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Abstract

In this work, we investigate mesoscopic amorphous magnetic rings prepared by ion-implantation. The
analysis is carried out combining conventional magnetization vs field measurements alongside MOKE
microscopy imaging and, for the first time, first-order reversal curves (FORCs). With the information
extracted from the FORC diagram, we can identify the presence of typical onion and vortex magnetic
configurations, and also determine with high resolution the fields connected to their formation, stability,
and annihilation. Furthermore, depending on the field and history, two different onion configurations
exist, characterized by the presence of transverse or vortex domain walls. The FORC data reveals the
different reversible/irreversible nature of the annihilation of the two onion configurations, and a signal
peculiar of the presence of vortex domain walls. All these crucial information are not accessible with
conventional M(H) loops, demonstrating that FORCs offer a unique perspective for the investigation of

the physical phenomena of magnetic elements with complex geometries.
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Highlights

e Mesoscale amorphous magnetic rings embedded in an amorphous matrix are investigated.
e The rings exhibit onion and vortex states analyzed by first-order reversal curves.

e First-order reversal curves discriminate between transverse and vortex domain walls of the onion

state.

e First-order reversal curves capture unique details of the magnetization reversal.



Introduction

The investigation of small magnetic objects represents one of the most active fields in nanoscience.
Thanks to advanced preparation processes, magnetic nanostructures can be tailored in both size and shape
allowing to create controlled geometries [1-6] that manifest a multitude of peculiar spin configurations
and physical effects, such as vortices, skyrmions, and chiral bubbles [7]. Such nanostructures find

application in a wide range of fields, [1,8—10], with a special interest for magneto-recording [11,12].

A fundamental requisite to improve the density of magnetic memories is the presence of a stable
remanence state. This state should be reached through a highly reproducible magnetization reversal
process, and have negligible stray fields, to avoid dipolar coupling among adjacent elements that would
affect the independent switching [13]. A vortex state, promoted by the curvature of simple geometries
like disks, fulfills these conditions, except for the small stray field of the vortex core. The vortex core
represents a highly energetic element, therefore, removing the core region by using a ring geometry vastly
improves the stability of the vortex and minimizes stray fields [14]. The magnetization reversal of a ring
is often characterized by two remanence states: as the field is reduced from saturation, the spins
reorganize internally in a so-called “onion” configuration which is characterized by two parallel domains
connected by 180° head-to-head and tail-to-tail domain walls. Reversing the field in the opposite
direction induces the nucleation of a vortex in the entire ring, followed by the appearance of a second
reversed onion at larger fields [15,16]. It is possible to distinguish onion configurations with transverse
domain walls (T-onions) or with vortex domain walls (V-onions) [17], with the V-onions usually observed

in wide microscale magnetic rings [15,18].

The formation and annihilation of onion and vortex states and, in general, the magnetization reversal
inside rings can be controlled by engineering their geometry, i.e., by varying thickness and diameter [19],
ring’s symmetry [20], or by introducing additional elements like internal notches [21] or external
connected nanowires [22]. Rings have proven to be a versatile platform for investigating emerging
physical questions, such as the deterministic switching of the vortex chirality [23] or ultrafast
magnetization dynamics [24]. At the same time, magnetic rings find application in several fields [10,25],
in particular for ultra-high-density magnetic memories [14] and magneto-logic operations [26],
exploiting the stability of their onion and vortex configurations. Moreover, rings can be easily combined

in multi-ring structures, for even more advanced multi-state systems [27].



Since the multiple magnetic configurations of rings are related to a variety of different geometrical and
structural factors, there comes the need of a comprehensive methodology of investigation of the field
dependence of their magnetization reversal. In this respect, we investigate for the first time magnetic
rings employing first-order reversal curves (FORCs). The FORC protocol allows identifying the presence
of different magnetic states and their formation, stability, and annihilation as a function of the external
field, with a much higher resolution compared to conventional magnetization vs field measurement. As
a model system, we have studied mesoscopic elements consisting of ferromagnetic FegoZrioB1o rings
embedded in a paramagnetic FegoZri1 matrix. The mesoscopic size of the rings allows visualization of
the magnetic domains through MOKE microscopy, corroborating the conclusions obtained from the

FORC diagram.

