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Microwave frequency combs through the rotational enhanced magnetostrictive effect

Qin Wu,1,2,* Hao-Jin Sun,3 Yu-Dong Chen,1 and Zeng-Xing Liu 3

1The First Dongguan Affiliated Hospital, Guangdong Medical University, Dongguan, Guangdong 523808, China
2School of Biomedical Engineering, Guangdong Medical University, Dongguan, Guangdong 523808, China

3School of Electronic Engineering & Intelligentization, Dongguan University of Technology, Dongguan, Guangdong 523808, China

(Received 27 February 2024; revised 6 May 2024; accepted 22 May 2024; published 5 August 2024)

Microwave frequency combs have attracted particular attention due to their great application prospects in
microwave communication and measurement. In recent years, the scheme of generating microwave frequency
combs based on an optical method has been widely concerned; however, the investigation of obtaining microwave
frequency combs based on a magnetic method has rarely been reported. Here, an efficient mechanism for
the generation of microwave frequency combs induced by the rotational enhanced magnetostrictive effect
is theoretically proposed. The results show that the magnetostrictive interaction can be greatly enhanced by
introducing the Sagnac effect, and then a robust microwave frequency comb can be observed even at low power.
Furthermore, when we change the incidence direction of the driving field, the generation of microwave frequency
combs has strong nonreciprocity. Our propose thus provides a pathway for the generation of a flat microwave
frequency comb based on magnonic platforms that may be beneficial for microwave frequency metrology and
spectroscopy, as well as an in-depth understanding of magnomechanical nonlinearity.

DOI: 10.1103/PhysRevA.110.023507

I. INTRODUCTION

Microwave frequency combs, the analog of optical fre-
quency combs generated in the microwave (gigahertz) fre-
quency range, have the advantages of large number of spectral
lines, wide frequency range, and high accuracy of spectral
line spacing, and they have important applications in com-
munication, sensing, and other fields [1–5]. At present, the
main generation methods of microwave frequency combs are
based on electrical and photoelectric methods, for example,
microwave-frequency-comb generation utilizing a semicon-
ductor laser subject to optical pulse [3], optical generation of
a precise microwave frequency comb by harmonic frequency
locking [4], and so on [5]. Furthermore, the generation of
microwave frequency combs as a result of a χ (3) nonlinearity
in a high Q-factor sapphire whispering gallery mode resonator
introduced by a dilute concentration of paramagnetic Fe3+
spins has also been studied [6,7]. The use of magnetics to gen-
erate microwave frequency combs, compared to the previous
scheme, has inherent advantages in, for instance, ultranar-
row line-wide comb teeth and being highly tunable through
external magnetic fields. Whereas, the weak spin interaction
has been a major bottleneck for generating robust microwave
frequency combs.

The Sagnac effect, first proposed by Sagnac in 1913, refers
to the interesting phenomenon that interference fringes on
a ring interferometer screen will move when the toroidal
plane has rotational angular velocity [8,9]. Over the past
decades, the research of combining the Sagnac effect with
an optical microcavity has attracted more and more attention
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[10–19]. In particular, the rotation-induced Sagnac frequency
shift leads to many exotic physical phenomena, such as rotat-
ing optical microcavities with broken chiral symmetry [12],
irreversible refraction generation in spinning resonators [13],
the exceptional-point-enhanced Sagnac effect [14], nonrecip-
rocal photon blockade [16], and so on [17–19]. In recent years,
a fundamentally different type of spin wave–mechanical os-
cillator interaction has attracted a lot of attention, which is
the magnetostrictive coupling between magnons and mechan-
ical motion studied in magnomechanical systems [20–37].
Inspired by these works, the concept of a spinning microwave
magnomechanical system has been theoretically introduced,
where an yttrium iron garnet (YIG) sphere supporting both
the magnon and the phonon modes is coupled to a spin-
ning resonator [38–45]. Many intriguing phenomena have
been reported in the spinning magnomechanical system, rang-
ing from nonreciprocal transmission and magnon-phonon
entanglement [38] to nonreciprocal phonon laser [39] to
nonreciprocal two-color second-order sideband generation
[40,41] and nonreciprocal quantum coherence in spinning
magnomechanical systems [42].

