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The combination of low mass density, high frequency and
high quality factor, Q, of mechanical resonators made of
two-dimensional crystals such as graphene1–8 make them
attractive for applications in force/mass sensing and explor-
ing the quantum regime of mechanical motion. Microwave
optomechanics with superconducting cavities9–14 offers exqui-
site position sensitivity10 and enables the preparation and
detection of mechanical systems in the quantum ground
state15,16. Here, we demonstrate coupling between a multilayer
graphene resonator with quality factors up to 220,000 and a
high-Q superconducting cavity. Using thermomechanical noise
as calibration, we achieve a displacement sensitivity of 17 fm
Hz−1/2. Optomechanical coupling is demonstrated by optome-
chanically induced reflection and absorption of microwave
photons17–19. We observe 17 dB of mechanical microwave
amplification13 and signatures of strong optomechanical back-
action. We quantitatively extract the cooperativity C, a charac-
terization of coupling strength, from the measurement with
no free parameters and find C = 8, which is promising for
the quantum regime of graphene motion.

Exfoliated two-dimensional crystals offer a unique platform for
mechanics because of their low mass, low stress and high quality
factors (Q). Following the initial demonstration of graphene mech-
anical resonators1–3 there has been considerable progress in harnes-
sing the mechanical properties of graphene for mass sensing2, the
study of nonlinear mechanics5,6 and voltage-tunable oscillators7,8.
Graphene is also potentially attractive for experiments with
quantum motion, where the high quality factor4,5 and low mass of
graphene resonators result in large zero-point fluctuations over a
small bandwidth. The high frequency of graphene resonators also
provides low phonon occupation at cryogenic temperatures.
Previously employed optical1 and radiofrequency (RF) tech-
niques2,3,5,6 have enabled the detection and characterization of
graphene resonators, but they did not provide a clear path
towards the quantum regime.

A possible route to the ultimate limit in sensitivity is provided by
cavity optomechanics20, which is capable of detecting motion near
and below the standard quantum limit10,11. It has also been used
to bring mechanical systems into their quantum ground state with
sideband cooling15,21 and to entangle microwave photons with the
motion of a mechanical resonator16. A natural candidate for imple-
menting cavity optomechanics with graphene resonators is a high-Q
superconducting microwave cavity. However, combining graphene
with superconducting cavities in such a way that both retain their
excellent properties (such as their high quality factors) is
technologically challenging.

Here, we present a multilayer graphene mechanical resonator
coupled to a superconducting cavity. Using a deterministic all-dry

transfer technique22 and a novel microwave coupling design, we
are able to combine these two elements without sacrificing the
exceptional intrinsic properties of either. Although multilayer
graphene has a highermass than amonolayer, it could be advantageous
for coupling to a superconducting cavity because of its lower electri-
cal resistance. Figure 1a,b presents optical and electron microscope
images of the device. The superconducting cavity is a quarter-wave-
length coplanar waveguide (CPW) resonator, which can be mod-
elled by an effective lumped capacitance Csc and inductance Lsc ,
with added capacitances from the graphene drum Cg and from
the fixed coupling capacitor Cc to the feedline (as shown in Fig. 1c).

Figure 1d shows the measured reflection coefficient (|S11|) of the
cavity with low probe power at T = 14 mK. A fit of the amplitude
and phase of the reflection coefficient yields a resonant frequency
ωc≈ 2π × 5.9006 GHz, external dissipation rate of κe = 2π × 188 kHz
and a total dissipation rate of κ = 2π × 242 kHz. The coupling
efficiency η = κe/κ≈ 0.77 (>1/2) indicates that the cavity is over-
coupled (see Supplementary Section III for additional cavity
characterization). Based on the designed impedance of the trans-
mission line resonator (Z0 = 51 Ω) and geometric capacitance of
the graphene resonator (Cg≈ 578 aF), we estimate a cavity pull-in
parameter of G = dωc

