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Domain formation in rectangular magnetic nanoparticle assemblies
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Rectangular assemblies with different aspect ratios were prepared with spherical magnetite nanoparticles
(diameter d = 20 nm) on lithographically patterned substrates using a variant of the meniscus force deposition
method. The aspect ratio (width:length) of the rectangular assemblies was varied from very low (1:1) to very high
(1:1000) values. Angle-dependent ferromagnetic resonance measurements were performed to study the influence
of the shape anisotropy on the magnetic properties. Using an analytical model based on the Smit-Suhl formalism
for single-domain magnets, the demagnetizing factors were determined. The analysis of the resonance signals
shows that, for small aspect ratios, the ratio of the in-plane demagnetization factors is inversely proportional to the
corresponding ratio of width:length; that is, the assemblies behave like a single ferromagnet due to dipolar magnetic
coupling between the particles. At larger aspect ratios a more complicated behavior is observed which indicates
the formation of a multidomain-like structure inside the assemblies caused by geometrical inhomogeneities in
the filling of the assemblies. Micromagnetic simulations of the magnetic properties of the assemblies support
this assumption qualitatively and suggest that the formation of these inhomogeneities can be controlled by the
fabrication process. The results provide insights into the collective magnetic behavior of nanoparticle assemblies,
highlighting the high degree of tunability of the magnetic properties of such assemblies, which makes them
promising building blocks for future magnetic devices.
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I. INTRODUCTION

Ferromagnetic nanostructures, such as nanodots, are of high
interest in current research since they are more and more
utilized for applications in the field of high-density storage
media [1–5], nonvolatile logic [6,7], and spintronic devices
[8,9]. The large interest arises due to the fact that the magnetic
properties of arrays of nanomagnets are determined not only
by the magnetic properties of the ferromagnetic material itself,
i.e., the chemical composition or its crystal structure, but also
by the shape of the nanomagnets which, e.g., is reflected
in magnetic phase diagrams of ensembles of such particles
[10]. In addition, the interaction between adjacent nanomag-
nets influences the magnetic properties of such arrangements
[11]; for example, the distance between arrays of magnetic
nanodisks causes the system’s hysteresis to be either soft or
hard magnetic [12–14]. Typically, such nanomagnet arrays are
prepared by nanostructuring of ferromagnetic thin films, e.g.,
cobalt or permalloy thin films, using lithographic techniques.
The magnetic properties of the arrays are tuned by varying the
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size and shape of the individual nanomagnets as well as the
distance between them [6,15,16]. An alternative approach is
to assemble arrays of magnetic elements using ferromagnetic
nanoparticles instead of single atoms as building blocks. As
shown by several groups [17–21], low-dimensional assemblies
of ferromagnetic nanoparticles show collective magnetic prop-
erties due to dipolar coupling between the single particles. As
the size of such nanoparticles and their arrangement can be
controlled systematically [2,22–25], assemblies of magnetic
nanoparticles offer an additional degree of freedom in manip-
ulating the magnetic interactions inside the magnetic elements
[26]. Thus, such assemblies are not only promising building
blocks for improved magnetic devices but also ideal model
systems to study the complex magnetic interactions on differ-
ent length scales systematically [27]. Magnetite nanoparticles
are arranged in micrometer-sized assemblies of rectangular
shape which in turn form the magnetic elements of an array.
Such samples can be considered to possess three hierarchical
levels. Each level corresponds to a different length scale and
is tunable individually. One can choose the material and the
shape of the nanoparticles on the microscopic level, the size and
shape of the magnetic elements on the mesoscopic intermediate
level, and, finally, the grid and the shape of the array on
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TABLE I. Overview of the parameters of the series of samples with rectangular Fe3O4 nanoparticle assemblies of different aspect ratios.
The parameter ly denotes the nearest distance between adjacent assemblies, Ni are the values deduced for the demagnetizing factors, and Knu

is the constant describing the influence of the nonuniform demagnetizing field.

