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The resonant enhancement of both mechanical and optical response in microcavity optomechanical devices allows
exquisitely sensitive measurements of stimuli, such as acceleration, mass, and magnetic fields. In this work, we show
that quantum correlated light can improve the performance of such sensors, increasing both their sensitivity and their
bandwidth. Specifically, we develop a silicon-chip-based cavity optomechanical magnetometer that incorporates phase
squeezed light to suppress optical shot noise. At frequencies where shot noise is the dominant noise source, this allows
a 20% improvement in magnetic field sensitivity. Furthermore, squeezed light broadens the range of frequencies
at which thermal noise dominates, which has the effect of increasing the overall sensor bandwidth by 50%.
These proof-of-principle results open the door to apply quantum correlated light more broadly in chip-scale sensors

and devices.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (120.4880) Optomechanics; (270.6570) Squeezed states; (140.3945) Microcavities; (140.4780) Optical resonators;
(280.4788) Optical sensing and sensors; (130.3120) Integrated optics devices.
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1. INTRODUCTION

Cavity optomechanics [1-3] has attracted increasing research in-
terest for both fundamental studies and practical applications.
Strong radiation pressure coupling between high quality mechani-
cal and optical resonances has enabled the demonstration of a
range of interesting quantum behaviors, such as ground state cool-
ing of macroscopic mechanical oscillators [4-7], quantum squeez-
ing of mechanical motion [8—11], and the production of squeezed
light [12,13], while the combination of resonance enhanced
mechanical and optical response [14] has enabled precision
sensors [15] ranging from kilometer-sized laser interferometer
gravitational wave detectors [16,17] to micro/nanoscale silicon-
chip-based force [18], mass [19], acceleration [20,21], and mag-
netic field [22-25] sensors.

The precision of cavity optomechanical sensors is generally con-
strained by three fundamental noise sources: thermal noise from
the environment, shot noise from the photon number fluctuations
of the light used to probe the system, and quantum backaction
noise arising from the radiation pressure of the probe light. The
noise floor can be engineered using quantum correlated light.
For instance, squeezed light [26-28] allows the shot noise to be
suppressed [29], thereby improving the sensitivity if the shot noise
is dominant. Squeezed light has been used, for example, to improve
the precision of gravitational wave interferometry in both the Laser
Interferometer Gravitational-Wave Observatory (LIGO) and the
GEOG00 [30-32], and it has also been used in nanoscale measure-
ments of biological systems [33], laser beam positioning [34,35],

2334-2536/18/070850-07 Journal © 2018 Optical Society of America

and magnetic field measurement using atomic magnetometers
[36,37]. In cavity optomechanics, it has been used to enhance mea-
surements of thermal noise [38], improve both feedback [39] and
sideband cooling [40], and study the backaction from the radiation
pressure force [41]. However, it has not previously been used to
improve cavity optomechanical sensors of external stimuli. Here,
we demonstrate the first application of squeezed light in such a
sensor, specifically, in a cavity optomechanical magnetometer
[22,23]. At frequencies where shot noise is dominant, squeezed
light suppresses the noise floor, improving the magnetic field sen-
sitivity. Moreover, by increasing the range of frequencies over which
thermal noise is dominant, the sensor bandwidth is also increased.
A squeezed light enhanced sensor bandwidth [42] is of importance
in applications that need good sensitivity in a broadband range,
e.g., in magnetic resonance imaging.

