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Spin waves are an emerging alternative to electrical signals for high-speed computing. One approach to realizing spin-wave computing
devices is to make use of the diffraction and interference of spin waves in a magnetic thin film. This new class of device requires spin
wave transducers that operate across a relatively wide bandwidth. Coplanar-waveguide-based transducers would typically be unsuitable
for this application due to their comb-like frequency response. Our simulations show that if the coplanar waveguide is placed to the side
of the edge of a magnetic film, the frequency response is greatly improved at the expense of peak transducer efficiency. We also found
that the coplanar waveguide on top of the film with an etched gap in the film to the side of the waveguide can be a more efficient

transducer for shorter decay lengths.

Index Terms—Magnonics, spin waves, microwave magnetics, micromagnetics.

[. INTRODUCTION

DUE to their relatively short wavelengths at microwave
frequencies, spin waves are emerging as a potential
alternative to electrical signals for high-speed computing and
information processing [1], [2]. This work is part of an effort to
design and fabricate a spin-wave-based real-time spectrum
analyzer that exploits spin-wave interference by analogy to an
optical spectrometer [3], [4]. In this new class of device,
millimeter or microwave electrical signals are converted into
spin waves with micrometer wavelengths. All processing is
then done by the diffraction and interference of spin waves as
they propagate in a magnetic thin film. After the interference
pattern forms, spin waves are then converted back into
electrical signals.

This type of device requires spin waves with isotropic
dispersion relations, which, in turn, requires DC bias fields
perpendicular to the plane of the magnetic film. These spin
waves are forward-volume spin waves (FVSW) [5], [6]. The
focus of the work presented here is to explore the design space
of a microwave-to-spin-wave transducer for FVSWs, where the
microwave signal is introduced by a coplanar waveguide
(CPW).

Using CPWs as an inductive antenna to launch spin waves in
a magnetic film has been demonstrated [7]-[9]. Compared to
striplines or microstrips, CPWs have the benefit of being easy
to fabricate and to integrate with on-chip RF circuits due to the
need for only one layer of metallization. However, CPW-based
spin-wave transducers would normally have spin-wave
excitation spectra that would not be appropriate for our target
application. This work demonstrates that an inductive antenna
on the edge of a magnetic film can launch spin waves over a
relatively wide frequency range.

Consider a magnetic thin film that is in the presence of a
sufficiently high, DC bias magnetic field and an RF magnetic
field with a frequency higher than the resonance frequency of
the film. Typically, every point in a magnetic film excited by
the external RF field launches a spin wave. The observable,
total spin wave is then the result of the interference between all

the excited spin waves whose amplitudes depend on the
strength of the field acting on the launching point of the spin
wave and their phase differences, which depend on the relative
location of their launching points. The spin wave excitation
spectrum of the RF field is then equivalent to the Fourier
transform (FT) of the spatial distribution of the magnetic field
that acts on the magnetic film [6], [10].

If the magnetic field is due to currents on a CPW that resides
on the surface of the film, this interference results in a comb-
like frequency response. However, because the spectrometer
described above requires a relatively constant transfer function
over the full bandwidth, i.e., without nulls, the comb-like
excitation spectrum from a CPW would not be suitable for our
applications.

Now consider a CPW that is not on, but is located close to
the edge of the film. Launching spin waves from the edge of the
film can be used to improve the spin-wave excitation spectrum.
First, it has been shown that the edge of a film can be an
efficient broadband source of spin-waves due to a gradient in
the local ferromagnetic resonance frequency caused by the
changing effective field near the edge of a magnetic film [11],
[12]. Second, only part of the CPW’s field acts on the magnetic
film and can now be thought of roughly as a delta function. The
FT of only that part describes the excitation spectrum; the FT
of this spatial distribution is more broadband than that of the
previous case where the CPW is on the film.

II. METHODS

To design the edge-launched spin-wave transducer,
micromagnetic simulations were done in Mumax3 [13]. The
cells have in-plane dimensions of 10 nm X 10 nm. The
simulation areas are 8-cell-wide strips with repeating periodic
boundary conditions of 4096 repetitions along the width of the
strip. The magnetic field used was taken from gold CPWs on
gadolinium gallium garnet substrates simulated in Ansys HFSS
with a voltage of 1V. The field has a peak in-plane component
H, = 3.1 mT and out-of-plane component H, = 4.6 mT at 50
nm below the outer edge of the ground lines.
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Reflections from the ends of the strips were minimized by
slowly increasing the damping parameter, a, of the Landau-
Lifshitz equation in a parabolic profile [14]. a increases from
the bulk value to o = 1 over 32 pum at the outer edge of the
simulation space opposite the launch edge.

The in-plane magnetization of the spin waves were fit to
M, (x) = Ae /W sin(kx + ¢), where x is the distance from
either the edge of the CPW or the edge of the magnetic film, /;
is the decay length, ¢ is the phase, and & is the wavenumber.
The starting amplitude, 4, is compared between different
wavenumbers to show the response of the transducer.

