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The rising research field of magnonics, which is named after
the quanta of spin waves, represents a potential candidate for
substituting electronic devices as information carriers at the
nanoscale.[1–5] Nevertheless, data communication does not rep-
resent the only prospective route for magnonics. High-frequency
radar systems get increasingly important, e.g., for autonomous
driving. This requires very accurate and fast position tracking
as well as communication with surrounding vehicles.[6]

However, complex electronic building blocks for radar

transceivers are vulnerable for nonlinear-
ities at high frequencies and, thus, cause
serious problems regarding reliable detec-
tion and communication.[6–9] With respect
to higher stability, higher data throughput,
and faster logic operations at frequencies
above 10 GHz, magnonic circuits represent
a very promising approach, which allows for
substituting several electronic elements in
current radar systems.[10]

Radar sensors typically require a larger
signal bandwidth than communication sig-
nals. Thus, high performance in both radar
and communication applications requires
fine-tuning of signals and advanced band-
width concepts. Therefore, single- and
multi-carrier waveforms between 20 and
30 GHz are very promising for increasing
transmission rates and combining commu-

nication and sensing.[6] To this end, magnonic waveguides show
outstanding characteristics for reliable multimode propaga-
tion,[11–14] which could define the backbone of magnonic build-
ing blocks in prospective radar applications.[3,15]

In this work, we demonstrate the spatially and temporally
resolved observation of spin wave excitation and propagation
in suchmagnonic cobalt-iron (CoFe) waveguides at the nanoscale
by time-resolved scanning transmission X-ray microscopy
(STXM). The large saturation magnetization of CoFe results
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Not only in fundamental wave physics but also in technical areas such as radar
and communication systems, high-frequency magnonics is increasingly attracting
attention. Here, time-resolved scanning transmission X-ray microscopy is used to
directly image high-frequency spin wave propagation in cobalt-iron waveguides at
excitation frequencies above 10 GHz. In addition, an excitation technique is
presented, which allows for versatile pump–probe experiments with radio fre-
quency currents up to 30 GHz. With this approach, a global sinusoidal magnetic
field excitation is applied to induce spin waves from the waveguide edges.
Amplitude, relative phase, and k-space information as a function of excitation
frequencies and static external fields are observed, matching the theoretical
predictions for confined waveguide structures. In doing so, the foundation for
high-frequency multimode spin wave excitation and propagation at the nanoscale
is laid, which can be a prospective path in radar and communication systems.
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in a shift to higher resonance frequencies compared with other
conventional materials, for example, permalloy (FeNi). For spin
wave excitation, a global sinusoidal radio frequency (RF) current
is generated by an arbitrary waveform generator. The resulting
RF magnetic field leads to the emission of magnons from the
waveguide edges.[16,17] The spatial confinement of the width of
the waveguide leads to lateral standing spin waves, resulting
in the emergence of higher order propagating modes.[18,19]

Furthermore, both symmetric and antisymmetric spin wave
mode excitations in magnonic waveguides were already shown
experimentally, which can also be observed in this study at higher
frequencies.[11,12] Here, we extend the long axis of the magnonic
waveguide to avoid standing spin wave patterns, and thus, we are
able to show spin wave emission only from a single edge into the
waveguide. Thereby, we also demonstrate STXM imaging at the
higher frequencies up to 20.5 GHz. These simultaneously
excited higher order modes perfectly fit the theoretical predic-
tions as a function of static external magnetic field Bext and con-
tinuous wave (CW) RF. The ultimate capabilities of time-resolved
STXM with magnetic X-ray circular dichroism (XMCD) contrast
provide the necessary spatial (<20 nm) and temporal (8 ps) reso-
lution with relative phase, amplitude, and k-space informa-
tion.[20–24] The combination of time-resolved STXM and the
proposed sample material and geometry permits the direct imag-
ing of high-frequency multimode spin wave excitation and prop-
agation above 10 GHz. The stability and reliability of the
demonstrated magnonic waveguides could lay the foundation
for future radar and communication systems.

