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ABSTRACT

We present a number of approaches, currently in experimental development in our research groups, toward the general problem of
macroscopic quantum mechanics, ie., manifestations of quantum noise and quantum fluctations with macroscopic (engineered and
microfabricated by man) mechanical systems. Discussed experiments include a pendulum, a torsion pendulum, a ng-scale phononic-crystal sili-
con nitride membrane, a u g-scale quartz resonator, and mg-scale mirrors for optical levitation. We also discuss relevant applications to quan-
tum thermometry with optomechanical systems and the use of squeezed light to probe displacements beyond conventional quantum limits.
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I. GENERAL INTRODUCTION: WHY MACROSCOPIC
QUANTUM MECHANICS?

Optomechanics is the field of physics that deals with the coupling
between the light field and mechanical motion, either by radiation-
pressure, the photothermal force, or the gradient force.”
Optomechanics has experienced a huge development over the last
25 years, with a number of landmark experiments: feedback cooling of a
mirror,” radiation-pressure cooling,*” quantum ground state of an opto-
mechanical system,” asymmetry of motional sidebands,” etc. These
experiments take advantage of an important feature of optomechanical
systems, the ability to couple them to a colder degree of freedom (such
as the light field for radiation-pressure cooling) to achieve ground state
cooling at temperatures far below their environment. This, together
with the unprecedented sensitivity of interferometry to probe displace-
ment, allows to demonstrate at the macroscopic scale quantum mechan-
ical effects usually associated with microscopic systems, such as cold
atoms or trapped ions.

This article presents a number of experiments performed in
Japanese and French research groups, within the QFilter collaboration
jointly funded by JST and ANR, all with the goal of achieving a partic-
ular aspect of macroscopic quantum mechanics (MQM), either to
demonstrate quantum effects in macroscopic mechanical systems, to
take advantage of optomechanical effects to achieve quantum ther-
mometry, or to use squeezed light to probe displacements beyond lim-
its related to quantum fluctuations of the light field. Discussed
mechanical systems include a torsion pendulum, a ng-scale phononic-
crystal silicon nitride membrane, a ug-scale quartz resonator, and
mg-scale mirrors for optical levitation.

Il. MULTIPLE PATHS TOWARD MQM

A necessary condition to observe a quantum behavior of a test
mass is that the classical noise level of the measurement be sufficiently
low compared with the standard quantum limit (SQL). Heisenberg’s
inequality reads Ax(t)Ap(t) > /2, which can be translated to
$:(Q) > h/mQ* (= Ssqr.(Q)), with S, (Q) being the power spectrum
of the position measurement at the observation frequency Q.°

In a position measurement of a test mass using a laser interfer-
ometer as a probe, oscillator thermal noise and mirror thermal noise
are major classical noise sources. Let us start from the oscillator ther-
mal noise.

A test mass can be modeled as a damped harmonic oscillator,
with a power spectrum of the thermal displacement noise:”

)

Sn = Q[(k — m@*)* + k2¢?]’ =

where kg is the Boltzmann constant, T is the physical temperature, ¢
is the internal mechanical loss, k is the spring constant of the oscillator,
m is the mass, and Q is the measurement frequency. In the case of vis-
cous damping, the internal mechanical loss is replaced by yQ/k, with
7 being the viscous damping rate.

Neglecting the frequency dependence of k and ¢, one can see
from Eq. (1) that the thermal noise level /Sy, is inversely proportional
to Q%3 below the resonant frequency of the oscillator Qo = /k/m
and to Q> above Q. Since /Ssqr, decreases with frequency by Q'
the oscillator thermal noise level is relatively low above the resonant
frequency.

scitation.org/journallaqs

While the oscillator thermal noise is a displacement fluctuation
of the test mass, the mirror thermal noise is a sensing noise caused by
a deformation of the test mass or of a reflective coating on the surface.
In a simplified form with some approximations, the power spectrum
of mirror thermal noise is given by

4kBT 1-— I/z

Sm =—¢ NG D 2
where wy is the beam radius on the mirror, v is the Poisson ratio, Y is
the Young’s modulus, and ¢, is the mechanical loss of the mirror sub-
strate. Mirror thermal noise consists of thermal noise of many elastic
modes with k of each mode sufficiently higher than the inertial term
with the effective mass of each mode. The obtained mirror thermal
noise level 1/S,, is inversely proportional to Q. Taking both oscillator
thermal noise and mirror thermal noise into account, a promising fre-
quency band for the MQM will be limited to ; < Q < Q,, where Q,
is the frequency at which oscillator thermal noise reaches the SQL and
Q, is the frequency at which mirror thermal noise reaches the SQL;

Q; < €, is a necessary condition for the quantum measurement.
Let us assume that the spring constant k does not depend on the
mass m and the observation frequency Q is higher than the mechani-

cal resonance \/k/m. With the increase in the mass, the SQL

decreases by \/1/m, the oscillator thermal noise level decreases by
1/m, and the mirror thermal noise level stays constant in the simpli-
fied expressions. Since ) decreases faster than Q, with 1/m, the
promising frequency band for the MQM becomes smaller with
increasing mass. Testing the MQM is, thus, more challenging with a
heavier test mass.

One solution to relax the condition is to introduce an additional
trapping mechanism to the damped oscillator. On the right-hand side
of Eq. (1), k in the numerator is a part of the structural damping term
ik¢ while k in the denominator represents the elastic restoring force.
With an additional trapping mechanism that does not introduce an
additional damping, only k in the denominator is to be replaced by the
new spring constant and the thermal noise level can be reduced. A use
of a pendulum is one example. The elastic force of a thin wire is
smaller than the gravitational restoring force; ko < kg = mg/(, and
there is no damping force introduced from the gravity. Replacing k in
Eq. (1) by K’ = ko + kgr, we obtain

o 4kg TK kel
B Q[(k’ - sz)z + k’z(ﬁz} kel + kgra

Sth (3)
The fraction in front of ¢ represents the reduction of the thermal noise
level and it is called a gravitational dilution factor. The diluted
mechanical loss of the pendulum is approximately given by~

kel Y, nud*
ELUN N AL (4)
P kgra¢ 64mgl® ¢

where Y,, is the Young’s modulus, d is the diameter, ¢ is the length,
and 7 is the number of suspension wires. Reducing the elastic restoring
force by using long and thin wires, one can reduce the oscillator ther-
mal noise. This is one approach to test the MQM with a large mass.
Practically, however, a required thickness of the wire is as thin as d
~ 2 um to obtain a significant dilution (>1/100) with a milligram-
scale test mass.
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Fie. 1. Thermal noise spectra and SQL of various masses. Left: 10 ng mechanical oscillator. Dashed curves are the oscillator thermal noise spectrum and the SQL with an
external control. Center: 1 mg mass suspended by a single-loop pendulum. Right: 10 mg mass suspended by a single-loop pendulum.

Another possible approach to reduce oscillator thermal noise is
the levitation of the test mass; no mechanical contact exists between
the test mass and the environment. The test mass is trapped by some
sort of force (e.g., magnetic, electrostatic, radiation pressure, etc.). If
the trapping mechanism does not introduce large fluctuations to the
test mass, it is a promising approach to test the MQM. While the grav-
itational dilution in the pendulum is less significant for the mass ligh-
ter than a milligram scale, the levitation approach tends to work well
with a light mass.

