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A major obstacle to building nanoscale magnetic devices or even experimentally studying novel
DOI:00.0000/000000000x nanomagnetic spin textures is the present lack of a simple and robust method to fabricate vari-
ous nano-structured alloys. Here, theoretical and experimental investigations were conducted to
understand the underlying physical mechanisms of magnetic particle self-assembly in zero applied
magnetic field. By changing the amount of NaOH added during the synthesis, we demonstrate
that the resulting morphology of the FeCo assembly structure can be tuned from zero-dimensional
(OD) nanoparticles to one-dimensional (1D) chains, and even three-dimensional (3D) networks. Two
numerical simulations were developed to predict aspects of the nanostructure formation by account-
ing for the magnetic interactions between individual magnetic nanoparticles. The first utilized the
Boltzmann distribution to determine the equilibrium structure of a nanochain, iteratively predicting
the local deviation angle 6 of each particle as it attaches to a forming chain. The second simu-
lation illustrates the differences in nanostructure arrangement and dimensionality (0D, 1D, or 3D)
that arise from random interactions at various nanoparticle densities. The simulation results closely
match the experimental findings, as seen from SEM images, demonstrating their ability to capture
the system's structural properties. Additionally, magnetic hysteresis measurements of the samples
were taken along two orthogonal directions to show the influence of dimensional-order on the mag-
netic behavior. The normalized remanence (M/Mg) of the FeCo alloys increases as the dimensions
of nanostructures are increased. Of the three cases, the FeCo 3D network structures exhibit the
highest normalized nanostructure remanence of 0.33, and increased coercivity to above 200 Oe at
300 K. This combined numerical and experimental investigation aims to shed light on the preparation
of FeCo nanostructures with tailorable dimensional order and open new avenues for exploring the
complex spin textures and coercive behavior of these multi-dimensional nanomagnetic structures.

1 Introduction in magneto-composites fabrication ¥,

Bottom-up self-assembly has emerged as a powerful strategy for

organizing nanoscale building blocks into well-ordered supercrys- Experimental approaches have been employed to induce the

tals or superstructures. 3. These self-assembled materials pos-
sess remarkable collective properties due to the synergistic inter-
actions among individual building blocks, leading to enhanced
opticalEﬂ, plasmonic@, catalytic, electronic, magnetic, ther-
mal, and mechanical®® characteristics. In particular, the self-
assembly of magnetic nanoparticles (MNPs) offers an intriguing
avenue to harness magnetism as an additional degree of freedom
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self-assembly of diverse magnetic nanoparticle structures such as
chains, rings, clusters, and supercrystals?®17. These strategies
primarily rely on controlling magnetic interactions through the
application of external magnetic fieldsT819. Despite having the
usage of external magnetic fields in common, understanding and
replicating the underlying mechanisms of these self-assembly ap-
proaches remains challenging due to the complex interplay be-
tween intrinsic and extrinsic forces. Recent studies have revealed
that self-assembly can occur through inherent magnetic interac-
tions, even in the absence of external magnetic fields2922, More-
over, several measurements23-2% have provided evidence that the
resulting magnetic properties critically depend on the configura-
tions of the nanoparticles in the final structures. These findings
have significantly contributed to our fundamental understanding
of the magnetic properties exhibited by MNPs and their arrange-
ments. While the self-assembly mechanisms involving MNPs con-
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tinue to be elucidated, the reliable demonstration of self-assembly
across all dimensional orders remains to be achieved.

Numerical studies have extensively explored the assembly of
structures in magnetic colloidal systems using global energy min-
imization algorithms2®27, These simulations have taken into
account various factors, such as the number of magnetic par-
ticles, their sizes, shapes, and dipolar orientations and inter-
actions, leading to successful predictions of a diverse range of
experimentally-observed ground states28-30, Furthermore, a re-
cent simulation has examined the kinetic assembly path that
sheds light on the possible trajectories of particles transitioning
from a dispersed particle system to proposed ground state as-
sembly structuresL, Subsequent research has employed all-atom
molecular dynamics to simulate the dynamics of more complex
MNP systems in environments where hydrodynamic interactions
caused by solvent molecules and ligands cannot be ignored=2.
However, it is important to note that these investigations have
mainly focused on relatively static processes, examining stable
configurations of aggregates formed with fixed particle numbers
during fluid evaporation. These models did not consider the dy-
namic process of colloidal synthesis, where the nucleation rate
governs the number of particles present in the system at a given
time and influences the resulting final structure.

