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Abstract: Magnetic nanoparticles and nanochains hold
significant importance in data storage and biomedical
applications due to their small size, high aspect ratio, and
distinctive reversal properties. However, these properties
are significantly affected by the surface morphology and
fine orientational features of the particles. This study sys-
tematically examines the magnetic reversal and hysteretic
properties of Ni nanostar-chains and their constituent par-
ticles, focusing on the surface characteristics and geo-
metric configurations resulting from chemical synthesis.
The investigation reveals the influence of surface rough-
ness, manifested as spikes, on the reversal landscape.
Additionally, it delves into the impact of structural properties
of self-assembled nanochain clusters on the reversal beha-
viour. The findings offer valuable insights into fundamental
magnetic phenomena in chemically synthesized magnetic
nanostructures, emphasizing their morphological and geo-
metric characteristics. This approach details minute features
of nanostructures, paving the way for advancements in com-
puter memory and biotechnology applications.
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1 Introduction

In the field of nanoscience, metallic nanomaterials are sub-
stances that display remarkable physical properties at the
nanoscale, generally measuring from a few nanometres to
several hundred nanometres. Their unique characteristics,
especially their intrinsic magnetic [1,2] and plasmonic [3,4]
properties, have gained considerable interest and opened
up promising applications in various fields [5,6]. Recent
advancements in nanomaterial synthesis and nanofabrica-
tion techniques have enabled the creation of tailored 2-D
and 3-D nanostructures [7-9], further broadening the poten-
tial applications. One of the key areas where magnetic nano-
materials have shown significant potential is in electronics
[10-14]. By incorporating these materials into electronic
devices, researchers can exploit their static and dynamic
magnetization properties [15-18] to enhance the performance
and functionality of components such as transistors [14,19]
and sensors [12,20,21]. This could lead to the development of
faster, smaller, and more efficient electronic devices. In addi-
tion to electronics, magnetic nanomaterials hold promise for
revolutionizing data storage technologies [22-24]. Due to their
ability to store and manipulate magnetic information at the
nanoscale, these materials offer the potential for higher sto-
rage densities, faster data access speeds, and increased data
retention capabilities. This makes them ideal candidates for
next-generation magnetic storage devices, such as hard disk
drives [25] and magnetic random-access memory (MRAM)
[25-27]. Furthermore, magnetic nanomaterials have also
attracted attention in the field of biomedical technology
[28-30]. Researchers have been exploring their use in various
biomedical applications, including targeted drug delivery
[31], magnetic resonance imaging (MRI) contrast agents [32],
and magnetic hyperthermia for cancer therapy [33,34]. The
unique magnetic properties of these materials enable precise
control and manipulation at the cellular and molecular levels,
opening up new possibilities for diagnostics and therapeutics
in medicine.
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Nickel (Ni) is a widely studied magnetic material
because of its distinctive magnetic properties and the
potential for economical large-scale production [35]. It
boasts high saturation magnetization (M), notable rema-
nence (M), and chemical stability. Moreover, its magnetic
properties are adjustable based on factors like shape, size,
orientation, and surface profile, making it highly versatile
for various applications. Additionally, Ni nanoparticles
with rough morphology are particularly intriguing due to
their elevated surface-to-volume ratio, which enhances cat-
alytic activity and makes them suitable for composite
materials. They also exhibit amplified signals in surface-
enhanced Raman spectroscopy (SERS) [36,37]. In practical
chemical synthesis, Ni nanoparticles often form clusters or
chains, where the orientation of these chains within the
cluster significantly influences the magnetic response, thus
impacting their effectiveness in applications. Therefore, it
is essential to gain a comprehensive understanding of the
magnetic reversal mechanism in nanochains, focusing par-
ticularly on the surface and orientation properties.

In this study, we present the chemical synthesis of Ni
nanochains composed of spiky nanostar-shaped particles
and examine how their surface roughness and interpar-
ticle arrangement influence magnetization reversal.
While most earlier studies have investigated reversal in
smooth nanostructures such as hexagonal Co platelets or
spherical Ni chains [18,38], most simulation work continues
to assume idealized geometries with uniform shapes and
perfect alignment. Such models often ignore critical fea-
tures like surface notches, structural irregularities, and
misalignments that are inherently present in chemically
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synthesized systems — limiting the accuracy and relevance
of their findings. Our work bridges this gap by systemati-
cally varying both the surface spike properties and the
degree of chain misalignment, analysing their influence
on coercivity (Hc), My, and reversal modes through micro-
magnetic simulations complemented by experiments. We
demonstrate that these often-overlooked morphological
and structural factors have a significant impact on reversal
dynamics, including the emergence of multimodal
switching behaviour. By capturing these realistic features,
our study provides a more complete understanding of
nanomagnetic behaviour, offering valuable insights for
future applications in spintronics, neuromorphic com-
puting, biosensors, and soft magnetic devices.

