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Abstract: The phenomenon of magnetic resonance and its detection via microwave spectroscopy
provide insight into the magnetization dynamics of bulk or thin film materials. This allows for direct
access to fundamental properties, such as the effective magnetization, g-factor, magnetic anisotropy,
and the various damping (relaxation) channels that govern the decay of magnetic excitations. Cavity-
based and broadband ferromagnetic resonance techniques that detect the microwave absorption
of spin systems require a minimum magnetic volume to obtain a sufficient signal-to-noise ratio
(S/N). Therefore, conventional techniques typically do not offer the sensitivity to detect individual
micro- or nanostructures. A solution to this sensitivity problem is the so-called planar microresonator,
which is able to detect even the small absorption signals of magnetic nanostructures, including
spin-wave or edge resonance modes. As an example, we describe the microresonator-based detection
of spin-wave modes within microscopic strips of ferromagnetic A2 Fe60Al40 that are imprinted into a
paramagnetic B2 Fe60Al40-matrix via focused ion-beam irradiation. While microresonators operate at
a fixed microwave frequency, a reliable quantification of the key magnetic parameters like the g-factor
or spin relaxation times requires investigations within a broad range of frequencies. Furthermore, we
introduce and describe the step from microresonators towards a broadband microantenna approach.
Broadband magnetic resonance experiments on single nanostructured magnetic objects in a frequency
range of 2–18 GHz are demonstrated. The broadband approach has been employed to explore the
influence of lateral structuring on the magnetization dynamics of a Permalloy (Ni80Fe20) microstrip.

Keywords: ferromagnetic resonance; microantenna; microresonator; magnetic relaxation; thin
films; nanostructures

1. Introduction

Determining dynamic properties of magnetic materials, i.e., their time-dependent
behavior, often provides key insights into understanding of the magnetic response in micro-
or nano-sized objects. The understanding of nanomagnetism plays an important role for
generating future spintronic applications, such as memory and logic devices based on
employing the quanta of magnetic excitations—spin-waves or magnons [1–4]. Here, we
review the use of a unique approach to study magnetization dynamics in magnetic samples
with small volume via microresonator- and microantenna-based microwave spectroscopy.
Microwave spectroscopy allows the investigation of the fundamental (low energy) modes
of spin systems. In ferromagnetically coupled spin ensembles, such modes are termed
ferromagnetic resonance (FMR) modes.

FMR as a method is one of the main spectroscopic techniques, allowing for an investi-
gation of static properties, such as the effective magnetization that provides the effective
internal field acting on the spins (the effective magnetization actually is a magnetic in-
duction with the unit Tesla, although the term magnetization is nonetheless widely used
in literature), g-factor, and magnetic anisotropy, as well as dynamical properties such as
magnetic relaxation mechanisms [5–7]. Typically, cavity-based (e.g., X-band; ~10 GHz)
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and broadband spectrometers are commonly used to detect microwave absorption upon
exciting FMR modes [8–11]. Due to the minimum number of spins, which are needed to
generate measurable signals, conventional cavities (cm-size) are not suited to detect FMR of
micro-/nano-sized objects [12]. Therefore, to achieve a significantly better signal-to-noise
ratio (S/N), planar microresonators have been introduced for microwave absorption mea-
surements in small specimen—at first for electron spin resonance (ESR) experiments [13,14].
In microresonators, a microcoil produces a homogeneous rf-field inside of the loop into
which a magnetic object is placed and homogeneously excited by the rf magnetic induction.
A higher S/N ratio is achieved by a tremendous enhancement of the so-called filling factor
that describes the concentration of the excitation field to the volume of the sample. As the
loop diameter of microresonators can be fabricated down to the 1 µm size, the filling factor
is significantly larger than in a conventional cm-sized cavity. The recent decade has seen
microresonators become an established tool that has been employed on many different
single magnetic objects, such as magnetic nanowires, nanotubes, biological materials, as
well as magnetic tunnel junctions [15–19].

