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We present a frequency-tunable magnetoacoustic oscillator (MAO) that operates in two distinct dynam-
ical regimes. Its core magnetoacoustic resonator comprises a yttrium-iron-garnet (YIG) layer epitaxially
grown on a gadolinium-gallium-garnet (GGG) substrate. By optimizing the YIG thickness, we achieve a
strong magnetoelastic coupling (approximately 1 MHz) between the YIG ferromagnetic resonance (FMR)
and high-overtone bulk acoustic resonances (HBARs) in the 1–2 GHz range. This high coupling strength
eliminates the need for bulky components—such as preselectors and circulators—while preserving the
ability to lock onto specific acoustic modes. By adjusting the loop overamplification, the MAO can be
locked exclusively to the high-quality-factor magnetoacoustic HBARs (low-phase-noise regime) or to
both HBARs and the FMR mode (complex regime). In the low-phase-noise regime, the oscillator oper-
ates only at specific values of the applied magnetic field and exhibits discrete frequency tuning steps of
3.281 MHz, corresponding to the separation between neighboring HBAR modes. In the complex regime,
the involvement of the FMR mode enables continuous frequency tuning, though with phase-noise char-
acteristics that vary depending on the applied-field values. Moreover, in the low-phase-noise regime, the
MAO’s phase noise is reduced by 30 dB relative to operation purely on the YIG FMR mode, which agrees
with the measured FMR and HBAR Q factors.

DOI: 10.1103/rq6q-q91k

I. INTRODUCTION

The need for discretely [1–3] and continuously [4,5]
frequency-tuned oscillators is fundamental to numerous
signal-processing applications in automotive, medical, and
communication systems. Depending on the purpose of the
oscillator, there are different requirements for the output-
signal properties. For chaotic communication [6], random
number generation [7], and radio-frequency illumination
[8,9] application, it is required to have broad spectrum with
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high phase noise. However, for the most general applica-
tions, the phase noise of the oscillator should be as low as
possible.

The phase noise of an oscillator is mainly determined
by the quality factor of its resonator. Several technolo-
gies, with different advantages and drawbacks, are offering
high-Q resonators for high-frequency oscillator designs:
dielectric resonators operate in the 0.1–100 GHz frequency
range, and their quality factor reaches 103–104, however,
they are rather bulky; surface-acoustic-wave (SAW) res-
onators are usually used from 100 MHz to 3 GHz and
also provide a Q factor of 103–104, bulk-acoustic-wave
(BAW) resonators [10,11], including high-overtone BAW
resonators (HBAR) [12], provide a similar q factor but can
operate up to 20 GHz, micro- and nanoelectromechanical
system resonators (MEMS and NEMS) [13,14] operate at
MHz frequency range and but have micro- and nanoscale
size and Q factors around 104. While the described above
solid-state resonators provide a high-Q factor and operate
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at a high frequency, they are essentially nontunable, which
limits their possible application range. Moreover, despite
advancements and active development of frequency syn-
thesis techniques [1,3] that allow exploitation of fixed-
frequency resonators and mixed-signal processing blocks
to generate arbitrary frequency, the need for resonators
whose frequency can be rapidly tuned in a wide range of
frequencies still exists.

One of the directions in frequency-tunable oscillators
is the use of magnetic YIG resonators and delay lines
[16–20]. The ferromagnetic resonance of the YIG layer
is tunable since it depends on the strength of a magnetic
field applied through an integrated permanent magnet.
Conversely, damping losses in a ferromagnet tend to be
large (around 1%) and to increase with frequency [21].
Hence, the Q factor of magnetic resonators is rather low as
compared to acoustic and MEMS and NEMS resonators,
especially at around 1 GHz [22].

Previously, we demonstrated a high-Q magnetoacoustic
resonator (MAR) [15,23,24] based on a YIG/GGG com-
posite layer that combines the advantages of frequency
tunability from the magnetic subsystem and high-Q fac-
tor of the GGG acoustic subsystem by exploiting the large
magnetostriction observed in YIG [25], the lattice match-
ing between the two garnets, YIG and GGG, and their
almost equal sound velocities [26–29]. In that design [15],
the YIG acts as a frequency-tunable transducer, which can
selectively excite one of the standing acoustic modes of the
YIG/GGG structure. However, since the magnetoelastic

