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Imaging magnonic frequency multiplication in nanostructured antidot lattices
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Frequency multiplication is an essential part of electronics and optics which led to numerous indispensable ap-
plications. In this paper, we utilize a combination of scanning transmission x-ray microscopy and micromagnetic
simulations to directly image magnonic frequency multiplication by means of dynamic real-space magnetization
measurements. We experimentally demonstrate frequency multiplication up to the seventh order, which enables
the generation of nanoscale spin waves at 6 GHz with excitation frequencies of less than 1 GHz. Good agreement
between the experiment and micromagnetic simulations allows us to build a micromagnetic model capable of
predicting conversion efficiencies and multiplexing capabilities of the system. Furthermore, simulations reveal
that more than two rows of antidots do not increase the conversion efficiency substantially. By enabling magnonic
multiplexing with low input frequencies while not exceeding the size of a few microns, the device will lead to
numerous applications, further advancing the capabilities of magnonic data transmission.
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I. INTRODUCTION

Frequency multiplication is a well-known nonlinear phe-
nomenon widely applied in electronics [1–6] and optics
[7–12] as well as spintronics [13–19]. Although the output
efficiency depends on the frequency, the chosen approach, and
additional technological limitations, frequency multiplication
has proven to be a powerful approach for the generation of
high-frequency electromagnetic radiation for a wide range of
applications.

The precession of magnetic moments around their equi-
librium point can be described by bosonic quasiparticles
known as magnons or spin waves. Magnons [20–22] are
inherently tied to nonlinear effects due to the nonlinear
dynamics of the underlying Landau-Lifshitz-Gilbert equa-
tion [23,24]. This manifests in effects such as spontaneous
second-harmonic generation [14], general frequency doubling
or tripling [15–17], and many-magnon scattering [25–31]. Al-
though nonlinear magnonic effects are complex and difficult
to utilize, some of the most promising magnonic devices for
applications critically depend on them [32,33].

What makes frequency multiplying of spin waves partic-
ularly interesting is the fact that the direct excitation with
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a microstrip antenna [34,35] is accompanied by wavelength
limits determined by the applied frequency and the spatial
features of the sample, and therefore, the spatial resolution
of the structuring process [36–49]. However, if the magnetic
structure itself generates higher harmonic frequencies, the
limits given by sample fabrication and excitation frequency
are softened. First steps in this direction have already been
taken [14] by demonstrating that magnonic frequency multi-
plication allows excitation of types of spin waves that would
otherwise not exist in the system, even when driven at multi-
ples of the input frequency.

It has been proposed that a wide range of magnetic tex-
tures are able to take advantage of nonlinear processes by
acting as frequency multipliers [19]. This method allows fre-
quency multiplication to be performed over a large range of
input frequencies and powers. However, the effect is based
on eigenfrequencies of the corresponding quasiparticle and
therefore does not allow arbitrary frequencies. Very recent ex-
perimental work has shown that the generation of harmonics
up to the 60th order is possible when depositing magnetic
thin films on top of a coplanar waveguide [50], however,
only for low external bias fields of up to 2 mT. Thereby, the
authors were able to excite spin waves with wavelengths in the
single micron range with frequencies of only a few hundred
MHz.

In this paper, we use higher harmonic generation to cre-
ate spin waves in nanostructured antidot lattice thin films.
With excitation frequencies of less than 1 GHz we are able
to excite spin waves of 300 nm wavelength being arguably
close to the exchange threshold. By means of time-resolved
scanning transmission x-ray microscopy (TR-STXM), we can
directly image magnetization dynamics in real space and
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FIG. 1. Sketch of the 50 nm permalloy (gray) antidot sample
deposited on an x-ray transparent Si3N4 membrane (yellow). Spin
waves are excited by an rf current in a 2-μm-wide microstrip an-
tenna. An external field is applied parallel to the antenna to saturate
the sample.

time domain. Complementing our findings with simulations
allows us to discuss the order-dependent spin-wave amplitude
for which we find frequency-dependent excitation thresholds.
Varying the geometry in simulations, we find that the fre-
quency multiplication efficiency which critically depends on
the magnetic structure. Nevertheless, structures as small as a
few micrometers in diameter already lead to very high conver-
sion efficiencies for higher harmonics.