In this work, we demonstrate the use of microresonator-FMR on single strip samples
made from prototype ferromagnetic materials in form of embedded Fe60Al40-stripes. We
discuss the fundamental dynamic modes. The sensitivity of single-frequency microres-
onators (similar to conventional cavity-based systems) is so high that one can detect
not only the uniform modes, but also non-uniform ones, such as localized and standing
spin-wave modes or uniform edge modes. The dynamics of the strip geometry are com-
pared and explained by simulation results obtained from the mumax3 code. Besides the
microresonator approach, we introduce and describe so-called microantennas, a novel
extension towards broadband (i.e., frequency-variable) FMR detection on laterally struc-
tured Permalloy (Ni80Fe20, hereafter Py) samples. The accessible frequency range of our
setup is 2–18 GHz, which is limited only by the frequency range the components of the
detection system can operate in. Broadband detection provides a straight-forward insight
into magnetic relaxation. In the following, the term µ-FMR is used synonymously with the
FMR methodology provided by microresonators and microantennas. The main advantage
of a using microresonator/microantenna approach relies on a tremendous increase of the
filling factor upon scaling down the resonator volume to the micrometer size, comparable
to the one of the nanostructure. This high filling factor allows the increase of the detection
sensitivity by orders of magnitude as compared to conventional FMR setups, also based on
a measurement of the absorbed microwave power.

2. Materials and Experimental Methods

The FMR measurements on micrometer-sized Fe60Al40 and Py strips were performed
on a home-built microwave spectrometer. A microwave bridge in combination with field-
modulation and lock-in technique is used to improve to signal to noise ratio. Microwave
power is divided into two paths. One is the excitation path, where the power level can be
adjusted by an attenuator and is launched via the circulator into the resonator; the other
arm is the reference arm, which biases the quadrature mixer at the operation frequency
(homodyne detection technique). The phase shifter in the reference arm adjusts the phase
at the local oscillator (LO) input of the quadrature mixer. Thereby, it allows for detection of
absorption as well as dispersion of the FMR signals on the I and Q outputs, respectively (as
seen modified sketch in Figure 1 without Mach–Zehnder interferometer). Technical details
about the microwave spectrometer can be found in our previous study [17].

For the excitation and detection of the signals, we use planar near field antennas, tuned
and matched for operation at a fixed frequency by means of stubs (microresonators), as well
as broadband near field antennas with flat frequency response (microantennas), made of a
shorted coplanar transmission line. While microresonators offer an increased sensitivity
for measurements on micron-sized samples, microantennas allow for broadband measure-
ments, revealing important dynamic magnetic properties like the damping. Microantennas
consist of the section of a coplanar stripline, shorted at the end by a narrow strip, which
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acts as a near field antenna, coupling the microwave power to the precessing magnetic
moment of the sample. For even more efficient and uniform excitation perpendicular to
the plane, we built a loop into the shorting strip (Figure 1a). The loop size is tailored to be
close to the dimensions of the sample. Electromagnetic simulations using the commercial
finite element (FEM) simulation software HFSS (ANSYS), confirm the quite homogeneous
distribution of the microwave magnetic field inside the loop (Figure 1b). Both the planar
microresonator and the microantenna structures are fabricated by optical lithography.
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Figure 1. Layout (a) and magnetic microwave field (b) distribution of the microantenna, obtained by FEM simulation of
the structure.

To facilitate the broadband measurements with the microantennas, we added a Mach–
Zehnder interferometer to the microwave spectrometer (see Figure 2, [17]): A power
divider splits the microwave equally into a fraction used for (i) the resonant excitation of
the sample and (ii) for the interferometer’s reference arm. For a given operation frequency,
the attenuation and phase in the reference arm of the interferometer are adjusted such that
the microwave power reflected from the microantenna with the sample is cancelled in the
power combiner. This reduces the trace noise level and allows using higher microwave
excitation power without the risk of saturating the low-noise amplifier. By sweeping
the magnetic field of the electromagnet, we drive the sample into magnetic resonance.
At resonance, the impedance of the microantenna is modified by the strong change of
the sample’s magnetic permeability, and the reflected power reappears at the input of
the preamplifier.

