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ABSTRACT

Performing propagating spin-wave spectroscopy of thin films at millikelvin temperatures is the next step toward the realization of large-scale
integrated magnonic circuits for quantum applications. Here, we demonstrate spin-wave propagation in a 100 nm-thick yttrium-iron-garnet
(YIG) film at temperatures down to 45 mK, using stripline nanoantennas deposited on YIG surface for electrical excitation and detection.
The clear transmission characteristics over the distance of 10 um are measured and the extracted spin-wave group velocity and the YIG satu-
ration magnetization agree well with the theoretical values. We show that the gadolinium-gallium-garnet (GGG) substrate influences the
spin-wave propagation characteristics only for the applied magnetic fields beyond 75mT, originating from a GGG magnetization up to
62kA/m at 45mK. Our results show that the developed fabrication and measurement methodologies enable the realization of integrated

magnonic quantum nanotechnologies at millikelvin temperatures.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0137437

I. INTRODUCTION

Yttrium-iron-garnet (YIG, Y;FesOy;) is the ideal choice of
material to build and develop classical and novel quantum technol-
ogies"” by coupling spin waves, and their single quanta magnons,
to phonons,” fluxons," or to microwave and optical photons.”™®
These technologies may be realized by the coupling to bulk or
spherical YIG samples (e.g., Refs. 9 and 10) or by the fabrication of
integrated structures in thin YIG films.'"'* Such nanometer-thick
films can be grown using liquid-phase epitaxy (LPE),' ' exhibiting
long spin-wave propagation lengths, narrow linewidths, and low
damping constants.”~'* Significant progress was made in realizing
YIG nano-waveguides with lateral dimensions down to 50 nm,'’ in

understanding the spin-wave properties in these waveguides,'” and
in using them for room temperature data processing.12

To create, propagate, and read out spin waves at a single
magnon level, millikelvin temperatures are required to suppress
thermal magnons according to the Bose-Einstein statistics. Using
Bose-Einstein statistics, one can estimate that, for example, at a
temperature of 100 mK and 10 GHz, the thermal magnon popula-
tion is about 0.01.” The established technique of ferromagnetic res-
onance (FMR) spectroscopy was used to characterize YIG films of
micrometer'® and nanometer thicknesses'’™*' at kelvin tempera-
tures. At millikelvin temperatures, FMR measurements were per-
formed on micrometer’” and nanometer-thick'”™" YIG films.
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Another method, propagating spin-wave spectroscopy (PSWS), is
often used to characterize magnon transport between spatially-
separated sources and detectors. This technique was successfully
used in thin films at room”*™*° and near room temperature,% and
at millikelvin temperatures for micrometer-thick YIG slabs®”** and
micrometer-scaled hybrid magnon-superconducting systems.””

The ability to process information in sub-100nm sized mag-
nonic structures is one of the key advantages of magnonics, which
translates also to the fields of hybrid opto-magnonic quantum
systems and quantum magnonics. To couple PSW to these nano-
structures efﬁciently at millikelvin temperatures, integrated nanoan-
are required. Here, we demonstrate PSWS at millikelvin
temperatures, with base temperatures reaching 45mK in a
100 nm-thick YIG film, using integrated nanoantennas separated
by 10um for excitation and detection. The analysis is focused on
magnetostatic surface spin waves (MSSWs, also called “Damon-
Eshbach” mode) that propagate perpendicular to an in-plane mag-
netic field k L B. We find that magnon transport at the nanometer
structure scale can be measured also down to millikelvin tempera-
tures. Although the propagation signal is measurable across a wide
field and temperature range, we observe that the transmitted signal
is distorted for applied magnetic fields above 75mT. This effect is
largely caused by the magnetization of the gadolinium-gallium-
garnet (GGG) substrate, on which the YIG film is grown. It reaches
47kA/m for 75mT of applied external magnetic field at 45 mK
temperature. In general, our findings agree with the increase in the
damping of YIG grown on GGG at low temperatures reported in
the literature.'” First, we explain the sample preparation and
experimental techniques, before we continue to pre-characterize the
sample at room and base temperature, using standard FMR tech-
niques. Then, we discuss the first PSWS experiment, in which a
fixed external magnetic field is applied and the temperature is
swept from base to room temperature. We continue to analyze the
propagation characteristics in more detail by comparing the low
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temperature measurements to room temperature results and extract
the spin-wave group velocities. Finally, we perform PSWS at higher
external magnetic fields to investigate the propagation characteris-
tics between the room and base temperature. The magnetization of
GGG is measured by vibrating sample magnetometry (VSM) of a
GGG-only substrate at low temperatures.

