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APPLIED PHYSICS

Free-access optomechanical liquid probes using a

twin-microbottle resonator

Motoki Asano*, Hiroshi Yamaguchi, Hajime Okamoto

Cavity optomechanics provides high-performance sensor technology, and the scheme is also applicable to liquid
samples for biological and rheological applications. However, previously reported methods using fluidic capillary
channels and liquid droplets are based on fixed-by-design structures and therefore do not allow an active free
access to the samples. Here, we demonstrate an alternate technique using a probe-based architecture with a

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

twin-microbottle resonator. The probe consists of two microbottle optomechanical resonators, where one bottle
(for detection) is immersed in liquid and the other bottle (for readout) is placed in air, which retains excellent de-
tection performance through the high optical Q (~107) of the readout bottle. The scheme allows the detection of
thermomechanical motion of the detection bottle as well as optomechanical drive and frequency tracking with a
phase-locked loop. This technique could lead to in situ metrology at the target location in arbitrary media and

could be extended to ultrasensitive biochips and rheometers.

INTRODUCTION

The light confined in an optical microcavity affects the vibration
of the cavity and vice versa, via radiation pressure when the cavity
simultaneously forms a mechanical resonator with vibrational de-
grees of freedom. Such a cavity optomechanical structure can be used
in a variety of optomechanical devices, such as sensors, actuators, fil-
ters, transducers, circulators, and amplifiers (1). Their performance
is substantially improved when the optomechanical structure has a
high optical and mechanical quality factor (Q), which depends on
the surrounding conditions in addition to the inherent quality of the
material. In general, state-of-the-art optomechanical devices show
high-Q optical and mechanical modes in air and vacuum conditions.
Their high-Q conditions provide excellent optomechanical perform-
ance, such as high displacement sensitivity (2), high wavelength con-
version efficiency (3), and low cooling limit (4).

The applicable condition of cavity optomechanical structures is
not limited to a vacuum and gas atmosphere, but it extends to liquid,
which is the focus of interest for metrological applications in biology
and rheology. A mechanical resonator is damped in liquid and fre-
quency shifted because of the surrounding viscous medium. This prop-
erty can be used to optomechanically monitor the viscosity and density
of the medium (5-7). Moreover, if some molecules or particles ad-
here to a mechanical resonator, then the mechanical resonance changes.
Thus, the optomechanical probe also allows chemical and biological
sensing in liquid (8-12). However, the sensitivity in liquid is orders
of magnitude lower than that in air, because the optical Q deteriorates
because of light loss to the surrounding medium whose refractive in-
dex is higher than that of the optical cavity (11, 13), in addition to the
damped small amplitude of the mechanical modes. Therefore, some
contrivance that can suppress the optical loss is required to achieve
high sensitivity for the cavity optomechanical approach in liquid.

Recently, two innovative optomechanical approaches have been
demonstrated to maintain the optical sensitivity (5, 8, 10, 12). The
first approach is based on a glass microcapillary. The capillary con-
sists of a hollow-core optomechanical microbottle (5, 6, 8), which
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forms both the optical whispering gallery modes (WGMs) and me-
chanical radial breathing modes (RBMs). The liquid flowing inside
the core influences the mechanical RBMs and affects the optical WGMs
through optomechanical coupling via radiation pressure. This al-
lows optical detection of mass flow and viscoelasticity in the fluidic
channel (6). When the optical WGMs are almost completely con-
fined in the capillary wall and isolated from the liquid flowing in-
side the channel, the high optical Q is conserved, enabling an optical
detection of the thermal motion and an optical drive of the mechanical
RBMs (14, 15). The second approach is based on a droplet-covered
GaAs microdisk (7, 10, 12), which forms the optical WGMs and the
mechanical RBMs. Because the refractive index of GaAs (3.3 at tele-
com wavelengths) is higher than that of typical viscous media, the
light is confined in the optical cavity, leading to a high optical Q in
liquid (>10°). The optomechanical detection of viscoelasticity (7)
and a single bacterium (12) in liquid droplets has been demonstrated
by using GaAs microdisks.

