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1. Summary 

This report discusses excitaCon efficiencies of different microwave antennas, related to Mile-
stone M3 Implementa)on of microwave antennas facilita)ng scalability of the magnon reser-
voir of Work Package 2 Laboratory-scale experiments. The operaCon principle of a magnon 
reservoir requires a strong excitaCon field for reaching the nonlinear regime. However, only a 
fracCon of the rf-power, which is applied to the input microwave antenna, is actually absorbed 
by one individual magnon reservoir. Hence, one single microwave antenna can simultaneously 
feed mulCple reservoirs as is corroborated by the experimental results shown in this report. 
Furthermore, the excitaCon efficiency of different antenna designs are compared.   

2. Differences in the antenna designs 

Our previous experiments demonstraCng the working principle of the magnon scaiering 
reservoir relied on the out-of-plane excitaCon of a single reservoir inside an Ω-shaped antenna 
[1]. However, this approach allowed us to address only one reservoir at a Cme. Moving to a 
different reservoir required contacCng a different antenna. Therefore, we designed various 
antennas to explore their potenCal and scalability for addressing several magnon reservoirs 
via one single rf input. Figure 1 shows exemplary scanning electron microscope (SEM) images 
of two antennas, with the bright contrast resembling the Au antenna structures on the black 
background of the Si substrate. Both designs rely on a coplanar waveguide (CPW) geometry 
with a central signal line (S) surrounded on both sides by shielding ground lines (G). These on-
chip CPWs can be connected to microwave sources using rf contact needles. The magnon 
reservoirs (dark grey contrast) are posiConed in the central part of the CPW, as can be seen 
beier from the close-ups in Figs. 1 (c), (d). There, one can also see the differences in the 
working principles of two antenna types. Relying on our experience, Fig. 1 (c) shows the well-
known Ω-shaped short of the CPW, with the disk-shaped reservoir in its center. Inside the Ω 
loop, microwave currents flowing through the antenna provide oscillaCng out-of-plane mag-
neCc Oersted fields strong enough to excite nonlinear dynamics in the magnon reservoir. 
However, this limits the simultaneous excitaCon to maximal two reservoirs. The second ap-
proach shown in Figs. 1 (b), (d) relies on a conCnuous CPW for microwave transducCon to a 
second rf contact needle which is connected to a 50 Ω terminaCon. This antenna design brings 
two advantages: First, the reservoirs can be excited by out-of-plane or in-plane oscillaCng 
magneCc fields depending on their posiConing, either in between the signal and ground lines 
or on top of the signal line. Second, many different magnon reservoirs can be placed next to 
each other along the signal line of the CPW.  

To fabricate the samples discussed in this report, we employed a three step process: First, on 
a 1 x 1 cm2 Si chip, we paierned the macroscopic CPW parts for 45 devices using an opCcal 
mask and UV lithography, electron beam evaporaCon of a Cr(5nm)/Au(50nm) film and lip-off. 
In a second step, in 200 x 200 µm2 areas in the center of each device, we define individual an-
tenna designs using electron beam lithography, electron beam evaporaCon of a Cr(5nm)/
Au(65nm) film and lip-off. In the last step, we paiern the magnon reservoirs in between or on 
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top of the Au structures, again, using electron beam lithography, magnetron spuiering of a 
Ni47Cr42Fe11(4nm)/Ni81Fe19(50nm)/Ta(4nm) film in a rotaCng magneCc field (for details of the 
material parameters see Deliverable D4.1 Report on so; metallic systems) and lip-off. This 
way, on a single chip, we fabricate 45 devices with varying antennas and magnon reservoirs 
for direct comparison independent of any chip-to-chip variaCons in the material parameters.  

