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ARTICLE

Coupling microwave photons to a mechanical
resonator using quantum interference
I.C. Rodrigues1,2, D. Bothner1,2 & G.A. Steele1*

The field of optomechanics has emerged as leading platform for achieving quantum control of

macroscopic mechanical objects. Implementations of microwave optomechanics to date have

coupled microwave photons to mechanical resonators using a moving capacitance. While

simple and effective, the capacitive scheme suffers from limitations on the maximum

achievable coupling strength. Here, we experimentally implement a fundamentally different

approach: flux-mediated optomechanical coupling. In this scheme, mechanical displacements

modulate the flux in a superconducting quantum interference device (SQUID) that forms the

inductor of a microwave resonant circuit. We demonstrate that this flux-mediated coupling

can be tuned in situ by the magnetic flux in the SQUID, enabling nanosecond flux tuning of

the optomechanical coupling. Furthermore, we observe linear scaling of the single-photon

coupling rate with the in-plane magnetic transduction field, a trend with the potential to

overcome the limits of capacitive optomechanics, opening the door for a new generation of

groundbreaking optomechanical experiments.
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Parametrically coupling mechanical motion to light fields
confined inside a cavity has allowed for major scientific and
technological breakthroughs within the recent decade1.

Such optomechanical systems have been used for sideband-
cooling of mechanical motion into the quantum ground state2,3,
for the detection of mechanical displacement with an imprecision
below the standard quantum limit4,5, for the generation of non-
classical mechanical states of motion6–8 and for the entanglement
of mechanical oscillators9,10. As the mechanical elements can be
coupled to both, light fields in the optical and in the microwave
domain, current efforts using optomechanical systems target
toward the implementation of a quantum link between super-
conducting microwave quantum processors and optical frequency
quantum communication11,12. Another exciting perspective of
optomechanical systems is testing quantum collapse and quan-
tum gravity models by preparing Fock and Schroedinger cat states
of massive mechanical oscillators13,14.

The state transfer fidelity between photons and phonons in
optomechanical systems is determined by the coupling rate
between the subsystems, and most optomechanical systems so far
have single-photon coupling rates much smaller than the decay
rates of the cavity. The strong-coupling regime, necessary for
efficient coherent state transfer, is achieved by enhancing the total
coupling rate g ¼ ffiffiffiffiffi

nc
p

g0 through large intracavity photon num-
bers nc15–17. In the optical domain, large photon numbers result
in absorption that heats the mechanical mode far above the mode
temperature18. In the microwave domain, large photon numbers
result in non-equilibrium cavity noise2,19 that is not completely
understood. Both of these sources of noise limit ground state
cooling and the fidelity of mechanical quantum ground state
preparation. An approach to reduce these parasitic side-effects is
to increase the single-photon coupling rate g0 significantly. Doing
so, optomechanics could even reach the single-photon strong-
coupling regime, where the optomechanical system acquires
sufficient nonlinearity from the parametric coupling such that
non-Gaussian mechanical states can be directly prepared by
coherently driving the system20,21.

In the microwave domain, the most common approach to
build an optomechanical system is to combine a superconducting
microwave LC circuit with a metallized suspended membrane or
nanobeam as mechanical oscillator. The devices are constructed
in a way that the displacement of the mechanical oscillator
changes the capacitance of the circuit CðxÞ and hence its reso-
nance frequency ω0ðxÞ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
LCðxÞp

. In this configuration,
however, the single-photon coupling rate is limited to g0 � ω0

2
xzpf
d

with the zero-point fluctuation amplitude xzpf and the capacitor
gap d. Current devices are highly optimized, but still achieve
typically only xzpf=d � 10�7 for a parallel plate capacitor gap of
d ¼ 50 nm and it is extremely challenging to increase g0 beyond
300 Hz with this approach.

Here, we realize a fundamentally different approach for a
microwave optomechanical device by incorporating a suspended
mechanical beam into the loop of a superconducting quantum
interference device (SQUID). The SQUID itself is part of a
superconducting LC circuit and essentially acts as an inductor,
whose inductance depends on the magnetic flux threading
through the loop. In this article, we demonstrate that this mag-
netic flux-mediated inductive coupling scheme provides quickly
tunable single-photon coupling rates22,23, which in addition scale
linearly with a magnetic field applied in the plane of the SQUID
loop24. In contrast to the capacitive approach, the coupling rates
in flux-mediated optomechanics are not limited by geometric and
technological restrictions and there is a realistic prospective for
achieving the optomechanical single-photon strong-coupling
regime.

