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Four-wave-cooling to the single phonon level in
Kerr optomechanics
Daniel Bothner 1,2,3�, Ines C. Rodrigues 1,3 & Gary A. Steele 1�

Cavity optomechanics has achieved groundbreaking control and detection of mechanical
oscillators, based on their coupling to linear electromagnetic modes. Recently, however, there
is increasing interest in cavity nonlinearities as resource in radiation-pressure interacting
systems. Here, we present a �ux-mediated optomechanical device combining a nonlinear
superconducting quantum interference cavity with a mechanical nanobeam. We demonstrate
how the Kerr nonlinearity of the circuit can be used to enhance the device performance by
suppressing cavity frequency noise, and for a counter-intuitive sideband-cooling scheme
based on intracavity four-wave-mixing. With a large single-photon coupling rate of up to
g0 = 2� � 3.6 kHz and a high mechanical quality factor Qm � 4 � 105, we achieve an effective
four-wave cooperativity of Cfw > 100 and demonstrate four-wave cooling of the mechanical
oscillator close to its quantum groundstate. Our results advance the recently developed
platform of �ux-mediated optomechanics and demonstrate how cavity Kerr nonlinearities can
be utilized in cavity optomechanics.
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Cavity optomechanical systems are the leading platform for
the detection and manipulation of mechanical oscillators
with electromagnetic � elds from the nano- to the

macroscale1. Displacement detection with an imprecision below
the standard quantum limit2,3, sideband cooling to the motional
quantum groundstate4,5, the preparation of nonclassical states
of motion6–9, quantum entanglement of distinct mechanical
oscillators10,11, topological energy transfer using exceptional
points12, and microwave-to-optical-frequency transducers13,14

are just some of the highlights that have been reported during the
last decade. All of these impressive results have been achieved
with linear cavities, linear mechanical oscillators, and in the lin-
earized regime of the optomechanical interaction utilizing large-
amplitude cavity control � elds, which however limits the available
possibilities for mechanical-state detection and control.

Very recently, an exciting scheme to couple a mechanical oscil-
lator to microwave photons in a superconducting LC circuit has
been realized: � ux-mediated optomechanical coupling15–18. In this
approach, the displacement of a mechanical oscillator is transduced
to magnetic � ux threading a superconducting quantum-interference
device (SQUID) embedded in a microwave LC circuit as � ux-
dependent inductance19–21. Due to the scaling of the optomecha-
nical single-photon coupling rate g0 with the external magnetic
transduction � eld in � ux-mediated optomechanics15,21, record
single-photon coupling rates for the microwave domain have been
reported16–18 and achieving the long-sought-after optomechanical
single-photon regime22,23 or even the ultrastrong coupling to
superconducting qubits24 seems feasible in future devices.

Naturally, this platform comes along with its own opportu-
nities and challenges. First, a SQUID constitutes a nonnegligible
Kerr nonlinearity, which is typically undesired in optomechanics,
as it, for instance, limits the maximally applicable power of a
red-sideband cooling tone due to the appearance of an excep-
tional point and a bifurcation instability in the Kerr cavity
susceptibility25. Nevertheless, intrinsic nonlinearities and para-
metrically driven cavities are also potentially promising resources
for optomechanical systems and have attracted increasing interest
in this context lately20,26–31. Second, SQUIDs are extremely � ux-
sensitive devices and therefore � ux-mediated optomechanics is
susceptible to � ux noise, which can lead to � uctuating-cavity
frequencies, an effect unwanted in optomechanical protocols.
When dealing with nonlinear systems, frequency � uctuations are
particularly challenging as they can cause the cavity to switch
unexpectedly across the bifurcation threshold at high driving
powers. Developing protocols to work around these challenges is
of utmost importance for any optomechanical system composed
of noisy cavities and Kerr nonlinearities, and � ux-mediated
optomechanics is the ideal platform to study these regimes in a
highly designable and � exible scenario.