2. THEORETICAL ANALYSIS

Figure 1(a) shows a conceptual schematic of a cavity optomechan-
ical magnetometer, comprised of an optical cavity, coupled to a
mechanical oscillator. The mechanical oscillator is driven by a
force Fy induced by a magnetic field via the magnetostrictive
effect [22] along with thermal and backaction noise forces.
The mechanical motion of the oscillator changes the cavity length
and, thus, the optical resonance. This modulates the phase of an
injected squeezed probe field and can therefore be read out via an
optical phase measurement. In our case, the optical cavity is a
microtoroid, whose circumference is modified by mechanical
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Fig. 1. (a) Conceptual schematic of a cavity optomechanical system probed with squeezed light. Here, F and Fy, denote the magnetic field induced
force and the thermal force on the mechanical oscillator. (b) Left: a schematic of a microtoroid magnetometer coupled with a nanofiber. Right: the cross
section of a microtoroid, of which the optical field is distributed along the inner surface. The mechanical motion changes the circumference of the cavity
and, thus, shifts the optical resonance. (c) and (d) Theoretical result for squeezing enhanced performance of the magnetometer. Here, we use a squeezing
factor of 10 dB. In (c), top-left and bottom-left plots correspond to the strong probe power case, where P = 102, with P defined as the power when the
thermal noise on mechanical resonance equals the shot noise level (SNL), i.e., z = 1/(165C), while top-right and bottom-right plots correspond to the
weak probe power case, where P = 0.1P. (c) Top left and top right, the noise power spectrum normalized to the SNL. Black short-dotted curve, thermal
noise; purple short-dashed line, vacuum shot noise for coherent probe; magenta dashed line, squeezed vacuum noise for squeezed probe; red solid curve,
total noise for coherent probe; blue dash-dotted curve, total noise for squeezed probe. Bottom left and bottom right, the sensitivity as a function of
frequency for coherent (red solid curves) and squeezed (blue dash-dotted curves) probe, respectively, normalized to éBgeak, which is the peak sensitivity for
the squeezed probe in the strong probe power case. (d) The peak sensitivity 5BP<* (normalized to §Bf ") as a function of the probe power P for coherent
(red solid curve) and squeezed (blue dash-dotted curve) probes, respectively.

motion, as illustrated in Fig. 1(b). Our experiments operate in the
unresolved sideband regime, where the optical decay rate « is
much larger than the mechanical resonance frequency Q. In this
regime, the thermal force noise dominates the backaction noise
when 72 > Vi C [3], where 7 is the thermal phonon occupancy
of the mechanical oscillator, Vi is the variance of the
anti-squeezed field in the optomechanical cavity, and C is the op-
tomechanical cooperativity, which quantifies the strength of radi-
ation pressure optomechanical coupling relative to the mechanical
and optical dissipation rates and is proportional to the probe laser
power. For the few megahertz frequencies we use, 7~ 10° at
room temperature; while with the optical and mechanical proper-
ties of our optomechanical microresonator, and for the maximum

optical power, we use C ~ 1000. Consequently, the mechanical
force noise is dominated by thermal noise, and we neglect back-
action noise henceforth.

The displacement x of the mechanical oscillator in response to
an external force F is quantified in the frequency domain by the
mechanical susceptibility y (). To illustrate the physics, we con-
sider the simple case of a single mechanical resonance, for which
y(@) = 1/(mg5(Q* - @? - iwl)), where mg is the effective
mass of the mechanical oscillator, and T' is its damping rate,
enhancing the mechanical response to near resonant forces [see
top left and top right of Fig. 1(c)]. Quite generally, in cavity op-
tomechanical sensors, away from resonance, optical shot noise is
dominant, allowing squeezed light enhanced sensitivity; while for
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a single-sided cavity in the unresolved sideband regime, thermal
noise dominates shot noise at resonance if 2z > 1/(16nC), where
n is the optical detection efficiency.

A magnetic field is resolvable when the signal it induces is
larger than the total noise floor. Neglecting backaction noise, this
leads to a minimum detectable force §F,

271/2
— . 1
x(@) ] .

VS Z
OF = \/ZmengBT{l +1 6;‘1; -

In this equation, 45 and 7" are the Boltzmann constant and the
temperature, respectively. The first term in the bracket on the
right hand side represents the thermal noise, while the second
term represents the optical noise with V', as the variance of
the detected squeezed field. Introducing an actuation constant
Cae = F /B, which characterizes how well the magnetic field B
is converted into an applied force F on the mechanical oscillator
[22], the magnetic field sensitivity is 6B = 6F [c,q.