dx ≈ 2π × 26.5 kHz nm−1.
Figure 2 presents the characterization of the mechanical proper-

ties of the multilayer graphene resonator using a homodyne
measurement scheme9. Here, the cavity is used as an interferometer
to detect motion while injecting a microwave signal near ωc and
exciting the mechanical resonator with an a.c. voltage applied to
the gate. Figure 2a shows the mechanical response of the multilayer
graphene resonator. A Lorentzian lineshape fit yields a mechanical
resonance frequency of ωm≈ 2π × 36.233 MHz and a quality factor
of Qm≈ 159,000 at 14 mK. The mechanical resonance frequency is
much larger than the cavity linewidth (ωm/κ≈ 150), placing the set-
up in the sideband resolved limit, a prerequisite for ground state
cooling. The cavity can also be used to detect undriven motion
such as the thermomechanical noise of the drum, shown in the
inset of Fig. 2a, corresponding to a mechanical mode temperature
of 96 mK (see Supplementary Section V for additional details).
The thermal motion peak serves as a calibration for the displace-
ment sensitivity. While driving the cavity at resonance and utilizing
its full dynamic range before electrical nonlinearity sets in (–41 dBm
injected power) we estimate a displacement sensitivity for mechan-
ical motion of 17 fm Hz−1/2. Using a d.c. voltage applied to the gate
electrode, the frequency of the multilayer graphene resonator can
also be tuned (Fig. 2b). The decrease in resonance frequency ωm

for non-zero gate voltage is due to electrostatic softening of the
spring constant as has been observed previously3.

Figure 3 demonstrates optomechanical coupling between the
multilayer graphene mechanical resonator and the cavity, mediated
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by radiation pressure forces. The measurements of the cavity shown
in Fig. 3 are similar to those in Fig. 1d, but in the presence of a
strong drive signal detuned from the cavity frequency. The
frequency is chosen such that ωd = ωc + ωm (=ωc − ωm), referred to
as driving the blue (red) detuned mechanical sideband. Including
this second detuned drive tone, the cavity response acquires a
sharp peak (blue sideband, Fig. 3a) or a sharp dip (red sideband,
Fig. 3b) centred at the cavity resonance frequency. The sharp peak
in Fig. 3a when driving on the blue sideband corresponds to opto-
mechanically induced reflection (OMIR) of microwave photons, the
same phenomenon as optomechanically induced transparency
(OMIT)17–19, but now in a reflection geometry. In OMIT, an ana-
logue of electromagnetically induced transparency (EIT) in atomic
physics, a transparency window opens in the absorption resonance
of the cavity due to optomechanical coupling to the mechanical
resonator. Driving on the red sideband (Fig. 3b), the cavity shows
a sharp dip in the reflectivity of the cavity, corresponding to a
process of optomechanically induced absorption (OMIA)14.

Qualitatively, reflection and absorption features in the cavity
response can be understood as follows. Consider the case of blue
detuned driving, as shown by the schematic in Fig. 3a. With a
strong sideband drive signal (ωd, blue arrow) and a weak probe
signal (ωp near ωc, black arrow), the beat between the two microwave
signals generates a radiation pressure force that oscillates at Ω≈ωm

(green arrow), schematically shown as process 1. This oscillating radi-
ation force at frequency Ω coherently drives the graphene resonator.

Mechanical motion of the graphene resonator in turn modulates the
drive field, resulting in a field appearing at ωd −Ω (=ωp, pink arrow),
schematically shown as process 2. Being a coherent process, the
upconverted field appearing at ωp has a definite phase relation with
the probe field and can either interfere constructively or destructively
to produce OMIR or OMIA features in the cavity response. In con-
trast to the first observation of OMIT18 and other configurations12,23,
here we observe OMIR on the blue sideband instead of the red
sideband, a consequence of an overcoupled cavity (η > 0.5) (see
Supplementary Section VII for a detailed discussion).

