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ABSTRACT
Being able to accurately control the interaction of spin waves is a crucial challenge for magnonics in order to offer an alternative wave-
based computing scheme for certain technological applications. Especially in neural networks and neuromorphic computing, wave-based
approaches can offer significant advantages over traditional CMOS-based binary computing schemes with regard to performance and power
consumption. In this work, we demonstrate precise modulation of phase- and amplitude-sensitive interference of coherent spin waves in a
yttrium–iron–garnet based magnonic analog adder device, while also showing the feasibility of frequency-division multiplexing. Using time-
resolved scanning transmission x-ray microscopy, the interference was directly observed, giving an important proof of concept for this kind of
analog computing device and its underlying working principle. This constitutes a step toward wave-based analog computing using magnons
as an information carrier.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0120826

I. INTRODUCTION

While a computer based on binary logic is in principle able to
solve the problems that arise in machine learning, it may not be the
most efficient one at doing so.1–4 Instead, recent approaches have
shifted their focus toward alternative computing schemes, which
are more suitable for the kinds of calculations that need to be per-
formed in neural networks.5,6 This includes, but is not limited to,
reservoir-, stochastic-, and neuromorphic computing.7–10 Machine
learning and neuromorphic computing can be implemented in
terms of ordinary binary logic; however, in order to reduce both
power consumption and the number of components needed, it can
be beneficial to depart from the binary approach. One avenue is ana-
log computing, which is taking advantage of the, in the classical limit,
continuous nature of physical quantities in order to perform infor-
mation processing and calculations. Historically, this has already
been done more than two thousand years ago using mechanical
systems to predict astronomical events and more recently using
electrical circuits6,11 or even optical methods.12

Another framework in which analog computing can be real-
ized is found in the research field of magnonics.13–17 Magnons,
which are bosonic quasi-particles corresponding to the collective
precession of magnetic moments, have recently been studied as a
possible information carrier. They can propagate in magnetic mate-
rials, both insulators and conductors, in the form of coherent spin
waves, and due to the lack of charge transport, energy losses caused
by Joule heating are minimized. It also opens the possibility of wave
based computing, where both the amplitude information and phase
information of the spin wave are used for data processing, and inter-
ference effects can be exploited.18–22 This can also be combined
with the field of spintronics, where both spin-polarized currents
and pure spin-currents are used for precise control of magnetic
systems on the micrometer scale and below.23–26 These approaches
offer a vast number of possibilities for the realization of informa-
tion processing devices, while also giving insight into the underlying
physics.27–32

Much of the work performed on magnon based information
processing has focused on binary logic gates and circuits, but it
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is also possible to use magnonic systems for analog computing.
Recently, a concept for an analog adder for all-magnonic neurons
was proposed,33 but so far, it has not been experimentally realized.
A nanoscale spin-wave interferometer utilizing exchange spin waves
has been realized; however, the experimental technique did not allow
for resolution in k-space and phase.20

In this work, we present the experimental realization of an
Yttrium–Iron–Garnet (YIG) based magnonic analog adder with
frequency-division multiplexing, where the continuous nature of
the spin-wave amplitude is used for performing non-binary addi-
tion operations. By utilizing time-resolved scanning transmission
x-ray microscopy (TR-STXM), we directly image spin-wave inter-
ference of arbitrary amplitudes and relative phase with both spatial
and temporal resolution.

First, the interference conditions are characterized by vary-
ing the relative phase between the spin waves emitted by two
microstrips, showing complete destructive interference, construc-
tive interference, and several states in between. By systematically
varying the amplitudes of the excitation signals, the functionality
of the device as an analog adder is confirmed, represent-
ing an experimental proof of concept for a magnon based
analog computing device. The device is also shown to allow for
frequency-division multiplexing by superimposing multiple
signals with different frequencies at each input and disentangling
the resulting spin-wave pattern by means of fast Fourier transform
(FFT) analysis.

While readout has been realized using x-ray optical meth-
ods in this work, others have shown that readout of spin-wave
intensity is also possible electrically,34 demonstrating, in principle,
compatibility with electrical circuits.