Sample Design: The sample consists of a 45 μm long, 700 nm
wide, and 30 nm thick waveguide of Co25Fe75 on top of the signal
line of a coplanar waveguide (CPW) of copper (Cu). More details
on the CoFe fabrication can be found elsewhere.[25] Figure 1a
shows the magnonic waveguide in red and the signal line in gray.
For measurements, the right end of the waveguide is the focused
area in this work. An external field Bext can be applied in the x-
direction up to Bext ¼ �240mT. Thus, spin waves are excited in
the backward volume (BV) configuration; i.e., Bext is parallel to
the k-vector. Figure 1b shows the excitation scheme, where
the RF current IRF generates the global RF field. While Bext is
applied, the simulated relaxed magnetization configuration on
the edge is depicted in the inset revealing local variations in
the magnetization direction. The RF field can couple on these
variations to excite spin waves from the edges.[16]

Micromagnetic Simulations: Micromagnetic simulations were
performed using MuMax3[26] with the saturation magnetization
Ms ¼ 1500KAm�1, the exchange constant Aex ¼ 13 pJm�1, and
the gyromagnetic ratio γ ¼ 176 rad ns�1 T�1 to reveal the relaxed
magnetization state, as shown in Figure 1b.[27]

X-Ray Microscopy with Arbitrary Waveform RF Excitation:
STXM measurements were performed with polarized X-ray
flashes from the BESSY II synchrotron radiation facility in a
pump–probe-type experiment. These time-resolved movies were
evaluated using an FFT algorithm in time and space to gain
insights into the frequency domain and the corresponding k-
space, respectively. Further information of the evaluation process
can be found elsewhere.[24]

Beyond previous excitation schemes,[20] here, we developed an
RF excitation that relies on AWG, effectively a fast digital-to-ana-
log converter, as shown in Figure 2. To this end, the synchrotron

master clock f sync was prescaled with an Analog Devices AD9914
direct digital synthesizer to synchronize a Keysight Technologies
M8195A AWG to the pump and probe frequencies. On top of
this base frame synchronization, RF excitation signals up to
f out ≤ 30GHz were generated using a custom written
MATLAB software that ensures ultra-low jitter pump–probe
synchronization. Subsequently, the RF signal is amplified and
conducted on to the sample for spin wave excitation.

To ensure synchronization with the synchrotron source, two
basic constraints need to be met. The sampling rate f sample of the
AWG needs to match

f sample ¼
P
N

� f bunch (1)

the synchrotron clock frequency f bunch with respect to the num-
ber N of video frames to be acquired and an integer prescaling
factor P. Furthermore, the RF excitation pattern needs to consists
of S samples

S ¼ P
M

(2)

with M being an integer. Any non-integer remainder in S will
result in pump jitter and has to be avoided by appropriate choice

Figure 1. a) Illustration of the sample geometry. The magnonic CoFe
waveguide is depicted in red and the signal line of the CPW in gray.
The zoomed-in section highlights the measuring area. b) Excitation
scheme for spin wave excitation. A global sinusoidal RF field is generated
by the RF current IRF. In addition, the initial magnetization configuration is
depicted, revealing variations in the magnetization direction.
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of the other parameters. A more detailed description of the syn-
chronization process can be found elsewhere.[28]

First, we observe spin waves at a moderate CW frequency
f CW ¼ 12.5GHz, however, exceeding previous STXM
capabilities.[29] An example of such a snapshot from an STXM
movie is shown in Figure 3a with an applied field of Bext ¼ 4mT.
The dashed white lines indicate the boundaries of the CoFe wave-
guide. The grayscale represents the magnetization component
mz. From the direct magnetization snapshot, a ”zigzag”-shaped
pattern already becomes visible, which hints at multiple coexist-
ing modes. To capture relative phase and amplitude of the spin

waves in an STXM movie, we perform a pixel-wise fast Fourier
transformation (FFT) and encode these quantities in color and
brightness, respectively. This is shown for a field sweep between
Bext ¼ 0 and 16mT in Figure 3b. To further disentangle higher
order modes and to follow their field dependency, we transform
these measurements into k-space, as shown in Figure 3c. The
three dotted arrows point out an example for Bext ¼ 4mT.

From the measurements, it becomes clear that for each
frequency and field set, three different modes of the waveguide
are observed simultaneously. At 12.5 GHz and Bext ¼ 4mT,
these occur at kx ¼ 0.3, 2.0, and 3.7 μm�1 where the wave

Figure 2. Schematic illustration of the signal generation and synchronization of the probing X-ray flashes and the pumping RF current. The frequency
f sync of the electron bunches is prescaled by a direct digital synthesizer. This signal is used as an input trigger signal for an arbitrary waveform generator,
which is capable of generating signals up to f out < 30GHz. The amplified signal is led into the ultra-high vacuum (UHV) chamber of the STXM. Finally, an
exemplary measured STXM movie is evaluated by FFT algorithms revealing frequency and k-space information.

(a)

(c)

(b)

Figure 3. a) Snapshot of an STXM movie. The grayscale represents the magnetization component mz. b) Sweep of the external field from 0 to 16mT.
Phase and amplitude maps are depicted with the shown color code. c) k-vector as a function of Bext. The solid lines show the analytical theory of
n¼ 1, 2, 3. Experimental data points are indicated with corresponding error bars.
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vector k represents the inverse of the wavelength λ (1/m). To fur-
ther understand these results, they are compared with the
analytical theory of confined film structures.[18,19,30] The physical
confinement of the waveguide causes effectively pinning
boundary conditions, which is considered in these calculations.
Accordingly, the solid lines in Figure 3c indicate the fundamental
waveguide mode n¼ 1 and the two following higher order modes
n¼ 2 and 3.