coupling was low due to the combination of the frequency
range used and particular thickness of the YIG film, the
amplitude of acoustic peaks in the S11-parameter curve
were rather small [see peaks around modes 181st, 183rd,
and 184th in Fig. 1(c)], which forced to exploit only cen-
tral symmetrical acoustic peaks [mode 182nd in Fig. 1(c)].
It required to convert one port MAR [black curve in Fig.
1(c)] into a two-port device with a standard microwave
circulator and an additional YIG-preselector filter [blue
curve in Fig. 1(c)] to isolate conditions for oscillations
around a central symmetric acoustic peak [red curve in
Fig. 1(c)]. While we successfully managed to implement
a MAR-based oscillator (MAO) scheme that demonstrates
a phase-noise improvement of 20 dB as compared to a
ferromagnetic resonance (FMR)-based oscillator, the use
of an additional external microwave circulator with the
lateral size of 10 cm and additional mechanical scratch-
ing of the YIG preselector filter made the technology
of the MAO very complex. Here, we aim to improve
the MAO design by enhancing magnetoelastic coupling,
which allows for a classical two-port oscillator scheme to
be implemented. The suggested two-port magnetoacous-
tic oscillator demonstrates two distinct oscillatory regimes
that expands the range of potential application. In the first
regime, MAO demonstrates discrete frequency tunability
that locks to the desired acoustic modes demonstrating low
phase-noise operation. The second regime allows MAO to
switch between FMR mode and HBAR modes demonstrat-
ing phase-noise improvement up to 30 dB at HBAR modes

(a) (b)

(c)

FIG. 1. Schematics of YIG-GGG magnetoacoustic oscillators. (a) A previous MAO design presented in Ref. [15] comprises a one-
port magnetoacoustical resonator, a two-port FMR preselector filter, and an external circulator. YIG thickness is 9.75 µm (b) An
improved MAO design with a two-port magnetoacoustic resonator with increased magnetoacoustic coupling due to the decreased YIG
thickness is 1.08 µm. Output and input microwire transducers are arranged with 90◦ relative rotation to minimize inductive cross-
coupling. Panel (c) displays the S parameters (S11 and S21) in a previous design. Points A and B correspond to the possible locking
frequencies in the one-port oscillator design and are away from the acoustic resonance of the 182nd YIG-GGG HBAR mode. The
blue curve corresponds to the S21 of the YIG FMR preselector filter. The red curve represents the S21 parameter of serially connected
resonators. Point C shows a stable locking frequency in a complex multiresonator MAO design.
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as compared to the regime when it is locked to the FMR
mode.

II. THICKNESS DEPENDENCE OF THE
MAGNETOACOUSTIC COUPLING

The S-parameter characteristics of the MAR are highly
dependent on the strength of the magnetoelastic coupling.
This coupling can be calculated as a function of both
frequency and geometry, based on the theoretical descrip-
tion of magnetoacoustic interactions within the structure.
Considering the coupled equations for the ferromagnetic
mode m̃ (with a uniform thickness profile m̃ = 1 for the
FMR mode) and the λth acoustic mode (described by
cos[(z − d/2)πλ/L]) in the sample, the coupling constant
κ (measured in Hz) is given by [15,30–32]:

κ2 = γ b2

8π3Msλd
√

c44ρ

(
1 − cos

πλd
L

)2

, (1)

where γ /(2π) = 28.3 GHz/T is a gyromagnetic ratio of
YIG, b = 7 × 105 J/m3 is constant of magnetoelastic
interaction, Ms = 138.5 kA/m is saturation magnetization
of YIG, c44 = 6.59 × 1010 N/m2 is the elastic modulus
of GGG, ρ = 5.17 × 103 kg/m3 is mass density, d is the
thickness of the YIG film, and L is the thickness of the
bilayer.

In Fig. 2(c), Eq. (1) is plotted against the mode number
λ for different geometries shown in Figs. 2(a) and 2(b). As
can be seen, scaling down the thickness of the YIG mag-
netic subsystem improves the magnetoelastic coupling κ

from 0.47 to 1.0 MHz, which is significant and may lead
to asymmetric acoustic resonance on the S21 parameter of
the resonator characteristic. In the previous design, κ had a
maximum at around the 34th and 114th modes. However,
the corresponding frequencies for these modes 162.27 and
544.09 MHz are too low for the efficient excitation of
FMR. Hence, only the peaks around mode numbers 170th

to 200th could be exploited. In the improved MAR geom-
etry [see Fig. 1(b)], the coupling constant κ is comparable
with the previous design at mode numbers around 180th
and keeps raising up to the optimal modes 300–600 with
strong magnetoelastic coupling and frequencies 1–2 GHz
at which the acoustic losses in GGG are still acceptable.
While further reduction of the YIG thickness improves
the absolute value of the magnetoacoustic coupling in the
system, it moves the frequency range for optimal modes
to 2–3 GHz, where the acoustic losses are much higher,
and the Q factor of the GGG acoustic subsystem is lower.
Henceforth, for practical oscillator design scaling, the YIG
thickness below 500–800 nm has no impact.

