter increases, skyrmion systems are observed for 50
nm, U states for 100 nm, and mixed or S-states for 150 and 200 nm. Some of these magnetic
states were also found in other FeGe nanostructures with similar aspect ratios'>>*3. Notably,
skyrmion-type systems were found for L = 50 nm nanocylinders regardless of the considered
diameters.

With the aim of delving deeper into the emergence of these magnetic textures, variations in
demagnetization, exchange, and Dzyaloshinskii-Moriya interaction (DMI) energy densities were
examined as a function of nanocylinder lengths for diameters of 50, 100, and 200 nm (Supplemen-
tary Figs. S6, S7, and S8). A general trend of decreasing demagnetization energy density with
increasing length L was observed. Nanocylinders with D = 50 nm exhibited higher demagnetiza-
tion energy density compared to those with D = 200 nm for all lengths L, suggesting that thinner
nanocylinders are more prone to demagnetization, while thicker ones are more magnetically sta-
ble. Unlike demagnetization energy density, exchange energy density tended to increase with
increasing length L for diameters of 100 and 200 nm. This indicates that as the cylinder becomes
longer, the energy associated with the magnetic ordering of spins also increases. The dependence
of DMI energy on length L and diameter D showed non-monotonic behavior with local maxima
and minima, suggesting that DMI is highly sensitive to the geometric dimensions of the system.
While for a length of 50 nm, the energy densities of the larger diameter nanocylinders differed
from that of the smaller diameter nanocylinder, a trend towards a certain value was observed as
the length increased. Correlating these energies with the topological charge values from Fig. 3, it
is observed that the formation of skyrmionic systems at zero field is more probable when the FeGe
nanocylinder resembles disk-like systems with a negative chiral charge. For aspect ratios of the
order of unity or greater with positive chiral charge, the formation of helical states is more likely.
A detailed dynamic study is required to determine the sense of clockwise or anticlockwise rota-
tion of these magnetic textures. Such a study would reveal whether both senses are energetically
favourable and equally probable, although this is beyond the scope of the present work.

To establish a correlation between the 2D topological charge < Q > across various cross-
sections along the length of the short nanocylinders and the reversal modes, we analyzed four
FeGe nanostructures to depict the hysteresis curve. Our findings are illustrated in Fig. 4. The first
case corresponds to a nanodisk with D = 150 nm and L = 50 nm, i.e., an aspect ratio L/D = 0.33.

The hysteresis curve shows the existence of a coercive field and remanent magnetization, with a
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central hysteresis area around O mT larger than the two other areas located around -600 mt and

600 mT, respectively.

Topological Charge

0705 04267 01483 0100 04083 06867 09650

800 mT 450 mT 250 mT 190 mT 0mT -70 mT Lo

oS
00

21200mT  -800mT  -320mT  -180mT  -134mT Y-1.0

z (nm)

MM

00
e
00

41200 -800 -400 0 400 800 1200 -

1o (mT)

800mT 400 mT 0mT -96 mT

.@@
ese|

400mT -200mT  -98mT {10

z (nm)

M/Mg

10

41200 -800 -400 0 400 800 1200

pgH (mT)

450mT  300mT  130mT  OmT
— 1.0
1 -
=
2
=
.aﬁ 10

-800 mT =300 mT =190 mT -60 mT

z(nm)
MM

1200 800 400 0 400 800 1200
HoH (mT)

150
800mT 400 mT 0mT

SRl
=

-1.0

100

z(nm)
MM

50

10 -800mT ~ -28 mT -26 mT
41200 -800 -400 0 400 800 1200

HH (mT)

FIG. 4. Hysteresis loops of four FeGe nanostructures alongside a color map of 2D topological charge across
various cross-sections along the length of the nanowires. The aspect ratios are 0.33, 0.5, 1.0 and 3.0 for (a),
(b), (c), and (d) figures, respectively. Representative points show their magnetization states. The reversal

mechanism is displayed in the right panel using a 3D plot of the z component of the magnetization.

