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Magnonic Frequency Comb in the Magnomechanical Resonator
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An optical frequency comb is a spectrum of optical radiation which consists of evenly spaced and phase-
coherent narrow spectral lines and is initially invented in a laser for frequency metrology purposes. A direct
analog of frequency combs in the magnonic systems has not been demonstrated to date. In our experiment,
we generate a new magnonic frequency comb in the resonator with giant mechanical oscillations through
the magnomechanical interaction. We observe the magnonic frequency comb contains up to 20 comb lines,
which are separated by the mechanical frequency of 10.08 MHz. The thermal effect based on the strong
pump power induces the cyclic oscillation of the magnon frequency shift, which leads to a periodic
oscillation of the magnonic frequency comb. Moreover, we demonstrate the stabilization and control of the
frequency spacing of the magnonic frequency comb via injection locking. Our Letter lays the groundwork
for magnonic frequency combs in the fields of sensing and metrology.
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Introduction.—Optical frequency combs are composed
of a set of equidistant coherent optical lines in the
frequency domain. In the last two decades, they have
exhibited rapid development in various fields [1-3], such as
astronomy and cosmology, optical atomic clock [4], light
detection and ranging (LiDAR) [5-7], low-noise micro-
wave source [8—10], coherent optical communication
[11,12], quantum key distribution [13], dual-comb spec-
troscopy [14,15], spectrometer [16,17], and optical coher-
ence tomography [18,19]. Optical frequency combs in
microresonators can be generated through third-order
Kerr nonlinearity y©) or electro-optical modulation
[2,20,21]. Recently, mechanical vibration has been dem-
onstrated for the generation and engineering of optical
combs [22-26], which has attracted increasing attention
due to its low repetition rate and suitability for acoustic
sensing [27]. Furthermore, the frequency combs have also
been well investigated beyond optical systems, such as
microwave systems and phononic systems. However, the
frequency comb in the magnonic system has not been
demonstrated to date.

Magnons are the quanta of collective spin excitation of
magnetization in ferromagnetic insulators such as yttrium
iron garnet (YIG). They exhibit great frequency tunability,
extremely low magnetic damping, and high Curie temper-
ature, making them an ideal carrier for performing coherent
information processing, and precision measurements [28—
34]. Similar to the traditional frequency comb, the mag-
nonic frequency comb has been proposed for the develop-
ment of high-precision magnonic frequency metrology and
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spectroscopy via nonlinear interaction [35-37]. However,
the weak nonlinear interaction of magnons presents a
challenge for generating magnonic frequency combs
[38]. Recently, several research works have reported on
cavity magnomechanical systems, where the magnetostric-
tive interaction can induce the nonlinear oscillation of the
magnons within the YIG sphere [39-42]. Following the
success of introducing mechanical vibration, the magnonic
frequency comb based on magnetomechanical coupling has
been proposed in theory [43].

In this Letter, we experimentally generate a magnonic
frequency comb in the resonator with giant mechanical
oscillation through the magnomechanical interaction. This
dynamical process is facilitated by an external pump that
enables magnomechanical interactions mediated through
the magnetostrictive effect. When the pump power is strong
enough, magnomechanical nonlinearities play a significant
role, and a self-induced nonlinear phenomenon similar to
the Kerr-frequency comb effect can be observed in the
magnomechanical system. We observe a magnonic fre-
quency comb with up to 20 comb lines and a frequency
spacing of 10.08 MHz, equaling the resonant frequency of
the mechanical resonator. In this process, the strong pump
field on the magnon is required, leading to a raised
temperature of the magnon and a corresponding magnon
frequency shift. Then, the magnonic frequency comb
shows periodic oscillation due to the thermal effect. It is
also in good agreement with the theoretical calculation
based on the evolution equations of the magnon and
phonon modes. Finally, we demonstrate the stabilization
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and control of the frequency spacing of the magnonic
frequency comb via injection locking [44]. We can achieve
tuning of comb teeth beyond a range of 1 kHz.
Experimental results.—Because of magnetostrictive
forces, a type of radiation pressurelike interaction arises
between the magnon mode and the mechanical mode, as
shown in Fig. 1(a). When increasing the pump power to
enhance the interaction, the self-induced nonlinear phe-
nomena similar to the Kerr-frequency comb effect can be
observed in the magnomechanical system based on the
cascaded two-magnon process, as illustrated in Figs. 1(b)
and 1(c). In this two-magnon process, two magnons
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FIG. 1. (a) Ilustration of the coupling between magnon and
phonon with single magnon-phonon coupling strength g. (b) The
magnonic frequency comb is generated via a two-magnon
process. Two magnons with frequency w,, + nw;, are annihilated
to create two magnons with frequency w,, + (n—1)w, and
®,, + (n + 1)wy,, where the w,, and w, are the frequency of
the magnon and mechanical modes, respectively. (c) A cascaded
two-magnon process is initiated to form a frequency comb
separated with a mechanical frequency of w,. (d) Schematic
of the experimental setup for the magnonic frequency comb.
SRC: microwave source; VNA: vector network analyzer;
ESA: electrical spectrum analyzer. (¢) Measured microwave
reflection spectrum around 4.725 GHz. (f) The detailed spectrum
showing the mechanical mode in (e). The red lines are the re-
sults of theoretical calculations discussed in the main text
with the parameters of ¢g/2z = 2.36 mHz, «,,/2z = 12 MHz,
kp/27 = 220 Hz, and «;,/27 = 6.1 MHz.