Results
Concept and device. The concept of coupling mechanical reso-
nators to SQUIDs has been developed in many works25–28,
including earlier experimental work with DC SQUIDs29,30.
Recently, this concept was extended theoretically to opto-
mechanics24, describing a way using SQUIDs to achieve strong
and tunable optomechanical coupling between a vibrating beam
and a superconducting cavity. The circuit used here for its rea-
lization is schematically shown in Fig. 1a. The idea is based on
transducing mechanical displacement to magnetic flux, which in
turn modulates the effective inductance of a SQUID and therefore
the resonance frequency of the LC circuit hosting it. To achieve
this transduction from displacement to flux, a part of the SQUID
loop is suspended and the device is exposed to an external
magnetic field Bjj applied parallel to the device plane. The sus-
pended loop part acts as a mechanical beam resonator and its
vibrational motion, perpendicular to the device plane, will create
an effective SQUID area perpendicular to the applied field Bjj, i.e.,
couple a net magnetic flux into the loop.

The inductance LðΦbÞ of an LC circuit containing a SQUID
depends on the magnetic flux threading the SQUID loop, and
translates to a flux-dependent resonance frequency

ω0ðΦbÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LðΦbÞC
p : ð1Þ

When the displacement of a mechanical oscillator is transduced
to additional flux, an optomechanical interaction between
mechanical mode and cavity resonance frequency emerges and
the single-photon coupling rate is given by ref. 24

g0 ¼
∂ω0

∂Φ
Φzpf ¼

∂ω0

∂Φ
γBjjlxzpf : ð2Þ

The first term ∂ω0=∂Φ corresponds to the responsivity of the
SQUID cavity resonance frequency to small changes of flux
through the loop and allows for very fast tuning of g0. The second
term Φzpf ¼ γBjjlxzpf is the magnetic flux fluctuation induced in
the SQUID by the mechanical zero-point fluctuations xzpf of the
beam with length l and scales linearly with an in-plane magnetic
field Bjj, cf. Fig. 1. The scaling factor γ accounts for the mode
shape of the mechanical oscillations and is on the order of 1.

The microwave SQUID cavity in our experiment is made of a
single 20-nm thick layer of sputtered aluminum on a silicon
substrate and it contains a SQUID consisting of two constriction
type Josephson junctions placed in parallel in a 21 ´ 5 μm2 closed
loop. An optical image of the device is shown in Fig. 1b and an
electron microscope image of the SQUID loop in Fig. 1c, the
fabrication is detailed in the Supplementary Note 1. The
capacitance of the LC circuit is formed by two interdigitated
capacitors C to ground and a coupling capacitor Cc to the center
conductor of a coplanar waveguide feedline. In addition, to the
SQUID inductance LS ¼ LJ=2 with the Josephson inductance LJ
of a single junction, there are two linear inductances L built into
the circuit in order to dilute the nonlinearity of the cavity, arising
from the non-linear Josephson inductance. By this measure we
achieve an anharmonicity of approximately 15 Hz per photon and
enable the multi-photon coupling rate enhancement g ¼ ffiffiffiffiffi

nc
p

g0
of linearized optomechanics.

The cavity is side-coupled to a coplanar waveguide microwave
feedline, which is used to drive and read-out the cavity response by
means of the transmission parameter S21. The device is mounted
into a radiation tight metal housing and attached to the mK plate
of a dilution refrigerator with a base temperature of approximately
Tb ¼ 15mK, cf. Supplementary Note 2. Without any flux biasing,
the cavity has a resonance frequency ω0 ¼ 2π ´ 5:221 GHz and a
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linewidth κ ¼ 2π ´ 9MHz, which at the same time corresponds to
the external linewidth κ � κe due to being deep in the over-
coupled regime, cf. the cavity resonance curve shown in Fig. 1d.
When magnetic flux is applied to the SQUID loop by sending a
current to the chip via the on-chip flux bias line, the cavity
resonance frequency is shifted toward lower values due to an
increase of the Josephson inductances inside the SQUID. The flux-
dependent transmission jS21jðΦÞ is shown in Fig. 1e and a total
tuning of about 30MHz can be achieved, mainly limited by a non-
negligible SQUID loop inductance of the SQUID and the dilution
of the Josephson inductance by LJ=ðLþ LJÞ � 0:01, see also
Supplementary Note 3. The largest flux responsivities we could
achieve here were approximately ∂ω0=∂Φ ¼ 2π ´ 70MHz=Φ0.