To address research gaps in the field, our study aims to demon-
strate a synthetic pathway that enables the facile and versatile
self-assembly of 0D MNPs into 1D and 3D architectures. Further-
more, we seek to simulate and investigate the influence of vari-
ous parameters on the growth of individual nanoparticle chains,
particularly focusing on the local tangent angles, and the result-
ing self-assembled structures. Our simulation approach involves
two key aspects. First, we treat MNPs as colloidal monomers and
draw parallels between the 1D assembly of MNPs and the process
of monomer polymerization®33%, We utilize the worm-like chain
(WLC) model from polymer physics to calculate the morphology
of the 1D chain. This model assumes that the bending energy be-
tween adjacent polymer segments can adequately represent the
statistical characteristics of chain conformation in polymers'3>,
We systematically explore the impact of thermal energy and par-
ticle size, crucial factors determining chain morphologies. Our
WLC model accurately captures the growth process of individ-
ual chains through incremental particle addition, enabling precise
calculation of the key tangent angles that dictate chain structures.
Visual representations of the final assembled structures enhance
intuitive comprehension of aggregation mechanisms.

Additionally, to explore the aggregation firsthand, in this pa-
per, we develop an easy and inexpensive synthetic method for
tuning the dimensional order of FeCo nanostructures and observe
their progression from OD nanoparticles to the formation of 1D
nanochains and finally their aggregation into complex 3D net-
works. By varying the NaOH concentration during synthesis, the
influence of dimensionality on FeCo could studied without the in-
fluence of variation of too many other parameters. Through these
experiments, we observe that the formation of 1D chains - similar
to those predicted by the WLC model - and the formation of 3D
networks depends on the NaOH to metal precursor concentration
ratio in the solution, which leads to a variation in nucleation and
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growth rates, and therefore particle concentration.

Furthermore, we perform Monte Carlo (MC) simulations to
study how the assembled structure’s morphology is governed by
the number of MNPs, correlating with the experimental nucle-
ation rate. Unlike conventional MC simulation algorithms, our
model simulates a realistic colloidal synthesis process. It achieves
this by initiating the simulation with a small number of particles
and subsequently introducing a specified number of particles into
the system at predetermined time intervals to simulate nucleation
events. By adjusting the number and generation rate of MNPs, the
simulation yields a diverse set of architectures, including single
chains, branched chains, and networks. We validate our model
by comparing its predictions with experimental data. By estab-
lishing connections between particle parameters and NaOH con-
centration, our model serves as a valuable design guide for future
MNP self-assembly experiments.

Finally, magnetic measurements comparing the OD, 1D, and 3D
structures reveal differences between their remanent magnetiza-
tions and coercivities as a result of structural differences at the
nanoscale. The as-synthesized FeCo 3D networks exhibit the high-
est remanent magnetization and coercivity and show promise for
future applications, especially compared to FeCo 0D nanoparti-
cles.

The paper is organized as follows: in the next section, we pro-
vide a description of the WLC model and MC algorithms em-
ployed in our computer simulations. Subsequently, we experi-
mentally investigate the structural properties of FeCo structures
under varying [OH]/[M] ratios, which correspond to changes in
particle size and density. We then employ simulations to analyze
their impact on aggregate dimensionality. Finally, the manuscript
concludes with magnetic characterizations to preliminarily illus-
trate the benefits of fabricating magnetic nanostructures of vari-
ous dimensionalities.

2  Models

Our simulations assumed monodisperse and magnetically hard
cubes with a characteristic side length L. Each cube had a mag-
netic dipole moment m located at its center and oriented in the
[100] crystallographic direction. The simulations were performed
in a 2D setting.

/ 1 2 3

Fig. 1 Schematic illustration depicting the process of adding the 4"
particle to an existing chain in the WLC model.
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2.1 WLC Model

A WLC model was utilized to investigate the dynamic growth of
individual chains composed of N FeCo MNPs. As depicted in Fig.
we modeled a growth process by which individual cubes are
added step by step, resulting in the formation of a chain com-
posed of N cubes, each with the same magnetic moment m and
side length L. The final chain morphology can be described by a
set of N angles 6 = {6y,..., 60y}, representing the angles between
each particle’s [100] axis and that of the previous particle. The
simulation begins with a single particle aligned along the x-axis
(6; = 0°) and incrementally adds particles until the total number
reaches N.

