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Micromagnetic Simulations of Nanoparticles with Varying

Amount of Agglomeration

Tomasz Blachowicz, Jacek Grzybowski, and Andrea Ehrmann*

Magnetic nanoparticles can be used for medical and other purposes, but can
also be integrated in polymeric or other nonmagnetic matrices of diverse
shapes, for example, thin-films or fibers. In the latter case, it may be
important how the magnetic nanoparticles are distributed in the matrix, a
topic which is often not taken into account when such composites are
investigated experimentally or theoretically. Especially for small magnetic
nanoparticles of dimensions allowing coherent reversal, the magnetic
properties of such polymer/magnet composites can change drastically in the
case of agglomerations. Here, a method is suggested to quantify the influence
of nanoparticle distributions inside nonmagnetic matrices. By changing the
average distance between nanoparticles of varying diameters between highly
distributed particles and perfectly packed clusters, different magnetization
dynamics can be modeled by micromagnetic simulations. Here, this process

Often, especially simulations are per-
formed on single nanoparticles due to con-
strictions of time and computing power,
while well-defined clusters of magnetic
nanodots may exhibit other magnetic prop-
erties than the single particles.['’-1]

Much larger problems, however, can be
caused by magnetic nanoparticles embed-
ded in a nonmagnetic matrix, such as a
polymer, if the position of the nanopar-
ticles is unclear, or it is not known
whether these nanoparticles form agglom-
erations or are well-dispersed. In a pre-
vious experiment, we compared trans-
mission electron microscopy (TEM) im-
ages of magnetic nanoparticles, embed-

is shown for various magnetic materials and diameter distributions of
magnetic nano-spheres and present corresponding micromagnetic simulation
results, which underline the importance of taking into account possible

magnetic agglomerations in nonmagnetic space.

1. Introduction

Ferromagnetic nanoparticles and nanodots are investigated
for diverse applications, for example, in medicinel' or data
storage.l*®] Magnetic nanoparticles are thus produced and in-
vestigated by various research groups, focusing on a broad spec-
trum of materials, going from simple elementary magnets such
as iron, cobalt or nickel,l”! their oxides, and alloys!'** to much
more sophisticated magnets such as spinel ferrites.!1>16]
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ded in electrospun poly(acrylonitrile) (PAN)
nanofibers, and found large differences
of the conclusions which could be drawn
by these TEM images, varying between
apparently fully agglomerated and nearly
perfectly separated nanoparticles in differ-
ent parts of the same nanofiber mat.>"’
Choosing different images to perform a micromagnetic simula-
tion of the assumed situation can simply lead to quite different
results, which may be highly problematic for the future practical
application of such composite fibers. This problem of repro-
ducibility of experimental findings is known under the name
“reproducibility crisis”(?"??] and is not only known for highly
magnified TEM images,[?! but also for other experimental
techniques.24]

Nevertheless, micromagnetic simulations of varying situations
in such a composite, prepared from arbitrarily spaced magnetic
nanoparticles in a nonmagnetic matrix, are hard to find in the lit-
erature. Schrefl et al. investigated self-assembled FePt nanopar-
ticle arrays, however, for regularly spaced magnetic spheres.?!
Agrawal et al. compared chains and clusters of nickel nanopar-
ticles, without a comparison to smaller clusters or not fully ap-
proached nanospheres,!?%! while the same group showed the dif-
ference between simulations of clusters and single particles.[?’]
Small systems of 1-4 magnetic permalloy (Py) nanoparticles in
different self-assembled cluster geometries were simulated by
Kim et al., showing again significant differences between these
clusters.[?®] Clustering particles of uniaxial and cubic anisotropy,
Fidler et al. investigated CoPt and FePt nanoparticles of different
diameters between approximately 4 and 80 nm, densely packed
in clusters of 1000 nanoparticles, and found a clear influence of
the ratio between uniaxial and cubic phases, without investigat-
ing the influence of the distance between the nanoparticles in
detail.[*]
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While these examples underline the importance of investigat-
ing the effect of clustering, no systematic approach was found to
model different states of clustering, between full agglomerates
and perfectly spaced nanoparticles. In our first attempt to exam-
ine these effects, we compared ideally distributed nanoparticles
with small and larger agglomerates, until all nanoparticles in the
simulation were agglomerated.[?! Here, a slightly different ap-
proach is chosen, starting from a fully collapsed cluster which
are separated to a highly dispersed state, with intermediate states
between these extrema to investigate which distances between
single nanoparticles cause which effects for different materials.

