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Magnons have inspired potential applications in modern quantum technologies and hybrid quantum systems
due to their intrinsic nonlinearity, nanoscale scalability, and a unique set of experimentally accessible parameters
for manipulating their dispersion. Such magnon-based quantum technologies demand long decoherence times,
millikelvin temperatures, and minimal dissipation. Due to its low magnetic damping, the ferrimagnet yttrium
iron garnet (YIG), grown on gadolinium gallium garnet (GGG), is the most promising material for this
objective. To comprehend the magnetic losses of propagating magnons in such YIG-GGG heterostructures at
cryogenic temperatures, we investigate magnon transport in a micrometer-thick YIG sample via propagating
spin-wave spectroscopy (PSWS) measurements for temperatures between 4K to 26mK. We demonstrate
an increase in the dissipation rate with wavenumber at cryogenic temperatures, caused by dipolar coupling
to the partially magnetized GGG substrate. Additionally, we observe a temperature-dependent decrease in
spin-wave transmission, attributed to rare earth ion relaxations. The critical role of the additional dissipation
channels at cryogenic temperatures is underpinned by the comparison of the experimental results with theoretical
calculations and micromagnetic simulations. Our findings strengthen the understanding of magnon losses at
millikelvin temperatures, which is essential for the future detection of individual propagating magnons.

I. INTRODUCTION

The research field of magnonics deals with spin waves
and their quanta called magnons, as the eigenexcitations
of the collective spins of magnetically ordered media and
investigates their application for efficient data transmission
and processing. Between 1960 and 1980 a wide range of
devices for analog signal processing were developed, mainly
based on the insulating ferrimagnet yttrium iron garnet (YIG),
due to the material’s uniquely low magnetic damping [1–6].
Continuous advances in nanotechnology and the demand
for innovation in data transportation and processing sparked
interest in the potential of spin waves as data carriers in
novel computing schemes [7–13] and their utilization in wide
frequency bandwidth RF devices [14–17].

Attention from inside and outside the magnonics
community also focuses on the quantum nature of magnons,
due to the intrinsic nonlinearity and the scalability down to
the nanoscale [18, 19]. The diversity of spin-wave dispersion
characteristics and the wide range of experimentally
accessible parameters, such as bias field, sample shape,
or spin-wave frequency, which allow the manipulation
of the dispersion, offer exciting opportunities for the
coupling of magnons to phonons, superconducting qubits,
and photons [20–24]. Such hybrid quantum systems
combine physical platforms that are well suited to perform
different tasks in applications for quantum information,
communication, and sensing [25, 26].
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To maintain the coherence of the quantum states, strong
coupling between the subsystems and a low decoherence
rate are essential. Due to the low dissipation and the large
spin density, allowing strong coupling to other quantum
systems [27], YIG is the material of choice for the
investigation of magnonic quantum states. First steps have
already been achieved, by the coupling of a superconducting
qubit and a single uniform magnon in a bulk YIG sphere [28,
29]. However, to fully utilize spin waves at the quantum level,
the transition from uniform precessions to propagating single
magnons with spacially separated sources and detectors, poses
the next big challenge.

Classical propagating spin waves in a YIG film have
been shown at temperatures down to 45 mK [30]. Such
ultralow temperatures are necessary to exclude the presence
of thermally excited magnons. However, the majority of
YIG films are grown on the substrate gadolinium gallium
garnet (GGG) to ensure high-quality crystals due to the close
lattice matching. Ferromagnetic resonance (FMR) studies
reported, that GGG is exhibiting paramagnetic behaviour, acts
as a damping source for magnons [31–33], and, in the case
of in-plane magnetized films, generates an inhomogeneous
magnetic stray field antiparallel to the applied external field,
at decreasing temperatures [34]. The understanding of the
behavior of the dissipation rate in the YIG/GGG magnetic
system, not only for FMR but also for propagating magnons,
is important for investigations of magnonic quantum states
and their coupling to other quantum systems.

