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Experimental Realization of a Passive Gigahertz Frequency-
Division Demultiplexer for Magnonic Logic Networks

Frank Heussner,* Giacomo Talmelli, Moritz Geilen, Bjorn Heinz, Thomas Bricher,
Thomas Meyer, Florin Ciubotaru, Christoph Adelmann, Kei Yamamoto,
Alexander A. Serga, Burkard Hillebrands, and Philipp Pirro

The emerging field of magnonics uses spin waves and their quanta, magnons, to
implement wave-based computing on the micro- and nanoscale. Multifrequency
magnon networks would allow for parallel data processing within single logic
elements, whereas this is not the case with conventional transistor-based
electronic logic. However, a lack of experimentally proven solutions to efficiently
combine and separate magnons of different frequencies has impeded the
intensive use of this concept. Herein, the experimental realization of a spin-wave
demultiplexer enabling frequency-dependent separation of magnonic signals in
the gigahertz range is demonstrated. The device is based on 2D magnon trans-
port in the form of spin-wave beams in unpatterned magnetic films. The intrinsic
frequency dependence of the beam direction is exploited to realize a passive
functioning obviating an external control and additional power consumption.
This approach paves the way to magnonic multiplexing circuits enabling

simultaneous information transport and processing.

The concept of parallel data processing in single elements is
very promising as it can multiply the throughput of future logic
networks significantly.”! One important requirement, the
wave-based processing of data, has already been demonstrated
using spin waves!? in micro- and nanostructures.’*! Further-
more, the similar necessary technique of simultaneous infor-
mation transport in separated frequency-channels, called
frequency-division multiplexing,””! has been used in various
other wave-based applications such as in fiber-optic networks.
However, its implementation into magnonic networks has only
been studied theoretically™® or discussed in preparatory

works, "1 as a device for the efficient
combination and separation of spin-wave
signals of different frequencies is missing
until now. In this work, we present the
experimental realization of this required
device, which uses caustic-like spin-wave
beams to create a so-called magnonic
frequency-division demultiplexer. Hence,
our results enable the realization of mag-
nonic multifrequency circuits'® which allow
for parallel data processing in single
devices."

Spin waves offer many advantages for
wave-based computing’***! due to their
micro- to nanometer small wavelengths
at gigahertz frequencies,"**® their enor-
mous tunability by various parameters!*’!
and the possibility of chargeless informa-
tion transport. One exceptional property
utilized in the following work is the aniso-
tropic propagation of spin waves in suitable magnetic media,
which can lead to the creation of narrow spin-wave beams
and caustics!®?*2”) (see Experimental Section). Their subwave-
length transverse aperture* is an outstanding reason for their
potential use in nanostructured networks, especially when con-
sidering the beam formation of high-wavevector magnons.*"
The caustic-like spin-wave beams can be radiated from point-like
sources into unpatterned magnetic films,****! and they are
formed due to the noncollinearity of the wavevector and the
group velocity vector. Furthermore, their propagation direction
can be versatilely controlled by, e.g., frequency,!®2%?%%5-27]
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200 and  direction of the local

magnetic field strength,!
magnetization.!*>*4

In this work, we experimentally demonstrate how these
caustic-like spin-wave beams can be used to realize controllable
information transport in 2D magnetic films with thicknesses of a
few tens of nanometers. The guidance is neither achieved by
geometrical structuring™® nor by different internal magnetic
fields as it has been demonstrated, e.g., in bicomponent mag-
nonic crystals which offer different spatial channels for different
spin-wave frequencies.”*?° Our system is also not relying on
inhomogeneous magnetic ground states,*” but it guides the
waves purely by the anisotropy of the magnonic system.
Utilizing this anisotropic signal propagation allows for the
realization of passive elements without any additional energy
consumption as the magnonic system inherently collimates
and steers the energy transport. As just one of the many possible
applications of this concept, we present the realization of a
passive demultiplexer exploiting the frequency dependence of
the beam direction. By inverting the geometry, i.e., inverting
the role of the input and output waveguides, a multiplexer can
be realized equally well.*"

