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A B S T R A C T

Advances in understanding exotic magnetic configurations and their complex behavior are paving the way for 
future technologies based on magnetic nano- and microstructures. In this study, we investigate the evolution of 
magnetic flux closure configurations in amorphous magnetic architectures using a combination of experimental 
techniques and advanced micromagnetic simulations. To realize the architectures, an amorphous paramagnetic 
Fe89Zr11 film is first created by sputtering. Next, boron ion implantation through a mask locally transforms the 
paramagnetic matrix into embedded ultra-soft ferromagnetic Fe80Zr10B10 disks. With a size of a few micrometers, 
these disks enable the observation of large-scale flux closure structures by Kerr microscopy. By relating Kerr 
images and FORC diagrams, we resolve the subtle differences in the nucleation and annihilation fields of the 
magnetic structures yielding unique signatures for single, double, and multiple vortex configurations. A deeper 
understanding is provided by a large-scale micromagnetic model, which accurately reproduces the complexity of 
multi-vortex magnetic textures and enables a comprehensive analysis of their underlying topological properties. 
Hence, ion-implanted amorphous magnetic architectures can serve as a tunable platform for designing magnetic 
hardware that leverages topological protection to realize robust, reconfigurable, multi-state magnetic embedded 
elements for enhanced computational functionality.

1. Introduction

In a magnetic material, the magnetic spins originate from the 
quantum properties of the material, and the complex interplay between 
the spins gives rise to size and shape dependent large–scale textures 
determining the magnetic properties. Advances in the engineering of 
magnetic materials have resulted in both scientific discoveries and novel 
technologies [1–3]. It is at the nano– to microscale that the most exotic 
magnetic phenomena occur and complex topological magnetic config
urations, such as vortices, skyrmions, and chiral bubbles, can be stabi
lized by exploiting the geometrical confinement of engineered 
mesostructures [4,5]. Among these topological textures, the magnetic 
vortex represents the simplest yet most versatile configuration [6–14].

The manipulation of magnetic vortices holds great potential in a 

wide range of spintronics applications, such as spin-torque oscillators 
[15,16], for advanced memory components with non-volatile multi- 
level memory functionality [17,18], and for the integrated memory and 
logic operations that are needed for neuromorphic computation 
[17,19,20]. Other applications of magnetic vortices include sensors 
[21], mechanical actuators [22], and magnetic hyperthermia compo
nents [23].

Magnetic vortices are formed in soft magnetic materials shaped as 
circular disks, if the disks are larger than the critical size for rigid 
coherent single-domain behavior, but smaller than the size that pro
motes a multidomain configuration [24]. The size range for vortex for
mation varies according to the properties of the specific material, and 
vortices have been observed with a diameter of a few tens of nanometers 
up to a few micrometers [8,9,25–27]. Typically, topographically 
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patterned disks host a single confined vortex [24,28–30]. The confine
ment is intrinsically linked to physical patterning, which introduces 
structural discontinuities such as edges, grain boundaries, and thickness 
variations. These inhomogeneities are known to influence vortex 
nucleation, annihilation, and dynamics, often breaking the symmetry of 
the magnetization configuration [31] and acting as effective pinning 
sites for vortex cores. Pinning effects can be strongly influenced by local 
defects and geometric discontinuities [32,33], and this complexity is 
expected to increase for multi-vortex–antivortex configurations. While a 
few studies have reported systematic multi-vortex structures [34,35], 
their reproducible formation in a single element appears to be 
nontrivial.

An alternative approach to conventional structural patterning is 
provided by magnetic patterning via high-energy ion irradiation/im
plantation through a lithographic mask [36]. This approach enables to 
locally modify the magnetic properties of the material, either by intro
ducing local disorder [36–41] or by modifying the chemical structure of 
crystalline phases [42–45]. Overcoming the disorder and variability 
inherent to conventional lithographic patterning, Fe ion implantation 
enabled high level of structural coherence in an artificial spin ice system 
[46]. Ion irradiation has been successfully employed in amorphous 
systems to create patterned magnetic elements, typically through 
implantation–induced crystallization or stress–mediated anisotropy 
[47,48]. Recently, magnetically soft and structurally homogeneous 
amorphous microstructures have been realized by exposing an amor
phous Fe89Zr11 thin film to low energy boron ion implantation through 
patterned holes in a lithographic mask, creating local regions of 
Fe80Zr10B10 fully embedded in the original matrix. The boron doping 
slightly increases the atomic Fe-Fe distances [49,50], enhancing the 
atomic exchange coupling [51] and increasing the Curie temperature 
(TC) from 208 K in the original Fe89Zr11 matrix to 340 K in the implanted 
parts. Importantly, the implantation process does not introduce any 
crystallization nor strain [52]; it is thereby possible to avoid structural 
discontinuities between the matrix and the implanted regions, and the 
result is a magnetic pattern inside a continuous amorphous film [26]: an 
amorphous magnetic architecture. In contrast to conventional composites, 
where different phases coexist, or crystalline heterostructures, where 
interfaces and lattice mismatch dominate the magnetic behavior, this 
architecture consists of ferromagnetic mesoscale disks patterned directly 
within an amorphous paramagnetic host without creating structural 
discontinuities. Moreover, the natural ion straggling induced by the 
implantation process, produces smooth graded magnetic interfaces [26]. 
As a result, the magnetic textures are governed primarily by geometrical 
confinement and exchange-mediated continuity, rather than by extrinsic 
pinning or interface–driven anisotropies The key differences between 
conventional patterning approaches, general ion irradiation/implanta
tion strategies, and the present amorphous magnetic architecture are 
schematically summarized in Table 1.