2 Methods

2.1 Experimental

The synthesis of Ni nanoparticles involves a process that
yields unique properties and applications in magnetism
due to its enhanced surface-to-volume ratio. The produc-
tion of the Ni nanostar chains can be achieved by the
following method, which is illustrated in Figure 1 [38,39].
A solution comprising 45 mM of nickel chloride (NiCl,) dis-
solved in ethylene glycol is prepared in a cylindrical
beaker, followed by the addition of 0.9M hydrazine
hydrate (N,HsOH) and 0.1 M sodium hydroxide (NaOH) to
the NiCl, solution. The reaction takes place at a controlled
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Figure 1: Schematic illustration of the synthesis steps for the nickel (Ni) nanostar chains.
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temperature range of 70-80°C, which influences the reac-
tion rate and the size distribution of the resulting nano-
particles. The molar ratio between N,HsOH and NaOH is
maintained at around 20. Additionally, the pH level of the
solution is adjusted to approximately 10. This controlled pH
environment provides the optimal conditions for the reac-
tion to progress with desired efficiency. The solution is
stirred continuously using a magnetic stirrer at a moderate
speed, ensuring coherent rotational motion without indu-
cing turbulence. The stirring produced a gentle, stable
vortex, promoting uniform mixing, minimizing shear
forces, and aiding in even heat distribution. After approxi-
mately 45-60 min of the reaction time, the dark-blue solu-
tion gradually transitions to a characteristic grey-black
colour. This visual change occurs over a span of several
minutes rather than at a distinct moment, serving as a
qualitative indicator of Ni nanoparticle synthesis. Near
the end of the reduction process, the reaction is gradually
terminated by cooling the solution to near 0°C using an ice
bath, while continuous stirring is maintained throughout
the cooling phase. The synthesis and the cooling process do
not employ any external magnetic field, H. From the onset
of nucleation, additional Ni atoms are deposited onto
existing nuclei, promoting the growth of spherical nano-
particles. As the reaction progresses, nonuniform growth
initiates from localized centres on the particle surfaces,
giving rise to protrusions or notch-like features, ultimately
resulting in star-shaped nanostructures (nanostars). Dipo-
le—dipole interactions among these magnetic nanoparticles
promote the self-assembly of interconnected particles.
During this process, the particles are suspended in the
rotating, viscous solution and undergo circular motion
due to continuous stirring. As a result, they experience
centrifugal forces proportional to their mass, which dictate
their radial positioning within the solution. The synchro-
nized rotation of a large number of similarly sized particles
along concentric paths promotes linear aggregation due to
the dipolar interaction of the particles, leading to the for-
mation of uniform chain-like assemblies with consistent
particle size. With continued deposition, further growth
of Ni around these assemblies reinforces and solidifies
the chain morphology into a permanent structure. Here,
the cooling rate plays a critical role in terminating Ni atom
deposition and, consequently, in determining the final
shape and morphology of the nanostructures. Rapid or
gradual cooling influences how growth fronts are created
or suppressed, which directly impacts the formation of
distinct nanostructures such as chains or stars.

The subsequent step involves purifying the synthe-
sized nanoparticles. The freshly prepared particles are
gently washed multiple times with distilled water and
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ethanol to remove any unreacted precursors or bypro-
ducts. In this process, a bar magnet is used to hold the
particles inside the beaker. Following this, the particles
are collected via centrifugation at 2,000 rpm. After purifi-
cation, a small volume of highly diluted colloidal solution,
containing linear chains of nanostar-shaped particles, is
carefully drop-cast onto a pre-cleaned silicon (Si) substrate.
These chains initially settle in random orientations on the
substrate. An external H of 4 kOe is then applied in-plane
using electromagnets. Since the nanochains remain sus-
pended in the colloidal medium, they tend to reorient
and align themselves along the direction of the applied
H. This leads to partial alignment of the initially disordered
chains, as mutual friction restricts free movement. As the
solvent gradually evaporates, the field-induced arrange-
ment of the chains is preserved on the substrate.
Regarding the measurement techniques, scanning
electron microscopy (SEM) is employed to examine the
surface morphology and spatial arrangement of nanostar
chain clusters. Energy-dispersive X-ray spectroscopy (EDX)
is performed to verify the elemental composition, while
magnetic hysteresis characteristics are investigated using
a LakeShore 8604 vibrating sample magnetometer (VSM).

