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Bistable mechanical vibration is observed in a cavity magnomechanical system, which consists of a
microwave cavity mode, a magnon mode, and a mechanical vibration mode of a ferrimagnetic yttrium-iron-
garnet sphere. The bistability manifests itself in both the mechanical frequency and linewidth under a
strong microwave drive field, which simultaneously activates three different kinds of nonlinearities,
namely, magnetostriction, magnon self-Kerr, and magnon-phonon cross-Kerr nonlinearities. The magnon-
phonon cross-Kerr nonlinearity is first predicted and measured in magnomechanics. The system enters a
regime where Kerr-type nonlinearities strongly modify the conventional cavity magnomechanics that
possesses only a radiation-pressure-like magnomechanical coupling. Three different kinds of nonlinearities
are identified and distinguished in the experiment. Our Letter demonstrates a new mechanism for achieving
mechanical bistability by combining magnetostriction and Kerr-type nonlinearities, and indicates that such
Kerr-modified cavity magnomechanics provides a unique platform for studying many distinct non-
linearities in a single experiment.
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Introduction.—Bistability, or multistability, discontinu-
ous jumps, and hysteresis are characteristic features of
nonlinear systems. Bistability is a widespread phenomenon
that exists in a variety of physical systems, e.g., optics [1–
3], electronic tunneling structures [4], magnetic nanorings
[5], thermal radiation [6], a driven-dissipative superfluid
[7], and cavity magnonics [8]. Its presence requires non-
linearity in the system. To date, bistability has been studied
in various mechanical systems, including nano- or micro-
mechanical resonators [9–11], piezoelectric beams [12],
mechanical morphing structures [13], and levitated nano-
particles [14]. Bistable mechanical motion finds many
important applications: it is the basis for mechanical
switches [15,16], memory elements [17,18], logic gates
[19], vibration energy harvesters [12,20], signal amplifiers
[11,14], etc.
Different mechanisms can bring about nonlinearity in the

system leading to bistable mechanical motion. Most com-
monly, a strong drive can induce bistability of a mechanical
oscillator, of which the dynamics is described by the
Duffing equation [11,21–23]. Mechanical bistability can
also be caused by the Casimir force [9], nanomechanical
effects on Coulomb blockade [10], magnetic repulsion
[24], intrinsic nonlinearity in the optomechanical coupling
[25], etc.
Here, we introduce a mechanism to induce mechanical

bistability, distinguished from all the above mechanisms,
by exploiting rich nonlinearities in the ferrimagnetic
yttrium-iron-garnet (YIG) in cavity magnomechanics
(CMM). In the CMM [26–29], magnons are the quanta

of collective spin excitations in magnetically ordered
materials, such as YIG. They can strongly couple to
microwave cavity photons by the magnetic-dipole inter-
action, leading to cavity polaritons [30–35]. They can also
couple to deformation vibration phonons of the ferrimagnet
via the magnetostrictive force [26,28,36]. Such a radiation-
pressure-like magnomechanical coupling provides neces-
sary nonlinearity, enabling a number of theoretical pro-
posals, including the preparation of entangled states [37–
41], squeezed states [42–44], mechanical quantum-ground
states [45–47], slow light [48,49], thermometry [50],
quantum memory [51,52], exceptional points [53], and
parity-time-related phenomena [54–57], etc. In contrast, the
experimental studies on this system are, by now, very
limited: Magnomechanically induced transparency and
absorption [26] and mechanical cooling and lasing [28]
have been demonstrated.
In this Letter, we report an experimental observation of

bistable mechanical vibration of a YIG sphere in the CMM.
We show that both the frequency and linewidth of the
mechanical mode exhibit a bistable feature as a result of the
combined effects of the radiation-pressure-like magneto-
strictive interaction [26,28], the magnon self-Kerr [58,59],
and the magnon-phonon cross-Kerr nonlinearities. Three
different kinds of nonlinearities are simultaneously acti-
vated by applying a strong drive field on the YIG sphere.
Their respective contributions to the mechanical frequency
and linewidth are discussed.
Kerr-modified CMM.—The CMM system consists of a

