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ABSTRACT

Spin waves are studied intensively for their intriguing properties and potential use in future technology platforms for the transfer and
processing of information and microwave signals. The characterization of devices and materials for magnonic systems is time-consuming,
and thus, the development of instruments that can speed up the collection and analysis of spin-wave data is crucial. In this Letter, we report
a straightforward approach to enhance the measurement throughput by fully exploiting the wideband detection nature of the Brillouin light

scattering technique with a white-noise RF generator.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124764

The Brillouin light scattering (BLS) technique has been used for
decades as a tool to characterize the properties of spin waves or mag-
nons (quanta of spin waves) in magnetic materials."* In micro-BLS,”
inelastic scattering of photons on spin waves provides information on
the spin-wave momentum, frequency, and phase with a spatial resolu-
tion of approximately 300 nm. The implementation of the BLS tech-
nique relies on precise spectrometers [scanning Fabry-Pérot” or more
recently virtually imaged phase array (VIPA) spectrometers’] for the
detection of minute changes in the scattered-light frequency with high
contrast. Because BLS works in the frequency domain, it is capable of
recording the entire spin-wave spectrum in a single-stage pass of the
interferometer (Fabry-Pérot type spectrometer) or a single image
(VIPA type spectrometer). BLS stands out from other spin-wave
measurement techniques by its ability to detect non-coherent waves
originating, e.g., from thermal® ® or spin-orbit-torque’ excitations.
Thermal excitation offers a truly wideband and flat spin-wave spec-
trum. The probing of thermal spin waves by BLS allows for the
acquisition of full spin-wave spectra in a single measurement.
Unfortunately, the low signal level” and non-directional excitation of
thermal spin waves are incompatible with studies on the properties of

propagating spin waves in complex geometries, such as wave-
guides,” '* bends,"” and resonators.'* The intriguing frequency prop-
erties of these magnonic systems can be fully characterized by external
excitation. This is conventionally done by connecting an RF generator
to a microwave antenna fabricated on top of the sample and perform-
ing sweeps of successive single-frequency measurements.'' "’ The
complete spectral response of the system is obtained by changing the
RF frequency in a step-by-step fashion. For detailed spin-wave charac-
terization, this requires PC-based automation, resulting in delays origi-
nating from synchronization issues and the non-optimal use of the
spectrometer, as it scans over an extended frequency range while spin
waves are excited only at a single frequency. The accumulation of these
effects results in long measurement times.

Here, we introduce an approach for fast wideband BLS analysis
of spin-wave properties. Integral to our method is the replacement of
the RF generator by a white-noise RF source (Pasternack PE85N1012,
see schematic in Fig. 1). In combination with a microwave antenna,
the white-noise RF source provides wideband and directional excita-
tion of propagating spin waves, thus combining the advantages
of thermal and RF excitation while avoiding their drawbacks.

Appl. Phys. Lett. 121, 232402 (2022); doi: 10.1063/5.0124764
Published under an exclusive license by AIP Publishing

121, 232402-1


https://doi.org/10.1063/5.0124764
https://doi.org/10.1063/5.0124764
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0124764
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0124764&domain=pdf&date_stamp=2022-12-05
https://orcid.org/0000-0003-4411-0589
https://orcid.org/0000-0002-4276-520X
https://orcid.org/0000-0002-6894-3967
https://orcid.org/0000-0003-0072-2073
https://orcid.org/0000-0001-6372-2252
mailto:lukas.flajsman@aalto.fi
https://doi.org/10.1063/5.0124764
https://scitation.org/journal/apl

Applied Physics Letters

230 : : : : '
g 40° -\__/\ 1
E p o%
sob———————— 1 ¥
0 1 2 3 4

Frequency (GHz)

2 H=
S_ . EOM
M
o=

Noise source

[ 1|

FIG. 1. A schematic of the BLS setup with optical and RF branches. After passing
the electro-optical phase modulator (EOM, TW-15M1-VIS from QUBIG), the laser
beam is split and focused on the sample by a microscope objective. The back-
reflected light passes the half-wave plate (mounted in a rotational mount) before it
enters the tandem Fabry—Pérot interferometer (TFPI, TFP-2 HC from Table Stable)
for fine-spectrum analysis with high contrast. The RF signal from the noise source
is split into two arms. Each arm contains a single microwave switch (S1 and S2).
One branch connects to the microwave antenna fabricated on the sample, and the
other feeds to the EOM. The graph in the top left corner shows a measurement of
the total RF power provided by the white-noise source at 2 MHz measurement
bandwidth.