In the present work, we present an efficient mechanism
for the generation of microwave frequency combs through
the rotational enhanced magnetostrictive effect in a spinning
magnomechanical system. The results indicate that the Sagnac
effect induced by a rotational microwave resonator has a pos-
itive response to the nonlinear magnetostrictive interaction
and then promotes the generation of microwave frequency
combs. Numerical calculations of the magnomechanical dy-
namics show that, even under a weak microwave drive, a
robust microwave frequency comb can be observed in the
output spectrum, which can be effectively controlled by ad-
justing the rotation speed. More importantly, just by changing
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FIG. 1. Schematic diagram of the rotatable cavity magnome-
chanical system consisting of a spinning microwave resonator with
the angular velocity � and a YIG sphere placed at the maximum
of the magnetic field. A microwave driving field enters the spin-
ning microwave resonator causing the microwaves circulating in
the resonator to experience a Sagnac-Fizeau shift, �F . When the
driving field input is from the right side (blue arrow), the Fizeau shift
�F > 0, and when the driving field input is from the left side (red
arrow), the Fizeau shift �F < 0.

the incidence direction of the driving field, the generation of
comb teeth is no longer observed in the output spectrum. This
suggests that the rotation-induced microwave frequency comb
is nonreciprocal, which reminds us of the possibility that
the generation of microwave frequency combs can be highly
tuned by the rotation speed and direction of the resonator.
In addition to the fundamental scientific significance, our re-
sults broaden the regime of cavity magnomechanics and may
provide applications for achieving nonreciprocal microwave
frequency combs based on magnonic platforms [46–48].

II. PHYSICAL MODEL AND THEORY

A schematic diagram of the rotational cavity magnome-
chanical system, as shown in Fig. 1, consisting of a spinning
microwave resonator that supports the whispering gallery
mode and a YIG sphere placed at the maximum of the mag-
netic field [39]. The microwave driving field coupled with
the spinning microwave resonator excites the ferromagnetic
Kittel mode (i.e., the magnonic mode) of the YIG sphere.
The external magnetic field with the strength B is applied to
the YIG sphere to saturate the magnetization and establish
the coherent coupling between the Kittel mode and the mi-
crowave resonator mode. The frequency of the ferromagnetic
Kittel mode ωm can be dynamically regulated by adjusting
the strength of the external magnetic field, i.e., ωm = γ B
with the gyromagnetic ratio γ /2π = 28 GHz/T [49]. Fur-
thermore, under the action of the external magnetic field,
the different magnetization caused by the excitation of the
Kittel mode will induce the deformation of the YIG sphere.
In the meantime, the deformation of the YIG sphere in re-
sponse to the external magnetic field will also affect the
magnetization, giving rise to interactions between the Kittel
mode and the deformation mode (the so-call magnetostriction
effect) [20,21,23,24]. Assume that the microwave resonator
is pumped by a two-tone microwave driving field with the
driving amplitude ξ j = √

Pj/h̄ω j ( j = l and p), where Pj

is the power of the microwave driving field and ω j is the
corresponding drive frequency. For ease of description, the
two-tone microwave drive field is referred to as the microwave
pumping field and the probe field, although the power of
the microwave probe field may exceed that of the pumping
field. According to the Sagnac effect, for a microwave res-
onator rotating at angular velocity �, the resonant frequency
of the microwave resonator will change, i.e., the microwave
circulating in the resonator undergoes a Sagnac-Fizeau shift
[13], ω′

a = ωa + �F , with

�F = ±ωa
nr�

c

(
1 − 1

n2
− λ

n

dn

dλ

)
, (1)

where ωa is the resonance frequency for the stationary res-
onator. n and r are the refractive index and the radius of the
resonator, respectively. c and λ are the speed and wavelength
of the microwave photon in vacuum, respectively. dn/dλ

is the dispersion term characterizing the relativistic origin
of the Sagnac effect. When the resonator spinning and the
microwave rotation are along the same direction, i.e., the
microwave driving field is incident from the right side (blue
arrow in Fig. 1), a positive Sagnac-Fizeau shift can be ob-
tained, �F > 0. Conversely, if the microwave driving field
input from the left side (red arrow in Fig. 1), i.e., the res-
onator spinning and the microwave rotation are in opposite
directions, the Sagnac-Fizeau shift is negative, �F < 0. In
particular, a zero Sagnac-Fizeau shift, �F = 0, corresponds to
the situation in which the resonator is stationary (i.e., � = 0).
Studies have shown that, similar to the incident field pump,
cavity rotation has a vital impact on mechanical displacement
and intracavity photon amplitude [17,19]. More importantly,
the Sagnac-Fizeau shift provides a feasible way to realize the
tunable microwave resonant frequency and will be conducive
to the resonance between the coupled cavity-magnonic system
and other subsystems. It should be noted that the cavity fre-
quency shift can also be achieved in other ways, for example,
a tunable cryogenic microwave cavity based on a double-stub
re-entrant cavity has been experimentally realized. The cavity
frequency can be tuned in situ by up to 1.5 GHz, approxi-
mately 15% of its original resonance frequency (10 GHz), and
moreover, the system maintains an approximately constant
quality factor [50].