Here, we report on propagating spin-wave
spectroscopy (PSWS) measurements at temperatures
between 4 K and 26 mK in a micrometer-thick YIG sample,
grown on a GGG substrate. We developed a method to
extract the wavenumber dependent dissipation rate Γk
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FIG. 1: (a) Schematic diagram of the dilution refrigerator transmission line assembly. The input and the output line are connected
to a vector network analyzer (VNA). (b) Illustration of the investigated YIG/GGG sample, placed on top of two microstrip
antennas, which are separated by 4 mm. The GGG substrate is illustrated in transparent light blue, with a dark brown YIG film on
both sides. (c) Theoretical saturation magnetization of YIG (grey) and effective magnetization extracted from the experimental
FMR frequency and the external magnetic fields applied at the different temperatures, without (blue) and with consideration of
the magnetic stray field of GGG (red). The magnetization error lies within the size of the dots.

from the experimental spin-wave transmission spectra
and the semi-analytically calculated dispersion relation of
magnetostatic waves in a dipolar coupled layered magnetic
structure. Additionally, the measurements and the theoretical
calculations are compared to micromagnetic simulations. Our
experiments reveal a significant change of the dissipation with
wavenumber at decreasing temperatures, with an increase of
Γk up to 55% for the excited wavenumbers between 0 and
450 rad/cm at 26mK. In agreement with literature [35–40],
we also observe increased magnetic losses due to rare-earth
ion relaxations at 4 K. As this dissipation channel is
suppressed at sub-Kelvin temperatures [31], Γk decreases
by further lowering the temperature. Below 500 mK the
magnetic losses do not change anymore, due to the frustrated
spin-system of GGG, resulting in a complex phase transition
at such low temperatures [34, 41–44].

II. METHODS

A. Experimental methods

We used a LPE-grown <111> - orientated YIG film of
7.78µm thickness, grown on a 500µm-thick GGG substrate.
The sample is 20mm long, 2mm wide, and has two 30◦

edge cuts to minimize reflections. An antenna printed circuit
board (PCB) with two 50µm wide microstrips, separated by
4mm, was used for PSWS measurements at room temperature

and at cryogenic temperatures (see Fig. 1(b)). At room
temperature the sample was placed between a GMW variable
pole gap electromagnet and connected to a 40GHz Rohde
& Schwarz ZVA 40 VNA. The cryogenic setup is based
on a Bluefors-LD250 dilution refrigerator, capable to reach
base temperatures as low as 10mK, and a shored AMI
superconducting vector magnet. A 70GHz Anritsu MS4647B
VNA is connected to the antennas via a 40dB attenuated input
line and a superconducting output line, equipped with a RF
circulator at the mixing chamber and at 4K. The attenuation
at the input line and the RF circulators at the output line
are necessary to isolate the sample from thermal noise. To
increase the signal to noise ratio (SNR), a LNF LNC 2-6 A RF
amplifier with 35dB gain at the frequency of 4.5GHz is placed
at the 4K stage in the dilution refrigerator (see Fig. 1(a)).

Spin waves were measured in the Magnetostatic Surface
Spin Wave (MSSW) configuration, by positioning the sample
in the homogeneous region of the applied magnetic field
in both setups and magnetizing the sample in plane and
perpendicular to the propagation direction of the spin wave.
Magnons are investigated at the YIG surface, which is in
touch with air, with an input power of −40dB at the antenna.
Spin-wave propagation is detected as the S21 transmission
spectrum via the VNA. Measurements were performed at
293K and in the temperature range between 4K−26mK. At
26mK the dilution refrigerator has a cooling power of 14µW
and is still able to keep the system and the inserted sample
in thermal equilibrium. To ensure the measurements have
the same signal floor, transmission losses up to the antenna
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PCB were measured in both setups and subtracted from the
transmission spectra.

Figure 1(c) depicts the effective magnetization, already
accounting for demagnetization as well as anisotropy fields
and calculated with the Kittel-formula for the FMR-frequency
of 4.515GHz, as the overlapping point of the experimentally
obtained transmission spectra. By considering the alteration
of the applied external field due to the stray field of GGG, the
effective magnetization is in agreement with the theoretically
predicted saturation magnetization of YIG. The temperature
dependent magnitude of the GGG stray field can be calculated
by following the procedure presented in [30, 34].

To compare the spin-wave transmission curves at different
temperatures, we overlap the spectra at the FMR point in
the frequency domain. Hence, the applied external field
at the different temperatures was adjusted, to account for
the frequency shift introduced by the increasing saturation
magnetization of YIG [45] and the antiparallel stray field,
created by the partially magnetized GGG substrate [34].