Using radiation pressure to drive the motion, we can characterize
the resonator at Vg = 0 V, which is otherwise inaccessible with elec-
trostatic driving. Using OMIA, we find quality factors as high as
Qm≈ 220,000 at Vg = 0 V, the highest detected for a graphene reso-
nator (for additional data see Supplementary Section VII). Inside
the OMIA window there is a fast change in the phase response of
the microwave signal19,23. This can be used to implement a microwave
photon storage device using a mechanical resonator (for additional
data see Supplementary Section VII). For the present device we esti-
mate a storage time of 10 ms, comparable in magnitude to that
recently demonstrated in conventional mechanical resonators23.
However, the group delay observed here using OMIA occurs in a
very narrow bandwidth, set roughly by the mechanical linewidth,
together with significant optomechanical absorption losses.

In Fig. 4, we explore the optomechanical interaction with the
multilayer graphene resonator for stronger coupling. The
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Figure 1 | Characterization of the superconducting cavity coupled to a multilayer graphene mechanical resonator. a, Optical image of a superconducting
cavity in a quarter-wave coplanar waveguide geometry. Microwave photons are coupled in and out of the cavity via a feedline that is capacitively coupled
to the coplanar waveguide centre conductor by a gate capacitor (coupler). b, This gate capacitor includes a small gate electrode that extends from the
feedline into the coplanar waveguide centre conductor. The tilted angle scanning electron micrograph (false colour) near the coupler shows a 4-μm-
diameter multilayer (10-nm-thick) graphene resonator (cyan) suspended 150 nm above the gate. c, Schematic lumped element representation of the device
with equivalent lumped parameters of capacitance Csc≈ 415 fF and inductance Lsc≈ 1.75 nH. d, Reflection coefficient |S11| of the superconducting cavity
measured at T = 14 mK (red). The grey curve is a fit to the data, giving an internal quality factor of Qi≈ 107,000 and loaded quality factor of QL≈ 24,250.
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Figure 2 | Sideband resolved detection of the motion. a, Driven response of the multilayer graphene resonator at Vg = 150 mV (red curve) at T = 14 mK.
A Lorentzian fit (grey curve) to the response gives the mechanical quality factor Qm≈ 159,000, corresponding to a mechanical dissipation rate of
γm≈ 2π × 228 Hz. A mechanical frequency of ωm≈ 2π × 36.233 MHz and cavity linewidth of κ = 2π × 242 kHz imply a sideband resolved limit (ωm≫ κ).
Inset: displacement spectral density Sxx due to thermal noise measured with mechanical mode thermalized at T = 96 mK. The thermal peak corresponds
to (27 fm Hz−1/2)2. b, Colour-scale plot of the homodyne signal with mechanical drive frequency and gate voltage. The sharp change in colour represents
the resonance frequency of the graphene resonator, indicating its negative tunability with gate voltage. At large gate voltages the response becomes
nonlinear due to an increased driving force, which scales linearly with d.c. gate voltage. As the electromechanical driving force

(
Fac =

dCg
dx VacVg

)
vanishes at

zero gate voltage, the measured signal disappears near Vg = 0 V.
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Figure 3 | Optomechanically induced absorption (OMIA) and optomechanically induced reflection (OMIR). Measurement of the cavity reflection |S11| in
the presence of sideband detuned drive tone at Vg = 0 V. a, A blue detuned drive results in a window of OMIR in the cavity response. Inset: zoomed view of
the OMIR window. b, A red detuned sideband drive opens an OMIA feature in the cavity response. Inset: zoomed view of the OMIA. Schematics in a and b
illustrate the OMIR and OMIA features in terms of the interference of the probe field (black arrow) with the microwave photons, which are cyclically down
and then upconverted by the optomechanical interaction (pink arrow).
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optomechanical coupling strength g is tunable by the number of
drive photons inside the cavity (nd) as g = Gxzpf

