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We present investigations of the frequency and magnetic field dependent properties of ordered magnetic
nanoparticles (MNPs) arrangements consisting of magnetite (Fe;O4) nanoparticles with an average diameter
of 20 nm by employing micro Brillouin light scattering microscopy. We utilized electron beam lithography to
prepare hexagonally arranged, circularly shaped MNP assemblies consisting of a single layer of MNPs using a
variant of the Langmuir-Blodgett technique. By comparing the results with nonstructured, layered superlattices
of MNPs, further insight into the influence of size and geometry of the arrangement on the collective magnetic
properties is obtained. We show that at low static external field strengths, two signals occur in frequency
dependent measurements for both nonstructured and structured assemblies. Increasing the static external field
strength results in a sharpening of the main signal, while the satellite signal decreases in its intensity and increases
in its linewidth. The occurrence of multiple signals at low external field strengths is also confirmed by sweeping
the static external field and keeping the excitation frequency constant. Furthermore, two-dimensional spatial
mapping of the resonances reveals that the main and the satellite signal originate from the center and the edge,
respectively, of a single circular MNP assembly. Micromagnetic simulations confirm these assignments and the
dependence of the two signals on the static external field strength, justifying an interpretation of the observed

characteristics in terms of different local environments of MNPs forming the MNP assembly.

DOLI: 10.1103/PhysRevB.103.094438

I. INTRODUCTION

The development and improvement of novel electronic
devices employed in technological applications has driven
modern science to find and unveil new approaches, e.g.,
in preparing novel functional units in electronic circuits or
magnetic devices. In recent years, conventional fabrication
processes, in which top-down and bottom-up techniques were
used to create structured thin films, have been challenged
by various novel experimental approaches, which utilize
nanoscale components such as magnetic quantum dots, nan-
oclusters, or likewise nanoparticles [1-8]. Using nanoparticles
as building blocks of devices yields additional degrees of
freedom to manipulate the fundamental device characteris-
tics, which is not possible using bulk materials only [9-13].
Employing nanoparticles has therefore attracted great and
increasing interest during the past decades, since the controlla-
bility of their shape, size, composition [14], and arrangement
in highly ordered structures is steadily advancing [5,11,14—
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17]. However, the potential use of nanoparticles in devices
for a specific application requires a detailed knowledge of
the fundamental interactions of the nanoparticles with their
environment. In particular in the case of magnetic nanopar-
ticles this also includes interactions between the nanosized
constituents themselves and, thus, their collective behavior
[12,18-21]. The fundamental interactions between magnetic
nanoparticles are governed by dipole interactions, since the
magnetic core of each particle is surrounded by an or-
ganic shell (oleic acid), which prevents an electronic contact
between the particles and, thus, e.g., exchange interaction
between them [22-24]. Certainly, dipole interactions between
magnetic nanoparticles become more and more important as
the size of the MNPs themselves and the lateral extension of
their arrangement in ordered and densely packed structured
superlattices decreases [25-29]. In the light of a continuous
miniaturization of electronic circuits and magnetic devices,
the finite size and the shape of the functional unit becomes
more and more important as the surface to volume ratio in-
creases with decreasing arrangement size [30,31]. Depending
on the unit’s size and shape different local environments oc-
cur, which makes a detailed understanding of the interaction
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of the magnetic moment of a MNP with its environment
indispensable.

Here we present an investigation of the dipolar inter-
action between MNPs within circularly structured as well
as nonstructured, layered superlattices. Micro Brillouin light
scattering (uBLS) microscopy is employed to investigate
frequency and external field dependent properties of the cor-
responding nanoarrangements. On these length scales, dipole
interactions between the different constituents determine the
overall magnetic properties. Obtaining a deep understanding
of the collective dipolar behavior of the MNP arrangements
and of their response to the simultaneously applied external
magnetic field and microwave field represents the motivation
of this work. Insight into the collective properties of the MNP
arrangements is further provided by carried out micromag-
netic simulations of the corresponding model systems, which
enables one to determine the internal dipole field distribution
and to identify the active regions of the arrangement yielding
a specific resonant excitation.