B. Semi-analytical dispersion calculations

The PSWS measurements in the room temperature and
dilution refrigerator setup allow to experimentally record
spin-wave transmission in the frequency domain at different
temperatures. To investigate the dependency of magnon
transport on wavenumber k at different temperatures, the
experimentally measured transmission S21 needs to be
converted from the frequency domain to the wavenumber
domain via the dispersion relation. Here, we adopt the method
of magnetostatic wave dispersion calculation in multilayered
structures, developed in [46], to our system. As we are
interested not only in the dispersion but also in the damping
rate of magnetostatic waves, we introduce the complex wave
frequency ω̃k = ωk + iΓk, where the real part (ωk) describes
the dispersion relation and the imaginary part (Γk) denotes the
damping rate.

YIG and GGG layers are described by their magnetic
permeability tensors with hermitian and anti-hermitian
components

µn =
ω̃2

k −ω2
⊥,n

ω̃2
k −ω2

H,n
, µa,n =

ω̃kωM,n

ω̃2
k −ω2

H,n
, (1)

where the index n represents the YIG or GGG layer. The
quantities in these equations are introduced as:

ωH,YIG = γµ0(H0 +Ha)+ iαGωk , (2a)

ωH,GGG = γµ0H0 + iγµ0
∆H
2

, (2b)

ωM,n = γµ0Mn , ω⊥,n =
√

ωH,n(ωH,n +ωM,n) , (3)

with MYIG being the saturation magnetization for YIG, MGGG
as the net static magnetization of GGG at a given field and

temperature, and Ha being the weak effective anisotropy field
in YIG (see below).

Equations 2(a) and 2(b) imply that we are using different
dissipation models for YIG and GGG. For YIG, we use the
standard Gilbert model with αG being the Gilbert damping
parameter. Its room-temperature value was determined
experimentally using a standard FMR setup, with the
instrumentation of the room-temperature PSWS setup and a
commercial coplanar waveguide (CPW) FMR antenna from
NanOsc Instruments. The recorded FMR spectra revealed a
Gilbert damping of α293K = (5.2 ± 2.5) ·10−5.

The nature of FMR linewidth in GGG is different and shows
inhomogeneous linewidth broadening due to atomic-scale
nonuniform stochastic effective fields of rare-earth ions. This
broadening is weakly dependent on the temperature and GGG
magnetization and is often accounted for by a single parameter
µ0∆H ≈ 400 mT [47]. Although this approach is simplified
and phenomenological, it provides good qualitative agreement
with the experimental data as will be shown below.

Boundary conditions for magnetic field and induction in
the air-YIG-GGG-air structure result in the following secular
equations, describing the spin wave spectrum in the MSSW
geometry:

DYIGDGGG +EYIGEGGG = 0. (4)

where:

DYIG = 2µYIG +(1+µ
2
YIG −µ

2
a,YIG) tanh(kdYIG) , (5a)

DGGG = 2µGGG +(1+µ
2
GGG −µ

2
a,GGG) tanh(kdGGG) , (5b)

FYIG = (−1+µ
2
YIG −µ

2
a,YIG −2µa,YIG) tanh(kdYIG) , (5c)

EGGG = (1−µ
2
GGG+µ

2
a,GGG−2µa,GGG) tanh(kdGGG) . (5d)

Here, dn is the thickness of the layers: dYIG = 7.78µm
and dGGG = 500µm. Equation 4 is solved numerically to
obtain the values of the magnetostatic wave frequency ωk
and dissipation rate Γk at a given wavenumber k. Note,
that Eqs. 5(a)-(d) are valid for k > 0 only [46]. For the
investigation of wave dispersion in the opposite direction, one
should virtually reverse the bias magnetic field, which results
in the sign reversal of the anti-hermitian components µa,n of
the magnetic permeability tensor for both the YIG and GGG
layers.

C. Numerical simulations

To support the quasi-analytical results, the dispersion
relation was computed using micromagnetic simulations. The
experimental configuration consisted of a ferrimagnetic YIG
layer with a thickness of 7.78µm and a paramagnetic GGG
substrate with a thickness of 500µm. The two orders of
magnitude difference in thickness makes simulating the entire
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GGG region in one micromagnetic model infeasible, while
maintaining uniform discretization along the vertical axis.

To address this challenge, the GGG substrate was split into
distinct domains, as shown in Fig. 2(a), separating its static
and dynamic influences on spin-wave propagation in YIG.
The static interaction, governed by the stray field generated
by the partially magnetized GGG (Fig. 2(b)), was calculated
using the FEMME software, which solves the nonlinear
Maxwell equations for the temperature and field-dependent
magnetization of GGG. This finite element/boundary element
method employed a mesh size of 0.1mm [48]. The resulting
stray field BGGG was evaluated within a 7.78µm-thick layer
above the GGG and incorporated into the micromagnetic
simulations (Fig. 2(d)) as an additional constant bias
field, capturing the static substrate effects on the magnetic
phenomena in YIG.