III. RESULTS AND DISCUSSION

A. CPW on top of the film

As mentioned above, a CPW placed on a magnetic film, as
shown in Fig. 1(a), exhibits a comb-like frequency response.
However, if the amplitude of the RF field is large such that the
precession angle of the local magnetizations is large, nonlinear
effects become significant, which results in significantly
varying spatial frequencies and unwanted additional frequency
components. The structure shown on Fig. 1(a) is simulated, and
a resulting spin wave with nonlinear effects is shown in Fig.
1(b). This plot shows the component of the magnetization along
the x axis (M,). The center of the CPW is at x = 0. The magnetic
parameters of a typical yttrium iron garnet (Y1G) film are used:
saturation magnetization Ms = 140 kA/m, a = 2 X 10™*and
thickness t = 100 nm. These are typical values for YIG films as
reported in [15]. YIG was chosen because of its extensive use
in magnonics due to its extremely low damping. An external
DC bias of 300 mT was used and the RF field has a frequency
of 3.72 GHz, which results in k£ = 2.2 rad/pm. The field is taken
from an HFSS simulation of a CPW with 2 um wide signal and
ground lines that are 300 nm thick and 2 pm apart and on a
gadolinium gallium garnet (GGG) substrate. These dimensions
were arbitrarily chosen as representative of CPWs in the
frequency range of interest. A representative schematic is
shown in Fig. 1.

FIG.1 HERE

If the field is reduced, so do the nonlinear effects. Shown in
Fig. 1(c) is a plot of M, of a spin wave under the same
conditions and material parameters as in Fig. 1(b) but for a
magnetic field strength that is 1/100 smaller. This results in a
spin wave having essentially one temporal frequency at a near
constant wavelength, and hence, wavenumber.

The starting amplitude, 4, of the spin wave is, in this case,
defined as the amplitude at x =5 pm, which is at the outer edge
of the CPW. Fig. 1(c) is an example of a spin wave having a
starting amplitude of about 1.9 kA/m. Sweeping the frequency
and fitting M, as described in Section II yields a plot of the
starting A for various wavenumbers. Fig. 2(a) shows the same
structure, but now along with the FT of the applied field, shown
in Fig. 2(b). The starting amplitude as a function of

2

wavenumber, indicated by the asterisk symbols, shows good
agreement with the FT of the applied field.

FIG. 2 HERE

B. CPW to the side of the film

As mentioned previously, the film edge can be used to
broaden the spin-wave excitation spectrum. The edge of a film
can be an efficient broadband source of spin-waves, only part
of the CPW’s field acts on the film, and the FT of only that part
describes the excitation spectrum, which is now no longer
comb-like. The frequency response of the raised CPW is shown
by the circles in Fig. 2(b) and does not show any nulls. This
improved bandwidth comes at the cost of transducer efficiency
since only the field to the side of the CPW acts on the magnetic
film.

Because the magnetic field varies spatially, the position of
the CPW relative to the edge of the film becomes an important
design parameter in optimizing transducer efficiency. The CPW
and its edge where the film is to be located is shown in Fig. 3(a),
and the magnitude of the magnetic field just past the outer edge
of the CPW is shown in Fig. 3(b). The metal shown in Fig. 3(a)
is located vertically between 0 and 0.2 pPm in Figs. 3(b) and
3(c). Fig. 3(b) shows that the magnetic field is strongest just
along the edge of the metal.

FIG. 3 HERE

However, it is not the magnitude of the field, but rather the
in-plane component of the field, that drives the spin waves.
Looking at the location of the strongest field in 3(b), we might
intuitively conclude that the film should be located here.
Because the focus of this work is launching FVSWs, an
additional consideration must be made. Because the out-of-
plane component of the RF field is parallel to the DC bias field,
it contributes very little to the excitation of spin waves. Fig. 3(c)
reveals that the in-plane component is strongest just above and
below the metal line; we find that placing the CPW raised up
(by placing it on a non-magnetic, non-conducting layer) such
that the bottom of the CPW is in the same plane as the top of
the magnetic film (as shown in Fig. 4a, structure 1) would have
a much stronger in-plane field acting on the edge of the film as
compared to if the bottom of the CPW were at the same plane
as the bottom of the film (as shown in Fig 4a, structure 2). Fig.
4b shows simulations comparing these configurations (and
others) for a magnetic film with t =243 nm Ms= 140 kA/m and
a = 4 x 1073 with an external DC bias of 196 mT.

FIG. 4 HERE
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C. Using stray fields

A third and fourth configuration considered places the CPW
on the magnetic film (Figs. 4(a) structures 3 and 4) and includes
a gap in the film to the side of the CPW [16]. The left side of
the gap is where the transducer is located and the right side is
where the spin-wave device (i.e., spectrometer) is located. The
extended film with a gap accomplishes two things: it moves the
CPW far from the active spin-wave launch site so that its field
is less significant, and it couples the spin-wave field in the
transducer film (left side) across the gap. As a result, the film to
the left of the gap is nearly solely responsible for launching the
spin wave in the active area of the device.