II. METHODS

A. Sample preparation

The preparation of the ordered MNP arrangement for the
uBLS experiments comprises two main fabrication steps.
First, a microwave antenna is defined on a high-resistance
silicon wafer (>10000 €2/cm). The antenna is later used to
excite magnetic oscillations within the corresponding mag-
netic structure in the wBLS experiment. For this purpose, the
wafer is coated with a 300-nm-thick PMMA A4 950 K layer.
It allows one to pattern the antenna by electron beam lithog-
raphy (EBL) using a low dose of D = 1000 «C/cm? (at an
acceleration voltage of 15 kV) during an electron beam lithog-
raphy (EBL) process. When a low dose is used, PMMA serves
as a positive resist. Thus the exposed areas are dissolved
during the development process, i.e., during the immersion
in an isopropanol-water solution (volume ratio 2:1) for 45
seconds. Subsequently, a 5-nm-thick chromium layer serving
as an adhesion aid and a 100 nm gold layer as the antenna
material are deposited using electron beam evaporation. The
residual PMMA with the metal layers on top are removed by
placing the wafer in an ultra sonic bath filled with acetone for
10 minutes at 20 °C yielding the gold antenna of the desired
shape.

Afterwards, the second fabrication step is performed. It
comprises the formation of the MNP arrangement on top of
the antenna structure defined on the silicon wafer. Follow-
ing the technique proposed by Pang [32] et al., magnetite
(Fe;04) MNPs with an average diameter of dyp = 20 nm
suspended in toluene (standard variation o = 5 nm, particle
concentration ¢ ~ 4.5 x 10'? particles/mL - Sigma-Aldrich
product number: 725366) are diluted by adding 50 parts of
toluene as solvent to one part of the original suspension.
In order to enable patterning of the MNPs during the EBL
exposure, five parts of 950 K PMMA A4 are added to the
diluted MNP suspension. To ensure good homogeneity of the
suspension, the mixture is placed in an ultrasonic bath for
10 minutes at room temperature. Subsequently 100 u L of
the MNP-PMMA-toluene mixture are pipetted onto a water
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FIG. 1. (a) Using a variant of the Langmuir-Blodgett technique,
a mixture of MNPs suspended in toluene and PMMA is pipetted
onto a water subphase. During the evaporation of the solvent, a self-
assembling process takes place leading to a hexagonal arrangement
of a single layer of MNPs which can be transferred to a silicon
wafer substrate. (b) After the EBL exposure with high doses and a
subsequent development process, patterned MNP arrangements are
synthesized.

subphase within a beaker of 10 cm in diameter. After 30
minutes, the solvent is entirely evaporated and a monolayer of
MNPs separated by PMMA is formed. The MNP monolayer
is then transferred onto a previously structured silicon wafer
resulting in hexagonally arranged MNPs as shown in Fig. 1(a).
PMMA between the individual particles can act as a negative
resist when using high doses during the EBL exposure. Thus,
by using a high dose of D = 15000 x C/cm? in a subsequent
EBL process, exposed areas of the MNP monolayer remain
after resist development yielding structured MNP arrange-
ments. Figure 1(b) shows an example of a circular MNP
arrangement with a diameter of ~450 nm prepared in this
way. The preparation of nonstructured, layered superlattices
is achieved by increasing the concentration of MNPs in the
MNP-PMMA -toluene mixture by a factor of 2, which leads to
arrangements consisting of multiple layers up to eight layers
thick.