3. Comparing excitaCon efficiencies 

In this study, we focus on disk-shaped magnon reservoirs with two different diameters of 2 µm 
and 5 µm. To evaluate the excitaCon efficiencies of different antennas, we used Brillouin light 
scaiering microscopy. Therefore, a conCnuous-wave, monochromaCc 532-nm laser was fo-
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Figure 1: Scanning electron microscope (SEM) images of different antenna designs. The bright areas 
show Au structures on the black background of the Si substrate. (a),(b) Both antennas are based on a 
coplanar waveguide (CPW) geometry which consists of a central signal line (S) in between two shield-
ing ground lines (G). The CPWs are connected to a microwave source using rf contact needles. (a) 
Shorted CPW with an Ω-shaped antenna placed in the short. (b) ConCnuous CPW for microwave trans-
ducCon to a second rf needle which is connected to a 50 Ω terminaCon. (c),(d) Close ups of the anten-
nas where the magnon reservoirs (gray disks) are posiConed. (c) The Ω-shaped shorts of the CPW pro-
vide oscillaCng out-of-plane magneCc fields for exciCng reservoirs posiConed in their center. (d) The 
conCnuous CPW provides in-plane (out-of-plane) excitaCon fields for reservoirs posiConed on top of 
the signal line (in between signal and ground line), respecCvely. (e) Close-up of a 5-µm wide, disk-
shaped magnon reservoir posiConed in the center of one of the Ω-shaped shorts. (f) Close-up of 2-µm 
wide, disk-shaped magnon reservoirs posiConed on the signal line of a CPW. 



cused onto the surface of the magnon reservoir using a microscope lens with a high numerical 
aperture, yielding a spaCal resoluCon of about 300 nm. The backscaiered light was then di-
rected into a Tandem Fabry-Pérot interferometer to measure the frequency ship caused by 
the inelasCc scaiering of photons and magnons. The detected intensity of the frequency-
shiped signal is directly proporConal to the magnon intensity at the respecCve focusing posi-
Con. To account for different spaCal distribuCons of the nonlinearly excited magnons, the sig-
nals were integrated over 12 posiCons across half the disk. 

We begin by comparing 5 µm-wide magnon reservoirs that are excited by out-of-plane mag-
neCc fields using different Ω-shaped antennas, shown by SEM images in Fig. 2(a)-(c).  The re-
specCve studied reservoir is highlighted in red. In general, we compare two different types of 
measurements: First, we plot BLS spectra measured as a funcCon of the excitaCon frequency 

 for a fixed excitaCon power, e.g. Fig. 2(d). The detected BLS intensiCes are color coded on 
a logarithmic scale. Here, any nonlinear response of the reservoir manifests in the detecCon 
of off-diagonal signals. The most prominent nonlinear process is the three-magnon scaiering, 
where the directly excited mode  splits in two secondary modes  and 

 under the conservaCon of energy and angular momentum. Second, we select 
one prominent excitaCon frequency for which we measured nonlinear three-magnon spliXng 
and sweep its excitaCon power, e.g. Fig. 2(j). Again, the detected BLS intensiCes are color cod-

fexc

fexc f+ = fexc /2 + δf
f− = fexc /2 − δf
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Figure 2: Comparison of different Ω-shaped antennas for out-of-plane excitaCon. (a)-(c) SEM images of 
the studied antennas with the invesCgated 5 µm-wide, disk-shaped magnon reservoirs highlighted in 
red. (d)-(i) BLS spectra measured for different excitaCon frequencies at excitaCon powers of (d)-(f) 10 
dBm and (g)-(i) 23 dBm. (j)-(l) BLS spectra recorded as a funcCon of excitaCon power for an excitaCon 
frequency of 5.8 GHz. The detected BLS intensiCes are color coded on a logarithmic scale. 



ed. Thereby, we can directly compare the threshold powers for nonlinear magnon scaiering 
using different antennas. The top line in Fig. 2 shows the results for the known individual Ω-
shaped antenna at the CPW’s short. The middle (boiom) line presents the results for a chain 
of Ω-antennas measured on the most lep (right) reservoir, respecCvely.  

At the lower excitaCon power of 10 dBm, only the individual Ω-shaped short shows slight non-
linearity. At the higher power of 23 dBm, all three invesCgated reservoirs operate in the non-
linear regime. When exciCng the reservoirs at  = 5.8 GHz, the power threshold for the Ω-
shaped short lies around 9 dBm whereas it is just below 16 dBm for the chained Ω-antennas. 
This shows that despite the reduced efficiency, the rf transmission through the chain of Ω-an-
tennas is sCll sufficient to reach the operaCng regime of the magnon reservoir. Remarkably, 
there is no difference between the lep and right reservoir, demonstraCng that all nine reser-
voirs in the chain can be operated simultaneously, which can be scaled up to several orders of 
magnitude higher numbers. The increase in the threshold microwave power will be compen-
sated later in the project by using magneCc materials with lower magneCc damping. 