The above two approaches fit cases where the liquid portion is
injectable and/or certainly includes the target specimen; however,
neither approach allows versatile operations in liquid, because both
are based on fixed-by-design structures. To widely extend the cavity
optomechanics in liquid, an alternative scheme that allows free spa-
tial access to liquid is desired. Such a probe-based architecture sim-
ilar to the scanning probe microscope with a mechanical cantilever
(16, 17) would enable in situ cavity optomechanical metrology at
the target location in liquid, leading to the study of local dynamics
and rheology in fluid. The ability to modify the surface of the probe
with a proper material, such as metal coating or self-assembled
monolayer, is also important for applications toward chemical and
biosensor chips in liquid.

Here, we demonstrate cavity optomechanics using a twin-
microbottle resonator (TMBR) that enables active free spatial access
to liquid. The TMBR consists of two microbottles (see Fig. 1A) that
form both the optical WGMs (18-27) and the mechanical RBMs
(28-30). The WGMs and RBMs are strongly coupled via radiation
pressure. Therefore, an evanescent optical access to the WGMs with
a telecom wavelength-tapered fiber allows optical drive and detec-
tion of the mechanical RBMs through the optomechanical coupling.
The important characteristic in this TMBR is that the mechanical
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Fig. 1. Mechanical and optomechanical coupling in TMBR. (A) Conceptual illus-
tration of the TMBR partially immersed in liquid. An optical WGM couples to a mechani-
cal RBM in the upper microbottle in air. The mechanical RBMs in the upper and lower
microbottles are mutually coupled via the neck part. (B) Schematic illustration of
the corresponding optomechanical system. The mechanical mode My in the upper
microbottle couples to the mechanical mode My in the lower microbottle as well as to
the optical mode Oy in the upper microbottle. The optical mode in the lower micro-
bottle (O) is not excited here. The mechanical mode frequency and intrinsic damping
rate of each resonator are denoted by Q;and T; (i = U, L), respectively, and the optical
decay rate of the upper microbottle is denoted by k. The vacuum optomechanical cou-
pling rate and the mechanical coupling rate are denoted by go and gy, respectively.

RBMs in the two bottles are elastically interconnected through the
neck part, while the optical WGMs in the two bottles are isolated.
This mechanically coupled but optically isolated configuration (see
Fig. 1B) allows high-performance optomechanical operation in lig-
uid when one bottle (for detection) is immersed in liquid and the
other bottle (for readout) is placed in air. The mechanical motion of
the bottle in liquid can be read out through the optical modes of the
bottle in air with a high Q. Thus, a highly sensitive detection of me-
chanical motion of the microbottle, including the monitor of ther-
mal fluctuations, is achieved in liquid, where one can freely target
the probing position and adjust the probe’s immersion depth using
a micropositioner. The high optical Q also allows cavity optome-
chanical operation in the resolved sideband regime, where the fre-
quency of the mechanical RBMs exceeds the linewidth of the optical
WGMs. The pump light blue-detuned from the optical cavity reso-
nance causes optomechanically induced amplification (OMIA) (31, 32)
of the damped mechanical motion in liquid, leading to enhanced
displacement and accessibility to phase information. The readout of
phase allows frequency tracking with a phase-locked loop (PLL) and
evaluation of the frequency stability, which enables estimations of
sensitivities for mass, viscosity, and density in liquid.