B. Brillouin light scattering microscopy

To investigate the dynamic properties of magnetic nanos-
tructures, several techniques have been established to excite
and detect magnetic oscillations of the corresponding mag-
netic system. Among these, uBLS has demonstrated an
excellent capability of investigating frequency and external
magnetic field dependent properties [21,33-35]. In the exper-
iment, a sample is placed on a microwave antenna structure in
an external magnetic field Bey, and the response of the mag-
netic system is analyzed by exposing the sample to photons of
a wavelength (frequency) of 532 nm (56 352 THz). In order to
resonantly stimulate magnetic oscillations within the sample,
the same spot on the sample is also excited with an external
microwave field of a defined excitation frequency fex. The
impinging laser photons can then interact with the magnetic
excitations, which causes a frequency shift A fonoe by inelas-
tic scattering (Brillouin process). This frequency shift A fpno
represents a distinct signature of the corresponding magnetic
oscillation. Thus, measuring the intensity of the inelastically
scattered photons for pairs of excitation frequency fex and
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FIG. 2. (a) uBLS intensity of the circularly structured MNP arrangement shown in Fig. 1(b) detected in an microwave excitation frequency
range between fe,, = 0 GHz and 15 GHz as a function of the external excitation frequency f.x. The data were recorded at an external field
strength of Bex, = 230 mT. Integrating the data for each f,, leads to an accumulated spectrum as shown in (b) (black dashed curve). It is clearly
visible that one main signal is present at f.,. = 9.1 GHz, accompanied by a satellite signal located at f.,, = 6.6 GHz. Keeping the excitation
frequency constant at f.,, = 9 GHz and sweeping the external field strength yields the corresponding accumulated field-dependent spectrum
which also exhibits two signals (blue dashed curve). The continuous curves represent fits with two Lorentzian curves to the corresponding
data. (c) Simulated fex- (black curve) and B.y-dependent spectra (blue curve) of a hexagonally arranged, circularly shaped MNP assembly.
The assembly has a diameter of 300 nm. The frequency-dependent spectrum was calculated for By, = 200 mT, while the external field strength
dependent spectrum was simulated for f.. = 9.75 GHz. Both spectra show a main peak accompanied by a satellite peak of lower intensity in

agreement with the experimental results.

frequency shift A fjo yields insight into the magnetic charac-
teristics of the system at constant By;. Furthermore, instead of
analyzing the f.x-dependent response of the magnetic struc-
ture at a constant magnetic field strength Bex;, Bexi-dependent
properties can also be examined for constant fe, by measuring
the intensity of inelastically scattered photons versus A fppo at
different external field strength Bey;. The frequency and static
magnetic field dependent uBLS experiments were performed
at room temperature. All measurements were recorded in an
excitation frequency range from f.« = 0 GHz to 15 GHz and
a magnetic field range from Bexy = 100 mT to 400 mT.

C. Theoretical modeling

Micromagnetic modeling of the corresponding MNP
arrangements is indispensable for evaluating the results ob-
tained from the uBLS experiments, since the origin of the
occurring signals is usually not entirely intuitive. To ob-
tain deeper insight into the dynamic properties of such
arrangements, a code has been developed for elucidating the
associated characteristics. For details of this code, we refer the
reader to our previous publications [36,37].

Since magnetite nanoparticles of diameters of less than
50 nm can be considered as single domain particles [38,39],
each MNP can be represented by a single vector 7;(7,t)
(where 7 denotes the position vector and ¢ the time) in the
model. It is well known that the magnetization of magnetic
nanoparticles is somewhat smaller than that of the bulk ma-
terial. In our simulations, we assigned a magnetic moment
of m =22 x 10° up, where up is the Bohr magneton, to
each MNP, which is in good agreement with previous size
dependent investigations of the magnetization [31,40—42]. A
magnetic moment 7;(7, t) interacts only via dipole-dipole in-
teraction with its neighboring moments. Solutions of the time
evolution of the whole magnetic system M@, 1) = > imi(F, 1)

under an external exciting microwave field Emw(t, fext) are
then obtained by numerical integration of the equation of mo-
tion described by the Landau-Lifshitz-Gilbert equation [43].
The effective magnetic field acting on each nanoparticle is
then calculated as a superposition of the dipolar contributions
Edd of all other magnetic moments, the static external field
Eext, and the excitation field of the microwave Emw(t, Sext)-
The corresponding theoretical uBLS spectra are obtained by
performing a Fourier transformation of the time-dependent
magnetization of each particle 7;(7, t) over 10 periods for
each excitation frequency f.x and external static field strength
Bex: followed by the integration of the corresponding ampli-
tude Agr over the whole structure.