From Eq. (1), we see that the peak sensitivity occurs on
mechanical resonance. In the case where thermal noise is domi-
nant at mechanical resonance frequency (z > 1/16C), squeezed
light does not significantly change the peak sensitivity, instead
extending the frequency range over which thermal noise domi-
nates, and, therefore, the sensor bandwidth [bottom left of
Fig. 1(c)]; while in the case where optical noise is dominant
on resonance (7 < 1/16C), both the peak sensitivity and band-
width are improved by squeezed light [bottom right of Fig. 1(c)].
The saturation of sensitivity to the optimal (thermal noise lim-
ited) sensitivity as probe powers increase is shown in Fig. 1(d).
It can be seen that squeezed light reduces the probe power re-
quired to reach the optimal sensitivity. We note that similar sen-
sitivity and bandwidth improvements could also be achieved by
increasing the probe power. However, this strategy cannot be pur-
sued infinitely due to deleterious effects from the probe, such as
detector saturation and absorption heating of the optomechanical
device. Of particular relevance to optomechanics, at high probe
power, dynamic backaction causes parametric instabilities that de-
grade sensitivity [43]. These instabilities are especially problem-
atic for the high quality mechanical resonators desirable for
precision optomechanical sensing.

x(Q)

3. EXPERIMENT AND RESULTS
A. Measurement of the Optomechanical System

In our experiments, the optomechanical magnetometer is a microt-
oroid cavity embedded with a grain of magnetostrictive material
(terfenol-D) [22,23], as sketched in Fig. 1(b). In such magnetom-
eters, the magnetic field deforms the microcavity via the magneto-
strictive expansion and shifts the optical resonance. In the case of an
alternating current (AC) magnetic field, the magnetostrictive
material exerts a periodic force on the mechanical oscillator, which
can drive the mechanical motion of the toroid. When the micro-
cavity is excited on optical resonance, the mechanical motion trans-
lates into a pure phase modulation of the transmitted light at the
mechanical frequency, which is read out with a homodyne detector
and recorded using a spectrum analyzer.

The measurement setup for squeezed light enhanced magne-
tometry is shown in Fig. 2. A neodymium-doped yttrium alumi-
num garnet (Nd:YAG) laser is used to produce squeezed light at a
wavelength of 1064 nm. Phase-squeezed light is generated
through a parametric down conversion process in a 10 mm
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Phase lock

Fig. 2. Measurement setup for squeezed light enhanced cavity opto-
mechanical magnetometry. Squeezed light at a wavelength of 1064 nm is
used to probe the magnetometer. The magnetometer is a microtoroid
with terfenol-D embedded inside, as shown in the scanning electron
microscope picture. The optical Q factor of the toroid mode
is about 1 x 106, corresponding to an optical damping rate of
k/2m ~ 300 MHz. The mechanical motion of the toroid is measured
by performing homodyne detection. LO, local oscillator; BBS, balanced
beam splitter, comprised of two polarization beam splitters and a half
wave plate; ESA, electronic spectrum analyzer; ENA, electronic network
analyzer.

periodically poled potassium titanyl phosphate (PPKTP) crystal
enclosed in a linear cavity [39]. As shown in Fig. 2, both the
532 nm light (the pump light) and the 1064 nm light (the seed
light) are injected into the cavity. To generate phase-squeezed
light, the pump phase is locked to the seed beam amplification.
The light is coupled into the microtoroid evanescently through an
optical nanofiber with a diameter of about 700 nm. The optical
resonance of the cavity is thermally tuned to match the wave-
length of the laser. The cavity phase is actively locked using a feed-
back system [44]. A coil is used to produce an AC magnetic field
to test the magnetic field response of the magnetometer. The
mechanical motion of the toroid is measured by performing ho-
modyne detection. The balanced homodyne detector combines
two inputs: a relatively weak probe, which couples with the mi-
crocavity, and a relatively strong local oscillator (LO), which
comes from the same laser but without going through the micro-
cavity. An electronic spectrum analyzer (ESA) is used to record the
noise power spectrum. In order to measure the response of the
magnetometer to magnetic fields at different frequencies, we drive
the coil with the output of an electric network analyzer (ENA)
and measure the magnetic field response at each frequency with
the same ENA.