2. Results and Discussion

To give an impression of what the expansion parameters mean,
Figure 1 gives an overview of the situations under simulation
here. The first line shows the situations simulated for 50 nm
(Figure 1a—d), followed by 75 nm (Figure le-h) and 100 nm (Fig-
ure 1i-).

As these images show, in the densest configuration (expansion
ratio = 1) the nanoparticles nearly touch each other after arbitrary
positioning inside the given sphere, while an expansion ratio of
8.99 already gives strongly separated nanoparticles without any
contact. In this way, it is possible to prepare simulations of more
or less agglomerated nanoparticles with arbitrary distribution as
an indicator how strongly such differences in the distribution of
magnetic nanoparticles in real samples will influence the sam-
ples’ magnetic properties.

Next, we examine some exemplary hysteresis loops of situ-
ations which were simulated in this study. Figure 2 shows Co
nanoparticles with an average diameter of 50 nm, applying the
maximum and the minimum concentration combined with ex-
pansion ratios of 1 (densely packed), 2.08 as well as 8.99 (max-
imum expansion rate investigated here). Most of the hysteresis
loops show several steps along the slopes of the loops due to sin-
gle nanoparticle switching their magnetization.

Here, the impact of the expansion ratios is clearly visible. On
the one hand, the coercive field increases with increasing expan-
sion rate, that is, in the single particles magnetization reversal is
harder than in the clustered ones. On the other hand, the steps
which often occur in Co hysteresis loops are nearly vanished for
the separated nanoparticles (expansion ratio 8.99), and in this
case the hysteresis loops look like typical easy-axis loops. This
suggests that the separated nanoparticles, with strongly reduced
impact on each other, switch coherently with slightly different
coercive fields, as indicated by the small steps visible along the
green curves in Figure 2a, b. It should be mentioned that for sin-
gle magnetic nanoparticles large enough to reverse magnetiza-
tion via a vortex state (which is typically the case for nanoparticles
of diameters 50 nm and larger), most orientations of the external
magnetic field show similar hysteresis loops, with a more square
hysteresis shape for loops along the easy axis of the particle.[3%!

Comparing the different concentrations under investigation,
fewer differences are visible. The smaller concentration, that is,
the smaller number of magnetic nanoparticles, leads to fewer
and more pronounced steps for the smaller expansion ratios
(black and red curves in Figure 2a). Differences in the coercive
fields are less obvious than in the comparison of the expansion
ratios.
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Next, Figure 3 shows the same simulations for iron instead
of cobalt. Comparing both materials, the curves clearly differ,
which can be attributed to the severe differences in the magnetic
properties of both materials, especially the magneto-crystalline
anisotropy constants and the cubic (Fe) versus uniaxial (Co)
anisotropy (cf. Section 2). For Fe, only small hysteresis loops are
visible in addition to areas showing coherent magnetization re-
versal, as it is often found in magnetic nanoparticles or small ag-
glomerates.

Besides this finding, itis clearly visible that the expansion ratio
does not strongly influence the hysteresis curves, which is unex-
pected since agglomerations might be sufficient to avoid coher-
ent magnetization reversal of the single nanoparticles. This ques-
tion should be discussed again for larger concentrations, forming
larger clusters, which were not under investigation here.

On the other hand, larger average diameters could lead to
broader hysteresis loops. This is why Figure 4 shows simulations
of iron nanoparticles for an average particle diameter of 75 nm,
also applying higher concentrations. Here, however, the middle
parts in which the hysteresis loops open, that is, show irreversible
behavior, are not larger than in the previous simulation of 50 nm
nanoparticles. Instead, the irreversible part of the hysteresis loop
shows a smaller slope, similar to a typical hard-axis loop, for the
larger particles. This can easily be understood for coherent mag-
netization reversal of the whole particles, as it is suggested by the
shapes of the hysteresis loops.