III. TWO-PORT MAR

The device developed is a parallel-plate straight-edge
rectangle YIG-GGG resonator cut from a monocrystalline
epitaxial heterostructure. The YIG thickness is 1.08 µm
and the GGG thickness is 543 µm; the magnetization is
saturated in-plane that allows significant reduction of the
absolute value of the required applied magnetic field from
previously reported 215 mT [15] to a mere 10.4 mT. Two
microstrip transducers are used to get a two-port device
and are rotated relative to one another by 90◦ to avoid
inductive cross-coupling [see Fig. 1(b)]. The design alone
constitutes an evident improvement with respect to the pre-
vious work, enabling to remove the two-port preselector
and the bulky circulator.

First, we characterize the magnitude of S21 parameter
as the function of frequency for different applied mag-
netic fields, which provides the details on the tunability
of the device. As can be seen from Fig. 3(a), the FMR
frequency grows with the field with a slope of df /dH =
55.65 MHz/mT, which is close to the theoretical value,
which can be obtained by taking the linear term of the FMR

(a) (b) (c)

FIG. 2. The thickness profiles of the magnetic FMR mode (red) and the standing acoustic mode (blue) in the YIG-GGG bilayer
shown schematically for (a) the geometry studied in Ref. [15] and (b) the geometry used in this study. Panel (c) shows the theoretically
calculated magnetoacoustic coupling efficiency as a function of mode number, with red and blue colors indicating geometries (a),(b),
respectively.
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(a) (b)

(b)

(c)

(d)

(e)

FIG. 3. Characterization of the S21 parameter between 1.25 and 1.27 GHz, with an applied magnetic field between 10.29 and 10.52
mT. The full spectrogram (a) shows the pronounced avoided crossings between the magnetic modes and the HBARs; and the frequency
tunability, i.e., the FMR frequency dependence with the applied field. The pronounced asymmetry in phase (b),(d) and the amplitude
(c),(e) of the S21 parameter reflects strong magnetoacoustic coupling. This asymmetry allows one to identify the stability of the auto-
oscillations as a consequence of the Barkhausen criterion. Furthermore, it enables the differentiation of the low-noise regime (LNR)
and the complex regime (CR), highlighted by the blue and green horizontal lines, respectively.

frequency Taylor series expansion

fFMR = γ
√

H(H + Ms), (2)

df /dH = γ
2H0 + Ms

2
√

H0(H0 + Ms)
= 62.84 MHz/mT. (3)

We note that in contrast to our previous work [15],
where the frequency-tunability slope was 28.3 MHz/mT,
here it is enhanced by a factor of 2 due to the use of
in-plane magnetization geometry. We also note that the
total transmission losses in the S21 parameter at the FMR
and acoustic resonances are relatively high, which can be
explained by an impedance mismatch between electromag-
netic wave excited by a narrow but long wire connected to
a 50-Ohm cable and FMR standing spin-wave mode. In
Ref. [5], it was demonstrated with YIG spheres that trans-
mission losses in a two-port resonator based on orthogonal
bond wire loops and FMR mode of YIG resonator can be
as low as 6 dB even at 20 GHz. We believe that impedance
mismatching in MAR can also be significantly improved
with the right combination of sample size, length, and
width of the coupling orthogonal wires.