Materials and Methods

The sample consists of a fully amorphous superstructure made of boron-implanted ring elements
embedded in a FegoZri1 matrix. A 15 nm thick amorphous FegoZri1 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, and with on top a 5 nm Al70Z30 capping layer to protect the film from oxidation.
Next, a Cr mask was deposited and holes reproducing rings were realized by employing a conventional
photo-lithographic technique. 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 x 10'® jons/cm?, creating implanted regions reproducing
the mask. Finally, the mask was removed by chemical etching, leaving a planar sample with FegoZrioB1o
elements embedded in the FesoZri1 matrix. The fabrication method is described in more details in ref.
[28]. Doping with boron slightly expands the atomic Fe-Fe distances [29,30], enhancing the atomic
exchange coupling [31] and hence increasing the Curie temperature (7¢) from 208 K in the original
FesoZr11 matrix to 340 K in the implanted ring. At room temperature, the sample consists of the original
paramagnetic (PM) matrix, with embedded soft ferromagnetic (FM) rings with ultra-low intrinsic

magnetocrystalline anisotropy [28].

Magnetization vs field measurements were performed at room temperature in a longitudinal magneto-
optical Kerr effect (L-MOKE) setup, which operates with p-polarized incident light. It was equipped with
a Helmbholtz coil to generate a field in the range =7 mT, well above the saturation field of the rings, with
a constant sweeping rate of 20 mT/s. A p-metal shield reduced the background field to less than 0.002

mT. The laser spot extends over an area of about 7 mm?. Considering the structure of the pattern, with an



area per ring of 1.6 10 mm?, a single laser spot illuminates over 4000 rings 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.

First-order reversal curves (FORCs) were measured in the L-MOKE setup after degaussing the samples.
Before a FORC measurement, the sample was saturated in a field of +7 mT, then the field was reduced
down to the reversal field Hr, and an M(Hm) curve was recorded while scanning the measurement field
Hm back up to saturation. The process was repeated 100 times, and then the data were averaged to
improve the signal-to-noise ratio. The full set of M(Hm,H:) curves were recorded by measuring as a
function of reversal field in an interval from +0.50 to -2.00 mT, in steps of 0.01 mT. The FORC
distribution (p-diagram) was obtained by computing the second-order mixed partial derivative of M with
respect to Hm and H;, normalized by the saturation magnetization Ms:

1 9%2M(Hp,HR)

p(Hy, Hg) = T 2Mg OHuy,dHg M

The FORC distribution was calculated using a Matlab code implementing the FORClinel algorithm,
which includes a locally-weighted regression smoothing algorithm [32]. For processing our data, we have
used a smoothing factor (SF) of 8. Analyzing the FORC diagram can shed light on the complex
magnetization reversal processes occurring in a sample. Depending on the H; value, different starting
magnetic configurations are created. Sweeping the measurement field Hm back to saturation reveals the
reversal process of each individual configuration. Due to the double derivative, only progressive changes
of the M(Hm, Hr) curves are visible in the p-diagram, hence only irreversible processes will be visualized.
If a reversal event remains stable at the same Hm value while varying H;, a positive signal will be visible
in p only at the original H; at which the specific reversal mechanism occurred for the first time. On the
other hand, if a reversal event moves to a different Hn while changing H:, a positive elongated p signal
will extend to the new Hm value, and a tail-signal with negative values will mark the absence of the

reversal process at the corresponding previous Hm position [33,34].