Figure 1 shows the SQL and thermal noise spectra with a micro-
mechanical oscillator (left) and with a pendulum (center and right).
Here, we use thermal noise formulae that are more complex and real-
istic compared with those we have introduced. For the mirror thermal
noise, the mechanical loss of the reflective coatings, which is actually
larger than the loss in the substrate, is included. The mechanical loss
of the substrate is set to 107 but it is effectively 107> with the coating
loss included. The beam radius on the mirror is set to ~1/5 of the
mirror radius. For oscillator thermal noise, the mechanical loss is set
to 10~?, which is challenging but necessary to have the SQL higher
than the thermal noise level at the resonance with m = 10 ng. For pen-
dulum thermal noise, the violin modes of the suspension wires are
included in the calculation. The thermal noise level matches well to
the approximated formula at frequencies below the first violin mode,
but it deviates from the formula above the frequency. The wire thick-
ness is set to 5 um and the length is 1 cm. The material of the mirror,
the oscillator, and the pendulum wire is silica.

In the left panel of Fig. 1, the oscillator thermal noise level is
higher than the SQL at the oscillator resonance (solid curves). If we
apply an external control to damp the motion at the resonance with-
out introducing extra noise, the thermal noise level becomes lower
than the SQL (dashed curves). This technique is called cold damp-
ing. 1314 A g mentioned above, the mechanical loss of 10~° we assumed
here is quite challenging. The requirement can be relaxed with .

In the right panel of Fig. 1, the SQL can be reached at around a
few hundred Hz. The dilution factor with the 10 mg mass is 47 and
the suspension thermal noise level is well suppressed. In the center
panel, however, the SQL can be hardly reached. The dilution factor
with the 1 mg mass is still as high as 15, but the violin modes come

down to the promising frequencies and the suspension thermal noise
prevents the MQM.

The MQM is then not available with a mass in the range between
~1 ug and ~1 mg, but levitation is promising for a mass in this range.
As is summarized in Fig. 2, an appropriate regime to realize the MQM
with a mass over a milligram would be to use a pendulum, that with a
mass lighter than a micro-gram is to use a good mechanical oscillator,
and that with a mass in-between would be to use a levitation tech-
nique. There is a technique to reduce thermal noise using a mechanical
oscillator with a mass heavier than 1 ug, and there is an effort to use a
pendulum with a milligram scale mass, so the borders of the regimes
are still flexible. In our MQM study group, we setup various experi-
mental apparatuses with one of the three regimes. In the following
(Secs. ITI-VIIT), we present a number of experiments performed in our
collaboration in order to demonstrate SQL-related effects. We also dis-
cuss (Secs. IX and X) some related experiments.

. EXPERIMENTS WITH PLANCK-MASS RESONATORS

To investigate the mass domain around the Planck mass, we
have designed a novel resonator shaped as a micropillar'” shown in
Fig. 3(a). For the fundamental longitudinal mode, the displacement

optical
levitation
canti-lever
membrane

pendulum
pg ng ug mg g kg ~ mass
mechanical levi- ndulum
oscillator tation pendulu

Fic. 2. Three regimes to realize the MQM with different masses.
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Fic. 3. The mm-scale micropillar. (a) Finite-element modeling of the fundamental vibration mode. Color (from blue to red) indicates total displacement. (b) Scanning electron
micrograph of an etched structure, with the additional isolation frame. (c) Optical view of a 100-x m high-reflectivity mirror coated on one end-face of the micropillar. (d) 1-cm

chip clamped inside the optical cavity mount. () View of the optomechanical cavity.

profile is predominantly flat across the end face, with the strain gradi-
ent along the pillar axis. Such a geometry allows for the clamping of the
resonator at a longitudinal node location, and to coat the optical mirror
in a stress-free region. Thus, both clamping loss and coating loss are
expected to be very low, despite the poor intrinsic mechanical quality fac-
tor of the coating layers, and we can expect a mechanical quality factor
Q mostly limited by the bulk material’s internal losses. To maximize the
mechanical quality factor Q of the resonator, monocrystalline quartz is
chosen since it has the lowest known intrinsic mechanical loss
(Q > 10°) at cryogenic temperatures. With an additional symmetric
decoupling frame [see Fig. 3(b)], a Q above 10° at room temperature is
expected from finite element simulations for this design.

With a pillar length / ~ 1 mm, the resonance frequency of the
fundamental compression mode is in the MHz range. As the trans-
verse pillar size I, must be much larger than the spot size of the laser
beam (here in the 10-um range) to minimize clipping loss, we have
chosen I, ~ 200 um [Figs. 3(c)-3(e)]. The effective mass m is then on
the order of m ~ 100 ug, in the same range as the Planck mass mp.

Displacement sensing is performed with an interferometric setup
shown in Fig. 4. A Nd:YAG laser at A = 1064 nm is sent through a tri-
angular filtering cavity, which suppresses its classical phase and inten-
sity fluctuations and provides spatial filtering of the beam. The TEMg,

Homodyne
detection

Gaussian mode is mode matched to the high-finesse cavity by focusing
lenses. The laser beam is split in two beams: one sent to a homodyne
detection scheme, used to feed the feedback loop that lowers the effec-
tive temperature of the resonator, the second to a Pound-Drever-Hall
(PDH) detection scheme, which provides an independent and out-
of-the-loop displacement measurement. With a cavity finesse .#
~ 50000 and optical power of a few tens of u W, both detection
schemes have a displacement sensitivity on the order of 1078 m/v/Hz,
sufficient to probe the displacement noise at the quantum ground state.

Cooling is performed here with the cold damping scheme. The
measured displacement signal is used to estimate the resonator’s veloc-
ity and drive the resonator with an additional damping force, through
the radiation pressure force of a modulated beam.” In the presence of
the additional damping, the mechanical resonance gets wider but
as the damping is not associated with additional fluctuations (hence
the term cold damping), it also breaks the usual fluctuation—dissipation
theorem. The resonator now is at a lower effective temperature, which
depends on the gain g of the feedback loop the resonator displacement
is part of. Starting from a base temperature of the resonator of 100
mK, preliminary results displayed in Fig. 5 show that the resonator is
cooled down to a temperature around 1 mK, corresponding to a few
remaining vibration quanta, which is a limit related to the

Laser source

Cryostat

Injection Resonator

M
|9)

Fic. 4. Experimental setup. A laser source is filtered by a triangular mode cleaner cavity. The beam is modulated at several frequencies by an acousto-optic modulator (AOM),
an amplitude modulator (AM) and an electro-optical modulator (EOM). The beam reflected by the cryogenic moving mirror cavity is split in two beams: one sent to a homodyne
detection to provide the feedback signal and one to a Pound-Drever—Hall detection scheme for an out-of-the-loop displacement measurement.
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displacement sensitivity, limited in this frequency range by the back-
ground thermal noise level of the cavity input mirror. For larger gains,
the setup mostly probes this measurement noise and, as it feeds it back
to the displacement, it now increases back the effective temperature.'®

IV. EXPERIMENT WITH SILICON NITRIDE MEMBRANES

Due to their small physical dimensions, ng-scale resonators usu-
ally suffer from large surface-losses. It is, thus, challenging to rely
purely on the high intrinsic quality factor of crystalline materials to
realize ultra-high-Q resonators in this mass-regime. Yet, owing to their
large zero-point fluctuations, such systems are very attractive for the
demonstration of MQM. They can in particular be used as force sen-
sors,'” or transducers between otherwise incompatible quantum sys-
tems, for instance, microwave and optical photons.'® Furthermore, a
ng-scale resonator coupled to a superconducting circuit has been pro-
posed as a platform to test quantum collapse models on massive quan-
tum superpositions."”