We demonstrate the use of the white-noise RF generator in a commer-
cial phase-resolved micro-focused BLS system (THATec Innovation
GmbH). While the setup and measurement processes are simplified
by replacing the RF generator with the white-noise source, we show
that advanced studies including phase-resolved BLS'>' can still be
performed. Because we excite and detect all frequencies within the
noise source excitation range and BLS detection window simulta-
neously, we obtain large amounts of spin-wave data in a single mea-
surement. The limiting factor of our approach is given by the
frequency resolution of the spectrometer and the excitation bandwidth
of the noise source. The signal of the white-noise source used in this
work drops at around 3 GHz from —35 to —45dBm (see graph in
Fig. 1). The —45 dBm signal is maintained up to about 12 GHz, where
it drops further to —60 dBm. The 3 GHz limit for efficient spin-wave
excitation is given by the internal amplifier, while 12 GHz is the limit
of the internal noise source. We note that noise sources with much
higher bandwidths are readily available if one wishes to employ this
BLS technique at higher frequency and that the excitation window can
be tuned further by the use of an additional amplifier or bandpass
filter.

We tested our approach by measuring the excitation and propa-
gation of spin waves in a continuous liquid-phase-epitaxy (LPE)
grown'” 100-nm-thick yttrium iron garnet (YIG) film on a gadolinium
gallium garnet (GGG) substrate. The spin waves are excited by a 500-
nm-wide and 5 pm-long microwave antenna with a 5nm Ta/55nm
Au structure. The antenna is patterned by electron beam lithography
and liftoff and connects to the white-noise source via a RF cable and
RF probe.

In the first study, we positioned the BLS laser spot close to the
center of the microwave antenna and swept the magnetic field (ori-
ented along the microwave antenna) from 0 to 95 mT. For each value
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of the external field, we recorded the BLS spectrum for two conditions:
with the white-noise source off (S1 and S2 open) and with the white-
noise source on (S1 closed, S2 open). All other parameters in the
experiment were kept constant. The BLS intensity map recorded with
the white-noise source on is shown in Fig. 2.

The BLS map shows two clear spin-wave branches. The bottom
branch represents propagating Damon-Eshbach (DE) spin waves in
the YIG film. The onset of this branch corresponds to the ferromag-
netic resonance (FMR) frequency. The upper branch is the first per-
pendicular standing spin-wave (PSSW) mode. Comparing the BLS
signal recorded with and without noise source (see the inset of Fig. 2
and the supplementary material, Fig. S1), we observe a well-resolved
signal with high signal-to-noise ratio for active spin-wave excitation by
the noise source and almost no signal when the noise source is discon-
nected (only thermal spin waves are measured). Because YIG is almost
transparent at the BLS laser wavelength (532 nm), the back-scattering
cross section of thermal spin waves is too small to be resolved.’
Because we avoid delays stemming from synchronization, RF fre-
quency sweeping, and the non-optimal use of the spectrometer, we are
able to speed up the recording of the BLS intensity maps by about one
order of magnitude compared to measurements with a single-tone RF
generator for similar experimental parameters and signal-to-noise
ratios.

To extract magnetic parameters, we fitted the maximum BLS signal
in the two spin-wave branches using the Herring-Kittel formula."® Fits
for the propagating spin waves and the PSSW mode are simultaneously
performed to decorrelate the joint effect that some parameters have on
the two branches. For a fixed parameter y/2n = 28 GHz/T, this analysis
gives Mg = 148 * 2kA/m, Ay =3.64*0.1pJ/m, t = 96 = 3 nm,
and By = 0.7 = 0.3 mT for the saturation magnetization, exchange con-
stant, film thickness, and effective anisotropy field, respectively.
Information on the spin-wave dispersion can be obtained from the shape
of the lower spin-wave band. However, this requires hard-to-find
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FIG. 2. BLS intensity map of excited spin-wave modes as a function of external
magnetic field recorded with 2 mW laser power. Two main spin-wave branches are
measured. The upper branch is the first perpendicular standing spin-wave mode,
and the lower branch is the Damon-Eshbach mode. The lines are
Levenberg-Marquardt fits of the Herring—Kittel formula'® to the maximum signal of
the individual branches. The inset shows single BLS spectra obtained at 10 mT with
the white-noise source on (black squares) and off (blue triangles).
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information on the spin-wave density of states, the excitation power fac-
tor of the antenna, and the BLS sensitivity factor.'”" Later, we will dem-
onstrate a straightforward extraction of the spin-wave dispersion from
phase-resolved BLS measurements with a white-noise source.