III. RESULTS

A. Circularly shaped MNP arrangement

Figure 2(a) shows a typical frequency dependent uBLS
spectrum obtained from the circularly structured arrangement
of MNPs shown in Fig. 1(b). The external static magnetic
field strength was set to Bexy = 230 mT in the sample plane.
The frequency of the externally applied microwave field fox
is shown on the horizontal axis, and the frequency shift of
the scattered light A fype is shown on the vertical axis. A
signal showing an excitation frequency dependence in the
range between fey = 4 GHz and 12 GHz (A fypot = —4 GHz
and —12 GHz, respectively, Stokes-Signal) is clearly visible,
which arises due to resonant excitations within the magnetic
system. Integrating the intensities of all A fyno for each fex,
i.e., summing up each of the vertical lines of the color plot,
leads to an integrated uBLS spectrum shown in Fig. 2(b)
as the black dashed curve. The other spectrum (blue dashed
curve) is obtained by a magnetic field sweep at constant fex
and will be discussed in more detail below. Note that the two
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spectra shown in Fig. 2(b) belong to two different abscissas as
indicated in the figure. In the following only integrated spectra
of these two types will be considered, since they contain all
the relevant information.

First, we consider the f.x-dependent measurement in
Fig. 2(b). It is clearly visible that in addition to the main signal
a satellite resonance with lower intensity can be identified.
Fitting the integrated uBLS spectrum with two Lorentzian
curves (black continuous curve), the resonance frequency of
the main peak located at f ;) = 9.1 GHz and of the satellite

ext,

peak located at f157 = 6.6 GHz can be extracted. The reso-

nance condition for each MNP is given by

res

w,
ext res
=B eff

— BCOnSt +Bim

ext

= Bi™ + Bad, (nH

ext

where B} denotes the effective local magnetic field at res-
onance, o< (=2m fi7) the angular excitation frequency of
the microwave field, y = ge/2m the gyromagnetic ratio, g
the Landé€ factor, e the elementary charge, and m the mass
of the electron. The effective local magnetic field at reso-
nance is given as the sum of the constant external magnetic
field BSY™ and the internal magnetic field Biy. Since the
MNPs are not exchange coupled, By, arises only due to the
dipolar interaction between neighboring MNPs and therefore,
Biny = Byg. As the two signals occur at different resonance
frequencies fI<°s,, at constant BS™!, the two resonances can
be attributed to different internal dipole fields Bgq and thus
to MNPs residing in different local environments within the
arrangement. It can be concluded that the satellite peak arises
from locations with lower dipole fields which lead to a lower
resonance frequency than that of the main peak. This is a
strong indication that the satellite peak originates from the
edges of the MNP arrangement, while the main signal can be
interpreted as a resonant excitation of the bulk of the MNP
system [36], which will be discussed in more detail below.

In addition to the f.-dependent measurement, the blue
curves in Fig. 2(b) show an external field dependent spec-
trum (blue dashed curve) recorded at a constant excitation
frequency f3™' =9 GHz. As fS™' is kept constant and a
sweep of the external static field By is performed, the spectral
features change. This can be explained by rearranging the

resonance condition in Eq. (1)

res e
B + Baa = Y

const
B — Wext

ot = —— — Bada, 2)
Y

where B, denotes the external magnetic field strength at

which the resonance occurs. As wS™'/y is kept constant,
areas which experience lower dipole fields such as the edges
will be in resonance at higher external fields Bg; than those
with larger dipole fields such as the center of the structure.
Therefore, the main peak, which is attributed to the central
region of the structure, will appear at lower external field
strengths in the spectrum compared to the satellite peak. Fit-

ting the data with two Lorentzian curves (blue continuous

lines), the resonance fields of the main peak of Bg;\ =
230 mT and of the satellite peak of B = 320 mT can be
extracted. Using Eq. (2) for the B.y-dependent measurement,
the dipole fields of the two resonances can be calculated.
Inserting the corresponding values for Byq into Eq. (1) for the
fexi-dependent measurement, the resonance frequencies of the
main and the satellite peak are expected to be f; ;s = 9 GHz
and 6.5 GHz, respectively. Although the shape of the spectrum
is slightly changed, these values are in good agreement with
the results of the frequency dependent measurements.