The experimental realization of the frequency-division demul-
tiplexer is based on a 30 nm-thin film of the magnetic alloy
CoFeB. In contrast to magnetic insulators like yttrium iron
garnet (YIG),” the metallic ferromagnet CoFeB is much more
compatible with state-of-the-art fabrication techniques of silicon-
based microchips. Furthermore, CoFeB exhibits a much higher
saturation magnetization (see Experimental Section), which
enables the creation of caustic-like spin-wave beams in a broad-
frequency range. Based on our previous studies,’) we have
designed a demultiplexer prototype by micromagnetic modeling.
Subsequently, the sample has been fabricated and studied by
detecting the spin-wave intensity using micro-focused Brillouin
light-scattering spectroscopy (uBLS).?? After investigating the
frequency dependence of the spin-wave beam directions and
comparing it with theoretical calculations, we verify the full
functionality of the demultiplexer by 2D measurements of the
spin-wave intensity.

Figure la,b shows the simulated intensity distribution
inside of the designed structure for spin waves of frequencies
f1=11.2GHz and f, = 13.8 GHz. The dashed arrows mark
the beam directions that are predicted by the developed theoreti-
cal model (see Figure 1c and Experimental Section). The func-
tional part of the device comprises the unpatterned area in
the center of the structure in which the 2D energy transport takes
place. Input and output waveguides, which can serve as interfa-
ces to adjacent magnonic building blocks in larger magnonic
networks, are connected to this area. To provide an input signal,
magnon excitation is simulated by applying localized alternating
magnetic fields h. inside the input waveguide. The field distri-
bution is chosen in accordance with the experiment in which
these fields are created by microwave currents flowing through
a microstrip antenna placed across the waveguide. The spin
waves propagate toward the unpatterned area and, in agreement
with previous observations,'®**2* two symmetric spin-wave
beams are emitted from the waveguide opening, which acts as
a point-like source exhibiting a broad wavevector spectrum.
The anisotropy of the spin-wave dispersion leads to a strong
focusing of the energy. Furthermore, the initial width of the
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Figure 1. Micromagnetic modeling of the frequency-division demulti-
plexer and microscope image of the fabricated sample. The positions
of the output waveguides along the y-direction are asymmetric with
respect to the input waveguide which enables the demultiplexing function-
ality of the device. a) Design of the demultiplexer and simulated spin-wave
propagation at f; =11.2 GHz. The signal is guided from the input wave-
guide into output 1 by a spin-wave beam. b) Spin-wave distribution at
f2=13.8 GHz. The signal is channeled into output 2 due to the changed
direction of the spin-wave beams in the unstructured film area.
c) Isofrequency curves of the studied system. The directions of the group
velocity vectors, which are perpendicular to the curve, vary with spin-wave
carrier frequency. d) Fabricated sample according to the developed layout
of the demultiplexer.

spin-wave beams is determined by the width of the waveguide
opening, for which reason an abrupt transition into the unstruc-
tured film area without widening was chosen. The observed
frequency dependence of the beam directions is utilized to real-
ize the demultiplexing functionality by properly adding two
output waveguides after a certain propagation distance. Their
positions are asymmetric with respect to the input, leading to the
following consequence: at frequency f; = 11.2 GHz (Figure 1a),
the upper spin-wave beam, which propagates at an angle of
0¥ = 77.6° as predicted by the theoretical model, is channeled
into output 1 and transmits the information through the device.
The lower one is blocked by the edge of the magnetic structure so
that the signal cannot reach output 2. In contrast, the beam
angles of spin waves of frequency f, = 13.8 GHz are changed
to O = 68.9° (0, = 180° — O ,, respectively) resulting in a
sole signal transmission into output 2 (Figure 1b). Hence, the
device separates spin-wave signals of two frequencies into two
spatially detached output waveguides, whose transition zones
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are especially tailored to enable an efficient channeling of the
spin waves into the first waveguide mode and to avoid reflections.
The exploited frequency dependence of the beam directions
results from the modification of the spin-wave isofrequency
curve with frequency (see Figure 1c) and the according variation
of the group-velocity vectors, which are always perpendicular to
this curve (see Experimental Section). It should be mentioned
that the exact operating frequencies of the device can be con-
trolled by changing, e.g., the external field strength since this
shifts the magnon dispersion. Here, the external magnetic field
is set to poHey = 75 mT.