At 1200 mT, the magnetic state is uniform, and the 2D topological charge across various cross-
sections along the length is < Q >= 0, indicating behavior typical of a ferromagnetic system. As

the applied field decreases, the 2D topological charge < Q > becomes positive around 400 mT
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and changes to a negative value at 200 mT. The observed magnetic states correspond to target
magnetic states for the formation of skyrmionic systems. At 190 mT, an isolated skyrmion (2D
topological charge < Q >~ —0.7) is observed, followed by target states and a non-rotationally
symmetric system at -134 mT (2D topological charge < Q >~ —0.03). Target states followed
by isolated skyrmion states (2D topological charge < Q >~ —0.7) appear around -180 mT, and
finally, transitory states are found before a uniform magnetic state is obtained, with a 2D topolog-
ical charge < Q >~ 0. These types of states were also found by Beg et al.*> and Carey et al.* in
studies of the reversion mechanism in FeGe nanodisks.

The second case corresponds to a nanocylinder with D = 100 nm and L = 50 nm, i.e., an
aspect ratio L/D = 0.5. The hysteresis curve shows the presence of coercive field and remanent
magnetization. However, unlike the first case, only a single hysteresis area is observed in the
central part around O mT. The magnetization reversal is similar to the first situation, but here neither
non-rotational symmetry nor U-states are observed. The values of the topological charge changes
are different compared to the first situation: at 800 mT, the 2D topological charge < Q >~ 0.96,
followed by < Q >~ 0.3 around 200 mT, < Q >~ 0.96 at 0 mT, < Q >~ —0.7 at -200 mT, and it
becomes < Q >~ 0 at 1200 mT.

The third case corresponds to a nanocylinder with D = 150 nm and L = 150 nm, i.e., an aspect
ratio L/D = 1.0. The hysteresis curve shows the absence of both coercive field and hysteresis
areas, but remanent magnetization is observed. At 1200 mT, it begins with a ferromagnetic state
(2D topological charge < Q >= 0), followed by transitory states until it reaches a U-state at 130
mT (2D topological charge < Q >= 0.27). S-states are found between 0 mT and -60 mT (2D
topological charge < Q >~ —0.03), which convert into another U-state at 190 mT (2D topological
charge < Q >~ —0.37), and finally, the magnetic state changes to a ferromagnetic one at the final
reversion (2D topological charge < Q >~ 0). These types of states were found by Savchenko et
al.' in studies of the reversion mechanism in FeGe nanocylinders with an aspect ratio of 1.2.

The fourth case corresponds to a nanocylinder with D = 50 nm and L = 150 nm, i.e., an aspect
ratio L/D = 3.0. The hysteresis curve shows a small coercive field and hysteresis area, with
remanent magnetization. It begins with a ferromagnetic state at 1200 mT (2D topological charge
< Q >=0), and as the magnetic field decreases, an incomplete skyrmion at 0 mT (2D topological
charge < O >~ 0.3) is observed, followed by a mixed state between a bobber and helix at -28
mT (2D topological charge < Q >~ —0.7), and finally reaches another ferromagnetic state (2D
topological charge < Q >~ 0). The 2D topological charge (< Q >) is positive for applied positive
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magnetic fields and negative for applied negative fields, similar to the < Q > obtained in the
previous nanocylinder.

