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The asymmetry of spin-wave (SW) patterns in confined rectangular Ni80Fe20 microstrips, both in single- and double-strip geometries,
is quantified. The results of time-resolved scanning transmission X-ray microscopy (TR-STXM) and micromagnetic simulations are
compared. For the TR-STXM measurements and the corresponding simulations, the excitation was a uniform microwave (MW)
field with a fixed frequency of 9.43 GHz, while the external static magnetic field was swept. In the easy axis orientation of the
analyzed microstrip, the results show a higher asymmetry for the double microstrip design, indicating an influence of the additional
microstrip placed in close proximity to the analyzed one.

Index Terms— Ferromagnetic resonance (FMR), magnonics, micromagnetics, mumax3, spin waves (SWs), SW imaging, SW sym-
metry, time-resolved scanning transmission X-ray microscopy (TR-STXM).

I. INTRODUCTION

SPIN-WAVE (SW) dynamics research in confined rectangu-
lar nano- and microstructures is important for the rapidly

growing fields of magnonics and spintronics [1], [2], [3], [4],
[5]. It was shown that the SW behavior can be affected by
different factors, for example, temperature [6] or the design
of microstructures [7], [8], which in turn can be used as a
manipulating mechanism. In the present work, the focus is
put on the fundamental understanding of the SW behavior
in confined rectangular structures under uniform excitation,
depending on the relative positioning of two microstrips [9].

The development of planar microresonators/microantennas
containing a microloop (see an example in Fig. 1) allows
for focusing microwave (MW) magnetic fields such that they
are mainly uniform in the region where the microstructure
is located [10]. At the same time, they offer a very high
sensitivity for ferromagnetic resonance (FMR) spectroscopy
of small structures in comparison to cavity resonators due
to an increased filling factor [11]. Time-resolved scanning
transmission X-ray microscopy (TR-STXM) [12], [13] in
combination with planar microresonators enables direct, time-
dependent imaging of the spatial distribution of the precessing
magnetization across nanometer-thin microstrips during FMR
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excitation in the GHz frequency range with elemental selec-
tivity [9], [14].

In general, the confinement of magnetic structures leads
to the quantization of SW k-vectors along the axis of
confinement [15]. The SW spectrum of a uniformly mag-
netized ellipsoidal magnetic element can be calculated
analytically [16], [17]. However, in most of the cases the
magnetic elements used in or considered for applications have
a non-ellipsoidal shape. The demagnetizing field and, there-
fore, the internal magnetic field in rectangular microstrips are
strongly inhomogeneous [2]. While it is possible to derive an
approximate analytic expression for the general demagnetizing
factors of rectangular strips [18], this does not provide infor-
mation on the actual spatial distribution of the demagnetizing
field in each sample orientation and, additionally, does not take
into account edge effects [19]. Micromagnetic simulations,
on the other hand, together with spatially resolved imaging can
provide access to such kind of information for the investigation
of SW dynamics in rectangular microelements [14], [20].
In confined structures under uniform excitation, only SW
eigenmodes with an odd number of antinodes (amplitude
maxima) are expected to occur. This results in a symmetric
interference pattern. Changes in the design of the structure,
such as the presence of an additional rectangular microstrip,
can cause change in the internal field configuration and,
therefore, symmetry breaking [7], [21]. In this work, the asym-
metry quantification of SW dynamics in confined rectangular
microstrips by an asymmetry parameter (AP) is suggested and
applied to TR-STXM results and micromagnetic simulations.
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Fig. 1. Schematics of (a) planar microresonator and (b) planar microantenna
designs with close-up optical images of the loops with the T-strips inside. The
direction of the external static magnetic field (H⃗ ) is indicated.

II. EXPERIMENTAL DETAILS

A 30 nm-thick Ni80Fe20 (permalloy, Py) single strip
[Fig. 2(a) and (b)] and double strips [T-strips, see
Figs. 1 and 2(c)] with a nominal rectangular size of 5 × 1 µm2

were fabricated on different kinds of substrates depending on
the measurements as described in more detail in [9]. The
scanning electron microscope (SEM) image of the result-
ing basic rectangular Py microstrip is shown in Fig. 2(a).
The nominal distance between the T-strips is 2 µm. The
designs of the microresonator used for the FMR measurements
and the microantenna used for the TR-STXM measurements
are shown in Fig. 1(a) and (b), respectively. Microres-
onators/microantennas’ fabrication details can as well be found
in [9].

