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We report the first observation of the magnon-polariton bistability in a cavity magnonics system
consisting of cavity photons strongly interacting with the magnons in a small yttrium iron garnet (YIG)
sphere. The bistable behaviors emerged as sharp frequency switchings of the cavity magnon polaritons
(CMPs) and related to the transition between states with large and small numbers of polaritons. In our
experiment, we align, respectively, the [100] and [110] crystallographic axes of the YIG sphere parallel to
the static magnetic field and find very different bistable behaviors (e.g., clockwise and counter-clockwise
hysteresis loops) in these two cases. The experimental results are well fitted and explained as being due to
the Kerr nonlinearity with either a positive or negative coefficient. Moreover, when the magnetic field is
tuned away from the anticrossing point of CMPs, we observe simultaneous bistability of both magnons and
cavity photons by applying a drive field on the lower branch.
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Both quantum information processing [1] and future
quantum internet [2] inevitably need efficient quantum
information transfers among different physical systems.
Hybrid quantum systems may provide hopeful solutions to
these problems [3,4]. Recently, cavity magnonics has
attracted much interest (see, e.g., [5–12]), which involves
cavity photons strongly or ultrastrongly [13] interacting
with collective spin excitations in a millimeter-scale yttrium
iron garnet (YIG) crystal. This hybrid system gives rise to
new quasiparticles called cavity magnon polaritons (CMPs)
[14,15]. Benefiting from low damping rates of both
magnons and cavity photons, this hybrid system is also
expected to become a building block of the future quantum
information network. Now, a versatile quantum information
processing platform based on the coherent couplings
among magnons, cavity microwave photons [5–7], optical
photons [16–19], phonons [20], and superconducting
qubits [21,22] is being established, with the strong coupling
between magnons and cavity photons being the core of the
hybrid quantum system.
For the cavity magnonics system, in addition to the

hybridization between magnons and cavity photons, the
nonlinear effect can also play an important role. Originating
from the magnetocrystalline anisotropy in the YIG [23,24],
this nonlinearity is related to the Kerr effect of magnons and
the nonlinearity-induced frequency shift has been demon-
strated in the dispersive regime at cryogenic temperatures
[25]. In this Letter, we observe the CMP bistability in a
cavity magnonics system. In a wide range of parameters,
the frequency of the CMPs is found to jump up or down
sharply at the switching points where the CMPs transition

from one state to another. To clearly demonstrate the
nonlinear effect, we implement the experiment by aligning
the [100] and [110] crystallographic axes of the YIG sphere
parallel to the externally applied static magnetic field,
respectively. The measured results show very different
features in these two cases, such as the blue or red shift
of the frequency of the CMPs and the emergence of the
clockwise or counterclockwise hysteresis loop related to
the CMP bistability. Also, we, theoretically, fit the exper-
imental results well and explain the very different phenom-
ena of the CMPs as being due to the Kerr nonlinearity with
either a positive or negative coefficient.
To our knowledge, this Letter is the first convincing