Label Aspect ratio Real aspect ratio Nx Ny Nz Ny/Nx ly (μm) Knu (kerg/cm3)

Rect_1 1:1 0.97 2.10 2.10 8.38 1.00 2.00 −1.00
Rect_2 1:2 1.70 0.74 1.11 10.72 1.50 1.70 0.00
Rect_5 1:5 4.00 0.43 1.00 11.14 2.33 2.00 1.50
Rect_10 1:10 7.40 1.60 1.87 9.10 1.17 2.00 6.50
Rect_50 1:50 36.00 0.88 2.14 9.54 2.43 10.00 1.00
Rect_100 1:100 70.00 0.84 2.32 9.41 2.76 11.00 2.00
Rect_200 1:200 134.00 0.19 2.41 9.97 12.68 22.00 3.00
Rect_500 1:500 316.00 0.47 2.22 9.87 4.72 50.00 3.00
Rect_1000 1:1000 815.00 0.54 0.95 11.07 1.76 2.00 2.50

the macroscopic scale. The nanoparticles were assembled
using the meniscus force deposition method as described in
detail in Refs. [27–29]. Previous studies have shown that on
the length scales chosen in this study only the shape of the
assemblies has an influence on the magnetic properties [27].
In this work we vary the aspect ratio (width:length) of the
assemblies from small to high values, i.e., from 1:1 up to
1:1000, in order to investigate the influence of the assembly’s
shape on its magnetic properties using angle-dependent fer-
romagnetic resonance (FMR) measurements. The angle de-
pendence of the resonance field was simulated using a model
based on the Smit-Suhl formalism for single-domain magnets
yielding the corresponding demagnetization factors. Good
agreement with the experimental results was achieved only
for aspect ratios below 1:10, revealing the single-magnetic-
domain behavior of these assemblies. For longer assemblies
the ratios of the demagnetization factors differ distinctly from
the expectation given by the aspect ratio of the corresponding
assemblies. This behavior is explained by the formation of a
multidomainlike structure inside the nanoparticle assemblies
due to structural inhomogeneities. This assumption is also
supported by micromagnetic simulations.

II. EXPERIMENTAL METHODS: SAMPLE PREPARATION

Samples with arrays of magnetite nanoparticle assemblies
were prepared using a combination of patterned substrates and
a horizontal dip-coating process as described in Ref. [27].
In brief, electron-beam lithography was used to transfer the
desired pattern of openings onto a resist layer consisting of
Poly(methyl methacrylate) (PMMA) on a highly resistive (100)
Si substrate. A drop of an aqueous suspension of spherical
Fe3O4 nanoparticles was deposited onto the substrate. The
magnetite nanoparticles dispersed in H2O (particle concentra-
tion of about 4.5 × 1013 particles/mL) are commercially avail-
able (Sigma-Aldrich, 725366) and have an average diameter
of (20 ± 2) nm. The substrate was placed horizontally below
a cover glass such that the suspension was confined between
the two parallel surfaces. By moving the substrate horizontally
with respect to the cover glass the nanoparticles were pushed
inside the openings of the pattern by the meniscus force
occurring at the gap between the edge of the cover glass and the
substrate. The assemblies were arranged on rectangular grids,
all possessing the same pitch in the x direction but different

pitches in the y direction depending on the actual length
of the assemblies. For both directions, the distance between
the assemblies was large enough (>1 μm) to exclude an
interaction between adjacent assemblies, as shown in previous
investigations [27]; that is, it was found that, at such pitches, the
FMR signals of arrays of assemblies were affected only by the
shape of the assemblies and not by their arrangement in an array
on the substrate. The macroscopic array of assemblies and the
substrate itself had a square shape for all samples. All arrays
had dimensions of 3 × 3 mm2. A series of nine samples with
nanoparticle assemblies with a rectangular shape was prepared,
in which the aspect ratio width:height of the assembly was
constant for each sample but varied throughout the series from
1:1 up to 1:1000. The width of all assemblies was chosen to
be 400 nm, while the length of the assemblies was adjusted
according to the aspect ratio from 400 nm up to 400 μm.
An overview of the sample parameters is given in Table I.
The sample labels correspond to the nominal aspect ratio of
the respective rectangular shape. For all aspect ratios compact
filling of the openings was achieved, which was confirmed by
scanning electron microscopy (SEM). However, inspection of
a test sample, which had to be cleaved, suggests that steplike
structures arise when filling the elongated openings due to
the stepwise movement of the stepper motor. Furthermore, the
height of the nanoparticle assemblies decreases from the edges
to the center of the opening. Hence, the height of the resulting
assemblies varies between 50 and 80 nm, corresponding to two
to five monolayers of magnetic spheres. SEM images of three
samples with aspect ratios of 1:2, 1:5, and 1:200 and the cleaved
sample are shown in Fig. 1.