2.2 Simulation

In this study, the MuMax® micromagnetic simulation tech-
nique is utilized to investigate the hysteresis loops and
reversal mechanisms of Ni nanostar particles and nanostar
chains. The magnetization dynamics is governed by the
Landau-Lifshitz—Gilbert (LLG) equation, which describes
the precessional motion of magnetization under the influ-
ence of the effective magnetic field and damping. The LLG
¥
ot |
where M is the magnetization vector, y is the gyromagnetic
ratio, He is the effective magnetic field, and a is the
Gilbert damping constant. In MuMax’, the finite difference
method (FDM) is utilized to solve the micromagnetic equa-
tions governing the behaviour of magnetic materials. FDM
discretizes the spatial domain into a grid of points, where
the magnetization vector is defined at each grid point. The
partial differential equations (LLG equations) are then
approximated using finite difference approximations for
the spatial derivatives. By iterating over time steps,
MuMax® computes how the magnetization evolves
according to the micromagnetic model, capturing phe-
nomena like domain rotation, magnetic relaxation, and
spin dynamics in nanoscale magnetic systems. Our

equation is given by % = “YM % Hegr + %S[M .
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simulation setup includes Ni nanostar particles and
nanostar-chain structures made of particles with varying
diameters (D between 70 and 130 nm). Key simulation para-
meters include M = 4.7 x 10° A/m, exchange stiffness
constant Apx = 1.5 x 107 J/m, a = 0.9, magnetocrystalline
anisotropy direction along the x (1, 0, 0) axis, and magne-
tocrystalline anisotropy constant K., = =0.5 x 10 J/m>. The
unit cell size is considered as 3nm x 3nm x 3nm. The
nanochains are formed along the x-axis. H is varied in
the plane along the x-axis, known as the easy axis; the
y-axis, known as the hard axis, and at an angle of 45°
with the x-axis to measure the hysteresis loop by recording
the average M at each step. The M versus H curve provides
insights into Hc, My, and the overall magnetic behaviour of
the system. Analysis of spin configurations at various
points along the hysteresis loop reveals the properties of
nucleation and propagation of domain walls and other
reversal processes in the structure. The hysteresis loop
shows typical ferromagnetic features, and the reversal
mechanism involves diverse domain wall movements
and nucleation events. Our simulations offer a comprehen-
sive understanding of the magnetic behaviour of Ni nanos-
tructures, providing valuable information for designing
and optimizing magnetic materials.

3 Results and discussion

3.1 Experimental studies

Figure 2(a) presents an SEM image illustrating the chains of
the nanostar particles partially aligned under a H of 4 kOe.
These particles, with a median D of 70 nm and about 15%
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distribution, exhibit a rough surface characterized by dis-
tinctive notches. During the chemical synthesis, the parti-
cles connect to form straight, rod-like chains, and multiple
independent chains assemble into larger clusters. The
chains are partially aligned with H during sample prepara-
tion, giving the cluster an overall directional characteristic.
Due to the mutual friction between the rough surfaces of
the chains, their movement in response to H is restricted,
resulting in only partial alignment. Achieving perfect align-
ment would require a stronger H compared to that needed
for independent nanoparticles. The inset provides a mag-
nified view of a nanochain, clearly showing the notches
that define the surface morphology of the particles. The
figure provides a comprehensive visual representation of
the nanostar chains and the constituent particles. Figure
2(b) shows EDX results, with peaks corresponding to Ni and
Si. The Si peak originates from the Si substrate on which
the nanochains are deposited, while the strong presence of
Ni peaks confirms that the particles are composed of
pure Ni.

