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Cavity optomechanics, where photons are coupled to mechanical motion, provides the tools to control
mechanical motion near the fundamental quantum limits. Reaching single-photon strong coupling would
allow to prepare the mechanical resonator in non-Gaussian quantum states. Preparing massive mechanical
resonators in such states is of particular interest for testing the boundaries of quantum mechanics. This goal
remains however challenging due to the small optomechanical couplings usually achieved with massive
devices. Here we demonstrate a novel approach where a mechanical resonator is magnetically coupled to a
microwave cavity. We measure a single-photon coupling of g0=2π ∼ 3 kHz, an improvement of one order
of magnitude over current microwave optomechanical systems. At this coupling we measure a large single-
photon cooperativity with C0 ≳ 10, an important step to reach single-photon strong coupling. Such a strong
interaction allows us to cool the massive mechanical resonator to a third of its steady state phonon
population with less than two photons in the microwave cavity. Beyond tests for quantum foundations, our
approach is also well suited as a quantum sensor or a microwave to optical transducer.
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In recent years, cavity optomechanics has pushed the
boundaries of quantum mechanics using micrometer-sized
mechanical resonators. Among the accomplishments were
ground state cooling of mechanical motion [1–3], meas-
urement precision below the standard quantum limit [4,5],
preparing mechanical resonators in nonclassical states [6–
9] and entangling the mechanical state with the optical field
[10–12]. In this context, an important parameter is the
interaction strength between the mechanical and photonic
modes: the optomechanical coupling. Recently, the ultra-
strong coupling regime was reached where this coupling,
enhanced by the photons in the cavity, exceeds both decay
rates (cavity and mechanics) and is comparable to the
mechanical frequency [13]. However, to achieve a non-
linear optomechanical interaction, the coupling has to be
further increased in order to reach the single-photon strong
coupling regime. This regime, where the single-photon
coupling strength, g0, exceeds both the linewidth of the
cavity, κ, and the linewidth of the mechanical resonator, Γm,
(g0 > κ; g0 > Γm) opens the door to prepare quantum
superposition states in a mechanical resonator [14].
Large couplings can be achieved by using resonators with
small masses [15,16] or by replacing the cavity by a qubit
[17–21], although in the later case it is not possible to
benefit from a photon enhanced coupling. Reaching the
single-photon strong coupling regime with mechanical
resonators having a large mass and long coherence time
is of particular interest to investigate the classical to
quantum transition [22]. This remains challenging since
the coupling depends directly on the zero-point fluctuation
of the resonator: massive resonators generally exhibit much
smaller couplings [14].

A promising candidate for achieving single-photon
strong coupling is microwave optomechanics, as it provides
high quality cavities with much lower frequencies and is
particularly well adapted to cryogenic operation [23]. To
date, the favored approach for cavity optomechanics relies
on a mechanically compliant element which modulates the
capacitance of a microwave cavity. Ultimately bounded by
the capacitor gap and the zero-point fluctuation amplitude
of the resonator, state-of-the-art devices have reached
couplings of a few hundreds of Hertz [14]. Achieving
single-photon strong coupling presents extreme techno-
logical challenges in order to either increase the coupling
strength g0 or decrease the cavity linewidth substantially.
An important step towards this regime is to achieve a large
single-photon cooperativity [14], C0 ¼ 4g20=κΓm. For
C0 > 1, the backaction on the mechanical resonator from
a single cavity photon is sufficient to enable cooling [24].
This regime was recently achieved in the optical regime
with massive resonators [25], but remains challenging in
the microwave regime due to the smaller coupling
strengths.
Here we report on reaching a coupling strength in the

kHz range, allowing us to demonstrate a single-photon
cooperativity exceeding unity between a microwave cavity
and a massive mechanical resonator. To increase the
coupling, we propose an alternative to most microwave
experiments by magnetically coupling the mechanical
resonator to the cavity, an approach which gained attention
recently [26–29]. Concretely, our mechanical resonator is a
single clamped beam—a cantilever—with a magnetic tip.
In order to mediate the optomechanical interaction, we
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integrated a superconducting quantum interference device
(SQUID) in a U-shaped microstrip resonator [30] to
effectively obtain a microwave cavity sensitive to magnetic
flux. The single-photon coupling strength, g0, is given by
the change of the cavity frequency, ωc, induced by the zero-
point fluctuation, xZPM, of the mechanical resonator:

g0 ¼
∂ωc

∂x xZPM ¼ ∂ωc

∂ϕext
×
∂ϕext

∂x xZPM: ð1Þ

As ∂ωc=∂x is not directly accessible it is more convenient
to express the coupling in terms of external magnetic flux
ϕext. The second part, ∂ϕext=∂x × xZPM, gives the flux
change induced by a zero-point motion of the mechanical
cantilever. The first part describes the cavity frequency
dependence on the flux through the SQUID loop hence
providing a direct control of the coupling strength.

Our experiment is mounted to the base plate of a dilution
refrigerator [31]. The microwave cavity is placed in a
rectangular waveguide in order to provide a lossless
microwave environment and control its coupling to the
microwave probe tone traveling through the waveguide [see
Fig. 1(a)]. We use the fundamental λ=2mode with a current
maximum at the centre, the position of the SQUID loop
(see Fig. 1). For the mechanical resonator we use a
commercial atomic force microscopy cantilever having a
nominal room temperature frequency of 350 kHz and a
mass of a few tens of nanograms [31]. To mediate the
magnetic coupling to the cavity, we functionalized its tip
with a strong micromagnet (NdFeB) and completed the
sample by placing the cantilever 20� 1 μm above the
SQUID, see Figs. 1(c) and 1(d).
The microwave cavity response is obtained via trans-

mission measurements through the waveguide, Fig. 1(e)
[31]. Fitting the model for a resonator in notch
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FIG. 1. General setup and device characterization. (a) Rectangular waveguide used to probe the microwave cavity, a U-shaped
microstrip resonator on a silicon substrate. (b) Photograph of the device showing the microwave cavity and cantilever chip.
(c) Closeup of the central part of the cavity including the SQUID and the mechanical resonator. (d) Sketch of the SQUID loop and
cantilever. (e) Transmission measurement through the waveguide (notch configuration) showing the microwave cavity response. A
fit to the data gives a frequency ωc=2π ¼ 8.167 GHz and a linewidth κ=2π ¼ 2.8 MHz. (f) Change of the microwave cavity
frequency, obtained by transmission measurements, as a function of the applied external magnetic flux. (g) Thermal noise power
spectrum of the cantilever at 100 mK after amplification and homodyne down mixing when probing the cavity with a weak
resonant microwave tone of −54.5 dBm fridge input power. A fit to the power spectrum gives ωm=2π ¼ 274383.13� 0.03 Hz and
Γm=2π ¼ 0.3� 0.1 Hz, the area below the curve (colored) corresponds to the motional energy of the cantilever mode. The sharp
peak detuned ∼215 Hz away from the mechanical frequency is the calibration peak [31].
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configuration [32,33] to our line shape gives a frequency
ωc=2π ¼ 8.167 GHz and a linewidth κ=2π ¼ 2.8 MHz,
where coupling to the waveguide and internal losses
contribute equally to the linewidth with κc=2π ≃ κI=2π≃
1.4 MHz. The internal losses set a lower bound on the total
linewidth. To control the cavity frequency, an external
magnetic field is applied through the SQUID loop by using
coils, Fig. 1(f). The slope of the flux map gives the sensi-
tivity to magnetic fields, ∂ωc=∂ϕext, which directly sets the
coupling [Eq. (1)]. The mechanical resonator modulates the
response of the microwave cavity at its frequency ωm. We
use a microwave probe tone close to the cavity resonance
which, in the bad cavity limit κ ≫ ωm, is amplitude
modulated at the mechanical frequency. By performing a
homodyne measurement we directly obtain the thermal
noise power spectrum from the cantilever, Fig. 1(g). A fit
with a damped harmonic resonator model gives a mechani-
cal frequency ωm=2π ¼ 274383.13� 0.03 Hz and a line-
width Γm=2π ¼ 0.3� 0.1 Hz.
To extract the coupling between the cavity and the