III. RESULTS AND DISCUSSION

All samples prepared were investigated by angle-dependent
FMR measurements in in-plane and out-of-plane geometry,
as schematically shown in Fig. 2. For in-plane geometry, the
magnetic field was rotated in the x-y plane about the z axis
corresponding to a variation of ϕH ∈ [0, 2π ] at constant θH =
π/2 in spherical coordinates. For ϕH = 0 (π/2) the magnetic
field was aligned parallel to the longer edge of the rectangular
assemblies. To study the out-of-plane geometry the magnetic
field was rotated in the x-z plane about the y axis corresponding
to a variation of θH ∈ [0, 2π ] at constant ϕH = 0. The FMR
measurements were conducted at room temperature with a
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FIG. 1. Examples of Fe3O4 nanoparticle assemblies prepared on patterned substrates. (a) Aspect ratio of 1:2. The inset shows the
magnification of one assembly. (b) Aspect ratio of 1:5. (c) Aspect ratio of 1:200. (d) Side view of a cleaved sample. The filling of the
opening shows variations in height.

Bruker ESP 300E spectrometer at X-band frequencies of about
9.5 GHz. The corresponding spectra are shown in Figs. 2(a)
and 2(b) for in-plane and out-of-plane geometry, respectively.

A. Results for out-of-plane geometry

As shown in Fig. 2, two resonances are required to de-
scribe the FMR spectrum when the magnetic field is oriented
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FIG. 2. Measured FMR spectra of Rect_200 with corresponding
fits. (a) In-plane geometry: the spectrum with the lower resonance
field corresponds to an orientation of the magnetic field along the
easy magnetic axis of the assembly, i.e., the long edge (θH = π/2,
ϕH = 0). The spectrum with the higher resonance field corresponds to
an orientation of the magnetic field along the hard axis, i.e., the short
edge (θH = π/2, ϕH = π/2). Both FMR spectra can be described
by one broad resonance. (b) Out-of-plane geometry: the spectrum
corresponds to the orientation of the magnetic field perpendicular to
the sample plane (θH = 0) and exhibits two broad resonances. The
fitted curve and the two components describing the two resonances are
shown. The sharp feature at about 3.3 kOe is due to impurities in the
resonator. It has been accounted for in the fitting process of the spectra.

perpendicular to the sample surface (out-of-plane geometry),
while for an in-plane orientation of the magnetic field the two
resonances overlap and merge into one broad resonance. The
magnetization of a spherical single-magnetic-domain particle
should yield only one FMR resonance. However, due to the
magnetocrystalline anisotropy the corresponding resonance
field may depend on the orientation of the magnetic field
with respect to the crystalline axes of the nanoparticle. The
occurrence of two resonance signals in the FMR spectra may be
related to the random orientation of the spherical nanoparticles
in the assemblies [30]. Each sample studied consists of an
array of more than a thousand oriented assemblies, where
each assembly consists of several hundred single-magnetite
nanoparticles. As all the nanoparticles are randomly oriented
in the openings, their resonance fields vary according to the
different orientations of the underlying cubic crystal structure
with respect to the magnetic field direction applied.

Assuming such a situation and noninteracting nanoparti-
cles, the observed FMR spectrum is a sum of the contributions
of the individual nanoparticles and is obtained by averaging
over the distribution of resonance fields arising from the crystal
anisotropy. The corresponding probability density function
(PDF) ℘(H ) can be derived following the approach by Winkl-
hofer et al. [31]. Because the anisotropy is cubic, it is sufficient
to restrict the calculations to 1/16 of the entire orientation
space. The calculated resonance fields are shown in Fig. 3(a)
as a function of θ and ϕ. The resulting PDF ℘(H ) is shown
in Fig. 3(b) and clearly exhibits two maxima. Convolving
℘(H ) with a Lorentzian resonance line and differentiating the
convoluted function with respect to the external magnetic field
yields the function presented in Fig. 3(c), which is somewhat
similar to the out-of-plane FMR spectrum in Fig. 2(b). The fol-
lowing parameters were used in the calculation. The bulk value
K1 = −1.1 × 105 erg/cm3 for the first anisotropy constant of
the cubic magnetocrystalline anisotropy of magnetite [32] and
a linewidth of about�H = 450 Oe for the resonance of a single
particle. The resemblance of experimental and theoretical FMR
spectra justifies describing all the measured FMR spectra using
two first derivatives of a Lorentz distribution [33] in order
to determine the values of the resonance fields. It should
be noted that the discussion above is based on assuming
a random distribution of noninteracting spheres exhibiting
magnetocrystalline anisotropy. In the case of the rectangular
assemblies studied the nanoparticles interact, and the shape
anisotropy of the assembly also comes into play. Nevertheless,
the discussion motivates the occurrence of two resonances
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FIG. 3. Results of the powder spectrum calculations for a cubic crystal structure of magnetite. (a) Contour plot of the calculated resonance
fields for θH ∈ [0, π/2] and ϕH ∈ [0, π/4]. (b) Resulting probability density function ℘ and (c) calculated spectrum of magnetite powder by
convolution of the probability density function ℘ with a Lorentzian line shape function and differentiating with respect to the external magnetic
field.