II. METHODS

STXM measurements were performed on a 50-nm-thick
Fe20Ni80 (permalloy/Py) thin film, deposited by magnetron
sputtering at a base pressure lower than 5 × 10−9 mbar. For
oxidation protection, additional 5 nm Al were added on top
of the Py in the same sputtering process. As an x-ray trans-
parent substrate, a Si3N4 membrane sample chip was used.
To generate a highly inhomogeneous magnetic film, necessary
for higher harmonic generation, antidots with a hole diameter
d = 450 nm and a center to center distance a = 900 nm were
structured over the entire thin film area by electron beam
lithography. A more detailed STXM picture of the antidots
can be found elsewhere [51]. To electrically insulate the an-
tenna from the magnetic film, additional 10 nm of Al2O3 were
added via atomic layer deposition. For spin wave excitation, a
2-μm-wide radio frequency (rf) microstrip antenna consisting
of Cr(10 nm)/Cu(150 nm)/Al(5 nm) was structured on top of
the magnetic film via a combination of optical and electron
beam lithography and deposited using physical vapor deposi-
tion. The sample geometry is illustrated in Fig. 1.

Micromagnetic simulations were performed using the
MUMAX3 simulation package [52]. As in the experiment, spin
waves were excited by a locally oscillating magnetic field
applied perpendicular to the static external field. The damping
coefficient was set to α = 6.7 × 10−3, while the exchange
constant and the saturation magnetization were fixed at
Aex = 13 × 10−12 J/m and Ms = 6 × 105 A/m, respectively.
The values were chosen to match simulations and experimen-
tal results qualitatively. Although the saturation magnetization
is quite low for permalloy (in bulk usually 6.4 × 105 A/m),
we previously found good agreement for theoretical and
experimental results using a reduced magnetization

[36,53,54]. The simulations were performed with a cell
size of approximately 7 nm × 7 nm × 25 nm and a fixed time
step of 0.15 ps. To simulate a continuous thin film, periodic
boundary conditions were used.

TR-STXM experiments were conducted at the BESSY II
synchrotron radiation facility. The MAXYMUS end station
at the UE46-PGM2 beamline allows for high-temporal as
well as spatial resolutions down to 50 ps and 20 nm. Four
rotatable permanent magnets allow for the generation of an
external magnetic field of up to 240 mT [55]. Samples were
illuminated under perpendicular incidence of circularly po-
larized x-ray light, whose energy was set to the maximum
of the Fe L3 edge to achieve optimal x-ray magnetic circu-
lar dichroism (XMCD) contrast for imaging [56]. A double
lock-in technique allows for time-resolved XMCD contrast
at any arbitrary rf frequency and the pixelwise acquisition
of spin-wave movies in real space and time domain. A fast
Fourier transformation (FFT) is utilized for frequency filter-
ing and analysis in reciprocal as well as frequency space.
For additional information on spin-wave measurements and
evaluation with TR-STXM, the reader is referred elsewhere
[36,48,51,53,54,57–62].

III. RESULTS AND DISCUSSION

A. Imaging magnonic frequency multiplication

To experimentally investigate higher spin wave harmonics,
we utilized an antidot sample and evaluated its frequency
multiplier capabilities. A schematic of the sample can be
seen in Fig. 1. Spin waves were excited with a continuous
rf excitation at a base frequency of fbase = 0.93 GHz and
an external field of Bext = 20 mT. All frequency components
presented throughout the paper are obtained from a temporal
FFT of the dynamic magnetization to the 0.93 GHz excitation
and therefore display the response of spin waves at higher
harmonic frequencies.

A real-space illustration of the magnetization dynamics
obtained from STXM is displayed in Figs. 2(a)–2(f). The spin-
wave amplitude is encoded in color saturation while the phase
is displayed as hue. The position of the microstrip antenna is
indicated by a white overlay.

The frequency response of the system at higher harmonics
is very different to the response at fbase = 0.93 GHz. While
the base frequency in Fig. 2(a) mainly excites the channel
mode plus some oscillations near the antidot edges, it changes
to a pattern with multiple nodes across the channel for higher
frequencies, as marked by the arrows in Fig. 2(e). Although
the signal-to-noise ratio decreases with higher harmonics, a
signal can be picked up for frequencies of up to 5.61 GHz,
corresponding to a sixfold increase in frequency.