Considering the Sagnac-Fizeau shift, the Hamiltonian of
the rotatable cavity magnomechanical system can be written
as [39]

H = h̄ω′
aâ†â + h̄ωmm̂†m̂ + h̄ωbb̂†b̂

+ h̄gma(âm̂† + â†m̂) + gmbm̂†m̂(b̂† + b̂)

+ ih̄
√

2ka(ξl â
†e−iωl t + ξpâ†e−iωpt − H.c.), (2)

where h̄ is the reduced Planck’s constant and â(â†) is the
boson annihilation (creation) operator of the microwave cavity
mode. m̂ =

√
Vm

2h̄
M (Mx − iMy) is the annihilation operator of
the Kittel mode, with Vm being the YIG sphere volume, M
the saturation magnetization, and Mx,y,z the magnetization
components [20]. b̂ (b̂†) is the annihilation (creation) operator
of the deformation mode with the frequency ωb. The cavity
photon and the magnonic mode are coupled with each other
by magnetic dipole interaction, and the coupling strength is
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gma. Furthermore, the coupling between the magnonic and
vibrational modes through magnetostrictive effect can be de-
scribed by a radiation pressurelike Hamiltonian [51], i.e.,
Hint = gmbm̂†m̂(b̂† + b̂), with the coupling strength gmb. κa

refers to the decay rate of the microwave cavity mode and
H.c. is the Hermitian conjugate. In order to make the driving
terms time independent, a rotating frame at the microwave
driving frequency ωl is adopted, i.e., applying the unitary
transformation U(t ) = exp(−iωl â†ât − iωl m̂†m̂t ). Therefore,
the Hamiltonian of the system can be rewritten as

H = U(t )HU†(t ) − ih̄U(t )
∂U†(t )

∂t

= h̄�′
aâ†â − h̄�mm̂†m̂ + h̄ωbb̂†b̂

+ h̄gma(âm̂† + â†m̂) + h̄gmbm̂†m̂(b̂† + b̂)

+ ih̄
√

2ka(ξl â
† + ξpâ†e−i�pt − H.c.), (3)

where �′
a = �F − �a, with �a = ωl − ωa being the detun-

ing between the microwave cavity mode and the driving
field frequency. �m = ωl − ωm is the detuning between the
magnonic mode and the driving field frequency and �p =
ωp − ωl is the beat frequency between the driving field and the
probe field. The evolution of the rotatable cavity magnome-
chanical system can be described by the Heisenberg-Langevin
equations, i.e., ˙̂o = i/h̄[H, ô](ô = â, b̂, m̂); hence, we can ob-
tain the following coupled equations:

ȧ = (i�a − i�F − κa)a − igmam +
√

2κa(ξl + ξpe−i�pt ),

ḃ = (−iωb − κb)b − igmbm†m, (4)

ṁ = (i�m − κm)m − igmaa − igmbm(b† + b),

where κ j ( j = b, m) is the damping rate of the vibrational
mode and the magnonic mode, respectively. Here, in the
semiclassical approximation, all the operators are reduced
to their expectation values, viz., o(t ) = 〈ô(t )〉. Moreover, the
mean-field approximation by factorizing averages is also used,
and the quantum noise terms are dropped safely [52]. Equa-
tions (4) are the nonlinear partial differential equations, and
the nonlinearity of the system is derived from the magne-
tostrictive interaction between the magnonic mode and the
vibrational mode. The output field from the cavity magnome-
chanical system can be obtained by using the input-output
relation [38] aout (t ) = ain(t ) − √

2κaa(t ), where ain(t ) = ξl +
ξpe−i�pt is the effective microwave input field in a rotating
frame at ωl . The time evolution of the output field can be ob-
tained by solving the Eqs. (4), and the output spectrum of the
system can be obtained by doing the fast Fourier transform of
the time series, i.e., S(ω) ∝ ∫ ∞

−∞ aout (t )e−iωt dt . In the present
work, Eqs. (4) are solved numerically by using the Runge-
Kutta method, and for convenience, the initial conditions are
chosen as a|t=0 = 0, b|t=0 = 0, and m|t=0 = 0.