Figure 5 presents simulations of nickel nanoparticles of differ-
ent average diameters. Unexpectedly, the smallest particles show
mostly irreversible magnetization curves, with a softer magnetic
behavior for the smaller concentration (Figure 5a). For larger
particles with average diameters of 75 nm, the hysteresis loops
again show smaller slopes, as they are typically found in hard-
axis loops, as already found for iron, but also an increased range
of reversible change in the magnetization. This effect becomes
even more pronounced for the largest average diameters where
only a small irreversible hysteresis part is visible within the broad
reversible regime.

This at first glance quite unexpected behavior can be explained
Dby the here chosen algorithm to form densely packed agglomera-
tions. As described in Section 2, the dense packing is performed
Dby setting one particle in the middle of the coordinate system and
afterward letting the other particles collapse from the outer bor-
der of the sphere under examination onto this first particle till
they get in contact. As Figure 1i shows, this does not necessarily
lead to the densest possible packing, but will leave larger open
pores between neighboring nanoparticles than necessitated due
to their shape. This plays a role for the possible magnetic cou-
pling between neighboring particles.

Generally, from simulations and measurements of clusters of
ferromagnetic nanoparticles, it is well known that stray fields
can strongly influence neighboring particles and their respec-
tive magnetization reversal processes, even in the case of dis-
tances much larger than the exchange length.?'-*] Stray fields
are reduced for vortex states, however, while these states are fa-
vorable in two-dimensional arrays, the large out-of-plane stray
fields along the vortex cores can still influence neighboring par-
ticles in a three-dimensional orientation where vortex core orien-
tations can be directed toward neighboring particles. Such inter-
actions can thus generally be expected here for dense packing of

© 2022 The Authors. Macromolecular Symposia published by Wiley-VCH GmbH
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Figure 1. Spheres with varying middle diameters in different concentrations and without expansion (“dense”) as well as with an expansion of 8.99
(“expanded”): (a) 50 nm/0.3%/dense; (b) 50 nm/0.3%/expanded; (c) 50 nm/1.75%/dense; (d) 50 nm/1.75%/expanded; (e) 75 nm/0.9%/dense; (f)
75 nm/0.9%/expanded; (g) 75 nm/20%/dense; (h) 75 nm/20% /expanded; (i) 100 nm/2.1%/dense; (j) 100 nm/2.1%/expanded; (k) 100 nm/40%/dense;

(I) 100 nm/40% /expanded.

the nanoparticles, independent from the magnetization reversal
processes.

As the last material, permalloy (Py) is shown in Figure 6, again
for the case of 50 nm average diameter. Similar to cobalt, here
again the largest expanse factors result in the smoothest hystere-
sis loops, that is, the lowest magnetic noise, with largest coercive
fields. The open hysteresis loops in spite of vanishing magneto-

Macromol. Symp. 2022, 402, 2100381 2100381 (3 of 8)

crystalline anisotropy are usually attributed to the interplay be-
tween interparticle interaction and magnetization distribution
inside the particles.?>] Such effects were also found in other mi-
cromagnetic and experimental studies of Py rings,**37] where the
coercive fields were larger than zero due to switching from onion
into vortex states instead of coherent magnetization rotation, and
in Py disks which were large enough to form a vortex state,®!
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Figure 2. Cobalt nanoparticles of diameter 50 nm in different expansion rates for the concentrations (a) 0.3%; (b) 1.75%.
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Figure 3. Iron nanoparticles of diameter 50 nm in different expansion rates for the concentrations (a) 0.3%; (b) 1.75%.