A strong magnetoelastic coupling in MAR leads to
very well-pronounced avoided mode crossings [33–36]
between the magnetic mode and high-overtone bulk acous-
tic resonances (HBAR) [see Fig. 3(a)]. The frequency
spacing between the HBAR modes of the YIG-GGG struc-
ture is �fa = Va/(2L) = 3.281 MHz, where Va = 3.57 ×
103 m/s is the velocity of transverse acoustic waves in
GGG. The main feature of the individual S21-parameter

characteristics of a multiphysical MAR is the asymmet-
ric shape of acoustic resonances when they are detuned
from the FMR central frequency [see both Figs. 1(c) and
3(c), 3(e)]. Such an asymmetric behavior is always present
in coupled multiphysical systems but becomes more pro-
nounced at strong coupling coefficients. For example, at
the field 10.44 mT [see Fig. 3(c)], the magnitude of S21
parameter exceeds −10-dB attenuation only in a very nar-
row frequency range around acoustic mode 385th while
its phase changes significantly [see Fig. 3(b)]. In contrast,
when FMR coincides with the central frequency of a cer-
tain acoustic mode, for example, at the field 10.36 mT,
the acoustic resonance appears as a symmetric deep on the
background of a wide FMR peak.

The main characteristic of a resonator is its quality factor
(Q factor). Using the Darko Kajfez method, we success-
fully extracted Q factors for both HBAR and YIG FMR
subsystems despite the unconventional shape of magnetoa-
coustic resonances. The details can be found in Appendix
A. According to our calculation, HBAR demonstrates a Q
factor of 9018, while FMR shows only 446. This allows
us to expect a significant improvement in the phase-noise
figure if MAO switches locking from FMR mode to HBAR
resonances of the YIG-GGG structure.

IV. MAO CIRCUIT DESIGN

The asymmetric shape of acoustic resonances, together
with a large deviation of phase due to strong coupling,
opens up the potential to design a two-port oscillator
scheme to lock onto high-Q acoustic resonances of the
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(a)

(b)

(c)

(d)

(e)

FIG. 4. Characterization of MAO output signal. The amplitude of the spectrogram and individual spectra is corrected by a coupling
coefficient of 12 dB due to the output coupler. (a) Spectrogram of the output signal as a function of applied magnetic field. Dashed
gray lines indicate the field values for individual spectra sections in (b)–(e). (b) MAO individual output spectrum at 10.46 mT for
preoscillatory dynamics. The conditions for auto-oscillation are not satisfied. (c) MAO individual output spectrum at 10.44 mT. A
small linewidth signal is locked to the 385th acoustic mode of the YIG-GGG structure. (d) MAO individual output spectrum at 10.36
mT for preoscillatory dynamics. The conditions for auto-oscillation are not satisfied. (e) MAO individual output spectrum at 10.34 mT.
The low linewidth signal is locked to the 383rd acoustic mode of the YIG-GGG structure.

YIG/GGG structure as both Barkhausen criteria for stabil-
ity of oscillations can get satisfied:

βA = 1, (4)

∠βA = 2πn, n ∈ {0, 1, 2 · · · }, (5)

where A is the total amplification in the loop, β is the total
loss, and ∠βA is the phase accumulated along the main
loop.

In order to satisfy the condition (4), we introduced in
the ring a linear amplifier Mini-circuits ZKL-33ULN-S+
with 30 dB of gain. Note that we used ready-from-the-
shelf components having a fixed gain parameter that would
significantly overcompensate the losses in the MAR, lead-
ing to nonlinear processes [24] and possible chaotization
[37] if used directly before the MAR. Therefore, in order
to avoid large overamplification in the loop and possible
nonlinear processes we added a variable attenuator tuned
to 8 dB for the low-noise to the input of the MAR. Next, in
order to satisfy the condition (5) the variable phase shifter
was tuned so that the overall phase accumulation at the
frequency with the maximum of S21-parameter magnitude
[depicted in with blue dashed vertical line in Figs. 3(b)
and 3(c)] in the MAR as well as in a phase shifter, cou-
pler, amplifiers, and cabled is integer proportional to 2π .
In Figs. 3(c) and 3(e), the blue horizontal line depicts the
minimum of S21-parameter magnitude, which satisfies the
amplitude Barkhausen criterion (4). The blue line corre-
sponds to the case when the variable attenuator is set to 8
dB. In Figs. 3(c) and 3(e), the red solid line corresponds
to the value of the S21-parameter phase, which satisfies

the phase Barkhausen criterion (5). We highlighted the
area around ±30◦ in phase since the Barkhausen crite-
rion for phase can autoadjust due to the nonlinearity of the
amplifier and the MAR still allowing for oscillations. Nev-
ertheless, as can be seen from Figs. 3(b)–3(e), MAO may
only operate at a frequency very close to the 385th acous-
tic mode, and an applied magnetization field is 10.44 mT.
In the case of the applied field 10.36 mT there are no fre-
quencies at which the Barkhausen criteria for oscillations
get satisfied. Thus, when the variable attenuator is tuned to
8 dB, we can expect only a low-phase noise regime when
acoustic mode appears as asymmetric peaks on the side of
the FMR.