In this paper, we investigate the fundamental topological properties 
of multiple magnetic vortex textures realized by engineering mesoscale 

circular disks in Fe89Zr11/Fe80Zr10B10 artificial magnetic architectures. 
At room temperature, this amorphous architecture consists of a fully 
planar structure of ultra-soft ferromagnetic (FM) Fe80Zr10B10 disks 
embedded in the paramagnetic (PM) Fe89Zr11 matrix [26]. Amorphous 
disks of different sizes are investigated by combining magnetometry, 
first-order reversal curves (FORC), magnetic domain imaging via 
magneto-optic Kerr effect (MOKE), and micromagnetic simulations. A 
progressive emergence of multiple vortex-antivortex structures with 
increasing size is observed. Such topologically protected multi-vortex 
states, where the number and arrangement of vortex–antivortex cores 
can be tuned by discrete magnetic–field steps, open paths toward 
emerging magnetic technologies, from high–density, multi–bit magnetic 
memory [54], to reconfigurable neuromorphic and logic architectures 
[30,55], or the emerging field of topological–charge–based information 
processing [56].

2. Experimental section

2.1. Sample preparation

The amorphous series of samples consists of boron-implanted disk 
elements embedded in a Fe89Zr11 matrix. A 15 nm thick amorphous 
Fe89Zr11 film was deposited by magnetron sputtering on a Si (100) wafer 
covered by a 5 nm thick amorphous Al70Zr30 buffer layer to ensure 
amorphous growth. A final 5 nm Al70Zr30 capping layer was deposited 
onto the film to protect it from oxidation. Next, a 200 nm thick Cr mask 
was deposited, and holes reproducing disks were realized by employing 
conventional e-beam or photo-lithographic techniques. The sample was 
doped by scanning the surface with a boron ion flux with an energy of 5 
keV and an implantation dose of 2 × 1016 ions/cm2, creating implanted 
regions reproducing the mask, but with smoother edges due to ion 
straggling [26]. Finally, the mask was removed by chemical etching, 
leaving a planar sample with Fe80Zr10B10 elements embedded in the 
Fe89Zr11 matrix. The fabrication method is described in more detail in 
Ref. [26]. Three samples were prepared, differing in disk diameter: 850 
nm, 5  µm, and 20  µm, labelled FZ-850n, FZ-5 m, and FZ-20 m, 
respectively. The 850 nm disks are arranged in a hexagonal pattern, with 
a spacing of 1.25 µm between disk edges. The 5 and 20 µm disks are 
arranged in a square lattice with a lattice parameter equal to twice the 
disk diameter. More details on the samples are provided in 
Supplementary information.

As a reference for the magnetic vortex configuration in smaller 
structures, we report the investigation of soft Fe13.5Pd86.5 circular disks 
[57,58]. Each of them has a radius diameter of 450 nm and a mean 
thickness of 10 nm (Fig. S1). The sample, labelled FP-450n, was grown 
on 30 × 30 mm2 pre-patterned fused silica substrates prepared by sur
face conformal nano-imprint lithography [58]. The samples were co- 
sputtered using elemental Fe (99.95 at-%) and Pd (99.95 at-%) targets 
in an ultra-high vacuum magnetron sputtering system with a base 
pressure below 2 × 10-7 Pa. Argon was used as the sputtering gas at a 

Table 1 
Schematic summary comparing conventional lithographically patterned magnetic nanostructures, general ion irradiation/implantation strategies, and the present 
amorphous magnetic architecture.

Aspect Conventional patterning General ion irradiation/implantation patterning All–amorphous magnetic architecture by ion 
implantation patterning

Patterning 
philosophy

Topographic patterning by 
etching or mask–assisted 
deposition [8,9,25–27]

High-energy ion irradiation/implantation, causing structural 
changes (disorder, stress, phase modification) [27,36]

Low-energy ion implantation of small ions causing 
minimal changes to the amorphous structure yet strongly 
impacting the magnetic properties [26]

Magnetic 
inhomogeneity

Dominated by extrinsic defects 
(edges, grains, stress) [31–33]

Implantation–induced disorder, strain, or compositional 
variations, mixed with the extrinsic defects of polycrystalline 
materials [36–45]

Dominated by intrinsic, statistically homogeneous 
disorder of the amorphous structure [26]

Design 
implication

Geometry–limited magnetic 
states [24,28–30]

Non-topographic control via local tuning of magnetic 
properties. Still, irradiation/implantation–induced 
inhomogeneities and grain boundaries do influence the 
magnetic properties [47,48]

Low-energy ion- implantation without conventional 
structural discontinuities. Magnetic patterning with 
graded interfaces yielding controlled access to complex 
and topological magnetic states [26,53][Present work]
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pressure of 0.8 Pa. During growth, the sample stage was rotated, and the 
substrate was kept at room temperature (RT). This resulted in highly 
uniform polycrystalline disks. The hysteresis loop of this sample exhibits 
all typical features of vortex formation in the temperature range 100 K to 
200 K [58].

2.2. Magnetometry

Magnetization vs field (M(H)) measurements of sample FZ-850n 
were performed in a longitudinal magneto-optical Kerr effect (L- 
MOKE) setup operating with p-polarized incident light and equipped 
with an electromagnet. A second setup, equipped with a Helmholtz coil 
for a precise control of the magnetic field in the range ± 7 mT, and 
temperature control, was used for all other samples. This setup includes 
a μ-metal shield reducing the background field to less than 0.002 mT. 
The laser spot used for the measurements extended over an area of about 
7 mm2. In all samples, the laser spot illuminated several thousand 
ferromagnetic elements at the same time. The measurement of each M 
(H) curve was repeated 100 times and then averaged to improve the 
signal-to-noise ratio.

The same setups were used to record the individual FORC curves 
(Fig. S2) of each sample. In a FORC measurement, the sample is satu
rated in a positive field, then the applied field is reduced to the value Hr 
(reversal field) and the FORC magnetization (M) is recorded as a func
tion of the increasing measurement field (Hm). Repeating the FORC 
measurement for different reversal fields Hr, the FORC distribution is 
given by the second-order mixed partial derivative of M with respect to 
Hm and Hr: 

ρ(Hm,Hr) =
1

2MS

∂2M(Hm,Hr)

∂Hm∂Hr
(1) 

where MS is the saturation magnetization. If the magnetization reverses 
throughout multiple events, the use of different Hr will distinguish such 
events, producing individual signals in the ρ-diagram. Due to the double 
derivative, only irreversible contributions to the magnetization reversal 
between different Hr can be detected in the ρ-diagram, with positive and 
negative signals [59,60]. The analysis of the diagram offers information 
about the intrinsic distribution of reversal fields and the eventual in
teractions among the different magnetic components with an individual 
reversal. The raw data has been used to calculate the FORC distribution 
using a Matlab code implementing the FORCinel algorithm, which in
cludes a locally-weighted regression smoothing algorithm [53]. For 
processing our data, we used a smoothing factor of 10. As a reference, 
the translated coordinates HC = (Hm − Hr)/2, and HU = (Hm + Hr)/2 are 
also reported in the FORC diagrams.

