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Arranging magnetic nanoparticles (MNPs) into highly ordered structures, so-called superlattices or mesocrys-
tals, is of great interest from a fundamental point of view, as the employment of the corresponding coupled
nanoentities introduces additional degrees of freedom to manipulate the overall magnetic characteristics of
such hierarchical materials. Characterizing the associated magnetic interactions on the mesoscopic scale is
indispensable for obtaining a profound understanding of the relative strengths of the types of interactions in-
volved, such as dipole dipole interactions, which affect the collective response of a corresponding mesocrystal.
In this work, nanoparticles are deposited onto silicon substrates by spin coating leading to 2D, monolayered
structures showing a close-packed hexagonal arrangement. The MNPs consist of iron oxide (magnetite -
Fe3O4) and are coated with a non-magnetic polymer (polystyrene). The MNPs are synthesized such that
their diameters dMNP are tuned in a range between 9 nm and 18 nm. A precise manipulation of the shell
thickness dshell is achieved by coating the MNPs with polystyrene of different molecular weights. In this
fashion, the spacing between the MNPs, dspacer = 2dshell, is varied in a range between 6 nm and 14 nm.
Within the investigated dspacer range, dipolar interactions govern the collective properties showing distinct
distance-dependent characteristics. As dspacer increases, the dipolar coupling strength between the MNPs
decreases as deduced from the spectral features of ferromagnetic resonance experiments. These observations
are further corroborated by numerical simulations of the dynamic properties of appropriate model systems.
A comparison of the experimental and theoretical findings shows that material parameters, such as the mag-
netization MMNP and the magnetocrystalline anisotropy CMNP of the MNPs are reduced compared to their
bulk values.

I. INTRODUCTION

When arranging nanometer-sized entities of a material
of well-defined shape, size, geometry, and orientation into
highly ordered, periodic structures, novel macroscopic
properties may arise1–8. These properties are not present
in the bulk material, since such nanoparticle arrange-
ments not only exhibit high order on the atomic scale,
but also on the next higher hierarchical level at the meso-
scopic scale9. One class of these hierarchical structures
are the so-called mesocrystals, which are composed of
nanoparticles (NPs) arranged on a superlattice10. Thus,
the properties of the whole NP arrangement are essen-
tially governed by the NP’s characteristics, their spatial
arrangement on a lattice, and the interaction between
the NPs. By arranging NPs into mesocrystals that ex-
tend over macroscopic scales, it is possible to fabricate
materials whose properties are determined by atomic in-
teractions tuned by confinement on the nanoscale and the
interparticle coupling between them on the mesoscale.
From a scientific point of view, such structures are of
great interest as they offer knobs on different length
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scales for a precise tuning of the interactions in order
to adjust the overall magnetic response according to the
needs of an application. As the volume of the nanometer-
sized entities that form the mesocrystal decreases, sur-
face effects and exchange interactions become increas-
ingly important, whilst the influence of dipole interac-
tions decreases11. Furthermore, at sizes, which are com-
parable to or smaller than the typical interaction lengths
in corresponding bulk materials, deviations of the asso-
ciated material parameters may arise.
Magnetic mesocrystals are often called magnonic crys-
tals, when the wavelength of a magnon (the quan-
tized spin wave) is comparable to the periodicity of the
mesocrystal. A variety of phenomena has been observed
in one12–14 and two-dimensional magnonic crystals13–19,
such as the formation of magnonic bands with tunable
bandgaps that depend on the specific materials and ge-
ometries used20. Magnetic mesocrystals composed of
magnetic nanoparticles (MNPs) are recently in the fo-
cus of interest for several reasons. First, the synthesis
of MNPs has reached a level of precision which enables
fabricating ensembles of well-defined MNPs with narrow
size distributions. Second, the employment of MNPs may
offer the opportunity to extend the investigation of con-
fined magnons to the third spatial dimension13,20,21.
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FIG. 1. SEM image of a MNP monolayer deposited by spin
coating with appropriate particle concentrations and rotation
speed. Inset: Corresponding Fourier-transform of the SEM
image, confirming the high quality of the mesocrystal and its
hexagonal order.