For each new particle n to be added, a random difference an-
gle A0 is generated from a normal distribution with a one-sigma
range of [—30°,30°] to represent its orientation relative to the
previously added cube. In other words, the difference angle is
AO = 6, — 0,_;. The energy of the chain is then calculated assum-
ing the particle gets added with this new angle 6,. The energy
associated with the chain follows the superposition of interaction
energies, U, between the new cube and each cube on the existing
chain, E, = Z;’;ll U,,;. The magnetic interaction energy U between
two cubes inversely relates to the distance separating them, r, in
free space (with permeability u) as defined by:

2
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The probability P of attaching a new cube n to the existing
chain takes the form of the Boltzmann distribution, comparing
the energy of the chain E, calculated assuming the newest angle
0,, with the energy E,( of the ground state chain arrangement
having n particles.
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In this expression, T is the temperature of the system, k;, is Boltz-
mann’s constant, and E, (6, ) is the energy of the chain in a specific
configuration 6,. The ground state energy E, g is calculated using
the same Eq. (I)), but for the case where all the particles in the
chain are perfectly aligned, i.e., 6 = {6y,...,6y} = 0. The denomi-
nator is the normalization factor for the probability distribution.

The probability P(6,) for the newly formed chain to adopt this
particular configuration is calculated using Eq. (2)), which is then
compared to a randomly generated number lying between 0 and
1. If the random number is equal or smaller than the calculated
probability P(6,), the particle is added to the chain, and the it-
eration proceeds to the next particle. The average cosine of the
angles (cos 6,) gives a sense for the overall shape of the chain and
is computed over 100 simulations.

2.2 Monte Carlo Simulation

Since the MNPs exhibit vortex-like movement during the synthe-
sis, we exclude other weak interactions like van der Waals forces,
and focus specifically on the magnetic dipolar interactions. In our
simulations, we establish a correlation between the experimental
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condition of [OH]/[M] concentration and the particle density D,
as well as the particle generation rate D. The total energy of the
system Ejgysem consisting of D particles is the summation of all of
the particle interactions within the system:

Es) /,10i(mi.mj_3(mi.rij)5(mj-rij)> (3)

)stem —
4 & 3 5
#i\ i "ij

where m is the moment associated with a given particle denoted
by its subscript (i or j), and r;; and r;; are the vector and magni-
tude of the distance between them, respectively. In this equation,
the interaction energy is evaluated using the vectors between the
particles in space as was done elsewhere3®, rather than the scalar
form of the interaction in Eq. At each iteration, a random
trial movement on a random particle or a cluster of particles is
tried, with a maximum displacement of 2L for the particle, and
a maximum change in orientation of 180°. The total energy of
the system is calculated using Eq. (3). If the perturbed state
has a lower energy than the current state, the movement is ac-
cepted. To expedite convergence, we adopted a cluster-moving
approachZ and periodically checked for the formation of parti-
cle clusters. A cluster was deemed complete when the center-
to-center distance between particles fell below a critical value of
L. If a cluster formed, it was allowed to move and rotate rigidly
around its center of mass.

3 Results and discussions

3.1 Experimental Observations

To evaluate the influence of NaOH concentration on the mor-
phologies of the FeCo nanostructures, five sets of samples were
prepared with varying ratios of NaOH to metal precursor concen-
tration, [OH]/[M] = 50, 100, 120, 160, and 200, while keeping
all other conditions the same. Table[T]lists the experiment condi-
tions, final compositions, and structural morphologies of each of
these FeCo alloy samples. The samples were denoted as SO, S1,
S2, S3, and S4, respectively. Black powders were obtained from
the aforementioned experiments. To ensure the suitability of our
samples for future applications requiring magnetic alignment, we
dropped cast them onto silicon wafer pieces under a weak mag-
netic field for both structural and magnetic characterizations. Ad-
ditionally, electron microscope images of randomly-oriented sam-
ples were taken to validate their as-grown dimensionalities. The
FESEM images of corresponding FeCo alloys are shown in Fig.
From low magnification FESEM images in the top row of Fig.
we note different densities of the same generic formation of long
(tens of microns in length), narrow strands of FeCo structures
along the direction of the applied magnetic field. The zoomed-in
SEM images in the bottom row of Fig. |2| reveal that there are
distinct differences in the structural dimensions of SO, S1, S2, S3,
and S4. It is clear from the top row (low magnification) images,
that the morphologies of S3 and S4 prevented them from spread-
ing out into many separate strands across the surface, despite
being the same total mass quantity as the other samples. As pre-
sented in the bottom row of high-magnification images of the 3D
networks in Fig. |2d and e, FeCo chains are interlocked at different
locations and with orientations along all three axes, producing a

Journal Name, [year], [vol.], |3



Nanoscale

porous 3D network structure. These structural linkages in the
3D network, help prevent the FeCo nanostructures from breaking
apart and spreading out across the silicon wafer piece. FESEM
and TEM images of samples drop-cast without a magnetic field
are presented in Fig. |2f and Fig. S1, respectively. As shown, the
FeCo nanoparticles (SO) exhibit a nearly cubic shape. The single-
particle width, side-by-side aligned chains, and branched inter-
connected features are clearly distinguishable, representing 1D
chains, bundled strands, and 3D network structures, respectively.
Furthermore, unlike most previous studies of FeCo chains1812/38]
there are no gaps among FeCo nanoparticles and the whole struc-
tures are purely metallic. Such an alloy system is expected to have
good conductivity, which offers a potential advantage as bifunc-
tional catalysts in energy applications=2,