being observed in the FMR spectra for out-of-plane geometry.
For all assemblies prepared, the angle dependence of the
extracted resonance fields in out-of-plane geometry exhibits
a similar trend with a pronounced twofold symmetry and a
magnetic easy axis oriented in the sample plane, i.e., visible at
θH = π/2. Exemplarily, the angular dependence of the sample
Rect_200 is shown in Fig. 4. Such a twofold angle dependence
is expected for an infinitely thin disk of a ferromagnetic
single-domain material, which corresponds well to an array
of assemblies of interacting nanoparticles on top of a substrate
as the height of the assemblies is much smaller than their lateral
dimensions. In order to simulate the angle dependence of the

FIG. 4. Angular dependence of the extracted resonance fields in
out-of-plane geometry for the sample Rect_200 with corresponding
simulations of both magnetizations, M1 = 140 emu/cm3 and M2 =
70 emu/cm3.

assemblies the Smit-Suhl [34,35] formalism was used,(
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and the resonance condition (1) was expanded by first deriva-
tive terms according to Ref. [36] to obtain better results
for small values of θ and ϕ. Here ω, γ , M , and U de-
note the microwave’s angular frequency, the gyromagnetic
ratio, the magnetization, and the free-energy density, respec-
tively. The free-energy density U consists of three contri-
butions due to the Zeeman splitting UZee = −M · H, the
shape anisotropy Ushape = M · N̂ · M, and the configurational
anisotropy Unu = Knu sin2 ϕ cos2 ϕ (derived in analogy with
cubic crystal anisotropy; see Ref. [37]) arising from the
nonuniformity of the demagnetizing field [3,38]:

U = UZee + Ushape + Unu. (3)

M, H, N̂, and Knu denote the magnetization vector, the applied
external magnetic field vector, the demagnetizing tensor, and
a constant for describing the strength of the nonuniform
demagnetization field, respectively. The angle dependence of
two FMR resonances of sample Rect_200 can be described
by applying the Smit-Suhl formalism for two different values
of the magnetization. The two values correspond to effective
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FIG. 5. Extracted values of the resonance field in in-plane geom-
etry for various assemblies with different aspect ratios. The corre-
sponding calculated curves derived with the Smit-Suhl formalism are
also shown.

magnetizations reflecting the two maxima in the probability
density function shown in Fig. 3(b). Good agreement between
experiment and simulation is achieved for M1 = 140 emu/cm3

and M2 = 70 emu/cm3, as shown in Fig. 4. However, it should
be noted that, in particular, in the vicinity of θH = 0 the sharper
signal corresponding to M1 = 140 emu/cm3 dominates the
spectrum allowing us in the following to fit all in-plane spectra
with only one FMR resonance of M1 = 140 emu/cm3.

B. Results for in-plane geometry

As pointed out above, it is justified to analyze the FMR
measurements in in-plane geometry by fitting the spectra with
only a single first derivative of a Lorentz resonance. The
extracted resonance fields represent the dominant resonance
of the two resonances arising in the nanoparticle assemblies.
The typical in-plane angle dependence of the resonance field
of samples with assemblies of different aspect ratios is shown
in Fig. 5. The angle dependence of all assemblies except the
one with an aspect ratio of 1:1 exhibits a pronounced twofold
symmetry. Furthermore, for the two arrays of assemblies
with an aspect ratio of 1:5 and 1:1000 the maxima at ϕ =
π/2 and ϕ = 3π/2 exhibit slight indentations. Such behavior
is expected for elongated nanomagnets. While the twofold
symmetry arises from the elongated shape of the assemblies
with an easy axis oriented along the assemblies’ elongation
direction, the indentations of the maxima can be attributed to
nonuniform demagnetization fields, as discussed, for example,
in Refs. [3,27,38].