The dynamic magnetic properties of magnonic crystals
are very sensitive to the underlying periodicity, because
the properties of the nanoentities vary with their size
on the nanoscale, while the interaction between them
depends on their spacing. Experimental investigations
concerning size-dependent properties of MNPs in non-
ordered systems have been performed in the past, indi-
cating that the interaction inside MNPs of a certain size
is indeed dominated by exchange interactions22,23. Those
authors interpreted their findings on the basis of excited
spinwaves inside the MNPs, which are very sensitive to
the size of the MNPs. The impact of the MNP size on
the spin waves has been investigated theoretically by a
number of researchers11,24,25.
As the collective properties of the mesocrystal arise from
the mutual interaction between neighboring MNPs, the
spacing between them also has a significant impact on the
macroscopic properties26,27,35. Systematic characteriza-
tion of distance-dependent interactions between MNPs,
such as dipolar coupling, can be performed by varying the
spacing between the MNPs in a controlled way and inves-
tigating the magnetic response associated with the col-
lective dynamic properties of the mesocrystal as a whole.
Most investigations of distance-dependent properties are
performed by (zero-) field-cooled magnetization measure-
ments on both ordered and randomly arranged MNP
structures investigating the real part (direct current -
DC) of the susceptibility28–32 or the very low imaginary
part (alternating current - AC) of the susceptibility33.
Such studies only allow a characterization of the pre-
dominantly static properties of MNPs, e.g., of the satu-
ration magnetization MMNP of the MNPs, but dynamic
properties such as the propagation of spin waves and the

sample set Nr. dMNP [nm] ameso [nm] dspacer [nm]

-1 15.1 ± 0.9 6.1 ± 0.5

-2 16.1 ± 0.8 7.1 ± 0.4

1- -3 9.0 ± 0.5 16.9 ± 1.8 7.9 ± 0.6

-4 19.9 ± 1.2 10.9 ± 0.6

-5 21.7 ± 1.0 12.7 ± 0.5

-1 20.3 ± 1.6 6.1 ± 0.8

-2 21.8 ± 1.6 7.6 ± 0.8

2- -3 14.2 ± 0.9 22.7 ± 1.8 8.5 ± 0.9

-4 23.9 ± 2.4 9.7 ± 1.2

-5 25.7 ± 1.7 11.5 ± 0.9

-1 24.3 ± 1.3 6.1 ± 0.7

-2 27.5 ± 1.8 9.3 ± 0.9

3- -3 18.2 ± 1.2 28.5 ± 2.2 10.3 ± 1.1

-4 29.9 ± 2.4 11.7 ± 1.2

-5 33.1 ± 2.8 14.9 ± 1.4

TABLE I. Overview of the sample sets investigated. Each
set has been synthesized with defined MNP diameter dMNP

and shell thicknesses dshell yielding hexagonal mesocrystals
with different lattice constants of the mesocrystal ameso =
dMNP + dspacer = dMNP + 2dshell.

magnetocrystalline anisotropy CMNP cannot be assessed.
Dynamic properties are accessible, e.g., by ferromagnetic
resonance (FMR) experiments where the excitation of the
magnetic material by microwaves is tuned by an external
magnetic field. So far, only a few studies have used FMR
for analyzing size and spacing dependent properties of
MNPs and MNP ensembles35–37.
The investigation presented in this paper contributes to
a more profound understanding of the collective dynamic
properties of magnetic mesocrystals focusing on the dipo-
lar coupling between the MNPs. Mesocrystals of defined
lattice constants ameso = dMNP +dspacer = dMNP +2dshell

are investigated. For this purpose, MNPs with differ-
ent MNP diameters dMNP and shell thicknesses dshell =
dspacer/2 are synthesized and arranged in close hexago-
nal monolayer packings. The dipolar interactions within
such mesocrystals can be characterized by performing
FMR experiments on a series of such samples where dMNP

and dspacer are varied systematically. The experimen-
tal findings reveal a distinct dependence on both dMNP

and dspacer. By comparing the spectral characteristics of
the MNP mesocrystals with theoretical results obtained
from appropriate model systems, it can be concluded that
the magnetization MMNP as well as the effective mag-
netocrystalline anisotropy CMNP of the MNPs are sig-
nificantly reduced compared with their bulk counterpart
Mbulk and Cbulk. These effects are reflected in the values
of the external magnetic field Bres

ext at which the reso-
nance occurs in the FMR spectrum and its linewidth σ.
The systematic changes of the FMR spectrum on varying
dMNP and dspacer can be correlated with the interparticle
interactions by simulating the FMR spectrum based on
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an idealized model system of the mesocrystals.