The effect of NaOH concentration on the size of the FeCo
nanoparticles has been reported previously®Y, but the change in
dimensional order has never been observed. As depicted in Fig.
[2h, the FeCo 0D nanocubes were assembled into strands, and the
widths were narrowly grouped about 450 nm in width, corre-
sponding to 5 FeCo particles across. With the [OH]/[M] ratio
increased from 50 to 100, chains with a width of single parti-
cle across can be observed (Fig. ). Although a few chains are
stacked, the width of the strands in S1 is the narrowest among
all samples. More FeCo alloy chains are interlaced and stacked to
form chain bundles as the [OH]/[M] ratio increases to 120, rep-
resenting the transition concentration regime between 1D chains
and 3D networks. This interlacing effect is particularly evident at
[OH]/[M] ratios higher than 120, which lead to a more intercon-
nected 3D network in S3 and S4. It is clear that with increasing
[OH]/[M] ratio, the dimensions of the FeCo structures change
from 0D to 1D, and 3D, which will be discussed below. In our
prior research??) we explored the impact of a magnetic stirring
bar employed during synthesis. Our findings revealed that self-
assembled structures remain observable even without the pres-
ence of the stir bar. The rotational force, dependent on the stirring
speed, has a far more pronounced impact on the self-assembled
structure than the magnetic field generated by the stir bar. There-
fore, at an optimal mixing speed, such as 300 rpm in this study,
the rotational force becomes robust enough to efficiently disperse
the particles, rendering the impact of the magnetic field from the
stir bar on the assembly process negligible. Additionally, the sim-
ilarity between the high saturation and remanent magnetizations
(Table S1 in the Supporting Information) of nanoparticles in this
study and those reported previously*! further supports the con-
clusion that dipole-dipole interactions dominate in this work, as
before, and that the magnetic effect of the stir bar can be dis-
regarded during simulation and analysis of the assembly mecha-
nisms.

The side length of the FeCo nanoparticles in SO and the side
length of the FeCo chains in the other samples were characterized
and presented in Fig. 2f. The side lengths for all the samples are
mostly within the range of 90 nm to 150 nm, while the widths of
the bundled strands in Fig. [2|are significantly different. It is also
evident that increasing the [OH]/[M] ratio could first increase
and then decrease the size of the FeCo nanostructures. When
[OH]/[M] < 120, the side length increases with the NaOH molar
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concentration. Beyond that, the side length starts to decrease as
the NaOH molar concentration continues to increase.

The crystal structure of the products was examined using XRD.
Fig. shows typical XRD patterns of the as-synthesized FeCo
nanostructures for distinct [OH]/[M] ratios. The peaks can be
assigned to the (110), (200), and (211) characteristic reflec-
tions of the body-centered cubic (bcc) FeCo alloy (JCPDS No.
49-1568), confirming the formation of highly crystalline prod-
ucts4243, Scherrer analysis of the (110) plane shown in Fig.
yields an average crystallite size estimate of 30 nm across all sam-
ples, indicating that the FeCo structures are polycrystalline. As
reported in Table |1} the final composition of Fejg.,Co, nanos-
tructures in all cases, determined by EDX, shows a slight devia-
tion from that of the precursor concentration. All sample compo-
sitions were iron-rich compared to the initial precursor concen-
tration, which is explained by the fact that iron is easier to be
reduced compared with cobalt. However, based on the final com-
positions, it can be deduced that the rate of the cobalt reduction
increases with increasing NaOH content. The sample synthesized
with [OH]/[M] = 200 was in close agreement with the initial
precursor concentration. The EDX elemental mappings for SO,
S1, S2, S3 and S4 are presented in Fig. S2 in the Supporting In-
formation. As expected, both elements, Fe and Co, are uniformly
distributed in the OD nanoparticle, 1D chain, and 3D network
structures.