Here, we engineer a � ux-mediated optomechanical device with
a large single-photon coupling rate of up to g0 � 2� � 3.6 kHz and
demonstrate sideband cooling of the mechanical oscillator close
to its quantum groundstate by intracavity four-wave mixing
(4WM). The four-wave cooling scheme we implement here
demonstrates how the cavity Kerr nonlinearity itself can be uti-
lized for reducing cavity-frequency noise and for evading the Kerr
cavity bifurcation instability in optomechanical sideband cooling.
By using a strong parametric cavity drive, we activate the emer-
gence of two Kerr quasi-modes in the SQUID circuit and realize
an optomechanical coupling of these quasi-modes to the
mechanical oscillator by an additional optomechanical sideband-
pump � eld. The drive-activated Kerr modes show enhanced
properties such as a reduced effective linewidth compared with
the undriven circuit, and in particular, a suppression of cavity-
frequency � uctuations by an internal stabilization-feedback loop.
In this scheme, we achieve effective single-photon cooperativities

C0 � 10 and strikingly � nd that blue-detuned optomechanical
sideband pumping leads to dynamical backaction with the char-
acteristics of red-sideband pumping in a standard optomechani-
cal system, in particular to positive optical damping. This
surprising result is a consequence of sideband interference due to
4WM and allows to evade the Kerr bistability that is only relevant
for red-detuned pumping. We � nally use this blue-detuned
optical damping to cool the mechanical oscillator to a residual
occupation of nm ~ 1.6. Our results demonstrate how cavity Kerr
nonlinearities can be used in optomechanics to achieve both,
enhanced device performance and unexplored control schemes
for mechanical oscillators. At the same time, they reveal the
potential of � ux-mediated optomechanics regarding low-power
groundstate cooling of mechanical oscillators and the future
preparation of quantum states of motion.

Results
The device. Our device combines a superconducting quantum-
interference LC circuit with a mechanical nanobeam oscillator
embedded into the loop of the SQUID, cf. Fig. 1a–c. Details on
device fabrication are given in Supplementary Note 1. At the core
of the circuit, the SQUID acts as a magnetic-� ux-dependent
inductance LS(� ), where � is the total magnetic � ux threading the
21 × 3 � m2 large loop. For the tunable optomechanical coupling
between the displacement of the mechanical nanobeam and
the microwave circuit, two distinct external magnetic � elds
are required. First, a magnetic � eld perpendicular to the chip
surface B� is used to change the magnetic-� ux bias � � through
the SQUID loop, allowing to tune the circuit resonance frequency
� 0 and � ux responsivity F ¼ � � 0=� � . Second, a magnetic in-
plane � eld B� is used to transduce the out-of-plane displacement
� x of the mechanical oscillator to additional � ux � � = B�lm� x,
where lm = 18 � m is the length of the mechanical beam. To apply
these two � elds, the chip is mounted into a homemade 2D vector
magnet, consisting of a large split coil for B� and an additional
small coil mounted below the chip for the generation of B�, cf.
Fig. 1d. The whole con� guration is placed in a cryoperm magnetic
shielding and attached to the mK plate of a dilution refrigerator
with a base temperature Tb � 15 mK. More details on the mea-
surement setup are given in Supplementary Notes 2 and 3.

We perform the experiments presented here at in-plane � elds
of B� = 21 mT and B� = 25 mT. Figure 1e shows the transmission
response of the cavity for B� = 25 mT and at the bias-� ux
sweetspot. It has a resonance frequency � 0 = 2� � 5.2673 GHz, a
total linewidth � = 2� � 380 kHz, and an external linewidth
� e = 2� � 110 kHz. Figure 1f shows how the cavity resonance
frequency can be tuned by ~150 MHz by changing the applied
� ux bias � � threading the SQUID loop. The curves and cavity
parameters at B� = 21 mT only deviate slightly from the ones
given here, the corresponding additional data can be found in
Supplementary Note 4. Due to an improved SQUID design and
fabrication, the cavity-� ux responsivity F is increased by one
order of magnitude compared with our previous results15, which
leads to a signi� cantly enhanced single-photon coupling rate

g0 ¼ FBklmxzpf ð1Þ

where xzpf is the mechanical zero-point � uctuation amplitude.
The mechanical nanobeam, visible in Fig. 1b and released from

the substrate in an isotropic reactive ion-etching process using SF6
plasma32, is 500 nm wide and 70 nm thick. From its total mass of
m � 1.9 pg and the resonance frequency of the out-of-plane mode
� m � 2� � 5.32 MHz, we get xzpf ¼

���������
_

2m� m

q
� 30 fm. For an in-

plane � eld of B� = 25 mT, and the two � ux-bias points � I and � II,
cf. Fig. 1f, we obtain single-photon coupling rates g0,I = 2� � 1.9
kHz and g0,II = 2� � 3.6 kHz with F I ¼ 2� � 300 MHz/� 0 and
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F II ¼ 2� � 520 MHz/� 0. For the smaller in-plane � eld of
B� = 21 mT, the g0-values are scaled accordingly, cf. Supplemen-
tary Note 5.