FMR experiments were performed on Fe60Al40 and Py (Ni80Fe20) samples. A 32 nm
Fe60Al40 thin film was grown on a 270-nm-thick SiO2/Si substrate by magnetron-sputtering
at room temperature. A post-annealing process was applied to the film in order to obtain
the pristine (B2-paramagnetic) state [20]. Initially, a 14 µm diameter disc of 32 nm thick B2
Fe60Al40 was exposed by using photolithography. After preparation of the Fe60Al40 disk,
the microresonator with 20 µm loop diameter was prepared around the disk by means
of UV lithography and lift-off. The top-side, containing the microstrip lines or coplanar
striplines, respectively, was metallized by 5 nm Cr/600 nm Cu/100 nm Au, whereas the
backside metallization is serving as a ground. To fabricate the ferromagnetic strip, a focused
Ne+ ion beam of 25 keV energy was rastered over a 10 µm × 1 µm region, keeping the
fluence fixed at 1 × 1015 ions/cm2. The region exposed to the incident ions was disordered
to form A2 ordered Fe60Al40, thereby realizing the embedded ferromagnetic stripe [20].
The frequency is defined by the shape and layout of the microresonator. Here we used a
microresonator design with a loop diameter of 20 µm optimized for an eigenfrequency
of 14 GHz (empty resonator). As control experiment and to obtain relevant parameters,
an extended Fe60Al40 film was investigated by VSM and FMR (Ms = 708 kA/m and
A = 4 pJ/m [21], not shown here). For the Py structure, a Py film was grown onto a MgO
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(001) substrate using electron beam evaporation. A 5 by 2 µm2 resist strip was prepared on
the film by e-beam lithography, and the unprotected film was etched down to the substrate
by Ar ion milling. Similarly to the Fe60Al40 strip, the microantenna was fabricated around
the Py strip using lithography. However, one should note that the microantenna is designed
in a coplanar geometry. It thus requires top side metallization only (5 nm Cr / 600 nm Cu/
100 nm), comprising the signal as well as the ground lines.
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3. Experimental Results and Discussion

The microresonator FMR experiments were performed on ferromagnetic
10 µm × 1 µm × 0.032 µm A2-Fe60Al40 strips, embedded in a circular paramagnetic
B2-Fe60Al40 matrix. A sketch of such a sample is shown in the inset of Figure 1a. The
details of the preparation are described in Section 2. Fe60Al40 exhibits a stable, ordered
B2-structure that shows paramagnetic behavior. Irradiation with energetic ions leads to a
randomization of the lattice positions of the Fe and Al atoms, forming an A2 structure that
is ferromagnetic [20,22–26]. Irradiation induced disorder is a versatile tool for patterning
magnetic structures of desired geometries embedded within paramagnetic surroundings.
The patterning can be performed using broad-beam irradiation through shadow masks [24],
or using a focused ion-beam for direct magnetic writing [22,25]. The magnetic properties
of Fe60Al40 films under broad-beam irradiation have been reported by Schneider et al. [27].
The effective magnetization (µ0Meff) of the films, depending on the degree of disordering,
can reach up to 850 mT, which is comparable to that of Py.

Figure 3a shows a measured FMR spectrum with a fixed excitation frequency of
13.72 GHz and a variable external field Bext applied perpendicular to the long axis of the
ferromagnetic A2 Fe60Al40 stripe, embedded in a B2 Fe60Al40 surrounding, produced by
direct writing using a focused Ne+ beam [23,26]. By using highly sensitive microresonator
FMR detection, at least nine different resonance modes can be identified in the embedded
ferromagnetic structure, as indicated by the numbering in Figure 3a. To visualize the
mode character, micromagnetic simulations were performed using the mumax3 code [28].
For the simulations, we chose the following parameters: sample size 10 × 1 µm2, thick-
ness 32 nm, saturation magnetization Ms = 708 kA/m (as measured by vibrating sample
magnetometry), and an exchange constant A = 4 pJ/m [21] (calculated from (exchange dom-
inated) perpendicular standing spin-wave modes [29] observed in a thin film sample by
conventional broadband FMR). To model the FMR experiment, we used a continuous-wave
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method, described in the literature [30] with an excitation field in z direction (along the
thickness of the sample). In Figure 1b, the result of the simulation is shown in terms of the
perpendicular dynamic component of the magnetization mz normalized by Ms. This com-
ponent is directly related to the experimentally detected FMR signal that is proportional to
the high frequency susceptibility. By comparing qualitatively the results of the simulation
with the measurement, we find a good agreement between both, as one can identify all
nine resonance modes in the simulation as well. The values of the resonance field (for
experiment and simulations) are extracted by fitting a complex Lorentzian function [31].
Those values are given in Table 1, proving again the good agreement between experiment
and simulation (except the edge mode, No. 9).
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Table 1. Comparison of the resonance field values from experiment and simulation. Except for mode (8), the difference
between measurement and simulation is larger for modes more confined to the edge region of the sample (i.e., for modes
(6), (7), and (9)).