Figure 3 illustrates the magnetic hysteresis properties
observed in a cluster of nanochains aligned by H. The
experimental measurements are conducted on a cluster
of nanochain arrays on a Si substrate, where nanostars
are constituent particles overlapping each other to form
a chain structure. In this setup, the easy axis aligns with the
length of the chain, while any direction perpendicular to it
represents the hard axis. The schematic diagram in Figure
3(a) represents a single nanostar array consisting of seven
particles along with the H configuration. The black arrow
running along the length of the chain denotes the easy axis,
corresponding to ¢ = 0°. In contrast, the red arrow perpen-
dicular to it signifies the hard axis, corresponding to ¢ =
90°, where ¢ denotes the angle between the direction of H
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Figure 2: (a) SEM images and (b) EDX analysis of nickel (Ni) nanostar chains. Scale bars for the SEM images are shown in the bottom right corner of

each image.
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and the easy axis. The curves in the figure illustrate an
experimentally observed magnetic hysteresis loop using
VSM at ¢ = 0° 45° and 90°. The inset shows an enlarged
view of the hysteresis curves at H = -1 to 1kOe, where a
significant difference in the curvature of the hysteresis
loops is observed. Figure 3(b) shows the H; and M, from
the loops in Figure 3(a). The Hc values are 0.21, 0.25, and
0.23kOe for ¢ = 0°, 45°, and 90°, respectively, with no sig-
nificant variation. The M, values, defined as the percentage
of magnetization remaining relative to the Mg at H = 0
during a hysteresis cycle, are measured to be 38, 29, and
16% for ¢ = 0°, 45°, and 90°, respectively. The M, remains
constant at 4.0 kOe.

The hysteresis loop’s nature is rooted in the process of
magnetization reversal that can be analysed through the
first derivative of the hysteresis loop. The rate of change in
the magnetization with field strength is given by the first
derivative of the hysteresis curve (dM/dH), which indicates
how quickly a material responds to changes in H. The
peaks in the differential curves mark regions of pro-
nounced reversal and energy dissipation. A single sharp
peak signifies single-domain coherent rotation, indicating
high sensitivity and rapid switching. A broad peak or
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multiple peaks reflect reversal via multiple domain forma-
tion, with likely pinning centres and vortex formation,
leading to low-sensitivity, gradual switching.

In Figure 3(c), differential hysteresis curves (one direc-
tion: H negative to positive) are analysed. Each curve dis-
plays a single peak that broadens as ¢ increases from 0° to
90°, with the highest peak at 0° gradually diminishing with
angle. Figure 3(d) shows the position and width of the
peaks in Figure 3(c). The peaks occur at H = 0.25, 0.35,
and 0.35kOe, showing a small variation with ¢ similar to
H. (Figure 3(b)). The full width at half-maximum (FWHM),
which measures the width of the curve, increases sharply
with ¢, indicating progressively slower reversal and
greater hysteresis loop curvature, consistent with the
reduction in M, (Figure 3(b).

The observed invariance in Hc can be attributed to the
presence of a characteristic disorder of the experimental
system. In partially aligned nanostar-shaped Ni particle
chains, the overall anisotropy is intrinsically weak due to
the broad distribution of easy axes for individual chains
across the ensemble. Within this framework, notches from
the nanostar morphology and misalignments of particles
within a chain introduce local shape anisotropy along the
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Figure 3: (a) Experimental hysteresis loops (magnetic moment y vs applied magnetic field H) measured at three different field angles (¢ = 0°, 45°, and
90°). The inset shows an enlarged view of the central region (H = -1 to 1kOe), and the schematic of the nickel (Ni) nanostar chain illustrates the field
orientation used in the measurements. (b) Coercivity (H: left y-axis) and remanence (M,: right y-axis) plotted as a function of ¢. (c) Differential curves
(du/dH vs H) derived from the one-way hysteresis loops. (d) Peak field (Hpeak: left y-axis) and FWHM (right y-axis) of the differential curves as a function

of ¢.
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Figure 4: Simulated hysteresis loops (normalized magnetization, M/Ms vs magnetic field, H: left y-axis) and differential curves (normalized dM/dH vs. H:
right y-axis) are shown for single nanoparticles with variations in (a) diameter (D), (b) number of notches (n), and (c) notch width. Panel (d) displays
spin configurations at different values of H during magnetization reversal. The top, middle, and bottom rows correspond to nanoparticles of size D =
70, 110, and 70 nm with 20 nm extruded notches, respectively. Scale bars for the structures in each row are shown on the right side of the
corresponding row. The colour map and field orientation are located on the bottom right corner.

so-called hard axis, diluting the overall shape anisotropy of
the system. Additionally, a large density of structural irre-
gularities, such as notches, bends, shifts, and junctions
along the particles, acts as random nucleation centres,
where localized domains form and reverse under the influ-
ence of edge effects. This mechanism predominantly gov-
erns the reversal process, shaping Hc in a manner that is
largely independent of the rotation angle. The simulation
study presented in Figure 5 further supports the invariance
of H, with ¢ in a disordered system, as discussed later in
the paper.

