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Observation of strong radiation pressure forces
from squeezed light on a mechanical oscillator
Jeremy B. Clark, Florent Lecocq, RaymondW. Simmonds, José Aumentado and John D. Teufel*
In quantum-enhanced sensing, non-classical states are used
to improve the sensitivity of a measurement1. Squeezed
light, in particular, has proved a useful resource in enhanced
mechanical displacement sensing2–8, although the fundamental
limit to this enhancement due to the Heisenberg uncertainty
principle9–11 has not been encountered experimentally. Here
we use a microwave cavity optomechanical system to ob-
serve the squeezing-dependent radiation pressure noise that
necessarily accompanies any quantum enhancement of the
measurement precision and ultimately limits themeasurement
noise performance. By increasing the measurement strength
so that radiation pressure forces dominate the thermal motion
of the mechanical oscillator, we exploit the optomechanical
interaction to implement an e�cient quantum nondemolition
measurement of the squeezed light12. Thus, our results show
how the mechanical oscillator improves the measurement of
non-classical light, just as non-classical light enhances the
measurement of the motion.

In recent years, precision measurements of mechanical motion
have become increasingly limited by quantum effects. Some prime
laboratory examples have come from cavity optomechanical
systems wherein the motion of a mechanical oscillator couples to
a mode of an electromagnetic cavity resonator13. When the cavity
is probed at its resonance frequency with a coherent state, any
mechanical motion is transduced to a phase modulation of the
returned probe. The probe’s phase noise therefore establishes the
detection’s noise floor and ultimately limits the measurement’s
signal-to-noise ratio. Typically, this noise floor is reduced by simply
increasing the drive power, which decreases the phase imprecision
of the interrogating field. In some cases, however, limited power
availability or lowmaterial damage thresholds may occasionally call
for the use of squeezed states to push the drive’s phase fluctuations
below the shot noise limit (SNL), further suppressing the
phase noise.

Improving the detector’s noise performance using phase-
squeezed light does not come without its costs. Owing to the
Heisenberg uncertainty principle, suppressing the fluctuations of
the phase quadrature leads to a commensurate increase in the
drive’s amplitude fluctuations. These stronger fluctuations in turn
generate an increased level of radiation pressure noise, which
drives the motion of the mechanical oscillator. Until recently14–16,
the influence of radiation pressure forces has largely been hidden
by mechanical thermal noise, obscuring the full impact of the
squeezing. As the ultimate measurement sensitivity relies on the
delicate balance between these two noise sources, the limits of the
quantum enhancement have not yet been encountered. Here we
investigate these limits by interrogating a cavity optomechanical
system using squeezed microwave radiation across regimes of
weak and strong radiation pressure forces, characterizing the total
measurement noise performance throughout.

In our experiments (Fig. 1), the microwave ‘cavity’ consists of
an aluminium 15 nH spiral inductor shunted by a mechanically
compliant vacuum-gap capacitor17,18. We engineer the total cavity
linewidth (κ/2π=22.2MHz) to be of the order of the mechanical
resonance frequency of the capacitor’s primary flexural mode
(Ωm/2π = 8.68MHz) to maximize the measurement strength
per cavity photon. The effects due to cavity loss are negligible
as the cavity is highly overcoupled with an internal loss rate
κ0<2π×100 kHz (ref. 16). The circuit is cooled in a dilution
refrigerator and held at a temperature of T=40mK, corresponding
to an equilibrium phonon occupancy of approximately 95 quanta.
We further reduce this phonon occupancy by sideband cooling the
mechanical oscillator to an occupancy of nth=10 and a mechanical
linewidth of Γ/2π= 200Hz throughout all of our experiments
(see Supplementary Information). A state of microwave squeezed
vacuum is prepared19 using a Josephson parametric amplifier (JPA)
and combined with a strong microwave drive that is tuned to the
cavity’s resonance frequency (ωc/2π=6.89 GHz). The field emitted
by the JPA is sufficiently broadband compared to the mechanical
linewidth that the level of squeezing can be treated as constant
near the mechanical resonance frequency (see Supplementary
Information). By manipulating the phase of the squeezing, θ ,
relative to the phase of the drive, φ, we are able to prepare a
variety of displaced squeezed states that we use to interrogate the
optomechanical cavity by means of a reflection measurement. The
reflected field is then amplified using a cryogenic high-electron-
mobility transistor amplifier before being demodulated using a
homodyne receiver.