V. RESULTS ON OPERATIONAL REGIMES AND
PHASE-NOISE CHARACTERIZATION

We have demonstrated that the Barkhausen criteria for
oscillations can be isolated around acoustic peaks in a
simplified ring-type MAO. The next step is to study the
properties of the oscillator’s signal. We demonstrate two
regimes that differ by a value of additional attenuation.
The first regime, when the attenuator is set to 8 dB, allows
only a low-phase regime in MAO. In Fig. 4(a), we present
a spectrogram of the MAO as a function of applied field
in the same range as in Fig. 3(a). As can be seen, in this
configuration, MAO oscillates only at certain values of
the applied field and exhibits a single-frequency regime
without parasitic self-modulation, chaotization [37], or for-
mation of dense trains of spin-wave solitons as could be
observed in large-delay YIG waveguides [38–41]. Surpris-
ingly, the output power of the MAO is only −26 dBm,
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(a) (b)

FIG. 5. Phase-noise characterization of the MAR. (a) The phase-noise spectrogram as a function of the applied magnetic field. The
results of sections at field values 10.46, 10.47, 10.50, and 10.51 mT are presented in the form of individual phase-noise plots in (b).
The phase-noise plot at 10.46 and 10.47 mT demonstrates values around −35 dBrad2/Hz at 1-kHz offset frequency due to the locking
to the FMR mode. The phase noise significantly improves at 10.50 and 10.51 mT reaching −65 dBrad2/Hz at 1-kHz offset frequency
due to the locking to the 386th HBAR mode. The orange and magenta dashed lines correspond to the results obtained with empirical
Leeson’s law taking into account the output power of −26 dBm and power at the output of the resonator of −51 dBm.

while a ZKL-33ULN-S+ amplifier has a high 1-dB com-
pression point for its output signal of 17 dBm. It indicates
that the amplifier operates in a linear regime, and the
saturation of the oscillator’s power happens at the MAR
itself. We attribute this low nonlinear threshold to sev-
eral factors such as a relatively small thickness [42,43]
and area of the YIG film, in-plane magnetization config-
uration [44,45], and strong magnetoelastic coupling [24].
Noteworthy, there are still preoscillatory frequency com-
ponents, for example, at the field 10.36 and 10.46 mT, that
reveal avoided mode crossings shown with white lines in
Fig. 3(a) and can be attributed to the FMR mode but their
amplitude is rather low.

The oscillatory conditions can be expanded to enable a
second complex regime when MAO demonstrates oscilla-
tions at any value of the applied field. In this case, MAO
locks not only to acoustic modes but also to FMR mode
at certain values of the applied field. For this regime,
the variable attenuator should be set to 6 dB. It corre-
sponds to a green horizontal line in Figs. 3(c) and 3(e).
The results of the signal analysis are presented in the form
of the phase-noise spectrogram [see Fig. 5(a)] and individ-
ual phase-noise characteristics [see Fig. 5(b)]. Note that
here we present the phase noise in the Sφ(f ) form, which
is more appropriate [46,47] for high-precision measure-
ments and scientific work as compared to archaic L(f ).
As expected in the case of ring oscillator architecture
with a single loop, MAO demonstrates single-frequency
operation at any value of the applied field. As expected,
the corresponding phase noise changes significantly. At
the fields 10.46 and 10.47 mT, the MAO locks to the

FMR, which defines its phase noise at the level of around
−35 dBrad2/Hz at 1-kHz offset frequency, while at the
fields 10.51 and 10.50 mT MAO demonstrates the level
of around −65 dBrad2/Hz. These results correspond well
to the empirical estimations from Leeson’s equation [48],
which are shown as magenta and orange dashed lines in
Fig. 5(b). We note that in the previously considered low-
noise regime, the phase noise also reaches −65 dBrad2/Hz
at 1-kHz offset frequency. Thus, this comparison shows
a significant improvement in the low-phase noise, up to
30 dBrad2/Hz, with respect to the case when MAO locks
to the FMR mode. This noise reduction is also significantly
larger than the one obtained in the four-port MAR, which
was only 20 dB better than the magnetic one.