FIG. 6. Expected values for the ratio of Ny/Nx along with the
extracted values from the calculation. The blue line above shows the
maximum of the expected ratio due to the discrete stepper motor
movement.

However, a closer look at the magnitude of the twofold
symmetry reveals a more complicated behavior. While for
aspect ratios below 1:200 the strength of the twofold symmetry
increases as expected, it decreases again for the assemblies
with the highest aspect ratios of 1:500 and 1:1000. In order to
analyze this behavior in more detail, the Smit-Suhl formalism
was used again to describe the angle dependence of the
resonance field with respect to the orientation of the applied
magnetic field. By simultaneous fitting of the resonance fields
for the in-plane and out-of-plane geometries of each sample,
it was possible to extract the demagnetization factors of the
corresponding assemblies. The values of the demagnetization
factors derived for all assemblies investigated are listed in
Table I. Assuming a single-magnetic-domain structure in the
assemblies, the ratio of the in-plane demagnetization factors
Ny/Nx should be inversely proportional to the aspect ratio
of the corresponding assembly, i.e., Ny/Nx ∝ x/y. As shown
in Fig. 6, where the ratio of the demagnetization factors is
plotted versus the aspect ratio of the assemblies determined
from the analysis of SEM images, significant deviations from
the expected behavior are observed. Although the determined
ratio of the demagnetization factors (black circles) increases
with increasing aspect ratio of the assemblies, Ny/Nx is
much smaller than expected when assuming single-domain
assemblies (red solid line). The ratio Ny/Nx significantly drops
to a value of only 1.17 for the assembly Rect_10 but increases
again, reaching a maximum value of 12.68 for the assembly
Rect_200 with an aspect ratio of about 134. Finally, the ratio
of the extracted demagnetization factors drops again to a value
of only 1.76 for the assembly with the highest aspect ratio of
about 815.

Keeping in mind that the theory of demagnetization used
is applicable only for magnets consisting of a single domain
[39], it may be concluded that the deviation between exper-
iment and expectation is an indication of the formation of a
multidomainlike structure inside the nanoparticle assemblies,
as also observed in two-dimensional assemblies of cobalt
nanoparticles [17,18].
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C. Micromagnetic simulations

Micromagnetic simulations were performed to explain the
results obtained for the demagnetizing factors. Due to their
organic surface coatings exchange coupling is not present
between the single nanoparticles. They are distinct entities; that
is, they share no common wave function. Thus, only dipolar
interactions were taken into account for the micromagnetic
simulations of the magnetic ordering in the assemblies. An
atomistic model was used; that is, discrete spins were placed
on a three-dimensional hexagonal grid with a lattice constant
of 20 nm since such a hcp structure is the closest approximation
to the experimental conditions. The spherical nanoparticles
with a single magnetic moment were treated as a point dipole
located in the origin of the sphere, as the interaction between
two spheres is the same as between two dipoles as long
as they do not overlap or are deformed otherwise [40]. For
the magnetic moment m of each point dipole representing
a nanoparticle, the magnetization of 140 kA/m found with
FMR was multiplied by the volume V = 4π/3(d/2)3 of the
nanoparticle, resulting in m = 63 × 103μB, where μB is the
Bohr magneton. Nearest neighbors were considered up to the
32nd shell. Each shell contains all nearest neighbors at the
same distance di