FIG. 2. (a) Measured FMR-spectra of sample set 2 with MNP
diameters dMNP of 14.2 nm and spacing between the MNPs
ranging from 6.1 nm to 11.5 nm. (b) measured FMR-spectra
of sample S1-1, S2-1, and S3-1 with constant dspacer of 6.1 nm
and a variation of dMNP of 9 nm, 14.2 nm, and 18.2 nm. The
arrows indicate the changes of the resonance position Bres

ext

with increasing dspacer and dMNP in the top and bottom graph,
respectively.

II. METHODS

A. Sample Preparation

The magnetic nanoparticles that form the mesocrystal
consist of magnetite (Fe3O4) synthesized according to the
method reported previously38,39. Three sample sets with
MNP diameters of dMNP = 9.0 nm, 14.2 nm, and 18.2 nm
have been synthesized. Polystyrene of different molecular
weight was used as a surface surfactant. The molecular
weight determines the thickness of the surface surfactant
shell dshell and thus the spacing between the surfaces of
adjacent MNPs, i.e., dspacer = 2dshell, in ordered hexago-
nal monolayer mesocrystals38–41. The particles have been
dispersed in toluene with an appropriate particle con-
centration in order to ensure a homogeneous monolayer
coverage of the high-resistivity (100)-Si-substrate after
deposition by spin coating at 1500 rpm for 45 s. The
labeling of the individual samples consists of two digits,
where the first digit (1 to 3) represents the sample set and
the second (1 to 5) is associated with the spacer thickness

as given in table I.
Figure 1 shows a scanning electron microscope (SEM) im-
age of MNPs of sample 3-2 together with its 2D Fourier-
transform as inset underlining the high degree of order
of the mesocrystal’s nanoentities. The lattice constant of
the mesocrystal ameso as well as the distance between the
MNPs dspacer is extracted from the 2D-Fourier-transform
by measuring the distance of the reflexes associated with
the superlattice with respect to the central reflex. The
extracted parameters as well as the diameter of the MNPs
of each sample are summarized in table I. All samples
show a close-packed arrangement of MNPs extending up
to the edges of the substrate and showing homogeneous
monolayer coverage throughout, except for individually
displaced MNPs. No bilayers are observed. The typical
domain size of hexagonal close-packings of MNPs is 1 µm
to 2 µm for all samples.

B. Ferromagnetic Resonance Set-up

FMR experiments have been performed at room tem-
perature using a Bruker ESP 300E spectrometer at X-
band frequencies (≈ 9.8 GHz). Good signal intensities
are achieved by mounting the samples such that both the

vector of the external static magnetic field ~Bext (pointing
in the x-direction) and the vector of the external excita-

tion field caused by the microwave ~Bω (pointing in the
z-direction) lie in the sample plane. This configuration
yields optimal coupling of the microwave field with the
sample, since the collective oscillations are excited in the
direction of the magnetic easy axis of the thin film42.