RESULTS

Fundamental properties of TMBR in air

The TMBR is fabricated from a silica optical fiber with the clad di-
ameter of 125 um by using the heat and pull technique (see Materials
and Methods). A fine adjustment of the fiber tension while changing
the heating position allows us to form three neck parts of 115 um in
diameter (indicated by white arrows in Fig. 2B), which separate two
720-um-long microbottles (the upper and lower bottles) with the
maximal diameter of 125 um (indicated by red arrows in Fig. 2B).
Because the difference in diameter between the bottle and the neck
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Fig. 2. Fundamental properties of the TMBR in air. (A) Schematic image of the mea-
surement setup. (B) Optical micrograph of the TMBR. The yellow and green shaded areas
correspond to the two microbottle structures. The white and red arrows indicate the po-
sition of the necks and the center of each microbottle, respectively. (C) Optical transmis-
sion spectrum of the upper microbottle measured with the probe power of 1.8 mW.
(D) Thermal noise spectrum of the coupled mechanical modes measured via the
frequency noise of the optical transmission at the slope of the cavity resonance
shown in (C). The dashed curve corresponds to the theoretical fit with the double
Lorentzian obtained by the coupled-mode theory. (E) Schematic energy diagram
that depicts the coupling of the energy levels of the upper and lower microbottles.
PSD, power spectral density.

(~10 pm) is larger than the optical wavelength (1.55 pm), the optical
WGMs in the two microbottles are isolated, while the mechanical
RBMs are coupled with each other (see the Supplementary Materi-
als). To optically access to the WGMs, a tapered fiber with a diame-
ter close to the optical wavelength is orthogonally contacted to one
of the microbottles (Fig. 2A). This allows an evanescent optical cou-
pling to the WGMs, which is confirmed by the optical transmission
spectrum (see Materials and Methods for details of the experimen-
tal setup). In air, some of the WGMs have the optical Q on the order
of 107, which is confirmed via the linewidth of the transmission reso-
nances (Fig. 2C). The high-Q optical mode used in this study (=1.65 x
10”), which corresponds to the typical value in the reported high-Q
microbottle resonators (19-30), enables cavity optomechanical op-
eration in the resolved sideband regime, i.e., the optical linewidth
(=12.1 MHz) is smaller than the mechanical mode frequencies
(=31 MHz). The coupled mechanical RBMs in the TMBR can be
probed via the high-Q optical WGMs in one of the microbottles
(hereafter in the upper microbottle placed in air) through optome-
chanical coupling via radiation pressure (see Fig. 1B).

First, we characterized the mechanical resonances of the TMBR
in atmospheric conditions (in air). In the twin-microbottle structure,
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several sets of spilt RBMs appear around 31 MHz, which corre-
spond to the coupled RBMs with no node along the radial direction
but with different node numbers with respect to the axial direction
(see Materials and Methods for the analytical expression and the
Supplementary Materials for finite element method simulation). Of
these sets, we focus on the one that provides maximal optomechan-
ical transduction efficiency, i.e., the highest signal level. Figure 2D
shows the thermal noise spectrum of the coupled mechanical RBMs
measured with the probe light of 1.8 mW. This is a measure of the
frequency noise of the optical transmission when the detuning of
the probe light is set on the middle of the slope of the cavity reso-
nance. This laser detuning with small power allows us to sensitively
detect the mechanical mode via optomechanical coupling while avoid-
ing optomechanical back action. The high-frequency mode with the
higher signal level (Q/2n = 31.41 MHz) corresponds to the anti-
symmetry RBM, in which the upper bottle breathes in the opposite
direction to the lower bottle (Fig. 2E). Note that the amplitude of the
upper bottle, which directly couples to the optical WGM, is larger than
that of the lower bottle because of the intrinsic eigenfrequency differ-
ence between the two bottles (@, < Q). On the other hand, the low-
frequency mode with the lower signal level (€2}/2r = 31.31 MHz)
corresponds to the symmetry RBM, in which the upper and lower
bottles breathe in the same direction (Fig. 2E), similar to coupled
micromechanical resonators (33, 34). In this mode, the amplitude
of the lower bottle is larger than that of the upper bottle. The me-
chanical damping rates, which correspond to the full width at half
maximum of the mechanical resonance, are I't,/2rn = I7/2r = 11.1 kHz
for the high-frequency and low-frequency modes, leading to the
mechanical quality factor of Qp, = Q= 2.8 x10%. The intrinsic ei-
genfrequency difference (8 = (Qu — Q1)/2n) between the two
microbottles and the mechanical coupling strength (gy) are extracted
by fitting the two resonances with the coupled resonator model (see
Materials and Methods), where 8y = 75.1 kHz and gy/2n = 59.6 kHz.
The coupling strength exceeds the damping rate of the each mode,
ie., gm/Th =gwm/T1=5.3 > 1, leading to a strong mechanical coupling.
The strong-coupling and low-dissipation nature provides efficient
transduction between the two mechanical modes with mechanical
cooperativity exceeding the unity (Cyy = 9.3 > 1).

