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We present a systematic study of angular-dependent magnetization reversal in circular and rounded rec-
tangular Permalloy (Nig;Fejg) nanorings, examining both isolated and strongly interacting arrays using
magneto-optical Kerr effect measurements and micromagnetic simulations. Magnetic reversal behavior
was analyzed by determining the magnetic fields required for vortex state (VS) nucleation (Hys;) and
vortex state annihilation (Hysp). For circular rings, increased magnetostatic coupling in more closely
spaced nanostructures increased Hys; and decreased Hysp, with the most significant effects observed
with applied field aligned with the inter-ring spacing. Rectangular rings exhibit pronounced configura-
tional anisotropy, particularly with field applied near their short axis, where both isolated and coupled
arrays display three-step switching behavior and a distinct, angle-dependent enhancement of the VS
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stable field range. This enhancement spans a broader angular range in coupled arrays and is likely facili-
tated by the nucleation of vortex core states in areas of high flux curvature and ring width. These findings
provide new insights into geometry- and angle-dependent switching in nanorings and highlight their
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Introduction

Ferromagnetic nanostructures are foundational elements in a
wide range of emerging technological applications, including
data storage,"” magnetic sensors,* logic devices,”® and
magnonics.”® Recently, Vidamour et al.’ showed that the
dynamics of magnetic domain walls in interconnected
NigoFe,o nanoring arrays can be directly used for reservoir
computing. By encoding information in the amplitude of rotat-
ing magnetic fields, they triggered emergent domain wall
interactions that created the necessary nonlinearity and fading
memory. This method achieved state-of-the-art performance
on key benchmark tasks, including signal transformation,
spoken digit recognition, and time-series prediction, highlight-
ing the potential of magnetic nanorings for neuromorphic
computing. In arrays of nanomagnets, the magnetization con-
figurations and their transitions are highly sensitive to factors
such as the shape, thickness, and material composition of the
nanomagnets,'®** as well as the geometry of the array and
inter-element spacing'>'® via shape anisotropy and magneto-
static interactions between neighboring nanomagnets.
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potential in applications such as neuromorphic computing.

Nanorings (NRs) are particularly interesting among various
geometries because of their ability to support a vortex state — a
closed loop magnetization configuration that eliminates stray
magnetic fields, while avoiding the singularity of a vortex
core." A typical circular NR exhibits two primary magnetiza-
tion states: a bi-domain “onion state” (OS) under high external
magnetic fields and a circulating vortex state (VS) at low
fields."®"® By reducing the field, OS transitions to VS as one
domain wall depins, propagates and ultimately annihilates the
other wall."® Further increasing the applied field distorts the
circulating magnetization of VS, leading to nucleation of two
domains and domain walls in the reverse onion state (ROS)."?
This results in a two-step switching process: OS — VS — ROS.

Modifying structural parameters, such as ring thickness
and width, significantly alters these magnetization transitions.
An increase in thickness leads to a change from transverse to
vortex domain walls,"® which exhibit distinct dynamic beha-
viors."” Similarly, variations in ring width influence the stabi-
lity and type of magnetization states. For instance, wider rings
can support the vortex core state (VCS) - a circulating configur-
ation with a vortex core - while narrower rings may stabilize a
twisted state.'®'>18720

Further control over magnetization states can be achieved
by deviating from the symmetric circular NR geometry.
Introducing asymmetry, such as by displacing the central
hole,> incorporating notches,* or integrating additional
structural elements,*® can enhance control over the VS chiral-
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ity under specific field orientations. Non-circular geometries,
such as rectangular or elliptical NRs, can exhibit anisotropic
reversal behavior that depends on the axis of applied magnetic
field (e.g., along the long or short axis).""**"*” This directional
dependence can benefit device applications requiring distinct
read and write pathways.

Additionally, reducing the spacing between adjacent nanor-
ings enhances magnetostatic interactions, which can induce
collective magnetization behavior across the array.*® Such col-
lective dynamics open new avenues for designing highly
responsive and energy-efficient magnetic systems.

Previous studies have significantly advanced our under-
standing of nanoring magnetization behavior, including non-
circular rings. However, in the latter case they have primarily
focused on magnetic field orientations along, or close to, the
principal axes - namely, the long axis (¢ = 0°) and short axes
(¢ = 900).11:13:21:2829 [nyestigations of non-circular NRs at other
angles have often used coarse angular increments (e.g:,
15°)*”%° or have been limited to fine sampling over narrow
angular ranges.>® Consequently, a comprehensive understand-
ing of the angular dependence of magnetization reversal
across various nanoring geometries remains incomplete.