where the hysteresis loop shows irreversible parts due to vortex
nucleation and annihilation. It should be mentioned that while
vortex formation is often visible by a reversible part of the hys-
teresis loop near zero field, this is not the case if the vortex forms
only after reversing the external magnetic field.
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Unexpectedly, in some hysteresis loops a clear asymmetry is
visible, as it is usually only found in exchange bias systems(*%4
or also in special nanostructures in which magnetically hard and
soft areas are realized by the shape anisotropy.[*!] This effect is es-
pecially visible for the low concentration (Figure 6a) and can be
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Figure 4. Iron nanoparticles of diameter 75 nm in different expansion rates for the concentrations (a) 0.9%; (b) 20%.
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Figure 5. Nickel nanoparticles in various expansion rates for the diameters and concentrations (a) 50 nm/0.3%; (b) 50 nm/1.75%; (a) 75 nm/0.9%; (b)
75 nm/20%,; (e) 100 nm/2.1%; (f) 100 nm/40%. x-axis values differ from previous plots.

explained by a certain randomness inherent in the Magpar cal-
culations, leading to magnetic noise. It shows how fragile mag-
netization reversal in these nanostructures is for some materials,
indicating a reduced reliability of these structures in real applica-
tions.

Finally, Figure 7 shows the concentration-dependent coercive
fields for the four materials under examination here. For Fe and
Ni, the coercive are more or less independent from the con-
centration as well as from the expansion ratio, as visible for
all nanoparticle dimensions. For Co, we also see that the co-
ercive fields are similar for all concentrations and nanoparticle

Macromol. Symp. 2022, 402, 2100381 2100381 (5 of 8)

diameters under examination here, while the expansion ratio
clearly influences the coercive fields. For the 100 nm nanopar-
ticles with a concentration of 2.1%, there is an outlier visi-
ble at an expansion ratio of 1.28; besides this value, there is
a general trend visible to have larger coercive fields for larger
expansion ratios, with the coercive fields reaching saturation
at a ratio of ~1.3. An even more pronounced effect is visi-
ble for permalloy (Figure 7d), the material with the largest ex-
change length, in the case of the smallest diameters, while
nearly no dependence of the coercive field on the expansion
ratio is visible for 100 nm particles with a concentration of

© 2022 The Authors. Macromolecular Symposia published by Wiley-VCH GmbH
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Figure 6. Permalloy nanoparticles of diameter 50 nm in different expansion rates for the concentrations (a) 0.3%; (b) 1.75%.
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Figure 7. Concentration-dependent coercive fields for (a) cobalt; (b) iron; (c) nickel; and (d) permalloy. The y-axis of (a) differs from the others.
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2.1%. No trend valid for all materials under investigation can be
reported.

In general, this study shows that for some materials the mag-
netic properties are significantly influenced by the distribution
of the identical amount of nanoparticles in a given area. This
impact seems to be larger for materials with larger exchange
lengths. This idea fits well to a previous study dealing with mag-
netite and nickel ferrite,!?”) materials with even larger exchange
length in the range of 27 nm (magnetite) or 10 nm (nickel fer-
rite), respectively,[*>*3] where especially for magnetite severe dif-
ferences between fully agglomerated and distributed nanoparti-
cles were found. Unexpectedly, the influence of the concentration
is relatively low in most cases. Again, for permalloy it seems to
be the highest, suggesting further investigations of the same con-
stellation prepared with magnetite.

It must be mentioned that an experimental evaluation of
expansion ratio-dependent coercive fields is nearly impossible
since usually, when measuring the magnetic properties of a poly-
mer/nanoparticle composite, only the overall nanoparticle con-
tent is known, not its distribution. While the general effect of the
average distance between neighboring nanoparticles can be ex-
perimentally verified, for example, by carbonizing a PAN matrix
in which magnetic nanoparticles are embedded,**] a method de-
tecting the magnetic properties with high spatial resolution (such
as magnetic force microscopy) in combination with a method
detecting the nanoparticles at the same position (such as EDX)
would be necessary for a more detailed evaluation. Our simula-
tions can thus be treated as a hint that modeling such systems
with embedded magnetic nanoparticles is only reliable if the con-
tent distribution is measured at several positions and the simula-
tion is fitted to this content distribution, instead of simply work-
ing with the average content.

3. Conclusion

A program was developed enabling modeling arbitrary distribu-
tions of nanoparticles in a given sphere with a defined expansion
ratio, here shown between 1 (fully agglomerated in the meaning
that no nanoparticle can be shifted nearer to the middle of the
sphere without changing its spherical angles) and 8.99.