Figure 2 shows the power spectral density of the demodulated
mechanical sidebands in the regime where the mechanical motion
is dominated by radiation pressure effects. In this regime, the
effects of the squeezing appear in two distinct ways in the spectra.
The peak height of the Lorentzian lineshape at the mechanical
resonance frequency, Ωm, is largely determined by the magnitude
of the amplitude fluctuations of the drive field, which is responsible
for the backaction. In contrast, the measurement noise floor is
set by the fluctuations of the phase quadrature of the drive. At
intermediate phases between amplitude and phase squeezing, the
correlations of the drive field lead to constructive and destructive
interference in the wings of the mechanical line (see Fig. 2d,e),
yielding a Fano-like lineshape. It is precisely these correlations that
advanced gravitational wave observatories will exploit to enhance
the broadband strain sensitivities of their detectors away from
the mechanical resonance frequency once radiation pressure forces
become important20–22.

The full role of the squeezing can be rigorously understood
by considering the interaction Hamiltonian that couples a cavity
resonator mode â to a mechanical oscillator mode b̂:

Ĥint= h̄g0â†â(b̂†
+ b̂) (1)
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Figure 1 | Experimental concept. a, Optical representation of the experiment. A displaced squeezed state is prepared by combining a strong coherent state
with a state of squeezed vacuum using a 99:1 beamsplitter. The drive field then interrogates the motion of the mechanical oscillator, inducing phase
modulation sidebands in the returned drive’s power spectral density (PSD) above and below the reflected drive’s carrier frequency. b, Equivalent microwave
circuit. Squeezed vacuum is prepared by parametrically pumping a Josephson parametric amplifier (JPA) at twice the resonance frequency of the
optomechanical cavity (2ωc). The squeezed state is then combined with the coherent drive through the coupled port of a 20 dB directional coupler. The
optomechanical circuit (OM) is interrogated by means of a reflection measurement, and the reflected field is then amplified using a phase-insensitive
high-electron-mobility transistor (HEMT) amplifier. c, False-colour image of the aluminium drum deposited on a sapphire substrate (blue) taken with a
scanning electron microscope.

where g0 denotes the vacuum optomechanical coupling rate. In a
linearized regime, a large coherent build-up of the cavity photons
〈â†â〉 = |α|2 achieves a parametric enhancement of the coupling
rate g = g0α, which allows the interaction strength between the
light field and the mechanical oscillator to be tuned by changing
the drive power. We will parameterize the enhanced coupling rate
in terms of the optomechanical cooperativity C ≡ 4g 2/κΓ , where
Γ and κ are the mechanical and cavity linewidths, respectively13.
It is the cooperativity that weights how the fluctuations of the
amplitude 〈(1X̂a〉

2) and phase 〈(1Ŷa)
2
〉 quadratures of the drive

field contribute to the detection’s total added noise.
To characterize the measurement’s noise performance, it will be

useful to quantify the imprecision noise floor in units of equivalent
thermal phonons

nimp=
1−ηdet+4ηdet〈(1Ŷa)

2
〉

4ηdetC̃
(2)

where we have assumed a homodyne detection of quantum
efficiency ηdet (ref. 23) and introduced the weighted cooperativity
C̃ ≡ 4C/(1+ 4(Ωm/κ)

2). As equation (2) confirms, nimp can be
suppressed by squeezing the fluctuations of the drive’s phase
quadrature or by increasing the cooperativity. The contribution to
the thermal phonon occupancy due to measurement backaction,
nba, is proportional to the variance of the light field’s amplitude
quadrature according to

nba= C̃〈(1X̂a)
2
〉 (3)

Thus, nimp and nba are related to one another by the light field’s
Heisenberg uncertainty principle 〈(1X̂a)

2
〉〈(1Ŷa)

2
〉 ≥ 1/16.

When interrogating the cavity with a coherent state, the variance
of the drive’s amplitude and phase quadratures both obey
〈(1Ŷa)

2
〉=〈(1X̂a)

2
〉=1/4, which determines the SNL of the light.

In this case, the noise added by the detection (nadd=nimp+nba) is
governed solely by the choice ofmeasurement cooperativity, and the
minimum value of added measurement noise (nadd> 1/2) directly
follows from the Heisenberg uncertainty principle10,11,13,24. The
introduction of squeezed light provides an additional parameter
through which to reach the ultimate limit25,26 where nadd=1/2. As
is customary, we will parameterize the squeezing by associating
the variance of the drive’s squeezed quadrature, X̂ sqz, with the
squeezing parameter r such that 〈(1X̂ sqz)2〉/SNL = e−2r . As
equations (2) and (3) illustrate, the imprecision–backaction
inequality nimp × nba ≥ 1/16 is maintained in the presence of
the squeezing.