The micromagnetic simulations of the dispersion in the
YIG film were performed using the GPU-accelerated software
magnum.np [49] (Fig. 2 (d)). The simulated geometry
consists of a YIG film of size 4mm × 2mm × 7.78µm,
discretized into cells of 5µm × 20µm × 200nm. To
account for dynamic interactions, an additional 30µm-thick
GGG-interface layer was introduced beneath the YIG. This
additional layer allowed coupling between the materials
via dipole-dipole interactions at their interface. Moreover,
as the GGG’s net magnetization increases with decreasing
temperature, spin-wave energy starts to be transferred
into the substrate’s spin-assembly, altering its dispersion
characteristics. However, including the 30µm-thick GGG
layer introduces an additional static field Bcorr, acting on the
YIG film, which is redundant as static effects are already
accounted for in the Maxwell simulations. To address
this, a calibration simulation was performed (Fig. 2(c)). In
this step, only the 30µm-thick GGG layer was modeled,
and the generated stray field inside a surrounding air box,
corresponding to the YIG thickness, was calculated. This field
was subtracted as a correction term Bcorr, ensuring accurate
results in the dispersion simulation (Fig. 2(d)).

The net magnetization MYIG values at specific temperatures
and applied fields were taken from Fig. 1(c), while α293K was
set to the experimentally obtained value of 5.2 · 10−5. For
the 30µm-thick substrate layer, the nonuniform broadening
of the resonance linewidth in GGG [47] was incorporated as
the frequency-dependent damping αGGG, recalculated using
the definition of the linewidth in the Gilbert model [50]. The
exchange constant AYIG = 3.5pJ/m was used for YIG, while
the paramagnetic GGG substrate was assumed to show no
exchange interaction (AGGG = 0). Using the time-dependent
magnetization configuration obtained from micromagnetic
simulations, the magnon lifetime τ was determined by
dividing the decay length λ for various wavenumbers by the
group velocity, as the derivative of Eq. (4). Numerically, the
dispersion was calculated through a sinc-pulse excitation at
the center of the mesh, followed by FFT analysis. In the
magnetostatic surface wave geometry, waves are localized
near the YIG surfaces (specifically, the YIG/air surface in the
experimental configuration) and as a result, only a thin layer
of the partially magnetized GGG substrate near the interface

FIG. 2: Schematic representation of the numerical simulation
approach for the computation of the spin-wave dispersion
and lifetime. (a) Splitting of the simulation into multiple
domains, including the introduction of the “interface GGG”
region, to account for the dynamic influence of the partially
magnetized GGG on YIG. (b) Calculation of the static
stray field BGGG induced by the bulk 500µm-thick GGG
substrate, using the nonlinear Maxwell solver in FEMME.
(c) Simulation of the correction field Bcorr, resulting from the
inclusion of an “interface GGG” layer into the micromagnetic
simulations. This field is subtracted from the YIG simulation
to eliminate parasitic effects. (d) Final micromagnetic
simulation configuration for the dispersion calculation in the
layered magnetic structure, incorporating the stray field BGGG
and the correction field Bcorr.

with YIG contributes significantly to the dynamic coupling.
Hence, the separation of the GGG layers influence into the
spin-wave dispersion into static and dynamic contributions is
justified. The developed method incorporates the substrate’s
influence while maintaining computational feasibility.

III. RESULTS AND DISCUSSION

A. Temperature dependent magnon transport

To compare magnon transport at different temperatures and
investigate the dependency on the wavenumber k, spin-wave
transmission was measured at 293K in the room temperature
setup and at 4K, 2K, 1K, 500mK, 200mK, and 26mK in the
dilution refrigerator setup.