NN. Considering such a large number of shells is
customary to properly account for the long-range dipole-dipole
interaction. The system is evolved in time by the Landau-
Lifshitz-Gilbert equation using the numerical parameters of
α = 0.1 for the damping and �t = 0.05 as for the time steps.
Calculations for different orientations of the magnetic field
were performed to simulate the magnetic structure of the
assemblies during the angle-dependent FMR measurements.
The applied magnetic field is rather low as only dipolar
interactions between the particles are considered and the
magnetic moments will follow the applied field immediately.
We calculated the magnetic structure of an assembly with an
aspect ratio of 1:10 (x = 400 nm, y = 4 μm) and five layers
of nanoparticles in the z direction. We cut out two layers in
the center to account for height differences in the assembly
due to the nonhomogeneous filling observed in the openings
as described above. This is shown schematically in Fig. 7(a).
For a magnetic field orientation of ϕH = 0◦ and ϕH = 45◦
and a field strength of H = 500 Oe the results are shown in
Figs. 7(b) and 7(c), respectively. The calculations reveal that at
the borders between the areas of different heights the magneti-
zation shows inhomogeneities similar to the inhomogeneities
at the edges of the assembly [see magnifications in Figs. 7(b)
and 7(c)]. Therefore, the assembly is effectively divided into
three magnetic domains with a drastically reduced aspect ratio
compared to the assembly. Each domain behaves like a single
magnet with respect to the applied magnetic field, resulting
in a reduced ratio of the demagnetization factors as observed
in the experiment. The origin of the height differences in the
assemblies may be caused by the stepwise movement of the
glass plate during the meniscus force deposition process. The
stepper motor moves along the long axis of the assemblies with
a step size of approximately 7.3 μm every 30 s. During the
time interval between these steps nanoparticles can assemble
in areas of the PMMA opening where the meniscus is formed,
while nanoparticles will assemble in the adjacent region if the
stepper motor moves. From these considerations the maximum

FIG. 7. (a) Schematic side view of the simulated assembly and
results for the magnetization calculated for (b) H oriented parallel to
the longer edge of the assembly, i.e., ϕH = 0◦, and (c) ϕH = 45◦ with
H being at saturation. Scaled-up views of the border of the cut layers
and the right edge of the assembly are marked; corresponding edges
show the same behavior for the magnetization. OOMMF was used for
visualization [41].

period of the height differences is given by the step size of
the motor defining the maximum width of the corresponding
domains in the assemblies. Taking a step size of 7.3 μm and
a width of the assemblies of 400 nm, a maximum value of the
ratio of the demagnetization factors of 18.25 can be estimated.
This value is shown in Fig. 6 as a blue line. It defines the
upper limit for Ny/Nx in agreement with the experimental
results. It should be noted that the height differences in the
assemblies also impede the analysis of the angle-dependent
FMR measurements using a diagonal demagnetizing tensor.
In general, the elements of the diagonal demagnetizing tensor
are calculated for rectangular magnetic prisms by averaging
local demagnetizing factors Nij (x, y, z) [42,43]. These local
demagnetizing factors Nij (x, y, z) are, however, calculated by
discretizing an ideal rectangular prism into smaller prisms
and considering the interactions between them [44,45]. Due
to structural inhomogeneities, such as surface roughness or
a porous structure, a magnetic structure exhibits additional
magnetic inhomogeneities, which will not only modify the de-
magnetization factors Nij (x, y, z) but also define new volumes
where averaging is meaningful, e.g., regions of the same step
height as in the case of our assemblies.

IV. CONCLUSIONS

Magnetite nanoparticle assemblies with a rectangular shape
and aspect ratios varying between 1:1 and 1:1000 were ar-
ranged using a horizontal dip-coating process on patterned
substrates prepared using electron-beam lithography. The mag-
netic properties of the assemblies were investigated using
angle-dependent ferromagnetic resonance measurements. In
the out-of-plane geometry two resonances are observed which
arise due to the random orientation of the nanoparticles in the
assemblies. For a magnetic field orientation in the sample plane
both resonances overlap, resulting in one broad resonance
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line. The angle dependence of the resonance fields for both
geometries were described using the Smit-Suhl formalism
yielding the demagnetization factors of the corresponding
structure. For assemblies with small aspect ratios, the inverse
ratio of the in-plane demagnetization tensors is in good agree-
ment with the aspect ratio of the corresponding assemblies,
while for larger structures the determined values differ from
the aspect ratio of the rectangular assemblies. This result
is attributed to a multidomain structure caused by structural
inhomogeneities in the nanoparticle assemblies, leading to
smaller volumes where averaging of the demagnetizing factors
is meaningful. The formation of such a domain structure due
to structural inhomogeneities is qualitatively supported by
micromagnetic simulations. Thus, care must be taken when

demagnetization is taken into account in the description of
such assemblies consisting of nanomagnets. It is important to
note that the pitch of the structural inhomogeneities can be
controlled in the fabrication process of the assemblies. This
control offers additional degrees of freedom for tuning the
magnetic interactions for future applications.
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