By knowing the vacuum coupling rate ( g0/2π= 170Hz) and
the full quantum state of the cavity field, it is straightforward
to report the measurement’s total noise in phonon units
(nimp+nba+nth+1/2), which is portrayed in Fig. 3. In particular,
we must consider the effects of a limited microwave transmittance
between the JPA and the optomechanical circuit (ηin = 47± 2%)
and a constant thermal occupancy of the cavity field (nc= 0.17),
which act to limit the purity of the squeezing (see Supplementary
Methods). The data show full quantitative agreement with the
expected noise performance in all measurement regimes, including
those where either nimp or nba dominates the detection’s total
noise. Notably, we observe a nearly 3 dB reduction of the total
measurement noise by using amplitude squeezing in the backaction
limit (C� nth). The minimum in the total measurement noise,
however, is achieved at a much lower cooperativity where nimp=nba.
Here, amplitude-squeezed light can in principle mitigate the effects
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Figure 2 | Homodyne power spectral density of the detected mechanical sideband for various squeezing angles, θ . All plotted spectra are normalized to
amplified shot noise. a, Broadband mechanical noise spectra in the presence of an unsqueezed drive as well as amplitude and phase squeezing. For this
data, C=70 and r=0.9. b, Close-up of the Lorentzian mechanical sideband in the presence of various squeezed states. The area of each is proportional to
the equilibrium mechanical mode temperature. Phase squeezing increases the measurement backaction compared with the unsqueezed case, and
amplitude squeezing reduces the backaction. c, Zoomed-in depiction of the baseband noise away from the mechanical Lorentzian. The data have been
smoothed using a moving average with a bin width of 30 points. The phase-squeezed drive lowers the noise floor whereas amplitude squeezing raises it.
d,e, Asymmetric shape of the mechanical resonance at intermediate squeezing phases (C=220). The plotted theory assumes no free parameters.
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Figure 3 | Imprecision and backaction noise in the presence of amplitude and phase squeezing (r=1). The uncertainties are estimated using 68%
confidence intervals for the Lorentzian fit parameters. a, Total detected noise, expressed in units of phonons, versus cooperativity, C. In the presence of
amplitude squeezing (blue squares), we observe more added noise in the imprecision limit and less added noise in the backaction limit compared with an
unsqueezed drive (green circles). These behaviours are reversed in the presence of a phase-squeezed drive (red triangles). The ideal imprecision noise
limits that would be obtained with perfect detection e�ciency are portrayed in the lower left-hand corner. b, Contribution of imprecision noise to the total
added noise. As the imprecision noise should scale inversely with C, we plot the product nimp×C, which should be constant. c, Measured equilibrium
phonon occupancy in the presence of the various drive states.
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Figure 4 | Detecting microwave squeezing using the mechanical state. a, Average integrated noise power of the upper mechanical sideband (measured
using a heterodyne receiver) as the squeezing phase θ is swept (the coherent phase φ is held constant). The colours denote di�erent JPA drive powers and,
correspondingly, di�erent values of the squeezing parameter, r. The fits assume a squeezed thermal state subject to loss (see Supplementary Information).
The squeezing shown in the inset is comparable to that used to obtain the data in Fig. 3. b, Squeezing parameter, r, measured using the optomechanical
cavity versus similar results obtained using conventional homodyne detection performed with a large integration bandwidth (1,000×Γ ). The blue line
depicts a slope of unity. c, E�ective mechanical detection e�ciency of the squeezing, ηOMdet , as a function of drive cooperativity, C (see equation (4)). The
expected range of ηOMdet values (shaded blue) accounts for the uncertainty in the microwave transmittance (ηin=47±2%) between the JPA and the
optomechanical cavity. The uncertainties in b and c correspond to the standard deviation of the mean over 20 experiments.

of a finite detection efficiency26 and allow the measurement to more
closely approach the ultimate quantum limit where nadd= 1/2. In
Fig. 3a, we observe a minimummeasurement noise of 13.4 phonons
when interrogating the mechanical oscillator with an unsqueezed
field. When amplitude-squeezed light is introduced, we find a noise
reduction of 0.5 phonons relative to the unsqueezed case. It is
important to emphasize, however, that this enhancement strongly
depends on the purity of the squeezing and not just its magnitude.
Here, a pure amplitude-squeezed state would have reduced the
noise by nearly 2 phonons.