Based on the design developed and optimized by micromag-
netic modeling, the prototype of the passive demultiplexer has
been fabricated based on a 30 nm-thin film of CoFeB, as shown
in Figure 1d. To prove the functionality of the frequency-division
demultiplexer, pBLS measurements of the spin-wave intensity
have been performed at two positions in the center of the output
waveguides, as shown in Figure 1d. Spin waves are excited in the
input in a frequency range from 10.5 to 15.5 GHz in the steps of
0.1 GHz by applying an according microwave signal to the micro-
strip antenna. Figure 2a shows the detected frequency depen-
dence of the spin-wave intensity in the two spatially detached
output waveguides. A clear separation of spin-wave signals
depending on their frequency is visible. Signals in the narrow
range from 10.8 to 11.8 GHz are channeled into output 1. In con-
trast, output 2 accepts only spin waves in the broader frequency
band from 12.3 to 15.3 GHz, hence, without any overlap.
This measurement clearly demonstrates that spin-wave signals
with appropriately chosen frequencies, e.g., the frequencies of
maximum intensity in the different outputs f; = 11.2GHz and
f, = 13.8 GHz, are spatially separated by the prototype device as
predicted by the micromagnetic modeling.

The beam angle 6y shown in Figure 2b is experimentally
determined by measuring the spin-wave intensity along a line
in the input transition zone (left green dotted line, Figure 1d)
and along a line in the second third of the unpatterned area (right
green dotted line). From the observed shift of the intensity
maxima, the angle 6y is calculated. No beams are detected
below 10.8 GHz as the dispersion relation is very flat until
the frequency of ferromagnetic resonance fpyr = 10.94 GHz
is reached. The measured data agrees well with the theoretically
predicted curve (solid line in Figure 2b). This is due to the fact
that, in addition to the peculiarities of anisotropic magnon
propagation,”” our model considers such important parameters
like the excited wavevector spectrum and the distance between
the observation point and the source. The optimum angles
65 = 77.9° and 655 = 69.6°, leading to maximum intensity in
the outputs, are shown in Figure 2b together with the shaded
acceptance intervals, which result from the assumption that
beams are channeled into the outputs if their direction deviates
less than 2.5° from the optimum angles. These acceptance inter-
vals in combination with the curve 05 (f) can explain the differ-
ing widths of the accepted frequency bands of the two outputs:
The angle variation is quite large in the region of f; =11.2 GHz.
Hence, only frequencies within a small range around f; create
beams whose directions lie inside the angular acceptance interval
of output 1. In contrast, the slope of the mentioned curve is sig-
nificantly lower at f, = 13.8 GHz. Thus, a larger variation of the
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Figure 2. Experimental realization of spin-wave demultiplexing using the
developed prototype device. a) Frequency-dependence of the spin-wave
intensity in the output waveguides measured by pBLS. Spin-wave signals
are detected inside the two outputs within nonoverlapping frequency
ranges exhibiting signal maxima at the frequencies f; and f,. b) The mea-
sured frequency-dependence of the direction of the spin-wave beams is
compared with the developed theoretical model. Shaded areas mark
the angular intervals of signal acceptance of both outputs. The centers
of the intervals are given by the optimal angles 5% and 655.

frequency is permitted around f, until the occurring beam angles
are out of the acceptance interval of output 2.