This variation in the loop curvature, on the other
hand, arises from the demagnetizing energy (Ep), which
originates from dipole-dipole interactions [40,41] between
the particles. At ¢ = 90°, the magnetization lies perpendi-
cular to the chain length, leading to a larger stray field
leakage and a higher Ep. These stray fields are spatially
nonuniform and couple through dipole-dipole interactions
along the particle chain. The resulting internal fields
oppose the applied field, causing different spins or particle
segments to experience different effective fields. This pro-
motes gradual, noncoherent rotation rather than sharp
switching. In contrast, at ¢ = 0°, Ep is lower and the stray
field is weaker because the spins largely align with the

anisotropy direction. Reversal then proceeds through
domain wall rotation with minimal influence from the
stray field effect.

3.2 Simulation studies
3.2.1 Single particles

Understanding the behaviour of a single particle is essen-
tial for explaining the dynamics of nanochain clusters.
Figure 4(a) shows the hysteresis loops that individual sphe-
rical particles of different sizes exhibit. As the size
increases, H. decreases. Spherical particles with D
70 nm display the widest square-shaped loop, with Hc
1.72k0e. For D = 90 nm, the loop becomes narrower with
Hc = 1.41kO0e. At D = 110 nm, a step-like reversal appears,
with He = 0.96 kOe. Increasing the size further to D =
130 nm results in a more gradual and narrower loop with
H¢ = 0.83kOe. As the particle diameter increases, the nor-
malized differential curve undergoes notable changes. The
single peaks shift to lower fields and broaden, with broad-
ening measured by FWHM or, more effectively, for nonuni-
form peaks; in this case, by the area under the curve (4).
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Figure 5: Simulated hysteresis loops (left y-axis) and corresponding differential hysteresis curves (right y-axis) for a single nanostar chain composed
of seven particles. Panels (a)-(c) show the effect of varying notch size (/,), while panels (d)-(f) illustrate the effect of misalignment between
neighbouring particles (d,). In each panel, the black, red, and blue curves represent field angles ¢ = 0°, 45°, and 90°, respectively.

The shift indicates that the highest rate of magnetization
reversal occurs at lower fields, consistent with a reduction
in Hc. The increase in A corresponds to peak broadening,
implying that energy dissipation is distributed over a
wider field range. For particles with D = 70 nm, a single
sharp peak is observed, with the smallest A (= 263 in arbi-
trary units), suggesting the presence of a single-domain
structure. At D = 90 nm, the peak broadens (A = 302), indi-
cating a loss of coherence and deviation from ideal single-
domain behaviour. For D = 110 nm, a clear additional peak
emerges at a higher field (4 = 323), signifying the formation
of at least two domains. Finally, D = 130 nm exhibits the
broadest peak (A = 423), as reversal spans a wide field
range, implying multiple domain formation and a com-
plete loss of coherence. The Ep, a key component of the
magnetic energy landscape, plays a significant role in
interpreting the results presented in Figure 4(a). At the
saturation field, Ep is determined to be 7.9 x 107, 1.7 x

107", 31 x 107, and 5.1 x 107" for D = 70, 90, 110, and
130 nm, respectively, exhibiting a monotonic increase with
particle size.