Just as the squeezing can be used to enhance the detection
of the mechanical oscillator, the mechanical oscillator can be
used to enhance the detection of the squeezing. In either
case, the characteristics of the measurement are embodied by
the interaction Hamiltonian (equation (1)). Here, the coupled
mechanical observable X̂b= b̂†

+ b̂ fails to commute with its bare
Hamiltonian b̂†b̂, causing any measurement disturbance to feed
back into X̂b during the course of the system’s evolution. This
should be contrasted with the coupled cavity field observable â†â,
which suggests that the mechanical oscillator performs a quantum
nondemolition (QND)measurement27 of the cavity photon number.
In the linearized regime, we take â→α+δâ, which transforms the
QND observable to the fluctuations of the amplitude quadrature,
δX̂a, because â†â→ α(δâ†

+ δâ). It is in this sense that the

phonon field state performs a nondestructive detection of the light’s
amplitude quadrature12.

Typically, a light field’s quantum state is tomographically
reconstructed by detecting an ensemble of identically prepared
states with a homodyne receiver. By rotating the phase of the
receiver’s local oscillator, various quadratures of the light field
can be selected over the course of many experiments, and the
quantum state of the field can be reconstructed from the statistics.
Here, as the mechanical mode is sensitive only to the drive’s
amplitude fluctuations, we rotate the phase of the squeezing, θ ,
relative to the phase of the coherent drive, φ, to achieve the same
goal. The equilibrium mechanical occupancy is sensitive to both
the magnitude and phase of the squeezing, so each mechanical
sideband contains information about both r and θ . Thus, we are
able to completely characterize the squeezed state over a bandwidth
comparable to the mechanical linewidth using a heterodyne
measurement of the returned drive’s upper mechanical sideband.
Unlike conventional homodyne detection, however, the QND
measurement pursued here does not destroy the light field on its
detection and ideally leaves the amplitude quadrature unperturbed
by any measurement backaction (see Supplementary Information).

For the mechanical mode to facilitate an efficient detection of
the squeezing, it is critical that the rate at which pump photons are
scattered into the mechanical sidebands, Γscatter=4g 2κ/(κ2

+4Ω2
m),
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greatly exceed the rate of mechanical decoherence, nthΓ . In this
limit, the state of the mechanical oscillator couples more strongly
to the quantum correlations of the microwave field than to the
mechanical thermal environment. Thus, even when being driven
by amplitude-squeezed light, radiation pressure noise continues
to strongly influence the equilibrium phonon occupancy. To
demonstrate this idea, wemeasure the total noise power of the upper
mechanical sideband at various measurement cooperativities as the
squeezing phase, θ , is rotated. By normalizing the phase-dependent
mechanical noise power to the detected level of mechanical noise in
the presence of a coherent state drive, we reconstruct the squeezed
state’s quadrature noise power in Fig. 4a. Just as with conventional
homodyne detection, the measured level of squeezing can be
quantified by an effective detection efficiency, ηOMdet , according to

〈(1X̂a)
2
〉measured

SNL
=1−ηOMeff +η

OM
eff ×
〈(1X̂a)

2
〉input

SNL
(4)

At high drive strengths where nth � nimp, ηOMeff scales with
cooperativity according to ηOMdet =(1+nthΓ/Γscatter)

−1. At the highest
measurement cooperativities accessible in our experiments, we
expect ηOMdet ≈ 94%, which is confirmed in Fig. 4b. It should
be emphasized that this inferred detection efficiency does not
include the effects of microwave loss suffered by the squeezed
state on its way to the detector. Our results are comparable to
state-of-the-art microwave detection efficiencies achieved using
JPAs28, and amount to a 30-fold improvement over the homodyne
efficiency of the conventional detection chain used in these
experiments (ηdet=3%).

These measurements demonstrate both how quantum states of
the light field can improve mechanical measurements and how
mechanical systems can make improved measurements of the light.
Looking forward, radiation pressure forces from squeezed light are
expected to play an important role in determining the ultimate
precision of future gravitational wave observatories21. Squeezed
light could also prove to be a valuable resource for the preparation
of squeezed states of mechanical motion29. Furthermore, cavity
optomechanical systems in the backaction-dominated regime offer
an ideal testbed for quantum-enhanced displacement sensing with
other non-classical states of light1,22. Last, the QND nature of the
measurement of the light field also opens the door for new types of
mechanically mediated deterministic noiseless amplification30.
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