For a detailed visualization, the spin-wave intensity was
measured in the entire demultiplexer area at the frequencies
1 and f; by performing 2D uBLS scans. (The experimental proof
of the simultaneous transmission of spin waves of these two
frequencies through a shared waveguide can be found in the
Supporting Information.) A comparison of the 2D measure-
ments (Figure 3) with the results of the micromagnetic modeling
(Figure 1a,b) reveals a remarkably good agreement. This con-
firms that the whole demultiplexing mechanism works exactly
as predicted and is based on the creation of spin-wave beams,
their frequency-dependent propagation though the unstructured
area, and the channeling of the signals into different outputs.

Furthermore, these measurements can be used to determine
the input-output ratio x of the device to reveal the influence
of the beam formation on signal losses. Considering the trans-
mission from the input waveguide into output 1 at frequency f;

exp _

yields a value of x;' = (—18.1+2.1)dB, whereas a ratio of

€X]

k5P = (—18.2 £ 1.9)dB is obtained for a signal at frequency f,
channeled into output 2. For comparison, the ratio x™e
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Figure 3. Experimental verification of the beam-based demultiplexing
mechanism. pBLS measurements of the spin-wave intensity are performed
to visualize the 2D spin-wave transport. The separation of spin-wave
signals from one shared input waveguide by frequency-dependent
channeling into spatially detached output waveguides occurs due to the
intrinsically controlled beam formation. a) Spin-wave guidance into
output 1 at f =11.2 GHz and b) into output 2 at f, =13.8 GHz.

can be calculated analytically considering the energy splitting
and the propagation losses only (see Experimental Section).
The resulting values, " = (—18.95+ 1.84)dB and & =
(—17.64 £ 1.69)dB, show that the major fraction of the losses
arise from the intrinsic spin-wave damping during their propa-
gation and not due to the demultiplexing mechanism based on
beam formation and channeling (the splitting is suppressible!®).

Finally, the scalability and advantages of the presented concept
should be discussed. The used spin-wave beams are created due
to the anisotropy of the magnonic system and, for limited length
scales, their width is primary determined by the size of the
source.?” In the presented case, the anisotropy is induced by
the dipole—dipole interaction, which is dominant in the low-
wavevector range of the magnon spectrum. However, a beam
formation is also possible for high-wavevector spin waves whose
dispersion characteristics are mainly dominated by the exchange
interaction.””! Hence, the presented concept to guide 2D energy
transport by spin-wave beams, formed due to the intrinsic anisot-
ropy of the system, can be scaled down to significantly smaller
length scales. Furthermore, the passive character of the signal
steering is an important advantage over other concepts requiring
energy-consuming external control. This is the case, e.g., with the
previously demonstrated spin-wave time-division multiplexer,
which relies on external charge currents.?’!

In conclusion, we have developed and experimentally realized
a passive frequency-division demultiplexer, which is based on
intrinsically steered 2D signal transport in unpatterned magnetic
films. The prototype device enables the spatial separation of spin-
wave signals of different frequencies. It exploits the frequency-
dependence of the direction of narrow spin-wave beams, which
are formed in in-plane magnetized films due to the anisotropic
spin-wave dispersion. A theoretical approach to predict the beam
directions has been developed and verified. The utilized beam
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steering requires no external control or additional power con-
sumption, and it can be used to realize a whole multifrequency
circuit which enables simultaneous data transport through single
transmission lines using the technique of frequency-division
multiplexing. This is the basis for exploiting one of the main
advantages of wave-based computing, namely, the technique
of parallel data processing in single devices, which can now
be implemented in an energy-efficient way building on the
presented prototype.

Experimental Section

UBLS Measurements: The spin-wave intensity was experimentally
measured using pBLSP? with a spatial resolution of around 250 nm. In
all cases, the shown spin-wave intensity of frequency f is the detected
time-averaged pBLS intensity integrated over the frequency interval
[f—0.25GHz, f+0.25 GHz]. The error of the measured beam angles
6z shown in Figure 2b results from the spatial resolution of the setup
and is calculated to 3.5°. For reasons of clarity, error bars are omitted
in the figure. The spin-wave intensity shown in Figure 3 is normalized
along the y-direction to the interval [0,1] to compensate for the background
noise of the setup and for the spin-wave damping so that a clear compari-
son of the two output signals is easily possible. Due to this normalization,
the visibility of spin-wave beams, which are reflected from the edge of the
structure and are much weaker than the incident beams, is reduced.