1l. SAMPLE AND EXPERIMENTAL SETUPS

In our experiments, we use an LPE-grown 100nm-thick
(111)-orientated YIG film on a 500 um-thick GGG substrate, as
sketched in Fig. 1(a). Atop the YIG film, we fabricate nanoantennas
connected to CPWs, using an electron-beam lithography process
[Fig. 1(b)].

First, a single layer of PMMA is spin-coated and baked. To
avoid charging effects, we use about a 4nm layer of conductive
coating on top of the PMMA. After, we use electron-beam lithogra-
phy to write the antenna structures, develop the sample, and
deposit a layer of Ti(5nm)/Au(55nm), using electron-beam physi-
cal vapor deposition, followed by lift-off. Figure 1(c) shows an
optical (top) and a secondary-electron image (bottom) with the
coplanar waveguides and stripline nanoantennas used in this work.
Here, the nanoantennas have a spacing of 10um. The stripline
nanoantennas possess a width of 330 nm and a length of 120 um.
Additionally, we fabricate a reference coplanar waveguide to
measure the FMR signals only [see Fig. 1(a)]. After fabrication, the
sample is glued and then wire-bonded, with a 75 um diameter gold
wire, to a high-frequency printed circuit board and mounted into
the dilution refrigerator.

Our setup is based on a cryogenic-free dilution refrigerator
system (Bluefors-LD250), which reaches base temperatures below
10mK at the mixing chamber stage. The sample space possesses a
base temperature of about 16 mK. During operation, the sample
space heats up to about 45 mK. At these temperatures, the thermal
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FIG. 1. Overview of the electron-beam lithographed stripline nanoantennas on the yttrium-iron-garnet film. (a) Sketch of the sample used in these measurements. Stripline
nanoantennas coupled to coplanar waveguide (CPW) and the reference CPW are fabricated atop a 100 nm-thick yttrium-iron-garnet film on a 500 um-thick
gadolinium-gallium-garnet substrate. (b) The coplanar-waveguide coupled nanoantennas are fabricated with electron-beam lithography. These nanoantennas are made of
Ti(5 nm)/Au(55 nm) (more details in the main text). (c) Optical and secondary-electron images of the CPW nanoantennas used in the manuscript. These nanoantennas
are 10 um spaced apart and have a width of 330 nm and a length of 120 um. The propagating spin waves (PSWs) are excited and detected by the stripline nanoantennas
1 and 2, respectively. The transmission is measured through the S-parameters, acquired by a vector network analyser.
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excitations of gigahertz-frequency magnons and phonons are still
suppressed.” The input signal is transmitted and collected from the
sample [ports 1 and 2 Fig. 1(a)], using high-frequency copper and
superconducting wiring each attenuated by 7 dB to reduce thermal
noise. The signals are collected with a 70 GHz vector network ana-
lyser (Anritsu VectorStar MS4647B).

The room temperature measurements are carried out on a
home-built setup. The setup consists of a VNA (Anritsu MS4642B)
connected to an H-frame electromagnet GMW 3473-70 with an
8cm air gap for various measurement configurations and magnet
poles of 15cm diameter to induce a sufficiently uniform biasing
magnetic field. The electromagnet is powered by a bipolar power
supply BPS-85-70EC (ICEO), allowing it to generate up to 0.9T at
8cm air gap. The input powers are adjusted to obtain the same
power levels at the sample as in the cryogenic measurements, to
account for cable losses and the previously mentioned attenuators,
not including impedance mismatches that one may encounter from
temperature changes. The microwave powers for each individual
experiment are stated later. However, we note that the comparison
of transmission magnitudes between room and low temperatures
can only show qualitative trends, as it is beyond the scope of the
experiments to fully impedance match (temperature-dependent)
cryogenic setups, CPWs, and nanoantennas.