Figures 2(g)–2(l) displays simulations of the system at the
same excitation frequency of fbase = 0.93 GHz, however, at
a magnetic field of Bext = 30 mT. This discrepancy is caused
by the calibration of the external magnetic field in the experi-
ment, which is generated by four rotatable permanent magnets
[51]. Nevertheless, the simulations fit the experiments well,
which allows us to obtain a more thorough understanding of
the system by utilizing the micromagnetic model.
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FIG. 2. Comparison of the experimentally measured and simulated magnetization dynamics at a base excitation frequency of 0.93 GHz.
Spin-wave amplitude is encoded in color saturation while the phase is displayed as hue. The position of the microstrip antenna is indicated by a
light white overlay: (a)–(f) Results obtained from a temporal FFT of the experimental data. Higher harmonics of the base frequency displayed
in (a) are illustrated in (b)–(f). (g)–(l) Simulated results with the same base excitation frequency again obtained from a temporal FFT. White
lines and annotations highlight the similarities between the experiment and the simulation, such as standing wave patterns and the general
shape of the spin waves.

The simulated base frequency response is displayed in
Fig. 2(g) while the higher harmonics are displayed in
Figs. 2(h)–2(l). As displayed in the comparison between sim-
ulation and experiment, the simulation resembles the results

measured in the experiment reasonably well. The base fre-
quency excites spin waves mainly traveling down the channel
whereas higher frequencies start to excite transversal standing
spin waves between the individual antidots. The similarity is
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indicated by dashed white lines and valid up to high frequen-
cies [cf. Figs. 2(e) and 2(k)] for which the same red-green-red
pattern can be observed in the experiment as well as the sim-
ulations. In the experiment, as well as in the simulations, it is
visible that due to the influence of the antenna, the spin-wave
amplitude (color saturation) is highest directly underneath it.
For frequencies above 5 GHz, the signal-to-noise ratio in the
experiment decreases due to the temporal resolution provided
by the synchrotron.

To show that frequency multiplication is not restricted just
to 0.93 GHz, the Supplemental Material [63] also includes
experimental examples for base frequencies of 1.41 GHz and
1.87 GHz. Additionally, by comparing Fig. 2(b) and Fig. Sup.
1(g) from the Supplemental Material, it is visible that although
oscillating at the same frequency (1.87 GHz), the spin wave
excited by frequency multiplication can look very different
from a spin wave excited directly. Similar effects have been
observed previously [14]. Therefore, we conclude that the
excited higher harmonic modes do not correspond to the con-
ventional eigenmodes of the system. Hence, using frequency
multiplication, additional modes can be excited within the
antidot lattice which would otherwise not exist in the system.

While the generation of short spin waves is usually accom-
panied by some kind of rf excitation at high frequencies, the
presented results display the possibility to instead exploit the
nonlinearity of the underlying differential equation. Usually,
spin waves excited at around 1 GHz exhibit wavelengths in the
micron range. However, analyzing Fig. 2(e) in Fourier space
reveals that frequency multiplication allows us to generate
spin waves with wavelengths of approximately 300 nm at just
0.93 GHz.

The generation of higher harmonic spin-wave modes can
be qualitatively understood by analyzing the projection of
the magnetization vector along each component, assuming its
magnitude equals the saturation magnetization MS [14,17,64]:

M2
x + M2

y + M2
z = M2

S . (1)

Assuming an external magnetic field along the x axis, for
an elliptical precession of frequency ω and magnitudes my and
mz along the y axis and z axis, respectively, the projection of
M along the x direction has the general form of

M2
x = M2

S − 1
2

[(
m2

y − m2
z

)
cos(2ωt ) + m2

z + m2
y

]
. (2)

In the case of elliptical precessions, where m2
y − m2

z �= 0,
the Mx component oscillates with twice the excitation fre-
quency. For a circular precession with my = mz = myz, the
equation can be simplified to

M2
x = M2

S − m2
yz, (3)

which compared to Eq. (2) does not have a time de-
pendency anymore. For magnetic thin films, the difference
of in-plane and out-of-plane anisotropy causes the spins to
perform elliptical instead of circular precession [16], which
in turn allows for multiples of the base frequency to occur.
However, not every thin film experiences frequency multi-
plication as efficient as presented here. In addition to the
elliptical precession, the antidots generate a highly inhomo-
geneous magnetization. Due to the tilt of the magnetization at
the edges of each antidot [51], the time-dependent oscillation