3.2 Simulations Results

To replicate the structural morphology shown in the bottom row
of Fig. [2b, we conducted WLC simulations with a chain consist-
ing of 20 cubes. Each cube, with a side length (L) of 140 nm,
possesses a net magnetization along the edge (x-axis), as deter-
mined through our micromagnetic simulation detailed in our pre-
vious paper%2. As shown in Fig. S3, the spin state at equilibrium
was simulated, and the net magnetization was calculated as the
vector sum of the local moments and found to be 1938 emu/cc.
The direction of the net magnetization is inclined at an angle of
0.05° from the x-axis, which we approximated as being effectively
aligned along x for the purposes of simplifying the simulation.
The WLC simulations were performed using different values of
kT, from 1 x 10717 Jto 1 x 10~ !* J, empirically representing ran-
dom environmental agitation. Fig. [3| depicts the cosine of the
tangent angle cos 0 as a function of the particle’s position along
the chain, representing its propagation. Our observations reveal
interesting trends depending on the position of MNPs and the
ky T value. For cases when the chain is short (less than 8 MNPs),
regardless of the k,T values, the cos 6 falls within the approxi-
mate range of [0.9, 1]. This suggests a high degree of alignment
within the chain. However, as the number of MNPs surpasses 12,
we noted a transition in the tangent angles and a divergence be-
tween those associated with small and larger k, T values. Specif-
ically, when the k,T value is increased , the cosf of the added
particle transitions from approximately 0.9 to 0.8. This indicates
a decrease in alignment as the thermal energy becomes more sig-
nificant.

To enhance the understanding of the data presented in Fig.
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Table 1 Synthesis and structural characterization of FeCo alloy nanostructures.

Sample [OH]/[M] Morphology Initial composition (at.%) Final composition (at.%)
S0 50 0D particles Fes(Cosy Feg5Co35
S1 100 1D chains Fes(Cos Feg,Cosg
S2 120 1D chain bundles FesyCosy FegrCosg
S3 160 3D networks Fes(Cos FesgCoyqn
S4 200 3D networks Fes(Cos Fes55Coys

we provide a visual representation of the resulting chain configu-
ration composed of 20 cubes under zero magnetic field. It can be
observed that all the chains exhibit a deviation either towards the
+y or —y direction when the chain is composed of more than 8
cubes. This deviation can be attributed to the magnetic behavior,
where a slight initial deviation in the magnetic dipole direction
from the second cube onwards continuously reinforces the de-
viation towards that direction. It is important to note that the
specific structure of the 1D chains is highly dependent on the val-
ues of kpT. At kT = 1x 10717 J, the chain can be accurately
represented by a straight line, indicating a significant alignment
of the nanocubes along the easy axis, which corresponds to the
crystallographic axis [100]. As a result, the assembled structure
appears linear. As kyT increases to 1 x 10~ J, although most
of the cubes still lie approximately on the same line, some of
them deviate slightly from the line. When &, 7 continues to in-
crease, the configuration of the chain undergoes a transition to a
more zigzagged form, where individual particles deviate from the
main axis of the chain, making it impossible to approximate the
chain as a straight line. This structural variation is influenced by
the interplay between the strength of dipole-dipole interactions
and thermal energy, which changes with varying &, T values. The
dipole forces exerted on the MNPs cause the magnetization of
each newly added particle to align with the existing chain, while
the thermal energy acts in all directions equally. At lower tem-
peratures, thermal fluctuations are not sufficient to overcome the
magnetic dipole interaction. However, at higher temperatures,
the dominance of thermal energy allows it to surpass the mag-
netic interaction energy, leading to increased deviations in the
chain configuration.

The acceptance rate of a particle attaching to an existing chain
was computed as a function of the particle’s distance from the
chain, assuming a particle size of L = 140 nm and k,T value of
1 x 10715 J. The results are presented in Supplementary Infor-
mation Fig. S4, where error bars represent the variation in ac-
ceptance rates as a function of chain length. At each separation
distance, r, between a new particle and an existing chain, the
acceptance rate was simulated for cases when the existing chain
has between 1 and 19 particles. Each data point represents the
mean and standard deviation of these cases. Regardless of the
existing chain length to which the new particle is being added,
the curve demonstrates a clear overall trend: there is a steep de-
cline in the acceptance rate as the separation distance, r, between
the particle and the existing chain increases. At larger separation
distances, the curve levels off, reaching a plateau once the separa-
tion distance surpasses a certain threshold. Upon closer examina-
tion, it is observed that the acceptance rate reaches its minimum

and remains relatively unchanged when the separation distance
corresponds to approximately 15 times the particle size (15L).
This behavior can be attributed to the diminishing strength of the
magnetic dipole interactions between the existing chain and new
particle as a function of their separation distance, allowing for
thermal agitation to separate them permanently and prevent the
attachment.

Though the individual chain structure is defined by the proba-
bility of particles attaching with their given angular orientation,
the morphology of the overall system and its dimensional order
depends on the concentration of these particles. In experimental
scenarios, when particles are positioned at a significant distance
from each other, they tend to remain isolated. However, as the
particles approach each other, the magnetic interactions between
them become stronger. This increased magnetic force compels
the particles to form chains or aggregate together to form more
complex 3D structures.