To further demonstrate the capabilities of our approach, we
recorded spatial BLS intensity maps of the propagating spin waves
[Fig. 3(a)]. In the experiments, we scanned the sample under the BLS
laser spot in 300 nm steps while keeping the white-noise source on (S1
closed, S2 open). At each position, the BLS spectrum from 0 to 4.5 GHz
is recorded. Because we excite and detect all modes simultaneously, it is
possible to reconstruct (demultiplex) individual maps of propagating
spin waves with a frequency step that is limited only by the setting of
the spectrometer (50 MHz in our case). Selected maps are shown in Fig.
3(a). For a full set of spatial BLS intensity maps at different frequency,
see the supplementary material, Fig. S2.

The BLS maps show clear intensity signals that decay away from
the microwave antenna. Well below the FMR frequency (~1.9 GHz),
only direct excitation in the vicinity of the microwave antenna is mea-
sured [see BLS map for 1.5GHz in Fig. 3(a)]. Starting at 1.7 GHz,
caustic-like modes are emitted from the corners of the antenna [Fig.
3(a)]. Above the FMR frequency, the antenna also excites propagating
DE spin waves. Because the microwave antenna is only 5 pm long,
interference of the caustic beams and the DE mode focuses the spin-
wave intensity [see BLS map for 2.2 GHz in Fig. 3(a)], as previously
observed in other works.” *’ With increasing frequency, the focal
point of spin-wave intensity moves closer to the microwave antenna.
The 500-nm-wide antenna does not excite spin waves with a wave-
length below ~700 nm, leading to an abrupt drop in BLS intensity
above 2.7 GHz (see the supplementary material, Fig. S2). A BLS signal
originating from the first PSSW mode is measured above 4 GHz [see
BLS map for 4.2 GHz in Fig. 3(a)].

Wideband data collection during a single BLS scan can be used
for high-throughput extraction of spin-wave parameters. As an exam-
ple, we determine the frequency dependence of the spin-wave decay
length. We do this by line-averaging the BLS signal in the rectangular
area marked by white dashed lines in Fig. 3(a) and fitting the resulting
line profiles to an exponentially decaying spin-wave intensity,”*

2x
ISW = Ii exp <— /l_) + I(). (1)
D

Here, I; is the initial spin-wave intensity, I, is the background intensity
originating from detector noise and thermal spin waves, and /p is the
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FIG. 3. (a) Spatial BLS intensity maps recorded at four frequencies, 17 mT external
field, and 10 mW laser power. The microwave antenna is schematically overlaid on
the maps. The scale bar in the top left panel indicates 5 um. The dotted lines mark
the area from which we extracted data for further analysis. (b) Extracted spin-wave
decay length as a function of frequency.
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spin-wave decay length. Figure 3(b) summarizes the extracted spin-
wave decay length. The initial increase in the decay length below the
FMR frequency represents data for the caustic-like beams that are
emitted from the corners of the microwave antenna. The maximum
decay length is obtained near the FMR frequency. The subsequent
decrease in the decay length is caused by a reduction of the
Damon-Eshbach spin-wave group velocity with increasing frequency
but also by stronger focusing of the spin-wave intensity at high fre-
quency. We note that nonlinear interactions between simultaneously
excited spin waves with different frequencies could also limit the spin-
wave decay length. We assessed this possibility by conducting single-
frequency BLS scans using a single-tone RF generator. Because the
decay length derived from these experiments are similar (27.1 = 1.8
and 23 =3 um at 2 GHz for the measurement with the noise source
and the single-tone generator, respectively), we conclude that nonlin-
ear effects do not affect the BLS measurements much at the power of
the noise source used in this work.