A comprehensive angular characterization is essential for
several reasons. First, in practical applications, magnetic
elements are seldom exposed to perfectly aligned external
fields, making it crucial to understand off-axis responses for
reliable and predictable device performance. Second, inter-
mediate angles can reveal unexpected switching behaviors or
new magnetization states, presenting opportunities for novel
functionalities, as our results demonstrate. A thorough
angular analysis may also uncover fundamental symmetry-
breaking mechanisms inherent to confined magnetic systems
that are not visible when considering only the principal struc-
tural axes.

In this work, we systematically investigate the magnetiza-
tion reversal behavior of circular and rounded rectangular
Nig;Fe ;9 nanorings under two distinct conditions: effectively
isolated and strongly interacting arrays. We conduct a compre-
hensive angular study, examining how the switching fields,
specifically the fields at which the vortex state is nucleated
(Hys1) and annihilated (Hys,), evolve as a function of the angle
of the applied magnetic field. These critical fields, along with
the stable field range of the vortex state, serve as key metrics
for characterizing nanoring behavior and assessing their suit-
ability for various applications.

By comparing circular and rectangular geometries, we
explore how field orientation influences vortex state stability
and how magnetostatic interactions modify angle-dependent
reversal dynamics. This study fills key gaps in our understand-
ing of angular dependence in nanoring systems and provides
insights relevant for fundamental research and device design.

We identify a region of enhanced VS stability in rectangular
nanorings, where the VS is well-established before remanence
when the magnetic field is applied near the short axis (¢ ~
90°). While similar transitions have been noted in previous
studies,?*™® the onset of this behavior and the range of angles
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over which it occurs have not been reported before. Notably,
while strongly coupled nanorings exhibit a broader angular
range of VS stability (13° vs. 2°), the field required to nucleate
the VS is lower than in isolated rings (85 Oe vs. 130 Oe).

Micromagnetic simulations support our experimental find-
ings and offer further insights into the mechanisms driving
this behavior. These results highlight the potential of angu-
larly tunable nanorings for use in neuromorphic computing
systems, where multiple stable magnetic states can be
exploited to control the hysteresis and non-linearity of the
system.

Method

Arrays of nanoscale ring structures were fabricated using deep
ultraviolet (DUV) lithography over a large resist-coated area
(4 mm x 4 mm) on silicon substrates, following the method-
ology described by Adeyeye and Singh.*' A 35 nm-thick layer of
Permalloy (in this work Nig;Fe;q was used, though NigoFe,, is
also standard) was deposited onto the patterned resist via
sputtering from a single target, under a chamber pressure of
1.88 x 107> Torr and from a base pressure of the order of x10™”
Torr. The photoresist was subsequently removed via ultrasonic
lift-off using OK73 resist thinner, followed by rinsing with de-
ionized water. Scanning electron microscopy (SEM) imaging
confirmed the success of the lift-off process.

Two nanoring geometries were investigated: circular and
rounded rectangular, with corresponding schematics and
dimensions shown in Fig. 1(a) and (d). The circular rings had
an outer diameter of 1060 nm and inner diameter of 480 nm.
The rounded rectangular rings had outer dimensions of
720 nm x 980 nm and hole dimensions of 180 nm x 380 nm.
Two regimes of edge-to-edge spacing (s) were analyzed for each
geometry to differentiate between effectively isolated and
strongly interacting configurations. For circular rings, spacings

Isolated

—

Ring Diagram

Interacting

H

I 5=940nm T5=140nm

2um:

Circular Rings

(d)