Figure 4(b) presents the findings concerning the aug-
mentation of the number of notches (n) on a spherical
particle. The diameter of the core is set at 70 nm, and the
notches extend 20 nm beyond the sphere’s surface. Four
scenarios are explored, featuring n = 0, 6, 18, and 66
notches, respectively. These notches exhibit symmetry
along the x, y, and z axes. In the initial scenario, a 70 nm
nanosphere is considered. In the second case, cones are
affixed atop the core along the +x, +y, and +z axes to
form a total of 6 notches. In the subsequent (third) sce-
nario, 18 notches are achieved by rotating and overlaying
the first configuration by 45° along each axis. Similarly, the
third configuration is rotated by 22.5° along all three axes
to yield the final configuration, featuring 66 notches. The
result is similar to increasing the size of the particle. With
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the increasing number of notches, H¢ reduces, and the
broadening of the differential curve occurs, referring to
single-to-multiple-domain formation. As the density of
notches increases, the structure coincides with the
110 nm sphere. However, H¢ is smaller, and the differential
curve is wider for the notched particles as compared to the
110 nm spherical particle, indicating the role of surface
roughness in domain nucleation, which aids multidomain
creation. In this system, Ep, is measured to be 7.9 x 1078, 8.3
x 107", 8.8 x 107, and 1.1 x 1077 for 0, 6, 18, and 66
notches, respectively. Figure 4(c) compares the thick to
thin notch size. Hc is larger, and the peak is broader for
the thinner notches. This indicates that the pinning of
domains is more pronounced for thinner notches.

Figure 4(d) illustrates the magnetization reversal
mechanisms through spin configurations and colour map-
ping at H for three distinct samples. The first sample is a D
= 70 nm solid sphere, the second is a D = 110 nm solid
sphere, and the third is a notched nanoparticle with D =
70 nm cores and 20 nm notches. The spin configurations
shown represent the cross-sectional view of the diameter
in the x-y plane. In the first case, the spins rotate coher-
ently from left to right. In the second case, we observe the
formation of three distinct reversal domains (H = -1.0 kOe),
creating a twisted spin structure. The upper half of the
image shows an in-plane anticlockwise rotation, the
bottom half shows an in-plane clockwise rotation, and
the central part exhibits a vertical (out-of-plane) reversal.
This indicates that a single particle demonstrates three
different domain wall reversals: two in-plane with opposite
chirality and one out-of-plane. The in-plane domain
reversal occurs earlier, while the out-of-plane domains
take longer to reverse. Initially, the central region resists
reversal, but gradually the domain size decreases and
eventually reverses through an out-of-plane rotation. In
the third scenario, the reversal mechanism is influenced
by the size of the notches. The notches aid the formation of
smaller local domains, promoting the multidomain feature
of reversal.

The reversal characteristics of a single particle
observed in this section can be interpreted through several
foundational works [42,43]. Based on the size, two different
types of distinct reversal mechanisms can be observed in
nanoparticles. For particles smaller than the critical dia-
meter D, reversal occurs through coherent spin rotation
within a single domain. The reversal is thermally activated
over an anisotropy energy barrier that scales with particle
volume, causing Hc to increase with size up to D.. When
the particle size exceeds D., multidomain states become
energetically favourable. In this multidomain regime, Hc
decreases with size because, with a larger number of
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domains, reversal is energetically less costly than coherent
rotation. In this regime, domains reverse independently at
different field values, producing a gradual hysteresis loop
and broadening of the differential curve. From the hyster-
esis loops (Figure 4(a)) and domain analysis (Figure 4(d)),
only the 70 nm particle shows single-domain-like beha-
viour, while larger sizes display multidomain reversal,
with the study range lying near the single-domain critical
diameter and extending to the fully multidomain regime.
Ep increases with the particle size because larger particles
generate more extensive stray fields that enhance long-
range dipole—dipole coupling, facilitating the destabiliza-
tion of single-domain configurations and multidomain
formation. This, in turn, reduces the field required for
reversal. The observed monotonic decrease in Hc and an
increase in A under the differential curve with increasing
particle size are consistent with multidomain behaviour.

In Figure 4(b), the increase in Eyp, from smooth to notched
nanospheres is due to both geometric effects and stronger
dipole—dipole interactions [40,41]. Surface notches or spikes
increase the effective surface area and create regions of high
curvature with locally concentrated magnetic charges, produ-
cing stronger, more nonuniform stray fields. This elevates
local Ep with notches that serve as preferential nucleation
sites for reversal, allowing domain walls to propagate more
readily and lowering coercivity. Smooth nanospheres lack
these features, resulting in more coherent reversal and
higher switching fields.

