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ABSTRACT
Magnon systems used in quantum devices require low damping if coherence is to be maintained. The ferrimagnetic electrical insulator yttrium
iron garnet (YIG) has low magnon damping at room temperature and is a strong candidate to host microwave magnon excitations in future
quantum devices. Monocrystalline YIG films are typically grown on gadolinium gallium garnet (GGG) substrates. In this work, comparative
experiments made on YIG waveguides with and without GGG substrates indicate that the material plays a significant role in increasing
the damping at low temperatures. Measurements reveal that damping due to temperature-peak processes is dominant above 1 K. Damping
behavior that we show can be attributed to coupling to two-level fluctuators (TLFs) is observed below 1 K. Upon saturating the TLFs in the
substrate-free YIG at 20 mK, linewidths of ∼1.4 MHz are achievable: lower than those measured at room temperature.

© 2019 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/10.1063/1.5115266., s

Microwave magnonic systems have been subject to extensive
experimental studies for decades. This work is motivated not only
by an interest in their rich basic physics but also by their poten-
tial application as information carriers in beyond-CMOS electron-
ics.1,2 Recently, enthusiasm has grown for the study of magnon
dynamics at millikelvin (mK) temperatures, the temperature regime
in which solid-state microwave quantum systems operate.3–12 This
work offers the possibility to explore the dynamics of microwave
magnons in the quantum regime and to study novel quantum
devices with magnonic components.13–15

Arguably the most important material in the context of room-
temperature experimental magnon dynamics is the ferrimagnetic
insulator yttrium iron garnet (Y3Fe5O12, YIG). Pure monocrys-
talline YIG has the lowest magnon damping of any known material
at room temperature16 and is produced in the form of bulk crys-
tals and films. Films suitable for use as waveguides in conjunction

with micron-scale antennas are grown by liquid-phase epitaxy to
a thickness of between 1 and 10 μm on gadolinium gallium gar-
net (Gd3Ga5O12, GGG) substrates. The use of GGG is motivated
by the need for tight lattice matching to assure a high crystal qual-
ity. Recently, YIG films were recognized as promising media for the
study of magnon Bose-Einstein condensation and related macro-
scopic quantum transport phenomena.17–20 In the context of quan-
tum measurements and information processing, YIG films hold
noteworthy promise; however, if they are to be practical, they must
be shown to exhibit the same (or better) dissipative properties at
millikelvin temperatures as they do at room temperature.

Magnon linewidths in YIG at millikelvin temperatures have
thus far only been characterized in bulk YIG resonators (specifi-
cally, spheres).4,6,7,10,21 Bulk YIG has been shown to retain its low
magnon damping at millikelvin temperatures. However, in the case
of YIG films grown on GGG, the story is more complex. GGG is
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TABLE I. Comparing results at 300 K and at 20 mK.

YIG/GGG Substrate-free YIG

Size 2 mm × 3 mm × 10 μm ∼1 mm × 1 mm × 30 μm

w/d 1.7 mm/70 μm 0.9 mm/540 μm

300 K α1a = (22 ± 4) × 10−5 α2a = (8.9 ± 0.5) × 10−5

Δf○,1a = (0.7 ± 0.4) MHz Δf○,2a = (0.9 ± 0.1) MHz

20 mK α1b = (74 ± 5) × 10−5 α2b = (2.3 ± 0.7) × 10−5

Pb = −65 dBm Δf○,1b = (1.7 ± 0.6) MHz Δf○,2b = (1.1 ± 0.1) MHz

20 mK α1c = (85 ± 6) × 10−5 α2c = (9.3 ± 1.0) × 10−5

Pc = −100 dBm Δf○,1c = (2.6 ± 0.6) MHz Δf○,2c = (2.0 ± 0.1) MHz

a geometrically frustrated magnetic system,22 and it has long been
known that at temperatures below 70 K, it exhibits paramagnetic
behavior that has been reported to increase damping in films grown
on its surface.23–25 The behavior of GGG at millikelvin temperatures
is yet to be thoroughly characterized,26–28 but recent results at mil-
likelvin temperatures have suggested that magnon damping in YIG
films grown on GGG is higher than expected if the properties of
the YIG system alone are considered.9,11,29 In this work, we report a
comparative set of experiments on YIG films with and without GGG
and move toward a more complete understanding of the damping
mechanisms involved.

We present data from the measurement of two YIG samples: a
11 μm-thick film and a substrate-free 30 μm-thick film. Both sam-
ples are grown using liquid phase epitaxy with the surface normal
of the YIG film (and the substrate) parallel to the ⟨111⟩ crystallo-
graphic direction. The substrate-free YIG is obtained by mechani-
cally polishing off the GGG until a 30 μm-thick pure YIG film is
obtained.25 The corresponding lateral size of each sample can be
found in Table I.