The � nal important parameter of the device is its Kerr
nonlinearity, which at the � ux sweetspot is K=2� ¼ � 30 kHz. For
the two � ux-bias operation points I and II, we obtain
KI=2� ¼ � 40 kHz and KII=2� ¼ � 55 kHz, respectively. More
details on the determination of the circuit parameters and their
� ux dependence can be found in Supplementary Note 4.

Driven Kerr modes and dynamical Kerr backaction. Owing to
the Kerr anharmonicity K, the application of a strong microwave-
drive tone close to the cavity resonance frequency � 0 signi� cantly
modi� es the cavity response to an additional probe � eld. In Fig. 2,
we discuss this modi� ed response in the presence of a parametric
drive tone with a � xed frequency � d, when the cavity is tuned to
cross this drive tone by means of the bias � eld B�. For large
detunings between cavity and drive, the circuit response S21 exhibits
a standard single-mode resonance lineshape. However, as the
detuning 	 d = � d � � 0 is reduced, the driven-cavity susceptibility


 gð� Þ ¼
~
 pð� Þ

1 � K2n2
d~
 pð� Þ~
 �

pð� � Þ
ð2Þ

deviates considerably from a single linear cavity, leading to the

regime of parametric ampli� cation and degenerate four-wave
mixing, which is experimentally identi� ed by the appearance of a
second mode, cf. Fig. 2a, b. Here, � = � � � d denotes the detuning
between the probe � eld at � and the parametric drive and

~
 pð� Þ ¼
1

�
2 þ i 	 d � 2Knd þ �

� � : ð3Þ

The two Kerr quasi-modes, which we denote as signal and idler
resonance, appear symmetrically around the drive with complex
resonance frequencies

� i=s ¼ � d þ i
�
2

±
�������������������������������������������������
	 d � Knd

� �
	 d � 3Knd

� �q
ð4Þ

where nd is the parametric drive intracavity photon number.
These Kerr modes have been observed and discussed also in the
context of optical cavities and mechanical oscillators33–35. The
signal mode can be identi� ed by the shifted and signi� cantly
deepened cavity absorption dip and the idler mode by the
resonance peak, indicating net transmission gain by Josephson
parametric ampli� cation.

With the activation of the quasi-mode state, we obtain a
highly stabilized effective resonance frequency and linewidth,
while the bare cavity suffers from considerable frequency
� uctuations due to � ux noise. Due to the reduction of frequency

Fig. 1 A superconducting quantum-interference cavity parametrically coupled to a mechanical nanobeam. a Optical micrograph of the circuit. Bright
parts are aluminum, dark parts are silicon substrate. The LC circuit combines two interdigitated capacitors (IDCs) C with two linear inductors L, connected
through a superconducting quantum-interference device (SQUID) with total Josephson inductance LS = LJ/2. The circuit is capacitively coupled to a
Z0 = 50 � coplanar waveguide feedline (top of image) with a coupling capacitor Cc and surrounded by ground plane. b Scanning electron micrograph of the
constriction-type SQUID, showing the two Josephson junctions and the mechanical oscillator as part of the loop released from the substrate. The inset
shows a zoom-in to one of the nanobridge Josephson junctions. c Circuit equivalent of the device. For the experiments, two magnetic �elds can be applied.
The �eld B� is oriented perpendicular to the chip plane and is used to set the �ux-bias working point of the SQUID ��. The parallel �eld B� transduces
mechanical displacement of the out-of-plane mode to additional �ux �� = B�l�x threading the SQUID loop. d shows the sample integrated into a printed-
circuit board with two microwave connectors and mounted into a 2D vector magnet. The large split coil is used to generate B�, a small single coil behind the
chip generates B�. e Transmission response �S21� of the cavity at B� = 25 mT and B� = 0. From a �t to the data, we extract the resonance frequency
�0 = 2� � 5.2673 GHz, the total linewidth � = 2� � 380 kHz, and the external linewidth �e = 2� � 110 kHz. Data are shown as circles, �t as black line.
f Resonance frequency �0 vs magnetic �ux ��, normalized to one-�ux quantum �0 at B� = 25 mT. Circles are data, line is a �t. The two operation points
for this paper are marked with stars and denoted “I” for �0 � 2� � 5.22 GHz and “II” for �0 � 2� � 5.17 GHz. Details on measurements and �ts can be found
in Supplementary Note 4.
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