The vacuum optomechanical coupling rate is extracted by using a
phase-modulated probe signal from an electro-optic modulator (EOM)
(35). The resulting value is go /21 = 1.3 kHz for the high-frequency
mode and go,1/2n = 0.7 kHz for the low-frequency mode. The signal-
to-noise ratios (i.e., the ratios between the peak top level and the noise
floor level) are 3.2 and 1.7, which result in displacement sensitivity (i.e.,
the minimum detectable displacement) of 4.5 x 10~"® m/vVHz in our
optomechanical setup and temperature condition [25°C for both the
room (air) and water]. This sensitivity is on a level similar to that in
microdisks (7, 10, 12) and microcapillaries (5, 6, 8) and will be fur-
ther improved by constructing a balanced homodyne interferometer
(35). Combining the efficient transduction between two mechanical
modes and the strong optomechanical coupling enables us to detect
the thermal motion when the TMBR is immersed in liquid.

Optical probe of the thermal motion

of the microbottle in water

This TMBR can be dipped into liquid at the target location while
changing the immersion depth with a micropositioner (Fig. 3A).
When the lower microbottle is partially immersed in water, the
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eigenfrequency Qi shifts to the lower-frequency side because the
effective mass of the mechanical mode increases in the condition
where the lower microbottle is surrounded by the water molecules
(5). This leads to a red shift of the low-frequency mode (£2y), as shown
in Fig. 3B. Figure 3C shows the experimental result measured with
the probe power of 1.8 mW when the lower microbottle is partially
immersed in water in the beaker by changing the depth step by step.
Here, the vertical axis corresponds to the relative immersion depth
Zim> which is defined as the depth from the initial position of the water
surface close to the bottom neck (indicated by the bottom white
arrows in Fig. 2B). In the very early stage of immersion (i.e., when
Zim < 100 um), the coupled mechanical modes do not show the ap-
parent change because the water surface is still below the edge of
the mechanical mode distribution. At zj,, = 140 um, a local peak
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Fig. 3. Optical probe of thermal motion of the microbottle in water. (A) Photo-
graphic image of the setup for the dip-in-water measurements. UV, ultraviolet.
(B) Schematic energy diagram that depicts the shift of the coupled mechanical modes
in water. (C) Immersion depth dependence of the thermal noise spectrum of the
coupled mechanical modes. The vertical axis corresponds to the relative immer-
sion depth, zjm, which is defined as the depth from the initial position of the liquid
surface close to the bottom neck (indicated by the bottom white arrows in Fig. 2B).
(D) Thermal noise spectrum with respect to the probe optical power. (E and F) Fre-
quency shift and linewidth change with respect to zi,. The circle and square plots
show the values for the lower and higher frequency mode, respectively. The dashed
curves are the theoretical fitting given by taking into account of the fluid-structure
interaction in an incompressible viscous medium.
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appears in the frequency shift (3€2) and the linewidth change (8T)
(Fig. 3, E and F). This is found only in the low-frequency mode and
is evidence that the mechanical mode and water start to overlap. When
Zim > 300 um (i.e., at least a third of the lower microbottle is in
water), a large change appears in the low-frequency mode. €
decreases with increasing ziy, (Fig. 3E). The linewidth, which corre-
sponds to the damping rate (I'/2x), also increases with increasing
Zim in this regime (Fig. 3F). This is due to the viscous damping in
liquid, which was previously reported in liquid optomechanics (7).
At zim = 500 pm, 8Q)/21 = —100.4 kHz and 8I}/2n = 45.0 kHz,
which reflects the strong degradation of the mechanical quality factor
to Q= 5.6 x 10% The change in Q and I' is large because the mechan-
ical mode is largely overlapped with water in the lower-frequency
RBM, which is mainly dominated by the lower microbottle. On the
other hand, the high-frequency mode shows a small change with
8Qp/2n = —4.3 kHz and 81/2r = 5.2 kHz. This is because the high-
frequency RBM is mainly dominated by the upper microbottle, which
is kept in air. Because the upper microbottle is still in air and there-
fore maintains the high optical Q (=1.65 x 107), the displacement sen-
sitivity for the low-frequency mode at z;,, = 500 um stays at the same
level (~5 x 107® m/vHz) as in air for the same probe power (1.8 mW),
where the sensitivity (i.e., the noise floor level) depends on the
probe power because of the power-dependent optomechanical cou-
pling and transduction efficiency (Fig. 3D).