In order to confirm the interpretation of the experimental
findings, micromagnetic simulations were carried out for a
model system to analyze the f.xx and B.x-dependent prop-
erties of the circularly structured MNP arrangement shown
in Fig. 1. The model system comprises one layer of MNPs,
forming a circle with a diameter of 300 nm. Within the circle
the MNPs are hexagonally arranged, i.e., densely packed.
Figure 2(c) shows the simulated f. (black curve) and Bey-
dependent spectra (blue curve) of the circularly shaped model
arrangement. The f.x-dependent spectrum is calculated for
an external field strength of Bexx = 200 mT. Similar to the
uBLS measurement shown in Fig. 2(b), the calculated ©BLS
spectrum also exhibits two peaks. The main peak is located at
a resonance frequency of f;5\; = 9.75 GHz and the satellite
peak at f{is = 7.5 GHz. Furthermore, the intensity of the
satellite peak is lower with respect to the main peak, which
reflects the characteristics deduced from the uBLS experi-
ments. Sweeping Bey instead of f. and keeping the excitation
frequency constant at 9.75 GHz, an external field dependent
spectrum is calculated. As in the case of the Be-dependent
experiment shown in Fig. 2(b), a slightly changed shape of
the modeled spectrum can be noticed, but the resonance posi-
tions of the main and the satellite peak at B\ = 200 mT
and B ¢ = 280 mT are again in good agreement with the
resonance condition.

The assignment of the main and the satellite signal to the
central region and the edge of a single circularly shaped MNP
assembly can be confirmed by exploiting a major strength of
#BLS microscopy, i.e., obtaining two-dimensional mappings
of the scattered light at a given constant frequency fexs and
field strength B.y. Such mappings have been performed at the
resonance frequencies of the main and satellite signals for a
circularly shaped MNP assembly with a diameter of 450 nm.
The two maps are shown in the top images of Fig. 3. Note that
each pixel of the 2D maps is a convolution of the laser spot
with the local activity at fex at different positions within the
MNP assembly. Therefore, the spatial resolution is limited to
that of the laser spot prior to a deconvolution of the spatial
intensity maps. Nevertheless, a broader distribution of high
intensities is expected for the satellite peak in case it originates
from the edge, while a more centered intensity distribution is
expected for the main resonance if it originates from the center
of the MNP structure. In the 2D maps each pixel has a lateral
length of 20 nm. The lower two graphs of Fig. 3 depict the
intensities measured along the highlighted red [1] and purple
[2] lines for the satellite (black curve) and the main resonance
(blue curve). It can be seen that the intensity distribution
of the satellite resonance shows a broader distribution than
the main resonance underlining that the satellite resonance
originates from the edges of the MNP system, while the main
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FIG. 3. Top: Spatial maps of the scattered light intensity at the
frequency of the satellite peak (left) and the main peak (right) ob-
tained at constant By of a circular MNP assembly with a diameter
of 450 nm. The white circle indicates the boundary of the MNP
assembly and each pixel is 20 nm wide. Bottom: Line scans of the
scattered light intensity at the two resonances along the red line [1]
and the purple line [2] shown in the top image.

resonances corresponds to an oscillation of the bulk (see also
Fig. S1 in the Supplemental Material and the corresponding
discussion [44]).