III. DISCUSSION

The microwave frequency comb spectra output from the
cavity magnomechanical system with and without the Sagnac-
Fizeau shift are plotted in Fig. 2. Obviously, it is difficult
to generate a robust microwave frequency comb spectrum
in the absence of the Sagnac effect, i.e., �F /ωb = 0, which

FIG. 2. Microwave frequency comb spectra output from the ro-
tatable cavity magnomechanical system are shown vary with the
power of the microwave driving field in the case of (a) without the
Fizeau shift (�F = 0) and (c) in the presence of the Fizeau shift
(�F �= 0). The color indicates the amplitude of the combs. In the
case of �F = 0, the microwave frequency comb spectrum is plotted
in panel (b) under the microwave pumping powers Pl=30 mW.
Under the same microwave pumping power, the comb spectrum
is shown in (d) in the case of �F /ωb = 2. Here, a set of ex-
perimentally feasible values are used [20]: ωa/2π = 7.86 GHz,
ωb/2π = 11.42 MHz, 2κa/2π = 3.35 MHz, 2κm/2π = 1.12 MHz,
2κb/2π = 300 Hz, gma/2π = 3.2 MHz, gmb/2π = 9.88 mHz, �a =
�m = �p = ωb, and ξp = 10ξl .

means that weak nonlinear magnetostriction interactions pose
challenges for the generation of microwave frequency combs.
Specifically, a significant microwave frequency comb genera-
tion is observed in the output spectrum only when the power
of the microwave drive field exceeds 200 mW, as shown in
Fig. 2(a). To take one example, when the driving field power is
relatively weak, Pl = 30 mW, as shown in Fig. 2(a), only a few
sideband combs can be observed in the output spectrum, and
the comb intensity is very weak. In this case, the frequency
spectrum can be regarded as a perturbation spectrum, that
is, the higher the order of the comb tooth considered, the
smaller the amplitude obtained. Furthermore, it should be
pointed out that the output spectrum has been shifted by a
microwave input field frequency ωl as a whole, because the
coupled Eqs. (4) describe the evolution of the optical field in a
frame rotating at frequency ωl . Intriguingly, when the Sagnac
effect was considered (�F /ωb = 2), as shown in Fig. 2(c),
the threshold power of microwave frequency comb genera-
tion is drastically reduced to about Pth ≈ 12 mW under the
same parameter conditions, which is about 20 times less than
the case without the Fizeau shift. More specifically, we can
seen that a robust ultra-wideband microwave frequency comb
spectrum can be obtained under a weaker driving field,
indicating that the magnetostrictive nonlinearity is greatly en-
hanced by the Sagnac effect. By the same example, when the
driving field power Pl = 30 mW, as shown in Fig. 2(d), about
30 sideband comb teeth appear in the output spectrum, and the
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FIG. 3. Number of comb lines under the different microwave
drive field powers in the presence of the Sagnac-Fizeau shift
�F /ωb = 2 (blue columns) and in the absence of the Sagnac-Fizeau
shift �F /ωb = 0 (red columns). The other parameters are the same
as those in Fig. 2.

strength of each comb is significantly enhanced. In addition,
we can observe a typical nonperturbed signal [53,54]. For
example, there is a plateau region in the output spectrum
where all combs have almost the same intensity, and where
the fifth-order comb strength is greater than the fourth-order
comb strength.

Further, in order to visually reflect the high dependence
of microwave frequency comb generation on the Sagnac
effect, the comparison of the number of comb lines un-
der the same driving field power is shown in Fig. 3.
In the absence of the Sagnac effect, as the red columns
show in Fig. 3, the number of comb lines is almost un-
changed when the microwave incident field power increases
from Pl = 5 mW to Pl = 40 mW. However, when the
Sagnac-Fizeau shift was considered, as the blue columns
show, a significant increase in the number of comb lines
is observed with the same microwave drive field power.
Since a small microwave drive power (e.g., Pl = 15 mW)
is sufficient to produce a robust microwave frequency comb,
our proposal thus provides a pathway for the generation of
a flat magnonic frequency comb under a low-power driving
condition.