In spite of the large mechanical loss angle of thin-films, as
opposed to bulk materials, suspended membranes”’ or strings”" of sili-
con nitride have recently demonstrated Q - f products in excess of
10" Hz, beyond the values achieved with bulk crystalline resonators.
These counter-intuitive performances are traceable to a dissipation
dilution phenomenon emerging in these high-stress large-aspect-ratio
structures.”” In these microscopic resonators, where gravitational
energy plays a marginal role, most of the mechanical energy associated
with the out-of-plane vibrational modes is stored in the elongation of
the film, rather than its bending. In the presence of material damping,
defined by a loss angle ¢, the quality factor of the structure deviates
from the intrinsic value Qi = 1/¢ by the scaling:l"

al?

Tk ©)

Q x QA with A=

where the dilution factor A depends on the tensile stress of the silicon
nitride film o, the real part of Young’s modulus E, [, and h, the lateral
extent and thickness of the vibrating film, respectively. For the typical
parameters achievable with silicon nitride films (o ~ 1GPa,
h ~ 100nm, and [ ~ 1 mm, E = 270 GPa) the dilution factor can
exceed 10°. In order to reach the ideal scaling of Eq. (5), however, one
needs to pay attention to the clamping conditions of the vibrating
mode. In particular, the hard-clamping conditions realized in plain
membranes or strings lead to a divergence of the bending energy as
¢ — 00, and thus a sub-optimal scaling Q o QuuVA. To reach the
scaling of Eq. (5), the technique of soft-clamping can be implemented: it
consists in trapping the vibrational mode within the defect of a pho-
nonic crystal directly etched within the suspended silicon nitride film.*

In this section, we present our results on softly clamped silicon-
nitride membranes realized in a 100-nm silicon-nitride film. The fabri-
cation procedure starts from a commercially available (Si-mat) 2-in.
silicon wafer coated on both sides with a 100-nm silicon nitride film of
nominal stress 800 MPa. A phononic crystal pattern and rectangular
openings are defined by laser lithography on the front and back face of
the wafer, respectively. The back face of the wafer is then exposed to a
hot KOH solution (85 °C for 210 min) in order to release the phononic
crystal membranes using a commercial wafer holder from the com-
pany AMMT. The phononic crystal parameters have been chosen to
obtain a bandgap covering the frequency range 5.3-6.2 MHz. The
defect localized in the center of the phononic crystal is expected to
yield a fundamental resonance frequency of 5.69 MHz, a value that is
safely within the phononic bandgap of the crystal.
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The membranes are characterized at room temperature by spa-
tially resolved laser interferometry. A 2 mW 1064-nm ND:YAG laser
is focused on the membrane with a waist of ~9 um and measured by
homodyne detection. This setup achieves a quantum-limited detection
sensitivity in the 1-10 MHz range of interest. Furthermore, the laser
interferometer is mounted on a motorized translation stage allowing
us to measure the displacement noise spectrum at any point on the
membrane with a spatial resolution of ~9 um. The wafer on the other
hand is fixed in a vacuum cell at a pressure of ~3 x 10~¢ mbar to
avoid gas damping.

The displacement noise spectrum measured in the center of the
defect is presented in Fig. 6(a), together with the expected frequency of
the mechanical modes predicted by the Finite Element Modeling soft-
ware COMSOL. The extent of the bandgap is materialized by the blue
region in Fig. 6(b). As expected from the simulations, we observe a
large density of peaks corresponding to mechanical modes delocalized
over the phononic-crystal outside the bandgap frequency, and a single
peak within the bandgap corresponding to the localized defect mode.

We then perform the tomography of the defect mode by monitor-
ing the power spectral density at the defect mode frequency as a func-
tion of laser position on the membrane. The mode profile presented in
Fig. 6(c) is obtained thanks to a raster scan of the laser over a regular
grid of 500 x 500 um by steps of 5 um. The measured mode profile is
in excellent agreement with the simulated defect mode profile.
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Finally, we extract the quality factor of the defect mode by per-
forming a ring-down measurement shown in Fig. 6(d): the laser inten-
sity is modulated at the defect mode frequency with an electro-optic
modulator in order to excite the mechanical mode via radiation pres-
sure. At time t = 0, the modulation is switched off and the subsequent
decay of the mechanical amplitude x(¢) = xp exp (—I',,¢/2) is moni-
tored by demodulating the interferometer signal at the mechanical fre-
quency, yielding a quality factor Q = Q,,/T,, = 1.17 x 10°. By
integrating numerically the curvature of the defect mode, we can
deduce the exact value of the dilution factor A = 548 for our particu-
lar membrane geometry.”* From this value, we can deduce the intrin-
sic quality factor of the film Quy = Q/A = 2136, a value that is
within a factor 2 from that reported previously for thin-films of SiN of
comparable thickness.”

Beyond their exceptional mechanical quality factors, silicon
nitride membranes can be dispersively coupled to the field of an opti-
cal Fabry-Perot with minimal diffraction and absorption losses.”” The
advantage of such a modular approach is that the mechanical and
optical components of the optomechanical system can be optimized
separately. Owing to the ultra-high optomechanical cooperativity
achievable, such a system can enter deep into the quantum regime at
cryogenic temperatures,’* and makes a good candidate for room-
temperature optomechanics.”” Furthermore, silicon nitride mem-
branes can be functionalized with highly reflective photonic crystals,”®
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Fic. 6. Room temperature characterization of a high-frequency softly clamped membrane: (a) optical image of a silicon-nitride membrane. In yellow, the silicon-nitride is sus-
pended above air, in green, it is lying above silicon. (b) The upper panel shows the frequencies of the normal modes as predicted by finite element modeling. The lower panel
is the thermal displacement noise spectrum measured when the laser interferometer is focused near the center of the defect. (c) Mode profile measurement obtained by
raster-scanning the interferometer focus over the surface of the membrane. (d) Ringdown measurement of the defect mode at 5.69 MHz: the mechanical resonator is driven by
radiation pressure by a modulating the laser intensity between —0.2 and 0.0 s. The subsequent decay of the vibration amplitude is fitted by an exponential curve yielding

Q= 1.17 x 108
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allowing for a compact integration into optomechanical force sen-
sors.”” Finally, owing to the phenomenon of dissipation dilution, a
thin superconducting layer can be deposited on the membrane, in
order to couple it to a superconducting circuit, with modest effect on
the mechanical performance.” Recently, such a functionalized mem-
brane has been cooled close to the quantum ground state by coupling
it dispersively to a superconducting microwave cavity.”' Such hybrid
superconducting/mechanical systems offer a promising route to go
beyond Gaussian states of mechanical motion by coupling the
mechanical element to a superconducting qubit.'” Typically, the main
challenge in such an experiment is the frequency gap between super-
conducting qubits operating in the GHz domain, and that of the
mechanical element.’” It is, thus, interesting to both raise the mechani-
cal resonance frequency of the mechanical element, and lower the
qubit transition frequency. The high-frequency membranes developed
in this work—to our knowledge, this is the first time that a softly
clamped membrane with a defect mode above 5 MHz is reported on—
are thus advantageous in this regard. In parallel, we are also working
toward reducing the qubit frequency, as described in an upcoming
work.”