The experimentally measured values of the frequency shift and
the linewidth broadening are fit well with the theoretical model as-
suming an incompressible medium, which was previously applied
to droplet-covered GaAs (7) with the help of the analytical expres-
sion of the mechanical mode distributions in the microbottles (see
Materials and Methods). The experimentally observed power spectral
density plots (Fig. 3C) also show good agreement with simulations
based on the optomechanical coupled-mode equations (see the Sup-
plementary Materials). The good agreement between the exper-
iments and theory, except for the local peak at zj, = 140 um [see
dashed curves in Fig. 3 (E and F); see the Supplementary Materials],
allows the extraction of the viscous damping rate and eigenfre-
quency shift in the lower microbottle in water (see Materials and
Methods).

Cavity optomechanical operation in resolved

sideband regime

To improve the signal visibility, we performed a driven measurement
of the mechanical modes. In addition to the displacement ampli-
tude, the external driving provides phase information, which allows
temporal tracking of the mechanical resonance with a PLL (36, 37).
The present TMBR enables such optical driving of the mechanical
motion in liquid using the framework of cavity optomechanics (1) in
the resolved sideband regime (Qn/xy (€u/xy) = 2.6 (2.5) > 1). This
is demonstrated by introducing the frequency-detuned pump light
in addition to the probe light. Here, the pump light is injected by
modulating the frequency of the laser light used for the probe light
with the EOM, as shown in Fig. 4A. The transmission S,; signal of
the probe light is detected by a vector signal analyzer. When the
pump light is red-detuned from the cavity on-resonance by A = -,
it results in optomechanically induced transparency, leading to the
hybridization of the mechanical mode and optical mode (31, 32, 38).
On the other hand, when the pump light is blue-detuned from the
cavity on-resonance by A = +€, it results in OMIA, leading to the
excitation of the mechanical motion (Fig. 4B) (31, 32). OMIA is
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Fig. 4. Cavity optomechanical operation of the microbottle in the resolved side-
band regime. (A) Schematic image of the measurement setup. (B) Conceptual
illustration of the blue-detuned pumping, which leads to the OMIA. (C) Frequency
response of the coupled two mechanical modes measured through the optical
transmission (Sz;) of the probe light for three different blue-detunings A=0.5,0.7,
and 0.9 Q| at zim = 0 um, where A was extracted from the theoretical fitting dashed
curves). a.u., arbitrary units.

especially useful in enhancing the mechanical response and ob-
taining the phase information.