We note, that the cavity linewidth κ depends on the flux bias
and both, the linewidth and the shape of the resonance frequency
flux tuning depend slightly on the magnetic in-plane field. Also,
the observation that the SQUID cavity tuning curve shown in
Fig. 1e extends beyond ±Φ0=2 might be surprising at first, but is
explained by a non-negligible SQUID loop inductance relative to
the Josephson inductance. A detailed discussion with additional
data on both these effects is given in the Supplementary Note 3.

The mechanical oscillator is a 20´ 1μm2 large aluminum beam
and is suspended as result of releasing part of the superconducting
loop forming the SQUID by removing the underlying silicon
substrate in an isotropic reactive ion etching process31. The beam
has a total mass m ¼ 1 pg and its fundamental out-of-plane mode

oscillates at a frequency Ωm ¼ 2π ´ 7:129MHz with an intrinsic
mechanical damping rate of Γm � 2π ´ 8 Hz or quality factor
Qm ¼ Ωm=Γm � 9 ´ 105, which is exceptionally high for a
mechanical oscillator made from a sputter-deposited metal film.
From the mass and resonance frequency, the zero-point motion of

the oscillator is estimated to be xzpf ¼
ffiffiffiffiffiffiffiffiffi

_
2mΩm

q
¼ 33 fm.

Detection of mechanical displacement with a SQUID cavity.
The mechanical beam can be coherently driven by Lorentz-force
actuation using the on-chip flux bias line. When a current is sent
through the bias line, magnetic flux is coupled into the SQUID
loop and a circulating loop current is flowing through the
mechanical oscillator. We apply a current IΩðtÞ ¼ Idc þ I0 cosΩt
with Ω � Ωm, where the DC component Idc is simultaneously
biasing the SQUID and—in presence of an in-plane magnetic
field Bjj—exerting a constant Lorentz-force to the beam. The
oscillating part I0 cosΩt modulates the total Lorentz-force
FLðtÞ ¼ Fdc þ F0 cosΩt around the equilibrium value Fdc and
effectively drives the mechanical oscillator. The concept is illu-
strated in Fig. 2a, for more details, cf. Supplementary Note 4.

The resulting mechanical motion modulates the cavity reso-
nance frequency and generates sidebands at ωd ±Ω to a microwave
signal sent into the cavity at ωd ¼ ω0, cf. the schematic in Fig. 2b.
By sweeping Ω through Ωm and down-converting the sidebands
generated at ω ¼ ω0 �Ω and ω ¼ ω0 þΩ, we measure the
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Fig. 1 A superconducting microwave circuit with magnetic-flux-mediated optomechanical coupling to a mechanical oscillator. a Circuit schematic of the
device. The LC circuit is capacitively coupled to a microwave transmission line with characteristic impedance Z0 by means of a coupling capacitor Cc. In
addition to the linear capacitors C and inductors L, a superconducting quantum interference device (SQUID) is built into the circuit, consisting of two
Josephson junctions with inductance LJ in a closed superconducting loop, of which a part is suspended and free to move perpendicular to the circuit plane.
To bias the SQUID with magnetic flux Φb, a magnetic field can be applied perpendicular to the circuit plane. Motion of the mechanical element is
transduced into modulations of the bias flux by a magnetic in-plane field Bjj. An optical micrograph of the circuit is shown in (b), light gray parts correspond
to a 20nm thick layer of aluminum, dark parts to silicon substrate. The black scale bar corresponds to 50 μm. The red dashed box shows the region, which
is depicted in a tilted scanning electron micrograph in (c), showing the SQUID loop with the released aluminum beam. The bias flux through the SQUID
loop Φb can be changed by a bias current Ib sent through the on-chip flux bias line. The black scale bar corresponds to 3 μm. The inset shows a zoom into
one of the constriction type Josephson junctions (JJs). In (d) the cavity resonance is shown, measured by sending a microwave tone to the microwave
feedline and detecting the transmitted signal S21. A fit to the data points (circles), shown as line, reveals a resonance frequency of ω0 ¼ 2π ´ 5:221 GHz and
a linewidth κ ¼ 2π ´ 10:5MHz. Panel (e) shows color-coded the tuning of the cavity resonance absorption dip with magnetic bias flux in units of flux
quanta Φb=Φ0, measured at Bjj ¼ 1 mT. Due to a large loop inductance of the SQUID, the arch exceeds a single flux quantum, for details see Supplementary
Note 3
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mechanical resonance as shown in Fig. 2c. This interferometric
detection scheme of displacement can also be used to detect the
thermal motion of the mechanical oscillator. At the dilution
refrigerator base temperature Tb ¼ 15mK, we expect a thermal
mode occupation of the beam of approximately nth ¼
kBTb= _Ωmð Þ � 46 phonons with kB being the Boltzmann
constant. In the inset of Fig. 2c we show the down-converted
sideband power spectral density S of the cavity output field,
normalized to the background noise, without any external drive
applied to the mechanical oscillator. On top of the imprecision
noise background Simp of the measurement chain, a Lorentzian
peak with a linewidth of �8 Hz is visible, generated by the residual
thermal motion of the beam.