II. EXPERIMENTAL DETAILS
Commercially available ferrimagnetic YIG films with a

thickness of 100 nm (Innovent Jena) were used as a basis for the
devices. The films are grown on a Gadolinium–Gallium–Garnet
(GGG) substrate using liquid phase epitaxy. YIG films of the same
supplier have been shown to possess a crystalline structure with
extremely low Gilbert damping α on the order of 1 ⋅ 10−4 and
spin-wave propagation lengths beyond 30 μm.35,36

Micro-patterning was performed using electron-beam lithog-
raphy on a Raith Eline at an acceleration voltage of 20 kV, utilizing
a conductive polymer (ESpacer) to reduce charging effects in the
insulating substrate. With this, two 500 nm wide microstrips with
a 2 μm gap, as well as wider leads and bonding pads to estab-
lish electrical contact, were defined on top of the YIG film. A
stack of Cr(8 nm)/Cu(180 nm)/Cr(8 nm) was then deposited using
a Leybold UNIVEX thermal evaporation chamber, and the lift-
off procedure was performed with n-methyl-2-pyrrolidon at 70 ○C.
This structure allowed for the excitation of spin waves by means
of coupling of the microstrips’ Oersted fields to the magnetic
moments of the YIG film. For that, radio-frequency (RF) signals with
frequencies between 2.57 and 3.07 GHz were transmitted through
the microstrips.

The sample was thinned mechanically from the GGG side, first
uniformly down to 120 μm thickness with a very fine abrasive paper
and then locally down to 20 μm using a dimple grinder. In the
last step, the focused ion beam (FIB) of a dual beam Nova 600

NanoLab by FEI was used to create an x-ray transparent window of
∼30 × 30 μm2 size with a thickness of about 200 nm.

Spin-wave dynamics are recorded as a series of snapshots in
time (“movies”) using time-resolved scanning transmission x-ray
microscopy (TR-STXM) at the MAXYMUS end station at the BESSY
II electron storage ring operated by the Helmholtz-Zentrum Berlin
für Materialien und Energie. For that, an asynchronous pump-probe
scheme with a double lock-in technique is used, allowing us to
measure the samples’ magnetization component along the x-ray
beam axis with both spatial and temporal resolution.37 Exemplary
movies of the time-resolved magnetization dynamics can be found
in the supplementary material. All measurements were performed
at room temperature and at the L3 edge of Fe, where the x-ray
magnetic circular dichroism (XMCD) effect gives rise to magnetic
contrast due to the different absorption depending on the relative
alignment of the x-ray photon angular momentum and the sample
magnetization.38

Further post-processing using an FFT algorithm is carried out
in order to separate individual oscillation frequencies,39 allowing us
to study the samples’ capability of frequency-division multiplexing.

For the study of spin-wave interference, the two microstrips
could be excited independently with different amplitudes and an
arbitrary phase shift between the two excitations using an arbitrary
waveform generator with two independent output channels.40 To
this end, the generator outputs are connected via coaxial cables to
the coplanar signal lines of a printed circuit board that carries the
sample. These lines are in turn connected to one of the two ends of
each microstrip on the sample. The output side of each microstrip
is eventually terminated via 50 Ω to ground. While the ground of
the generator is connected to the ground of the board, the sample
itself does not have coplanar signal lines and is not connected to
ground. Despite this missing ground, we did not observe any sig-
nificant direct or capacitive microwave crosstalk between the two
microstrip antennas, owing to the electrically insulating properties
of YIG.

III. RESULTS AND DISCUSSION
A sketch of the sample can be seen in Fig. 1, with the thinned

down x-ray transparent window in the center. The microwave sig-
nal that is applied to the two microstrips generates a magnetic field
around them. This Oersted field can then couple to the magnetic
moments in the YIG film, giving rise to magnetic oscillations that
travel through the film in the form of spin waves.41,42 The wave-
length of the RF signal in the figure is not to scale; it is several orders
of magnitude longer in reality.

An external magnetic field B, which is applied parallel to the
microstrips, allows for the excitation of Damon–Eshbach type spin
waves, where the wave vector k is perpendicular to the external field
B and hence the samples’ equilibrium magnetization (M � k).43 In
order to excite coherent spin-wave dynamics, the magnetic field has
to be of sufficient magnitude to saturate the sample and match the
dispersion relation.44 A three-dimensional rendering of the obtained
spin-wave pattern can be seen in the center of Fig. 1; the area marked
with dashed lines is additionally displayed in the inset and shows a
snapshot of the dynamic out-of-plane magnetization component mz.
It is evident that the excitation of the Damon–Eshbach spin waves
is highly asymmetric with respect to the microstrips, which almost
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FIG. 1. Schematic of the magnonic analog adder device, with the thinned x-ray
transparent window in the center. An RF signal with a frequency of 2.57 GHz
(black) and 3.07 GHz (orange) is applied to both microstrips (RF wavelength
not to scale). Three-dimensional rendering of the resulting dynamical spin-wave
interference pattern with the wave-vector k, as imaged by TR-STXM. An external
magnetic field of 28 mT was applied in-plane, parallel to the microstrips. The inset
shows a magnified view of the area marked with dashed lines, with the color indi-
cating the normalized out-of-plane magnetization mz and the microstrips marked
in gray.

exclusively emit spin waves in one direction (downward in the inset
of Fig. 1). This is a well-known effect originating from the orienta-
tion of the Oersted field around the microstrip with respect to the
local deflection of magnetic moments in the spin wave.45 Since the
device is operated in the linear regime, the low amplitude spin waves
propagating in the opposite direction do not influence interference
in the main direction.