with the frequency of w,, + nw, are annihilated to cre-
ate two magnons with frequency w,, + (n—1)w, and
o,, + (n + 1)w,, where the w,, and w,, are the frequency
of the magnon and mechanical modes, respectively. This
initiates a cascaded process leading to the formation of a
frequency comb with a free spacing of w,; the frequency
relationship between the magnon frequency w,,, mechani-
cal frequency w,, and pump frequency w, is given by
o,, = w, — . The interaction between the magnon and
mechanical modes can be represented by the Hamiltonian
expression:

H/h = (0, —w,)m'm+ w,b’b
+ g(b" + b)ym'm + i\/ie,(m" —m) (1)

where m and b are the annihilation operators of the magnon
and mechanical modes, «,, and k, represent the dissipation
rate of magnon and phonon, respectively. g is the single
magnon-phonon coupling strength, which depends on the
overlap between magnon and phonon modes. ¢, is the
pump field of the microwave with the frequency of . ki,
is the input coupling rate of the microwave. For the blue-
detuned pump, the relationship between w,, and w,
satisfies A = w), — w,, = w,.

As shown in the Hamiltonian, coupling between mag-
nons and phonons leads to the phonon-number dependent
magnon frequency shift:

d

d_’? = {i[A —g(b" +b)] - %"}m + K€y, (2)
db ) K .
i (—la)h - 217> b —igm'm. (3)

Like the frequency comb induced by the Kerr oscillator,
when the pump condition exceeds a threshold, there will be
mechanical parametric instability in the system [40,41].
Modulated by the strongly excited mechanical mode, the
magnon comb generates, where the amplitude of magnon
mode will take a form as m(t) =, m,e"™', neZ,
where m, = in\/mgp Zk{‘ln—k<é)‘]n(_§)/[’<m/2 - i<A +
kwy)|} and & = 2g|b|/w,, is the normalized amplitude of
mechanical mode. Meanwhile, the linewidth of the mecha-
nical mode is also narrowed significantly by the magnon
comb that k), =k, — y. As the narrow linewidth of the mecha-
nical mode, the no-coherence part of the magnon pump can
be ignored and there is y = 2¢'S", Im[m},m,,,]/|b|. When
Kk}, <0, the system is unstable and a magnon comb occurs
(see Supplemental Material [45] for more details).

The experiment setup is illustrated in Fig. 1(d). Initially,
a YIG microsphere with a diameter of 623.6 pm is subject
to a bias magnetic field H,, aligned parallel to the equa-
torial plane of the YIG microsphere, which supports a uni-
form magnon mode. The relation between the frequency of

243601-2



PHYSICAL REVIEW LETTERS 131, 243601 (2023)

(b)

Intensity (dBm)
16
0 —
£
8
17 i 2
) T
_______________________________________ £
-18 S
18 E
19 €
£ i 3
i =
ke
T 20 pasas e '§,‘+ i i e %
-54 c
e =
21 %4
E
£
5 —
2 &
o
0 >
=75 -50:-25 0 £33
23| Intensity (dBm) '+ * 2
R e Qo
‘‘‘‘‘ (iii) IS
........................................... 90
24 1 L L 1
4.60 4.65 4.70 4.75 4.80
Frequency (GHz)
FIG. 2.

4.