The magnetization reversal process during an M(H) loop was investigated also by recording real-time
images of the magnetic domain structures with a commercial magneto-optical Kerr microscope and
magnetometer (Evico magnetics) operating with Carl Zeiss optics with different magnifications (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,
which was a vortex for all elements investigated. Then, images of the magnetic domains were recorded
during a hysteresis loop measured within a magnetic field range of £7 mT. 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 images were collected using a real-time background subtraction mode. The
images were processed using the software F1JI [35], normalizing the brightness to equalize the middle

grey level for the paramagnetic background (matrix) in each image.
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Figure 1. (a) Sketch of the rings prepared by ion implantation. (b) The pattern consists of a square lattice
of regular rings of amorphous FesoZri0B1o fully embedded in the original amorphous FesoZri matrix.
The full pattern extends over an area of 5 X 5 mm. At room temperature, the matrix is paramagnetic

while the boron implanted rings are ferromagnetic with ultra-low intrinsic anisotropy.

Results and Discussion

The sample consists of an amorphous composite structure with implanted regions with a ring shape. The
rings have an internal/external diameter of 10/20 um and thickness of 15 nm, and they are organized in
a square lattice with a lattice constant of 40 um, to minimize magnetostatic interactions among the
elements (figure 1). The mesoscopic rings are embedded in the original amorphous matrix, with smooth

interfaces, since no structural discontinuities exist between the two amorphous regions.
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Figure 2. (a) Magnetization vs field curve and (b) the corresponding derivative measured at room
temperature in an L-MOKE setup. The field sweep direction in each branch of the curves is distinguished

by the black and red colors and illustrated by the corresponding arrows.



Figure 2a reports the M(H) curve of the rings showing a double step due to the formation of the onion
and vortex magnetic configurations typical of ring structures [15]. The derivative curve of the hysteresis
loop (figure 2b) evidences two peaks associated with the field responsible for the formation of onion and
vortex configurations, at about 0.55 and 0.16 mT, respectively. The characteristic magnetic domain
configurations observed measuring an equivalent loop with a MOKE microscope are shown in figure 3.
At positive saturation, the magnetization is fully aligned parallel to the field, corresponding to the light
homogeneous domain image of the rings shown in figure 3a. Reducing the field, the spins relax into an
onion configuration with two large domains parallel to the field. They are connected by head-to-head and
tail-to-tail domain walls, visible as darker grey regions due to the contrast of their curling magnetization
(figure 3b) [18]. The onion configuration is stable at remanence (figure 3¢) while reversing the field to
small negative values induces a single vortex structure over the entire ring (figure 3d-e). Further
increasing the negative field, the vortex is converted into a new onion state (figure 3f-g) [14], very close

to the fully saturated condition (figure 3h).
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Figure 3. Kerr microscopy images of domain configurations in two of the magnetic rings as a function
of the applied field, with its direction represented by the white bold arrow. The longitudinal configuration
of the setup allows distinguishing the magneto-optical contrast of the magnetization component aligned
to the field direction. The scan starts with positive saturation, i.e., magnetization M pointing up, which
produces a light image of the rings (a). The progressive rotation of M while sweeping the field produces
local darker shades of grey, up to reach full negative saturation with complete dark rings (h). The vortex
domain walls in the onion configuration at remanence are evidenced by the curling red arrows (c). The
small red arrows in panels (b) and (g) evidence areas with a different contrast compatible with transverse

domain walls.
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Figure 4. (a) FORC diagram calculated from (b) the first-order reversal curves measured at room
temperature in an L-MOKE setup, using a smoothing factor SF = 8. For each main signal S, the field