To investigate the impact of the [OH]/[M] ratios on the equi-
librium structure of the FeCo assemblies, we conducted MC sim-
ulations focusing on two particle parameters influenced by this
experimental condition: the particle density D and the particle
generation rate D. For each [OH]/[M] ratio, the simulation was
initialized with MNPs of size L and an initial particle count of 20.
To simulate the synthesis process, we systematically introduced
additional particles to the system at predefined intervals, D, until
the total number of MNPs in the state reached D. Depending on
the [OH]/[M] ratio, the simulations were performed with vary-
ing total number of cubes (D = 150, 300, 360, 480, and 600) and
particle generation rates (D = 4 per either 60, 50, 40, 30, and 20
iterations). Fig. [dh-c are the computational results at different
iteration times (i = 0, 5000, 10000, and > 15000) for varying
numbers of MNPs.

In a simulation illustrating the 0D case (D = 150), as the num-
ber of iterations increases (indicating the progression of reaction
time), as shown in Fig. [h, only an increase in the number of
particles is observed, and no linear structures are formed. This
phenomenon can be attributed to the low ratio of [OH]/[M], in-
dicating a small quantity of nuclei. At D = 300 (Fig. [4p), early-
stage assembly primarily resulted in the formation of small linear
structures such as dimers or trimers. These structures had the po-
tential to grow longer by absorbing nearby particles or merging
with other dimers. As the number of particles increased to 300,
some clusters gradually transformed into long chains over time.
However, due to the low particle density, the assembled structures
remained predominantly isolated linear structures. At a higher
particle density of D = 360, as depicted in Fig. [4, the aggregates
formed at the early stage exhibited similar structures to those ob-
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Fig. 2 FESEM images for samples synthesized under different [OH]/[M] ratios and different magnifications. [OH]/[M] = (a) 50, (b) 100, (c) 120,
(d) 160, and (e) 200. (f) FESEM images of randomly-oriented samples. (g) Side length of the FeCo nanostructures synthesized at different [OH]/[M]
ratios. SO: 50, S1: 100, S2: 120, S3: 160, and S4: 200. Side lengths are measured to be those of the nanoparticles in SO and those of the chains in
the other samples. (h) XRD patterns of the FeCo nanostructures synthesized at different [OH]/[M] ratios. SO: 50, S1: 100, S2: 120, S3: 160, and S4:
200. (110), (200), and (211) peaks correspond to the characteristic reflections of the body-centered cubic (bcc) FeCo alloy (JCPDS No. 49-1568).

served at low density (Fig. E)). However, notable differences
emerged at later stages. The higher particle density led to sets
of neighboring linear chains aligning almost uniformly across the
entire panel and eventually begin to stack into bundled strands.
When the particle density increased to 480, the resulting struc-
tures in Fig. E}kl showed exhibited chains that stacked upon each
other, with a few branches crossing and forming interconnected
networks. As anticipated, at a particle density of D = 600, com-
pared to D = 480, a greater presence of branches was observed,
indicating a more pronounced 3D network structure. Overall, the
simulation results closely align with the experimental findings,
accurately replicating the structures observed in samples SO, S1,
S2, S3, and S4.

3.3 Comparison with Experiments

The simulation results obtained with k, T = 1 x 10~13 J exhibit ex-
cellent agreement with the observed morphology of S1 as shown
in the SEM image in Figure . Both the experimental findings
and simulation results reveal the presence of two-particle blocks
or three-particle blocks that are slightly offset from the center line
of the main chain. However, overall, the chain maintains an ap-
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proximate straight configuration. In order to delve deeper into
the relationship between the size of MNPs and the resulting chain
morphology, we performed additional simulations with particle
sizes of L = 120, 130, and 150 nm. Fig. S5 presents the corre-
sponding (cos 6) and chain geometries versus the size of MNPs as
a function of the number of MNPs under k,7 = 1 x 10~13 J. For
less than 6 cubes, the geometries of chains composed of different-
sized cubes exhibit similar structure, with only a slight increase
in 6 as the cube size is decreased. This suggests that the par-
ticle size has a negligible effect on the chain alignment in short
chains. However, in longer chains, the size of MNPs becomes a
significant factor, as smaller particles exhibit smaller (cos0) (i.e.,
larger 6) compared to the larger nanoparticles. This observa-
tion suggests that the size of the MNPs influences the degree
of alignment within the chain, with smaller particles exhibiting
more pronounced deviations from the main chain axis because
the lower total volume and magnetic moment participating in
the magnetic interaction makes it weaker. Additionally, for MNPs
with size larger than 130 nm, there are no significant variations
in (cos @), suggesting that the dipolar interactions remain rela-
tively strong under these conditions. Conversely, in the case of
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smaller nanoparticles (L = 120 nm), the (cos8) values consis-
tently remain below 0.85, suggesting that thermal energy is com-
parable to the magnetic interaction. A series of simulated chain
geometries are also presented in Fig. S5. In summary, larger
particle size leads to an increase in magnetic moment, resulting
in stronger dipolar interactions and a higher likelihood of form-
ing linear structures. However, once the particle size exceeds
a certain threshold where magnetic dipole interactions become
stronger than thermal fluctuations, further increases in size do
not significantly affect the chain structure.