When we sweep the magnetic in-plane field Bjj, we observe an
increase of the mechanical resonance frequency as shown in
Fig. 2d induced by Lorentz-force backaction30. Complementary
to the electrostatic spring softening in mechanical capacitors with
a bias voltage, this effect can be understood as a magnetostatic
spring stiffening. When the mechanical oscillator is displaced
from its equilibrium position, an additional magnetic flux is
coupled into the SQUID loop, which leads to an adjustment of
the circulating current J to fulfill fluxoid quantization inside the
loop. Hence, the Lorentz-force FL / BjjJ will change accordingly
and therefore has a contribution dependent on the mechanical
position. For small mechanical amplitudes and circulating
currents not too close to the critical current of the Josephson
junctions, this position dependence will be linear, causing a
frequency shift δΩm / B2

jj, cf. the discussion in the Supplemen-
tary Note 4.

Tuning g0 with the SQUID flux operation point. When a
magnetic bias flux is applied to the SQUID, not only the cavity
resonance frequency changes, but also the flux responsivity
∂ω0=∂Φ. As the optomechanical single-photon coupling rate is
directly proportional to the responsivity, it can in principle

be switched on and off on extremely short timescales or can be
dynamically controlled by flux modulating the SQUID. We
demonstrate this tuning of the single-photon coupling rate with
bias flux by determining g0 for different values of Φb=Φ0.

One possibility to determine the multi-photon coupling rate g
in an optomechanical system is to perform the experimental
scheme of optomechanically induced transparency32,33. For this
scheme, a strong coherent microwave tone is driving the cavity on
the red sideband ωd ¼ ω0 �Ωm and a weak probe tone is sent to
the cavity around ωp � ω0. The two tones interfere inside the
cavity, resulting in an amplitude beating with the frequency
difference Ω ¼ ωp � ωd. If the beating frequency is resonant with
the mechanical mode, the radiation pressure force resonantly
drives mechanical motion which, in turn, modulates the cavity
resonance and the red sideband drive tone. The modulation
generates a sideband to the drive at ω ¼ ωd þΩ, which interferes
with the original probe field in the cavity. This interference effect
opens up a narrow transparency window within the cavity
response, which has the shape of the mechanical resonance,
modified by the dynamical backaction of the red sideband tone.
For ωd ¼ ω0 �Ωm the magnitude of the transparency window
jSmj with respect to the depth of the cavity resonance dip jScj is
directly related to the coupling rate via

jSmj
jScj

¼ 4g2

κΓeff
ð3Þ

where Γeff ¼ Γm þ Γo is the width of the transparency window,
given by the intrinsic mechanical damping Γm and the
optomechanically induced damping Γo. In combination with a
careful calibration of the intracavity photon numbers nc, we use
this approach to get an estimate for the single-photon coupling
rate g0 ¼ g=