B. Nonstructured, layered MNP arrangement

To corroborate the influence of the edges on the spectral
features, we will now compare the observed characteristics

m=Bgyt =110 MT == By =170 MT  =m Beyt = 230 mT

—
(V)
~
—~
O
~

of a structured MNP arrangement with those of a nonstruc-
tured one. A corresponding scanning electron microscope
image of the layered structure is included in the Supplemental
Material in Fig. S2 [44]. In Fig. 4(a), four f.x-dependent
spectra recorded at four different external field strengths of
the nonstructured MNP arrangement are shown as dashed
curves. The spectrum taken at Bey = 110 mT (black curve) is
considered first. The two resonances are again clearly visible
in this spectrum and the corresponding resonance frequen-
cies are obtained by fitting the experimental spectra by two
Lorentzian lines, resulting in f s, = 3.6 GHz and 6.2 GHz.
When increasing Bex; from 110 mT to 170 mT (red curve),
the characteristics of the spectral features changes. First, the
resonance positions shift to higher f., as a result of the
altered resonance condition in Eq. (1). Second, at the higher
Bexi of 170 mT, the ratio of the intensities of the satellite peak
with respect to the main peak Ag/Ay is decreased compared
to Bext = 110 mT. Furthermore, the linewidth of the satellite
peak oy increases from og = 0.3 GHz to 0.8 GHz, while the
linewidth of the main peak o\ decreases from o = 1.1 GHz
to 0.9 GHz. A further increase of Bey to 230 mT and 300 mT
shows that the trends for fI¢ ext.S/M> TS/ and Ag/Am continue
almost linearly up to 300 mT. The results are summarized in
Fig. 4(c).

Comparing the spectrum of the circularly shaped MNP
arrangement shown in Fig. 2(b) (black curve) and the spec-
trum of the nonstructured, layered system at an external field
strength of Beyy = 230 mT shown in Fig. 4(a) (blue curve),
two differences can be observed. First, the resonance fre-
quencies of the two samples are not the same and differ
considerably although the same type of MNPs forming the
arrangements are used in the experiment. The resonance fre-
quencies of the circularly shaped assembly are f(F'g\ =
6.6 GHz and 9.1 GHz, whereas those of the nonstructured,
layered system are higher, f{T's\; = 7.2 GHz and 9.7 GHz.
This shift is attributed to the different sizes of the two arrange-
ments. Smaller structures experience smaller dipole fields and

m= Byt = 300 mT
(c)

o o o =
£ 2} o) o

Normalized Amplitude [arb. units]
o
Ny

Normalized Amplitude [arb. units]
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FIG. 4. (a) Integrated uBLS spectra recorded at a nonstructured, layered MNP arrangement at different external field strengths Bey. As
fext increases, the resonance positions are shifted according to the resonance condition [see Eq. (1)]. The linewidths og/\ of the two resonances
and the ratio of their intensities As/Ay show distinct field dependencies, which are shown in (c). (b) Simulated frequency dependence of
nonstructured, layered MNP assemblies at different Bey,. While at low Bey, of 100 mT a satellite peak can be recognized, at large By of
300 mT its presence is only noticeable as an asymmetry in the low frequency range of the spectrum.
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thus lower resonance frequencies are required to fulfill the
resonance condition. Second, the amplitude of the satellite
peak Ag measured at the circularly shaped MNP assembly is
much larger compared to Ag of the nonstructured system. This
also results directly from the size of the assemblies. While in
the larger nonstructured system only a small fraction of the
MNPs are located near the edges, a much larger fraction of
MNPs is located close to the edge of the smaller circularly
shaped assembly. This finding further indicates that predomi-
nantly MNPs close to the edges contribute to the satellite peak
resonance.