The recorded S21 transmission spectra are depicted in
Fig. 3(a). To analyze the spin-wave signals for the
same frequencies, we overlap the curves at the FMR-point
of 4.515GHz (dashed black line) and adjust the external
magnetic field accordingly, as noted in the legend of
Fig. 3(a). Compared to the applied field of 95.3mT at
293K, the biggest adjustment was necessary at 4K with
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FIG. 3: (a) Spin-wave transmission spectra detected in the MSSW configuration at different temperatures between 293 K and
26 mK. To compare magnon transport at different temperatures, the spectra were recorded at different external magnetic fields
as indicated in the legend, to overlap them at the FMR frequency. The spectra are corrected for transmission losses down to the
microstrip antennas. (b) Dispersion relation calculated for MSSW in a dipolar coupled YIG-GGG bilayer at the experimental
temperatures and external magnetic fields (solid lines). Below 4 K the dispersion does not change significantly and the resulting
curves overlap. The calculations are compared to micromagnetic simulations, visualized in the color map. The dashed lines
highlight the maximal wavenumber, which can be excited with the used antenna. (c) The group velocity vg, calculated as the
derivative of the dispersion relation. (d) Magnon transport in k-space, extracted from the experimental spin-wave spectra in the
frequency domain via the dispersion relation.

an applied field of 83.8mT, while the smallest difference
occurred at 26mK with 92.9mT. The bigger adjustment
of the external field at 4K is necessary, as the effective
magnetization of YIG is already saturated, which increases
the spin-wave frequency. However, the magnetic stray field
of the GGG substrate at this temperature is still relatively
small (see Fig. 1(c)). By decreasing the temperature further,

the magnetization of the GGG substrate increases, which
leads to a stronger GGG-induced magnetic stray field [34],
while the magnetization of YIG is saturated and does not
change anymore with temperature. As the stray field
of GGG is antiparallel to the external bias field in the
MSSW configuration, it compensates a significant part of
the frequency shift due to the higher effective magnetization
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of YIG and therefore the bias field has to be changed less
compared, to the room temperature measurement. We observe
the strongest signal for the measured temperatures in the
frequency domain at 293K and the smallest at 4K. By
decreasing the temperature further, the spin-wave amplitude
increases again until it reaches a plateau at 500 mK.

At room temperature, the primary dissipation channels for
spin-waves are intrinsic processes, for example, interaction
with phonons or two-magnon scattering, which are strongly
suppressed in high-quality YIG samples [51]. Although
it can be expected that these intrinsic damping sources
decrease with temperature, studies show an increase in the
resonance linewidth of rare-earth iron garnets. This behavior
is already extensively discussed in literature and is due to the
relaxation of rare-earth ions in the crystal lattice [35–40]. The
increase in linewidth reaches a maximum at approximately
50K for single crystal YIG spheres and afterwards decreases
again with temperature. Note, that the temperature at
which the maximum linewidth is observed, strongly depends
on the type and concentration of rare-earth ions [37, 39].
Despite being already below 50K, the stronger decrease in
spin-wave amplitude at 4K can still be mainly attributed to
the relaxation of rare-earth ions. As reported in experiments,
the linewidth steadily decreases after these temperature peak
processes, and the contribution of rare-earth ion relaxation
to the magnetic damping is not dominant anymore at
sub-Kelvin temperatures [40]. It was shown, that the
linewidth decreases even below the room temperature values
for substrate-free YIG samples at millikelvin temperatures
and input power levels high enough to saturate two-level
fluctuation processes [31, 52]. However, in the presence
of GGG, the linewidth at millikelvin temperatures is wider
than at room temperature, indicating higher damping due to
the paramagnetic character of the substrate [31]. Alongside
interactions between the YIG and GGG layers close to
their interface, we relate this increased damping for uniform
precessions partially to the highly inhomogeneous stray field
of GGG [34], which leads to smaller resonance frequencies
closer to the sample edges, causing asymmetric broadening
of the FMR linewidth at decreasing temperatures. Although
the GGG related dissipation is most distinct at temperatures
below 1 K, it is also already present in the measurements at
4K (see [32, 34]).

In the frequency domain, the broadest S21-spectrum was
recorded at 26mK, as, compared to room temperature, the
dispersion becomes steeper with decreasing the temperature,
due to the higher saturation magnetization of YIG (see
Fig. 1(c)). Note, the narrowest spin-wave spectrum was
observed at 4K, although the calculated dispersion does not
change compared to 26mK. We attribute this narrower
spectrum width to the significantly increased dissipation at
4K. Figure 3(b) depicts the dispersion relation calculated with
Eq. 4 (solid lines) at the different measurement temperatures
and considering the altered external field due to the GGG
substrate. As the saturation magnetization of YIG is almost
constant below 100K and the stray field and magnetization
of GGG is included in the calculation, the dispersion does
not change significantly between 4K and 26mK. In order to

visualize all the curves in this temperature range, points were
added to the theoretically calculated dispersion for clarity. To
start at the FMR frequency of 4.515GHz, the quasi-analytical
dispersion was fitted to the experimental results with the
introduction of a temperature dependent effective anisotropy
field µ0Ha, ranging from 1 mT at 293 K to the highest value of
2.4 mT at 4 K.