The microresonator FMR measurements were carried out
in a home-built MW spectrometer with field modulation at
78 kHz using a lock-in technique in the field-sweep mode [22],
[23], [24]. In the microresonator, the MW field is oriented
perpendicular to the sample plane. The external static magnetic
field H⃗ was applied in the plane of the microstrip. In this
geometry, during resonance, the dynamic component of the
precessing magnetization is oriented out-of-plane. For the
FMR measurements, the frequency was fixed to fMW =

14.015 GHz, while sweeping the external static magnetic field
from −15 to 600 mT for recording the FMR spectrum.

The TR-STXM experiments were performed at the MAXY-
MUS endstation of the UE46 undulator beamline at the
Helmholtz-Zentrum Berlin during the low-alpha operation
mode of the BESSY II synchrotron. For the TR-STXM mea-
surements, the sample is scanned through the focused X-ray
beam, while the respective X-ray transmission at each focused
point is detected [12]. The sample was scanned in steps of
50 nm. For sensing the dynamic out-of-plane magnetization
component mz(t) at each scan point, the sample was probed
perpendicular to its surface. The sample was scanned in steps
of 50 nm. The photon energy was tuned to the Fe L3-edge
(∼708 eV). During the TR-STXM measurements, a static

Fig. 2. (a) Scanning electron microscopy image of a single Py microstrip.
(b) and (c) Single-strip and T-strip geometries with their lateral sizes as
used for the micromagnetic simulations. The direction of the external static
magnetic field is indicated. (d) Simulated (solid) and measured (dashed) FMR
spectra of the Py T-strips at 14.015 GHz. Overview of the SW profiles (e) and
(g) along and (f) and (h) across a strip in (e) and (f) e.a. and (g) and (h)
h.a. orientations. (i) Example of the SW patterns at 195.5 mT.

magnetic field in the range of 65–120 mT and a small MW
field of ∼0.5 mT were applied along the same axis as for
the microresonator FMR measurements. The pump-and-probe
measurement scheme allows for probing mz(t) at several
intermediate points of the precession. The MW frequency
of fMW = 9.43 GHz is phase-locked to the synchrotron
frequency, i.e., the frequency of the X-ray flashes impinging
on the sample [9], [25]. Hence, TR-STXM images of mz(t)
dynamics were taken at seventh points per excitation period.

III. RESULTS

A. FMR Versus Micromagnetic Simulations

In Fig. 2(d), the results of the microresonator FMR mea-
surements at fMW = 14.015 GHz are shown as dashed
black line for the Py T-strips. The direction of the external
static magnetic field is indicated by an arrow in Fig. 2(c).
In the FMR spectrum, one can observe two main resonances
with large intensities and several other smaller signals above
and below the two main signals. The position of the main
FMR resonances and their linewidth were used to fit the
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measurement results with the simulated FMR spectra [9].
The resulting simulation parameters for the FMR spectrum
shown in Fig. 2(d) as a solid black line are: cell size of
8 × 10 × 7 nm3; sample thickness of 27 nm; no crystalline
anisotropy; Py exchange stiffness of 13 pJ/m [26]; saturation
magnetization of 750 kA/m; Gilbert damping parameter 0.008;
static magnetic field ranging from 400 to 50 mT; and MW
frequency of the uniform out-of-plane field of 14.015 GHz [9],
[14] with an amplitude of 0.5 mT. The sample designs used
for the micromagnetic simulations are shown in Fig. 2(b) and
(c). The red dashed frames in the figure mark the simulated
areas. The lateral sizes are indicated as well.