Bres, (mT). (1) (2) (3) (4) (5) (6) (7) (8) (9)

Measurement 216 238 257 272 285 344 361 403 481

Simulation 215 235 254 268 279 327 352 403 617

When performing a micromagnetic simulation, it is also possible to create snapshots
of the magnetic configuration within the sample system. Those snapshots were always
taken at the moment (in time) when the oscillating excitation field (sine-function) crosses
the zero line. While a system is in resonance, it has a phase shift of 90◦ to the excitation
field, resulting in a maximum amplitude in the snapshot. The snapshots, corresponding
to the resonance mode labeling in Figure 3, are shown in Figure 4. The color contrast
corresponds to the local out-of-plane component of the dynamic magnetization, i.e., mz,
which is proportional to the measured FMR signal. The resonance (2) can be identified
as the quasi-uniform mode. As seen from the pattern, just the center region of the stripe
fulfills the resonance condition, while having a local mz = 0 at the edges of the system. Due
to the shape of the sample (demagnetizing field) and boundary conditions at the edges, the
expected resonance field in those regions is different, justifying the quasi-uniform mode.
The pattern of resonance mode number (1) exhibits periodically varying mz along the length
of the strip. While we are using ferromagnetic resonance as technique, we expect just modes
with a standing wave character, as propagating modes would lead to a zero net microwave
absorption. Nevertheless, it is possible to assign a wave vector k to the pattern, which is in



Magnetochemistry 2021, 7, 28 6 of 11

this case perpendicularly (x-direction) oriented to the static magnetization (y-direction),
well-known for a spin wave in Damon-Eshbach geometry [32]. Due to the geometric shape
of the sample, it is not possible to excite standing spin waves with arbitrary wavelength,
so we can observe only a discrete number of spin waves in Figure 3b. Note that these
spin waves with wave vector perpendicular to the static magnetization occur at a smaller
external field as compared to the quasi-uniform mode. As known from the dispersion
relation of Damon–Eshbach modes [33], those need (for finite wavelength) more energy
for excitation than the uniform mode. The reason for this lies in the fact that the dynamic
stray fields the magnetic moments produced due to their non-uniform precessional motion
are associated with an increased dipolar energy as compared to a uniform excitation for
which all spins rotate with the same phase. A smaller resonance field compared to the
quasi-uniform mode thus indicates a larger energy of the mode. The pattern maps of
the resonances 3–5 are typical for so-called backward volume modes with different wave
numbers. In this case, the wave vector is parallel to static magnetization (along the y-
direction), while we observe a decreasing wavelength by increasing the applied external
field. The resonance modes marked with 6–7–8 are so-called localized modes. As seen from
the pattern for those modes, the excited resonant region (blue) is close to the long edge
of the strip. In this region of the strip, the demagnetizing field is quite inhomogeneous,
which implies even directly neighbored regions to exhibit different resonance conditions.
Since the spins in those regions are still coupled to each other via exchange interaction,
the excited region (in resonance) sends out propagating spin waves into the neighbored
one. In turn, one wave is launched towards the strip center and another one propagates
towards the edge of the long axis of the strip. While the wavelength of this propagating
wave is given by the size of the excited region, it is small (in the range of a 10th of a nm)
compared to the strip width (1 µm). As a result, the propagation length before the wave
is damped out is also rather small. Due to this fact, the propagating wave directed to the
center of the stripe will never reach the center region. The propagating wave directed to
the edge, however, is able to reach it (because the excited location is close to the edge)
and will be reflected back. The reflected wave interferes with the primary wave, leading
to destructive/constructive interference. Just by having a constructive interference, the
ferromagnetic resonance is able to couple to this mode. This explains why the localized
modes are appearing also in discrete manner within the FMR spectrum. The mode No.
9 finally is the true edge mode, for which only magnetic moments exactly at the edge of
the strip are excited. In contrast to the localized modes discussed before, for the edge
mode no interference is occurring. The physical nature of the edge mode is different. It
is very much comparable to the quasi-uniform mode, just shifted to higher external field
values, due to the demagnetization field at the strip edge being larger than in the center
region [34,35]. All uniform and non-uniform modes can be correlated with the simulation
results. Only the edge mode was observed at much lower resonance field than expected
from the simulation. One has to note that the real edge may differ from the ideal one in
terms of its geometrical profile or its magnetic parameters. Moreover, the embedded strip
geometry, for which the ferromagnetic spins of the ion-irradiated strip at the edges form an
interface to a paramagnetic Fe60Al40 surrounding matrix, might magnetically be different
as compared to the free-standing strip assumed in the simulation. Note that the edge mode
observed at lower magnetic fields implies the edge mode frequency to be larger than those
for the edge mode of the simulated free-standing strip.