The dispersion is also compared to micromagnetic
simulations, visualized by the colormap. We observe good
agreement of the numerical model and the semi-analytical
calculations for wavenumbers up to 2000 rad/cm and an
increasing deviation for higher k. The dashed lines in Fig. 3(b)
mark the possible wavevectors k that can be excited with
the used antenna width of wa = 50µm, based on a simple
sinc-shaped excitation efficiency as the Fourier-transform of a
rectangular antenna. Figure 3(c) shows the group velocity for
the experimentally accessible wavenumbers, extracted as the
derivative of the dispersion relation. The calculated dispersion
allows the transformation of the transmission spectra from the
frequency domain into the wavenumber domain and compare
magnon transport at decreasing temperatures with k.

Figure 3(d) depicts the experimentally measured S21
transmission spectra, transformed into k-space with the
dispersion relation of Eq. 4. We observe similar behavior
of spin-wave magnitude as in the frequency domain, with the
smallest S21-amplitude and the narrowest spectrum at 4K and
an increase of amplitude and spectrum width again at 26mK.
However, a comparison of the spectrum width reveals, that
almost all wavenumbers, which can be excited by the antenna,
are detected at 293K, but less than half of the possible
wavenumbers are detected at the cryogenic temperatures. In
other words, a faster decrease of spin-wave amplitude with
wavenumber was observed at lower temperatures, compared
to room temperature.

B. Wavenumber dependency of the dissipation rate

To quantify the observed dependency of magnon transport
on the wavenumber, Fig. 4(a) shows the difference in
transmission amplitude ∆S293K−T

21 between room temperature
and the cryogenic temperatures. When plotted versus k, a
linear fit allows to compare the change of ∆S293K−T

21 with
wavenumber in the region of spin-wave propagation. The
slope of the fit indicates a faster decay of spin waves with
k at low temperatures. We observe the steepest slope, and
therefore the biggest dependency of magnon transport on k,
between 4K − 2K and a smaller slope at 500mK. Below
500mK, no notable changes of the amplitude difference
∆S293K−T

21 and its dependency on the wavenumber were
recorded. Similar observations have been reported for
temperature dependent FMR studies [34] and single-crystal
magnetometry measurements [44], with no further change of
the FMR frequency and the magnetization below 500 mK.
This unusual behavior is attributed to the complex magnetic
phase transition of GGG at temperatures below 1K [41–44].

The magnitude of the transmission S21 is a measure for the
dissipation rate Γk, as the inverse of the magnon lifetime τ ,
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FIG. 4: (a) Difference in spin-wave amplitude ∆S293K−T
21 with respect to wavenumber. The region of spin-wave propagation

was linearly fitted to quantify the change of spin-wave transmission with k, compared to room temperature. (b) Illustration
of the temperature dependency of the dissipation rate Γk, at the point of maximum spin-wave transmission S21 in k-space.
(c) The dissipation rate Γk plotted versus wavenumber in the regions of spin-wave propagation. We compare the results
extracted out of the experiment (solid lines), the quasi-analytical model (dashed lines), and the micromagnetic simulations
(dots). (d) Theoretically calculated change of the dissipation rate with wavenumber at different temperatures. After a maximum
of dissipation at 400 rad/cm, the model predicts a steady decrease of Γk with increasing wavenumbers.

at the respective temperatures (see Eq. (6)). Hence, the
experimentally obtained transmission spectra S21 allow to
calculate Γk directly, assuming the efficiency with which the
antennas can excite and detect spin waves J2 = Jex · Jdet is
not dependent on temperature. The used microstrip antennas
consist of gold plated copper and are patterned on a Rogers
RT/duroid 6010.2LM substrate. As both copper and gold
show a decrease in resistivity at lower temperatures [53] and

the substrates dielectric constant εr = 10.2 does not change
significantly with temperature, according to the thermal
coefficient of −425 ppm/◦C given by the manufacturer [54],
the characteristic impedance, and therefore also the field
components of the Oersted field created by the antenna, are
assumed to be temperature independent in our experiments.
Equation (6) describes the relation between S21 (in linear
magnitude) and the dissipation rate Γk, with L as the antenna
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distance and vg = vg(k) the group velocity,

S21 = J2 · exp
(
−ΓkL

vg

)
. (6)