Apart from the FMR spectra, simulations provide an
additional information about the spatial distribution of the
magnetization. The out-of plane component mz(t) reflects the
SW dynamics in the microstrips. In Fig. 2(e)–(h), overviews
of the simulated mz(t) profiles are plotted using the same
principle as described in [9]. The overviews display SW
profiles along the length [see Fig. 2(e) and (g)] and the width
[see Fig. 2(f) and (h)] of each of the T-strips, in easy axis
(e.a., external field parallel to the longer edge of the strip) [see
Fig. 2(e) and (f)] and in hard axis (h.a., external field parallel to
the shorter edge of the strip) [see Fig. 2(g) and (h)] orientation,
over a range of external field values in correlation with the
FMR spectra in Fig. 2(d). According to the micromagnetic
simulations, the main resonance lines at 180.5 and 215.3 mT
in Fig. 2(d) correspond to the quasi-uniform FMR excitations.
The quasi-uniform mode is the one with almost all the mag-
netic moments across the strip area precessing in phase with
the same opening angle. The reason for the nonuniform mz(t)
spatial distribution closer to the edges [9] is the inhomogeneity
of the effective field within the strip. The less pronounced
FMR lines correspond to SW excitations with varying amounts
of amplitude maxima in their interference pattern [7], [9],
[21]. An example of an SW pattern at 195.5 mT is shown
in Fig. 2(i), and the corresponding SW profiles are marked
with the vertical gray line across Fig. 2(d)–(h). The differences
in the resonance fields between the measurement and the
simulations at higher fields above 230 mT can possibly stem
from the quality of the edges, i.e., the presence of defects
etc., which shifts the resonance fields of the localized modes
to lower values [9], [19].

For the analysis of the TR-STXM results, all the parameters
of the micromagnetic simulations were kept the same, exclud-
ing the MW frequency, which was set to fMW = 9.43 GHz as
used in the measurements. At each field value, the system
was excited for 50 MW periods, first 49 of which were
skipped as the settling time, and for the last period the spatial
distribution of the magnetization was saved in 14 equidistant
time frames for further analysis of the spatial maps of mz(t),
which included fast Fourier transform (FFT) analysis similar
to that performed on the measured data.

B. TR-STXM and Data Analysis

As described in Section II, the TR-STXM results consist of
seven phase images at each static magnetic field value. Each
of it contains the spatially distributed counted X-ray photon

Fig. 3. Schematic representation of the data processing cycle up to AP value
calculation. (a) Set of TR-STXM scans at 87 mT. (b) Spatial distribution of
the phase and amplitude obtained from the FFT analysis at fMW. (c) SW
pattern. (d) SW profile and AP value calculation.

signal corresponding to a certain excitation phase over one
MW excitation period and, thus, the magnetization precession
cycle [14], [27]. Each scan includes the Py microstrip and a
part of the membrane for the background correction. In gen-
eral, the raw data include a static component corresponding
to the chemical contrast of the scanned area and the dynamic
component corresponding to the magnetic contrast. For each
scanned point in space, the magnetic part was extracted by
dividing the counted X-ray photon signal at each time point
by the time averaged value over all the time points [14],
[25], [28], [29]. Furthermore, a background correction was
performed as described in [30]. Upon that, the background
part of each scan was removed to proceed only with the
data from the Py microstructure. Eventually, the data were
filtered in two steps to reduce noise. The first step was an FFT
filtering at each point in space by converting the signal from
the time to frequency domain, filtering out all the frequencies
except for fMW, and converting it back to the time domain
via inverse FFT. In the second step, the data were filtered in
space by replacing every value by the mean value in its range-2
neighborhood.

For both, the simulated and processed TR-STXM data,
a temporal FFT at each point of the spatial distribution of the
magnetization was performed to extract the spatial amplitude
and phase distribution at the given MW frequency [27], [31]
as depicted in Fig. 3(a) and (b). The extracted amplitude and
the phase data were combined into a spatial eigenmodes’
interference pattern [21] by multiplying the amplitude data
with the sine of the phase data as shown in Fig. 3(b) and (c).
From the resulting data, the central interference pattern profiles
(mz(t) profiles) were calculated by averaging the central region
of the data as shown in Fig. 3(c) and (d). The overviews of the
profiles over the range of external static magnetic field were
used further to correct the field offset between the simulations
and measurements as described in [9].