To evaluate the absolute value of saturation magnetization of the 
amorphous samples, the M(H) curve of a reference fully implanted 
sample was recorded at room temperature with a vibrating sample 
magnetometer (Lake Shore VSM model 7400) in the range ± 50 mT.

2.3. MOKE microscopy

The magnetization reversal process during an M(H) loop was also 
investigated by recording real-time images of the magnetic domain 
structures with a commercial magneto-optical Kerr microscope (Evico 
magnetics) operating with Carl Zeiss optics with different magnifica
tions (20X and 50X) at room temperature. The system was equipped 
with a low-noise digital CCD camera and an electromagnet. First, a 
degauss procedure was applied to bring all rings to the ground state 
configuration. Then, images of the magnetic domains were recorded 
during a hysteresis loop. The images were recorded by averaging over 16 
frames at each field step to reduce the noise. To maximize the magnetic 
contrast in the images, a background image of each sample was recorded 
before the measurements while applying an AC field, and then the im
ages were collected using a real-time background subtraction mode. The 

images were processed using the software FIJI [61], normalizing the 
brightness to equalize the middle grey level for the paramagnetic 
background (matrix) in each image.

2.4. Micromagnetic simulations

To study the magnetic configurations in amorphous samples, we 
have created a micromagnetic model using Mumax3 [62], an open- 
source GPU-accelerated micromagnetic software package, which 
numerically solves the Landau-Lifshitz-Gilbert (LLG) equation using a 
finite-difference space discretization. We have developed a micro
magnetic model extending the patchy model of Mansuripur et al. 
[31,63,64], based on the concept of random anisotropy [65]. For an 
amorphous material the atomic structure exhibits a short-range local 
order. One can identify structural correlation within a distance d on the 
order of a few atomic spacings. Each structural unit may exhibit random 
variations in both the direction of their anisotropy axis and, to some 
extent, the magnitude of the anisotropy constant. Although no structural 
correlation is observed over medium to long distances, the magnetic 
exchange coupling can extend over an effective exchange length Leff > d, 
grouping several structural units into extended magnetically correlated 
regions. These correlated regions therefore exhibit an effective average 
anisotropy, characterized by a common easy–axis direction and a 
reduced anisotropy–constant magnitude [66,67].

Starting from general consideration on amorphous materials and 
specific examples of micromagnetic simulations [31,63,65,68–70], we 
defined a range of values for the simulation parameters and tested their 
combination to find the common set that reproduced the experimental 
results (hysteresis loop curves and domain configuration) for all the 
amorphous samples. The effective exchange length Leff was estimated to 
be ≈ 17 µm, in agreement with the conclusions of Betancourt et al. 
[69,70]. However, we selected to discretize the micromagnetic problem 
with cells of about 7, 9, and 20 nm, for the 850 nm, 5 µm, and 20 µm 
disks, respectively. This gives the resolution to correctly reproduce the 
curvature of the samples, the patches, and the subtle features of the 
magnetic domain configurations in each disk. From the refinement 
process of the parameters, good agreement with the experimental data 
has been obtained for patches, defined by Voronoi tessellation [71], 
with an average size of 100 nm. The direction of the easy axis was 
random in each patch and the mean value of the uniaxial anisotropy 
constant Ku set to 50 J/m3 with a 20% standard deviation. The exchange 
stiffness Aex was 1.0 pJ/m. The values of both Aex and Ku represent 
reduced effective room temperature ones. The saturation magnetization 
of the sample has been fixed to the experimental value recorded at room 
temperature (330 kA/m, Fig. S3) for a reference Fe80Zr10B10 fully 
implanted film sample. The damping constant used for the simulations 
was α = 0.01. Further details on the parameters’ refinement are pro
vided in the dedicated section of Supplementary information.

3. Results and discussion

3.1. Conventional vortex configuration

As a reference for the single vortex configuration, we start by 
investigating a sample exhibiting all typical features of vortex forma
tion, namely an array of soft FM Fe13.5Pd86.5 circular disks [57,58], 
labelled FP-450n. Advanced PEEM–XMCD imaging and MOKE magne
tometry have previously elucidated the temperature evolution of the 
vortex nucleation and annihilation in this system [58]. The disks, ar
ranged in a regular square lattice, have a diameter of 450 nm and 
thickness of 10 nm (Fig. S1). Within the temperature range 100–200 K, 
the magnetization vs field M(H) curve of this sample exhibits typical 
features of vortex formation [57]. Fig. 1a shows the M(H) curve 
measured at 160 K. Following the descending magnetization branch, 
decreasing the field from the positive saturation state (S+) yields a 
nucleation step (N), where the magnetization suddenly decreases due to 
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the formation of a flux closure state, i.e., the nucleation of a vortex. 
Then, the applied field displaces the vortex core in a direction perpen
dicular to the applied field. The vortex core displacement is a hysteresis- 
free process that is described by a reversible linear region (R) in the M 
(H) curve with an almost zero magnetization remanence. The applica
tion of negative fields displaces the core in the opposite direction to the 
point where the vortex configuration is no longer stable and it is anni
hilated (A), with a corresponding sharp drop of absolute magnetization 
reaching the negative saturation state (S-).