Rectangular Rings

Fig. 1 Schematic illustrations of (a) circular and (d) rectangular rings,
with dimensions and field-angle orientations labeled. SEM images of (b)
widely and (c) tightly packed arrays of circular rings. SEM images of (e)
widely spaced and (f) tightly spaced arrays of rectangular rings with
rounded corners. Insets show magnified images with corresponding
edge-to-edge spacings s.
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of s = 940 nm and s = 140 nm were examined as shown in
Fig. 1(b) and (c). For rectangular rings, spacings of s = 400 nm
and s = 100 nm were studied, as shown in Fig. 1(e) and (f).
Magnetization reversal was characterized using a custom-
built longitudinal magneto-optical Kerr effect (MOKE) magnet-
ometer. Measurements were conducted with the magnetic
field applied in-plane, sweeping through a range of +560 Oe.
Angular dependence was studied by rotating the sample with a
precision rotation stage. For rectangular nanorings, magnetiza-
tion reversal was measured through the full angular range (¢ =
0°-360°) in 5° increments. For circular nanorings, due to their
symmetry, measurements were taken from ¢ = 0° to 180° in
15° steps. Additionally, finer angular resolution of 1° steps was
employed within the range ¢ = 80°-100° (and ¢ = 260°-280°
for rectangular rings) to capture details of the vortex state tran-
sitions. A gradient correction was applied to all hysteresis
loops to account for a linear background caused by the mag-
netic response of the silicon substrate. The switching fields
corresponding to nucleation into (Hys;), and annihilation
(Hysy), of the vortex state were extracted from these loops.
Micromagnetic simulations were carried out using both the
LLG Micromagnetics Simulator*> and MuMax3.>® Hysteresis
loop simulations were performed with the LLG
Micromagnetics Simulator, while simulations of demagnetiz-
ing fields and equilibrium magnetization states were con-
ducted using MuMax3. Standard material parameters for
Permalloy were employed: an exchange stiffness constant of A
= 1.30 x 107" J m™", saturation magnetization M, = 8.6 X
10°A m™"!, damping parameter a = 0.008 and zero magnetocrys-
talline anisotropy. A uniform micromagnetic cell size of 5 nm
x 5 nm X 5 nm was used throughout the simulations.
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Fig. 2 Experimental measurements of isolated circular rings with s =
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Structural dimensions were based on values extracted from
SEM images of the fabricated NRs. Hysteresis simulations were
performed on 2 x 2 grids of elements with corresponding spa-
cings and periodic boundary conditions, except for isolated
circular NRs which were simulated as a single element.
Demagnetising field simulations were performed using single
elements.

Results and discussion
Circular rings

We examine first the magnetization reversal behavior of isotro-
pic circular nanorings (NRs) to clarify the interplay between
ring geometry and magnetostatic coupling. Fig. 2 presents the
reversal characteristics of isolated circular NRs with an edge-
to-edge spacing of s = 940 nm. Representative hysteresis loops
measured at field orientations of ¢ = 0°, ¢ = 45° and ¢ = 90°
are shown in Fig. 2(a), where the fields corresponding to
nucleation of the VS (Hys;, orange) and annihilation of the VS
(Hysy, light blue) are indicated. Throughout this work, these
are defined for the field sweep from —ve to +ve applied field,
as indicated by the arrow of the field H. At all angles, the
nanorings exhibit the characteristic two-step switching tran-
sition sequence: OS — VS — ROS. Notably, Hys; at ¢ = 0° is
slightly higher than at ¢ = 45° and ¢ = 90°, while Hys, remains
approximately constant across all angles. The angular depen-
dence of Hys; and Hys, is summarized in the polar plot shown
in Fig. 2(b). Here, Hys; varies between —5 Oe and 35 Oe with
an average of 10 Oe, peaking near 150°, while Hys, remains
largely constant, ranging from 315 Oe to 335 Oe with a mean

90°

180
Field orientation ¢(°)

940 nm. (a) MOKE measurements with field along ¢ = 0°45° and 90°.

Transitions into and out of vortex state are shown in orange and light blue respectively. (b) Polar plot of transitions into and out of vortex state at

varied ¢. Centre SEM image acts as a guide for field direction.
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of 320 Oe. This angular variation in Hys; is unexpected, as
neither the isotropic geometry of the NRs nor the negligible
array interactions at this spacing are expected to produce such
anisotropy. Further investigation, including measurements of
continuous films (see SI), indicates that this anisotropy orig-
inates from the deposition process.

Next, we examine the effect of magnetostatic coupling by
studying the magnetization reversal of interacting circular
nanorings with a reduced edge-to-edge spacing of s = 140 nm,
as presented in Fig. 3. The hysteresis loops shown in Fig. 3(a)
reveal that all samples maintain the characteristic two-step
switching transition. Notably, at ¢ = 45°, the magnetization
decreases significantly more prior to the onset of the vortex
state, compared to other angles. The vortex state switching
fields remain largely consistent, with Hys; slightly reduced at
¢ = 45°. The angular dependence of the switching fields is
summarized in the polar plot of Fig. 3(b), where Hys; ranges
from 35 Oe to 60 Oe, averaging 50 Oe, and Hys, varies between
290 Oe and 315 Oe, with a mean value of 305 Oe. Both switch-
ing fields display maxima near ¢ = 90° and minima around ¢
=45° and ¢ = 135°.