B. Characterization of the Squeezed Light

To characterize the squeezed state transmitted through the fiber, we
decouple the microtoroid from the nanofiber and measure the ho-
modyne detection signal of the field quadratures by linearly sweep-
ing the LO phase 6. As shown in the dark gray curve in Fig. 3(a),
when 6 is swept continuously, the noise power changes periodically,
following the equation V' = V', cos? @ + Vi sin? 0, with V
being the anti-squeezed quadrature variance. The black solid curve
is the fitted result based on this equation, yielding V', = 0.56 and
Vg = 6.3. Ideally, the product V,V,,; = 1, satistying the
Heisenberg uncertainty limit, but, in reality, this limit is not
reached, due to loss of the squeezed light during propagation in
the setup. The squeezed light source has a squeezing of about

11 dB (corresponding to a squeezing factor of V', = 0.08), which
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Fig. 3. (a) Characterization of the squeezed state before coupling to
the microtoroid. The dark gray curve shows the noise power when sweep-
ing the LO phase continuously with its theoretically fitted result shown in
the black solid curve. The red and blue solid curves are the noise power
with coherent and squeezed probes when the LO phase is locked at the
phase quadrature. (b) The measured noise power from the microtoroid
with both coherent (light gray curve) and squeezed (dark gray curve)
probes, respectively. The red solid and the blue dashed curves are the
fitted results for the measured ones. The three peaks correspond to three
mechanical resonance modes (from left to right: tilting mode, flapping
mode, and crown mode) with the profiles shown in the inset, obtained

using COMSOL Multiphysics.

is degraded by the inefficiencies in the system. These inefficiencies
include: loss on the escape from the squeezing cavity, coupling loss
from free space into fiber, propagation loss in the nanofiber, cou-
pling loss from free space to the fiber, loss in propagation through
optical components, and photodetector inefficiency. Transmission
losses of ~37% through the nanofiber are the dominant source of
loss. These losses could be straightforwardly addressed in the future
by using a more adiabatic tapered nanofiber, which has been shown
to allow transmission losses under 1% [45]. The overall loss, before
coupling to the optomechanical magnetometer, of 54% degrades
Vg from 11 to 2.5 dB. The noise power reaches its minimum
when locked at the phase quadrature, and we lock € to that quad-
rature henceforth. The red and blue curves in Fig. 3(a) show the
noise power for phase quadrature measurement of coherent and
squeezed probes, respectively.

C. Noise Spectra with Coherent and Squeezed Probes

The squeezed field is coupled into the microcavity through the
nanofiber. A trade-off exists when choosing the coupling rate.
Ciritical coupling, where the coupling rate k; equals the intrinsic
loss rate kg, provides the maximum signal transduction. However,
with this choice of coupling, the probe field is entirely absorbed
within the cavity, completely removing any squeezing, and,
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Fig. 4. Characterization of the noise power spectra around the crown
mode, under different probe powers: (a) 80 pW, (b) 20 pW, and
(c) 5 pW. The light gray and dark gray curves are the measured noise
power for coherent and squeezed probes, respectively. The other curves
are the theoretically fitted ones: black short-dotted curves, thermal noise;
purple short-dashed lines, vacuum shot noise with coherent probe; ma-
genta dashed lines, squeezed vacuum noise with squeezed probe; red solid
curves, total noise for the coherent probe; and the blue dash-dotted
curves, total noise for the squeezed probe. On the right axes of the figures,
it shows the corresponding displacement amplitude spectral density S 2
The mechanical damping rate is extracted from the linewidth of the mode
in the thermal noise spectrum to be I'/27 = 42 kHz. The effective mass
of the crown mode is determined to be m.g = 6.06 ng obtained from
COMSOL modeling. The displacement amplitude spectral density S 22
is plotted on the right axes of the figures.