microwave cavity mode, a magnon mode, and a mechanical
vibration mode; see Fig. 1. In the experiment, we use the
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oxygen-free copper cavity with dimensions of 42 × 22×
8 mm3. The cavity TE101 mode has a frequency ωa=2π ¼
7.653 GHz, and a total decay rate κa=2π ¼ 2.78 MHz.
The cavity decay rates associated with the two ports
are κ1;2=2π ¼ 0.22 MHz and 1.05 MHz, respectively.
The magnon and mechanical modes are supported by a
0.28 mm-diameter YIG sphere. The frequency of the
magnon mode can be tuned by adjusting the bias magnetic
field B0 viaωm ¼ γB0, with γ being the gyromagnetic ratio.
The magnon dissipation rate is κm=2π ¼ 2.2 MHz. The
magnon mode couples to the cavity magnetic field by the
magnetic-dipole interaction with the coupling strength
gma=2π ¼ 7.37 MHz, and to a vibration mode by the
magnetostrictive (radiation-pressure-like) interaction with
the bare magnomechanical coupling strength gmb=2π ¼
1.22 mHz. Here, we consider the lower-frequency
mechanical mode (with a natural frequency ωb=2π ¼
11.0308 MHz and linewidth κb=2π ¼ 550 Hz) in our obse-
rved two adjacent mechanical modes, which has a stronger
coupling gmb. The magnomechanical coupling can be
significantly enhanced by applying a pump field on the
magnon mode [37]. In our experiment, this is realized by
strongly driving the cavity, which linearly couples to the
magnon mode. In Ref. [60], we provide a list of parameters
and the details of how they are extracted by fitting the
experimental data.
Under a strong pump, the Hamiltonian of the CMM

system is given by [60]

H=ℏ ¼ ωaa†aþ ωmm†mþ ωbb†bþ gmaða†mþ am†Þ
þ gmbm†mðbþ b†Þ þHKerr=ℏ

þ ffiffiffiffiffi

κ1
p

εdða†e−iωdt þ H:c:Þ; ð1Þ

where a, m, and b (a†, m†, and b†) are the annihilation
(creation) operators of the cavity mode, the magnon mode,
and the mechanical mode, respectively. The last term is the
driving Hamiltonian, where κ1 is the cavity decay rate asso-
ciated with the driving port (Port 1), and εd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pd=ðℏωdÞ
p

,
with Pd (ωd) being the power (frequency) of the microwave
drive field. The novel part of the Hamiltonian, with respect
to the conventional CMM, is the Kerr nonlinear term HKerr
activated by the strong pump field [60],

HKerr=ℏ ¼ Kmm†mm†mþ Kcrossm†mb†b; ð2Þ

where Km is the magnon self-Kerr coefficient, and Kcross is
the magnon-phonon cross-Kerr coefficient. The magnon
self-Kerr effect is caused by the magnetocrystalline
anisotropy [58,59], and the cross-Kerr nonlinearity origi-
nates from the magnetoelastic coupling by including the
second-order terms in the strain tensor [61,62],

ϵij ¼
1

2

�

∂ui
∂lj

þ ∂uj
∂li

þ
X

k

∂uk
∂li

∂uk
∂lj

�

; ð3Þ

where ui are the components of the displacement
vector, and li ¼ i (i ¼ x, y, z). The first-order terms lead
to the conventional radiation-pressure-like interaction
Hamiltonian [63], ℏgmbm†mðbþ b†Þ. Under a moderate
drive field, the second-order terms are negligible [26,28],
but can no longer be neglected when the drive becomes
sufficiently strong, as in our experiment, yielding an
appreciable magnon-phonon cross-Kerr nonlinearity. As
will be seen later, the cross-Kerr nonlinearity is indispen-
sable in the model for fitting the mechanical frequency
shift.
Both the magnon self-Kerr and magnon-phonon cross-

Kerr terms, as well as the radiation-pressure-like term,
cause a magnon frequency shift δωm ¼ 2KmjMj2þ
KcrossjBj2 þ 2gmbRe½B�, where O ¼ hoi (o ¼ m, b, a)
denote the average of the modes. In our experiment, the
dominant contribution is from the self-Kerr nonlinearity
[60], which gives a bistable magnon frequency shift [8].
Also, the cross-Kerr nonlinearity causes a mechanical
frequency shift δωb ¼ KcrossjMj2. Using the Heisenberg-
Langevin approach, we obtain the equation for the steady-
state average M [60],