ffiffiffiffiffi
nc

p
. More details on the photon number calibration

and the extraction of g from the OMIT data are given in the
Supplementary Note 5.
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Fig. 2 Detection of mechanical motion using a superconducting SQUID cavity interferometer and observation of magnetostatic spring stiffening.
a Schematic of coherently driving the mechanical oscillator by means of the Lorentz-force. The current sent through the bias line has a DC component to
bias the SQUID with a flux Φb. This generates a circulating current J in the SQUID loop. In addition, an oscillating current is sent through the line with a
frequency close to the mechanical oscillator resonance frequency Ω � Ωm. Thus, the loop current through the mechanical beam oscillates correspondingly,
leading to an oscillating Lorentz-force FLðtÞ due to the presence of the magnetic in-plane field Bjj. The mechanical motion modulates the total magnetic flux
through the SQUID loop and hence the cavity resonance frequency. When a resonant coherent microwave tone is sent into the cavity, the mechanical
oscillations generate sidebands at ω ¼ ω0 ±Ωm, cf. panel (b), which are observed to detect the mechanical motion. In (c), the down-converted sideband
signal is shown during a sweep of the excitation frequency Ω. Circles are data, the line is a Lorentzian fit and both are normalized to the maximum of the fit
curve. The inset depicts the down-converted sideband thermal noise spectral density in absence of a coherent driving force, normalized to the background
noise floor. Orange line are data, black line is a Lorentzian fit. The contribution from the background noise is shaded in white and the contribution from the
mechanical displacement noise in orange. The experimental settings for these measurements were Bjj ¼ 9mT and ∂ω0=∂Φ � 2π ´ 20MHz=Φ0. When
increasing the magnetic in-plane field, we observe a shift of the mechanical oscillator resonance frequency, shown in panel (d). This frequency shift is
induced by a position-dependent contribution to the Lorentz-force and corresponds to a magnetostatic stiffening of the mechanical spring constant. The
circles are data and the line corresponds to a theoretical curve with δΩm / B2jj
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When performing this experiment for several different flux bias
points, we find a clear increase of g0 with the cavity flux
responsivity. The experimental scheme and the obtained single-
photon coupling rates for a constant in-plane field of Bjj ¼ 10 mT
are shown in Fig. 3. In Fig. 3e we also plot as line the theoretical
curve, where the only free parameter is the scaling factor γ ¼ 0:9,

taking into account the mode shape of the mechanical
oscillations. All other contributions to the calculations were
obtained from independent measurements, such as the bias flux
dependence of the cavity frequency, the mechanical resonance
frequency and estimations for the beam length and its mass.
The largest single-photon coupling rate we achieve here
g0 � 2π ´ 230 Hz is comparable to the best values obtained for
highly optimized capacitively coupled devices. As it is possible to
achieve responsivities of several GHz=Φ0 with SQUID cav-
ities34,35, we expect that with an optimized cavity it is possible to
boost the single-photon coupling rates to several kHz per mT of
in-plane field. This optimization with respect to ∂ω0=∂Φ can be
achieved by reducing either the SQUID loop inductance or the
Josephson junction critical current or by a combination of both.

From the Kerr-nonlinearity of our device χ=2π � 120 Hz for
the largest measured responsivity, we estimate intracavity photon
numbers up to �105 to be compatible with the cavity, which
corresponds to maximally achievable multi-photon coupling rates
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During this experiment, it was kept constant at Bjj ¼ 10 mT. In addition, an
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consequence of changing the amount of flux threading the SQUID loop,
both the resonance frequency as well as the flux responsivity ∂ω0=∂Φ of
the cavity are changed. The plot shows jS21j (Bjj ¼ 1 mT), the frequency axis
is normalized to the sweetspot resonance frequency ωs

0, the color code is
given in Fig. 1e. The white arrows represent the points, for which we
performed the measurement scheme of optomechanically induced
transparency (OMIT) as shown schematically in (c). A coherent drive tone
is set to the red sideband of the SQUID cavity ðωd ¼ ω0 �ΩmÞ, while a
small probe tone is scanning the cavity resonance ωp � ω0. As result of an
interference effect, a transparency window in the transmitted signal S21 is
visible around ωd þΩm, as shown in (d), where the circles represent the
data and the line the corresponding fit curve. By setting the cavity to
different flux bias points (white arrows in b), we change the cavity flux
responsivity and therefore the single-photon optomechanical coupling rate
g0 / ∂ω0=∂Φ. From the magnitude of the transparency window, g0 can be
extracted for each flux bias point. The result is plotted in (e) as circles. The
line is the theoretical curve as described in the main text. Error bars in e
show the estimated uncertainty of 10%, cf. Supplementary Note 6
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of g ¼ 2π ´ 70 kHz and cooperativities of C ¼ 4g2

κΓm
� 300. Due to

the large loop inductance of the used SQUID, however, the cavity
is operated in a metastable flux branch (see Supplementary
Note 3) and we were limited to work with nc � 150 intracavity
photons at the largest flux responsivities before switching to the
stable flux branch, which limited g and C to g � 2π ´ 3 kHz and
C � 0:5 in current experiments.