To further analyze the observed characteristics at different
Bex¢ of the nonstructured layered MNP superlattice using mi-
cromagnetic simulations, a model system of sufficiently large
lateral extension has been defined. This second model system
consists of hexagonally arranged moments up to eight layers
high and a lateral extension of the entire system of 1 u m.
To mimic the spectra more realistically, not all magnetic
moments were incorporated in the Fourier transformation,
since the area exposed to the photon beam during the ©BLS
experiments is only about 300 nm in diameter. Thus, only
moments within a cylinder of 300 nm in diameter in the
center of the system were included in the Fourier analyses.
Figure 4(b) shows the simulated f.-dependent spectra which
can be compared with the corresponding experimental data
of Fig. 4(a). The spectrum simulated at Bey; = 110 mT pos-
sesses a main peak at feq = 6.35 GHz accompanied by a
satellite peak of lower intensity, located at fo = 4.4 GHz.
Increasing the external field strength in the simulation leads
to an increase of the resonance frequencies of both the main
and satellite mode of the spectrum, until only an asymmetric
signal remains in the low frequency range of the spectrum due
to a merging satellite and the main peak is in good agreement
with the observed characteristics from the uBLS experiments.
A possible explanation for the observed merging is that, as
the external field strength increases, the angle between the
external field and magnetic moments decreases, since their
orientation is forced to align parallel to B.y. This effect is
most pronounced near the edges of the structure and, thus,
areas of low dipole fields located near the edges of the MNP
arrangement will be reduced in their lateral extensions. As a
result, the intensity of the corresponding signal will decrease
accompanied with an increase of its linewidth as the coupling
to the central region becomes stronger. Furthermore, as Bex;
is increased, disorder of the magnetization orientations due to
lattice imperfections and particle size deviations becomes less
relevant resulting in a narrowing of the linewidth.

A line narrowing of the main peak from oy = 1.1 GHz
at Bexy = 110 mT to oy = 0.6 GHz at Bey, = 300 mT was
observed in the experiment [Fig. 4(a)]. Such a line narrow-
ing could not be observed in the simulated spectra of the
ideal model system. Instead we even observe a slight increase
of the linewidth in the simulated spectra from 0.6 GHz to
0.8 GHz. The line narrowing in the experiment is very likely
due to deviations of the real MNP arrangement from the ideal
hexagonal arrangement of alike MNPs in terms of their posi-
tions, lattice imperfections, and particle sizes. With increasing
magnetic field strength, which aligns the magnetizations, the
disorder leading to line broadening becomes less significant
in relation to the field effects leading to line narrowing. As a

consequence, the strong line narrowing arises in the experi-
ment with increasing external field strength. It is not present
in the simulations because of the lack of disorder in the ideal
MNP arrangement assumed as the model system. For this
reason the linewidth of the simulated spectra hardly changes.
That it is slightly larger at 300 mT is presumably due to the
smaller system size than in the experiment.