���
nd

√
= g0

���
nd

√
,

where xzpf is the amplitude of the quantum zero-point fluctuations
of the mechanical resonator and g0 is the single-photon coupling
strength20. We calibrate g0 using a frequency modulation
scheme23,24 (for additional data see Supplementary Section VI)
and find g0 = 2π × 0.83 Hz. The combination of the calibration of
g0 and the OMIA data allows the absolute calibration of the
photon number in the cavity. Figure 4a shows the cavity response
while driving on the blue sideband with nd≈ 1.5 × 107. Compared
to the reflection feature shown in Fig. 3a, the OMIR peak has
increased such that the reflection coefficient now exceeds unity, indi-
cating more probe photons are coming out than we are putting in.
This gain of microwave photons arises from mechanical microwave
amplification13 by the graphene resonator. We achieve up to ∼17 dB
gain in a bandwidth of ∼300 Hz with added noise photons that,
theoretically, can be as low as the number of thermal phonons
(�nth) in the mechanical resonator13. Increasing the blue detuned
drive further leads to self-oscillation of the mechanical resonator.
The origin of microwave amplification can also be understood in
terms of the optomechanical backaction on the cavity: when the
coupling strength becomes sufficiently strong such that 4g2/γm over-
comes the internal dissipation rate of the cavity (κi), the net effective
internal damping rate of the microwave cavity becomes negative.

Figure 4b shows the cavity response for a red detuned drive with
nd≈ 3 × 108. In contrast to Fig. 3b, the absorption feature has
become a reflection (transparency) window. This crossover occurs
when the optomechanical coupling becomes sufficiently strong
that the effective internal dissipation rate of the cavity

κeffi = κi +
4g2

γm
exceeds the external dissipation rate κe. The reflection

window in Fig. 4b is considerably greater in width than the one in
Fig. 3a. This is an indication of optomechanical backaction.
Similar to the modification of the internal dissipation rate of the
cavity, the mechanical dissipation rate γm is also modified,

γeffm = γm(1 +
4g2

κγm
), leading to broadening of the OMIR feature and

onset of the normal mode splitting of the cavity resonance12,25. At
the highest photon numbers we achieve 2g/κ≈ 0.12, corresponding
to 12% of the strong coupling limit. At these coupling rates, a weak
avoided crossing in the cavity response can be seen when a detuned
drive is swept across the red sideband (Fig. 4c).

A useful feature of OMIA–OMIR data is that the height of the
peak or depth of the dip allows one to extract 4g2/κγm≡ C, the
optomechanical cooperativity, with no free parameters. The
cooperativity C is an important characterization for optomechanical
experiments. For example, in the sideband resolved limit, the
criterion for cooling the mechanical resonator to its quantum
ground state is C + 1 > �nth, where �nth is the number of thermally
excited quanta in the resonator20. Figure 4d shows the cooperativity
of our device extracted from the OMIA data as a function of the
number of red detuned drive photons inside the cavity (nd).
Increasing nd, we have been able to achieve C = 8. The value of C
should scale with nd, but in our device the intrinsic mechanical
quality factor begins to decrease at higher cavity powers,
leading to a deviation from the linear relation (see Supplementary
Section VII for detailed characterization). With C = 8, we achieve
a maximum multiphoton coupling strength of g≈ 2π × 14 kHz,
with nd≈ 3 × 108.

We conclude by discussing the future prospects of the opto-
mechanical device presented here. In principle, assuming equili-
brium with the phonon bath at 14 mK, the cooperativity achieved
here brings the system close to the quantum coherent regime
C ≈ �nth =

kBT
h�ωm

. In practice, however, a higher margin on cooperativ-

ity is desired in order to overcome considerations such as technical
noise or mode heating at high powers. Our estimates suggest that
C/�nth will scale strongly with area, indicating that significant gains
can be made with larger-area drums (see Supplementary
Information). Quantum applications aside, using our graphene
optomechanical device we have demonstrated 17 dB microwave

dba

c

7

6

5

4

3

2

1

| S
11

 | 17 dB

5,864.0 5,864.4
ωd/2π (MHz)