Figure 4C shows the frequency response of the two mechanical
modes measured through the transmission (S,;) signal of the probe
light for three different blue-detunings at zj,, = 0 pm, where the de-
tuning value A was extracted from the theoretical fitting (dashed
curves). When A < 0.7€y (red and green plots), the pumping fre-
quency is further detuned from the sum of the mechanical and op-
tical mode frequencies; thus, the optical driving of the mechanical
mode causes the Fano-type weak response. In contrast, when the de-
tuning is close to the mechanical mode frequencies, i.e., A = 0.9Q
(the blue plot), the mechanical modes are optically excited to show
the Lorentzian-type response, leading to the sufficient excitation of
the mechanical modes. This optomechanical driving can be used even
when the lower microbottle is partially immersed in water. Figure 5A
shows the zi,, dependence of the frequency response of the two me-
chanical modes when A = 0.9, . Here, one can clearly see the change
in the resonance frequency and the linewidth for the low-frequency
mechanical mode with respect to the immersion depth, where the
amount of the change is similar to that in the case of the thermal
motion (in Fig. 3C). The phase information obtained by this driven
measurement allows the construction of a PLL, which is practically
useful for tracing the change in the mechanical resonance in time,
for example, by particle absorption and chemical reactions, which is
necessary for the in situ metrological applications in liquid (37).

Frequency stability and sensitivity measured with a PLL
An evaluation of the frequency stability is important for estimating
the sensitivity for mass, density, and viscosity. The frequency stability
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aseyy

Fig. 5. OMIA partially immersed in the water. (A and B) OMIA by immersing the lower bottle into the water. The dependence of zy, on the amplitude (A) and the phase

(B) of the coupled mechanical modes under the blue-detuned pumping of A = 0.9Qy,.

can be evaluated through Allan deviation, 64, which depends on the
signal-to-noise ratio (39, 40). To increase the signal level while main-
taining the same detection level, we here introduced two laser sources
and carried out the pump-probe measurement by constructing a PLL,
as shown in Fig. 6A. The signal level is variable through the drive
voltage exerted on the EOM, which controls the optical seed
intensity for the parametric excitation of mechanical vibration via
OMIA. Figure 6B shows the drive voltage dependence of the fre-
quency response of the mechanical amplitude, measured with the
lock-in amplifier at zj;, = 500 um while the PLL was deactivated. In-
creasing the drive voltage increases the mechanical amplitude, lead-
ing to a better signal-to-noise ratio. By locking the phase at the
center frequency of the lower frequency mode, we tracked the fre-
quency in time and evaluated the Allan deviation, which is given by

oa(t) = \((Q(t + 1) - Q(1)?)/(2Q2), where Q(1) is the stabilized

frequency via the PLL at time ¢, Q is the frequency of mechanical
resonance, T is the integration time, and (x) denotes the ensemble
average of x. The drive voltage dependence shows that the larger
drive voltage leads to the smaller G, that is, better frequency stabil-
ity (Fig. 6C). 65 = (1.4 £ 0.1) x 1077 is obtained with the peak-to-
peak drive voltage of 1.5 V for 10~ < 7 < 107, whereas it increases
for > 107" due to the temporal drift of frequency.

The minimum detectable mass, that is, the mass sensitivity Am,
can be estimated from the relationship Am =2megoa (41), where
mef is the effective mass given here by meg = 2.7 x 107° g (see Mate-
rials and Methods). The corresponding Am at zj,, = 500 um is shown
on the right axis of Fig. 6C, where Am = (7.6 + 0.6) x 10™'* g is ob-
tained for 107 < © < 107" (with 1.5-V driving). The sensitivity for
viscosity An and density Ap can also be estimated through 4. The
fluid-structure interaction model leads to the sensitivities of An =
2 Mwater GA/6§ and Ap = 2 pyater GA/SQ) where Nwater = 0.89 mmZ/S
and pyater = 1.00 g/cm3 are the viscosity and density of water at
25°C (see Materials and Methods). An = (1.6 +0.1) x 10 * mm?*/s and
Ap=(1.8+0.2) x 107 g/cm3 are obtained for 107 < t < 107! (with
1.5-V driving) at zj, = 500 um. The current measurement setup
using a lock-in amplifier limits the maximum applicable voltage
to 1.5 V. The sensitivities will be further improved with the setup
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modification by increasing the driving power up to a value that causes
self-oscillation.