therefore, prohibiting squeezed light enhancement. Here, we
choose a compromise coupling rate x; = 0.52k,, which main-
tains high intracavity power and significant squeezing levels.
This coupling rate corresponds to a transmission of about
90% on optical resonance, and this additional 10% loss causes
a degradation of squeezing from 2.5 to 2.2 dB. The noise power
with both coherent and squeezed probes in the frequency range of
7—11 MHz is measured, as shown in the light gray (for coherent
probe) and gray (for squeezed probe) curves in Fig. 3(b). With a
probe power of 80 pW, three peaks appear in this frequency range
of the noise spectrum, corresponding to three thermally excited
mechanical resonance modes. We use COMSOL Multiphysics
simulations to identify these three modes as the tilting mode, flap-
ping mode, and crown mode with the corresponding mode pro-
files shown in the inset. It can be seen that over the frequency
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ranges where the optical noise dominates, the noise floor is sup-
pressed by up to 2.2 dB by squeezed light, while it is left essen-
tially unchanged when thermal noise dominates.

In order to carefully study the effect of the probe power on the
noise spectrum, in the following, we focus on the crown mode with
mechanical resonance frequency of Q/27 = 10.035 MHz. This
mode is chosen due to the particularly clean noise power spectrum
in its vicinity. Figure 4(a) shows the noise (normalized to the shot
noise level) in the vicinity of the crown mode with probe power
P = 80 pW. As expected, in this case, the noise level remains un-
changed by squeezing near the resonance frequency, where thermal
noise is dominant and is suppressed away from resonance. As the
probe power gradually decreases, the thermal noise drops relative to
the shot noise. As shown in Figs. 4(b) and 4(c), the shot noise is
dominant in the whole frequency range for probe powers of 20 and
5 pW. At these power levels, squeezing allows the noise floor to be
suppressed over the entire frequency ranges. These results are con-
sistent with the predictions in Fig. 1(c).

D. Squeezed Light Enhanced Magnetic Field Sensing

The magnetic field sensitivity of the magnetometer is then charac-
terized. We first characterize the absolute sensitivity at a single fre-
quency @, /2n = 8.615 MHz The inset of Fig. 5(a) shows the
power spectrum at @,.¢, when the magnetometer is driven with a
magnetic field with known strength B,¢. The sensitivity at this fre-
quency can be derived from the signal-to-noise ratio (SNR) and
Bugs 0By = Bug/RBW x SNR [22], with RBW being the
measurement resolution bandwidth. Figure 5(a) plots the sensitiv-
ity at this frequency as a function of the probe power. The red
triangles and the blue circles represent the measured result for co-
herent and squeezed probes, respectively, with the error bars ob-
tained by taking into account the fluctuation of about £0.5 dB
in the measured noise spectrum. As expected, the sensitivity is im-
proved by squeezing at low probe power, where the shot noise is
dominant, and reaches the same optimal sensitivity at high probe
power, where the thermal noise is dominant, and in good agree-
ment with theoretical fits. For instance, the sensitivity at 2.5 p\W
probe power is improved from 35.9 nT/ VHz t029.2 nT/ /Hz,
and thermal noise limited sensitivity is about 15.7 n'T/~/Hz for
both coherent and squeezed probes. The sensitivity at ¢ can be
used along with the noise spectrum NV, and network response R,
to calibrate the sensitivity 6B, over the whole frequency range,
6B, = 5Bref\/ (NyR.f)/(N,sR,). This allows the effect of
squeezing on bandwidth to be analyzed, as discussed in the follow-
ing. For a probe power of 80 pW, the peak sensitivity in the whole
frequency range is found to be about 5 nT/+/Hz at w/27 ~
8.543 MHz for both coherent and squeezed probes.