The unique potential of the BLS technique does not end with the
spatial mapping of the spin-wave intensity. It has been shown before
that the BLS method can be easily extended to the visualization of the
spin-wave phase.”'”'® This is done by connecting an electro-optic
modulator (EOM) to the same RF source. The EOM produces side-
bands to the laser spectrum with a constant phase. Because the side-
bands stemming from propagating spin waves depend on their phase,
interference of the two signals can be exploited to extract the phase
information. This concept, which is well understood for spin-wave
excitation by single-tone RF generators, can be extended to our BLS
technique with a white-noise RF source. For this to work, the optical
signals from the EOM and sample must be mutually coherent. Similar
to white-light interferometry, we achieved coherency in our setup by
closely matching the lengths of the two RF signal paths. When this
condition is met, phase-resolved spin-wave measurements can be con-
ducted over a broad frequency range in a single spatial scan. To dem-
onstrate this type of measurement, we first roughly matched the
intensity of the spin-wave signal (S1 closed, S2 open) and the EOM
signal (S1 open, S2 closed) by rotating the 1/2 plate. After this, we
activated both switches and scanned the sample over the same area as
in Fig. 3. An example of a phase-resolved BLS map recorded with a
white-noise source is shown in Fig. 4(a) (for a full set of images see the
supplementary material, Fig. S3). The phase-resolved map of propa-
gating spin waves clearly shows the fringes produced by the interfer-
ence of the EOM and BLS signals.

The wideband BLS technique introduced here captures detailed
phase information on the complex wave pattern resulting from inter-
ference between the caustic-like beams and the DE spin waves. In
addition to focusing of the spin-wave intensity, mode interference also
significantly bends the spin-wave wavefront [Fig. 4(a)]. Despite the use
of a short microwave antenna causing these effects, we now demon-
strate that single-scan BLS data collection with the white-noise source
enables fast measurements of the spin-wave dispersion. Figure 4(b)
shows the frequency dependence of the line-averaged phase-resolved
BLS signal, which we derived from BLS maps like the one depicted in
Fig. 4(a) by averaging the signal over the area marked by the white
dashed lines. Focusing on the excitation of DE spin waves at frequen-
cies ranging from 1.9 to 3.0 GHz, we observe a decreasing wavelength
with increasing frequency. The data in Fig. 4(b) also reveal a well-
defined phase relation with an almost constant initial offset at all
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FIG. 4. (a) Phase-resolved BLS map recorded at 2.5 GHz, 17 mT exteral field, and 10
mW laser power. The microwave antenna is illustrated in yellow and the white dotted lines
mark the area used for data extraction. (b) A map of spin-wave line profiles as a function
of frequency. (c) Spin-wave line profile at 2.5 GHz and fit to the data. (d) Measured spin-
wave dispersion and the calculated dispersion of DE spin waves in the YIG film.

frequencies. We fit the spin-wave profiles of individual frequency bins
by a two-wave interference model,

X
I = Isw + Irom + 2V Igomlsw cos (27’53 + 90), (2)

where / is the spin-wave wavelength and 0, represents the initial phase
offset between the EOM and the spin-wave signal. As an example, we
show the experimental line profile measured at 2.5 GHz and a model fit
in Fig. 4(c). The derived wave vector (k = 2rt//2) is plotted for different
excitation frequencies in Fig. 4(d) together with an analytical calculation
of the DE spin-wave dispersion in the YIG film based on the magnetic
parameters extracted previously (Ms, A, t, and By).”*° The good fit to
the experimental data without any tuning of the magnetic parameters
demonstrates the power of our high-throughput BLS measurement
technique.

In summary, we present a twist to the well-established field of
BLS-based spin-wave characterization. By replacing the single-tone RF
generator with a relatively cheap wideband white-noise RF source, we
reduce the measurement time by exciting and detecting full spectra of
spin waves in a single BLS scan. We demonstrate the potential of the
method by analyzing the field dependence of spin-wave modes and
recording BLS maps of the spin-wave intensity and phase. The fre-
quency resolution of the method, which is limited by the spectrometer,
allows for fast measurements of the spin-wave dispersion relation.
With these promising characteristics, we are confident that BLS setups
with an integrated white-noise RF source will become a popular tech-
nique for high-throughput measurements of spin-wave properties.

See the supplementary material for BLS intensity maps as a func-
tion of external magnetic field recorded without excitation by the
white-noise source (Fig. S1), a full set of spatial BLS intensity maps
(Fig. S2), and a full set of phase-resolved BLS maps (Fig. S3).
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