observation of the bistability in CMPs. As an important
nonlinear phenomenon, bistability is not only of fundamen-
tal interest in studying dissipative quantum systems [26,27],
but also has potential applications in switches [28,29] and
memories [30,31]. Our cavity magnonics system offers a
new platform for exploring these applications. Also, the
employed Kittle-mode magnons have distinct merits, such
as the tunability with magnetic field and the maintenance of
good quantum coherence even at room temperature [7,10].
These advantages may bring new possibilities in exploring
nonlinear properties of the system. Indeed, we also observe
the simultaneous bistability of both magnons and cavity
photons at a very off-resonance point by applying a drive
field on the lower branch, where the optical bistability is
achieved via the magnetic bistability. This observation
shows that the CMPs can serve as a bridge or transducer
between optical and magnetic bistabilities, which paves a
newway for using one effect to induce and control the other.
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The experimental setup for our hybrid system is sche-
matically shown in Fig. 1(a). We use a three-dimensional
(3D) rectangular cavity made of oxygen-free copper with
inner dimensions 44.0 × 22.0 × 6.0 mm3 and have a small
YIG sphere of diameter 1 mm glued on an inner wall of the
cavity at a magnetic-field antinode of the cavity mode
TE102. The cavity has three ports, with ports 1 and 2 as the
input and output ports for measuring the transmission
spectrum and, also, with a specially designed port (i.e.,
port 3) in the vicinity of the YIG sphere for conveniently
loading a microwave drive field via a loop antenna. Here,
we focus on the Kittel mode which is a spatially uniform
mode of the ferromagnetic spin waves [32]. To reduce
the disturbance from other magnetostatic modes [33,34],
the small YIG sphere is placed at the uniform field of the
antenna. The whole cavity, with the YIG sphere embedded,
is placed in a static magnetic field B0 created by a high-
precision tunable electromagnet at room temperature. This
bias magnetic field, the magnetic component of the micro-
wave drive field, and the magnetic field of the TE102 mode
are nearly perpendicular to one another at the site of the
small YIG sphere.
When the frequency of the Kittel-mode magnons is

tuned in resonance with the microwave photons of the
cavity mode TE102, anticrossing of energy levels occurs
owing to the strong coupling between magnons and cavity
photons, which gives rise to two branches of CMPs [see
Fig. 1(b)]. The magnon-photon coupling strength is found

to be gm=2π ¼ 41 MHz from the energy splitting at the
resonance (anticrossing) point. The fitted cavity-mode
linewidth is κ=2π ≡ ðκ1 þ κ2 þ κ3 þ κintÞ=2π ¼ 3.8 MHz,
where κi (i ¼ 1, 2, 3) is the decay rate of the cavity due to
the ith port and κint is the intrinsic loss of the cavity. Also,
the Kittel-mode linewidth is found to be γm=2π ¼
17.5 MHz. It is clear that the system is in the strong-
coupling regime because gm > κ, γm.
Here, we demonstrate the nonlinear effect in the cavity

magnonics system by driving the YIG sphere with a
microwave field via the loop antenna. First, we focus on
the case with the magnons in resonance with the cavity
photons, where a CMP is the maximal superposition of a
magnon and a cavity photon. Also, the YIG sphere is
aligned to have its [100] crystallographic axis parallel to
the static magnetic field B0. In Fig. 2(a), we measure the
frequency shift ΔLP of the lower-branch CMPs versus the
drive power Pd for different values of the drive-field
frequency detuning (see [35] for the measurement method),
where the subscript LP denotes the lower-branch polar-
itons. Here, the angular frequency ωLP of the lower-branch
CMPs is tuned to be at the anticrossing point A in Fig. 1(b)
and the drive-field frequency detuning δLP ≡ ωLP − ωd is
relative to the lower-branch CMPs, where ωd is the angular
frequency of the drive field. At the resonance point with
ωm ¼ ωc (where ωm is the frequency of the Kittel-mode
magnons and ωc is the frequency of the cavity mode
TE102), a hysteresis loop is clearly seen at δLP < 0,

(a) (b)