FIG. 3. Experimental and simulated frequency multiplication
(spin wave amplitude over frequency) for a base frequency of fbase =
0.93 GHz: Experimental results are displayed as scatter plot, sim-
ulated results as line plot. The values for the base frequency are
normalized to 1 for the experimental and the simulated data set. For
high frequencies, the experimental spin-wave amplitude is reduced
due to the temporal limitation of the synchrotron setup. Error bars are
estimated by subtracting a slightly smoothed version of the amplitude
from its original counterpart, resulting in a noise residuum. The
residuum is subsequently used to estimate the noise floor of the
measurement. The color code denotes the frequency and will be used
throughout the paper.

in Eq. (2) now has components which are not parallel to the
magnetization, therefore exerting a torque and rendering the
excitation of higher harmonics much more efficient.

While the presented images of the magnetization dynam-
ics provide an illustrative possibility to qualitatively compare
experimental and simulated results, a quantitative comparison
in the frequency domain is needed to determine the efficiency
of the frequency multiplication. We evaluated the mean spin-
wave amplitude of simulated and experimental results for
frequencies of up to 6.54 GHz and normalized both data sets
with respect to the base frequency fbase = 0.93 GHz.

A comparison between experimental and simulated results
is displayed in Fig. 3. As displayed, the system converts some
of its energy to higher harmonics (2 fbase, 3 fbase, 4 fbase, ...),
while the simulations show that the amplitude almost van-
ishes between multiples of the base frequency. The relative
values of each frequency can be regarded as the conversion
efficiency belonging to a certain harmonic. No energy being
dissipated to intermediate frequencies renders the frequency
multiplication much more efficient, and therefore also ex-
tremely effective for high frequencies.

Experimental and simulated results are in good agreement
up to frequencies of about 5 GHz, which is when the experi-
mental spin-wave amplitude starts to decrease. This is caused
by the same restrictions that also lower the signal-to-noise
ratio in Fig. 2(f). The synchrotron’s temporal resolution, given
by the electron bunch length and stability, is not sufficient
anymore to fully resolve the spin wave frequency, causing
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the observed spin wave amplitude to be reduced at high
frequencies.

It can be seen that some frequencies (2 fbase = 1.87 GHz)
are less populated than the subsequent harmonic (3 fbase =
2.80 GHz), which is visible in the experiment as well as in
the simulation and can also be observed in real space in
Figs. 2(b), 2(c), 2(h), and 2(i). This behavior can be explained
by the shape of the spin wave, which can either oscillate
over the entire width of the channel [Figs. 2(c) and 2(i)] or
form nodes [Figs. 2(b) and 2(h)]. This results in an overall
lower average amplitude, but provides higher amplitudes at
the actual oscillation points. Overall, we observe conversion
rates of 12.4%–33.3%) for frequencies up to 6.54 GHz in the
experiment. These rates are in good agreement with previ-
ously reported conversion efficiencies for higher harmonics
in permalloy [50].

B. Excitation field dependency

Frequency multiplication and nonlinear effects, in general,
critically depend on the amount of driving power provided
to the system. Raising the driving power increases the spin
precession angle, and hence increases the deviation of the dif-
ferential equation from its linear approximation. We therefore
investigated the dependency of higher harmonic amplitudes
on the oscillating excitation field applied in the simulation.
This dependency is depicted in Fig. 4(a). Since the system
only shows a magnonic response at the base frequency and
at higher harmonics anyway, the frequencies with amplitudes
close to zero are omitted in this illustration and only multiples
of the base frequency are plotted.

From the partially linear slope of each curve in a double
logarithmic plot, we can conclude that the spin-wave ampli-
tude A follows a power law of the form

A ∼ BI
max, (4)

within regime 1 and regime 2, where Bmax and I corre-
sponds to the amplitude of the excitation field and the growth
exponent, respectively.