Micromagnetic Modeling: The micromagnetic modeling was conducted
using the graphics processing unit-accelerated simulation program
MuMax3.®* The simulated structure of size 31.5 um x 15 um x 30 nm
was discretized into cells of ~15nm x 15nm x 30nm, leading to a
consideration of in-plane wavevectors of at least up to 100 rad pm .
Furthermore, the experimentally determined material parameters of
CoFeB (Ms=1558kAm™', A,=17.6p/m~", a=0.0043) were used.
On the outer vertical edges of the waveguides (shape of the structure,
as shown in Figure 1), the damping was incrementally increased (25 steps
over a distance of 0.5 pm) to a value of @ = 0.5 to suppress reflections of
the spin-wave energy. Furthermore, periodic boundary conditions were
used along the horizontal edges of the unstructured film area. Spin-wave
excitation and propagation were simulated for 7.5 ns by applying an alter-
nating magnetic field inside the input waveguide. The used field distribu-
tion was calculated according to Biot-Savart’s law for a 0.5 pm-wide and
100 nm-thick microstrip antenna (as used in the experiment) through
which the alternating current (AC) flows (with 5 mA amplitude). The result-
ing raw data of the modeling were the time-dependent vector of the mag-
netization inside every cell, which had been saved every 25 ps. A temporal
Fourier-transformation of the data from 2.5 to 7.5 ns and a squaring of the
resulting amplitude were performed to calculate the frequency-dependent,
time-averaged spin-wave intensity. This intensity was integrated over the
frequency interval [ f— 0.25 GHz, f+ 0.25 GHz], so that a direct compari-
son with the experimental results obtained by uBLS measurements was
possible. Furthermore, the simulated spin-wave intensity distribution
shown in Figure 1 is normalized along the y-direction to its sum to com-
pensate for the spin-wave damping and to allow for a clear comparison of
the two output signals.

Sample Fabrication: The basis of the sample fabrication”” was a 30 nm
thin film of the magnetic alloy CoFeB, which was deposited as part of the
layer stack Ta(3 nm)/CoFeB(30 nm)/Ta(3 nm) onto a Si/SiO,(300 nm)
wafer. The film thickness of the magnetic material CoFeB was chosen
as a tradeoff so that both an efficient spin-wave beam formation and
propagation (rather large film thickness preferred) and an efficient struc-
turing of the device (rather small film thickness preferred) was possible.
First, the material parameters of this unpatterned sample were measured
using two methods. The saturation magnetization Ms=1558 kAm™"
and the Gilbert damping constant a = 0.0043 were determined by meas-
urements of the ferromagnetic resonance (FMR). Furthermore, the
exchange constant A, =17.6pJm™" resulted from pBLS measurements