To quantify symmetry breaking of the SW patterns, an AP
is introduced. It indicates a deviation of the SW pattern from
the mirror-symmetric state by analyzing its profile (see Fig. 3).
A mirror-symmetric profile here means that the profile is
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Fig. 4. (a) Simulated FMR spectrum of the Py single strip in e.a.
orientation [see Fig. 2(b)]. (b) and (c) AP field dependence calculated from
the simulated and measured data, respectively. For strips in e.a. orientation,
the corresponding regions of the strips are marked in Fig. 2(a) and (b),
respectively.

invariant under a reflection about the line in its center (axis
of symmetry). The regions of the strips used to calculate the
profiles are indicated in Figs. 2(a) and (b) and 3(c) with
transparent gray rectangles. The AP for a profile consisting
of normalized data values {xn}

N
n=1 is calculated by

AP =
C

[N/2]

[N/2]∑
n=1

| xn − xN−n+1 | (1)

where one half of the profile is subtracted from its other half
point by point [see Fig. 3(d)]. Here, C is a scale factor, when
comparing different data, the same value is used. Then the
mean value of the absolute values of all the differences is
taken. Hence, a symmetric profile would give AP = 0.

In Fig. 4(a), a simulated FMR spectrum of the single strip
sample in e.a. orientation is shown to correlate the calculated
AP values with the FMR positions. The calculated AP values
from the simulated and measured data are shown in Fig. 4(b)
and (c) for the single-strip and the T-strips samples in e.a.
orientation, respectively. Overall, the mz(t) profiles of the sin-
gle strip sample appear to be more symmetric compared with
the T-strips. This indicates that the SWs in one of the T-strips
are affected by the other. Nevertheless, some asymmetry is
observed in the single-strip sample in the measured data as
well. The reason could be a small tilt of the strip in the scan or
sample defects. The first maximum value of the AP is observed
at 79 mT, close to the quasi-uniform FMR signal. The second

Fig. 5. Measured TR-STXM scans of the SW dynamics at 85 and 89 mT in a
strip in e.a. orientation of two sample types: single strip and T-strips. Vertical
gray solid lines indicate the physical centers of the strips, while black dashed
shorter lines indicate axis of symmetry for each frame. Transparent rectangles
correspond to edge shift (see text).

and third maxima are at 84.5 and 88.5 mT, respectively. They
are close to the FMR lines corresponding to the SWs with
3 and 5 amplitude maxima [9].

In Fig. 5, the spatial distribution maps of mz(t) from the
TR-STXM scans at 85 and 89 mT of the single-strip and
T-strip samples in e.a. orientation are shown. Gray vertical
solid lines indicate the physical center of a strip. In addition
to the AP value for each phase image shown in Fig. 5, an axis
of symmetry was localized, by finding the edge shift of the
data array in (1), either left or right, needed to minimize the
AP value. The calculated axes of symmetry are indicated with
black dashed vertical lines in the figure and the corresponding
edge shifts are indicated with transparent rectangles. When
looking at the SW dynamics at both the fields, one can see
that the mz(t) patterns are more symmetric with respect to
their center for the single strip than for the T-strips. This
can be seen even more clearly from the deviation between
the physical center and the axes of symmetry in a particular
strip. In case of the single strip, the axis of symmetry deviates
left and right and the absolute value of deviation ranges
from 0 to 0.1 µm. For the T-strips, the axis of symmetry is
always shifted left (the opposite side from where the second
strip is located [see Fig. 2(c)]) with the absolute values of
the deviation ranging from 0.05 to 0.2 µm. The reason for
that might be inhomogeneous external static and/or dynamic
magnetic stray fields generated by the second strip.
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IV. CONCLUSION

In summary, we gained insight on the SW dynamics in
confined rectangular Py microstrips, both single and T-strips,
using microresonator FMR measurements, TR-STXM imaging
with high spatial and temporal resolution with the support
of micromagnetic simulations. To evaluate the sample design
influence on the SW behavior, the asymmetries of the SW
patterns were analyzed by means of the introduced AP value.
The AP value allows for a sensitive quantification of the
symmetry breaking of the SW profiles and, therefore, patterns.
The results of the measurements and the simulations show a
higher SW asymmetry in the T-strips, in particular for the
analyzed strip being in e.a. orientation, when compared with
a single strip of the same shape and size. This is an indicator of
an influence of one strip onto the SW pattern in the other. The
reason can be either an inefficient dynamic coupling between
the strips [32] or/and the mutual static stray field that changes
the effective field distribution within the strips.
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