3.2.2 Single chains

Figure 5 shows simulated hysteresis loops for seven-par-
ticle (D = 70 nm) chains. Figure 5(a—c) illustrates particle-
level surface disorder from varying notch sizes (I, = 0, 20,
and 35nm; n = 6), while Figure 5(d-f) depicts chain-level
misalignment disorder, where alternate particle centres
are periodically displaced by d,, rather than all aligned
along the chain’s long axis (dy, = 0, 20, and 35nm; [, =
20 nm and n = 6). The top row (Figure 5(a) and (d)), middle
row (Figure 5(b) and (e)), and bottom row (Figure 5(c) and
() correspond to ¢ = 0° (easy axis), 45°, and 90° (hard axis),
respectively. The black hysteresis loops in Figure 5(a)-(c)
(without notches), and Figure 5(d)-(f) (aligned chains)
represent the reference structures for comparing the
effects of particle roughness and chain misalignment on
the reversal process.

Figure 5(a) shows hysteresis loops with H: decreasing
and notch size () increasing, indicating strong anisotropy
along the long axis and easier switching with larger notches.
The differential curves display single peaks (broader than
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Figure 6: Simulated magnetization reversal behaviour of a single nanostar chain consisting of seven particles, each with a diameter D =70 nm. Panels
(a) and (b) show particles without notches; (c) and (d) with notch length /,, = 20 nm; (e) and (f) with notch length /, = 35 nm; and (g) and (h) with particle
misalignment dy,, = 35 nm. Panels (a), (c), (e), and (g), and (b), (d), (f), and (h) represent magnetization reversal along the easy and hard axes,
respectively. The colour maps and field orientations for each panel row are shown on the right side of the corresponding row. Scale bars for the

structures are provided in the bottom right corner of the figure.

individual particles) shifting to lower fields as the loops
narrow, with A decreasing from 494 at [, = 0 to 442 at [, =
20nm and 448 at [, = 35nm, suggesting slightly more
coherent reversal for particles with larger notches. In
Figure 5(b), the loops are more curved, with H¢ and M, mark-
edly lower than those in Figure 5(a) and unaffected by the
notch size. The differential curves broaden compared to
Figure 5(a) and develop additional modes, indicating multiple
switching mechanisms. Figure 5(c) shows negligible H; and
M, for the hard-axis loops, indicating a less energetically
demanding reversal. The wider differential curves display
two distinct modes, reflecting less uniform switching and
two magnetization processes with a relative phase of rotation.
Notches alter the relative intensities of these modes without
shifting their positions, affecting the mode strength distribu-
tion but not the modes themselves. A comparison of Figure
5(a) and (c) shows that the contrast in Hc between the easy
and hard axes diminishes with the introduction of notch dis-
order, solely due to the reduction of Hc along the easy axis
relative to the reference structure.

The variation in particle misalignment (Figure 5(d)—(f))
produces effects on the hysteresis curves somewhat similar
to those from varying notches (Figure 5(a)-(c)), including a

reduction in H; with increasing misalignment disorder
along the easy axis (Figure 5(d)) and a decrease in Hc
with increasing ¢ toward the hard axis (Figure 5(d)-(f)).
However, notable differences emerge between the two dis-
order types. For the easy-axis case, unlike the notch dis-
order in Figure 5(a), the misalignment disorder in Figure
5(d) introduces curvature in the loop (A = 442, 650, 622 for
d, = 0, 20, and 35 nm, respectively). For the hard-axis case,
the notch disorder in Figure 5(c) yields negligible Hc and
M,, with no significant variation across disorder magni-
tudes. In contrast, misalignment disorder in Figure 5(f)
produces marked changes, with H; increasing up to
0.26 kOe and M, zooms up to 56% from near-zero reference
values. The differential curve shows complex behaviour,
with multiple modes whose peak positions shift as align-
ment is disturbed, indicating that reversal modes are
redefined independently in each case without apparent
correlation. A comparison of Figure 5(d) and (f) shows
that misalignment disorder greatly reduces the H¢ contrast
between easy and hard axes, driven by both reduced Hc
along the easy axis and enhanced H: along the hard axis
relative to the reference structure. The reduced contrast of
H; between the easy and hard axes under notch and
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misalignment disorder discussed in Figure 5 indicates that,
in the experimental system of nanostar-particle chains,
multi-scale disorder significantly suppresses the angular
dependence of H, as observed in Figure 3(b).