Comparing the isolated and interacting ring structures, the
results show that magnetostatic coupling increases the average
Hysy, by approximately 40 Oe, while reducing the average Hys,
by 20 Oe. Consequently, the overall stable range of the vortex
state decreases by 60 Oe. To further understand these obser-
vations, micromagnetic simulations were conducted, as shown
in Fig. 4. In Fig. 4(a), both isolated and interacting configur-
ations display the characteristic two-step switching transition,
with the increase in Hyg; being more pronounced than the
decrease in Hys,, in line with the experimental trends. Fig. 4(b)
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presents the corresponding magnetization states, where the
magnetization directions are indicated by arrows, clearly indi-
cating the OS, VS, and ROS as expected.

The demagnetizing fields associated with OS and VS of a
single nanoring are depicted in Fig. 4(c) and (d), respectively.
The side and top views show the magnitude of the stray fields
at edge-to-edge spacings of 140 nm and 940 nm. For the OS,
the stray field is strongest along the direction of the applied
field, reaching a maximum of 370 Oe at s = 140 nm, while per-
pendicular to the applied field direction, the stray field peaks
at only 60 Oe. This anisotropic stray field distribution explains
the increased Hyg; near ¢ = 0° and 90° compared to intermedi-
ate angles such as ¢ = 45° and ¢ = 135°, where the effective
edge-to-edge spacing is larger, resulting in weaker magneto-
static coupling and correspondingly smaller enhancements in
Hyg;. Notably, demagnetizing field strength is significantly
reduced at s = 940 nm, illustrating the isolation of the NRs.

In Fig. 4(d), the demagnetizing field of the VS shows that
stray field is once again strongest along the direction of the
applied field, primarily due to twisting of magnetization.
However, the maximum stray field in this direction is only 15
Oe, which is significantly lower than that observed in The
Onion state. This reduced stray field magnitude clarifies why
the decrease in Hys, is less pronounced compared to the
increase in Hys;, reflecting the weaker magnetostatic coupling
present during the VS transition.

Rectangular rings

The magnetization reversal behavior of isotropic circular
nanorings exhibited the expected characteristics. For both iso-
lated and interacting arrays, the switching fields Hys; and Hys,

90°

180°
Field orientation ¢(°)

Fig. 3 Experimental measurements of interacting circular rings with s = 140 nm. (a) MOKE measurements with field along ¢ = 0°, 45° and 90°.
Transitions into and out of vortex state are shown in orange and light blue respectively. (b) Polar plot of transitions into and out of vortex state at

varied ¢. Centre SEM image acts as a guide for field direction.
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Fig. 4 Simulation of circular rings with field applied along ¢ = 0° (a)
Hysteresis loop of isolated (interacting) circular rings in dark blue (dark
red) with ¢ = 0°. (b) Magnetization states of simulation at labeled field.
(c). Demagnetizing field plots of OS (left) and VS (right). Dashed line indi-
cates a slice of the demagnetizing field away from the edge: blue -
140 nm, orange — 940 nm. Adjacent plots show the magnitude of the
demagnetizing field at each slice. Note the large difference in the mag-
nitude of the fields in (c) and (d).
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showed limited angular variation, with magnetostatic coupling
leading to an increase in Hyg; and a decrease in Hyg,. We now
turn to the magnetization reversal of rectangular nanorings
with rounded corners, beginning with the isolated configur-
ation with an edge-to-edge spacing of 400 nm shown in Fig. 5.
The effective isolation has been verified through hysteresis
simulations of different spacings (see SI). The hysteresis loops
presented in Fig. 5 reveal a pronounced angular dependence
in both the shape of the loops and the switching fields. At ¢ =
0° and ¢ = 91°, a three-step switching is observed, in contrast
to the two-step switching seen at ¢ = 45°. The additional inter-
mediate state at ¢ = 0° appears before the formation of the
vortex state. This metastable state is unique to the ¢ = 0° (and
¢ = 180°) axis; it is absent at ¢ = 5°, where only the typical two-
step switching transition occurs. In contrast, at ¢ = 90°, a
metastable state emerges between the VS and ROS configur-
ations. Despite these variations, the vortex state is consistently
observed across all angles. However, both the switching fields
and the stable range of the vortex state exhibit significant
angular dependence, with the narrowest stable range of the
three occurring at ¢ = 45°.