We measure the damping in both films using the microstrip-
based technique illustrated in Fig. 1(a).30 The sample is positioned
above a microstrip and magnetized by an out-of-plane magnetic
field (B). Continuous-wave microwave signals transmitted through
the microstrip probe the ferromagnetic resonance of the sample. In
the room-temperature experiments, the transmitted signals are mea-
sured by connecting the two ends of the microstrip directly to a
commercial network analyzer. In our low-temperature experiments,
the sample is mounted on the mixing-chamber plate of a dilution
refrigerator, as shown in Fig. 1(b), similar to that used in Ref. 11.
A microwave source is used to generate the input microwave sig-
nal. At the input line, three 20 dB attenuators are used to ensure an
electrical noise temperature that is comparable to the temperature of
the sample. The output signals then pass through two circulators, a
bandpass filter, and an amplifier, before they are downconverted to
a 500 MHz signal at room temperature. A data acquisition (DAQ)
card then digitizes the transmitted signal at a 2.5 GHz sampling
frequency. Signals are usually averaged about 50 000 times before
being digitally downconverted in order to obtain a signal similar to
the one shown in Fig. 1(a). The magnon linewidth is given by the
full-width at half maximum (FWHM) of the Lorentzian fit to the

transmitted signal. The measurement frequency range is between
3.5 GHz and 7 GHz. The low-frequency limit is imposed by the
limited bandwidth of the circulators used for our low-temperature
measurement setup, and the top of the measurement band is
determined by the maximum external field that can be applied
by our magnet.

The measured damping comprises contributions from the sam-
ple and from radiation damping caused by its interaction with the
microstrip. In our experiments, radiation damping originates from
eddy currents excited in the microstrip by the magnetic field of
the magnons31,32 and can be decreased by increasing the separation
between the sample and the microstrip (d) at the expense of reduc-
ing the measured absorption signal strength (A). There is therefore
a tradeoff to be made between being able to measure linewidths very

FIG. 1. (a) The measurement configuration used to characterize the sample’s
damping. The sample and the microstrip (signal line) are separated from each
other by a spacer. When the microwave drive is resonant with the magnons in the
sample, a decrease in the transmitted signal is observed. (b) The low-temperature
setup and its corresponding data acquisition system at room temperature.
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close to the intrinsic linewidth of the sample (thick spacer, negligible
radiation damping) and being able to achieve a sufficient signal-to-
noise (SNR) ratio (thin spacer, non-negligible radiation damping).
Table I lists the microstrip-sample spacings (d) in our experiments.
Since earlier experiments suggested that the YIG/GGG linewidth
would be higher at low temperature, the YIG/GGG sample is closer
to the microstrip to maintain a sufficient SNR.

Within the YIG film itself, the primary contributions to
magnon damping are intrinsic processes,33,34 temperature-peak pro-
cesses,35,36 two-level fluctuator (TLF) processes,4 and two-magnon
processes.35,36 Intrinsic processes are due to interactions with optical
phonons and magnons; they are expected to decrease with reducing
temperature. Temperature-peak processes originating from inter-
actions with rare-earth impurities are only significant at low tem-
perature (above 1 K). TLF processes are due to damping sources
that behave as two-level systems; they are dominant below 1 K.
Two-magnon processes have their origins in inhomogeneities in the
material; in our experiments, they are minimized by magnetizing the
sample out of plane.37,38

Figure 2 compares the magnon linewidth (Δf ) of each sample
at 300 K (room temperature) and at 20 mK, as a function of the fer-
romagnetic resonance frequency (f○). Results at 300 K are obtained
by sweeping the input microwave frequency under constant B-field.
Results at 20 mK are obtained by sweeping the B-field at constant
input microwave frequency. In the latter case, the linewidths are
measured in terms of magnetic field (ΔB) and converted to units
of frequency (Δf ) via the relation Δf = (γ/2π)ΔB, where γ is the
gyromagnetic ratio. Note that there is no conversion factor other
than γ/2π that is used to translate the low-temperature field-domain
data into the frequency domain. A linear fit to Δf = 2αf○ + Δf○
gives the characteristic Gilbert damping constant α (unitless) and the

FIG. 2. Magnon linewidths (Δf ) vs resonance frequency (f○) for a YIG/GGG film
and a substrate-free YIG film. Datasets at room temperature (300 K, •) are
obtained with an input power of −25 dBm. Datasets at 20 mK are obtained for two
input powers: Pb = −65 dBm (▲) and Pc = −100 dBm (∎). Each error bar repre-
sents the standard deviation of the linewidth values obtained from repeated mea-
surements. Dashed lines are linear fits; the details of these fits are summarized in
Table I. Note the different scaling of the vertical axes of the plots.

inhomogeneous broadening contribution Δf○. Table I summarizes
the results of linear fits to data in Fig. 2.