As can be seen in Fig. 4(a), all higher harmonics experience
low spin-wave amplitudes at low excitation fields. However,
lower harmonics have a lower excitation threshold, which
needs to be overcome before the amplitude starts rising. To
quantify this, we used a constant fit for the baseline amplitude
and a linear fit for the initial slope of the curve as indicated by
the horizontal dashed line and the line labeled as regime 1. The
excitation field at which the two lines cross is a measure for
the excitation threshold. The excitation threshold as function
of harmonic frequency can be seen in Fig. 4(b). The initial
data point is omitted since there is no excitation threshold for
the base frequency which excited magnons over the entire ex-
citation range. As displayed, the excitation threshold increases
with increasing frequency, which shows that additional power
is needed to effectively excite higher harmonics.

While the excitation threshold increases for higher har-
monics, it can be seen in Fig. 4(a) that the amplitude tends
to increase faster at higher frequencies. The initial growth
exponent of the spin-wave amplitude can be extracted from
the linear fit labeled regime 1 in Fig. 4(a). The slope of the
linear fit in a double logarithmic plot equals the magnitude of

FIG. 4. Simulated excitation field dependency of the frequency
multiplication at a base frequency of fbase = 0.93 GHz. The color
code indicates frequency: (a) Spin-wave amplitude as a function of
excitation field for the base frequency and harmonics up to 6.54 GHz.
(b) Threshold of the excitation field at which the spin-wave ampli-
tude starts to increase. (c) Amplitude growth exponent as function
of frequency, which indicates how fast the spin wave amplitude
increases once the threshold is reached. The exponent is extracted
from the fit indicated by the dashed line labeled as regime 1 in
Fig. 4(a). Lower harmonics have a second regime at high excitation
powers. Error bars are extracted from the 95 % confidence intervals
of the fits displayed in (a).

the exponent I and therefore the amplitude scaling as func-
tion of frequency. The amplitude growth exponents extracted
from the fits are plotted as squares in Fig. 4(c). Expanding
on previous works reporting on the growth exponent of the
second [15,17] and third [15] harmonic, our findings for the
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second-harmonic exponent (I2 = 1.83) are in good agreement
with previous experiments (I2 = 2) [15]. However, other ex-
periments also report on exponents as high as I2 = 2.8 for
the second harmonic [17]. We assume that the exponent criti-
cally depends on the sample geometry and the predominant
frequency multiplying mechanism. While we can report an
almost linear increase in amplitude for the base frequency
(I1 = 0.99), we also find that in this particular system the
growth exponent for higher harmonics does not directly scale
with the corresponding harmonic as suggested in Ref. [15],
which leads to an exponent of only I7 = 3.38 for the seventh
harmonic. The combination of excitation threshold as well as
growth exponent demonstrates that higher harmonics tend to
be generated at higher excitation fields, however, their ampli-
tude increases faster than the amplitude of lower frequencies.

Lower harmonics tend to form a second growth regime at
higher excitation powers, for which the growth exponent is
slightly lower than for the first regime. We assume that this
second growth regime is a consequence of higher harmonics
forming in the system. The higher harmonics tend to absorb
more power at higher excitation fields, leading to a relative
reduction of the power available to the fundamental mode and
lower harmonics. The second regime is included in Fig. 4(c)
and indicated by triangles. It can be seen that the sixth and
seventh harmonics do not experience such a reduction in the
amplitude growth exponent, further supporting the hypothesis
that the amplitude loss is caused by even higher harmonics
which are not as dominant after the seventh harmonic.

C. Geometry optimization

As already indicated by the results presented in Fig. 4, the
conversion efficiency into spin waves of higher frequencies
strongly depends on the geometry that the spin waves are ex-
cited in. The insets in Fig. 5 display the simulated geometries,
which consist of an increasing number of antidot rows excited
by the same rf field. The main diagram of Fig. 5 displays
the spin-wave amplitude normalized with respect to the base
frequency fbase = 0.93 GHz.

It is clearly visible that the relative spin wave conversion
efficiency drastically depends on the geometry used for the
conversion. The system without any antidots (purple graph)
does not experience any higher harmonic generation, prov-
ing that some kind of magnetic perturbation and therefore a
magnetization gradient is needed for the efficient generation
of higher harmonics. Hence, an unstructured continuous mag-
netic thin film cannot be utilized to efficiently excite higher
harmonic frequencies.