V. MONOLITHIC PENDULUM

As discussed in Sec. II, the dissipation of a pendulum can be
greatly reduced by gravitational dissipation dilution. This has allowed
pendulum systems to reach the smallest dissipation among various
mechanical oscillators so far.”* The dissipation of a state-of-the-art
pendulum in table-top experiments is one microhertz, while the dissi-
pation of a state-of-the-art pendulum in large-scale experiments is
below 10 nHz. Potentially, the dissipation of a pendulum in table-top
experiments can also be reduced to about 10 nHz.

The first challenge for fabricating a low-loss pendulum in table-
top experiments is to make a thin, long, and smooth fiber to hang the
mass. The radius and length of the fiber determine the dilution factor
according to Eq. (4). Furthermore, surface roughness of the fiber
should be reduced enough in order to reduce surface loss. Taking these
aspects in to consideration, we made a silica fiber of one micron diam-
eter by 5 cm long (right panel of Fig. 7), which gave a material quality
factor of 1.2 x 10* and which is close to the surface loss limited Q-
factor of ~ 2 x 10* as estimated in Penn et al.”” For the case of the
milligram scale test mass used in our previous work,” the length of

i silica block

7 mg silica disk

Fie. 7. Picture of the welding point (left) at the mass and overall picture of the
monolithic pendulum (right). Reproduced with permission from Catano Lopez et al.,
Phys. Rev. Lett. 124, 221102 (2020). Copyright 2020 American Physical Society.
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5 cm was chosen to avoid the effect of higher-order modes (i.e., pitch-
ing mode and violin modes) around 100-1000 Hz in displacement
measurements.

The second challenge is fixing the fiber to the mass without
increasing losses such as clamping and bonding losses. In the case of
silica fibers, small losses can be achieved by welding the silica fiber to
the silica mirror with a CO, laser to achieve a monolithic structure
(left panel of Fig. 7). However, for fibers thin compared to the wave-
length of CO, laser (~10 um), laser welding inevitably damages the
surface of the fiber. Due to this welding loss, the current record for dis-
sipation of 1 yHz is still 2 orders of magnitude away from the ideal
quality factor given by Eq. (4). This loss could be further reduced by
optimization of the shape of the fiber.

In addition to being weldable, silica excels in terms of thermo-
elastic losses. Since a pendulum cannot be made without physical sus-
pension, the flexing and bending of a pendulum produces spatially
inhomogeneous temperature fluctuations in the wire. These fluctua-
tions result in temperature gradients that induce heat flow, which con-
verts vibrational energy into heat. Such a dissipation mechanism is
called thermoelastic losses. In general, thermoelastic losses will have
two main contributions, one coming from the thermal expansion coef-
ficient, and the other contribution coming from changes in the Young
modulus due to temperature variations. The latter is reflected in the
fractional change of temperature, also known as the thermal elastic
coefficient. There is a possibility of canceling these two terms, as was
observed and studied in Bell et al.”® For our case, using literature val-
ues for fused silica, we see that this cancelation occurs when the diam-
eter of the fiber is around 0.7 um.

Lastly, let us mention the advantage of a pendulum in terms of
linear and continuous displacement measurements. By setting a pen-
dulum at the end of an optical cavity, the displacement can be mea-
sured with high spatial resolution (namely, low shot noise). So far, the
Brownian motion of the optically trapped pendulum has been mea-
sured.”” Measuring the Brownian motion of a low-dissipative oscillator
is the first step toward the quantum measurement and control, which
is in general difficult to realize. However, such a cavity system includ-
ing a pendulum can become unstable by optical torque in a cavity.”®
To avoid the instability for yaw motion, we proposed to use a triangu-
lar cavity, in which the sign of optical torque becomes positive.””*’
Thanks to both the high sensitivity coefficient of the optical cavity and
the stability of the optomechanical pendulum, it is possible to achieve
sensitive measurements with sufficiently low noise to reach the stan-
dard quantum limit.”* Combined with the optical spring effect, such a
quantum-noise-limited system can be used to generate a quantum
entanglement between two pendulum modes in the interferometer.”'

VI. TORSION PENDULUM

A torsion pendulum is one of the most sensitive displacement
and force detectors. It has been used as the platform of precision
experimental physics, such as measurement of the Newtonian gravita-
tional constant,”” tabletop tests of the equivalence principle,”” and tests
of the inverse-square law of gravity."" In recent years, the ability to
enhance the sensitivity of the readout by integrating mechanical oscil-
lators with optical cavities within the field of cavity optomechanics has
renewed interest in fundamental tests of quantum mechanic,” deco-
herence mechanisms,"* ™’ and gravitational physics using tabletop
mechanical experiments.”’ *” In general, optomechanical experiments
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to test several of these proposals call for low-frequency, massive
mechanical oscillators measured with a high sensitivity. In this context,
a macroscopic torsion pendulum coupled to an optical cavity for
enhanced optical readout and control affords a unique combination of
capabilities that could enable quantum state preparation in the future.
One of advantages of the torsion pendulum is the low thermal
fluctuation because of the low mechanical resonant frequency. At free
mass regime, where the frequencies are much higher than the mechani-
cal resonance, the thermal noise spectrum in Eq. (1) can be rewritten as

o

decrease quadratically with the mechanical resonance, in contrast to
the linear dependence on the loss angle and temperature. Thus, a low-
frequency torsion pendulum can efficiently offset the benefits of high
quality factor and cryogenic operation. Since the restoring torque of a
single suspension wire is proportional to the radius of the wire to the
fourth power, the resonant frequency of a torsion pendulum can be
dramatically decreased by using ultrathin suspensions. It should be
noted that the benefit of the factor w,,/Q derives from the structure
damping, not viscous one.

Another advantage is that the optomechanical torsion pendulum
has the larger quantum cooperativity than the simple pendulum
because of the geometrical characteristic. Here, we compare the dis-
placement of the pendulum with the mass of m read out by a cavity
with circulating power of Pg. at the center of the mass, and the tor-
sion pendulum read out by two cavities with circulating power of
Pgr/2 at each edge. Defining the geometrical factor a as
a = I/(md?*), where I and d are the inertial moment and length of the
torsion pendulum, respectively, the quantum cooperativity is
enhanced by a factor of 1/(4a),”

Sth (6)
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This factor is over unity in any torsion pendula, e.g., a = 1/12 with a
torsion pendulum whose mass is uniformly distributed along d.
Therefore, even with the same damping rate of the oscillator, the tor-
sion pendulum can be operated easily in quantum regime. In addition,
the differential readout of the two cavities leads to suppression of the
longitudinal noises of the torsion pendulum such as the pendulum
thermal noise and the seismic noise.

A milligram-scale optomechanical torsion pendulum has been
successfully developed with two optical cavities situated on either end
of the bar mirror.”” An experimental schematic picture is shown in
Fig. 8. The torsion pendulum we use is formed by suspending a 10-mg
bar mirror (silica substrate of dimensions 15 X 1.5 x 0.2mm?>) on a
carbon fiber that is ~ 6 um thick and 2.2 cm long. The small diameter
and low shear modulus of the fiber (~10 GPa) give a low torsional res-
onant frequency wy,/(27) = 90 mHz, while ringdown measurements
indicate a damping rate of y,, (wn)/(27) = 35 * 3 uHz, correspond-
ing to a quality factor of Q, = (2.6 =0.2) x 10°. The two cavities
have a triangular configuration to prevent radiation pressure torque
instabilities."’ Their input mirrors, half inch in size with reflectivity
R; = 99.8%, are mounted on a holder on picomotors to allow for cav-
ity alignment. The second mirror, with the similar size but the differ-
ent reflectivity of R, = 99.99% is placed in a brass spacer weighing
70 ¢ in total, and suspended from four piano wires. A coil-magnet
actuator is used to control the cavity length. The cavities are each
driven by 20 mW of 1064-nm light from a Nd:YAG laser derived at a
beam splitter. Either cavity is designed to be 9cm long, and
their finesse was measured to be F, = (3.0=0.3) x 10> and
Fp = (2.4£0.2) x 10%, respectively, which results in the circulating
power of around 10 W. The two signals of the amplitude fluctuation of
light reflected from each cavity are detected on a PD and subtracted to
obtain the rotational motion of the torsion pendulum.