We first compare the results at 300 K and 20 mK obtained at a
relatively high input drive level (Pb = −65 dBm). The substrate-free
YIG shows a measured linewidth decreasing from the room temper-
ature value to approximately 1.4 MHz at 20 mK. The reduction in
damping is as anticipated by existing models that describe the intrin-
sic damping of YIG.33–35 The radiation damping contribution to the
linewidth for the substrate-free YIG is small due to the large spacing
from the microstrip (d = 540 μm).

The YIG/GGG sample is substantially closer (d = 70 μm) to the
microstrip, and its measured α therefore includes a non-negligible
radiation damping contribution αr. In our raw data, uncorrected for
this effect, we measure a damping constant at 20 mK (α1b) that is 3.4
times larger than the room temperature value (α1a). Following Ref.
31, the radiation damping can be modeled with an equivalent Gilbert
damping constant αr = CgMs, where Cg depends on the geometry of
the system and Ms is the saturation magnetization of the sample. As
both 300 K and 20 mK measurements are performed with identical
sample geometry, it is reasonable to expect that the change in αr as
the temperature is lowered is due to the change in Ms. Therefore,
the increase in αr between 20 mK and 300 K is determined by the
ratio of the saturation magnetization, i.e., Ms (20 mK)/Ms (300 K)
≈ 1.4.39 The fact that we see a significantly larger damping increase
(α1b/α1a ≈ 3.4) in the YIG/GGG and a decrease (α2b/α2a ≈ 0.26) in
the substrate-free YIG indicates that the GGG plays an important
role in increasing the magnon linewidth of the YIG/GGG sample at
20 mK.

The parameters α and Δf○ in both samples increase as the input
drive level (Pc) reduces, as shown in Table I. This behavior can be
explained by the TLF model upon which we shall elaborate later.

Figure 3 shows the temperature dependence of the magnon
linewidths for both samples measured at low input power (Pc = −100
dBm). For the YIG/GGG results in Fig. 3, the radiation damping
contribution (αr = CgMs

31) across the examined temperature range
can be considered to be an approximately constant vertical shift to

FIG. 3. Temperature (T) dependent magnon linewidths (Δf ) for both YIG/GGG
film and substrate-free YIG measured with input power Pc = −100 dBm. Note the
different scaling of the vertical axes of the plots.
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each dataset. This is due to the small change (less than 0.07%) in Ms
of YIG between 20 mK and 9 K.39

Above 1 K, linewidths of both samples increase as the temper-
ature is increased up to 9 K. In this temperature range, damping is
dominated by temperature-peak processes caused by the presence of
rare-earth impurities in the YIG.25,35,39–41 When temperature-peak
processes are dominant, the linewidth of the sample peaks at a char-
acteristic temperature (Tch) determined by the damping mechanism
and the type of impurity.

Temperature-peak processes at low temperatures fall into two
categories:35,36 those associated with (1) rapidly relaxing impurities
and (2) slowly relaxing impurities. Rapidly relaxing impurities pro-
duce a Gilbert-like damping and a characteristic temperature Tch
that is independent of the magnon resonance frequency f

○
. Slowly

relaxing impurities produce a non-Gilbert-like damping and a corre-
sponding characteristic temperature that decreases as the resonance
frequency f

○
is lowered. The behavior observed in Fig. 3 at 9 K, with

the linewidth for the f
○

= 4 GHz being higher than that at f
○

= 7 GHz,
indicates that impurities of slowly relaxing type dominate in this
temperature range.

As the temperature is decreased below 1 K, linewidths for the
substrate-free YIG start to increase and eventually saturate, as shown
in Fig. 3. This can be explained by the presence of two-level fluctua-
tors (TLFs) and has been previously observed in a bulk YIG.4 In the
TLF model, the damping sources are modeled as an ensemble of two-
level systems with a broad frequency spectrum.42,43 The linewidth
contribution can be expressed as

ΔfTLF = CTLFω
tanh (h̵ω/2kBT)√

1 + (P/Psat)
, (1)

where CTLF is a factor that depends on the TLF and the host material
properties. The power-dependent term can be rewritten as P/Psat =
Ω2

r τ1τ2, where Ωr is the TLF Rabi frequency, and τ1 and τ2 are
respectively the TLF longitudinal and transverse relaxation times.44

At high temperatures (kBT ≫ hf TLF), thermal phonons satu-
rate the TLFs and therefore the material behaves as if the TLFs were
not present. At low temperatures (kBT≪ hf TLF) and low drive levels
(P≪ Psat), most of the TLFs are unexcited. Under these conditions,
the TLFs increase the damping of the material by absorbing and
re-emitting magnons or microwaves at rates set by their lifetimes,
coupling strength, and density. When the drive level is increased past
a certain threshold (P≫ Psat), the TLFs are once again saturated and
therefore do not contribute to the damping.