All measurements shown here are obtained at input voltages
where the signal amplitude of the TR-STXM measurements is
proportional to the deflection of the magnetic moments in the YIG
film and hence to the local amplitude of the spin waves. In addi-
tion, the power was kept low enough to keep the Joule heating
low, which would otherwise change the magnetization of the YIG
film. A locally reduced magnetization would lead to a change in the
wavelength, which would in turn alter the interference conditions.
This also means that it is not feasible to study nonlinear effects
such as two-magnon scattering while preserving the interference
conditions.

For a quantitative analysis, which is crucial for showing the
feasibility of a magnon-based analog adder, the amplitude of the
spin-wave pattern was obtained by means of a fast Fourier transform
analysis. Previous works have shown that this approach yields great
improvement in the signal-to-noise ratio since only the oscillations
with the desired frequency are included in the output signal, whereas
other contributions, such as those coming from electrical crosstalk
and other noise, will be filtered out.37 What is obtained by apply-
ing the FFT analysis is a number of frequency slices corresponding
to the base frequency and integer multiples thereof. The number of
frequency slices is given by the number of frames recorded using
the pump-probe scheme. This is especially useful when it comes to
frequency-division multiplexing, which will be discussed in the last
part of this work and can also be realized in a straightforward way for
electronic readout. The spin-wave amplitude will be given through-
out the text in terms of normalized amplitude, where the values ±1
correspond to a spin-wave deflection angle of ±1.7○. The deflection
angle was obtained by following the procedure described in Ref. 37,
justifying the small-angle approximation.

FIG. 2. Normalized amplitude A of the spin-wave interference pattern as a function
of relative normalized phase φ, together with the theoretical prediction for two
interfering sine-waves. Measurements were performed with an external field of
28 mT and an excitation frequency of 2.72 GHz. The insets show examples of
recorded spin-wave patterns, from which the amplitude was obtained, with the
color indicating the normalized out-of-plane magnetization mz.

In order to operate an interference-based analog adder, the
interference conditions have to be characterized, which was done by
altering the phase shift between the inputs at the two microstrips
with respect to each other. Figure 2 shows the normalized amplitude
of the spin-wave interference pattern as a function of the rela-
tive normalized phase between the two inputs φ for an excitation
frequency of 2.72 GHz at an externally applied field of 28 mT. The
amplitude was obtained by averaging the amplitude of the Fourier
transform corresponding to the base frequency in the area adjacent
to the second microstrip. The insets show the recorded spin-wave
patterns corresponding to the data points in the graph, for which
a wavelength of 2.6 μm is observed. Owing to the experimental
technique used, both amplitude and phase information were
obtained in one measurement, revealing the underlying mechanism
of spin-wave interference in a clear manner. The individual spin
waves excited at the two microstrips interfere, depending on their
relative phase, either constructively or destructively, resulting in the
observed interference pattern. A closer look on the inset at φ = 0
reveals that backward volume spin waves are also excited in the YIG
layer, recognizable by the faint diagonal stripes. However, due to
their relatively small amplitude, they do not affect the functionality
of the adder device. These backward volume type spin waves pre-
sumably arise from small inhomogeneities in the microstrips or the
film itself and have been observed in several other TR-STXM exper-
iments simultaneously with Damon–Eshbach waves in different
materials.39,46