The presented oscillation regimes are achieved by care-
ful tuning of the total amplification value in the loop, large
enough to enable the acoustic or FMR modes but small
enough to ensure a single-frequency oscillation regime,
leading to theoretically predicted levels of the phase noise
according to the Q factor of the acting resonators and signal
power levels at the output of the MAR.

VI. CONCLUSIONS AND OUTLOOK

We developed and characterized a tunable single-
resonator magnetoacoustic oscillator (MAO) based on a
YIG-GGG substrate with high magnetoelastic coupling
between the ferromagnetic resonance (FMR) in YIG and
the high overtone bulk acoustic resonances (HBARs) in
the YIG-GGG structure. The optimization of the YIG
thickness allowed us to enhance the coupling strength in
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the 1–2 GHz frequency range and simplify the oscillator
design by removing an FMR-based YIG preselector and
bulky circulator. The redesigned MAO can lock to either
the FMR mode or to high-Q magnetoacoustic HBARs,
depending on the overall loop gain.

We demonstrated that the MAO can operate in two dis-
tinct regimes. In the low-phase noise regime, the oscillator
can only lock to the high-Q acoustic HBAR modes at
certain values of the applied field, providing discrete fre-
quency tunability with a 3.281-MHz step. This regime
can be exploited for frequency synthesizers. In the com-
plex regime, the oscillator is continuously tunable in fre-
quency with the applied magnetic field, smoothly changing
from the FMR-dominated to HBAR-dominated modes and
demonstrating a phase-noise improvement of up to 30 dB
compared to the FMR-based regime.

Finally, in the presented MAO, the required external
field is reduced from a previous 220 mT to a mere 10 mT
due to the use of in-plane magnetization geometry. Further-
more, the frequency tuning is enhanced more than twice,
reaching 55.65 MHz/mT. Altogether, these parameters lead
to a more practical design.

As an outlook, we foresee the possibility to sufficiently
increase an output power and improve the absolute val-
ues of the phase noise in the MAO by increasing nonlinear
saturation thresholds in MAR with improved impedance
matching in microwave-to-spin-wave transducers [49], lat-
eral sample size, and overall microwave design. These
studies will improve the absolute figure of merit of the pro-
posed MAO in the context of real-life signal processing
and communication systems. Moreover, there is a prospect
to increase magnetoacoustical coupling even further and
move to higher frequencies if short dipole-exchange and
exchange [50,51] spin waves are employed. It is theo-
retically predicted that shear acoustic wave can be effec-
tively excited by propagating and standing exchange spin
waves generated in YIG ferromagnetic resonators with
nonuniform magnetization distribution [52].
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APPENDIX A: DEVICE FABRICATION

The design of the optimized two-port MAR is illus-
trated in Fig. 1(b). The presented MAR is manufactured
from a two-layer parallel-plate YIG/GGG structure. YIG
film has a thickness of d = 1.08 µm, while the thickness
of the GGG substrate measures L = 544 µm. The fabri-
cated MAR has lateral dimensions of 1 × 1 mm patterned
with a laser-scribing technique [54]. The saturation mag-
netization of the YIG is M0 = 1740/(4π)Oe. A chemical-
mechanical polishing technique was employed to ensure
high-surface parallelism. This process achieved a wedge
angle of less than 2′′, providing optimal conditions for the
formation of high-Q factor acoustic thickness resonances
in the whole YIG/GGG structure. The YIG/GGG surface
was intentionally left uncleaned to suppress the excitation
of longitudinal acoustic modes. The wire antennas used
in our experiments had a width of 0.2 mm and a length
of 12 mm with corresponding inductance of around 10
nH, which ensures a strong coupling between magnetic
resonances in YIG and electromagnetic signal in 50-Ohm
cables.

APPENDIX B: DEVICE CHARACTERIZATION

The phase noise of the developed composite MAO
was measured via spectral analysis of the instantaneous
phase signal obtained with a Hilbert transform method.
This method, exploited in the studies [55–57], allows the
extraction of the instantaneous phase of a time trace by
reconstructing a corresponding complex signal x(t) from
the measured signal v(t), as follows:

x(t) = v(t) + j H T [v(t)] = A(t)ej φ(t), (B1)

where H T [v(t)] is the Hilbert transform of v(t), A(t) is
time-varying amplitude of complex modulus x(t) and φ(t)
is its instantaneous phase.