mechanical cantilever, we measure the thermal noise power
spectrum, which depends on the bare coupling enhanced by
the phonon number: g0

ffiffiffi

n
p

, but also on the transduction
from the microwave cavity. To gain direct access to this
transduction we apply a frequency modulation to the
microwave probe tone [34,35]. Using such a calibration
tone, Fig. 1(g), we get instant access to the transduction of
the microwave cavity at the measurement point and directly
obtain the value of g0

ffiffiffi

n
p

from the power spectrum [31]. In
addition, extracting the bare coupling g0 requires knowl-
edge of the phonon number. In the absence of optome-
chanical backaction and excessive vibrations, we expect the
mechanical mode to be thermalized with the cyrostat,
hnthi ¼ 1=ðeℏωm=kbT − 1Þ ≃ kBT=ðℏωmÞ, where kB is the
Boltzmann constant, T the temperature and ℏ the reduced
Planck constant.
In order to verify that the mechanical mode is thermal-

ized, we increased the temperature of our cryostat from
80 mK to 700 mK, Fig. 2(a), and measured g0

ffiffiffi

n
p

. Keeping
g0 constant, we expect an increase in g0

ffiffiffi

n
p

due to an
increasing phonon population with the cryostat temper-
ature. By fitting the data assuming hni ¼ hnthi, we extract a
bare coupling of g0=2π ¼ 48� 1 Hz. To avoid any opto-
mechanical backaction, we chose a point of weak coupling
along with a moderate microwave probe tone of
−54.5 dBm [31], as the photon enhanced coupling has
to be considered for the backaction. This assumption is
verified by ensuring g0

ffiffiffi

n
p

is constant while varying the
input power [31]. All the following measurements were
done at 100 mK.
Next, we demonstrate the control of the coupling

strength, g0 ∝ ∂ωc=∂ϕext, by changing the external flux
bias. To avoid any backaction on the cantilever, we reduced
the power in the microwave cavity according to the
increasing flux sensitivity [31]. The measured coupling

strength in dependence with the flux bias point is shown in
Fig. 2(b). The solid line depicts the sensitivity, which is
extracted from the derivative of the flux map, Fig. 1(f),
where a fit to the data provides the flux change per
phonon ∂ϕext=∂x × xZPM ¼ 1.60� 0.05 μϕ0. The main
limitation for measuring higher couplings, in addition to
increased flux instability during the 10 minutes measure-
ment time, is the much lower signal as we reduced the
incident probe power. For the highest couplings measured,
g0=2π ∼ 3 kHz, we achieve a large single-photon cooper-
ativity of C0 ≳ 10.
While previous measurements were obtained with low

enough input power to avoid backaction, we discuss in the
following the possibility to cool the mechanical mode. By
driving the cavity red detuned (ωp < ωc), inelastic anti-
Stokes scattering is favored, which leads to cooling of the
mechanical motion [14] [Fig. 3(a)]. In addition, such
backaction is accompanied by a broadening of the
mechanical linewidth and a frequency shift. Conversely,
pumping blue detuned leads to heating of the mechanics
and a decrease of the linewidth. Dynamical instability of
the mechanical mode is reached when the linewidth
approaches zero [36].
First, we demonstrate cavity cooling by operating at a

low coupling, g0=2π ¼ 57� 7 Hz [Fig. 2(b)]. For low
power (open symbols in Fig. 3), we fit the back-action
measurements using the theory for cavity-assisted cooling
[31,36,37], obtaining an independent measurement of the
maximum photon number of 186� 12 and the coupling
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FIG. 2. Temperature ramp and coupling strength dependence
with the flux bias point. (a) Measurement of g0