Linear scaling of g0 with the in-plane transduction field. As an
ultimate experimental signature that our device transduces
mechanical displacement to magnetic flux, we investigate the
scaling of the optomechanical coupling rate with magnetic in-plane
field Bjj. Therefore, we performed the scheme of optomechanically
induced transparency for constant values of flux responsivity
∂ω0=∂Φ but for varying in-plane magnetic field. First, we chose a
fixed responsivity of about ∂ω0=∂Φ � 2π ´ 17MHz=Φ0 and then
adjusted Bjj in steps of 1 mT. For each Bjj we perform several
OMIT experiments and extract the single-photon coupling rates
as described above. This whole scheme was repeated for
∂ω0=∂Φ � 2π ´ 60MHz=Φ0.

The resulting single-photon coupling rates are shown in Fig. 4
and follow approximately a linear increase with in-plane
magnetic field. The theoretical lines correspond to independent
calculations based on the flux dependence of the cavity, and the
parameters of the mechanical oscillator. The data clearly
demonstrates that we observe a flux-mediated optomechanical
coupling, a system in which the coupling rates can be further
increased with higher magnetic in-plane fields. In the current
setup, we were limited to the field range up to 10 mT. Due to an
imperfect alignment between the chip and the in-plane field, a
considerable out-of-plane component was present and, most
probably by introducing vortices, strongly influenced the proper-
ties of the cavities above Bjj ¼ 10 mT. Using a vector magnet to
compensate for possible misalignments will allow to go up to
about 100 mT with thin film aluminum devices36,37 resulting in
coupling rates of several hundreds of kHz. When extending the
used material to other superconductors such as Niobium or
Niobium alloys such as NbTiN, where similar constriction type
SQUIDs have recently been used for tunable resonators38, the
possible field range for the in-plane field increases up to the Tesla
regime39. We believe that the maximum applicable in-plane field
is the most relevant practical limitation for the scaling of the
optomechanical coupling rate but it is unknown at this point how
large it can be made while preserving high quality factor SQUID
cavities and mechanical beams using other superconductors.

Discussion
With the realization of flux-mediated optomechanical coupling
reported in this article, the door is open for a new generation of
microwave optomechanical systems. The single-photon coupling
rates achieved with this first device are already competing with
the best electromechanical systems and can be boosted toward the
MHz regime by optimizing the flux responsivity and applying
higher magnetic in-plane fields. In addition, reducing the cavity
linewidth to values of �100 kHz will lead us into the single-
photon strong-coupling regime, where a new type of devices and
experiments can be realized, amongst others the realization of a
new class of microwave qubits, where the nonlinearity arises from
the coupling to a mechanical element, the generation of
mechanical quantum states or optomechanically induced photon
blockade21. The coupling mechanism between a mechanical
oscillator and a microwave circuit, which we realized here, has
also been intensely discussed in the context of superconducting

flux and transmon qubits instead of linear cavities25,28,40 and
could now be implemented using circuits with a large Josephson
nonlinearity leading to a new regime of quantum control of
macroscopic mechanical objects. Utilizing quantum states of
mechanical resonators as resource for quantum information and
quantum sensing technologies is a promising approach due to the
typically very long lifetimes of mechanical excitations and the
possibility to couple mechanical systems simultaneously to
microwave cavities and optical fields12,41,42 and at the same time
can be used to test quantum collapse models and decoherence
mechanisms in the presence of large masses, i.e., test quantum
mechanics itself with massive quantum states13,14,43.

Data availability
All raw data and processed data as well as supporting code for processing and figure
generation is available in Zenodo with the identifier https://doi.org/10.5281/zenodo.3470882.

Received: 11 June 2019; Accepted: 10 October 2019;

References
1. Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity optomechanics.

Rev. Mod. Phys. 86, 1391–1452 (2014).
2. Teufel, J. D. et al. Sideband cooling of micromechanical motion to the

quantum ground state. Nature 475, 359–363 (2011).
3. Chan, J. et al. Laser cooling of a nanomechanical oscillator into its quantum

ground state. Nature 478, 89–92 (2011).
4. Teufel, J. D., Donner, T., Castellanos-Beltran, M. A., Harlow, J. W. & Lehnert,

K. W. Nanomechanical motion measured with an imprecision below that at
the standard quantum limit. Nat. Nanotechnol. 4, 820–823 (2009).