Both experiments and simulations have provided evidence of
the significant influence of MNP concentration on the resulting
structural morphologies of assemblies. The correlation between
an increasing [OH]/[M] ratio in experiments and an increasing
particle density N in simulations can be explained through the fol-
lowing reaction mechanism. In the synthesis process, the NaOH
molar concentration dictates the concentration of MNP that are
formed and how they grow. There are two stages during the re-
action: nucleation and growth. In both processes, ethylene gly-
col first reduces the Fe?* and Co*t complexes into Fe and Co
atoms with the assistance of NaOH. Subsequently, these atoms ei-
ther nucleate to form a new particle core or grow on the surface
of an existing particle core. When the NaOH molar concentra-
tion is low ([OH]/[M] < 120), the freshly reduced atoms tend
to grow on existing particles, which increases the side length of
the FeCo structures. As schematically illustrated in Fig. S6, when
the NaOH concentration in the ethylene glycol solution is signif-
icantly increased, the reduction rate is accelerated and the pre-
cursors tend to form additional new nuclei instead of growing
on previous particles, which leads to the formation of more com-
plex, higher dimensional-order FeCo structures. Increasing the
NaOH concentration beyond this point would further speed up
mass transfer and crystal growth.

In the 1D or 3D FeCo nanostructure synthesis case, high NaOH
concentration provides the additional driving force for crystal-
lographical fusion of isolated nanocrystals into high-aspect-ratio
nanostructures®, The nanoparticles attach to each other, proba-
bly driven by the Ostwald ripening mechanism, and subsequently
assemble into a chain owing to the attractive magnetic dipole
forces between the magnetic particles. Hence, the NaOH con-
centration plays a significant role in the formation of FeCo alloys

with complex structures. In summary, a moderate intensity of
[OH]/[M] is most appropriate for the synthesis of 1D FeCo alloys.
Decreasing the NaOH concentration too much will slow down re-
action rate and yield OD FeCo nanoparticles. At very high NaOH
concentrations, the FeCo chains tend to aggregate into 3D net-
works.

Furthermore, the concentration of the NaOH slightly affects the
final elemental composition of the FeCo alloys. When the NaOH
concentration is low, the reduction rate for the less reducible ion,
Co2*, is slow, and the final product becomes iron-rich. In con-
trast, when the NaOH concentration is sufficiently high, it accel-
erates the reduction of less reducible element by generating in-
termediates that are more easily reduced to zero-valence metal
atoms4>. Therefore, the final composition of the FeCo alloys syn-
thesized at high [OH]/[M] ratio is consistent with the iron and
cobalt initial precursor concentration ratios used in the synthesis
process as indicated in Table

3.4 Magnetic Properties

The dependence of the magnetization, M, on the applied mag-
netic field, H, along two orthogonal directions of the aligned
nanostructures shown in Fig. [2| (Il and L with respect to the long
axis ) was measured at room temperature and shown in Fig. -e.
For each of the samples, SO, S1, S2, S3, and S4, the difference be-
tween the normalized magnetic hysteresis loops along the two or-
thogonal magnetic field directions indicates that all samples show
anisotropic magnetic behavior with low coercivity and low satu-
ration fields, which are typical characteristics of soft magnetic be-
havior. It should be noted that although the FeCo nanoparticles
should have little to no anisotropy in their individual OD form,
Fig. shows a moderate variation of the shape of the hystere-
sis curves along two directions, which results from the measure-
ment assembly of the nanoparticles of SO in the form of elongated
strands (as seen in Fig. [2)). Nevertheless, the anisotropic magnetic
behavior is less apparent for the OD sample compared to the syn-
thesized nanochains and nanoscale networks in samples S1-S4.
As the dimensional order of the FeCo alloys increases from 0D to
1D to 3D, a larger variation in the shape of the loops is observed,
indicating that dimensionality in these magnetic materials cor-
relates with higher anisotropy (particularly from 0D to 1D) and
overall higher magnetic coercivity.
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Table 2 Magnetic properties of FeCo alloy nanostructures.
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Sample Coercivity (Hcy) Coercivity (Hc,) Normalized Remanence (Mg/Ms) Normalized Remanence (Mg/Ms, )
SO 188.1 Oe 212.9 Oe 0.11 0.08
S1 122.4 Oe 157.0 Oe 0.21 0.07
S2 122.4 Oe 180.6 Oe 0.27 0.08
S3 148.5 Oe 208.5 Oe 0.30 0.10
S4 205.6 Oe 273.5 Oe 0.33 0.12
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Fig. 6 The topological image (left), and the corresponding MFM micrograph (right) of the (a) S1: 1D chain and (b) S3: 3D network samples. Yellow

arrows serve as guidelines to indicate the magnetic polarity of the structure.