Optomechanical probing for a phase-separated

liquid sample

An advantage of this probe-based architecture is the high accessibil-
ity to the target location in liquid. The application is not only limited
to a uniform liquid but can also be extended to a nonuniform liquid.
Here, we demonstrate a highly sensitive optomechanical probe in a
phase-separated liquid containing water and oil domains. Adding
water to viscosity-calibrated oil results in clear domains for water
and oil, in which the TMBR was immersed (see the location indicated
by the square and circle in Fig. 7A, respectively). The mechanical
responses in these domains were optically probed using the setup
shown in Fig. 2A. By monitoring the mechanical frequency and
linewidth, we observed different trends in the mechanical frequency
shift and linewidth broadening with respect to its immersion posi-
tions (see Fig. 7, B and C). This reflects the difference in viscosity (1)
and density (p) between water and oil. Because the amount of me-
chanical frequency shift is proportional to \mp (see Eq. 10), we can
quantify the difference by the relative viscosity-

denSitY prOdUCt, R = \VNoil poil/nwater Pwater = ) Qoil/s Qwatera which

corresponds to the mechanical frequency shift. The experimentally
obtained value from the frequency shift (R = 7.2 £ 0.5) shows good
agreement with the expected value (R = 6.9) from the known viscos-
ities and densities (pyater = 1.00 g/cm3 and po;=0.85 g/cm3) at25°C.

DISCUSSION

The unique characteristic of this optomechanical architecture is its
ability to freely access the target location in liquid in similar to scan-
ning probe microscopy (16, 17). This ability will open up new di-
mensions of cavity optomechanics in liquid, such as the sensing of
nonuniformly distributed molecules and particles in liquid, detec-
tion of the liquid-liquid interfaces in mixed liquids with difference
viscosities, and monitoring of turbulent liquid flow throughout the
detection of the liquid-air interface. Sensing in highly viscous media
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The right vertical axis shows the corresponding minimum detectable mass estimated from Am = 2megoa, Where meg is the effective mass of the mechanical mode.
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Fig. 7. Optomechanical probing for a phase-separated liquid sample. (A) Photograph of a liquid containing water and oil domains, where the oil domain is shaded
pink. The TMBR was accessed at two points: in water (square) and oil (circle). (B and C) Frequency shift and linewidth change in the lower frequency mode with respect to
Zim in water (square) and oil (circle) domains. The dashed curves are the theoretical fittings given by taking into account the fluid-structure interaction in an incompress-

ible viscous medium.

and non-Newtonian liquids, e.g., including macromolecules and su-
pramolecules, could also be available with the help of OMIA of the
heavily damped mechanical modes using the high-Q optical cavity.

This glass-based architecture allows metal coating and surface
chemical modification. The modification of the glass surface of the
lower bottle only (without changing the surface of the upper bottle)
would allow us to read out specific species in liquid with high sensitiv-
ity. This will enable selective detection of biochemical species and
biomolecules through molecular recognition, similar to how the
previously reported optical WGM biosensors do (13). The coating
material can be chosen freely regardless of its optical refractive in-
dex and absorbance because of the optical isolation between the two
microbottles. Furthermore, owing to its scalable glass fabrication

Asano et al., Sci. Adv. 8, eabg2502 (2022) 2 November 2022

technique, multiple microbottles can be interconnected to form ar-
rayed structures. Using the multiple microbottle structures in
combination with selective surface modification, it will be possible to
realize highly sensitive biochips, such as DNA and protein chips
(42-44).