In our experiments, time-domain signal v(t) is cap-
tured with a 12-bit 5GS/s oscilloscope (Teledyne LeCroy
WaveRunner 8208HD). Then, Hilbert-transform operation
is performed in MATLAB with built-in function hilbert()
to obtain x(t) and the instantaneous phase φ(t) signal is
extracted with built-in function unwrap(angle()) over x(t)
signal. The last step is a discrete Fourier transform of φ(t)
to visualize phase noise spectra Sφ having the dimension
of dBrad2/Hz.

While the precision of this method strongly depends
on the resolution of the oscilloscope, it allows obtain-
ing single-sideband phase noise spectral density or power
spectral density of the phase fluctuations Sφ(f ), which
is more appropriate for high-precision measurements and
scientific work as compared to archaic L(f ) [46,47].

Characterization of the MAR loaded Q factors for
acoustic and FMR resonances was done with a modi-
fied Darko Kajfez method [58] analyzing the resonance
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loops in measured S21 parameters plotted in a Smith chart.
The S21 parameters of the two-port MAR were obtained
with a vector network analyzer Agilent E5071B. In order
to obtain the loaded Q factors of the FMR and acous-
tic mode, a resonant loop corresponding to a particular
resonance should be identified as shown in Fig. 6(a) for
FMR mode and in Fig. 6(b) for the 385th acoustic mode of
the YIG-GGG structure with highlighted gray areas. Then,
the S21 parameter from the highlighted areas is plotted
in corresponding Smith charts. The following geometric
operations have to be done in order to get the Q factor.
First, the position of a point where the loop line crosses
itself or is expected to cross itself has to be identified. In
the case of the FMR loop, all other loops that correspond
to acoustic resonances have to be ignored. Moreover, to
observe the crossing, a very wide frequency range has to
be taken, and, therefore, it has to be estimated where it
aims to cross. In the case of acoustic mode, the resonance
loop has a relatively well-defined position of self-crossing,
taking into account measurement noise. In both cases, we
mark the crossing point with green points. The precision
of the first operation is not that important as it just allows
us to identify the orientation and the position of the diam-
eter section auxiliary line that goes through the center of
the loop. The blue points fFMR1 and fFMR2 in the case of
FMR and fA1 and fA2 in the case of acoustic mode should
be located at the intersection of the diameter auxiliary lines
and the S21-parameter curve and should be equidistant to
the green points of loop self-crossing. The final step is to
extract from the S-parameter file the frequency values that
correspond to the identified blue points.

The frequency gap fFMR2 − fFMR1 defines the FMR
linewidth and is used to calculate the loaded Q factor of
the FMR mode of the YIG film:

QFMR = f0
fFMR2 − fFMR1

, (B2)

Similarly, the frequency interval fA2 − fA1 defines the
acoustic mode linewidth that is used to calculate the loaded
Q factor of the 385th acoustic mode of the composite
YIG-GGG structure:

QMAR = f0
fA2 − fA1

, (B3)

We note that while an approach of measuring the linewidth
at −3 dB gives a similar Q factor for FMR mode, it cannot
be applied to asymmetric acoustic resonances of the YIG-
GGG structure. According to Eqs. (B2) and (B3), Q factors
of FMR mode and acoustic resonance of YIG-GGG are
446 and 9018, correspondingly. Detailed explanation and
derivation of the above-presented approach and operations
can be found in Ref. [59].

(a) (b)

(c) (d)

FIG. 6. Frequency response and Smith-chart representation of
the MAR at different applied fields. Panels (a),(b) show the trans-
mission parameter S21 at external magnetic fields of 10.36 and
10.44 mT, respectively. (a) An FMR mode with a quality factor
QFMR = 446 is highlighted with a gray background. (b) A 385th
HBAR mode with an enhanced quality factor QA = 9018 is
highlighted with a gray background. (c), (d) Smith charts demon-
strating resonance loops corresponding to the FMR and HBAR
modes, correspondingly. The range of data points in Smith charts
is limited, with frequency points inside the gray areas in the cor-
responding magnitude plots. The blue points are used to calculate
the width of the resonances. The FMR edge frequencies are
fFMR1 = 1.25518 GHz and fFMR2 = 1.25800 GHz. HBAR edge
frequencies are fA1 = 1.26264 GHz and fA2 = 1.26282 GHz.
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