coordinates of the peak intensity are reported in square brackets.
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The FORC diagram is reported in figure 4. For positive reversal fields, the FORC diagram does not
exhibit any signal. MOKE images show the formation of the first onion configurations already for poH:
~ 0.30 mT (figure 3b). However, those onions exhibit structures with transverse walls or incomplete
vortex walls [15,36]. Since the reversal process involving onions with transverse walls (T-onions) is not
associated with any signal in the FORC diagram, one can conclude that the gradual annihilation of a
transverse domain wall back into the starting saturated state is a fully reversible process. The signal in
the FORC diagram appearing at the highest reversal field (S1) has an onion configuration with complete
vortex walls as a starting configuration. The annihilation of a V-onion state is, therefore, a weak
irreversible process, underlined by the corresponding very weak magnitude of S1. We note that the
presence of V-onions configuration, can not be evidenced from conventional M(H) curves. Further
reducing the reversal field, the starting configuration is a vortex inside the entire rings (figure 3d). Hence,
the vortex annihilation is revealed by signal S2. The distribution of this signal in the reversal field range
allows estimating the range of field associated with the nucleation process of the vortex. On the other
hand, the corresponding measurement field range covered by S2 represents the extension of the
annihilation field distribution of the same magnetic structure. The observation of several tens of rings by
means of the MOKE microscope has evidenced that, for a given ring, the reversal is highly reproducible
at the same field, within the resolution of the instrument, i.e., about 0.01 mT. On the other hand, different
rings can show a small variation for the reversal fields. Since the laser spot illuminates over 4000 rings,
the distribution of nucleation/annihilation fields of the ensemble of rings is easily captured by the FORC
diagram. The vortex structure is stable for all reversal fields larger than those giving the signal S3. The
starting domain structure connected to S3 is the reversed onion configuration, and the nucleation of
vortices is, therefore, the process showing up in the FORC diagram as the signal S3. It appears as a
positive ridge-like signal starting at poHm = 0 mT and extending up to poHm = 0.15 mT, leaving a clear
negative signal tail in the diagram. At poH: = -0.7, the MOKE images show that the vortices are
annihilated into almost saturated configurations, but with small regions with a weak variation of contrast
(evidenced by arrows in figure 3g) compatible with a T-onion configuration. The FORC data reveal that
the nucleation of the vortex from a T-onion requires a very small nucleation field. Reducing Hr, the T-
onion becomes closer to saturation, and the nucleation field increases progressively, until Hr = -1.2 mT,
when all onions collapse in a fully saturated structure. Then, sweeping back up the measurement field,
we can expect to form first a T-onion, then converted in a V-onion without irreversible processes, finally

followed by the nucleation of the vortex domain at higher Hm. A final interesting aspect emerging from

13



the FORC diagram is that the annihilation process of the vortices is not affected by the variation of its
nucleation, indeed, the annihilation signal S2 does not show variation connected to the shift of the vortex
nucleation signal S3. It is important to remark that all those fine aspects of the complex magnetization
reversal of ring structures remain unexplored by a conventional examination of M(H) loops. In this
framework, FORCs represent a powerful tool than can find application in the analysis of advanced
geometries revealing the subtlest details of their magnetization reversal, such as the presence of stable

and metastable magnetic configurations, and the range of field for their stability.

Conclusions

In this work, we have investigated the magnetization reversal of amorphous mesoscale magnetic rings
combining the analysis of M(H) curve, magnetic domain images, and, for the first time, the FORC
diagram. This analysis confirms the presence of the two typical metastable configurations of magnetic
rings, i.e., the onion and the vortex states. The FORC diagram allows identifying their presence and the
respective range of field stability. Furthermore, the diagram underlines the presence of transverse and
vortex domain walls in the onion configurations. Indeed, only the annihilation of the onion configuration
with vortex domain walls represents an irreversible process, which generates a specific signal in the
FORC diagram. On the other hand, the hypothetical FORC diagram of a system where only onions with
transverse walls are present should only exhibit signals connected to the nucleation and annihilation
process of the full vortex state. From a more general point of view, the FORC diagram demonstrates its
capabilities in identifying and quantifying magnetic phenomena with much higher sensitivity compared
to conventional M(H) loops, discriminating between small variations of the same configuration. This
makes FORCs a powerful tool for the study of magnetic elements with complex geometries, which are

the object of strong interest for several technological applications.
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