The group velocity is extracted as the derivative of the
dispersion relation, shown in Fig. 3(c), vg = |∂ωk/∂k|.
At room temperature conditions, the GGG substrate can
be considered to have zero net-magnetization and the
MSSW damping rate is k-independent and is given
by Γ293K = α293K (ωH,YIG + ωM,YIG/2). In this
case, the antenna efficiency J2 can be calculated via
Eq. (7), with the room temperature Gilbert damping
α293K = (5.2 ± 2.5) · 10−5, measured experimentally in
a standard FMR setup:

J2 =
S21

exp
(
−Γ293KL

vg

) . (7)

By assuming J2 is independent of temperature, Eq. 6 can
be converted for Γk (or inverse magnon lifetime), allowing
to calculate the dissipation rate at the different temperatures
directly out of the recorded PSWS spectra as

Γk =
1
τ
=−

vg · ln(S21/J2)

L
. (8)

To better visualize the change of Γk with temperature,
Fig. 4(b) compares the dissipation rate for different
temperatures at the point of maximum spin-wave transmission
in the wavenumber domain, close to the FMR point
(k = 0). As expected, the lowest dissipation with
Γmin/(2π) = (0.26 ± 0.1) MHz is observed at 293K and
the maximum with Γmax/(2π ) = (9.76 ± 0.20) MHz was
recorded at 4K. In terms of effective magnetic damping, this
would correspond to the values α4K

eff = (1.7 ± 0.1) · 10−3

and α26mK
eff = (4.2 ± 0.5) · 10−4. At temperatures

below 4K, the dissipation rate decreases continuously, until it
reaches a plateau at 500mK. This observation aligns with the
results regarding magnetic damping from [31] and is related
to the different temperature dependent dissipation processes
described in section III A.

Figure 4(c) depicts the dissipation Γk versus wavenumber
and demonstrates an evident increase of the damping rate
with the wavenumber in almost the whole experimentally
accessible range. Certain oscillations are most probably a
result of interference of the main MSSW mode with edge
modes (which are formed due to inhomogeneous GGG stray
fields across the sample width). Analog to Fig. 4(b), the
highest dissipation rate in the experiment was observed at
4K, followed by a continuous decrease of Γk until 500mK,
from where no significant changes can be observed by
decreasing the temperature further. The dissipation rate
increased with wavenumber by approximately 70% at 4 K
and by 55% at 26 mK between the FMR-point and the
highest excited k, indicating that the dependency of Γk on
the wavenumber becomes smaller at sub-Kelvin temperatures.
The above-mentioned mechanism of rare-earth ion relaxations

in YIG is expected to be k-independent and results in a
uniform increase of the dissipation rate, at least in the studied
wavenumber range (the behavior might differ for much shorter
spin-wave wavelengths, comparable to the mean distance
between the relaxation centers). In order to understand
the experimental data, we compare them with the results
of the semi-analytical calculations and the micromagnetic
simulations, which are shown by dashed lines and dots
in Fig. 4(c). From the micromagnetic simulations, the
dissipation was only extracted at 2K, due to computational
resources.

Both the analytical and micromagnetic results show
a pronounced increase of the dissipation rate Γk with
the wavenumber in the range of experimentally recorded
magnons, and are in agreement with each other, see Fig. 4(c).
These models do not account for the rare-earth ion relaxation,
but allow to capture the influence of the partially magnetized
paramagnetic GGG substrate on the MSSW relaxation,
mediated by the dynamic dipolar coupling between the YIG
and GGG layer. This dipolar coupling is the source of
the observed k-dependence of Γk. Indeed, the intrinsic
damping rate in GGG is much larger than in YIG. Like
in the framework of classical coupled harmonic oscillators,
the effective damping rate of higher-Q oscillators (lower
inherent damping) increases due to the energy transfer into
lower-Q oscillators (higher inherent damping). As we deal
in our case with propagating waves instead of uniform
oscillations, the energy transfer and additional dissipation
rate is dependent on the wavenumber, since the dipolar
coupling is k-dependent. This coupling is described by the
magnetostatic Green function, which nonzero components in
the film geometry are expressed as [55]

Gk,xx =−Gk,zz =
|kx|
2

e−|kx(z−z′)| ,

Gk,xz = Gk,zx = i
kx

2
sign[z− z′]e−|kx(z−z′)| ,

(9)

where the wave propagates along x-direction and z and z′ are
perpendicular to the plane coordinates within different layers
(the total coupling is an integral over the layers thickness). At
the FMR point (kx = 0), the dipolar coupling between YIG
and the partially magnetized GGG is zero, as expected for the
coupling of uniformly magnetized films. Then, at low k, the
coupling increases linearly with the wavenumber, leading to
the increase of additional losses of MSSW in YIG.