135]
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of the thermal magnon spectrum and a comparison with analytical calcu-
lations according to the theory.*®! Afterward, the magnetic layer was struc-
tured by e-beam lithography of a hydrogen silsesquioxane (HSQ) hard
mask and subsequent ion beam etching, leaving around 70 nm of the
resist on top of the structure. To reduce the height differences, a plana-
rization step using spin-on carbon (SoC) was followed with a subsequent
deposition of a 30 nm thin layer of SiN (150 °C, chemical vapor deposi-
tion). Finally, the microstrip antenna was fabricated by creating a mask
using polymethylmethacrylate (PMMA) resist and e-beam lithography
followed by sputtering deposition of Ti (10 nm)/Au (100 nm) and the
removal of the unwanted parts by a lift-off process in acetone. The result-
ing sample is shown in Figure 1d. The magnetic structure consists of an
unpatterned film area and three 1.5 pm wide waveguides. The positions of
the output waveguides along the y-direction are asymmetric with respect
to the input waveguide which enables the demultiplexing functionality of
the device, as demonstrated in the main text. The light shading on
the edge of the transition zones is due to some residual material,
which, however, does not influence the functionality of the device. The
0.5 pm-wide and 100 nm-thick microstrip antenna, which was placed on
top of the input waveguide, was connected to a microwave setup consist-
ing of a microwave generator and an amplifier which provided the high-
frequency current with a nominal output power of P=+7 dBm. The final
power reaching the sample was very likely significantly reduced. The
rectangular structures around the actual device were used to stabilize
the positioning of the pBLS microscope. It should be mentioned that
the dimensions of the presented prototype had been chosen to allow
for an optical investigation using uBLS. Further miniaturization is
possible as discussed in the main text.

Calculation of the Input—-Output Ratio k: To calculate the experimental
values k®® of the input—output ratio, the spin-wave intensity at the position
0.5 pm in front of the input transition zone and the intensity 5.1 pm behind
the output transition zone were integrated over the waveguide width and
both results were divided by each other. The mentioned error resulted
from the deviations around the mean value in case the surrounding mea-
suring points were considered. For both frequencies, the detected intensity
inside the output, which was not hit by the spin-wave beam, was equal or
only marginally above the noise-level of the pBLS setup. This highlights the
pronounced demultiplexing functionality.

The theoretical reference values x*"®® were calculated from the distan-
ces L which the spin waves had to travel from the position in the input to
the position in the output, where the intensity had been measured to deter-
mine the experimental value. The calculations were carried out according
to the formula

K10 =10 logyo[1/2exp(—L/(05 45 7¢) — L, /(0544 7,.) 4

in which the occurring energy splitting into two spin-wave beams was
considered by the factor 1/2. It should be mentioned that the splitting
can be suppressed by changing the design of the demultiplexer as shown
in the study by Heussner et al.l® Furthermore, the factor 0.5 had to be
introduced as the spin-wave intensity was measured instead of the
amplitude.

The group velocity v of the spin waves differs inside the waveguides (v,,)
and in the unpatterned film area (v) and can be calculated
according to the studies by Kalinikos and Slavin and Bricher et al.?®37!
To determine vf, the spin-wave wavevector relating to the occurring beam
angle was used for the calculations. Furthermore, L, is the spin-wave
propagation distance in the waveguides, whereas L; is the corresponding
distance in the film area. Finally, the spin-wave lifetime 7 results from the
damping parameter a and was approximated by the value 7(k = 0) at fer-
romagnetic resonance.’”! For all calculations, the effective values of the
magnetic field poHes (75 mT inside the film, 50 mT inside the waveguide)
and the waveguide width weg= 1.3 pm were used. These effective values
result from the demagnetizing field at the edge of the waveguides and can
be extracted from the micromagnetic modeling or calculated as shown in
the study by Bricher et al.’”]

The following values were obtained for the different frequencies
fi=112GHz and f,=138GHz: Ly, =548pm, L;f=13.05pm,
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V1w =11.65pm ns, v ,=7.08 um ns~', 1, = 1.284 ns, tr=1.254 ns, and
Lyw=551Tpm, Ls=1390pm, v,,, =9.70 pm ns~ ', V26=8.93 um ns~!
resulting in the values for the input-output ratio k° as mentioned in
the main text. The error of k*® was calculated by assuming a slightly larger
Gilbert damping parameter (@ = 0.0048), which was very likely to occur
due to, e.g., the structuring process of the device.