Experiment (© Simulation
20 T T T
17.4 dBm 0 ot 17.4 dBm
-20
-40
- _Mﬂmmhuuun“ w
20
20 dBm (ii) of 20 dBm
-20
-40 |
-60
20 T T
23.7 dBm (iii) or 23.7 dBm
-20
40 | | ]
0 ]
ol | | |,

60 4.65 4.70 4.75

Frequency (GHz)

4.80 4.60 465 470 4.75

Frequency (GHz)

4.80

(a) Evolution of the magnonic frequency comb along increased pump power from 16 to 24 dBm with the frequency of

@, = 4.725 GHz. Inset: evolution of the spectrum over a period of 7 s at a power of 23.1 dBm and frequency @, — w, = 4.714 GHz
component. (b) Snapshots with different evolution stages in (a). (¢) Simulated spectra of the magnonic frequency combs with the same

conditions in (b).

the magnon and magnetic field intensity follows the
equation w,, = yH,,, where y = 2z x 2.8 MHz/QOe repre-
sents the gyromagnetic ratio. In order to excite the magnon
mode, we employ an antenna located close to the YIG
microsphere with a frequency of around 4.725 GHz.
Figure 1(e) shows the magnon resonance with a dissipation
rate of k,,, /27 = 12 MHz through the microwave reflection
spectrum S,; obtained by a vector network analyzer
(VNA), corresponding to the @ factor of 394. The
frequency associated with the mechanical mode is obtained
as wp,/2r = 10.08 MHz [33,46]. The dissipation rate
of the mechanical mode is k,/2z = 220 Hz, as shown
in Fig. 1(f). The Q factor of the mechanical mode is 46 000.
Meanwhile the pump field of the microwave has frequency
of w, =4.725 GHz. Based on these interactions, the
theoretical calculations are achieved with the parameter
of the single magnon-phonon coupling strength ¢/27z =
2.36 mHz and the input coupling rate of microwave
Kin/27 = 6.1 MHz.

Figure 2 displays the spectra of the magnonic frequency
comb with varying pump power from 16 to 24 dBm at the
frequency of w, =4.725 GHz. For a weak microwave
pump field, i.e., below the threshold of 17.4 dBm, the
spectrum only contains the pump component, with no
comb lines. As the pump power gradually increases to
reach the threshold for generating comb conditions, a
frequency comb emerges, as shown in Fig. 2(b), with a
tooth spacing of w, = 10.08 MHz. The number of comb
lines increases steadily with higher pump power. The
typical magnonic frequency comb can have up to 21 comb
lines with the pump power at 23.7 dBm. Figure 2(c)

displays magnonic frequency combs obtained from numeri-
cal simulations of the dynamics equations under the pump
power of 17.4 dBm, 20 dBm, and 23.6 dBm, respectively.
Since a strong pump heats the system, the magnon mode is
redshifted due to the thermal effect, and the effective
detuning between pump frequency and magnon frequency
Awyy are 1.1w,, 1.3w,, and 2w,, respectively. These
inconsistent detunings are mainly caused by thermal
effects, which we will discuss later. Other numerical
simulation parameters are consistent with the experiment.

During the process of increasing pump power, it is
observed that when the pump power reaches 21.4 dBm, the
comb teeth become unstable and oscillate in the time
domain, with the oscillation period increases as the power
increases. The inset of Fig. 2(a) shows the evolution of a
typical comb line over a period of 7 s at a power of
23.1 dBm at a frequency of w, —w;, =4.714 GHz. To
investigate the physical mechanism for this oscillation, we
further investigate the dynamic evolution of the magnon
mode. When we fix the pump frequency at w, =
4.725 GHz and the power at 23.1 dBm, we observe the
temporal evolution of the S,; spectrum measured by a
VNA, as shown in Fig. 3(a). The comb generation exhibits
a periodicity of T = 1.7 s, corresponding to the period
shown in the inset of Fig. 2(a). Figures 3(b) and 3(c) show
the typical S,; spectrum at t =2 s and 3 s in Fig. 3(a),
respectively. When the pump power is very strong, an
artifact signal peak will appear at the overlap of the comb
tooth frequency (4.714 GHz) in the S,; spectrum, and its
frequency is related to the resolution bandwidth of the
VNA. In addition, the oscillation time scale is similar to that
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FIG. 3. (a) Evolution of the §,; spectrum along time (within
7 s) with the pump power of 23.1 dBm and frequency of
w, =4.725 GHz. (b),(c) The typical S,; spectrum under
t =2 sand 3 s in (a). (d) Threshold curve for phonon amplitude
and detuning at the pump power of 23.1 dBm. (e),(f) The
oscillation period and the frequency shift versus pump power
from 21.85 to 23.1 dBm. The solid line is the theoretical curve.