Evidence for the presence of the TLFs is shown in Figs. 2 and
4. The datasets for 20 mK in Fig. 2 show that the linewidths for
both samples are lower when the drive level is higher (Pb vs Pc).
Figure 4(a) shows a similar behavior in the substrate-free YIG.
Above 1 K, linewidths for both drive levels are similar: an indica-
tion that the relevant TLFs are saturated by thermal phonons. The
differences in linewidths for the two drive levels begin to appear as
the temperature is lowered below 1 K.

Figure 4(b) shows the linewidths of the substrate-free YIG as
a function of drive level (P) at three different temperatures (1 K,
300 mK, and 20 mK). At 1 K, there is no observable power depen-
dence as the relevant TLFs have been saturated by the thermal
phonons. At 20 mK and 300 mK, the linewidth increases as the
power decreases, saturating at millikelvin temperatures. This is in

FIG. 4. Magnon linewidths (Δf ) in the substrate-free YIG film for various temper-
atures (T) and input powers (P). (a) Temperature dependent linewidths for two
different input powers Pb = −65 dBm and Pc = −100 dBm. (b) Power dependent
linewidths at 20 mK, 300 mK, and 1 K. The dashed lines are the fits to the data.

agreement with the theory previously articulated and the fits shown
by dashed lines in Fig. 4(b). The data are fitted using Eq. (1)
with an additional y-intercept to account for non-TLF linewidth
contributions.

For the f
○

= 7 GHz dataset in Fig. 4(b), Psat at 300 mK is clearly
larger than at 20 mK. This is in-line with expectations: τ1 and τ2
are anticipated to decrease as the temperature is increased, leading
to a higher Psat (recall that Psat ∝ 1/τ1τ2).44–46 The exact temper-
ature dependence of 1/τ1τ2 is not clear; in previous experiments,
a phenomenological model was suggested with the quantity 1/τ1τ2
varying from T2 to T4.45 This places the ratio Psat(300 mK)/Psat(20
mK) in the range of 23.5 dB–47 dB. The fitted Psat values from our
data correspond to a ratio of approximately 22.5 dB, suggestive of a
T2 behavior.

It should be noted that the f
○

= 4 GHz, T = 300 mK dataset
shows a very weak TLF effect since there are sufficient thermal
phonons to saturate the TLFs with central frequencies around 4
GHz; this is not the case for higher frequency datasets taken at the
same temperature. A higher Psat is also observed at 300 mK for
f
○

= 5 GHz and f
○

= 6 GHz (data not shown).
Figure 4(a) shows that the input power Pb = −65 dBm used

in our experiments is not enough to saturate the relevant TLFs for
temperatures between 100 mK and 1 K. The datasets obtained with
high drive level (Pb) in Fig. 4(a) show that the linewidth difference
δf = |Δf (f

○
= 7 GHz) − Δf (f

○
= 4 GHz)| broadens as the

temperature is increased from 100 mK to 300 mK, narrowing back
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as the temperature reaches 1 K. If a higher drive level is used, δf is
expected to be smaller at temperatures between 100 mK and 1 K.

In conclusion, the substrate GGG on which typical YIG films
are grown significantly increases the magnon linewidth at mil-
likelvin temperatures. However, if the substrate is removed, it is
possible to obtain YIG linewidths at millikelvin temperatures that
are lower than the room-temperature values. Measured linewidths of
both YIG/GGG and substrate-free YIG systems above 1 K are con-
sistent with the temperature-peak processes, typically observed in
YIG containing rare earth impurities. Damping due to the presence
of unsaturated two-level fluctuators is observed in both YIG/GGG
and substrate-free YIG films below 1 K. We observe the TLF satu-
ration power to be higher at higher temperatures in agreement with
the existing literature. We further verify that using a high drive level
reduces the linewidths of the substrate-free YIG films down to ∼1.4
MHz (f

○
= 3.5 GHz to 7.0 GHz) at 20 mK.

Looking forward, our measurements suggest that—in the con-
text of the development of magnonic quantum information or mea-
surement systems—it may be worthwhile to investigate the pos-
sibility of growing YIG films on substrates other than GGG, or
techniques which circumvent the use of a substrate entirely.47–50 It
should be emphasized that the current experimental configuration
does not allow us to pinpoint the origin of the TLFs; further investi-
gations into TLFs in YIG would be useful in obtaining high-quality
YIG magnonic devices that operate in the quantum regime.

Note added in proof. A preprint by Pfirrmann et al.21 recently
reported experiments concerning the effect of two-level fluctuators
on the linewidth of bulk YIG. This work helpfully complements our
investigations into the behavior of YIG films.
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