0.2 0.2
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lll. RESULTS AND DISCUSSION

First, we use the reference CPW to pre-characterize the
sample and to estimate the Gilbert damping o.
We plot our FMR and PSWS data according to

SZl,sig(f) - SZl,ref(f)

S21,ref(f) ’ (1)

Slzl(f) =

where f denotes the set of frequency points of the complex trans-
mission signal Sy g(f) and reference Syy rer(f) values.”’ The refer-
ence signal is obtained by detuning the external magnetic field to
ensure that the resonance feature is outside the frequency range of
interest (typical detuning +50 or +100mT). For the FMR
reference measurements, we find the Gilbert damping parameter
as = (5.1 + 0.3) x 10~* for room temperature and a; = (3 + 1.5)
x107% at 45 mK, respectively. The large error in the low tempera-
ture case originates from the fit uncertainty in the slope of FMR
linewidth vs FMR frequency (see Sec. A in the supplementary
material). The methodology developed in Ref. 31, which accounts
for asymmetry and phase offset in the distorted FMR signal, was
used. The Gilbert damping at room temperature is in good agree-
ment with measurements performed on a bare (non-lithographed)
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sample, using a physical property measurement system (Sec. A in
the supplementary material), accounting for metallization effects in
the lithography process. The obtained values are also in good
agreement with previous measurements of continuous, non-
structured YIG films.””* The value obtained at 45mK agrees in
the order of magnitude with previously reported values for thin
YIG films at kelvin '[emperatures.19 For more details, see Sec. A in
the supplementary material.

ARTICLE scitation.org/journalljap

We perform the first PSWS experiment at a fixed external
magnetic field of 50 mT, using the stripline nanoantennas shown in
Fig. 1. Figure 2 displays the linear magnitude (black), real (blue),
and imaginary (red) part of the transmission data (cw-mode),
together with a temperature sweep from the base temperature of
45mK up to 2.5K, i.e., about the Curie-Weiss temperature of
GGG.”” The spin waves are excited with a power of —28 dBm at
the sample, with the external magnetic field applied perpendicular
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FIG. 3. Imaginary part of the S}, parameter, calculated dispersion relation, antenna excitation efficiency, and group velocity for PSW (Damon—Eshbach mode), using
50mT external field at different temperatures. The theoretical group velocity is calculated as the derivation of the dispersion relation and measured as vy = &f - D, with
the periodicity of the transmission in the Im(S5,) parameters 5f and the gap between the nanoantennas D (see Ref. 23). The parameters measured and used for the cal-
culation are the following: (a) 297 K, Ms = 142kA/m, (b) 500 mK, Ms = 189kA/m, and (c) 45mK, Ms = 189kA/m. The effective saturation magnetization increases and

thus group velocity increases by about 50% at millikelvin temperatures.
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to the propagation direction. In Fig. 2, we verify the ability to
measure the transmission across the entire temperature range and
observe a propagation signal with a fixed FMR point (k = 0) of
about 3.36 GHz, corresponding to an effective saturation magneti-
zation (including cubic anisotropy) of about 189 kA /m. This value
agrees well with the theoretical expectation of about 196kA/m,
considering YIG film thickness, fabrication-induced damage, and
the influence of the GGG substrate on the magnetization of YIG
(see Sec. B in the supplementary material). The signal amplitude
increases by about 30% from 45 mK to 2.5K. This behavior points
to changes in Gilbert damping, group velocity, or impedance. We
note, that some of the additional resonance features in these and
the following measurements may originate from reflections in
impedance mismatch or vibration noise at cryogenic temperatures.
We continue to investigate the spin-wave propagation in more
detail and compare the results to room temperature measurements.
Figure 3 (first column) depicts the imaginary part of the S},
parameters for PSWs between the two nanoantennas at three dif-
ferent selected temperatures: (a) 297 K, (b) 500 mK, and (c) 45 mK,
at a fixed external magnetic field of 50 mT. The second column in
Fig. 3 shows the corresponding calculated dispersion relations for
MSSWs  (black), using the Kalinikos-Salvin model,”” with an
exchange constant of Ayig = 3.6 x 10712]/m, and gyromagnetic
ratio yyig/27 = 28 G Hz/T. The maximum excitation efficiency J
(green line Fig. 3) is governed by the 330 nm stripline nanoanten-
nas.”” The third column in Fig. 3 shows the theoretical group veloc-
ities as the derivation of the dispersion relation (black curve) and
the measured values given by v, = &f - D (red dots), where Jf is
the frequency spacing between two neighboring oscillation
maxima/minima in the frequency points of the Im(S);) parameters
and D the gap between the nanoantennas.”” The corresponding
wavenumber is recalculated for each given frequency, using the
Kalinikos-Salvin model. The errors in the calculated group