ηaκ1g2maε
2
d ¼ jMj2

�

ðΔm − ηag2maΔa þ 2KmjMj2Þ2

þ
�

κm
2
þ ηag2ma

κa
2

�

2
�

; ð4Þ

where ΔaðmÞ ¼ ωaðmÞ − ωd, ηa ¼ 1=½Δ2
a þ ðκa=2Þ2�. In

deriving Eq. (4), we neglect contributions from the
mechanical mode to the magnon frequency shift, because
of a much smaller mechanical excitation number compared

FIG. 1. Device schematic. Left panel: schematic of the CMM
system. A 0.28 mm-diameter YIG sphere is placed (free to move)
in a horizontal 0.9 mm-inner-diameter glass capillary and at the
antinode of themagnetic field of the cavitymodeTE101. The cavity
has two ports: Port 1 is connected to a microwave source (MW) to
load the drive field, and Port 2 is connected to a vector network
analyzer (VNA) to measure the reflection of the probe field with
the power of −5 dBm. We set the direction of the bias magnetic
field B0 as the z direction, and the vertical direction as the x
direction. Right panel: schematic of the coupled three modes.
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to the magnon excitation number for the drive powers used
in this Letter. It is a cubic equation of the magnon excitation
number jMj2. In a suitable range of the drive power, there
are two stable solutions, leading to the bistable magnon and
phonon frequency shifts by varying the drive power.
The radiation-pressure-like coupling gives rise to an

effective susceptibility of the mechanical mode [60],

χb;effðωÞ ¼ fχ−1b ðωÞ − 2ijGmbj2½χmaðωÞ − χ�mað−ωÞ�g−1;
ð5Þ

where χbðωÞ is the natural susceptibility of the mechanical
mode, but depends on the modified mechanical frequency
ω̃b ¼ ωb þ KcrossjMj2, which includes the cross-Kerr
induced frequency shift. The effective coupling Gmb ¼
gmbM, and χmaðωÞ ¼ ½χ−1m ðωÞ þ g2maχaðωÞ�−1, where χmðωÞ
and χaðωÞ are the natural susceptibilities of the magnon and
cavity modes, with the magnon detuning in χmðωÞmodified
as Δ̃m ¼ Δm þ 2KmjMj2, which includes the dominant
magnon self-Kerr induced frequency shift. See Ref. [60]
for the explicit expressions of the susceptibilities.
The effective mechanical susceptibility yields a fre-

quency shift of the phonon mode (the so-called “magnonic
spring” effect [28], in analogy to the “optical spring” in
optomechanics [69]),

δωb ¼ −Ref2ijGmbj2½χmaðωÞ − χ�mað−ωÞ�g þ KcrossjMj2;
ð6Þ

where we write together the frequency shift induced by the
cross-Kerr nonlinearity. Moreover, it leads to the following
mechanical linewidth change:

δΓb ¼ Imf2ijGmbj2½χmaðωÞ − χ�mað−ωÞ�g: ð7Þ

Clearly, this linewidth change is only caused by the
radiation-pressure-like coupling, distinguished from the
frequency shift caused by the self-Kerr or cross-Kerr
nonlinearity. By applying a red- or blue-detuned drive
field, we can choose to operate the system in two different
regimes, where either the magnomechanical anti-Stokes or
Stokes scattering is dominant. This yields an increased
(δΓb > 0) or a reduced (δΓb < 0) mechanical linewidth,
corresponding to the cooling or amplification of the
mechanical motion [28,69].
In our system, due to the strong coupling gma > κm; κa,

the magnon and cavity modes form two cavity polariton
(hybridized) modes (Fig. 2, left panels) [30–35]. Here, a red
(blue)-detuned drive means that the drive frequency is
lower (higher) than the frequency of the cavitylike polariton
mode, i.e., the “deeper” polariton in the spectra close to the
cavity resonance. For the red (blue)-detuned drive, we show
the anti-Stokes (Stokes) sidebands associated with two
mechanical modes for two drive powers in the enlarged

plots of Fig. 2(a) [Fig. 2(b)]. When the detuning between
the drive field and the deeper polariton matches the
mechanical frequencies, the anti-Stokes (Stokes) sidebands
are manifested as the magnomechanically induced trans-
parency (absorption) [26].
Red-detuned drive.—To implement a red-detuned drive,

we drive the cavity with a microwave field at frequency
ωd=2π ¼ 7.645 GHz. By adjusting the bias magnetic field,
we tune the magnon frequency to be ωL

m=2π ¼ 7.658 GHz
at the drive power Pd ¼ 4.7 dBm [see Fig. 2(a)]. We have
the [110] axis of the YIG sphere aligned parallel to the
static magnetic field, which yields a negative self-Kerr
coefficient Km=2π ¼ −6.5 nHz. An increase in power