FIG. 1. (a) Schematic diagram of the experimental setup. The
3D cavity, with a small YIG sphere embedded, is placed in the
static magnetic field B0 generated by an electromagnet. Ports 1
and 2 of the cavity, connected to a vector network analyzer
(VNA), are used for transmission spectroscopy and port 3,
connected to a microwave (MW) source, is for driving the
YIG sphere. At the bottom, the magnetic-field distribution of
the TE102 mode is magnified for clarity. The small YIG sphere is
placed beside a circular-loop antenna and located at the magnetic-
field antinode of the TE102 mode. (b) Transmission spectrum of
the CMPs measured versus the magnet coil current (i.e., the static
magnetic field) and the frequency of the probe field. Two vertical
dashed lines indicate, respectively, the resonance and the very off-
resonance points at which we show the CMP bistability.
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FIG. 2. (a) ΔLP=2π versus Pd when δLP=2π ¼ −14.1, −12.1,
and −10.1 MHz. (b) ΔLP=2π versus δLP=2π when Pd ¼ 25, 23,
and 21 dBm. The black circle (blue triangle) dots are the forward
(backward)-scanning results. The red dashed curves are theo-
retical results obtained using Eq. (2), with γLP=2π ¼ ðγm þ κÞ=
4π ¼ 10.65 MHz. In (a), the characteristic constant c=ð2πÞ3
is fitted to be 3.15, 3.55, and 3.82 MHz3=mW for curves from
top to bottom. In (b), c=ð2πÞ3 is fitted to be 1.85, 2.52, and
3.22 MHz3=mW for curves from top to bottom. The [100]
crystallographic axis of the YIG sphere is aligned parallel to
the static magnetic field B0 and the magnons are in resonance
with the cavity mode TE102.
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revealing the emergence of the CMP bistability in the
cavity magnonics system. This hysteresis loop is counter-
clockwise when considering the increasing and decreasing
directions of the drive power. Moreover, its area reduces
when decreasing the frequency detuning jδLPj. In Fig. 2(b),
we measure the frequency shift ΔLP of the same lower-
branch CMPs versus the frequency detuning δLP for
different values of Pd. When the increasing and decreasing
directions of δLP are considered, a counterclockwise
hysteresis loop is also clearly shown, and its area decreases
when reducing Pd.
For a small YIG sphere driven by a microwave field with

frequency ωd, when its [100] crystallographic axis is
aligned parallel to the static magnetic field, the cavity
magnonics system has the Hamiltonian (setting ℏ ¼ 1) [25]

H ¼ ωca†aþ ωmb†bþ Kb†bb†bþ gmða†bþ ab†Þ
þ Ωdðb†e−iωdt þ beiωdtÞ; ð1Þ

where a†ðaÞ is the creation (annihilation) operator of the
cavity photons at frequency ωc, b†ðbÞ is the creation
(annihilation) operator of the Kittel-mode magnons at
frequency ωm, and Ωd is the drive-field strength. As shown
in [25], the Kerr term Kb†bb†b, with a positive coefficient
K ¼ μ0Kanγ

2=ðM2VmÞ, is intrinsically due to the magneto-
crystalline anisotropy in the YIG material. Here, μ0 is the
magnetic permeability of free space, Kan is the first-order
anisotropy constant, γ ¼ gμB=ℏ is the gyromagnetic ratio
(with g being the g factor and μB the Bohr magneton),M is
the saturation magnetization, and Vm is the volume of the
YIG sphere. Note that the Kerr effect is strengthened when
reducing Vm.
We consider the case with jωLP − ωdj ≪ jωUP − ωdj,

where ωUP is angular frequency of the upper-branch CMPs
(which are denoted by the subscript UP). In such a case, the
drive field applied to the YIG sphere generates polaritons in
the lower branch much more than the polaritons in the
upper branch. Using a quantum Langevin approach, we
obtain a cubic equation for the CMP frequency shift
ΔLP [35]

�
ðΔLP þ δLPÞ2 þ

�
γLP
2

�
2
�
ΔLP − cPd ¼ 0; ð2Þ

where γLP is the damping rate of the lower-branch CMP and
c is a coefficient characterizing the coupling strength
between the drive field and the lower-branch CMPs.
This cubic equation provides a steady-state solution for
the frequency shift of the lower-branch CMPs as a function
of both the drive-field frequency detuning δLP and the drive
power Pd. Under appropriate conditions, it has three
solutions, two of them stable and the additional one
unstable. This corresponds to the bistability of the system.
In Fig. 2, we also show the theoretical results (dashed
curves) obtained using Eq. (2), which fit the experimental

results very well. This verifies the experimental observation
of the CMP bistability in our cavity magnonics system. The
two stable solutions of ΔLP in Eq. (2) correspond to two
states of the system with large and small numbers of
polaritons in the lower branch [35]. Thus, in Fig. 2, each
sharp switching of the frequency shift ΔLP is related to the
transition between these two states.
In the resonance case with ωm ¼ ωc, we further imple-