The measured torque spectral density is shown in Fig. 9 with var-
ious budgeted noises. The peak sensitivity of 2 x 1077 N m/y/Hz

@or _ ks qgpen ) (corresponding to an angular displacement of 10~!° rad/v/Hz) around
™ 4q 100 Hz is the best torque sensitivity achieved at the milligram scale.
(a) Torsion pendulum (b)  Front view Side view ©
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Fic. 8. (a) Configuration of the torsion pendulum with two triangular cavities, one on each edge of the bar, used for readout. Input mirrors for either cavity are rigidly mounted,
while the third mirror is suspended and can be actuated for cavity length control. (b) Pictures of the bar mirror from front and side views. (c) Simplified schematic of the

experiment.
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Fic. 9. Noise spectra of differential force on the ends of the bar mirror, calibrated as
a torque. The measured spectrum (purple) can be largely understood using a noise
budget (cyan) consisting of vertical seismic noise (yellow dotted), thermal noise of
the input mirror holder’s structural modes (blue dotted), laser noise (black dotted),
internal bending mode of the bar mirror (orange dotted), thermal noise from the
pendulum suspension (green dotted), and quantum radiation pressure torque noise
from the readout cavity modes (red dotted).

Fundamental noises related to the pendulum, such as suspension ther-
mal noise of the torsional mode, and quantum radiation pressure
noise, are shown as the green and red dotted lines, respectively. The
quantum radiation pressure torque noise is given by

§24(Q) = %wszszfv ®)
where ¢ is the cavity detuning normalized by the cavity line width, and
ocfr is the effective resonant frequency including the optical spring. In
our experiment, these are measured to be 6 ~ 0.6 and weg/(27) ~ 1
kHz. The resulting estimate for the quantum radiation pressure torque
noise contributes about (14 * 3)% to the measured spectrum around
100 Hz. This value, along with our previous work,”” is an improve-
ment on other reports on milligram- and gram-scale experiments to
observe quantum radiation pressure noise.”*

While contribution of the quantum radiation pressure fluctuation
is small, two dominant noises are observed in the torque spectrum.
One is the vertical seismic noise (cyan dotted) measured indepen-
dently by a seismometer. It limits the sensitivity at low frequencies
(<50 Hz) where the seismometer and the cavity length signals have a
coherence close to unity. The other is the thermal noise of the input
mirror holder (brown dotted) limiting the sensitivity at high frequen-
cies (>150 Hz). The non-monolithic construction of the input mirror
holder, partly because of the various moving components for cavity
alignment, has several structural resonances which we model using
their quality factors (typically below 10) and resonant frequencies. A
more fundamental but small contribution to the noise budget at these
frequencies is due to the thermal motion of the bending mode of the
bar mirror substrate (orange dotted). At last, torque-equivalent laser
noise (black dotted) arising from residual amplitude and frequency
noise limits the readout sensitivity (in reflection measurement for
detuned operation), while it remains smaller. Despite accounting for
all the above sources of noise, an unexplained excess remains in the
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50-150 Hz interval; we conjecture that the excess is due to coupling
with the stray scattering in the cavity.

Given the result of the sensitivity, replacing the triangle cavities
with two linear cavities has the potential to improve the sensitivity at
high frequencies. The linear cavity can be built with a mirror on the
edge of the torsion pendulum and a suspended input mirror. Thus,
the thermal noises concerning the input mirror holder can be avoided.
An obstacle with a suspended linear cavity is about the instability of its
rotational degree of freedom. The suspended mirror can be unstable
due to the radiation pressure inside the cavity.”® This instability is
called Sidles-Sigg instability, and one of the two modes in a rotational
direction is unstable. To overcome Sidles-Sigg instability, we proposed
to construct a linear cavity in the negative-g regime with a test mass
mirror that is much lighter than the input mirror. In the negative-g
regime, where the curvatures of the cavity mirrors are longer than the
cavity length, the common mode rotational motion can be unstable by
increasing the laser power. However, the common mode can be
mechanically stiff enough by using the heavy input mirror. Two char-
acteristics of the negative-g regime and the unbalanced mass mirrors,
Sidles-Sigg instability, is surmounted.

We have succeeded in validating this configuration experimen-
tally by using an 8 mg mirror as the test mass.”' The result shows that
the rotational degrees of freedom was stabilized with an increase in the
intracavity power as the theoretical calculation predicted, while the
common mode remained stiff. With these results, we plan to replace
the triangular cavities on the torsion pendulum with the linear cavities.
Accordingly, the newly designed torsion pendulum consists of two
8 mg mirrors, whose interval is connected by a glass pipe; the form of
the torsion pendulum is similar to a dumbbell.

VII. OPTICAL LEVITATION

Mechanical oscillators discussed so far are supported by some
sort of mechanical structures with finite mechanical loss. Trapping
oscillators with an optical spring can greatly dilute the mechanical
loss, and its ultimate example is to trap an oscillator by the optical field
alone. Since the invention of optical tweezers by Ashkin in 1970s, opti-
cal tweezers have been used in a wide range of fields to levitate nano-
scale to microscale particles that are transparent to laser beam. In
more recent years, there have been numerous experimental and theo-
retical efforts to probe quantum physics with levitated optomechanical
systems. The ground state cooling of levitated nanoparticles has been
already demonstrated by several groups.”” **

Since optical tweezers require optical gradient force in a highly
focused laser beam, the size of the levitated particle has to be smaller
than the size of the beam. Therefore, optical tweezers can levitate par-
ticles which has the mass of only up to nanogram scales. To levitate
even more massive objects, optical levitation of a highly reflective mir-
ror with vertical optical cavities have been recently proposed and stud-
ied.””""" The levitated mirror and the mirror at the bottom form a
cavity, and the levitated mirror is supported by the radiation pressure
of the intracavity field. The intracavity power required to levitate a
mirror can be easily calculated with

MGgrayC
ply, = 8o, ©)
where P!V is the sum of all the power on the levitated mirror projected
to the vertical axis, m is the mass of the levitated mirror and ggray is the
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Fic. 10. Experimental setup for the demonstration of the horizontal stability in the sandwich configuration. The cavity was built with the mirror on the edge of the torsional pen-
dulum. The torsional pendulum and the input optics were placed in the vacuum chamber. The cavity was feedback controlled to keep its resonance by the Pound-Drever-Hall
(PDH) scheme. The angle of the torsional pendulum was measured with the optical lever and was feedback controlled with the coil-magnet actuators.

gravitational acceleration. For a 1-mg mirror on Earth, PV ~ 1.5
kW, which is well within our experimental reach.