The results presented in Fig. 4 highlight the crucial role of aspect ratio in reversal dynamics.
As previously discussed, the formation of skyrmions, intermediate states such as U-type, S-type,
and ferromagnetic states can be observed in elongated nanocylinders. Supplementary Figs. S9,
S10, and S11 provide a detailed analysis of the energy density behavior within the hysteresis curve
for the four configurations depicted in Fig. 4. When the applied field diminishes towards zero,
both demagnetization and exchange energy densities (including DMI) decrease significantly. This
is expected, as self-interactions become dominant, influencing the resulting magnetic textures.
Regarding demagnetization energy, the energy density difference between regions of strong and
weak magnetic fields (ferromagnetic and low-field states, respectively) becomes more pronounced
for systems with lower aspect ratios (disks). This indicates that magnetic textures at low fields
deviate further from the ferromagnetic state in disks compared to elongated cylinders (aspect ratio
3), where the observed chiral charge is notably lower, as evident in Fig. 4. Conversely, in the
case of exchange energy density, abrupt changes are observed, coinciding with topological charge
transitions. For instance, the first case in Fig. 4 (aspect ratio 0.33) exhibits three distinct sign
changes in topological charge (approximately at 200, -200, and -1100 mT), each leading to a
decrease in exchange energy density. These reductions are likely primarily due to DMI, as they
are not observed in purely ferromagnetic systems, such as case 4 (aspect ratio 3), which displays a
negligible topological charge and minimal variation in exchange energy density upon topological
charge inversion.

We investigated the static magnetic properties of short FeGe magnetic nanocylinders with vary-
ing aspect ratios, focusing on diameters from D = 50 nm to 200 nm (in 50 nm increments) and
lengths from L = 50 nm to L = 200 nm (in 25 nm increments). An external magnetic field was
applied between 4000 mT and -4000 mT at an angle of 1 degree from the z-axis.

For nanocylinders with diameters other than 50 nm, coercivity exhibited a non-monotonic de-
crease up to lengths of 100 nm, with minimal changes observed for lengths up to 200 nm. How-
ever, the 50 nm diameter nanocylinder showed the lowest coercivity at a length of 150 nm, with a
value of 30 mT, followed by an increase up to 62 mT. In contrast, the remanence for the smallest
diameter increased monotonically with length, reaching 0.6 M, /M, while for the other diameters,
remanence remained nearly constant and close to zero.

Furthermore, we calculated the bidimensional topological charge at different cross-sections
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along the nanocylinder lengths to determine the magnetization states in FeGe nanocylinders for
various aspect ratios. Evaluating sixteen distinct geometric configurations under a zero external
magnetic field, we identified U-states for 100 nm and mixed S-states for 150 and 200 nm diameters.

We also examined four different configurations: two nanodisks with aspect ratios of 0.33 and
0.5, a nanorod with an aspect ratio of 1.0, and a short nanowire with an aspect ratio of 3.0. We
compared the magnetization reversal mechanisms for each configuration, identifying ferromag-
netic, transitory, S-states, and U-states as the primary states.

Our results highlight that chiral magnetic skyrmions can form in short FeGe nanocylinders with
aspect ratios lower than one and bidimensional topological charges near 0.14, with an average
2D value of about 0.1. These findings enhance our understanding of the magnetic properties of
FeGe nanocylinders, providing insights into their design and potential applications in information
storage and processing. This research offers a pathway toward ultra-high-density, energy-efficient,

and scalable memory devices.

SUPPLEMENTARY MATERIAL

In the Supplementary Material, a hysteresis loop is displayed for a FeGe nanocylinder (diameter
D = 200 nm and a length of L = 50 nm) to show the propagation of the magnetic texture. The
Demagnetization, Exchange and DMI density energies related to Fig.3 are displayed in Figs. S6,
S7, and S8 respectively. The variations of Zeeman, demagnetization and exchange energy densities
with the external applied field related to Fig.4 are shown in Figs. S9, S10 and S11, respectively.
Furthermore, videos (attached to supplemental information, which supports concepts discussed in
this work) display the reversal mechanisms of the FeGe nanocylinders studied for the cases: a) D
= 200 nm and L = 50 nm (see SM2.avi), b) D = 50 nm and L = 75 nm (see SM3.avi), ¢) D =50
nm and L = 100 nm (see SM4.avi), d) D = 50 nm and L. = 125 nm (see SM5.avi).
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