5,900.85,900.5

ωp/2π (MHz)

1.0

0.8

0.6

| S
11

 |

5,900.85,900.4

ωp/2π (MHz)

5,900.4

5,900.8

ω p
/2

π 
(M

H
z)

3002001000

nd (106)

8

6

4

2

0

C
oo

pe
ra

tiv
ity

, C
 

Figure 4 | Large cooperativity with a multilayer graphene mechanical resonator. a, Measurement of the cavity reflection |S11| under a strong blue detuned
drive (nd≈ 1.5 × 107). At the centre of the cavity response, the reflection coefficient exceeds 1, corresponding to mechanical microwave amplification of 17 dB
by the graphene resonator. b, Measurement of the cavity reflection |S11| under a strong red detuned drive (nd≈ 3 × 108). With strong red detuned drive, the
optomechanically induced absorption feature becomes optomechanically induced reflection and we observe the onset of the normal mode splitting, also
visible in the colourscale plot in c as an avoided crossing while sweeping the drive frequency across the red sideband. The sweep measurement was
performed with constant drive power. d, Plot of cooperativity C versus number of red detuned photons nd, in which we obtained C = 8. Horizontal error bars
result from the statistical uncertainty in determining the single-photon coupling strength (g0), dissipation rate (κ) and mechanical dissipation rate (γm).
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amplification, the potential for microwave photon storage for up to
10 ms, and the observation of a record-high mechanical quality
factor of Qm≈ 220,000 for a crystalline multilayer graphene resona-
tor using radiation pressure force driving. As a detector, our cavity
offers a displacement sensitivity of 17 fm Hz−1/2 with a bandwidth
three orders of magnitude larger than the mechanical dissipation
rate (κ/γm≈ 103). This provides an unprecedented new tool for
studying phenomena such as nonlinear restoring forces, nonlinear
damping and mode coupling in graphene. Finally, the combination
of our microwave design and transfer technique for resonator fabri-
cation can be easily extended to other exfoliated two-dimensional
crystals, including superconducting materials such as NbSe2,
potentially eliminating any resistive losses in the coupled
optomechanical system.

Methods
A Mo/Re alloy was used to fabricate the superconducting cavity. Its large
superconducting transition temperature (Tc≈ 8 K) allowed the achievement of a
large dynamic range for the cavity. To fabricate the quarter-wavelength
superconducting cavity in a coplanar waveguide geometry, the intrinsic Si substrate
was first cleaned with hydrofluoric acid. The substrates were immediately loaded
for sputtering and a layer of 300 nm Mo/Re was deposited. Following standard
electron-beam lithography (EBL) and reactive-ion etching procedures, a quarter-
wavelength cavity was etched. The gate was thinned in a second etch step so
that it lay 150 nm below the surface of the CPW centre conductor metal. In the
last step of fabrication, a multilayer graphene flake (thickness, ∼10 nm) was
transferred over the hole to form a capacitor between the superconducting CPW
resonator and the feedline.

In this scheme, the motion of graphene dispersively modulates the cavity

frequency ωc through the change in Cg: ωc(x) = 1/
����������������������
Lsc(Csc + Cc + Cg(x))

√
. (Note

that the motion of graphene capacitor will also modulate the linewidth of the cavity,
which is known as dissipative coupling. This was proposed recently to enable some
novel optomechanical phenomena25,26. In our design, the dissipative coupling is
significantly weaker than the dispersive coupling and will be neglected. Additional
details are provided in the Supplementary Section II.) The use of the feedline
capacitance to couple to the graphene resonator has some convenient practical
advantages. In particular, d.c. gate voltages (to tune the mechanical frequency)
and low-frequency RF voltages (to electrostatically drive the mechanical
resonator) can easily be applied to the microwave feedline without spoiling the
quality factor of the superconducting cavity.
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