C. Theoretical Modeling Approach

Simulations of the magnetic response of the sample
structures using an appropriate model system are a pow-
erful tool for evaluating and interpreting the experimen-
tal findings. We use a software based on a numerical
integration of the equation of motion of each magnetic
moment to simulate the associated absorption spectra
(corresponding to an integrated ferromagnetic resonance
spectrum) of different mesocrystals. For details of the
employed program code, we refer the reader to our previ-
ous publications43,44. Here, we consider the dipole inter-
action and the magnetocrystalline anisotropy only, as the
collective properties of MNP mesocrystals are predomi-
nantly determined by these interactions45–47. In princi-
ple, surface anisotropy effects may also have an impact
on the overall characteristics. However, they play only a
minor role in our samples due to the following reasons.
1) Its net contribution to the total anisotropy vanishes
due to the highly spherical shape of the MNPs48,49. 2)
The surface anisotropy only affects exchange resonance
modes, but not the uniform Kittel mode, which is probed
in this work11. 3) The strong exchange interaction across
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misfit dislocations within the MNPs superimposes poten-
tial surface effects50.
Using the following simulation parameters as a start-
ing point to describe magnetite (Fe3O4), the magne-
tization is MMNP = Mbulk = 4.8·105 A/m, the mag-
netocrystalline anisotropy constant CMNP = Cbulk = -
1.1·104 J/m3, and the empirical intrinsic damping pa-
rameter α= 0.01 are set to those reported for the bulk
material51. Calculating the corresponding energies for
the dipole-dipole-interaction Edd and magnetocrystalline
anisotropy Eaniso, it follows that Eaniso/Edd ranges be-
tween 0.4 to 2.5 for the investigated samples. These
val ues are well below the critical value of ≈ 100 for
collective behavior to occur45,47. Thus, in conjunction
with previous investigations46, the properties of the in-
vestigated MNP assembly is essentially collective and of
dipolar nature. A discussion of the above mentioned
simplification about the simulation approach and addi-
tional considerations about the collective behavior are
given in the supplementary information52. Since we ob-
serve deviations between the theoretical modeling using
the bulk material parameters and the experimental find-
ings, the magnetization and anisotropy constant for the
MNPs MMNP and CMNP are varied systematically be-
tween 1/8 and 1 of the bulk value in order to obtain the
best agreement with the experimental FMR spectra.
To model 2D MNP monolayers, each MNP is represented
by an individual point dipole. These point dipoles with a
magnetic moment proportional to the MNP volume are
arranged in an infinitely extended monolayer of hexag-
onal order with the lattice constant ameso reflecting the
periodicity of the mesocrystal. Assuming an infinitely
extended thin film, the force resulting from the exter-
nal magnetic field and the dipolar interactions between
MNPs acting on an individual dipole is the same for all
dipoles. Thus, also the time evolution of a magnetic mo-
ment ~m(~r, t) (where ~r denotes the position vector and
t the time) is the same for all dipoles (i.e. MNPs).
Therefore, it is sufficient to simulate the oscillation of
a single point dipole at the origin and to extrapolate its
precessional motion ~m0(~r0, t) to the surrounding point
dipoles ~mi(~ri, t). The dipole field caused by the sur-
rounding magnetic moments ~mi(~ri, t) acting on the mag-
netic moment at the origin ~m0(~r0, t) is then calculated
in each time step using the corresponding position vec-
tors ~ri of all surrounding magnetic moments and their
extrapolated orientations ~mi(~ri, t) = ~m0(~r0, t). As the
dipole-dipole-interaction decays with 1/r3 (where r de-
notes the distance between two dipoles), the associated
magnetic dipole field Bdd caused by the surrounding
MNPs converges for r →∞ in a 2D system, which allows
a truncation of the interaction at a radius Rmax. The
corresponding radius used for the simulations presented
here is Rmax = 10ameso. A validation of this estima-
tion along with an explanation of deriving the behavior
of the surrounding point dipoles ~mi(~ri, t) from the time-
dependence of a central dipole ~m0(~r0, t) is given in the
supplementary information52. Varying the spacing be-

tween the point dipoles and analyzing its impact on the
spectral features provides a first insight into the distance-
dependent collective properties of the mesocrystal.

III. RESULTS

A. FMR-experimental Results

Figure 2 (a) shows five typical FMR-spectra obtained
from sample set 2. All mesocrystals consist of MNPs with
a diameter dMNP of 14.2 nm. The spacing dspacer between
the MNPs varies from 6.1 nm to 11.5 nm throughout the
series. Figure 2 (b) depicts FMR-spectra of three MNP
arrangements with particle sizes dMNP ranging from 9 nm
to 18.2 nm, while keeping dspacer constant at 6.1 nm. The
arrows indicate the spectral changes that occur with in-
creasing dspacer and increasing dMNP in graph (a) and
(b), respectively. It is clearly visible that the spectral
features depend on both dspacer and dMNP. Increasing
dspacer at constant dMNP causes a shift to higher field
strengths of the external field Bres

ext, at which the res-
onance occurs. Keeping the spacing between the MNPs
constant and increasing their size, a shift of Bres

ext to lower
field strengths is observed. In addition, samples of set 3
with dMNP =18 nm show a significantly larger linewidth
σ of their FMR spectra compared to those of the sam-
ples with smaller MNP sizes of set 1 (dMNP =9 nm) and
2 (dMNP = 14 nm), whose linewidths are approximately
the same. In order to analyze the impact of dspacer and
dMNP on the spectral features in more detail, all spectra
are fitted with the derivative of a single Lorentzian curve,
since only a single resonance is observed. Here we chose
the following form:

L(Bext) =
A0√

4σ2B2
ext +

(
Bres

ext
2 −B2

ext

)2 (1)

and thus

dL

dBext
= A0 ·

2Bext

(
Bres

ext
2 −B2

ext − 2σ2
)((

B2
ext −Bres

ext
2
)2

+ 4B2
extσ

2
)3/2

, (2)

where A0 is the signal intensity, σ the linewidth, Bres
ext the

field strength at which the resonance occurs, and Bext the
external field strength.
The extracted spectral parameters for each sample, i.e.,
the intensity A0, the line width σexp, and the resonance
field Bres,exp

ext , are summarized in fig. 3. The lattice con-
stant of the mesocrystal, ameso, is shown on the bot-
tom abscissa and the corresponding distance between the
MNPs, dspacer, on the upper abscissa. The upper panels
depict the dependence of the resonance fields Bres,exp

ext on
dspacer for all three sample sets, while the lower panels
show the dependence of the signal intensity (left ordi-
nate) and the linewidth (right ordinate) on the spacing
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FIG. 3. Dependence of the experimentally observed resonance field Bres,exp
ext , the spectral linewidth σexp, and the FMR intensity

on the spacing between the MNPs dspacer for all three sample sets. Results from sample sets 1, 2, and 3 are shown in (a), (b),
and (c), respectively. While the signal intensity and Bres,exp

ext increase with increasing dspacer, σ
exp decreases with increasing

dspacer for all sample sets. Colored arrows indicate the ordinate corresponding to data points of the same color. The colored
straight lines are guides to the eye.

between the MNPs. The fitting confirms quantitatively
the observation by visual analysis of Fig. 2 concerning
the dependence on dspacer for fixed dMNP: (1) the ex-
perimentally observed resonance field Bres,exp

ext increases
with increasing dspacer, (2) the signal intensity increases
with increasing dspacer, (3) the linewidth σexp remains
unchanged with increasing dspacer. Furthermore, com-
paring the spectral features between the different sample
sets, i.e., different dMNP, two more characteristics are ob-
served: (4) the linewidths of the FMR spectra of sample
set 3 are significantly larger than those of the FMR spec-
tra of sample sets 1 and 2 and (5) the resonance field
Bres,exp

ext decreases with increasing dMNP.
First, we discuss the dependence of Bres,exp

ext on dspacer.
Bres,exp

ext is determined by the resonance condition follow-
ing from the equation of motion, the Landau-Lifshitz-
Gilbert equation56. Neglecting the damping term, Kittel
has derived the resonance condition for a thin film42. As
the demagnetizing tensor for a mesocrystal may be quite
complex57,58, but is very similar for all monolayer sam-
ples, we simplify the resonance condition as follows:

ωext

γ
=
√
Btot (Btot + µ0Mfilm)

=
√

(Bres
ext +Bint) (Bres

ext +Bint + µ0Mfilm)

≈ Bres
ext +Bdd.

(3)

ωext is the angular excitation frequency of the exter-
nal microwave source, γ is the gyromagnetic ratio of
the MNPs, µ0 the magnetic constant, Bres

ext the external
magnetic field at which the resonance occurs, Bint ac-
counts for additional magnetic field contributions arising
internally due to local magnetic interactions between the
MNPs, and Mfilm the magnetization averaged over the
entire film volume. Neglecting Mfilm is justified, since
in case of MNP monolayers, it is much smaller than the
magnetization MMNP of spherical particles comprising it.
It scales with the ratio dMNP/dspacer and the packing den-

sity of the MNPs. Thus, Mfilm is only ≈ 13% of MMNP

for sample 1-1 with dMNP =9 nm and dspacer =6 nm and
Mfilm ≈ 4% of MMNP for sample 1-5 with the same MNP
diameter but larger spacing of dspacer =12.7 nm. Btot

is the magnetic field acting on the magnetic moment
at resonance, which is a superposition of the external
static field Bres

ext and the local internal field Bint. This
internal field contribution results mainly from the domi-
nant dipolar interaction Bdd between neighboring MNPs
and has a minor contribution of the magnetocrystalline
anisotropy field within the individual MNPs. Due to the
fixed excitation frequency ωext of the microwave, Btot

and thus also Bres
ext are constant. Thus, dspacer-dependent

properties are predominantly governed by the character-
istic 1/r3-dependence of Bdd, where r is the distance be-
tween the two dipoles. This implies that Bdd decreases
with increasing spacer distance dspacer. Consequently, the
resonance fields deduced from the experiments Bres,exp

ext

must increase to fulfill the resonance condition (eq. 3).
From the upper panels of fig. 3, it can be concluded that
Bres,exp