ARTICLE scitation.org/journalljap

velocities are estimated from the error propagation of the derivative
in the frequency reading. We observe a reduction in propagation
amplitude by about 50% between the room and both cryogenic
temperatures caused by the increase in Gilbert damping. We find
values for the effective saturation magnetization of M, = 142kA/m
at room temperature and M, = 189 kA /m for 45 and 500 mK. The
constant effective saturation magnetization at millikelvin tempera-
tures is in good agreement with the literature,”™” with a value
close to the observed ones in micrometer-thick YIG samples.”” In
accordance with the increase in effective saturation magnetization,
we observe an increase in the group velocity by about 50%. The
measured values are in good agreement with the theoretically cal-
culated group velocities.

We continue our investigations by comparing the spin-wave
propagation for higher external magnetic fields than in the previous
measurements, at 297 K [Fig. 4(a)] and 45 mK [Fig. 4(b)]. Figure 4
shows the linear magnitude (black), real (blue), and imaginary
(red) part for PSW in the Damon-Eshbach mode at selected mag-
netic fields. At room temperature, we measure the spin-wave signal
over a wide external magnetic field range up to about 900 mT.
Examples for low fields are given in Fig. 4(a). However, at 45 mK,
the propagation characteristics are changing [Fig. 4(b)]. After about
75mT, the magnitude of the spin-wave signal is reduced signifi-
cantly and only a signature in the oscillation behavior can be
observed. Moreover, the fixed phase relation between the imaginary
and real parts disappears, causing challenges in plotting the linear
magnitude of the propagation signal. Examples for the reduced
spin-waves signals are given for 175 and 200 mT. This opposing
behavior between the room and base temperature is a clear indica-
tion, that beyond an external field of about 75mT the GGG sub-
strate magnetizes enough to influence the propagation
characteristics of the spin waves. Thus, future millikelvin measure-
ments at high magnetic fields may rely on suspended YIG
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FIG. 4. Linear magnitude, real, and imaginary part of the S/, parameters for PSWS in the Damon-Eshbach mode at different external fields. The applied microwave
power was set to —28 dBm (at the sample) with an average of 10 (for 297 K) and 25 (for 0.045K). (a) Room temperature (297 K): The spin-wave propagation can be mea-
sured over a wide magnetic field range. (b) Base temperature (45 mK): The spin-wave propagation for magnetic fields in the range from about 25 to 75mT is trackable,
while above 75mT the magnitude and its propagation characteristics start to be distorted. This effect is a result of the increased magnetization of the GGG substrate (see

Fig. 5).
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FIG. 5. Magnetization of the GGG substrate vs the applied magnetic field. A
GGG-only sample is measured, using a vibrating sample magnetometer (VSM)
at 1.8K (dark-blue dots), leading, for example, to an effective magnetization of
32.5kA/m at 75mT. The data are in good agreement with the Brillouin fit (blue
dashed line). For more information, see Sec. C in the supplementary material.
From these data, the magnetization values for 45mK are extrapolated, using
the Brillouin function (black dashed line). At 75 mT, the magnetization increases
to about 62 kA/m.