5. Anetsberger, G. et al. Measuring nanomechanical motion with an
imprecision below the standard quantum limit. Phys. Rev. A 82, 061804(R)
(2010).

6. Wollman, E. E. et al. Quantum squeezing of motion in a mechanical resonator.
Science 349, 952–955 (2015).

7. Pirkkalainen, J.-M., Damskägg, E., Brandt, M., Massel, F. & Sillanpää, M. A.
Squeezing of quantum noise of motion in a micromechanical resonator. Phys.
Rev. Lett. 115, 243601 (2015).

8. Reed, A. P. et al. Faithful conversion of propagating quantum information to
mechanical motion. Nat. Phys. 13, 1163–1167 (2017).

9. Riedinger, R. et al. Remote quantum entanglement between two
micromechanical oscillators. Nature 556, 473–477 (2018).

10. Ockeloen-Korppi, C. F. et al. Stabilized entanglement of massive mechanical
oscillators. Nature 556, 478–482 (2018).

11. Bochmann, J., Vainsencher, A., Awschalom, D. D. & Cleland, A. N.
Nanomechanical coupling between microwave and optical photons. Nat. Phys.
9, 712–716 (2013).

12. Andrews, R. W. et al. Bidirectional and efficient conversion between
microwave and optical light. Nat. Phys. 10, 321–326 (2014).

13. Marshall, W., Simon, C., Penrose, R. & Bouwmeester, D. Towards quantum
superpositions of a mirror. Phys. Rev. Lett. 91, 130401 (2003).

14. Bahrami, M., Paternostro, M., Bassi, A. & Ulbricht, H. Proposal for a
noninterferometric test of collapse models in optomechanical systems. Phys.
Rev. Lett. 112, 210404 (2014).

15. Gröblacher, S., Hammerer, K., Vanner, M. R. & Aspelmeyer, M. Observation
of strong coupling between a micromechanical resonator and an optical cavity
field. Nature 460, 724–727 (2009).

16. Teufel, J. D. et al. Circuit cavity electromechanics in the strong-coupling
regime. Nature 471, 204–208 (2011).

17. Verhagen, E., Deléglise, S., Weis, S., Schliesser, A. & Kippenberg, T. J.
Quantum-coherent coupling of a mechanical oscillator to an optical cavity
mode. Nature 482, 63–67 (2012).

18. Meenehan, S. M. et al. Silicon optomechanical crystal resonator at millikelvin
temperatures. Phys. Rev. A 90, 011803(R) (2014).

19. Yuan, M., Singh, V., Blanter, Ya. M. & Steele, G. A. Large cooperativity and
microkelvin cooling with a three-dimensional optomechanical cavity. Nat.
Commun. 6, 8491 (2015).

20. Nunnenkamp, A., Børkje, K. & Girvin, S. M. Single-photon optomechanics.
Phys. Rev. Lett. 107, 063602 (2011).

21. Rabl, P. Photon blockade effect in optomechanical systems. Phys. Rev. Lett.
107, 063601 (2011).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12964-2

6 NATURE COMMUNICATIONS |         (2019) 10:5359 | https://doi.org/10.1038/s41467-019-12964-2 | www.nature.com/naturecommunications

https://doi.org/10.5281/zenodo.3470882
www.nature.com/naturecommunications


22. Via, G., Kirchmair, G. & Romero-Isart, O. Strong single-photon coupling in
superconducting quantum magnetomechanics. Phys. Rev. Lett. 114, 143602
(2015).

23. Nation, P. D., Suh, J. & Blencowe, M. P. Ultrastrong optomechanics
incorporating the dynamical Casimir effect. Phys. Rev. A 93, 022510 (2016).

24. Shevchuk, O., Steele, G. A. & Blanter, Ya. M. Strong and tunable couplings in
flux-mediated optomechanics. Phys. Rev. B 96, 014508 (2017).

25. Xue, F. et al. Controllable coupling between flux qubit and nanomechanical
resonator by magnetic field. New J. Phys. 9, 35 (2007).