C. Influence of the external field strength on the
different resonances

In order to analyze in more detail which areas of the
arrangement contribute to the two different resonances, the
circularly shaped model system based on a MNP monolayer
with a diameter of 300 nm is considered again. In Fig. 5(a)
simulations of two frequency-dependent uBLS spectra are
shown. The spectra were derived for two different external
field strengths of Bey = 200 mT (black curve) and 500 mT
(blue curve). The spectrum simulated at Bey, = 200 mT is
the same as in Fig. 2(c). As observed for the nonstructured
layered MNP arrangement, the resonance frequencies shift to
higher frequencies as the external field strength is increased.
Furthermore, increasing By, results in a decrease of the ratio
of the intensity of the satellite peak with respect to that of the
main peak Ag/Am. Deeper insight into the spectral features
is obtained by analyzing the local activity within the mag-
netic structure at the corresponding resonance frequencies.
Performing a two-dimensional Fourier transformation at the
resonance fields of both spectra in Fig. 5(a), the excitation
patterns of the resonances labeled M and S for ‘main’ and
‘satellite,” respectively, are obtained for both fields. The four
patterns are shown in Fig. 5(b). The excitation pattern of the
main resonances (M-200 mT and M-500 mT) clearly shows
that the main resonance originates from particles located in
the center of the structure, while the satellite resonances (S-
200 mT and S-500 mT) originate from MNPs located near the
edge of the structure (see also Fig. S1 and the corresponding
discussion of the Supplemental Material). The excitation pat-
terns of the main resonance for the two different By, are very
similar, except that the areas of highest activity are slightly
larger for Beyy = 500 mT than for Bey, = 200 mT. In contrast,
the excitation pattern of the satellite resonance (S-200 mT
and S-500 mT) shows a decrease of the active area with
increasing Bey. This finding also explains the decrease of
the ratio of the intensities Ag/Ay;, since less particles near
the edge of the structure contribute to the intensity of the
satellite resonance with increasing Bex:. As the external field
strength increases, the magnetic moment of each particle is
forced to align with Be. As a consequence, the oscillation
amplitude of each particle in the direction perpendicular to the
sample plane denoted as the z axis decreases. Analyzing the
dipole field caused by the mutual dipole interaction between
the individual particles gives further insight into the observed
characteristics. The dipole field Byg acting on the particles
is calculated over one period T = 1/fe of the microwave
field for the resonances S-200 mT and S-500 mT with fe =
7.5 GHz and 15.6 GHz, respectively. Subsequently, the dipole
fields of particles with the same r, value (meaning particles
of the same column) are averaged and normalized to the
amplitude of the microwave field By, = 2 mT. Figure 5(c)
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FIG. 5. (a) Simulated f.x-dependent uBLS spectra of a circularly shaped monolayer of MNPs with a radius of 150 nm. The spectra were
calculated at Bex, = 200 mT (black curve) and 500 mT (blue curve). Increasing B.y results in a shift of the resonance position according to
the resonance condition [Eq. (1)]. In addition, a decrease of the intensity of the satellite peak with increasing B.y, is visible. (b) Performing
2D-Fourier analyses unveils the active regions of the two resonances. As By, increases, the active areas of the satellite resonance decrease
resulting in a reduction of its relative intensity, compared with the main resonance. The arrows indicate the direction of the external field
pointing in the plane of the structure in the x direction. (c) Averaged dipole field Byq, in the direction perpendicular to the sample plane (z
axis) over one period T = 1/ fox, With fox, = 7.5 GHz and 15.6 GHz (S-200 mT and S-500 mT). The vertical axis is normalized to the strength

of the microwave field B,,,, = 2 mT.

shows the averaged z component of the dynamic dipole field
Byq of each column of the model system as a function of the
x position of the column as indicated in the lower panel of
Fig. 5(b). As Bex || x increases from 200 mT (black curve) to
500 mT (blue curve), the averaged Byq || z near the edges of
the structure decreases, whereas only slight variations in the
center of the structure are observable. It follows that, as the
external field strength increases, the difference of the averaged
dipole field diminishes with respect to those of the center.
Thus, the capability to respond to the microwave field of
MNPs near the edge of the structure decreases, which results
in the observed merging of the satellite resonance and the
main resonance at high external field strengths.

IV. CONCLUSIONS

We investigated the dynamic response of hexagonally
ordered, circularly structured MNP arrangements utilizing
wBLS microscopy. Depending on the external conditions, two
resonances appear in the spectra, which can be attributed to
different areas within the magnetic system. While the main
resonance originates from the central region of the MNP
arrangement, the observed satellite resonance is assigned to
magnetic particles near the edges of the system. Frequency
dependent measurements were carried out at various exter-
nal fields, revealing a distinct dependence on the external

magnetic field strength. Micromagnetic simulations unveiled
the different characteristics of the dipolar coupling between
the MNPs within the different locations of the arrangement.
The dipolar coupling between the MNPs has a major im-
pact on the lineshape of the uBLS spectra. Increasing the
external field strength leads to a reduction of the effective
areas of lower internal magnetic fields accompanied with a
reduction of the intensity of the corresponding satellite res-
onance compared to the main resonance. Thus, it has been
demonstrated that the response of the MNP arrangement is
very sensitive to an external magnetic field and the frequency
of the microwave excitation. A full understanding of these
dependencies is essential for successfully incorporating such
magnetic structures into devices. In the future, we plan to
extend our studies to higher frequency shifts of the scattered
light. Such studies may then yield information about exci-
tations of the exchange-coupled atomic magnetic moments
within the individual MNPs.
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