Fig. 1b shows the corresponding FORC diagram obtained at 160 K for 
sample FP-450n. The FORC diagram exhibits a so-called “butterfly” 
pattern, the fingerprint of the presence of the vortex configuration 
[60,72]. Moving from positive saturation down to a reversal field in the 
interval 3.5 mT > μ0Hr > 2.0 mT, the vortex nucleation is induced. 
Indeed, sweeping the measurement field Hm back to positive saturation 
allows observing the vortex annihilation with a positive increment in 
magnetization represented by signal SA1. A clear example of this phe
nomenon is visible in the individual first-order reversal curve starting 
from μ0Hr = 2.67 mT, shown as a dashed red line in Fig. 1a, and cor
responding to the horizontal scan indicated by the dashed black line in 
Fig. 1b. SA1 is visible down to a reversal field of μ0Hr ~ 2.0 mT, where 
the nucleation process is completed for all disks and hence no further 
variation is visible in the corresponding annihilation signal. Further 
reducing the initial reversal fields in the range 2.0 mT > μ0Hr > -3.5 mT 
displaces the vortex’s core reversibly, without inducing its annihilation, 
hence no irreversible signals are visible in the FORC diagram for reversal 
fields in this range. Reversal fields -3.5 mT > μ0Hr > -4.5 mT annihilate 
the vortices into a negative saturation state, therefore, sweeping back 
the field towards positive saturation induces a (re)nucleation of the 
vortex, its reversible core displacement, and, finally, its annihilation, as 
exemplified by the individual FORC starting from μ0Hr = -3.71 mT 
(short-dashed green line in Fig. 1a). The re-nucleation is visible as signal 
SN1 in the FORC diagram. Note that the sharp increment in magneti
zation due to the re-nucleation, modifies its slope along successive 
FORCs, creating a typical small negative signal before SN1 [59,60]. 
Increasing the measurement field further, the reversible displacement of 
vortex’s core does not produce any signal in the FORC diagram, until the 
vortex annihilation creates signal SA1b, characterized by the negative- 

positive–negative profile. This originates from the distribution of 
nucleation fields among different circular elements, and the corre
sponding distribution of annihilation fields. The distribution results in 
the shift of the SA1b signal’s peak during subsequent reversal fields Hr, 
leaving typical negative tails, creating the triple signal structure 
[59,60,72].

Sample FZ-850n consists of amorphous Fe80Zr10B10 disks with a 
diameter of 850 nm embedded within the amorphous Fe89Zr11 matrix; at 
room temperature, the disks are ferromagnetic (FM), while the matrix is 
paramagnetic (PM). The M(H) curve and FORC diagram measured at 
room temperature (shown in Fig. 2a-b) are similar to those of FP-450n. 
Qualitatively, the FORC diagram shows the same three signals related to 
the nucleation and annihilation processes. Due to the small size of the 
disks in sample FZ-850, the MOKE microscope setup cannot resolve their 
magnetic structure. Micromagnetic simulations have instead been used 
to reproduce the original M(H) curve and representative individual 
FORC curves (Fig. 2c-d and Fig. S4). Details about the micromagnetic 
simulations can be found in Supplementary Information, along with 
an explanation for the small discrepancy between the measured and 
simulated fields used in Fig. 2.

In Fig. 2c, the simulated spin configurations, which reproduce the 
main steps of the reversal process corresponding to the formation of 
signal SA1 in Fig. 2b, are shown. Initially, the disk shows a vortex 
configuration with a left shifted core, due to the positive applied field. 
Increasing the field back to positive saturation progressively pushes the 
core toward the left edge. Simulations reveal that the vortex configu
ration exhibits large stability and can be substantially distorted and 
compressed toward the edge before the annihilation takes place at about 
15 mT in the simulation, and 11 mT in the real sample. Here the vortex 
annihilation corresponds to a continuous and almost smooth process, in 
agreement with the experimental extended weak annihilation signal 
SA1 in Fig. 2b, which reflects the absence of a sharp annihilation step in 
the experimental M(H) curve in (Fig. 2a).

Fig. 2d shows the simulated reversal process starting from the 
reversal field of − 15.0 mT. The initial simulated spin structure exhibits 
some residual curling. Indeed, reversing the field back towards positive 
saturation induces the formation of a buckling state [57], before the 
vortex nucleation, which produces the sharp signal SN1 in Fig. 2b. 

Fig. 1. (a) Magnetization vs field curves M(H) (black continuous line) and selected first-order reversal curves (dashed red and short-dashed green lines) measured 
with a longitudinal MOKE setup at 160 K for FP-450n. The descending branch is divided into five distinct regions to guide the analysis of consecutive magnetic 
configurations: from positive saturation (S+) to the nucleation step (N), the vortex core reversible movement (R), and its annihilation (A) which leads to negative 
saturation (S-). (b) First-order reversal curve diagram for the same sample at 160 K showing the three main signals SA1, SA1b, and SN1, produced by the 
magnetization reversal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Increasing the field further, the magnetization configuration evolves 
with a quite smooth annihilation of the vortex core, resulting in the 
weaker signal SA1b in Fig. 2b compared to the one for sample FP-450n 
in Fig. 1b.

The origin of the weaker annihilation signals for the FZ-850n sample 
compared to the FP-450n sample was investigated by additional 
micromagnetic simulations. In systems fabricated by ion implantation 
through a lithographic mask, geometrical imperfections are intrinsically 
smooth and dominated by ion straggling, which leads to a boundary 
broadening over a few tens of nanometers rather than to sharp edge 
irregularities [26]. As a consequence, realistic geometrical variability is 
mainly captured by small variations in disk size and ellipticity. To 

evaluate the possible impact of such effects, additional micromagnetic 
simulations including controlled distortions of the disk geometry were 
performed (Supplementary Information and Fig. S5). The results 
show that the vortex nucleation and annihilation mechanisms remain 
unchanged across all configurations, with the core being progressively 
compressed and distorted toward the disk edge prior to annihilation. 
Only minor quantitative variations are observed, with simulated 
nucleation fields in the range +2.0 to 0.0 mT and simulated annihilation 
fields between -13.5 and -15.5 mT. These findings indicate that a 
possible distribution of annihilation fields plays only a secondary role, 
while the magnetization reversal is primarily governed by the contin
uous vortex distortion as its core moves close to the edge of the disk. 