ffiffiffi

n
p

with increas-
ing cryostat temperature at a fixed sensitivity and fridge input
power of −54.5 dBm [31]. We verify that the cantilever is
thermalized with the cryostat temperature by fitting it assuming
hni ¼ hnthi, obtaining a coupling g0=2π ¼ 48� 1 Hz. (b) Meas-
urement of the bare coupling strength for different flux bias
points. The solid line is the sensitivity predicted from the slope of
the flux map [Fig. 1(f)]. In the shaded region the coupling is
sufficient to reach C0 > 1. (a),(b), The error bar denotes the
standard deviation of multiple measurements [31].
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g0=2π ¼ 57� 1 Hz. As expected, the change of phonon
number is accompanied by a linewidth and frequency
change [Fig. 3(c)]. We note that we also included a
frequency offset to the fit to accommodate the impedance
mismatch of the cavity with the waveguide [31]. For
increasing input power the backaction increases, allowing
us to achieve a nearly eightfold decrease from the thermal
phonon occupation hnthi ≃ 7600 to hni ¼ 970� 130,
Fig. 3(b). Since we are in the bad cavity regime, the
theoretical limit is given by hnmini ¼ ðκ=4ωmÞ2 ≃ 6.5 [36].

Practically, we were limited by the nonlinearity of the
microwave cavity arising from the Josephson junctions.
This effect prevents us from fitting the data for higher input
power, but also sets an upper bound on the cavity photons
of around 1200 before it becomes bistable [31,38]. The
impact of the nonlinearity, while it constitutes an interesting
element of study on its own [38], could be mitigated by
further improving the cavity, for example by using a
SQUID array.
To demonstrate cooling with a few photons, we work at a

more flux sensitive point where we expect a coupling
g0=2π ¼ 2.3� 0.3 kHz [Fig. 2(b)] and a large coopera-
tivity C0 ≳ 10. By using an input power of −66.5 dBm, for
which we expect an average occupation of around a single
photon in the cavity, we clearly demonstrate cooling and
heating of the cantilever mode, Fig. 4. By fitting the
experimental data [31,36,37] we extract a maximum
photon number of 2.1� 0.4, and a coupling of g0=2π ¼
2.38� 0.06 kHz. In terms of cooling, owing to the
large cooperativity, we reached hni ¼ 2430� 310, corres-
ponding to a cooling factor ∼3 for a nanogram-scaled
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FIG. 3. Backaction measurements for small coupling,
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Δ ¼ ωp − ωc < 0. In blue and red are the anti-Stokes and Stokes
scattering processes, respectively. (b) Phonon number in the
mechanical cantilever against detuning of the pump for two
different powers. The dashed line shows the thermal phonon
number for the mode hnthi ≃ 7600. (c) Change of linewidth and
mechanical frequency against detuning of the pump. A fit of the
phonon number with detuning for the lower power measurement
gives a maximum photon number of 186� 12 and
g0=2π ¼ 57� 1 Hz. The predictions from the theoretical model
using the extracted parameters are plotted in (b) and (c). (b),(c)
The error bar denotes the propagated fit error of multiple
measurements [31].
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mechanical resonator. For the corresponding detuning, we
extract a cavity population of only 1.4 photons [31]. We
note that the mechanical linewidth is significantly larger
than the theoretical prediction, an effect that we attribute to
the high sensitivity to flux noise [31]. By increasing the
incident power until the nonlinearity was too severe, we
reached hni ≃ 150 with ∼20 photons in average in the
cavity.
To conclude, the novel approach for microwave opto-

mechanics we demonstrate in this Letter relies on simple
elements, namely a λ=2 superconducting resonator with an
integrated SQUID for the cavity and a commercial canti-
lever for the mechanical resonator, providing an optome-
chanical g0 in the kHz range. In the context of cavity
optomechanics, this constitutes an improvement of one
order of magnitude over couplings achieved in the micro-
wave regime. Owing to this strong interaction, we achieved
large single-photon cooperativities of C0 ≳ 10 and dem-
onstrated the cooling of the mechanical mode to a third of
its thermal population with less than two photons in the
cavity. Furthermore, owing to the 3D architecture of this
approach, it offers numerous opportunities to significantly
improve the optomechanical coupling as well as decreasing
the microwave cavity linewidth, clearly paving the way to
enter single-photon strong coupling. This would, most
notably, facilitate preparing the massive mechanical reso-
nator in non-Gaussian states, which can be used to perform
fundamental tests on quantum mechanics. In addition, our
approach can be used in more practical applications such as
force sensing [41] and microwave-to-optics transduc-
tion [42].
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