ext indeed increases with increasing dspacer as this
behavior is observed for all three sample sets.
Second, as the dipolar coupling decreases with increasing
spacing dspacer, demagnetization effects forcing the mag-
netic moments of the MNPs into the film plane become
less significant allowing them to oscillate with larger am-
plitudes and thus absorb more energy of the microwave
field driving them externally. As a result, the intensity
of the signal increases with increasing dspacer.
Third, the internal damping of the precessional motion of
the MNPs magnetization reflected by the linewidth pa-
rameter σexp does not depend on the spacing dspacer be-
tween the MNPs. This suggests that the internal damp-
ing is primarily determined by the internal structure of
the MNPs rather than by their mutual dipolar interac-
tion.
Prior to analyzing the findings (4) and (5), it is necessary
to discuss some general aspects of the particle synthe-
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sis. As the synthesis protocols of samples with different
MNP diameters vary in terms of the reaction time and
temperature38,39, differences of the internal structure of
the particles between the sample sets may occur due to
different synthesis conditions. Previous investigations in-
dicate, that the magnetization of the MNPs is crucially
affected by lattice imperfections within the MNPs50. In
addition, as the size of the MNPs increases, different ox-
idation states of the iron ions may be observed38, result-
ing in increased inhomogeneities that affect the internal
damping of the magnetization oscillation.
Thus, fourth, when comparing the linewidths σexp of
sample sets 1 and 2 with MNP diameters of dMNP = 9 nm
and 14 nm, it can be seen, that σexp is approximately
constant, suggesting that the degree of internal disorder
within the MNPs of diameters ranging from dMNP = 9 nm
to 14 nm is quite similar. This is in good agreement with
the only slightly higher synthesis temperature of 330◦C
for dMNP = 14 nm compared with 320◦C for dMNP = 9 nm.
Sample set 3 shows significantly wider lines suggesting an
increased internal damping. Taking into account that the
degree of the MNP ordering is similar for all three sample
sets, the significantly increased damping associated with
a broader linewidth σexp for sample set 3 indicates that
there is an increased internal disorder present within the
MNPs of sample set 3 compared to those of sets 1 and 2.
Whether the larger internal disorder of the MNPs with
dMNP = 18 nm is due to the even higher synthesis tem-
perature of 350◦C is not clear.
Fifth, as the diameter dMNP of the MNP increases, its to-
tal magnetic moment also increases as it is proportional
to the MNP volume. Thus, the dipole field Bdd increases
with increasing dMNP resulting in a decrease of Bres

ext to
fulfill the resonance condition (eq. 3) and the damping
of the oscillation is expected to increase with increasing
dipolar coupling34.

B. Theoretical Modeling Results

The results of the theoretical simulations based on the
bulk magnetization of magnetite and neglecting the mag-
netocrystalline anisotropy are shown in fig. 4. The simu-
lations are performed to obtain a better understanding of
the impact of dipolar interaction on the spectral features
of the FMR experiments of the mesocrystals. Figure 4 (a)
shows modelled absorption spectra (corresponding to an
integrated FMR-spectrum). The magnetic moment of
each MNP corresponds to a volume with a diameter of
dMNP = 9 nm. The lattice constant of the mesocrystal
is varied between ameso = 11 nm and 40 nm. The spectral
parameters are extracted by fitting the calculated absorp-
tion spectra by single Lorentzian line shapes. In qualita-
tive agreement with the experimental findings shown in
fig. 3, the extracted spectral parameters from the simu-

lations depicted in fig. 4 (b) show that Bres,theo
ext and the

signal intensity increase with increasing dspacer, while the
linewidth σtheo remains almost unchanged.

FIG. 4. (a) Measured absorption spectra (corresponding to
an integrated FMR-spectrum) of sample 1-4 (dashed green
curve) and simulated absorption spectra (shown by contin-
uous curves) of mesocrystals consisting of MNPs with a di-
ameter of dMNP = 9 nm. Three different lattice constants are
simulated ranging from ameso = 11 nm to 40 nm. (b) Corre-
sponding line shape parameters of the simulated spectra, such
as the resonance field Bres,theo

ext , the linewidth σtheo, and the
intensity in dependence on the spacer distance dspacer.