Fig. 2. (a) Magnetization vs field curves M(H) (black continuous line) and selected first-order reversal curves (dashed red and short-dashed green lines) measured 
with a longitudinal MOKE setup at room temperature for FZ-850n. (b) First-order reversal curve diagram for the same sample showing the three main signals SA1, 
SA1b, and SN1, produced by the magnetization reversal. Magnetization configurations as a function of measurement field qualitatively reproducing the experimental 
reversal processes in (b) obtained from micromagnetic simulations obtained with initial reversal fields of 2.0 mT (c) and − 15.0 mT (d). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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From this picture, it emerges that the very low concentrations of defects 
and large homogeneity and ultra-soft ferromagnetic nature of the 
amorphous architecture structure allow pushing the vortex core very 
close to the edge of the disk reaching large collinearity not too far from 
that of the fully saturated state.

3.2. Multiple flux closure configurations

The M(H) curve of larger amorphous disks with a diameter of 5 μm 
(sample FZ-5 m) is shown in Fig. 3a and exhibits similar features to 
samples FP-450n and FZ-850n. The bottleneck effect, with almost zero 
remanent magnetization in the curve, is the typical product of a flux 

Fig. 3. (a) Magnetization vs field curves M(H) and (b) first-order reversal curve diagram measured with a longitudinal MOKE setup at 300 K for sample FZ-5 m. 
Magnetization configurations recorded by MOKE microscopy and corresponding micromagnetic simulations as a function of the measurement field after an initial 
reversal field of 0.43 mT (c), -1.21 mT (d), and -1.61 mT (e) are shown. A greyscale version of the magnetic configurations easier to compare to the Kerr images is 
presented in Fig. S6.
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closure configuration. Also, the FORC diagram (Fig. 3b) exhibits simi
larities to those of FP-450n and FZ-850n. However, it also displays 
distinct features, indicating different magnetic configurations and/or 
magnetization reversal processes in this sample. The large diameter of 
the disks allows imaging of the magnetic configuration by MOKE mi
croscopy. We have performed equivalent FORC measurements with the 
MOKE microscope at the three reversal fields corresponding to the 
appearance of the FORC signals, i.e., μ0Hr = 0.43 mT, -1.21 mT, and 

-1.61 mT, as indicated by horizontal lines in Fig. 3b.
In Fig. 3c, the reversal field μ0Hr = 0.43 mT brings the disk to the cat- 

eye domain configuration observed in the Kerr image. Sweeping the 
measurement field back annihilates the cat-eye configuration into the 
positive saturation, producing the sharp signal SA2 in the FORC diagram 
(Fig. 3b). Micromagnetic simulations reveal the internal details of the 
cat-eye configuration, which turns out to involve two vortices. Their 
annihilation, captured by signal SA2, happens symmetrically and 

Fig. 4. (a) Magnetization vs field curves M(H) and (b) first-order reversal curve diagram measured with a longitudinal MOKE setup at room temperature for FZ-20 m. 
Magnetization configurations recorded by MOKE microscopy and corresponding micromagnetic simulations as a function of the measurement field after an initial 
reversal field of 0.14 mT (c) and -0.37 mT (d) are shown. The presence of multiple vortices and antivortices cores is evidenced with dashed circles and arrows, 
respectively. See Fig. S7 for the corresponding simulations as greyscale images.
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simultaneously.
In Fig. 3d, at the initial reversal field of -1.21 mT, the system consists 

of negative semi-saturated disks, with small residual positive magneti
zation regions at the edge. Micromagnetic simulations identify the most 
stable configuration in such conditions to be a single vortex, with the 
core largely displaced towards one side of the disk. Hence, one of the two 
vortices of the cat-eye structure (seen in Fig. 3c at μ0Hr = μ0Hm = 0.43 
mT) must have been annihilated while decreasing the field to μ0Hr =

-1.21 mT. Sweeping the field back to positive values, the remanence 
state is reached (at μ0Hm = 0.02 mT in Fig. 3d), where the stable 
configuration is a symmetric single vortex. Further increasing the 
measurement field, the vortices annihilate into an almost saturated 
state. In the FORC diagram (Fig. 3b), this annihilation of the single 
vortices yields signal SA1.

Progressively decreasing the reversal field from μ0Hr = 0.43 mT to 
μ0Hr = -1.21 mT increases the probability of starting the reversal process 
with one vortex instead of two vortices (corresponding to the cat-eye 
domain configuration). Hence, during each subsequent sweeping of 
the measurement field toward positive saturation, the signal SA2, cor
responding to the annihilation of the cat-eyes, reduces its magnitude, 
progressively substituted by the signal SA1 caused by the single vortex 
annihilation.

In Fig. 3e, the reversal field μ0Hr = -1.61 mT induces nearly complete 
negative saturation in most of the disks, annihilating all vortices, 
although edge non-collinearities persist. In the FORC diagram, sweeping 
the measurement field up to about -0.5 mT produces first the intense 
signal SN2, followed by the weak tail indicated as signal SA2-1 in 
Fig. 3b. The MOKE images and the micromagnetic simulations show that 
the SN2 signal corresponds to the nucleation of distorted double 
vortices, where one of the vortices is already very close to the edge of the 
disk. The following signal SA2-1 corresponds to the complete expulsion 
of one of the vortices, leaving only one of the two, which is the stable 
magnetic configuration at remanence. The degree of distortion and the 
almost continuous transformation of double vortices into single ones is 
likely promoted by the continuous sweeping of the field in the same 
direction. On the other hand, the FORC starting from μ0Hr = 0.43 mT, 
due to the inevitable initial pause and field sweeping reversal, seems to 
promote more symmetric and regular double vortex cat-eye structures. 
For μ0Hr = -1.61 mT, increasing the measurement field further, the 
annihilation of the single vortex follows the same process as for μ0Hr =

-1.21 mT, as no new signal is introduced in the FORC diagram.
It should be noted that observing several Kerr microscope images at 

remanence, about ~ 90% of the disks exhibit the single vortex config
uration, while the remaining disks show a sort of cat-eye configuration 
(Fig. S8a). Hence, about 10% of the disks do not annihilate one of the 
two initial vortices to form a single one. We expect the FORC signals 
from these minority disks to be much weaker than from the majority 
disks.