In the following, we would like to show how broadband µ-FMR can be utilized to
determine the magnetization dynamics of a 5 × 2 × 0.015 µm3 Permalloy (Py) microstrip.
While the strip exhibits a mode spectrum similar to the one discussed for the FeAl-strip
before, we want to restrict our discussion in the following to the quasi-uniform mode.
As discussed above, to increase the amount of insight to the magnetization dynamics, it
is advantageous to perform measurements over a broad frequency range. Therefore, a
broadband microantenna design was used instead of single-frequency microresonators.
The microantenna setup also uses the microwave bridge to achieve high detection sensi-



Magnetochemistry 2021, 7, 28 7 of 11

tivity and, thereby, can detect a spin resonance signal of about 106 spins/GHz1/2, while
conventional spectroscopy techniques require around 1010 spins/GHz1/2 [36]. In Figure 5a,
the FMR spectra of the Py strip are shown, measured at a frequency of 9 GHz for both the
easy (Bext parallel to the long strip axis) and hard axis (Bext perpendicular to the long axis).
The quasi-uniform mode for both orientations is clearly resolved in the FMR spectra. The
main advantage of using a microantenna/microresonator approach is to allow for detect-
ing the FMR response of single structures. Earlier experiments, performed to understand
the behavior of magnetic strips, typically have investigated arrays of strips [37,38]. This,
however, introduces difficulties in the interpretation of the data, as inter-strip coupling
may influence the results. Moreover, modes stemming significantly from the samples’
edge are broadened and thus very weak due to the different strips in the array having a
distribution of edge properties. The resonance field values of easy and hard directions are
found to be close to each other due to a rather small shape anisotropy (as revealed also
from the inset a of Figure 5 that shows an optical micrograph of the microantenna loop
that is encapsulating the strip, the latter having an aspect ratio of only 2.5). In the inset b of
Figure 5, FMR spectra are shown for the lower and upper limit of the frequency range of
microantenna (2–18GHz). As seen from FMR spectra, a Lorentzian line shape is obtained.
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In Figure 6, the obtained resonance fields are plotted for different microwave frequen-
cies for the Py strip (squares: easy axis, triangles: hard axis). Applying the well-known
resonance equations for an extended thin film as given by Equation (1) [31], the effective
magnetization Meff and the g-factor can be determined as fit parameters.

(ω/γ)2 =

[
Hres cos(ϕ− ϕH) +

2K2‖
Ms

cos2(ϕ− ϕU)

]
×
[

Hres cos(ϕ− ϕH) + 4πMe f f +
2K2‖

Ms
cos2(ϕ− ϕU)

]
(1)

here is γ = g·µB/h denotes the gyromagnetic ratio, ϕ is the in-plane angle of the
magnetization Ms, and ϕH is the in-plane angle of the external magnetic field. K2‖/Ms is
the uniaxial in-plane anisotropy, which is introduced to mimic the uniaxial symmetry of
the strip. The effective magnetization is defined as the difference between the saturation
magnetization and the perpendicular uniaxial anisotropy field: 4πMeff = 4πMs − 2K2⊥/Ms.
All in-plane angles ϕ, ϕH , and ϕu are defined with respect to the long dimension of the
strip. For definitions of the resonance equation, we refer to ref [31]. In case of easy-axis
measurement (ϕ = ϕu = 0), Equation (1) results in:

(ω/γ)2 =

[
Hres cos(ϕ− ϕH) +

2K2‖
Ms

]
×
[

Hres cos(ϕ− ϕH) + 4πMe f f +
2K2‖

Ms

]
(2)
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In case of hard-axis measurements (ϕ = ϕuπ/2), Equation (1) yields:

(ω/γ)2 =

[
Hres cos(ϕ− ϕH)−

2K2‖
Ms

]
×
[

Hres cos(ϕ− ϕH) + 4πMe f f

]
(3)
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As given in the inset table, the thin film equations yield anisotropic g-factors, while
the rigorous simulation taking into account the true mode pattern (see snapshot 2) in
Figure 4 to visualize the pattern of the quasi-uniform mode yields perfect fits for both
directions with an isotropic g-factor of 2.12. In contrast, the thin formulas assume all
spins to precess in-phase. The example shows that this incorrect scenario results in an
erroneous determination of magnetic parameters—here the g-factor. In fact, the g-factor is
isotropic, even in the small object, as is clearly revealed by the microantenna measurement
together with the micromagnetic simulations. For completeness, we add the values for the
effective field, which was found to be 938 mT. As result of the micromagnetic simulation, a
comparison of simulation and experimental resonance field values is given in Table 2. For
both axes, the resonance field values are in quite good agreement, only slight differences
about 1mT between simulation and experimental values occur. Those might result from
the shape of the sample being not perfectly rectangular, thereby having impact on the
demagnetizing factors, which in fact modify the resonance equations.

Table 2. Comparison of the resonance field values from experiment and simulation of Py strip for both axis at selected
frequencies. Resonance field values are given in mT for both axis.

f(GHz) Bres-Simulation
(Easy-Axis)/mT

Bres-Experiment
(Easy-Axis)/mT

Bres-Simulation
(Hard-Axis)/mT

Bres-Experiment
(Hard-Axis)/mT

9 88.5 89.6 92.6 91.8
11 128.6 130.4 132.8 131.3
12 150.6 152.4 154.8 153.4
13 173.6 175.3 177.5 176.8
14 197.6 199.4 201.1 201.1
15 222.4 223.5 225.8 226.7
16 248.0 247.9 251.3 251.4
17 274.3 272.9 277.5 277.6
18 301.1 303.1 304.2 304.4

4. Conclusions

Understanding dynamical properties of nanomagnets plays a crucial role for future
spin-based technologies. Our experimental results prove that microresonators are highly
sensitive to detecting not only the uniform precession, but also localized spin waves and
edge modes in nanometer-sized objects. Besides the microresonator approach, we intro-
duced a “broadband” microantenna design, which adds a variability of the microwave
excitation frequency. The method was tested via studying a Py strip sample. The planar
(coplanar) structure of the microresonators (microantenna) furthermore provides the ad-
vantage of easy access to the material under investigation e.g. in form of light beams. This
opens a route to study magnetic resonance in systems that exhibit plasmonic or photonic
properties, including the coupling of those fundamental excitations to the magnetic system
(e.g., magneto-plasmonics). Moreover, microresonators can be used to study the effects
of particle irradiation on the dynamic properties. Recently, the helium ion microscope
(HIM) generating a focused ion beam that allows for stepwise “cutting” a sample inside the
microresonator loop was used in connection. The process was successfully employed on
Fe-filled multi-wall carbon nanotubes (CNT) [19]. The microresonators may further be of
use to study magnetism in or of liquids, as they are compatible with liquid environments,
e.g., solutions magnetic nanoparticles [18]. In addition, since the magnetic excitation of the
resonator loop penetrates into the dielectric resonator substrate by several micrometers, em-
bedded magnetic structures within the dielectric material could be detected. The choice of
dielectric material is thereby very flexible, and indeed, prototype resonators based on GaAs
have been fabricated, and the method is likely extendable to a variety of other materials.

A disadvantage of the method is that no explicit time-domain measurements are
possible, since the external magnetic field is swept quasi-statically. The method thus is a
classical frequency domain one that currently in its version of the microantennas provides
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access to a frequency range of 2–18 GHz, with current efforts being made to achieve up to
35–40 GHz.

As summary, the method which we call “µ-FMR”, provides unique insight into
the magnetic behavior of a variety of micro/nano-sized magnetic specimens and likely
provides a tool for pushing down the detection limit of magnetic resonance experiments to
in principle get access to single objects with dimensions below 50 nm.
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