However, despite good qualitative agreement of the sim-
ulations with the experiments, quantitative deviations
occur. For example, the comparison of the resonance
field and linewidth obtained by experiment and theory
for a 2D mesocrystal of MNPs with dMNP = 9 nm and
ameso = 20 nm in fig. 4 (a) shows, that the experimental
spectrum (dashed green curve) is much broader than the
simulated one (continuous green curve). In addition, the
calculated resonance field is significantly lower than that
deduced from the experiments. The same holds for all
other samples. At first sight, a likely reason is the ne-
glect of the magnetocrystalline anisotropy. However, as
we will show in what follows this is not sufficient. In fact,
it turns out that the materials parameters, in particular
of the values of the magnetization MMNP and the mag-
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FIG. 5. (a) Effective resonance field Bres,theo
ext for different pairs (MMNP,CMNP) of parameters for dMNP = 9 nm. The magne-

tization MMNP/Mbulk is ranging from 1/8 to 1 and anisotropy constant CMNP/Cbulk is ranging from 1/8 to 1. The hatched
area corresponds to pairs (MMNP,CMNP), which are in concordance with the experimental findings shown in fig. 3 (a) for
dMNP = 9 nm. (b) Corresponding parameters for σtheo. Again, the hatched area corresponds to pairs (MMNP,CMNP), which are
in concordance with the experimental findings. (c) The intersection of the hatched areas of (a) and (b) enables an estimation of
the reduced material parameters for the investigated MNPs of approximately 40% to 60% for MMNP and 30% to 65% for CMNP

with respect to their bulk values. The panels (d) to (f) depict the corresponding parameter variation of MMNP and CMNP for
dMNP = 14 nm indicating a reduction of approximately 55% to 85% for MMNP and 35% to 80% for CMNP with respect to the
bulk. Panels (g) to (i) depict the parameter variation for particles with dMNP = 18 nm.

netocrystalline anisotropy constant CMNP of the MNPs,
must be reduced with respect to the corresponding bulk
values of magnetite in order to obtaining a satisfactory
description of the experimental data. In order to ade-
quately account for the magnetocrystalline anisotropy in
the simulations, the random distribution of the crystal
orientations of the MNPs with respect to the direction of
the magnetic field has to be taken into account. For this
purpose, a set of simulations with different orientations
of Bext with respect to the principal axis of the MNPs
has been performed. In each simulation, all MNPs ex-
hibit the same orientation of their principal axes. The

resonance field Bres,theo
ext and the linewidth σtheo in the

presence of a random distribution of orientations of the
MNPs can be estimated by the mean value of all res-

onance fields and the corresponding standard deviation
of such a set of calculations. Furthermore, the calcula-
tions were not only performed for the bulk values for the
magnetization Mbulk and magnetocrystalline anisotropy
Cbulk, but also varied systematically assuming pairs of
parameters MMNP and CMNP.

Fig. 5 (a) shows the effective resonance fields Bres,theo
ext

and (b) the simulated effective linewidths σtheo for
a 2D mesocrystal of MNPs with dMNP = 9 nm and
dspacer = 11 nm obtained by the simulations. The ratios
MMNP/Mbulk and CMNP/Cbulk are both varied between

1/8 and 1. The values of Bres,theo
ext and σtheo are plotted

in dependence on MMNP/Mbulk and CMNP/Cbulk in the

form of relief plots in fig. 5 (a) and (b). Both Bres,theo
ext and
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σtheo vary in a wide range as a function of MMNP/Mbulk

and CMNP/Cbulk. The hatched regions in both relief plots
indicate where the theoretical values are in agreement
with typical experimental values, i.e., those of sample 1-
4 (shown in fig. 3 (a)). The widths of the hatched regions
in fig. 5 (a) and (b) are defined by the uncertainties of the
line shape fitting of the experimental spectrum of sam-

ple 1-4. For both quantities, Bres,theo
ext and σtheo, there is

a range of value pairs (MMNP/Mbulk and CMNP/Cbulk)
where the simulated values match the experiment, i.e., no
decisive conclusion can be drawn from the individual re-
lief plots. However, there is a much narrower parameter
window of value pairs (MMNP/Mbulk and CMNP/Cbulk)
where agreement with both experimental values Bres,exp