Other than the optical power to support the mass of the mirror,
its motion in all the six degrees of freedom has to be trapped to levitate
a mirror. The longitudinal motion can be trapped by an optical spring,
and the rotational motion around the center of curvature of the levi-
tated mirror can be trapped with gravity when the mirror is convex
downward.”” There have been various approaches for trapping the
horizontal motion. For example, Guccione et al. proposed the use of
tripod configuration to use the optical spring also to trap the horizon-
tal degrees of freedom.”” Michimura et al. instead proposed a sand-
wich configuration, where the levitated mirror is sandwiched with two
Fabry-Pérot cavities vertically aligned, and showed that reaching the
standard quantum limit of levitated 0.2 mg mirror is feasible with this
configuration.”®

Recently, Kawasaki ef al. experimentally demonstrated the optical
trapping of the horizontal motion with the sandwich configuration,
using a torsion pendulum as a force sensor.”” In this demonstration, a
mirror was attached to the edge of the torsion pendulum; the mirror
mimicked a levitated mirror of the sandwich configuration. The sche-
matic of the whole setup is shown in Fig. 10. The mirror on the pendu-
lum was used as the end mirror to build a cavity. The cavity axis was
vertical on the pendulum as the sandwich configuration. According to
the sandwich configuration, the cavity would give horizontal restoring

force to the mirror via the radiation pressure. The restoring force was
precisely measured by observing the resonant frequency of the torsion
pendulum.

The torsion pendulum is schematically shown in Fig. 11. The
mass of the torsion pendulum was 7.2 x 107% kg m” and the mass
was 8.8g. The length of the pendulum bar was 17 cm. To minimize

Side view

Aluminum mirror
for the optical lever
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actuator
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35 mm

Fic. 11. Torsion pendulum for the experimental demonstration of the sandwich con-
figuration. The pendulum was made of the aluminum parts, and the quarter-inch
mirror was attached on the edge of the pendulum.
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the original restoring torque of the pendulum, we used an ultrathin
tungsten wire to suspend the pendulum. The length of the wire was
105 mm and the radius was 20 um. Consequently, the original reso-
nant frequency of the torsion pendulum was 32.2 = 1.1 mHz, which
was small enough to measure the optical restoring force. The cavity
was built with the quarter-inch mirror attached to the torsion pendu-
lum and the half-inch input mirror. The laser beam of wavelength
1550 nm was injected, and the finesse of the cavity was measured to be
880 = 90. The horizontal restoring force on the mirror was reflected to
the resonant frequency of the pendulum. Therefore, we measured the
resonant frequency to estimate the optical restoring force. The reso-
nant frequency was precisely determined by measuring the transfer
function of the pendulum. Since the rotational angle of the torsion
pendulum was feedback controlled by using the coil-magnet actuators
and the angle sensor with the optical lever, the transfer function could
be measured by injecting the reference signal into the feedback loop.

We observed that the resonant frequency shifts toward high
when the laser beam was on, and it was consistent with the theoretical
model. The measured restoring force due to the sandwich configura-
tion is shown in Fig. 12. From the result, we concluded that the sand-
wich configuration actually stabilized the horizontal motion of the
mirror.

Studies on the fabrication of milligram-scale mirrors for the opti-
cal levitation is also being done. The challenge is to add a curvature on
the mirror, and our group have been working on fabricating a 3 mm
diameter fused silica mirror curved from a stress from a high reflective
coating. This coating on one side will act as a high reflective coating
for both sides and can be used in the sandwich configuration. In 2021,
we have successfully fabricated such a mirror (Fig. 13), and the radius
of curvature was measured to be around 500 mm. We initially used a
substrate with 1-in. diameter and deposited a high reflective coating,
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Fic. 13. A prototype 2-mg fused silica mirror with a diameter of 3mm and a thick-
ness of 0.1 mm. A high reflective coating with a thickness of around 6  m and a
transmission of 10 ppm is deposited.

and then proceeded to cutting the coated substrate to 3 mm diameter.
To levitate a mirror with Fabry-Pérot cavities of centimeter scale
lengths, a similar length is required for the radius of curvature. We are
now working on depositing thicker coating on thinner substrate to
make the radius of curvature smaller. Stoney’s equation states that the
radius of curvature is inversely proportional to the coating thickness
and the square of substrate thickness.”’

VIil. DIAMAGNETIC LEVITATION

A rather well-known levitation method is a magnetic levitation.
The magnetic levitation technique is used, for example, in a vacuum
pump flywheel or in a high-speed ground transportation.”’ Drever
proposed to use a magnetic suspension system in a gravitational wave
detector.”" The system consists of a pair of oppositely poled magnets
attached to a test mass, a pair of long fixed magnets, sensors and a
servo to stabilize the levitation. Giazotto proposed to use an electro-
static levitation system in a gravitational wave detector, noting a low
noise coupling compared with the magnetic levitation.”” The system
also requires an active servo control.

In the case of the levitation using two permanent magnets,
Earnshaw’s theorem prevents the stability in the horizontal direc-
tions,”’ but it does not apply to the diamagnetic levitation. The mea-
sure of the magnetic susceptibility in a diamagnetic material is much
lower than that in a ferromagnetic material; see Table I. In addition,
some diamagnetic materials are not suitable for the MQM as the elec-
trical conductance is high and it can lead to large excess thermal noise
through the eddy current damping. We chose to use fused silica for

TasLE |. Volume magnetic susceptibility y, and electrical conductivity o of some
materials.

0 10 20 30 20 s o(Qm)
Intracavity power (W) Iron 2 % 10° 1 % 107
. —4 5
Fie. 12. Spring constant corresponding to the optical restoring force due to the Graphite —2x10 2~4 ><2 10 (basal. plane)
sandwich configuration. First, we measured the restoring force of the torsional pen- 3 x 10* (perpendicular)
dulum itself. The data point with zero intracavity power corresponds to this mea- Bismuth —1.6 x 1074 8 x 10°
sulrement. Then, we injected ‘Fhe laser beams withldifferent powers. Thg other fi\{e Water 9.0 x 106 0.005-0.5
points represent the results with the laser on. The increase in the restoring force is . s 16
clearly observed, and it was consistent with the theoretical prediction. Reproduced Fused silica —1.4x10 1 x10
with permission from Kawasaki et al., Phys. Rev. A 102, 053520 (2020). Copyright Diamond —-22x107° 1x10712
2020 American Physical Society.
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Fic. 14. A magnet levitation system. Accommodated in the stainless container are
eight magnets in a cheese-cake shape with the magnetic pole directing inward and
an iron bar at the center (left). An iron plate covers the top of the system to create
a strong magnetic gradient (right). Reproduced with permission from Nakashima,
Phys. Lett. A 384, 126592 (2020). Copyright 2020 Elsevier.

the test mass. The negative magnetic susceptibility is decent compared
with graphite or bismuth but it is possible to levitate it with a perma-
nent magnet array.

The condition to balance the gravity and the magnetic force is
given by

B 0B, _ P
z - )
0z 7

where B, is the magnetic field in the z-direction, g, is the magnetic
permeability, p is the density, g is the gravitational acceleration, and y
is the magnetic susceptibility per volume. Since the magnetic suscepti-
bility is low for fused silica, we must increase B, or 9B, /0z to levitate
the mass. Note that the mass does not appear in the equation but the
system needs to be small to increase the magnetic field gradient.