Table summarizes the Hey, He, Mgr/Mg), and Mg /Mg, val-
ues for all the samples. The data shows a clear correlation be-
tween the structural and magnetic behavior. As the dimensional
order increases, not only does the anisotropy increase, but this
also translates to an increase in remanent magnetization; the 3D
networks also see an increase in coercivity. Compared with other
samples, SO (synthesized at [OH]/[M] = 50) shows the lowest
Mg /Mg value. On the other hand, FeCo nanochains have an in-
creased Mg /Mg value owing to their anisotropic structure. With
the synthesis of 3D FeCo structures, Mg /Mg values is further in-
creased.

The magnetic force microscopy (MFM) was utilized for further
characterization. Panels a and b of Fig. [f] display topological
and MFM images for the 1D chain and 3D network structures,
respectively. The contrast variations in Fig. [6] correspond to the
perpendicular components of the stray field, representing closure
flux exiting the nanostructures and resulting from the magneti-
zation. In Fig. @1, the alternating dark and gray color contrast
within the chain suggests the presence of three short chains that

combine to form a longer chain with head-to-tail alignment. The
darkest color at the topmost part of the long chain indicates the
strongest out-of-plane flux (at the tip of the chain), while the less
dark regions suggest weaker out-of-plane fringing fields (at points
along the chain). This implies that the short chain in the middle
is magnetically coupled with the chains above and below, result-
ing in predominantly in-plane magnetization. Conversely, in Fig.
@), multiple dark points throughout the structure suggest signif-
icant out-of-plane magnetization in those locations, and indicate
the likelihood of a complex domain structure and with multiple
pinning points for domain walls within the 3D networks. This
results from the fact that many smaller structures (particles and
chains) are joined together at these points, with various orienta-
tions, each contributing a different flux configuration to the net
field in that region.

The observed increase in Mr/Mg, with increasing dimensional
order may be attributed to the unique morphology and complex
magnetic domains present in these samples. This complexity
likely causes an increase in coercivity due to a pinning of domain
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walls at nodes of the network where nanochain-like structures in-
tersect. Among all the samples, S1 (synthesized at [OH]/[M] =
100) and S2 (synthesized at [OH]/[M] = 120) showed the low-
est Hc values and S4 (synthesized at [OH/M] = 200) showing
the highest. This might be attributed to the antiparallel dipolar
coupling between adjacent chains.

All of these results provide strong evidence that the magnetic
behavior of the FeCo alloys varies with the dimensional order of
the structures. The OD FeCo nanocubes exhibit low remanent
magnetization, which could prevent particle agglomeration and
makes it good candidate for biomedical applications. The unique
anisotropic morphology of 1D FeCo chains would enable align-
ment of magnetic fillers in nanocomposites and allow enhance-
ment in microwave absorption and electromagnetic interference
shielding®. The 3D FeCo networked structures can be highly
anticipated to hold great potential as advanced materials in elec-
trocatalysis, due to high porosity, and neuromorphic computing,
due to the complex networking4Z48|

4 Conclusions

In summary, we have presented the findings of a comprehensive
experimental-computational study on magnetic FeCo assemblies.
Our investigation involved examining the assembly behaviors of
FeCo colloids across a wide range of [OH]/[M] ratios during syn-
thesis. The results revealed a diverse array of self-assembled FeCo
nanostructures, including 1D chains, bundled strands, and 3D
networks. To achieve a deeper understanding, we conducted sim-
ulations that incorporated both the dynamic chain growth process
and the colloidal synthesis process. Remarkably, these simula-
tions demonstrated good agreement with experimental observa-
tions. Experimentally, the as-prepared FeCo nanochains and 3D
networks show advantageous nanoscale magnetic properties of
enhanced coercivity and remanent magnetization. Furthermore,
the simplicity of adjusting the dimensional order of these struc-
tures in experiments opens up possibilities for their fabrication
and utilization in various applications such as data storage de-
vices, microelectronics, catalysis, and medicine. Future work can
investigate the intricate spin texture and magnetization behavior
inside these complex structures to better predict their complex
magnetic behavior in a larger system.
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