These models were used to show the impact of this expansion
ratio on the magnetic properties of the whole system. Especially
for permalloy, a strong impact of the expansion ratio was found
for both concentrations of magnetic material investigated here,
while Fe and Ni showed nearly identical coercive fields for differ-
ent expansion ratios. This impact was also found in previous in-
vestigations of magnetite and nickel ferrite and may be correlated
with the exchange lengths of the materials, which are the largest

Table 1. Model parameters of simulated materials.

www.ms-journal.de

for magnetite, nickel ferrite, and permalloy, and the smallest for
iron which shows only a weak dependence of the coercive fields
on the expansion ratios.

In the future, it is necessary to model more materials
with the newly developed program to give a broader overview
of the material-dependent influence of agglomerations in
magnetic/nonmagnetic composites and to add temperature-
dependent simulations for more realistic comparison with the
experiment.

4. Experimental Section

Micromagnetic simulations were performed by the micromagnetic
solver Magpar, working by solving the Landau-Lifshitz-Gilbert equation of
motion.[*>] The simulated materials were Py, Fe, Ni, and Co with the model
parameters given in Table 1. These materials were chosen as the starting
point since they were commercially available as nanoparticles and thus
of practical interest for many research groups, while they offered a broad
range of anisotropy constants and other magnetic parameters. The easy
anisotropy axes were oriented along the x-axis so that in the case of highly
agglomerated systems, square hysteresis loops can be expected.

The process of cluster formation was performed as follows. In a given
nonmagnetic sphere of diameter 540 nm, sphere-shaped nanoparticles of
defined diameter normal distributions with typical averages of 50, 75, and
100 nm and given standard deviations of 8.3, 12.5, and 16.7 nm, respec-
tively, were embedded. The number of magnetic spheres was defined by a
concentration, as it would be done practically in the preparation of a com-
posite of magnetic nanoparticles in a nonmagnetic matrix. Concentrations
were assumed of 0.3% and 1.75% for the 50 nm case, 0.9% and 20% for
the 75 nm case, and 2.1% and 40% for the 100 nm case. It must be men-
tioned that these concentrations were averaged over the whole spheres,
with the nanoparticles not being distributed normally, but as described
below.

Starting from arbitrary positions of all nanoparticles in the sphere, first
full agglomeration was produced by letting the distance of each nanopar-
ticle to the center of the nonmagnetic sphere shrink until neighboring
nanoparticles touched each other (without changing a particle’s spherical
angles, that s, the particle stayed on the connection line between its center
and the center of the whole simulation sphere, and only the distance to the
center of the simulation sphere was modified). Oppositely, expansion was
performed by increasing the distance of each nanoparticle to the center
of the sphere in fully agglomerated state by a factor, for example, of 1.28,
1.63, 2.08, etc. Here, simulations were shown with different expansion ra-
tios between 1 (i.e., agglomerated cluster) and 8.99, modeling hysteresis
loops with the external magnetic field were sweeping along the x-axis. In
this way, the interactions between neighboring particles were modified,
thus modifying the magnetic properties of the overall system. It must be
mentioned that for the largest expansion ratios, the original sphere of di-
ameter 540 nm was no longer limit the positions of the particles so that
the original concentrations, related to the original sphere, were no longer
valid for a simulation space without fixed borders. Nevertheless, to defi-
nitely reach a saturated state in which the coercive fields did not change
with further increasing distances between neighboring nanoparticles, it
was necessary to cross the original sphere’s space borders.

Parameter Py Fe Ni Co

Anisotropy constants K, =0.0 Ky =4.810% ) m=3, K, =-4.810% ) m K;=5310° ) m
K, =5.010% ) m~3

Exchange constant A 1.3107% J/m 20107 ) m™! 3.41072 ) m™! 1.03:107"" fm™!

Magnetic polarization at saturation Jg 1.005T 21T 0.61T 176 T

Gilbert damping constant a 0.02 0.1 0.1 0.01
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