In a next step, we keep the out-of-plane excitaCon but use a different antenna design. As 
shown in Figs. 3(a)-(c), the 5 µm-wide magnon reservoirs are posiConed in between the signal 
and ground line of a conCnuous CPW antenna. The width of the signal line reduces from 10 

fexc
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Figure 3: Comparison of conCnuous CPW antennas with varying signal line widths for out-of-plane ex-
citaCon. (a)-(c) SEM images of the studied antennas with the invesCgated 5 µm-wide, disk-shaped 
magnon reservoirs highlighted in red. (d)-(i) BLS spectra measured as a funcCon of excitaCon frequen-
cy at excitaCon powers of (d)-(f) 10 dBm and (g)-(i) 23 dBm. (j)-(l) BLS spectra recorded as a funcCon of 
excitaCon power for an excitaCon frequency of 5.8 GHz. The detected BLS intensiCes are color coded 
on a logarithmic scale. 



µm (top line in Fig. 3) over 5 µm (middle line) to 2 µm only (boiom line). The respecCve stud-
ied reservoir is highlighted in red in the SEM images. While the lower excitaCon power of 10 
dBm does not show a nonlinear response in any of the reservoirs, three-magnon spliXng is 
observed for all antennas at the higher power of 23 dBm. The narrower the CPW’s signal line, 
the more efficient the excitaCon. This was expected since the same current amplitude is 
forced through a narrower signal line resulCng in a stronger magneCc Oersted field. For the 2 
µm-wide signal line, the power threshold is about 14 dBm, very similar to the chain of Ω-
shaped antennas in Figs. 2(k), (l). For the wider signal lines, the efficiency decreases and a 
higher power of about 19 dBm is required to reach the nonlinear operaCng regime of the 
reservoir. Nonetheless, this approach offers the chance to posiCon mulCple reservoirs of dif-
ferent shapes next to each other and address all of them using a single microwave antenna.  

To corroborate the usefulness of conCnuous CPW antennas, we test the two different out-of-
plane excitaCon schemes on a vortex-based reservoir with another dimension. In Fig. 4, we 
compare measurements on 2 µm-wide disk-shaped reservoirs, one posiConed in between the 
signal and ground line of a conCnuous CPW (top line), the other posiConed inside an Ω-
shaped short (boiom line). InteresCngly, the BLS spectra measured as a funcCon of the excita-
Con frequency show similar magnon intensiCes in the nonlinear regime and there is no differ-
ence in the threshold powers which is about 16 dBm at an excitaCon frequency of 8 GHz. Note 
that due to the reduced dimension of the reservoir, the frequencies for which we measure a 
nonlinear response are higher compared to 5 µm-wide reservoirs. Nonetheless, the power 
thresholds to reach the nonlinear regime are similar in both reservoir sizes.  
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Figure 4: Comparison of the out-of-plane excitaCon efficiency using a conCnuous CPW and an Ω-
shaped antenna. (a),(b) SEM images of the studied antennas with the invesCgated 2-µm wide, disk-
shaped magnon reservoirs highlighted in red. (c),(d) BLS spectra measured as a funcCon of excitaCon 
frequency at an excitaCon power of 23 dBm. (e),(f) BLS spectra recorded as a funcCon of excitaCon 
power for an excitaCon frequency of 8.0 GHz. The detected BLS intensiCes are color coded on a loga-
rithmic scale. 



As already menConed, one major advantage of conCnuous CPW antennas lies in their flexibili-
ty. In addiCon to the out-of-plane excitaCon discussed so far, we can harness the oscillaCng in-
plane magneCc Oersted fields as well by simply posiConing the magnon reservoirs on top of 
the signal line. Figure 5 compares the in-plane excitaCon efficiencies of conCnuous CPWs with  
varying widths of their signal lines from 10 µm (top line) over 5 µm (second line) to 2 µm 
(third and boiom line). In general, one can see that the nonlinear response – visible in the off-
diagonal signals – is much stronger with the in-plane excitaCon compared to the out-of-plane 
excitaCons discussed before. Even at an excitaCon power of 10 dBm, all antennas show a non-
linear response, the 10 µm-wide antenna quite weakly though. AddiConally, the narrower the 
signal line, the stronger the nonlinearity. As already menConed above, this can be aiributed 
to forcing the same current amplitude through a narrower antenna which results in the gen-
eraCon of stronger magneCc Oersted fields.   
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Figure 5: Comparison of the in-plane excitaCon efficiency using conCnuous CPW antennas with varying 
signal line widths. (a)-(d) SEM images of the studied antennas with the invesCgated 2-µm wide, disk-
shaped magnon reservoirs highlighted in red. (e)-(l) BLS spectra measured as a funcCon of excitaCon 
frequency at excitaCon powers of (e)-(h) 10 dBm and (i)-(l) 23 dBm. (m)-(p) BLS spectra recorded as a 
funcCon of excitaCon power for an excitaCon frequency of 8.8 GHz. The detected BLS intensiCes are 
color coded on a logarithmic scale. 