The Damon–Eshbach type spin waves here are expected to be
of sinusoidal form, and we are operating the analog adder device in
the linear regime, where interfering spin waves can be described by
their linear superposition. The amplitude of the resulting spin wave,
traveling along the x-direction, at one moment in time, can therefore
be described by

sin(kx) + sin(kx + φ) = 2 cos(φ
2
) ⋅ sin(kx + φ

2
). (1)
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The fit function shown in Fig. 2 is of the form a ⋅ cos( φ
2 ) + b to fit the

amplitude of the resulting spin wave as a function of relative phase.
Different path lengths in the electrical setup, as well as the fact that
the spin waves from the upper microstrip have to traverse the dis-
tance between the microstrips, introduce a phase shift that needs to
be compensated for. This was carried out experimentally by contin-
uously varying the phase shift in order to minimize the spin-wave
amplitude (complete destructive interference) and defining this to
be φ = π. All phases are then given in terms of the relative nor-
malized phase with respect to this value. In addition, the excitation
amplitudes were chosen so that complete destructive interference
would occur, accounting for different resistances and also the atten-
uation of the spin waves from the top microstrip on their way to the
lower microstrip. Once the phase for destructive interference was
determined, spin-wave movies were recorded for different phases in
steps of π/4, showing everything from complete destructive interfer-
ence (φ = ±π) to complete constructive interference (φ = 0), with
their amplitude following the behavior established by Eq. (1). Only
the data point at complete destructive interference shows a slight
deviation from the expected trend, as some signal still remains.
However, this is an artifact originating from the FFT analysis for
signals with a poor signal-to-noise ratio, which can also be seen in
the corresponding inset. The snapshots also reveal that the spin-
wave amplitude between the two microstrips is independent of φ due
to the asymmetric excitation of spin waves in the Damon–Eshbach
geometry. Between the microstrips, we only observe the spin wave
originating from the top. When it reaches the lower microstrip, it
interferes with the spin wave that is excited there. Owing to the
insulating properties of YIG, crosstalk between the microstrips is
reduced compared to a conductive magnetic thin film. For electri-
cal readout, a third microstrip can be placed at a distance from the
first two microstrips.34

Knowing the phase that is needed for constructive interfer-
ence, it is now possible to verify the functionality of the device as a
magnonic analog adder. So far, the spin waves at the two microstrips
were excited with the same amplitude. Now, in order to show the
addition capabilities of the device, the phase is set to φ = 0, leading to
constructive interference. The input signal amplitudes U1 and U2 of
the two microstrip excitation signals are then varied while recording
the spin-wave interference pattern.

Figure 3(a) shows the normalized spin-wave amplitude land-
scape as a function of the two signal amplitudes for an exci-
tation frequency of 3.07 GHz and an external field of 28 mT.
As a first step, the procedure for determining the phase in which
constructive interference occurs was repeated for this new fre-
quency. The amplitude of the excitation signals U1 and U2 is given
in terms of the voltage amplitude of the signal that was sent to the
microstrips, as measured by an oscilloscope using a directional cou-
pler right before the sample. The continuous landscape was obtained
by linear interpolation between the data points.

This was also used to add equiamplitude lines at the mean value
of the data points that should yield the same result for a working
adder device, namely, data points, for which the sum of U1 and U2
is equal.

It can be seen that the individual data points align almost
perfectly with the equiamplitude lines, illustrating the commuta-
tive property (a + b = b + a), as well as the general functionality
(1 + 5 = 2 + 4 = 3 + 3), of the addition operation in the analog adder

FIG. 3. Constructive interference of two spin waves excited at 3.07 GHz with
an external field of 28 mT. (a) Landscape of the normalized amplitude A of the
spin-wave interference pattern as a function of the excitation amplitude at the two
microstrips U1 and U2. Experimental data points are marked by diamonds, and
equiamplitude lines are marked by dashes; the color gradient from linear interpo-
lation is a guide to the naked eye. (b) Normalized amplitude as a function of the
sum of the two excitation signals U1 + U2. Experimental data (colored diamonds)
with a linear fit (line). The insets show examples of the recorded spin-wave movies
from which the amplitude was obtained, with the color indicating the normalized
out-of-plane magnetization mz.

device. Again, each data point in the landscape corresponds to a
spin-wave movie, where the amplitude was obtained by averaging
the FFT amplitude corresponding to the base excitation frequency
in the area below the second microstrip.

The device is operating in the linear regime, which means that
the normalized amplitude is proportional to the sum of the two
excitation signals U1 +U2, as can be seen in Fig. 3(b). It also means
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FIG. 4. Overview of the frequency-division multiplexing capabilities of the magnonic analog adder device. Each microstrip is excited with a signal consisting of a 2.72 GHz
(black) and a 3.07 GHz (orange) component. From the recorded TR-STXM movies, the two components could be retrieved using a fast Fourier transformation (orange and
black arrows). This is done for (a) full constructive interference, (b) full destructive interference, (c) constructive 2.72 GHz and destructive 3.07 GHz, and (d) destructive
2.72 GHz and constructive 3.07 GHz. The color indicates the normalized out-of-plane magnetization mz.

that doubling the input will result in twice the spin-wave signal, an
important property of an analog adder. Similar to the case of com-
plete destructive interference in Fig. 2, it is once again visible that for
very low amplitudes, the FFT evaluation yields a value >0; however,
the linear behavior is restored at higher amplitudes, as shown by the
linear fit for the range between 20 and 100 mV. For each value on
the x-axis, all data points corresponding to that sum are plotted on
top of each other. It is found that they align within an error mar-
gin of 2%, which can be further reduced using an electrical setup,
which should be the ultimate goal in order to enable compatibility
with other electrical circuits.