The sensitivity is found to vary significantly over frequency
ranges of around 10 kHz due to resonances in the response of
terfenol-D, as shown in the sensitivity spectrum in the bot-
tom-right inset of Fig. 5(b), and consistent with previous obser-
vations [22]. This precludes comparison of the magnetometer
bandwidth as a function of squeezing to a simple theory.
Instead, here, we analyze the squeezing dependence of the accu-
mulated bandwidth, defined as the total frequency range, over
which the sensitivity is better than a certain threshold value
OB resh (see bottom-right inset). In Fig. 5(b), we plot the accu-
mulated bandwidth for coherent (red solid curve) and squeezed
(blue dash-dotted curve) probes at a probe power of 80 pW. It can
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Fig. 5. Sensitivity and bandwidth improvement. (a) Sensitivity at the
frequency of 8.615 MHz, as a function of the probe power. The red
triangles and blue circles represent the measured results for coherent
and squeezed probes, respectively. The error bars are obtained by taking
into account the fluctuation in the noise power measurement. The red
solid (coherent) and blue dash-dotted (squeezed) curves are the corre-
sponding theoretical fitted result. The inset shows the power spectrum
when the magnetometer is driven at this frequency with the peak denot-
ing the signal induced by the magnetic field. (b) The accumulated band-
width as a function of the threshold sensitivity for the coherent (red solid
curve) and squeezed (blue dashed curve) probes, respectively. Top-left
inset: the zoom-in of the accumulated bandwidth in the frequency range
0f 0-0.07 MHz, showing the 3 dB bandwidth of 30 kHz for the coherent
probe and 45 kHz for the squeezed probe. Bottom-right inset: the sen-
sitivity spectrum in the frequency range of 8.537-8.563 MHz, showing
the definition of the accumulated bandwidth. For a threshold sensitivity
of 15 nT/ +/Hz, the accumulated bandwidth is defined as the sum of the

frequency ranges within the two red arrows.

be seen that, for each 8B, 4, the accumulated bandwidth for the
squeezed probe is greater than that for the coherent probe. The
upper-left inset of Fig. 5(b) shows the accumulated bandwidth
over the smaller frequency range of 0-70 kHz. Squeezed light
expands the 3 dB bandwidth (corresponding to OBy e =
10 nT/~/Hz) by 50%, from 30 kHz (for coherent probe) to
45 kHz (for squeezed probe).

4. CONCLUSIONS

In summary, we have demonstrated the first application of quan-
tum light in a microcavity optomechanical sensor. By probing a
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cavity optomechanical magnetometer with phase squeezed light,
the noise floor is suppressed by about 40%, allowing improved
sensitivity by about 20% in the shot noise dominated regime,
and a 50% enhancement in accumulated bandwidth from 30
to 45 kHz. Squeezed light further reduces the optical power re-
quired to reach the optimal sensitivity.

Our approach provides a way to improve the sensitivity of the
cavity optomechanical magnetometer over a broad frequency
range and also opens up possibilities for improving other opto-
mechanical sensors, e.g., inertial sensors [20,21]. While a 20%
improvement in sensitivity is relatively modest; recent advances
in squeezing technologies [46—49] hold promise for more sub-
stantial improvements. For instance, with detected squeezing
of 15 dB recently reported [49], a sensitivity improvement of
a factor of 5.6 could potentially be realized. Moreover, squeezed
light could be generated on the same silicon chip as the sensor
itself, using radiation pressure induced optomechanical effects
[12,13], nonlinear effects in optical resonators [50], or nonlinear
waveguides [51]. Further improvements may be possible by
optimizing the magnetometer design itself with sensitivities on
the order of 100 pT/ Hz reported in previous cavity optome-
chanical magnetometers [23]. Sensitivities in this range make
cavity optomechanical magnetometers a promising candidate
for a range of applications, such as on-chip microfluidic nuclear
magnetic resonance for medical diagnosis [52] and magnetoence-
phalography [53], without the requirement for cryogenic systems
that are necessary for other precision magnetometers, such as
superconducting quantum interference device (SQUID)-based
magnetometers [54,55].
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