The M(H) curve of 20 µm amorphous FM disks (sample FZ-20 m) 
reported in Fig. 4a suggests a magnetization reversal process in line with 
that of FZ-5 m, at proportionally lower fields. On the other hand, the 
FORC diagram (Fig. 4b) shows some clear differences. In Fig. 4c, at the 
reversal field μ0Hr = 0.14 mT, the magnetic domains inside each disk 
appear as cat-eyes in the Kerr images. The micromagnetic simulation 
clearly shows four vortices, indicated as circles in the simulated spin 
structure (Fig. 4c), with the additional presence of two antivortices, 
identified by small arrows. It is worth noting that the magnetization in 
the internal area is antiparallel to the direction of the field applied to 
saturate the sample. Both MOKE microscopy images and simulations 
show that the annihilation occurs through shrinking and collapsing this 
internal antiparallel domain. The position of the signal SA4-2 in the 
FORC diagram (Fig. 4b) suggests that this multiple-vortex structure is 
annihilated at about μ0Hm = 0.20 mT.

In Fig. 4d, at the reversal field μ0Hr = -0.37 mT, MOKE microscope 
images and simulations show that the disks are negatively saturated at 
this initial reversal field. Signal SN3 indicates the nucleation of a 

multiple vortices structure that, at remanence, forms cat-eye shaped 
domains in the Kerr image. Here, the micromagnetic simulations show a 
wide central structure with 3 vortices and 1 antivortex. Finally, the 
annihilation process of the cat-eye configuration occurs through the 
expansion of the positively magnetized central domain, parallel to the 
applied field. Hence, the saturation is reached at a larger field compared 
to the annihilation of the previous 4-vortices structure, as evidenced by 
the shift of the position of signal SA3 with respect to signal SN4-2 in the 
FORC diagram. We note that MOKE images taken at remanence 
(Fig. S8b-c) reveal that some vortex cores have shifted towards the 
edges and/or collapsed, expanding the internal area into a distorted cat- 
eye resembling a quasi-single vortex configuration. This distortion is 
accompanied by magnetization fragmentation near the disk edges due to 
the presence of multiple domains. Consequently, we expect multi-vortex 
configurations similar to the cat-eye structure in Fig. 4d. Statistically, 
cat-eye configurations dominate at remanence, appearing in approxi
mately 75% of the analyzed disks (Fig. S8).

3.3. Topological perspective

Magnetic flux–closure configurations in thin ferromagnetic disks 
possess a well–defined topological character that originates from the 
winding of the in–plane magnetization around localized singularities. In 
these systems, the magnetization lies predominantly in the plane, with 
local orientation described by the angle θ. Within this framework, 
vortices and antivortices are characterized by an integer winding 
number n, defined as: 

n =
1
2π

∮

∇
→

θ • d r→=
1
2π

∫∫
(
∂x∂yθ − ∂y∂xθ

)
dS (2) 

The winding number counts the number of times the in–plane magne
tization rotates along a closed path encircling the defect. This quantity 
corresponds to the topological charge associated with the first homotopy 
group of the order–parameter space π1(S1), and is the appropriate 
invariant for classifying magnetic vortices, antivortices, and related 
textures in planar magnetic systems [73,74]. Within this homo
topy–based description, vortices and antivortices carry integer winding 
numbers +1 and -1, respectively, while more complex flux–closure 
configurations can involve edge defects with fractional winding 
numbers ±1/2 [75,76]. Those edge defects can be understood as frac
tionalized vortices/antivortices. For simply connected geometries, such 
as the disks investigated here, the net winding number is conserved and 
fixed to +1, while magnetization reversal and reconfiguration proceed 
through the creation, annihilation, and rearrangement of vor
tex–antivortex pairs and fractional edge defects that redistribute this 
conserved quantity. Bulk topological defects such as the vortex can both 
be nucleated and annihilated. Therefore, the presence of fractional edge 
defects is necessary in order to conserve the net winding number in 
magnetic mesostructures [76–78].

For the simulated spin structures, we identify bulk topological de
fects by calculating and plotting 

(
∂x∂yθ − ∂y∂xθ

)
/2π over the entire sur

face and identifying local regions with n = ±1. Edge defects are related 
to the presence of a kink in the magnetization at the edge [76]. Both bulk 
and edge defects can be identified plotting the amplitude of the topo
logical field |∇→θ|. In Fig. 5, the amplitude of the topological field is 
plotted together with the simulated spin structure for the FZ-850n 
sample during a portion of the magnetization reversal of a simulated 
M(H) curve. In the saturated state, all spins point in the same direction, 
and topological bulk defects do not exist. Still, the net winding number 
must be conserved and equal to +1. Therefore, two topological edge 
defects with n = +1/2 exist, one at each pole. For the FZ-850n sample, 
these topological edge defects approach each other as the applied field is 
decreased (Fig. 5a) before merging and forming the vortex with n = +1 
(Fig. 5b), preserving the net winding number. In Fig. 5c, the sample is 
almost fully saturated in the opposite direction. The vortex retains its 
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topological winding number, but the vortex itself is strongly distorted as 
can be seen both from the amplitude of the topological field and the spin 
structure. The vortex being able to distort and move close to the edge of 
the disk explains the very weak annihilation signal in the M(H) loop in 
Fig. 2. Still, the FORC diagram (Fig. 2b) clearly captures 3 signals cor
responding to the nucleation of a vortex (SN1) or the annihilation of a 
vortex (SA1 and SA1b). Hence, the SN1 signal corresponds to trans
forming two edge topological defects with n = +1/2 into a bulk topo
logical defect (a vortex) with n = +1, while the SA1 and SA1b signals 
correspond to the transformation of the vortex (n = +1) into two edge 
topological defects with n = +1/2.

For the larger sized disks FZ-5 m, the single vortex formation during 
the M(H) curve scan follows a different route as illustrated in Fig. 6. 
Decreasing the applied field from saturation, two topological edge de
fects with n = +1/2 move on opposite sides diagonally from each other 
(Fig. 6a). Next, each edge defect with n = +1/2 is transformed into a 

bulk vortex with n =+1 inside the disk, each leaving an anti-vortex edge 
defect with n = -1/2, preserving the net winding number n = +1 
(Fig. 6b).