Physically, the generation of microwave frequency combs
is essentially a process in which nonlinear magnomechanical
interactions lead to the production and absorption of multiple
phonons, which is similar to the physical mechanism of the
generation of high-order harmonics induced by nonlinear in-
teractions between light and atoms (i.e., the production and
absorption of multiple photons) [55–57]. More specifically,
the phonon can couple with the microwave photon through
frequency up-conversion and down-conversion processes and
excite the sum-frequency (ωl + ωb) and difference-frequency
(ωl − ωb) modes, while these excitation modes can further
couple with the phonon mode to generate higher-order fre-
quency modes. Consequently, a series of equally spaced teeth
around the pumped mode, i.e., ωl ± jωb, with j being the
order of the comb teeth, will appear in the output spectrum,
which is the main characteristic of the frequency combs
[58,59]. Therefore, the study of microwave frequency combs
through the nonlinear magnetostrictive interaction is of great

FIG. 4. Dependence of the microwave photon number output
from the cavity magnomechanical system on the Sagnac-Fizeau shift
�F /ωb. (a) The surface plot of the microwave photon number evo-
lution. Evolution of system dynamics under different Fizeau shifts:
(b) �F /ωb = 0.7 and (c) �F /ωb = 2, respectively. The microwave
driving field power Pl = 30 mW and the other parameters are the
same as those in Fig. 2.

significance for a deeper understanding of magnomechanical
nonlinearity and their related applications.

In what follows, to investigate the influence of the Sagnac
effect on the evolution of magnomechanical dynamics, the
dependence of the evolution of the microwave photon number
on the Sagnac-Fizeau shift �F /ωb is shown in Fig. 4(a).
We can see that the microwave photon number increases
rapidly as the Fizeau shift changes, reaching a maximum at
�F /ωb ≈ 2. To be specific, when the Fizeau shift �F /ωb =
0.7, the dynamic evolution of the system undergoes a process
where the microwave photon number grows rapidly over time,
then decreases rapidly to |a|2 ∼ 1015, and finally stabilizes
at this magnitude, as shown in Fig. 4(b). When we increase
the Fizeau shift to �F /ωb = 2, as shown in Fig. 4(c), the
system undergoes a rapid oscillation before reaching sta-
bility, at which point the microwave photon number |a|2 ∼
1017, an increase of 2 orders of magnitude over the case of
�F /ωb = 0.7. This indicates that the enhancement of the sys-
tem nonlinearity caused by the Sagnac effect has a significant
effect on the increase of the microwave photon number, and
thus, the generation of microwave frequency combs is greatly
enhanced.

Nonreciprocity refers to the fact that when the symmetry
of a system is broken, the behavior or effect observed in
one direction is different from that observed in the oppo-
site direction, which is important for a range of applications
[60–62]. Many interesting nonreciprocal phenomena induced
by the Fizeau light-dragging effect have been extensively in-
vestigated and have progressed enormously in recent years
[38–45]. A natural question is whether nonreciprocal mi-
crowave frequency combs can be achieved based on the
rotatable cavity magnomechanical system. For this purpose,
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FIG. 5. Microwave frequency comb spectra vary with the
Sagnac-Fizeau shift �F /ωb under different microwave incidence
directions: (a) �F /ωb < 0 and (b) �F /ωb > 0. (c) Number of side-
band combs as a function of the Sagnac-Fizeau shift �F /ωb in
the case of �F /ωb < 0 (red dots) and �F /ωb > 0 (blue squares).
For convenience, take the absolute value of �F /ωb. The microwave
driving-field power Pl = 30 mW. The other parameters are the same
as those in Fig. 2.

we change the incidence direction of the driving field; i.e., the
resonator spinning and the microwave rotation are in opposite
directions (the Sagnac-Fizeau shift �F < 0). Interestingly, we
find that the generation of microwave frequency combs has
strong nonreciprocity. Namely, by controlling the incidence
direction of the driving field, the microwave frequency comb
is allowed to be generated from one side, but the other side
is suppressed. Physically, the nonreciprocal behavior of the
comb generation can be understood from the transmission
of the system. When the microwave input field comes from
different directions, the transmission in the rotating resonator
system is identical, except for the sign of �F [13]. The ro-
tating system resonantly absorbs the microwave input field
entering from one side, while off-resonantly transmitting the
counterpropagating microwave driving field, thus achieving
nonreciprocal comb generation. As shown in Fig. 5, the
generation of microwave frequency combs varies with the
Sagnac-Fizeau shift �F /ωb under different microwave inci-
dence directions showing completely different results. To be
specific, if the input field is incident on the resonator from the
left side, i.e., �F < 0, as shown in Fig. 5(a), then only a few
combs appear in the output spectrum. Even if the rotational
angular velocity increases, there is no significant change to the
combs’ number. For comparison, the case of the input field
entering the resonator from right side, i.e., �F > 0, is also
discussed. A high dependence of the microwave frequency
comb generation on the Fizeau shift is observed and a more
clear result is shown in Fig. 5(b) with the same experimental
parameters [20]. We can see that the generation of microwave
frequency combs is greatly enhanced with the increase of the
resonator rotation speed, and ultimately, a robust microwave
frequency comb is achieved near �F /ωb ∼ 2, which is
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FIG. 6. The microwave frequency comb spectra under different
temperatures T = 0 K and T = 300 K, respectively. The Sagnac-
Fizeau shift �F /ωb = 1 and the microwave driving field power Pl =
30 mW. The other parameters are the same as those in Fig. 2.