As shown in Fig. 1(b), large fields cause magnon-magnon
interactions [17]-[19], which are highly nonlinear and produce
unwanted additional frequency components. The gap may be
chosen to attenuate the undesired frequency components,
leaving only the frequency of the RF signal, thus launching a
spin wave at only the desired frequency.

The simulation results of Fig. 4(b) compare the resulting spin
waves for all four configurations, structures 1 —4. When the gap
is moved from the edge of the CPW (structure 3) to 6 pm from
the CPW (structure 4), the amplitude of the resulting spin wave
is larger than that without the material under the CPW (structure
1), and is the largest of all the configurations.

Care must be taken when using this structure to launch spin
waves because the undesired frequency components can launch
spin waves across the gap. Using the same magnetic parameters
as in Section ITI.A for YIG (Ms= 140 kA/m, @ = 2 X 10™* and
thickness t = 100 nm) and with a DC bias of 300 mT and an RF
field at 3.72 GHz, the simulation results in a wave with
significant pollution in its spectrum as shown in Fig. 5(a).

FIG. 5 HERE

If the field of the structure-4 configuration is increased to 500
mT and the gap placed 15 um away from the outer edge of the
CPW, the simulation results in a spin wave of a single frequency
as shown in Fig. 5(b). We conjecture that this filtering of the
undesired frequency components is due to a decrease in the
decay length of the spin waves associated with the magnon-
magnon interactions in the larger DC bias. This filtering was
also observed when the field was kept constant, but the decay
length was decreased by increasing the damping such as the
films in Fig. 4.

The efficiency of this structure depends on the thickness of
the magnetic film. For the 100 nm films in Fig. 5, we found this
structure produces lower-amplitude spin waves when compared
to the structure in structure 4 of Fig. 4 (t = 243 nm).

Simulations were performed assuming a 300 nm thick film
with Ms= 112 kA/m and @ = 4 X 10~3 with a DC bias of 160
mT. The frequency of the RF field was swept to extract the
frequency response of the transducers and is shown in Fig. 6.
The results of two transducers are shown. First, the CPW is
raised and to the side of the film 2 pm away. Second, a
transducer with a 2 pm gap is to the side of the CPW. Both

3

configurations show a frequency response without nulls.
However, because the distance between the CPW and the edge
is larger than in Fig. 2, the amplitude of the spin wave from the
first configuration of Fig. 6 is much lower. This demonstrates
that the field that launches the spin wave across the gap is
mostly the stray field from the material under the CPW.

FIG. 6 HERE

IV. SUMMARY AND CONCLUSION

Using a CPW would usually be a poor choice for launching
spin waves over a relatively wide bandwidth due to the presence
of nulls in the spin wave excitation spectra. However, placing
the CPW to the side of the edge of the magnetic thin film
produces a frequency response without nulls at the expense of
peak transducer efficiency. To maximize the amplitude of the
spin wave launched, the CPW should be raised such that the
bottom of the CPW is in-plane with the top of the magnetic film
rather than directly on the substrate.

We have also found that under certain conditions, placing the
CPW on the magnetic film and creating an edge by etching a
gap in the magnetic material to the side to the CPW can be a
more-efficient transducer. Rather than the field from the CPW,
the field that contributes most is the stray field from the
magnetic material under the CPW. Careful design of this type
of transducer is necessary, however, to avoid the presence of
unwanted additional frequency components in the launched
spin wave.
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Fig.1. Simulation results showing large-amplitude spin waves with significant
nonlinear effects and a spin wave without significant nonlinear effects. (a)
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Cross section of the structure simulated in (b) and (c) showing a CPW on a
magnetic film. (b) In-plane magnetization in a magnetic film resulting from
launching large amplitude spin waves. The center of the CPW is at x = 0. (c)
In-plane magnetization of a spin wave launched with 1/100"™ magnitude of
magnetic field. In both (b) and (c) the RF field has a frequency of 3.72 GHZ
and the bias field is 300 mT. The magnetic film has Ms= 140 kA/m and @ =
2 % 107* and a thickness of 100 nm.
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Fig. 2. Excitation spectra of two CPW-based spin-wave transducers. (a) Cross
sections of the structures simulated. The vertical red lines indicate the locations
of the starting amplitudes. 1) The CPW is placed on the film with a field 1/100"
of (2); 2) The CPW is placed on a non-magnetic, non-conducting layer to the
side of the film. (b) Excitation spectra of two CPW-based spin wave
transducers. Also shown is the FT of the field from the CPW which shows good
agreement with the frequency response of the transducer with the CPW on the
film.
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Fig. 6. Excitation spectra of two CPW-based spin-wave transducers. a) Cross
sections of the structures simulated. The vertical red lines indicate the locations
of the starting amplitudes. 1) The CPW is raised and to the side of the film 2
pm away; 2) the CPW is placed on the film with a 2 pm gap to the side; (b) FT
of the RF magnetic field from the CPW (solid line), spin-wave amplitude as a
function of k for structure 1 (circle markers), and spin-wave amplitude as a
function of k for structure 2 (asterisk markers). Both configurations show a
frequency response without nulls.
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