Theoretical Description of Spin-Wave Beams and Caustics: The basis of the
developed theoretical model is the anisotropic isofrequency curve
(Figure 1c), which describes the dependence of the wavevector compo-
nent k, on the component k, at a particular frequency f. The dispersion
calculations are based on the study by Kalinikos and Slavin,*®! considering
Ky || Hexts ke L Heyt, ftoHexe = 75 mT and the material parameters of CoFeB.
The direction of the anisotropic spin-wave propagation can be derived
from the curve as the spin-wave group velocity vector is perpendicular
to it at every point. For a precise prediction of the resulting
spin-wave beam orientation, the excited wavevector spectrum A, and
the distance d between the beam source and the observation point are
considered, as explained in the following. This is the main difference to
a previous theoretical approach®® and our results reveal, that the
observed direction of maximum focusing is not always given by the caustic
direction (according to the study by Veerakumar and Camley,”® caustics
occur at the points of the isofrequency curve where its curvature is zero).
Due to this reason, we refer to the observed beams resulting from the
focused energy transport as (caustic-like) spin-wave beams instead of
caustics.

The first step of the developed approach is to include the wavevector
spectrum A of the beam source in the calculations. It can be assumed that
the spin waves propagate through the input in the form of the first wave-
guide mode having a sinusoidal shape along the short axis of the wave-
guide and only one maximum in the center. As soon as the input waves
reach the transition zone at the connection between the waveguide and
the unstructured area, the waveguide mode acts as a 1D source (with
effective width weg, explanation is given earlier) for secondary spin waves
propagating into the unpatterned film area and forming beams due to their
anisotropic propagation. The confinement of the mode across the wave-
guide leads to a broad spectrum A, of the respective wavevector compo-
nent k,, which can be calculated to Ay (k,) = cos (k, wef/2)/ (v /Wi — k,°)
by spatial Fourier transformation of the mode profile. This spectrum is
considered using the following procedure. First, the angle 6,, between
the group velocity vector and the external field direction is calculated from
the isofrequency curve as a function of the wavevector component k,.
Second, the wavevector spectrum A(k,) is projected onto the curve
6,5(k,) by a numerical integration to determine the amount of excited spin
waves propagating into the direction 6,,. The result of this procedure is the
spin-wave amplitude AR (6,,), which reflects the angle distribution of
the spin-wave flow under consideration of the initial wavevector spectrum
Ay Maxima of AR#!(6,,,) reveal a wave focusing into the respective direc-
tions. Their occurrence can be explained by the fact that the anisotropy of
the system leads to isofrequency curves with expanded regions where the
group velocity direction 6, is (nearly) unchanged for a broad range of
wavevectors k,. If the excited spectrum A, has a significant magnitude
in these ranges of k,, an amplitude concentration occurs into the respec-
tive directions 6,,, leading to the maxima of AL (6,,). Hence, these max-
ima indicate the beam creation.

However, a second step is necessary to precisely determine the beam
directions. The beam source described earlier has a certain extent which
leads to the fact that the overall spin-wave amplitude at the observation
point results from the superposition of spin waves which are generated at
different positions within the source. If the observation point is close, the
source appears under a large angular range and spin waves from consid-
erably different directions superpose. In this case, the focusing
pattern can be significantly influenced. This effect is included in the further
calculations by considering both the initial angle distribution of the spin-
wave amplitudes Af2/(0,,) and the sinusoidal mode profile in the transi-
tion zone, which represents the source of the beams. Based on these
quantities, the final spin-wave amplitude A%3' at a given observation point
is calculated by integrating the amplitudes of all spin waves which origi-
nate at different points of the source and reach the observation point from
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different directions. Finally, this amplitude is squared to obtain the overall
spin-wave intensity If52(6,,, d) occurring at a distance d from the source
and in the direction 6, in relation to the external magnetic field.
Spin-wave beams occur if the curve I‘g{‘,?'(&vg,d) exhibits pronounced
peaks into certain directions 6 The angles 3 of the theory curve shown
in Figure 2b belong to the maxima of the calculated intensity distribution
1frél(0,,) when assuming a distance of d =10pm and using the
parameters of the investigated system (material parameters of CoFeB,

poHext =75 mT, wer=1.3 pm, and f€[10.8, 15.4] GHz).
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