consistent with the result that the number of microwave pho-
tons varies with the Sagnac-Fizeau shift shown in Fig. 4(a).
In addition, number of sideband combs as a function of the
Sagnac-Fizeau shift �F /ωb under different microwave in-
cidence directions is shown in Fig. 4(c). Obviously, when
the input field is incident on the resonator from the right
side (blue squares), a robust microwave frequency comb can
be obtained, which is significantly better than when the drive
field is incident on the other side (red dot). These results show
that the generation of microwave frequency combs induced
by the rotational enhanced magnetostrictive effect has strong
nonreciprocity, which provides a new method for the regu-
lation of microwave frequency comb generation and may find
applications in one-way amplifiers based on magnonic devices
[63,64].

Finally, it is necessary to evaluate the feasibility of mi-
crowave frequency combs in experiment. First, we discuss
the influence of thermal noise on the generation of magnonic
frequency combs. We assume that the system is coupled to
a high-temperature thermal bath, namely, the cavity photon
mode, the magnonic mode, and the vibrational mode are
driven by the thermal noise. Phenomenologically, we add the
thermal noise to Eqs. (4), and then the equations are solved
numerically with the same experimental parameters. Here, the
thermal noises are regarded as Gaussian random numbers with
average values nth = (eh̄ωo/KBT − 1)−1 [52], where o = a, b,
and m for the cavity photon mode, the magnonic mode, and
the phonon mode, respectively. KB is the Boltzmann constant
and T is the ambient temperature. The microwave frequency
comb spectrum under room temperature (T = 300 K) is
shown in Fig. 6, which, obviously, exhibits almost no differ-
ence from the zero-temperature spectrum (T = 0 K). Thus,
the generation of microwave frequency combs based on the
rotational enhanced magnetostrictive effect is robust against
the thermal noise. Second, the Sagnac-Fizeau shift �F is pro-
portional to the refractive index, the radius, and the spinning
speed of the resonator, i.e., �F ∝ n, r,�, as shown in Eq. (1).
We consider a dielectric resonator with the high refractive
index n = 2.2 and the radius r = 6 cm for estimation. The
Sagnac-Fizeau shift �F /ωb = 1 corresponds to the spinning
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speed of the resonator, � ∼ 4 MHz [13]. Furthermore, a
smaller Sagnac-Fizeau shift (e.g., �F /ωb ∼ 0.5) is sufficient
to induce the generation of microwave frequency combs and
introduce a pronounced nonreciprocity, as shown in Fig. 5.
Although such rotational speed is experimentally challenging,
with continual technological improvements in the rotation
and manipulation of spherical dielectrics, it is possible to
achieve a resonator with much higher spinning speed [65–68];
therefore, our scheme is expected to be confirmed in future
experiments. Importantly, it is possible to extend the genera-
tion of frequency combs to other frequency domains, such as
the optical frequency domain, the acoustic frequency domain,
and the spin-wave frequency domain, due to the excellent
compatibility between magnons and other quasiparticles.

IV. CONCLUSION

In short, a mechanism for the generation of microwave
frequency combs through the rotational enhanced magne-
tostrictive effect in a rotatable cavity magnomechanical

system is theoretically proposed. We find that the magne-
tostrictive interaction can be greatly enhanced by introducing
the Sagnac effect and thus induces the generation of a flat
microwave frequency comb. The numerical simulation results
show that the total comb width of the microwave frequency
comb can be extended to about 30 orders by rotating the
resonator, which is difficult to achieve by increasing the drive
field power. Our scheme, therefore, provides an idea for re-
alizing robust microwave frequency combs through rotating
the resonator rather than requiring strong driving field power
or coupling interactions. Furthermore, we find that the genera-
tion of microwave frequency combs has strong nonreciprocity,
which opens up the possibility of using magnonic devices to
generate nonreciprocal microwave frequency combs.
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