In 2019, we succeeded in levitating a 1-mg fused silica bulk using
a permanent magnet array shown in Fig. 14. The cylindrical magnet
array consists of eight magnets in a cheese-cake shape with the mag-
netic pole directing inward of the cylinder. There is a space at the

(10)

T
’
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2402 uoJ|

-20
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center of the cylinder and an iron bar is accommodated. An iron plate
with a hole at the center is on top of the cylinder. The magnetic field
concentrates to the iron bar and goes up toward the iron plate to
change the direction to outward. This structure realizes a large mag-
netic field gradient in the vertical direction.”” At the time, we did not
have such a small polished fused silica mirror, and could not measure
the actual thermal noise level. In 2020-2021, we successfully developed
a 2-mg fused-silica flat mirror, cut, polished, and coated by Sigmakoki
Co., LTD. The diameter and thickness of the mirror are 1.5 and
0.6 mm, respectively. The surface accuracy is /10 and the nominal
reflectivity is > 99.9%. In order to levitate the 2-mg mirror, we slightly
modified the magnet system from the original one;”” the cross-
sectional view of the magnetic field in the updated system is shown in
Fig. 15.

The entire system was put in a vacuum chamber and the dissipa-
tion was measured with a ring-down measurement. Currently, the
measured Q value is on the order of 10000. We are trying to reduce
the environmental couplings, such as seismic vibrations and residual
gas damping, aiming at a Q value of 1 x 10° or higher to reach the
standard quantum limit.

IX. OPTOMECHANICAL THERMOMETRY

The redefinition”* of the kelvin in 2018 is based on a fixed value of
the Boltzmann constant k. Consequently, the metrology community is
encouraged to put strong efforts into the dissemination of the thermo-
dynamic temperature for the mise-en-pratique of the kelvin. Moreover,
there is a strong demand on sensor technology able to cover a wide
range going from cryogenic (below 1K) up to room temperature
(300K), adapted to advanced manufacturing metrology like “lab on a
chip,” microelectronics, optoelectronics or microfluidics. New tempera-
ture sensors based on photonics or optomechanics are good candi-
dates” to answer these metrology challenges as they offer nanoscale
spatial resolution, large temperature range, and additionally can be self-
calibrated with noise-thermometry and even provide a path toward pri-
mary temperature standards using quantum measurements.

Levitating position

Magnetic field [T]

0.1 02 03 04 05 06 07 08 09 1 11

7 [mm]

Fic. 15. A magnetic field in the current magnetic system.
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In this section, we present preliminary results obtained with
optomechanical sensors, which combine the ability to realize photonic
thermometry and mechanical noise-thermometry and can be further
optimized to work in the quantum regime, thus providing a sensor
working on a large range of temperature with the ability to a self-
calibration.

The optomechanical crystal is made of a 200-nm-thick GaP
(refractive index n = 3.1) suspended nanobeam cavity, 700 nm wide
and approximately 20-um-long waveguide. A ladder-like optical cavity
is then performed by drilling holes with a diameter of 260 nm periodi-
cally positioned along the waveguide. At the center of the nanobeam
cavity, the lattice constant (dcenter = 410 1n1m) is chosen in order to
allow a propagating mode at the targeted wavelength (around
1550 nm). From the center to the end of the nanobeam, periodicity is
gradually increased till a position where the period is kept constant
(aend = 480 nm). In both end regions, the crystal acts as a Bragg mir-
ror, and the whole structure behaves like a short Fabry Perot cavity.

The concept of a photonic thermometer is to guide and confine
light into a photonic crystal resonator which presents optical resonan-
ces when the effective optical length of the cavity is a multiple m of the
half wavelength,

)»7,” o TZ(T7 )L)Leff(T)
2 m

) (11)

where n is the refractive index, Leg the effective length of the cavity
which takes into account the penetration of light into the Bragg mir-
rors, and T the temperature. Due to thermal expansion and the
thermo-optic effect both L.t and » have a strong temperature depen-
dency resulting in an optical resonance frequency shift.

To perform photonic thermometry, the photonic crystal resona-
tor is attached on a copper mechanical part equipped with calibrated
Cernox thermometers and inserted into a circulating Helium cryostat.
White light from a superluminescent diode is coupled into the sample
and collected back, with a lensed optical fiber. The reflected light mon-
itored with an optical spectrum analyzer is presented on Fig. 16 for
temperatures ranging from 300 K down to 4 K. The optical resonances
are characterized by a clear dip in the reflection spectrum due to
absorption of the resonant light in the photonic crystal or transmission
through it to the bulk. The resonance frequency shift exhibit a good
linearity with respect to temperature down to 100K with a slope of
—7.05GHz/K. As mentioned previously, this effect is mainly due to
the modification of the refractive index of the material with tempera-
ture (An/AT/n ~ 3 x 107> K~! for GaP) and, at a lower level, to the
thermal expansion of the structure (¢ < 4 x 107°K™! for GaP).
Below 100K, the linearity is broken due to the expected saturation of
thermodynamical constants of the material.

The basic concept of noise thermometry is to monitor the ther-
momechanical noise caused by the Brownian thermal motion of an
harmonic oscillator and infer the temperature with the equipartition
theorem relation (x?) oc kpT between the displacement x of a single
mechanical mode and the temperature of the thermal bath T. This
technique is similar to Johnson noise-thermometry, which has been
extensively studied for the determination of the Boltzmann constant.””
The optomechanical crystal was designed to have localized mechanical
modes with a fundamental mode at 2.8 GHz. A tunable laser beam’s
frequency is kept on the photonic crystal’s optical mode resonance,
and the phase of the output beam is monitored with a homodyne
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Fic. 16. Photonic/phononic thermometry. (a) Simplified optical setup for performing
the photonic and optomechanical noise thermometry. (b) Optical spectra of the pho-
tonic crystal cavity at different temperatures ranging from 296 to 4.2K.
Superimposed to the data points in black solid lines are Lorentzian fits. (c) Fit
extracted optical resonance frequency v, plotted against the Cernox temperature
reading. The data points are fitted with two linear fits, in purple and orange.

detection. Figure 17(a) displays the displacement noise spectra Sy ()
for T =296, 70, and 4 K where one can see the different mechanical
modes in black dots and superimposed to it, in orange solid lines, a fit
of these data. The area below the fundamental mode (highlighted in

a x10°1 ) b
é 296 K expected
9 400 ¢ data
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[
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Fie. 17. Noise thermometry results. (a) Displacement noise spectra of the resonator
acquired at P, = 100 W in black dots and fits to the data in orange solid lines for
various temperatures. The fundamental mechanical mode is highlighted in blue. (b)
Noise temperature extracted from the calibrated area of the fundamental mode (in
black) plotted against the sample’s estimated temperature via photonic thermome-
try. The expected behavior is plotted in orange solid line.

AVS Quantum Sci. 5, 014403 (2023); doi: 10.1116/5.0128487
Published under an exclusive license by AIP Publishing

5,014403-13


https://scitation.org/journal/aqs

AVS Quantum Science

ARTICLE scitation.org/journallaqs

Homodyne detection

s 3

sefunnnnnnnnnnnnnny

ennsnsnnnnnnnnnnnn

Lo L e e L L L L P LT

§ Main laser é
: : Local oscillator @ 1064 nm
- i\ | =

1064 nm

|
Pump @ 532 nm

OPO o

e

=

O
-

532 nm

SHG
RN NEER R

Recycling mirror

S - -

ﬁl-

‘ Squeezing @ 1064 nm

.
CLLCNT DAL LI LT EET LY CT o |

DN '

Y

: Recycling cavity
.I]IL - - - --
— - _: Tunable fitter cavity

Sesnnnnnnnnnnnnnd

Fic. 18. Simplified scheme of principle of the experiment to test frequency-dependent squeezed light with a tunable corner frequency. The squeezing is generated inside the
OPO, sent into the filter cavity to become frequency-dependent, and then measured on the homodyne detection by combination with a local oscillator.

blue) is computed and normalized by the detection’s sensitivity for
cryostat temperatures ranging from 300 to 4 K. The noise inferred
temperature is depicted in Fig. 17(b) as a function of the sample’s tem-
perature estimated with the photonic thermometry method. Indeed,
the noise spectra were acquired with an input laser power P,
= 100 uW inducing self-heating in the sample due to light absorption.
This effect results in a strong asymmetry and even a bistable behavior
of the optical resonance as the resonance frequency shifts away as light
is coupled into the cavity. Consequently, the sample’s effective temper-
ature can be higher by tenths of kelvin compared to the base plate.
However, temperature measured by both noise and photonic ther-
mometry is in good agreement as both methods probe the effective
sample’s temperature and not that of the surrounding thermal bath.