The insets in Fig. 3(b) again show TR-STXM measurements
over a 2.5 × 12.5 μm2 area corresponding to the individual data
points, measured at an external field of 28 mT. The steady increase
in the spin-wave amplitude is clearly visible, and it is also evident
that the wavelength has changed compared to the measurements at
2.72 GHz seen in Fig. 2. The wavelength is observed to be 1.1 μm,
and the reduction compared to the previous measurements is in
accordance with the dispersion relation of a magnetic thin film with
in-plane magnetization.44

In order to demonstrate the feasibility of frequency-division
multiplexing, the two microstrips were each excited with a superpo-
sition of two frequencies, namely, 2.72 and 3.07 GHz. In the linear
regime, this excitation mode will result in the superposition of two
spin waves propagating from each of the two microstrips. This was
done for different phase shifts between the two components to cover
all four possible cases of constructive and destructive interference
for the two frequencies.

These four combinations are shown in Figs. 4(a)–4(d), with
the spin-wave patterns presented alongside a sketch that shows the
individual components. On the left side, the recorded spin-wave
patterns are shown, and by applying the FFT evaluation proce-
dure, it is possible to break down this signal into its frequency

components (indicated by the arrows), namely, 2.72 GHz (black
arrow, bottom) and 3.07 GHz (orange arrow, top). A version with
the complete spin-wave movie can be found in the supplemen-
tary material. In Fig. 4(a), both frequency components interfere
constructively, resulting in a rather complicated spin-wave pattern,
which, when disentangled, yields the fundamental waves. Figure 4(b)
shows the case where both components interfere destructively, and,
apart from the area between the two microstrips, there’s no spin-
wave signal. The sketch of the spin waves illustrates the phase
shift of π between the waves coming from the left and the right
microstrip, resulting in the destructive interference for both com-
ponents. In Fig. 4(c), the short wavelength 3.07 GHz component
interferes destructively due to the phase shift of π, and the long
wavelength 2.72 GHz component interferes constructively. Finally,
in Fig. 4(d), the opposite case is shown.

It is important to keep in mind that in all four cases, a signal
with both frequency components is used to excite the microstrips; it
is only via destructive interference that one of the components is not
visible in the resulting spin-wave pattern. This nicely demonstrates
that it is possible to control the interference of each component
individually, while also being able to distinguish between the two
frequency components, which is also possible in an electrical setup
as long as the measurement is phase sensitive or has some other
means of demultiplexing. The device, therefore, is demonstrated to
be capable of frequency-division multiplexing in the linear regime,
a crucial feature when it comes to computational efficiency and
performance.

IV. CONCLUSIONS
The experimental realization of a magnonic analog adder based

on spin-wave interference was demonstrated. In an insulating,
magnetic YIG thin film, spin waves were excited by means of an RF
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signal that was transmitted through two conductive microstrips. The
spin-wave interference was quantitatively analyzed as a function of
the relative phase between the two input signals using TR-STXM.
Different interference patterns, ranging from complete construc-
tive to complete destructive interference, were observed, and their
amplitudes were compared to theoretical predictions. Addition
was demonstrated by quantitative analysis of the amplitude of the
spin-wave pattern in the case of constructive interference as a
function of excitation signal amplitude, showing excellent linear
behavior, as well as the commutative property. By varying the rel-
ative phase by π, the presented device is easily reconfigurable to
perform analog subtraction. The chosen measurement method also
allowed for direct validation of the frequency-division multiplex-
ing capabilities of the device, with the possibility to break down the
measured interference pattern into its frequency components.

Overall, this shows that the concept of a magnon-based ana-
log adder is indeed feasible, representing an important step toward
analog computing using spin waves.

SUPPLEMENTARY MATERIAL

The supplementary material contains animated movies of the
experimental data. This includes a 3D rendition of a single spin wave
propagating through the YIG film, an animated version of Fig. 4, and
videos of two spin waves interfering constructively and destructively
at 2.72 and 3.07 GHz, respectively.
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