FIG. 2. (a) Left panel: measured reflection spectra under a red-
detuned drive. The frequency of the drive field ωd=2π ¼
7.645 GHz (black arrow). By increasing the drive power, the
magnon frequency shift is negative: ωL

m=2π ¼ 7.658 GHz (light
green dashed line) at a lower power Pd ¼ 4.7 dBm (upper panel)
and ωH

m=2π ¼ 7.640 GHz (dark green dashed line) at Pd ¼
29.7 dBm (lower panel). The green arrow indicates the direction
in which the magnon frequency shifts by increasing the power.
Right panel: enlargement of the red shaded areas in the left panel
shows detailed spectra of the magnomechanically induced
resonances, where Δpd ¼ ωp − ωd. The black lines are the fitting
curves. (b) Left panel: measured reflection spectra under a blue-
detuned drive. The drive frequency ωd=2π ¼ 7.660 GHz. By
adjusting the bias magnetic field, the magnon frequency is tuned
close to the drive frequency ωL

m=2π ≃ ωd at the power
Pd ¼ 4.7 dBm. Increasing the power to 23.7 dBm, the magnon
frequency ωH

m=2π ¼ 7.645 GHz. Right panel: enlargement of the
blue shaded areas in the left panel shows detailed spectra
of the magnomechanically induced resonances. We observe
two adjacent mechanical modes with the frequencies ωb=2π ¼
11.0308 MHz and ω0

b=2π ¼ 11.0377 MHz. Because of their
similar behaviors, we focus on the lower-frequency mode in
the text.
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thus results in a negative magnon frequency shift
δωm ¼ 2KmjMj2, and the magnon frequency reduces to
ωH
m=2π ¼ 7.640 GHz when the power increases to Pd ¼

29.7 dBm [Fig. 2(a)], which yields an effective coupling
Gmb=2π ¼ 45.8 kHz. Under these conditions, the magnon
excitation number jMj2 shows a bistable behavior through
variation of the power.
Equation (6) indicates that the radiation-pressure-like

coupling results in a mechanical frequency shift, and so
does the cross-Kerr nonlinearity. This is confirmed by the
experimental data in Fig. 3(a). It shows that the cross-Kerr
plays a dominant role because of a large magnon excitation
number, and both the frequency shifts caused, respectively,
by the cross-Kerr and the radiation-pressure-like coupling
show a bistable feature with the forward and backward
sweeps of the drive power. This is because both of them
originate from the bistable magnon excitation number jMj2,
cf. Eq. (6). Note that for the spring effect, the bistability of
jMj2 is mapped to the magnon frequency shift Δ̃m, then to
the polariton susceptibility χmaðωÞ, and finally to the
mechanical frequency.
By increasing the drive power from 4.7 to 19.7 dBm, the

cross-Kerr causes a maximum frequency shift of −4.6 kHz
[Fig. 3(a), the green line]. The fitting cross-Kerr coefficient
is Kcross=2π ¼ −5.4 pHz. Under the red-detuned drive, the
magnonic spring effect yields a negative frequency shift

δωb ¼ Re½χ−1b;effðωÞ − χ−1b ðωÞ� < 0 [Fig. 3(a), the red line],
and the maximum frequency shift is −200 Hz. Adding up
these two frequency shifts gives the total mechanical
frequency shift [Fig. 3(a), the black line], which fits well
with the experimental data [Fig. 3(a), triangles] when the
power is not too strong.
Another interesting finding is the bistable feature of the

mechanical linewidth [Fig. 3(b)]. The magnomechanical
backaction leads to the variation of the mechanical line-
width δΓb ¼ −Im½χ−1b;effðωÞ − χ−1b ðωÞ�. For a red-detuned
drive, the anti-Stokes process is dominant, resulting in an
increased mechanical linewidth δΓb > 0 and the cooling of
the motion. The bistable mechanical linewidth is also
induced by the bistable jMj2 [see Eq. (7)], similar to the
mechanical frequency. The theory fits well with the
experimental results, and the discrepancy appears only in
the high-power regime. This is because the considerable
heating effect at strong pump powers can broaden the
mechanical linewidth [70,71], which is not included in
our model.
Blue-detuned drive.—When a blue-detuned drive is