The angular dependence of the fields Hys; and Hys, is sum-
marized in the polar plot shown in Fig. 5(b). Neglecting the be-
havior near ¢ = 90° for now, Hys; ranges from 65 Oe to 130 Oe
with an average value of 95 Oe. It exhibits local maxima at ¢ =
60° (and ¢ = 120°), with minima near ¢ = 0° and before the
transition near ¢ = 90°. The angular trend of Hys; displays
mirror symmetry about ¢ = 0° and ¢ = 90°, as well as two-fold
rotational symmetry, which is consistent with the symmetry
expected from the geometry of the rectangular rings. Hys,, On
the other hand, decreases monotonically from its maximum at
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Fig. 5 Experimental measurements of isolated rectangular rings with s = 400 nm. (a) MOKE measurements with field along ¢ = 0°45° and 91°.
Transitions into and out of vortex state are shown in orange and light blue respectively. (b) Polar plot of transitions into and out of vortex state at
varied ¢. Centre SEM image acts as a guide for field direction. (c) MOKE bottom half-loops at ¢ = 80°-100° with transitions shown.
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¢ = 0° to its minimum at ¢ = 90°, ranging between 175 Oe and
265 Oe respectively, with a mean value of 205 Oe. This vari-
ation is more pronounced than that observed for Hyg;, high-
lighting a stronger angular sensitivity in the exit transition
from the vortex state.

Finally, we examine the behavior near ¢ = 91°-92°, where a
sharp change in vortex state entry is observed. In Fig. 5(b), this
is marked by a sudden drop in Hys, that is more clearly visual-
ized in Fig. 5(c), showing the lower half of the hysteresis loops
between ¢ = 80° and ¢ = 100°. As the angle increases from ¢ =
80°, Hys, decreases steadily before exhibiting a dramatic drop
from 65 Oe at ¢ = 90° to —60 Oe at ¢p = 91°-92°. In contrast,
Hys, remains largely unchanged across this range, consistently
measuring 175 Oe.

We now examine the magnetization reversal in the array of
coupled rectangular NRs with reduced spacing (s = 100 nm),
see Fig. 6. The hysteresis loops in Fig. 6(a) exhibit a similar
angular dependence to the isolated NRs: a two-step switching
transition at ¢ = 0° and three-step switching at ¢ = 45° and ¢ =
91°. However, notable differences arise. At ¢ = 0°, the meta-
stable state observed in the isolated NRs is absent in the
coupled NRs. At ¢ = 45°, the metastable state appears only
briefly, which may reflect the switching field distribution seen
in interacting rings and that the vortex state is less stable. The
behavior at ¢ = 45° closely resembles that of the isolated case.
The behavior at ¢ = 91° also closely resembles that of the iso-
lated case.

The polar plot, Fig. 6(b), highlights the angular dependence
of the switching fields in the interacting NRs. Excluding the
sharp drop near ¢ = 90°, the influence of deposition-related
anisotropy - previously observed in circular rings - is again
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evident. A gradual increase in Hys; is noted near ¢ = 160°,
while a corresponding rise in Hys, appears near ¢ = 5°, diver-
ging from the behavior seen in isolated rectangular rings. This
added anisotropy complicates the direct interpretation of the
angular dependence of Hys;. Nonetheless, Hys; ranges from
300e-70 Oe, with an average of 50 Oe. Hys, exhibits a similar
monotonic decrease from a peak near ¢ = 0° to a minimum at
¢ = 90°, consistent with the isolated NRs. It spans a range of
105 Oe to 205 Oe, with a mean of 135 Oe - indicating a signifi-
cantly broader variation than that of Hys;.

By comparing the switching fields of isolated and interact-
ing rectangular NRs, we find a reduction in Hys; of —45 Oe
and Hys, of —70 Oe. The reduction in Hys; is larger than that
of Hys;, unlike the circular rings, where the magnetostatic
interactions increased Hys; and decreased Hys,. Importantly,
these reductions are not uniformly distributed across angles,
emphasizing the complexity of angular-dependent magnetiza-
tion behavior under strong coupling conditions.