As the applied magnetic field is further reduced, the cat-eye shaped 
domain pattern (Fig. 6c) is formed with the domain’s walls clearly 
visible in the amplitude of the topological field. Further reducing the 
magnetic field, one of the vortex merges with the two edge defects 
(Fig. 6d) leaving a single vortex (Fig. 6e). Here, two topological edge 
defects with n = -1/2 and a bulk vortex (n = +1) could mutually anni
hilate keeping the topological charge constant.

Finally, reducing the applied field close to negative saturation, the 
vortex moves very close to the border of the disc. It is still a topological 
defect with n = +1, but highly distorted as can be seen from the spread 
in the amplitude of the topological field in Fig. 6f. This can explain the 
absence of a sharp annihilation signal in the M(H) curves in Fig. 3, since 
the magnetization is very close to the saturated state before the vortex is 

Fig. 5. The amplitude of the topological field |∇→θ| for the FZ-850n sample just before (a) and just after (b) the creation of a bulk vortex while decreasing the applied 
field from saturation. The location of the bulk topological defect is determined from 

(
∂x∂yθ − ∂y∂xθ

)
and indicated by a red circle for a vortex. (a) M/Ms = 0.82; (b) 

M/Ms = 0.27; (c) M/Ms = 0.87. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The amplitude of the topological field |∇→θ| for the FZ-5 m sample while decreasing the applied field starting from saturation. The location of each bulk 
topological defect is determined from 

(
∂x∂yθ − ∂y∂xθ

)
and indicated by a red circle for a vortex. (a) M/Ms = 0.91; (b) M/Ms = 0.71; (c) M/Ms = 0.39; (d) M/Ms =

0.10; (e) M/Ms = 0.06; (f) M/Ms - -0.95. The color bar indicates the amplitude of the topological field (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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annihilated.
This topological analysis reinforces the observations from the FORC 

diagram (Fig. 3b). Signal SN2 corresponds to the nucleation of a double 
vortex structure, occurring while increasing the field from a negative 
value close to saturation. The topological transformation is from two 
edge defects with n = +1/2, into two bulk vortices along with two edge 
topological defects with n = -1/2. Hence, the net winding number of +1 
is conserved. The weak signal SA2-1 in the FORC diagram reflects the 
transition from the topological situation in Fig. 6d to that in Fig. 6e, 
where 3 topological defects mutually annihilate and only a single bulk 
vortex survives. Finally, signal SA1 represents the annihilation of the 
single vortex visible at remanence, while increasing the field to reach 
(positive) saturation. This process occurs through the transition from a 
bulk vortex with n = +1 to two topological edge defects, each with n =
+1/2. On the other hand, signal SA2 corresponds to the simultaneous 
annihilation of two vortices (n = +1), by merging each of them with a 
topological edge defect with n = -1/2 into a new topological edge defect 
with n = +1/2.

For the largest disks FZ-20 m, decreasing the applied field from 
saturation, the two topological edge defects with n = +1/2 initially 
move diagonally, as for the FZ-5 m disks in Fig. 6b, and each splits up 
into a topological edge defect with n = -1/2 and a vortex (n = +1) as 
illustrated in Fig. 7a. However, as the field is further reduced, two more 
vorticities and two anti-vortices are created, as shown in Fig. 7b. Next, 
each anti-vortex moves closer to the original vortex (Fig. 7c-d) leaving a 
large cat-eye domain in Fig. 7e. Approaching negative saturation, new 
vortex-antivortex (V-AV) pairs are added to the domain walls. The 
beginning of this process is illustrated in Fig. 7f. In light of this topo
logical investigation, the SA4-2 signal In the FORC diagram (Fig. 4c) 
corresponds to the annihilation of two vortices. The SN3 signal repre
sents the nucleation of a three-domain structure with a single vortex 
domain wall and a V-AV-V domain wall. On increasing the field, such 
domain wall structure evolves with the formation of multiple V-AV 
pairs, and their annihilation corresponds to signal SA3.

From a topological perspective, amorphous ferromagnetic disks of 
different sizes reveal striking differences in their reversal dynamics 
despite similar features in the M(H) loops. In the smallest sized disks 
(850  nm in diameter), only a single vortex configuration is nucleated. In 
the 5 μm disks, either a single vortex or a double–vortex (cat–eye 
domain configuration) can be stabilized depending on the field-history. 
However, at remanence, the single vortex is the most favored configu
ration. Considering the small difference in nucleation field between 
single– and double–vortex states, and the increased capability of larger 
disks to host multiple vortices, it is reasonable to expect that for lateral 
dimensions slightly above 5  µm the double–vortex configuration may 
become dominant. In the larger 20  µm disks, more complex configu
rations involving either two vortex (as in the 5 µm disks) or different 
vortex–antivortex configurations can be stabilized depending on the 
field history.

From a broader perspective, these results highlight the value of 
designing deliberately engineered amorphous magnetic architecture. 
The absence of crystalline interfaces ensures structural continuity, while 
the spatially confined ferromagnetic regions introduce a functional 
magnetic patterning that governs the emergence, stability, and inter
action of topological defects. This architectural nature, amorphous in 
structure yet magnetically engineered, provides a degree of control over 
vortex–antivortex injection and evolution that would be difficult to 
achieve in conventional patterned crystalline films. It therefore estab
lishes a conceptual and practical framework for designing magnetic 
systems in which topology, geometry, and amorphous disorder coop
erate to produce robust, reconfigurable spin textures.