Analytical calculations also revealed that the GGG-induced
damping Γ(dip) is added linearly to the intrinsic YIG damping,
Γk = Γ0 + Γ(dip). This feature is used in Fig. 4(c) for
the fitting of the experimental data with the semi-analytical
model of Eq. 4, where we use the temperature-dependent
Γ0 as a fitting parameter. By including the obtained
additional YIG inherent dissipation due to rare-earth ion
relaxations Γ0(4K) = 9MHz, Γ0(2K) = 5MHz, and
Γ0(1K) = 1MHz, the theoretical curves get into good
agreement with the experimental data between 4 to 1K.
Below 1 K however, the theoretical predictions deviate
significantly from the experiment and overestimate the change
of the dissipation rate Γk with wavenumber. As the theoretical
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model does not consider the complex phase transitions of
the paramagnetic GGG substrate, it predicts a continuous
increase of the dissipation between 500 mK and 26 mK, due
to the increased GGG net magnetization (within the Brillouin
model of paramagnetic GGG [34, 47]). This contradicts
the dissipation in the experiment, which steadily decreases
down to 500mK and remains almost unchanged at lower
temperatures. To include the complex magnetic nature of
GGG into the calculations, further temperature-dependent
studies of the linewidth of pure GGG samples are needed at
sub-kelvin temperatures.

As the signal-to-noise ratio at cryogenic temperatures was
already too small to resolve spin-wave transmission at higher
wavenumbers, we were only able to experimentally record
spin-wave propagation for wavenumbers up to 450 rad/cm.
To illustrate the behavior of Γk for short-wavelength spin
waves, Fig. 4(d) depicts the dissipation rate computed with
Eq. 4 for wavenumbers up to 4000 rad/cm. Note, that
the quasi-analytical model shows a steady decrease of the
dissipation Γk at wavenumbers k > 400 rad/cm for the whole
temperature range of 4 K to 26 mK. The presented theoretical
model demonstrates that the increased dissipation rate,
introduced by the dipolar coupling between the YIG layer
and the partially magnetized GGG substrate, is suppressed
at increasing wavenumbers. As Eq. (9) shows, at high
enough k (quantitatively, above kxdYIG ≳ 3), the exponential
decrease dominates over the linear increase with wavenumber.
Hence, due to the demand of low magnetic losses in the
field of quantum magnonics, it could proof beneficial to
work with short-wavelength exchange-dominated magnons in
future experiments.

IV. CONCLUSIONS

In conclusion, we have shown magnon transport at
different temperature ranges, from 293K to 26mK, in a
7.78µm-thick YIG sample. The recorded S21 transmission
spectra were converted into the wavenumber domain
via the semi-analytically calculated dispersion relation
for a two-layered magnetic structure and confirmed via
micromagnetic simulations. Both the theoretical as well
as the numerical calculations considered the stray field
of the partially magnetized GGG substrate at decreasing
temperatures. Furthermore, the experimentally obtained
S21-spectra were directly converted to the dissipation rate
Γk via the relation of Eq. 8. At cryogenic temperatures, we
report a distinct dependency of Γk on the wavenumber, with
an increase of up to 55% between the FMR point and the
highest excited wavenumber at the temperature of 26 mK.

Furthermore, the theoretical model predicts a steady decrease
of dissipation at wavenumbers k > 400 rad/cm, suggesting
lower dissipation for short-wavelength exchange magnons.
We attribute the recorded k-dependency of Γk to the different
magnetic resonance conditions of the dipolar coupled
ferrimagnetic YIG layer and the partially magnetized GGG
substrate, which is suppressed at higher k due to the smaller
dipolar coupling. Additionally, our experiments confirmed
an increase in magnetic damping due to rare-earth ion
relaxations at low temperatures and the subsequent decrease
of damping at sub-kelvin temperatures, which is already
reported in the literature. Below 500 mK, we recorded no
changes in spin-wave propagation or the dissipation rate, due
to the complex phase diagram of GGG below temperatures
of 1 K. The coupling between YIG and the necessary GGG
substrate at decreasing temperatures and the concomitant
increase in magnetic losses should be taken into account in
the investigation of magnons on the quantum level, especially
with propagating, rather than standing, spin-waves.
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