X. BEYOND THE SQL: PROBING MOTION WITH
FREQUENCY-DEPENDENT SQUEEZED LIGHT

Terrestrial interferometric gravitational-wave detectors are prob-
ing the motion of kg-scale test masses to detect the passage of gravita-
tional waves. Quantum noise is one of the main limiting noise sources
of these detectors with radiation-pressure fluctuation noise at low fre-
quencies and shot noise at high frequencies. The frequency fsqr at
which both noises are equal depends on the laser power used inside
the interferometer.”* When using frequency-independent squeezing
for gravitational-wave detectors,”” we usually reduce quantum noise in
the phase quadrature at the cost of increasing it in the amplitude quad-
rature. However, the use of frequency-dependent squeezing with an
appropriate corner frequency f., to transition from phase squeezing at

high frequencies to amplitude squeezing at low frequencies, enables to
beat the SQL.*

The corner frequency f. of frequency-dependent squeezing is
given by the parameters (length and finesse) of the filter cavity in
which the squeezed photons are sent to obtain frequency-dependent
squeezing. To be optimal, the corner frequency f. must be close to fsqr,
which depends on laser power. Thus, a filter cavity with tunable
parameters could be interesting to follow the power change of the
interferometer and keep optimal conditions for frequency-dependent
squeezing.

A simplified experimental scheme of a smaller-scale experiment
under test,”" with a 50-m long filter cavity, is shown in Fig. 18. The
squeezed light at 1064 nm is produced within a nonlinear optical

Visart(Hz)
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10*

Fie. 19. Dark noise and local oscillator noise on the homodyne detection signal.
The local oscillator noise shows seismic and acoustic noise below 1 kHz and shot
noise between 1 and 3kHz, which is 1 order of magnitude higher than the dark
noise.

AVS Quantum Sci. 5, 014403 (2023); doi: 10.1116/5.0128487
Published under an exclusive license by AIP Publishing

5,014403-14


https://scitation.org/journal/aqs

AVS Quantum Science

10* 107

----- At resonance
a — At anti-resonance | {10°

5 10 15 20 30 35 40 45 5

25
Trec [%]

ARTICLE scitation.org/journallaqs

R li ity fi hift f MH
Recycling cavity frequency shift from resonance [ 35&

b

=
A

=
o
>

-
o
w

=
u

=
=)

—200 —100 0 100 200
Recycling cavity length shift from resonance [nm]

Corner frequency with T_rec = 5.0 % [Hz]

Fic. 20. Tuning the effective bandwidth of a cavity with a three-mirror cavity. (a) Cavity finesse .% .. and corner frequency f, as a function of the power transmission of the
recycling cavity T,... The corner frequency is plotted in dashed line for the recycling cavity at resonance and in solid line for the recycling cavity at anti-resonance. The hatched
area corresponds to accessible corner frequencies. (b) Corner frequency f; for T,.. = 5% as a function of cavity shift from resonance.

crystal, pumped by a 532 nm laser beam, and placed inside an optical
cavity, forming an optical parametric oscillator (OPO). After reflection
on the filter cavity, the squeezed beam is measured on homodyne
detection photodiodes by combination with a local oscillator (LO)
beam at the exact same frequency. To ensure this condition, the
532nm pump beam is generated by second harmonic generation
(SHG) from the 1064 nm beam used for the local oscillator. A first
analysis of the homodyne detection signal without squeezed beam is
shown in Fig. 19. The local oscillator (LO) noise on the experiment
done in-air has been measured to be shot-noise-limited between 1 and
3kHz (cut-off frequency of the acquisition system) and 1 order of
magnitude higher than the dark noise. This is where we expect to see
noise reduction by the use of squeezing. Below 1 kHz, one can observe
seismic noise and acoustic noise that should be reduced by placing the
whole system under vacuum.

Parameters of the filter cavity can be tuned by adjusting its finesse
through the addition of a recycling cavity on one end (see Fig. 18). The
recycling mirror is placed 20 cm before the input mirror of the filter
cavity. A simulation of the effect of the recycling cavity on the 50-m
long test filter cavity is shown in Fig. 20. Depending on the resonance
condition of the recycling cavity and the transmission of the recycling
mirror Ty, one can tune the corner frequency f. of the filter cavity
from a few Hz to 1 MHz with a finesse of the recycling cavity between
10 and 1000. For a given transmission of the recycling mirror, we can
lock the recycling cavity at resonance for high corner frequency or
anti-resonance for low corner frequency or even close to anti-
resonance to slightly tune the corner frequency in between.

TasLe Il. Summary of the status of our MQM experiments. The achievement of LKB1
is expressed by the remaining quanta n and the achievement of UT is expressed by
the torque sensitivity.

Oscillator ~ Effective mass Resonance  Achievements
LKB1 Micropillar ~100 pug 3.6 MHz ne~6
LKB2 Membrane ~10ng 57MHz Q=1.17 x 10°
Gaku  Pendulum 7 mg 22Hz Q=2.0x 10°
UT Torsion 10 mg 90 mHz 20 aNm/v/Hz
TT Maglev 2 mg 16 Hz Q ~ 10*

XI. SUMMARY AND FUTURE PROSPECTS

Reaching the standard quantum limit is required to observe a
quantum behavior of a macroscopic object and it is the key to test
quantum mechanics. A possible standard of the boundary between the
macroscopic and microscopic objects is the Planck mass. In this paper,
we introduced a number of the state-of-the-art experiments using a
test mass in various scale above the Planck mass. The suspension
regime of those experiments can be categorized to three regimes: a
mechanical resonator, a pendulum, and a levitation, and the preferable
mass scale of each regime is a micro-gram scale, a gram scale, and an
intermediate scale, respectively. The micropillar experiment at LKB
has achieved to cool down the oscillator to a few remaining quanta,
the micro-membrane experiment at LKB has achieved the Q factor of
1.17 x 10%, the monolithic pendulum experiment at Gakusyuhin has
achieved the Q factor of 2.0 x 106, the torsion pendulum experiment
at UT has reached the torque sensitivity of 20 aNm/v/Hz around
100 Hz, the diamagnetic levitation experiment at Tokyo Tech has
achieved the Q factor of ~10*. Table II shows the summary of the
experiments. Note that the Q factor can be higher with the use of the
optomechanical spring and the expected gain is higher for the oscilla-
tor with a low resonant frequency. The optical levitation experiment at
UT is not yet ready to measure the Q factor but has succeeded in
showing the positive optical restoring force in the horizontal direction.
In addition to the experiments to test the MQM, we introduced the
quantum thermometry and the motion sensing with the squeeze light
as the applications of the optomechanical effect. All the experiments
have shown a good progress and are promising to test the MQM or to
take the advantage of the technology in the near future.
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