membranes or triangular nanostructures, which have already been
demonstrated in other material systems (e.g., Ref. 40). To estimate
the influence of the paramagnetic GGG substrate on the spin-wave
propagation in YIG, we conclude our investigations by measuring
the GGG magnetization Mggg of a 4 X 4 x 0.5mm GGG-only
substrate, using a vibrating sample magnetometer (VSM) in the
temperature range from 1.8 to 300K, in the presence of fields of up
to 9T. The results at 1.8 K for our magnetic fields of interest are
shown in Fig. 5 (dark-blue dots). Using Brillouin formalism (see
Sec. C in the supplementary material), we find a good agreement
between measurement results and data. As the VSM is limited to
kelvin temperatures, we extrapolate the magnetization values for
GGG at 45mK (black dashed line). For example, at 75mT (Fig. 5
black dots) we find, that GGG possesses a magnetization value of
32.5kA/m at 1.8 K, which increases to about 62kA/m at 45 mK.
Thus, the temperature and magnetic field dependent GGG magne-
tization may explain the observed reduction in the PSW amplitudes
and the propagation distortions above external magnetic fields of
75mT. Our results are consistent with previous investigations in
the magnetization interaction between YIG and GGG."""**
However, the role of the paramagnetic GGG substrate on spin
waves in YIG is the subject of separate systematic studies. Our
PSWS measurements, supported by the FMR and VSM studies,
suggest that the magnetic moment induced in GGG at millikelvin
temperatures by the application of relatively large magnetic fields is
at least partly responsible for the increase in spin-wave damping.
The increase in the Gilbert damping constant @ can only be
approximately quantified, as this requires plotting the FMR line-
width AB against the FMR frequency fsmr over a wide range of
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applied fields. However, since the FMR linewidth depends on the
degree of the magnetization of the GGG (given by the temperature
and the applied field—see Fig. 5), the dependence AB(fpmr) becomes
nonlinear and the parameter o loses its original physical meaning.
Moreover, the measurement of FMR on nanometer-thick samples
requires the careful subtraction of the reference microwave transmis-
sion signal [see Eq. (1)] at a 50mT detuned magnetic field. Since
this reference signal also depends significantly on the GGG magneti-
zation at low temperatures, the measurement uncertainties increase.
Nevertheless, we can conclude that the increase in spin-wave
damping in the nanometer-thick YIG films on GGG contributes to
the previously reported increase in damping in the micrometer-thick
films on GGG."®'*** Other phenomena that could contribute to
the distortion of the PSWS experiments at the nanoscale at fields
above 75mT are the possible dependence of the magnetocrystalline
anisotropy, caused by the dependence of the cubic crystalline anisot-
ropy of YIG and the stress-induced anisotropy of the YIG/GGG
lattice mismatch on temperature, and the absorption/distortion of
the microwave signal in the CPW transmission lines [see Fig. 1(a)]
by the magnetized GGG substrate.

IV. CONCLUSIONS

In conclusion, we have shown for the first time that propagat-
ing spin-wave spectroscopy in 100 nm-thin YIG films can be per-
formed in a wide temperature range, from millikelvin to room
temperature, while tracking the spin-wave propagation characteris-
tics. At a fixed external magnetic field of 50 mT, we confirm that
the propagating spin waves maintain a constant ferromagnetic reso-
nance frequency below temperatures of about 2.5 K. However, we
observe that the signal amplitude increases by 30% between 45 mK
and 2.5K and further by about 50% when the temperature is raised
to room temperature, pointing to changes in Gilbert damping,
group velocity, or impedance. In contrast to previous work, we
demonstrate that only beyond an external field of about 75mT the
GGG substrate magnetizes up to 62kA/m and influences the spin-
wave propagation at low temperatures. With our experiments, we
illustrate that although the GGG substrate changes the spin-wave
propagation characteristics at millikelvin temperatures, future large-
scale integrated YIG nanocircuits can be realized and measured.

SUPPLEMENTARY MATERIAL

See the supplementary material for Kittel and Gilbert mea-
surements and fits of the pre-characterization experiment, the theo-
retical temperature dependence of the YIG magnetization, and the
temperature dependence of the GGG magnetization.
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