The experimental data points, plotted in Figure 3c, exhibit
excellent agreement with the analytical theory. The k-vector error
kx,err ¼ �0.4 μm�1 is caused by the spatial resolution and the
peak width within the k-space image. The external field was cali-
brated with an error of Berr ¼ �1mT. This clearly demonstrated
the reliability and the low jitter of our pump–probe excitation
scheme for time-resolved STXM measurements. Furthermore,
this confirms the applicability of the theory of confined mag-
nonic waveguide structures on the nanoscale. It becomes appar-
ent that both phase and amplitude information are crucial for
interpreting spin wave propagation below λ < 200 nm correctly.

After confirming the validity of our experimental scheme and
the applicability of the theoretical description, we explore the
properties of our waveguide toward higher frequencies. The dis-
persion relation f ðkxÞ is shown for static field of Bext ¼ 100 and
60mT in Figure 4a and b, respectively. In addition, the shaded
areas indicate the uncertainty due to the experimental error Berr

in the applied magnetic bias field. Below the dispersion
relation in Figure 4a, spin wave maps for two different CW fre-
quencies f CW ¼ 17.5 and 20.5 GHz are shown. We find two
modes for each frequency at kx ¼ 0.3 and 1.7 μm�1 that match
the calculated dispersion relation. However, at f CW ¼ 17.5GHz,

we detect n¼ 1 and 2, whereas f CW ¼ 20.5GHz exhibits
n¼ 2 and 3.

To exclude a limitation in maximum k, we shift the dispersion
relation toward lower frequency, by reducing the magnetic
bias field to Bext ¼ 60mT. At this field, an excitation
frequency of f CW ¼ 15.5GHz was used to excite spin waves.
The resulting phase and amplitude map is shown at the bottom
of Figure 4b. The subsequent k-space transformation reveals four
peaks at kx ¼ 0.3, 1.7, 3.3, and 6.0 μm�1, which are marked in the
dispersion plot. Again, we find good agreement with analytical
theory and observe simultaneous existence of the mode numbers
n¼ 1, 2, 3, and 4. The largest kx,n¼4 vector corresponds to a spin
wave wavelength of λn¼4 ¼ 170 nm.

This shows that the STXM does not suffer from the same
k-space limitations as measurement techniques that rely on visi-
ble light, and is indeed capable of detecting spin waves, also
beyond the frequencies of 10 GHz.[31] This is especially true
for nanoscale sample geometries where confinement effects lead
to a more complex dispersion behavior, as shown in our meas-
urements. Even the shown capabilities of multimode transport
and, thus, higher data rates in such magnonic waveguides
become increasingly important in the area of, for example, com-
munication and radar systems where data throughput and pre-
cise positioning are crucial for future competitive applications.

In conclusion, we have demonstrated the direct imaging of
magnons in magnonic CoFe waveguides up to 20.5GHz. A
straight forward process for generating RF signals and synchro-
nizing X-ray flashes with RF currents using arbitrary waveform
generation (AWG) has been described schematically. In addition,
a field-dependent analytical theory was confirmed experimentally

Figure 4. a) Dispersion relation f ðkxÞ for Bext ¼ 100mT with experimental results for f CW ¼ 17.5 and 20.5GHz. The faded lines represent the error of the
external field for the corresponding mode numbers. Phase and amplitude maps are shown at the bottom. b) Dispersion relation f ðkxÞ for Bext ¼ 60mT
with experimental results for f CW ¼ 15.5GHz. The phase and amplitude map is shown at the bottom.
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by an external field sweep between Bext ¼ 0� 16mT at
f CW ¼ 12.5GHz. In doing so, the waveguide mode number
n¼ 1 and the following higher order modes n¼ 2 and 3 were
observed, fitting the theoretical predictions. Furthermore, the
analytic dispersion relation for static external fields of Bext ¼ 60
and 100mT was validated at the excitation frequencies
f CW ¼ 15.5, 17.5 and 20.5GHz. Finally, this work is not only
a verification of good agreement between theory and experiment,
but also a demonstration of the capabilities of time-resolved
STXM. By presenting high-frequency magnonics, this approach
opens the door for new possibilities regarding direct imaging of
high-frequency magnetization dynamics in nanoscaled mag-
nonic devices or fundamental quantum phenomena in the field
of magnetic wave physics.
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