of thermal relaxation [26,47]. We conduct further analysis
to investigate the thermal effect during tooth generation.
With a large amount of energy coupled into the system, the
YIG sphere will be heated:

doT

_ _Lgp Knhe,mim @
dt T Cp

where 07 is the temperature difference between YIG and
the environment, 7 = 1.6 s is the thermal relaxation time,
¢, =9.55x 107 J/K is the thermal capacity of the YIG
sphere, and «;, = k,, — k,, 1s the intrinsic dissipation rate.
As a result, the frequency of the magnon mode will be
redshifted with the increasing temperature:

w;n =W, — aT(éT - 5T0)’ (5)

where ar = 0.41 MHz/K is the frequency shift per unit
temperature change and 67, = 4.2 K is the initial temper-
ature difference. Figure 3(d) depicts the threshold curve of
phonon amplitude versus detuning, where x) = 0. Points
on the curve indicate steady states. For states under the
curve corresponding to the shaded fill area in Fig. 3(d),
there is «j, <0 and phonon amplitude will increase.
Conversely, for states above the curve corresponding to
the blank space in Fig. 3(d), there is «}, > 0 and the phonon
amplitude will decrease. Moreover, as shown in Fig. 3(d),
this process can be divided into four processes: (1) When
the threshold is approached, a large number of magnons are
generated, causing the YIG sphere to heat up and leading to
a redshift in the magnon frequency due to thermal effects.

(2) When the frequency shift is substantial enough, the
threshold cannot be approached for all amplitudes of the
mechanical mode. At this time, the magnon number will
dramatically decrease due to the large detuning between
resonances. (3) The YIG sphere will no longer heat up, and
the heat will be dissipated into the ambient air, causing the
magnon frequency to shift back in the direction of high
frequency. (4) If the pump power remains constant, the
magnon frequency will return to the point where the
threshold can be reached, and comb teeth are generated.
Then the state of the system comes back to process (i) and
the oscillation will repeat steadily. We examine the fre-
quency shift and oscillation period change under different
pump powers, as shown in Figs. 3(e)-3(f). We find that the
frequency shift varied from 1 to 7 MHz, while the
oscillation period increased from 0.4 to 1.7 s with increas-
ing pump power. This phenomenon is due to the different
heating rates of the YIG sphere with varying pump power,
which agrees well with the numerical calculations.
Furthermore, the Kerr effect in our system is also discussed
within the Supplemental Material [45].

As the stabilization and control of the magnonic fre-
quency comb are critical for the potential application of
high-precision magnonic frequency spectroscopy, here, we
also demonstrate the stabilization and control of the
frequency spacing of the magnonic frequency comb via
injection locking [44], which significantly suppresses the
instability of the comb teeth, as shown in Fig. 4(a). An
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FIG. 4. (a) Evolution of one comb tooth when the external

source is on and off. The initial comb tooth is unstable (I). The
comb tooth is synchronized to the external source (II). The comb
tooth returns to the initial state after turning off the external source
I). (b) Evolution of the rf spectrum with varied injected
frequency. The injected power is —6.4 dBm, and the comb is
synchronized to the external source when the frequency difference
is less than 400 Hz. (c) Locking ranges with varied pump power.
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additional source is injected into the YIG microsphere at a
frequency of 4.71492 GHz. Prior to turning on the external
source, the magnonic frequency comb is generated, and the
comb tooth on the rf spectrum is unstable (stage I),
particularly when focusing on the comb line at 4.714
92 GHz. We then turn on the external source, and the
stabilization of the magnonic frequency comb is notably
improved (stage II). Finally, by turning off the external
source, the stable comb tooth immediately returns to the
initial state and becomes as unstable as before (stage III).
Furthermore, we study the locking range of this injection
locking scheme. Figure 4(b) displays the evolution of the rf
spectra with a power of —6.4 dBm when the external source
frequency slowly varied. Initially, when the frequency
difference between the external source and comb line is
relatively large, beat notes of the initial frequency and
external source frequency and their harmonic components
all exist in the rf spectrum. As we continue scanning, the
comb is injection locked by the external source when their
frequency difference is very close. Scanning in the same
direction further led to the external source frequency
crossing the comb line and going out of the locking range
at last. The locking range increases with the enhancement
of the external source power, up to a maximum of 1.2 kHz,
as depicted in Fig. 4(c).

Discussion.—In conclusion, we demonstrate a magnonic
frequency comb in the magnomechanical resonator. The
magnonic frequency comb has up to 20 comb lines and a
frequency spacing 10.08 MHz, equaling the resonant
frequency of the mechanical mode. Additionally, we study
the thermal effect involved in the frequency comb gen-
eration process, where the frequency comb exhibits peri-
odic oscillations that are dependent on pump power. Our
experimental results are in agreement with numerical
calculations. Furthermore, we demonstrate the stabilization
and control of the frequency spacing of the magnonic
frequency comb via injection locking. We can achieve
tuning of comb teeth beyond a range of 1 kHz. Our Letter
not only advances the study of nonlinear physics in
magnonic systems but also unlocks the potential of
magnonic frequency combs for sensing and metrology.
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