ext

and σexp is achieved within the experimental uncertain-
ties. This parameter window is depicted in fig. 5 (c) as
the intersection of the two hatched regions of fig. 5 (a) and
(b). It can be concluded that a good agreement with ex-
periment is obtained when the magnetization MMNP of
the MNPs is reduced to approximately 40% to 60% and
the anisotropy constant CMNP to approximately 30% to
65 % with respect to their bulk values.
Similar comparisons between experiment and simula-
tions have been carried out for a sample of set 2 with
dMNP = 14 nm and dspacer = 11 nm and for a sample of
set 3 with dMNP = 18 nm and dspacer = 11 nm. The re-
sults of the former comparison are given in fig. 5 (d) - (f)
and those of the latter in fig. 5 (g) - (i).
In case of the sample of set 2 with dMNP = 14 nm, we
also find a reduction of MMNP and CMNP, but not as
pronounced as observed for the sample of set 1 with
dMNP = 9 nm. Best agreement is obtained for a magneti-
zation ratio MMNP/Mbulk of approximately 55% to 85%
and of CMNP/Cbulk of about 35% to 80%.
In case of the sample of set 3 with dMNP = 18 nm,
the best agreement is obtained for a magnetization ra-
tio MMNP/Mbulk of approximately 20% to 30% and of
CMNP/Cbulk of about 80% to 100%. Although a reduc-
tion of both MMNP/Mbulk and CMNP/Cbulk is somewhat
expected even in ideal structures, since atoms close to the
surface of the MNPs are expected to behave differently
than atoms close to the center of the MNP as the surface-
to-volume ratio is size dependent, the results are at first
sight surprising. In ideal structures, both parameters
MMNP and CMNP must approach the corresponding bulk
values with increasing dMNP and the ratios MMNP/Mbulk

and CMNP/Cbulk should approach 1 and not decrease
again as observed for the 18 nm MNPs. Thus, the ob-
served behavior of MMNP/Mbulk and CMNP/Cbulk must
reflect structural defects. For example, it is suggested
in Ref. 50 that misfit dislocations within the individual
MNPs may cause a reduction of MMNP with respect to
Mbulk.
The investigations presented here not only reproduce
the findings of Ref. 50 for dMNP = 9 nm, but also pro-
vide additional insight into the dependence of the pa-
rameters MMNP and CMNP on the particle diameter
dMNP and deviations from structural ideality. A de-

tailed consideration of the effect of the variation of the
surface-to-volume ratio as a function of particle diame-
ter dMNP in ideal structures is given in the supplemen-
tary information52. The results for MMNP and CMNP for
the samples with dMNP = 9 nm (Set 1) and dMNP = 14 nm
(Set 2) are in good agreement with anticipated depen-
dence on the surface-to-volume ratio, whereas the val-
ues for the MNPs with dMNP = 18 nm (Set 3) strongly
deviate from the expectation. The observed deviations
for MNPs with dMNP = 18 nm strongly suggest increased
structural differences compared with MNPs of smaller
diameter. Unfortunately, we cannot clarify the origin
of the lower structural quality of the samples prepared
from MNPs with diameters dMNP > 14 nm. Possible rea-
sons are a higher fraction of MNPs with misfit disloca-
tions, more point defects, i.e., iron ions of other oxida-
tion states38, or the onset of magnetic domain formation
within the MNPs. However, we can state that accounting
for dipolar interactions between the MNPs, magnetocrys-
talline anisotropy and surface-to-volume ratio effects in
the modelling gives a good description of ordered MNP
monolayers for dMNP ≤ 14 nm, but is not sufficient for
MNP monolayers with dMNP ≥ 18 nm.

IV. CONCLUSION

In summary, our results show that magnetic nanoparti-
cles deposited into highly ordered mesocrystals exhibit a
distinct dependence of their collective magnetic proper-
ties on the size of the magnetic nanoparticles and the
spacing between them. This confirms that the dipo-
lar coupling between the nanoentities on the mesoscopic
scale has an impact on the macroscopic dynamic proper-
ties of the whole mesocrystalline film. Performing simu-
lations, in which point dipoles represent the MNPs, con-
firm the experimental findings. Such studies carefully
conducted, from both the experimental and theoretical
point of view, provide insight into deviations from the
material parameters in nanoparticles with respect to the
corresponding bulk material. Such studies are helpful for
evaluating the internal structural quality of the employed
magnetic nanoparticles and their spacing-dependent in-
teractions and constitute important steps towards the
fabrication of 3D mesocrystals out of MNPs. In particu-
lar, this holds for MNPs with dMNP ≤ 14 nm, which only
exhibit moderate effects of disorder induced by disloca-
tions and grain boundaries. Thus, FMR in conjunction
with micromagnetic simulations proves to be a powerful
tool for the evaluation of MNP mesocrystals and shows
distinct advantages compared to other (DC) techniques.
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