However, exciting a structure consisting of just one row of
antidots already drastically increases the conversion efficiency
as displayed by the dark green graph. Although the conversion
efficiency of the second harmonic is already at about 24.1 %
for a single row of antidot lattices, it can be further increased
by adding a second row, as displayed by the light green
graph. While this only increases the amplitude of the second
harmonic (1.87 GHz) by a factor of 1.15, the impact is more
visible for harmonics above the second one. For example,
the amplitude of the third (2.80 GHz) and seventh (6.54 GHz)
harmonic increases by a factor of 2.4 and 3.3, respectively.

FIG. 5. Simulated conversion efficiencies of higher harmonic
spin waves for three different geometries: All results are normalized
with respect to the base excitation frequency of fbase = 0.93 GHz.
The three insets display the geometries of the different cases which
are no antidots (purple), one row of antidots (dark green), and a
double row of antidots (light green).

In the simulations, we find that adding more than two rows
of antidots does not increase the conversion efficiency signifi-
cantly. It turns out that using just two rows is enough to reach
the full potential of the system for most of the harmonics.
Adding additional rows changes the efficiency for some fre-
quencies in the lower percentile range but the gain is nowhere
near as much as when adding the first or second row. However,
this has the advantage that potential implementations in thin
films, where rows of antidots act as frequency multipliers, do
not require much space for frequency conversion. Two rows in
the range of 1 μm to 2 μm are sufficient, which leaves plenty
of space for other magnonic operating elements.

IV. CONCLUSION

Frequency multiplication has proven to be a powerful tool
for various technical applications in different fields of physics
and engineering. In this paper, we presented experimental
real-space images of magnonic frequency multiplication by
utilizing nanostructured antidot lattice. The structure is able
to serve as a frequency multiplier, allowing us to measure a
magnonic response of the system at frequencies up to seven
times the base excitation frequency. This creates opportunities
for the generation of short-wavelength spin waves with low
excitation frequencies, the excitation of multiple frequencies
with just one base frequency for multiplexing purposes, and
higher data transmission rates for spin-wave transmitters.

Scanning transmission x-ray microscopy has been utilized
to experimentally verify the frequency-multiplying capabili-
ties of the structure. By comparing experimental real-space
images to micromagnetic simulations, we find reasonable
agreement not only for the generated spin-wave patterns
at higher harmonics but also for the quantitative spin-wave
amplitudes at multiplying frequencies as high as 6.54 GHz.
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The frequency multiplying capabilities allow us to excite
nanoscale spin waves with approximately 300 nm wavelength
at excitation frequencies as low as 0.93 GHz, measured by
Fourier analysis. High conversion efficiencies between 12.4%
and 33.3% in the experiment allow for efficient multiplex-
ing capabilities. These results pave the way for nanoscaled
magnonic devices operating at low and accessible input fre-
quencies.

Moreover, the agreement of the micromagnetic model
and the experiment allows us to draw additional conclusions
which cannot be drawn from the experimental data alone, such
as the spin-wave amplitude as a function of the excitation field
strength. We find that each of the harmonic frequencies has
an increasing excitation threshold, which needs to be over-
come to excite the corresponding harmonic. As soon as this
threshold is reached, the amplitude starts to rise with a char-
acteristic amplitude growth exponent, which also increases
with frequency. While the growth exponent of the correspond-
ing harmonic tends to slightly decrease at higher excitation
amplitudes, the growth exponent also increases for higher
orders. Therefore, the amplitude of higher order harmonics
only starts to rise above noise level at higher excitation fields,
but increases more rapidly after that. We find growth expo-
nents between I1 = 0.99 (almost linear growth) and I7 = 3.38
(exponential growth).

The micromagnetic model has also been used to predict
conversion efficiencies of magnonic devices. Studying the

dependency of the spin-wave amplitude on the geometric pa-
rameters of the lattice, we find that the frequency-multiplying
efficiency has a complex relation to the antidot lattice pa-
rameters. While one row of antidots already allows for high
efficiency, higher harmonic generation is maximized for a
total of two antidot rows. Additional rows hardly increase the
conversion efficiency. Thus, the system allows for maximum
efficiency without exceeding the size of a few micrometers.
This will prove to be useful not only for the excitation of
small-wavelength spin waves with low frequencies but also
as a generation source for magnonic multiplexing applica-
tions. The presented results create room for additional studies
about higher harmonic spin wave generation, geometric con-
trol affecting the conversion efficiency, and magnonic data
transmission by multiplexing.
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