Focusing on the angular region between ¢ = 80° and ¢ =
100°, in Fig. 6(b) and the magnified view in Fig. 6(c), a distinct
regime of enhanced vortex state stability is observed. The
expanded VS range spans ¢ = 83° to ¢ = 95°, within which Hys,
remains constant at around 105 Oe, while Hyg; gradually
decreases, then drops sharply from 30 Oe to between —65 Oe
and —50 Oe with an average of —55 Oe. Comparing this tran-
sition to that observed in the isolated ring array shows notable
differences. In the interacting system, the extended VS region
covers a wider angular range of 13°, compared to just 2° in the
isolated case. However, the change in Hysg; is less abrupt in the
coupled NRs, decreasing by only 85 Oe compared to 130 Oe in
the isolated NRs. Interestingly, the post-transition Hys; values
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Fig. 6 Experimental measurements of interacting rectangular rings with s = 100 nm. (a) MOKE measurements with field along ¢ = 0°45° and 91°.
Transitions into and out of vortex state are shown in orange and light blue respectively. (b) Polar plot of transitions into and out of vortex state at
varied ¢. Centre SEM image acts as a guide for field direction. (c) MOKE bottom half-loops at ¢ = 80°-100° with transitions shown.
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are similar in both configurations, suggesting that this lower
limit may be predominantly determined by the intrinsic ring
geometry, rather than coupling effects.

To further explore these observations, micromagnetic simu-
lations were conducted for isolated and interacting NRs with
spacings of 400 nm and 100 nm, respectively, along ¢ = 0° and
¢ =90°, as shown in Fig. 7(a) and (b). At ¢ = 0°, both configur-
ations exhibit two-step switching behavior, while at ¢ = 90°, a
three-step switching sequence is observed - both in agreement
with experimental results. However, discrepancies emerge
when examining switching fields at ¢ = 90°. In simulations,
Hysg; is higher and Hys, is lower for the interacting rings, a
trend not observed in experimental data. This suggests that
additional complexities in the experimental system, such as
imperfections or non-uniformities, may influence the magneti-
zation dynamics beyond what is captured in idealized
simulations.

Fig. 7(c) and (d) present the simulated magnetization con-
figurations during the reversal for ¢ = 0° and ¢ = 90° respect-
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10152007
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ively. At ¢ = 0°, the expected sequence of states — OS, VS and
ROS - is observed. In contrast, reversal at ¢ = 90° proceeds via
four distinct configurations: OS, VS, VCS, and ROS.

A notable difference in the OS structure is evident between
the two angles. At ¢ = 0°, the magnetization primarily aligns
with the applied field and follows the elongated geometry of
the ring, requiring minimal curvature around the hole. This
alignment is aided by the fact that the long axes of both the
outer ring and the inner elliptical hole are parallel to the
applied field. As a result, the magnetization on the left and
right sides of the hole remains largely aligned. At ¢ = 90°, the
applied field is perpendicular to the hole’s long axis, necessi-
tating significant distortion of the magnetization around the
hole’s boundary. This reduced alignment with the field direc-
tion results in a higher energy configuration. For both cases,
magnetization cants at the edges along the field axis - redu-
cing, but not eliminating, stray field. Prior studies have shown
that the direction of magnetization canting at these ends,
whether symmetric or antisymmetric, can influence reversal
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Fig. 7 Micromagnetic simulation results for rectangular nanorings with field applied along ¢ = 0° and ¢ = 90°. (a) Hysteresis loops for isolated (dark
blue) and interacting (dark red) rings with field applied along ¢ = 0°. (b) Hysteresis loops for isolated and interacting rings with field applied along ¢
= 90°. (c and d) Magnetization states at key field values showing the evolution through different states for ¢ = 0° (c) and ¢ = 90° (d). Note the for-
mation of onion state (OS), vortex state (VS), vortex core state (VCS) and reverse onion state (ROS). (e—h) Demagnetizing field distributions with
accompanying magnitude plots for: (e) onion state at ¢ = 0°, (f) onion state at ¢ = 90°, (g) vortex state at ¢ = 90°, and (h) vortex core state at ¢ =
90°. Colored lines in the adjacent plots represent field magnitudes at distances of 100 nm (blue), and 400 nm (orange) from the ring edge. Note the
large difference in magnitudes of the fields.
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dynamics in rectangular structures,** and a similar effect may
be relevant here. At low applied fields, both VS configurations
appear visually similar, but for ¢ = 90° a transition into VCS is
also observed. This behavior is consistent with previous find-
ings in circular nanorings, where the VCS tends to emerge in
regions of high curvature that enhance edge twisting of the
magnetization."*'