Beyond the specific results of the samples investigated, the approach 
and materials proposed here open new avenues for engineering intricate 
magnetic architectures previously limited by conventional topographic 
patterning techniques. This advancement has profound implications for 
the development of unconventional magnetologic devices, particularly 
in the quest for developing artificial magnetic synapses. The all- 
amorphous design allows for the precise arrangement and 

Fig. 7. The amplitude of the topological field |∇→θ| for the FZ-20 m sample while decreasing the applied field starting from saturation. The location of the bulk 
topological defect is determined from nlocal = 1

2π∬
(
∂x∂yθ − ∂y∂xθ

)
and indicated by a red circle for surrounding the local area yielding nlocal = 1 (vortex), and a blue 

square for the local area yielding nlocal = -1 (anti-vortex). (a) M/Ms = 0.90; (b) M/Ms = 0.33; (c) M/Ms = 0.05; (d) M/Ms = -0.22; (e) M/Ms = -0.39; (f) M/Ms = -0.69. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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manipulation of magnetic textures, which is essential for achieving high- 
performance, energy-efficient neuromorphic elements [79]. The topo
logical properties of vortex-based structures provide inherent stability, 
making them robust against external perturbations and ensuring reliable 
storage of information, a critical aspect for the long-term memory 
functions of artificial synapses [80]. This stability is coupled with the 
ability to create and manipulate multiple vortices within a magnetic 
element, enabling the encoding of multiple states. This capability is 
essential for achieving multi-level synaptic weights, which are crucial 
for complex neuromorphic computing [81,82]. For instance, by con
trolling the number and configuration of vortices, one could modulate 
synaptic weights to mimic the dynamic behavior of biological synapses. 
Moreover, the interactions between multiple vortices can be tuned to 
create diverse synaptic behaviors, such as potentiation and depression, 
by adjusting the magnetic fields or currents applied to the system. This 
tunability allows for the simulation of synaptic plasticity phenomena 
[82], which are fundamental for learning and memory in artificial 
neural networks. More broadly, the ability to engineer topological 
magnetic architectures within fully amorphous patterned materials es
tablishes a versatile platform for the design of next-generation func
tional magnetic systems, from artificial synapses to reconfigurable spin- 
based computing. Future research should focus on assembling these 
architectures into complete devices while maintaining stability and 
functionality, as well as exploring their integration with existing neu
romorphic technologies to enhance computational capabilities.

4. Conclusions

We have reported the evolution of magnetic flux closure configura
tions achievable in amorphous architectures where embedded ferro
magnetic disks are prepared by boron ion implantation into a parent 
paramagnetic FeZr amorphous matrix. This study has been carried out 
using a combination of conventional M(H) curves, FORC diagrams, Kerr 
microscopy, and advanced micromagnetic simulations. Conventional M 
(H) curves can only provide general information on the formation of flux 
closure for disks with diameters of 850 nm, 5 µm, and 20 µm. However, 
by applying for the first time FORC diagrams together with Kerr mi
croscopy to the study of mesoscale disks we demonstrated that the FORC 
technique has the benefit of resolving even subtle differences in the 
nucleation and annihilation fields of similar but distinct magnetic flux 
closure structures. We have also developed a micromagnetic model of 
amorphous mesoscale ferromagnetic structures with a single set of pa
rameters tuned through direct comparison with the M(H) curves and 
Kerr images. The simulations allow us to resolve the underlying spin 
configurations and identify their topological fingerprints, including the 
nucleation and annihilation of single vortices, double vortices, and more 
complex multi-vortex states accompanied by anti-vortices. The ability to 
deterministically control the number and arrangement of vor
tex–antivortex cores in microscale disks using tailored magnetic–field 
protocols establishes this system as a promising platform for high
–density magnetic memory, reconfigurable logic, and topologically 
encoded information processing.

This study was made possible by the exceptional magnetic softness of 
the amorphous magnetic structures, combined with the absence of 
conventional crystalline defects, creating an environment where flux 
closure structures can emerge on a large scale and be observed by Kerr 
microscopy. The structural continuity across the full amorphous archi
tecture enables an unprecedented level of control over the injection and 
dynamics of topological defects, a process typically constrained by 
extrinsic structural defects in conventional topographically patterned 
systems.

Beyond the specific system studied, these insights provide a frame
work for exploring spin textures and emergent topological phenomena 
across a broader range of geometries and length scales. These findings 
also open new perspectives for designing unconventional magnetic 
micro- and nanostructures, pushing the boundaries of topological 

magnetism toward novel functional architectures. In particular, the 
ability to integrate within a single element multiple magnetic states with 
intrinsic topological stability suggests that similar multi-state magnetic 
textures could serve as fundamental building blocks for neuromorphic 
computing hardware, paving the way for innovative approaches in 
artificial intelligence hardware design.
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J. Michalička, V. Uhlí̌r, T. Šikola, Magnetic vortex nucleation modes in static 
magnetic fields, AIP Adv. 7 (2017) 105103, https://doi.org/10.1063/1.5006235.

[9] M. Goiriena-Goikoetxea, K.Y. Guslienko, M. Rouco, I. Orue, E. Berganza, M. Jaafar, 
A. Asenjo, M.L. Fernández-Gubieda, L. Fernández Barquín, A. García-Arribas, 
Magnetization reversal in circular vortex dots of small radius, Nanoscale 9 (2017) 
11269–11278, https://doi.org/10.1039/C7NR02389H.

[10] R.P. Beardsley, S. Bowe, D.E. Parkes, C. Reardon, K.W. Edmonds, B.L. Gallagher, S. 
A. Cavill, A.W. Rushforth, Deterministic control of magnetic vortex wall chirality 
by electric field, Sci. Rep. 7 (2017) 7613, https://doi.org/10.1038/s41598-017- 
07944-9.

[11] X. Fu, S.D. Pollard, B. Chen, B.K. Yoo, H. Yang, Y. Zhu, Optical manipulation of 
magnetic vortices visualized in situ by Lorentz electron microscopy, Sci. Adv. 4 
(2018) 1–12, https://doi.org/10.1126/sciadv.aat3077.

[12] R.V. Verba, D. Navas, A. Hierro-Rodriguez, S.A. Bunyaev, B.A. Ivanov, K. 
Y. Guslienko, G.N. Kakazei, Overcoming the Limits of Vortex Formation in 
magnetic Nanodots by Coupling to Antidot Matrix, Phys. Rev. Appl 10 (2018) 1, 
https://doi.org/10.1103/PhysRevApplied.10.031002.

[13] A. Ehrmann, T. Blachowicz, Vortex and double-vortex nucleation during 
magnetization reversal in Fe nanodots of different dimensions, J. Magn. Magn. 
Mater. 475 (2019) 727–733, https://doi.org/10.1016/j.jmmm.2018.12.031.
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