Figure 6 illustrates the spin configuration during the
magnetization reversal process of nanochain structures,
with colour mapping representing the in-plane angle of
the magnetization vector. The four columns, from left to
right, correspond to seven-particle aligned nanochains (D =
70 nm) without notches, with smaller notches (I, = 20 nm
and n = 6), larger notches (I, = 35nm and n = 6), and a chain
with misaligned particles (dy, = 20 nm, [, = 20 nm and n = 6).
The top and bottom rows correspond to reversal along the
easy and hard axes, respectively. The colour convention for
the magnetization spin configurations along with field orien-
tation is displayed on the right side of each row.

In Figure 6(a), for the chain without notches and with
the field applied along the easy axis, the reversal nucleates
at the two ends of the chain. Within a short field range, it
progresses inward in a spiral motion, ultimately reversing
the central part. Figure 6(b) illustrates the reversal along
the hard axis, occurring over a much wider field range.
In the figure, at least two reversal mechanisms are
observed: a smaller group of spins in the central part starts
reversing earlier and finishes later, resulting in two dis-
tinct modes. With the introduction of notches in the hard-
axis loop (Figure 6(d) and (f)), the share of the minority
spins zooms, resulting in the variation in the intensity of
the modes. The reversal in Figure 6(c) and (e) demonstrates
easy-axis coherent rotation similar to Figure 6(a), but the
dynamics differ in the presence of notches. In Figure 6(c),
the reversal starts at the notches on the particles at the
ends of the chain, then propagates through the volume
of the particles, and finally, reaches the central particle.
In contrast, Figure 6(e) shows that the reversal of the cen-
tral particle occurs earlier, highlighting the significant
role notches play in controlling reversal dynamics. The
reversal of misaligned chains in the easy- and hard-axis
geometry is significantly different from that in aligned
chains. In both cases, a complex reversal process is
observed, involving the formation of multiple domains
initiated by each overlapping region of the misaligned par-
ticles (Figure 6(g) and (h)). When comparing reversals
between easy and hard axes, they show more similarities
than aligned ones, both with and without notches. This is
also evidenced by the reduced Hc in the easy-axis hyster-
esis curve and increased Hc in the hard-axis hysteresis
curve, as shown in Figure 5(d) and (f), making the loops
more comparable. This misalignment effect can be utilized
to make the reversal process of a system more uniform
across any applied field angles.
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A comparison between the experimental and simula-
tion studies reveals that both approaches demonstrate
complex domain dynamics during the reversal process,
with noticeable variations in the hysteresis loop properties
as a function of the field angle, showing consistent trends
across both methods. The experimental sample comprises
a large number of chains of nanostar particles, each fea-
turing many notch-like protrusions, partially aligned on a
10 nm x 10 nm substrate. Given the constraints of time and
computational capacity, replicating every microscopic
detail of the experimental sample in simulations is imprac-
tical. Instead, key structural features, such as the particle
size, notch density, notch dimensions, and particle misa-
lignment within the chains are analysed to understand the
reversal mechanism by tracking changes in spin configura-
tion throughout a hysteretic cycle. Theoretical studies
reveal that the presence of notches reduces coercivity in
the easy axis, while disorders lead to an increased simi-
larity between the easy- and hard-axis hysteresis loops.
The findings align well with experimental observations.

4 Conclusions

In conclusion, this study provides an in-depth analysis of
the size and surface features of Ni nanoparticles and the
alignment characteristics of chains composed of connected
nanostar particles, focusing on their impact on magnetiza-
tion reversal dynamics. Experimental and simulation stu-
dies of hysteresis loops and reversal mechanisms are
conducted for nanoparticle assembly across various field
angles and geometric configurations. Special emphasis is
placed on the role of surface roughness featured by sym-
metrically distributed notches on spherical particles, and
the effect of breaking the coaxial alignment of nanochains
by introducing an off-axis shift to alternate particles. A
detailed investigation is carried out to examine how the
notches and misalignments affect the magnetization beha-
viour of the system. The analysis reveals significant
changes in the hysteresis characteristics, as evidenced by
variations in both the hysteresis and differential hysteresis
curves. Magnetic parameters, like coercivity, remanence,
and features of the differential modes, exhibit notable
alterations. Additionally, interesting variations in the mag-
netization reversal mechanisms are observed, indicating a
strong sensitivity to structural and geometric properties
of nanostar particles/chains. This study significantly
advances the understanding of magnetization reversal
dynamics in nanoparticle systems by considering more
realistic surface and geometric features found in
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chemically synthesized particles. This improved under-
standing enhances control over their properties and sup-
ports a wide range of nanotechnology applications.
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