ment experiment by aligning the [110] crystallographic axis
of the YIG sphere parallel to the static magnetic field B0. In
Fig. 3(a), we measure the frequency shift ΔLP of the lower-
branch CMPs versus the drive power Pd for different values
of the drive-field frequency detuning δLP relative to the
lower-branch CMPs. In sharp contrast to Fig. 2(a), bist-
ability of the lower-branch CMPs is now observed at
δLP > 0. The area of the hysteresis loop also decreases
when reducing δLP, but the hysteresis loop becomes
clockwise. Also, we present, in Fig. 3(b), the frequency
shift ΔLP versus the frequency detuning δLP for different
values of Pd. The hysteresis loop is also counterclockwise,
similar to that in Fig. 2(b).
As shown in [35], when the YIG sphere is aligned with

its [110] crystallographic axis parallel to the static magnetic
field B0, the Hamiltonian of the cavity magnonics system
takes the same form as in Eq. (1), but the coefficient of
the Kerr term becomes negative, K ¼ −13μ0Kanγ

2=
ð16M2VmÞ. The corresponding theoretical results (dashed
curves) obtained using Eq. (2) are shown in Fig. 3, which
are also in good agreement with the experimental results.
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FIG. 3. (a) ΔLP=2π versus Pd when δLP=2π ¼ 17.2, 13.2, and
9.2 MHz. (b) ΔLP=2π versus δLP=2π when Pd ¼ 25, 23, and
21 dBm. The black circle (blue triangle) dots are the forward
(backward)-scanning results. The red dashed curves are theo-
retical results obtained using Eq. (2), with γLP=2π ¼ 10.65 MHz.
In (a), c=ð2πÞ3 is fitted to be −4, −3.5, and −3.1 MHz3=mW for
curves from top to bottom. In (b), c=ð2πÞ3 is fitted to be −3.01,
−3.46, and −3.6 MHz3=mW for curves from top to bottom. The
[110] crystallographic axis of the YIG sphere is aligned parallel
to B0 and the magnons are in resonance with TE102.
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Moreover, Figs. 2 and 3 show that the CMPs have blueshift
(redshift) in frequency when the [100] ([110]) crystallo-
graphic axis of the YIG sphere is aligned along the
direction of the static magnetic field. These are due to
the positive and negative Kerr coefficients Ks in the two
different cases [35].
Finally, we demonstrate the Kerr effect of magnons at an

off-resonance point much away from ωm ¼ ωc, where the
magnet coil current is 4.8 A [see the left dashed line in
Fig. 1(b)]. At this point, the frequency of the lower-branch
CMPs is about 9.91 GHz and the frequency of the upper-
branch CMPs is about 10.08 GHz, as indicated by points B
and C in Fig. 1(b), respectively. Also, the [100] crystallo-
graphic axis of the YIG sphere is aligned parallel to the
static magnetic field B0. In Fig. 4(a), we present the
frequency shift ΔLP of the lower-branch CMPs versus
the drive power Pd for different values of the drive-field
frequency detuning δLP relative to the lower-branch CMPs.
Moreover, the frequency shift ΔLP versus the frequency
detuning δLP is shown in Fig. 4(b) for different values of
Pd. As in Fig. 2, we also see counterclockwise hysteresis
loops. Because the magnon is a dominating component of
the lower-branch CMP at this very off-resonance point,
nearly all of the bistability of magnons is actually observed
here, directly owing to the magnon Kerr effect in the YIG
sphere. The theoretical results (dashed curves) obtained
using Eq. (2) also agree well with the experimental results.
Under the same conditions as in Figs. 4(a) and 4(b), we