We now examine the distributions of demagnetizing fields
shown in Fig. 7(e)-(h). Fig. 7(e) illustrates the demagnetizing
field of the OS for a rectangular NR with the applied field
along ¢ = 0°. The field distribution is distinctly asymmetric,
arising from the canting in the magnetization configuration.
The stray field concentrates in the direction of the applied
field, with a magnitude of approximately 500 Oe measured
100 nm away from the long axis of the ring, compared to just
100 Oe at the same distance from the short axis. This direc-
tional disparity supports previous findings that magnetostatic
coupling - and thus collective switching - are strongest when
the external field is aligned with the long axis of rectangular
NRs.?® Fig. 7(f) shows the OS configuration for the field
applied at ¢ = 90°. Similar to the ¢ = 0° case, the stray field is
mainly aligned with the direction of the applied field. Notably,
there is a higher density of magnetostatic field along the lower
domain walls compared to the upper ones. This asymmetry
suggests a greater likelihood for the lower walls to develop into
vortex domain walls, which aligns with prior observations of
domain wall behavior in confined geometries. In Fig. 7(g), the
demagnetizing field of the VS at ¢ = 90° is presented. As
expected for a VS, the stray field is significantly reduced, with
a maximum magnitude of around 70 Oe. Finally, Fig. 7(h)
shows the field distribution in the VCS. Although the presence
of the vortex core induces localized magnetizaton out of plane,
it does not dramatically increase the stray field in plane: the
peak field near the core reaches approximately 200 Oe, com-
pared to 120 Oe in adjacent regions of circulating magnetiza-
tion. Instead of increasing magnetostatic energy, the vortex
core reduces the Zeeman energy by locally minimizing the
magnetization component that is anti-parallel to the applied
field. This energy trade-off plays a role in stabilizing the VCS
during reversal.

We therefore propose that the experimentally observed tran-
sition into a longer-lived VS near ¢ = 90° results from an inter-
mediate transition into a short-lived VCS that propagates to
the edge and is annihilated. This is supported by the gradual
evolution seen in the half-loop hysteresis plots shown in
Fig. 5(c) and 6(c), where the onset of the extended VS state
occurs progressively over several field angles, particularly in
the strongly interacting case. Interestingly, such a gradual tran-
sition is absent in our micromagnetic simulations, which
demonstrate abrupt switching behavior. This discrepancy
suggests that local variations across the NR array may drive the
experimental transition. We hypothesize that during the
angular interval of this transition, only a subset of rings under-
goes the ‘enhanced’ VS transition via the intermediate VCS.
Collective switching of columns has previously been observed
in columns of rectangular nanorings.*® As the field angle

This journal is © The Royal Society of Chemistry 2025
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increases, a growing fraction of the array follows this pathway
until the transition becomes collective, resulting in all rings
exhibiting the longer-lived VS configuration. This interpret-
ation highlights the role of spatial heterogeneity and magneto-
static interactions in enabling complex, angle-dependent rever-
sal behaviors that are not captured in simulations assuming
ideal uniform conditions.

Conclusions

We have systematically investigated the angular dependence of
magnetization reversal in circular and rounded rectangular
Nig,Fe;9 nanorings under both isolated and strongly interact-
ing conditions. By tracking the entry (Hys;) and exit (Hyss)
fields of the vortex state across a wide angular range, we show
how shape and magnetostatic coupling influence reversal
dynamics. In circular rings, coupling increased Hys; and
decreased Hys,, with the most significant effects aligned with
the applied direction. Rectangular rings exhibited pronounced
configurational anisotropy, with Hys, varying more strongly
than Hys;. Strong coupling reduced both switching fields,
though this effect was non-uniform and angle dependent. A
distinct transition near ¢ = 90° was observed in both ring geo-
metries, marked by a drop in Hys; and the emergence of three-
step switching behavior. This transition was more abrupt in
isolated rings but spanned a wider angular range (A¢ = 13°) in
the coupled arrays. We attribute this “enhanced” VS stability
regime to an intermediate vortex core state, likely stabilized by
curvature along the elliptical hole in rectangular rings. Our
findings highlight the potential of utilizing angular and geo-
metric tuning to create nanomagnetic devices with direction-
ally sensitive or multi-state behaviors - features beneficial for
applications in neuromorphic computing.
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