applied, the system enters a regime where the Stokes
scattering is dominant. The magnomechanical parametric
down-conversion amplifies the mechanical motion with the
characteristic of a reduced linewidth. Furthermore, the
mechanical frequency shift induced by the spring effect
will move in the opposite direction compared with the red-
detuned drive.
To implement a blue-detuned drive, we drive the cavity

with a microwave field at frequency ωd=2π ¼ 7.66 GHz,
and tune the magnon frequency close to the drive frequency
[see Fig. 2(b)]. We attempted to make the Stokes sideband
of the drive field resonate with the “deeper” polariton at a
high pump power, such that the Stokes scattering rate is
maximized and the magnomechanical coupling strength
Gmb becomes strong. However, to meet the drive conditions
for a bistable magnon excitation number jMj2, the drive
frequency is restricted to a certain range, which hinders us
from making the Stokes sideband and the “deeper” polar-
iton resonate. Therefore, we only achieve this at lower drive
powers, giving a faint magnomechanically induced absorp-
tion [Fig. 2(b), upper panels].
From the red to the blue detuning, we only adjust the

magnon and the drive frequencies. Because the direction of
the crystal axis is unchanged, the magnon self-Kerr
coefficient Km is still negative, so again a negative
frequency shift occurs by increasing the power [green
arrow in Fig. 2(b)]. For the power up to 23.7 dBm, which
yields Gmb=2π ¼ 42.7 kHz, the frequency of the cavitylike
polariton is always lower than the drive frequency, so the
system is operated under a blue-detuned drive.
Figure 4 displays the bistable mechanical frequency shift

δωb and linewidth change δΓb. For the frequency shift, both
the contributions from the cross-Kerr and the radiation-
pressure-like coupling should be considered, but the former

FIG. 3. Bistable mechanical frequency and linewidth under a
red-detuned drive. (a) The mechanical frequency shift versus the
drive power. The red (green) curve is the fitting of the frequency
shift induced by the radiation-pressure-like coupling (cross-Kerr
effect) using Eq. (6), and the black curve is the sum of the two
contributions. (b) The mechanical linewidth variation versus the
drive power. The black curve is the fitting of the linewidth change
using Eq. (7). In both figures, the blue (orange) triangles are the
experimental data obtained via forward (backward) sweep of the
drive power.
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plays a dominant role [Fig. 4(a), the green line], as in the
case of the red-detuned drive, yielding a frequency shift of
−6.5 kHz at the power of 23.7 dBm. Differently, the spring
effect induced frequency shift (370 Hz at 23.7 dBm) is
positive [Fig. 4(a), the red line]. The opposite frequency
shifts by the spring effect in the blue- and red-detuned
drives agree with the finding of Ref. [28], but no bistability
was observed in their work.
The reduced mechanical linewidth δΓb < 0 under a blue-

detuned drive is confirmed by Fig. 4(b). However, unlike
the bistable curve in the red-detuned drive case [Fig. 3(b)],
δΓb manifests the bistability in an alpha-shaped curve by
sweeping the drive power. This is the result of the trade-off
between the growing coupling strength Gmb (which enhan-
ces the Stokes scattering rate, yielding an increasing jδΓbj)
and the larger detuning between the Stokes sideband and
the “deeper” polariton [Fig. 2(b)] (which reduces the
Stokes scattering rate, resulting in a decreasing jδΓbj) by
raising the drive power. These two effects are balanced
when the power is in the range of 12 to 15 dBm.
Conclusions.—We have observed bistable mechanical

frequency and linewidth and the magnon-phonon cross-
Kerr nonlinearity in the CMM system. The mechanical
bistability results from the magnomechanical backaction on
the mechanical mode and the strong modifications on the
backaction due to the magnon self-Kerr and magnon-
phonon cross-Kerr nonlinearities. The effects of the mag-
non self-Kerr, the magnon-phonon cross-Kerr, and the
radiation-pressure-like interactions can be identified by
measuring primarily the magnon frequency shift, the
mechanical frequency shift, and the mechanical linewidth,

respectively. The new mechanism for achieving bistable
mechanical motion revealed by this Letter promises a wide
range of applications, such as in mechanical switches,
memories, logic gates, and signal amplifiers.
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