further show the frequency shift ΔUP of the upper-branch
CMPs versus the drive power Pd [Fig. 4(c)], as well as the
frequency shift ΔUP of the upper-branch CMPs versus the
drive-field frequency detuning δLP relative to the lower-
branch CMPs [Fig. 4(d)]. Here, as in Figs. 4(a) and 4(b), the
drive field is still applied on the lower branch. Now the
cavity photon is a dominating component of the upper-
branch CMP at this very off-resonance point, so it is nearly
all the bistability of cavity photons that is observed in
Figs. 4(c) and 4(d). As one knows, both optical [40,41] and
magnetic [42] bistabilities are interesting phenomena of
nonlinear systems. Here, we observe the simultaneous
bistability of both magnons and cavity photons at a very
off-resonance point by applying the drive field only on the
lower branch, where the optical bistability is achieved via
the magnetic bistability. Also, the experimental results in
Figs. 4(c) and 4(d) fit well with the theoretical results
(dashed curves), where the fitted ratio ξ≡ ΔUP=ΔLP is
close to the theoretical value 0.065 [35]. In addition, some
small dips are observed in, e.g., Figs. 4(c) and 4(d). By
fitting with these dips, we attribute them to other polaritons
stemming from the coupling between cavity photons and a
magnetostatic mode with the negative Kerr coefficient [35].
In conclusion, we have demonstrated the bistable behav-

iors of the CMPs using a hybrid system consisting of
microwave cavity photons strongly interacting with the
magnons in a YIG sphere. We find that the switching points

where the CMPs transition from one state to another
depend on the drive power and the drive-field frequency
detuning. When implementing the experiment, we align,
respectively, the [100] and [110] crystallographic axes of
the YIG sphere parallel to the static magnetic field and find
very different bistable behaviors in these two cases. We,
theoretically, fit the experimental results well and put these
different bistable behaviors down to the Kerr nonlinearity
with either a positive or negative coefficient.
The cavity magnonics system possesses the merits of

tunability and compatibility with other quantum systems, in
which the magnons can be tuned by an external magnetic
field and the magnon-photon coupling can be tuned by
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FIG. 4. (a) ΔLP=2π versus Pd when δLP=2π ¼ −31.8, −27.8,
and −23.8 MHz. (b) ΔLP=2π versus δLP=2π when Pd ¼ 25, 23,
and 21 dBm. The black circle (green triangle) dots are the forward
(backward)-scanning results. The red dashed curves are theo-
retical results obtained using Eq. (2), with γLP=2π ¼ 16.8 MHz.
In (a), c=ð2πÞ3 is fitted to be 25.2, 25.0, and 25.3 MHz3=mW for
curves from top to bottom. In (b), c=ð2πÞ3 is fitted to be 17.0,
19.0, and 22.7 MHz3=mW for curves from top to bottom. (c) and
(d) ΔUP=2π measured under the same conditions as in (a) and (b),
respectively. The black circle (orange triangle) dots are the
forward (backward)-scanning results. The blue dashed curves
(except for the parts around small dips) are also obtained using
Eq. (2), with the fitted ratio ξ≡ ΔUP=ΔLP for curves from top to
bottom being 0.060, 0.062, and 0.061 in (c) and 0.062, 0.063, and
0.061 in (d). The [100] crystallographic axis of the YIG sphere is
aligned parallel to B0 and the magnons are far off resonance with
TE102. In addition, the small dips in, e.g., (c) and (d) can be fitted
by introducing a magnetostatic mode with the negative Kerr
coefficient [35].
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moving the YIG sphere inside the cavity. With regard to the
bistability of the CMPs, the area of the hysteresis loop can
be easily controlled by a lower drive power and a tunable
drive-field frequency. This may bring potential applications
in realizing low-energy switching devices. Also, we
observe simultaneous bistability of both magnons and
cavity photons by tuning the magnetic field. It paves a
new path for controlling the conversion between magnetic
and optical bistabilities. Moreover, our study provides
possible routes for exploring other nonlinear effects of
the system such as the creation of a frequency comb for
frequency conversion [43] and the chaos of CMPs. With the
available CMP bistability, the cavity magnonics system can
also provide a new platform for understanding the dis-
sipative phase transition and the related critical phenomena
[26,44,45]. These open up different directions for future
studies.
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