26. Blencowe, M. P. & Buks, E. Quantum analysis of a linear dc SQUID
mechanical displacement detector. Phys. Rev. B 76, 014511 (2007).

27. Nation, P. D. & Blencowe, M. P. Quantum analysis of a nonlinear microwave
cavity-embedded dc SQUID displacement detector. Phys. Rev. B 78, 104516
(2008).

28. Wang, Y. D., Semba, K. & Yamaguchi, H. Cooling of a micro-mechanical
resonator by the back-action of Lorentz force. New J. Phys. 10, 043015 (2008).

29. Etaki, S. et al. Motion detection of a micromechanical resonator embedded in
a d.c. SQUID. Nat. Phys. 4, 785–788 (2008).

30. Poot, M. et al. Tunable backaction of a DC SQUID on an integrated
micromechanical resonator. Phys. Rev. Lett. 105, 207203 (2010).

31. Norte, R. A., Forsch, M., Wallucks, A., Marinković, I. & Gröblacher, S.
Platform for measurements of the Casimir force between two
superconductors. Phys. Rev. Lett. 121, 030405 (2018).

32. Agarwal, G. S. & Huang, S. Electromagnetically induced transparency in
mechanical effects of light. Phys. Rev. A 81, 041803(R) (2010).

33. Weis, S. et al. Optomechanically induced transparency. Science 330,
1520–1523 (2010).

34. Levenson-Falk, E. M., Vijay, R. & Siddiqi, I. Nonlinear microwave response of
aluminum weak-link Josephson oscillators. Appl. Phys. Lett. 98, 123115 (2011).

35. Yamamoto, T. et al. Flux-driven Josephson parametric amplifier. Appl. Phys.
Lett. 93, 042510 (2008).

36. Meservey, R. & Tedrow, P. M. Properties of very thin aluminum films. J. Appl.
Phys. 42, 51 (1971).

37. Antler, N. et al. In-plane magnetic field tolerance of a dispersive aluminum
nanobridge SQUID magnetometer. Appl. Phys. Lett. 102, 232602 (2013).

38. Kennedy, O. W. et al. Tunable Nb superconducting resonator based on a
constriction nano-SQUID fabricated with a Ne focused ion beam. Phys. Rev.
Appl. 11, 014006 (2019).

39. Samkharadze, N. et al. High-kinetic-inductance superconducting nanowire
resonators for circuit QED in a magnetic field. Phys. Rev. Appl. 5, 044004 (2016).

40. Wang, X., Miranowicz, A., Li, H.-R., Li, F.-L. & Nori, F. Two-color
electromagnetically induced transparency via modulated coupling between a
mechanical resonator and a qubit. Phys. Rev. A 98, 023821 (2018).

41. Stannigel, K. et al. Optomechanical quantum information processing with
photons and phonons. Phys. Rev. Lett. 109, 013603 (2012).

42. McGee, S. A., Meiser, D., Regal, C. A., Lehnert, K. W. & Holland, M. J.
Mechanical resonators for storage and transfer of electrical and optical
quantum states. Phys. Rev. A 87, 053818 (2013).

43. Romero-Isart, O. Quantum superposition of massive objects and collapse
models. Phys. Rev. A 84, 052121 (2011).

Acknowledgements
The authors thank R. Norte for help with the device fabrication and M.D. Jenkins for
support with the data acquisition software. This research was supported by the Neth-
erlands Organisation for Scientific Research (NWO) in the Innovational Research
Incentives Scheme – VIDI, project 680-47-526, the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation program (grant
agreement No. 681476 - QOMD) and from the European Union’s Horizon 2020 research
and innovation program under grant agreement No. 732894 - HOT.

Author contributions
I.C.R. and D.B. designed and fabricated the device, performed the measurements, and
analyzed the data. G.A.S. conceived the experiment and supervised the project. All
authors wrote the paper and discussed the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12964-2.

Correspondence and requests for materials should be addressed to G.A.S.

Peer review information Nature Communications thanks Martino Poggio and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12964-2 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:5359 | https://doi.org/10.1038/s41467-019-12964-2 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-019-12964-2
https://doi.org/10.1038/s41467-019-12964-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Coupling microwave photons to a mechanical resonator using quantum interference
	Results
	Concept and device
	Detection of mechanical displacement with a SQUID cavity
	Tuning g0g0 with the SQUID flux operation point
	Linear scaling of g0g0 with the in-plane transduction field

	Discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