In the BLS spectra measured at 10 dBm [Fig. 5(e)-(h)], some excitaCon frequencies lead to a 
significant line broadening of the measured BLS frequencies. At 23 dBm and for the narrower 
signal lines, this becomes even more pronounced and is visible almost over the enCre range of 
excitaCon frequencies [Fig. 5(k),(l)]. We airibute this to the generaCon of Floquet magnon 
bands which manifest themselves in the measurement of frequency combs, both around the 
direct excitaCon and the nonlinear split modes. The spacing of these frequency combs is de-
termined by the resonance frequency of the gyrotropic vortex mode, which is around 200 
MHz in a 2 µm-wide and 50 nm-thick Ni81Fe19 disk and cannot be resolved in the BLS spectra. 
Hence the prominent broadening of the magnon frequencies. Depending on the disk size, the 
threshold for the generaCon of these Floquet magnon bands can be lower or higher compared 
to the threshold for three-magnon spliXng. For an excitaCon frequency of 8.8 GHz on a 2 µm-
wide signal line [Fig. 5(p)], for example, we measure a broadening of the direct excitaCon al-
ready starCng at 8 dBm. For excitaCon powers above 14 dBm, very abruptly, we detect clear 
signals of three-magnon spliXng. This indicates a sharp ship between the different nonlinear 
regimes. Note that at excitaCon powers around 20 dBm, we measure a transiCon from three-
magnon spliXng   ➞  to spliXng into half the excitaCon frequency  ➞ 

 with degenerate split modes , which can be aiributed to parallel pumping. 

The third and boiom line in Fig. 5 essenCally compare the same antenna design with 2 µm-
wide signal lines. Nevertheless, we wanted to make the point that despite the fact that the 
antenna in Fig. 5(d) hosts many more magnon reservoirs, the thresholds for reaching the non-
linear regime are the same. This demonstrates that even though high powers are required to 
reach nonlinearity, one reservoir hardly absorbs any energy so that many reservoirs can be 
operated simultaneously using the same antenna.    

The last antenna design in Fig. 6 combines both excitaCon regimes. By reducing the width of 
the CPW’s signal line to 500 nm and placing it across the reservoirs’ centers, both out-of-plane 
and in-plane magneCc Oersted fields couple to the magneCzaCon inside the magnon reser-
voir. InteresCngly, at an excitaCon power of 10 dBm, parallel pumping into half the excitaCon 

fexc f± = fexc /2 ± δf fexc

f± = fexc /2 f+ = f−
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Figure 6: CombinaCon of in-plane and out-of-plane excitaCon using a conCnuous CPW with a 500 nm-
wide signal line. (a) SEM image of the studied structure. The studied 5 µm-wide, disk-shaped reservoir 
is highlighted in red. (b),(c) BLS spectra measured for different excitaCon frequencies at excitaCon 
powers of (b) 10 dBm and (c) 23 dBm. (d) BLS spectra recorded for a fixed excitaCon frequency of 6.3 
GHz at increasing excitaCon powers. Exceeding the threshold of 5 dBm nonlinear dynamics set in. The 
detected BLS intensity is color coded on a logarithmic scale. 



frequency seems to dominate. Only at a higher excitaCon power of 23 dBm, three-magnon 
spliXng is measured.  

4. Conclusion 

Overall, we have demonstrated that the design of conCnuous coplanar waveguide antennas 
allows for the efficient excitaCon of magnon reservoirs using either in-plane or out-of-plane 
magneCc Oersted fields. Placing several reservoirs on a single CPW antenna did not change 
the thresholds for reaching the nonlinear operaCon regime. This facilitates the simultaneous 
operaCon of a large number of reservoirs, the upper limits of which have yet to be tested. Ad-
diConally, using in-plane excitaCon allows us to directly tackle the vortex gyraCon, an eigen-
mode of the vortex state disk with frequencies in the range of a few hundred MHz. This opens 
up possibiliCes for reducing the operaCng frequencies of the vortex-based magnon reservoirs 
from the lower GHz to the higher MHz range or even for mulC-tone operaCon.  
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