In summary, cavity optomechanics in liquid using a TMBR has
been demonstrated. The optical high-Q modes in the microbottle
placed in air enables highly sensitive detection of thermal fluctuation
and resolved sideband operation of the microbottle partially immersed
in liquid. The applications of this optomechanical architecture can
be widely extended to the condition in arbitrary liquids, even in
highly viscous ones and gel-like media. The free accessibility to the
target location would lead to pioneering research on phenomena in
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nonuniform media and/or at liquid-air and liquid-liquid interfaces
using the framework of cavity optomechanics.

MATERIALS AND METHODS

Fabrication of TMBR

A silica optical fiber with the clad diameter of 125 um was set on a
glass processor (Vytran, GPX3400). The fiber was locally heated by
a graphite heater and stretched by pulling the two ends of the fiber.
This stretching process formed a neck with the dimeter of about
115 um. By changing the heating position and repeating this
process three times, we achieved the TMBR structure with the two
720-um-long microbottles. During these processes, the tension ex-
erted on the fiber was monitored and adjusted to be equal.

Experimental setup for probing thermal fluctuations

A schematic of the measurement setup is shown in Fig. 2A. An ex-
ternal cavity diode laser (ECDL) with an optical wavelength of 1550 nm
was used to probe thermal fluctuations in the TMBRs. The probe light
from the ECDL was sent to an erbium-doped fiber amplifier (EDFA),
an EOM, a polarization controller (PC), and a variable optical attenuator
(VOA). After appropriately adjusting the optical power at 1.8 mW
and the polarization, the probe light propagates on a tapered optical
fiber with the dimeter of about the wavelength, which enables us to
efficiently couple to an optical WGM on the microbottle in air. The
output light from the TMBRs, which contains the phase-modulated
signals owing to the optomechanical interaction, was detected by an
avalanche photodiode (APD). The DC component of electric signal
from the APD was monitored by a digital storage oscilloscope (DSO),
and the AC component was detected by an electric spectrum analyzer
(ESA). The transmission spectrum (shown in Fig. 2C) was observed
by scanning the laser frequency in the ECDL and by monitoring the
transmission in the DSO. The power spectral density of thermal
fluctuations in the coupled mechanical mode (shown in Fig. 2D) was
measured in the ESA by fixing the laser frequency via the thermal
locking method. In the same manner, the power spectral density of
thermal fluctuations with respect to the immersion depth of water
was measured in the ESA with the thermal locking method. The
immersion depth was controlled by a stepping motor with a single
step of 7.8 um. To quantify the optomechanical coupling, a calibrat-
ing electro-optic tone at the frequency of 31.5 MHz was generated
in the EOM.

Analytical expression of mechanical vibrations

in microbottle resonator

The analytical expression of spatial distribution of vibration modes,
u(r) = V'¥(r), in a bottle structure is obtained by solving the wave
equation for the scalar potential ¥(r)

(V4 k)P(r)=0 (1)

where kg = Q/v, with the vibration frequency, Q, and the speed of
sound wave in silica glass, vo. Solving this differential equation in
bottle coordinates (r, ¢, z) with a coordinate vector of r = (rf(z)cosd,
1f(2)sing, z) results in

¥(r,2) = CoJolk, 1) Ha(\ko B2) exp[—sz ] )
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where Cy is an arbitrary constant, p is microbottle curvature with

flz2)=+1- B2z k, = \/ké — (2n + 1) ko p with the axial mode num-
ber n, and J;(- ) and H;( - ) are the ith order Bessel function and
Hermite polynomial (see the details in the Supplementary Materials).
Note that this expression is valid under assumptions of no azimuthal
distribution and small curvature (Bz <« 1). Thus, the components of
the breathing mode can be readily derived as

Uy (1) = CoJo(k,r) [2n1\ko B oy (Vo B2) -

ko zBHn( ko Bz) ]exp [— @22]
i, )
)= ~Coli (b ) (Vo) exp [ - 5227

The mechanical frequency Q is determined by taking into ac-
count the free boundary condition 0,u,(r, z) | ,=go = 0 on the micro-
bottle surface r = Ry with the maximal microbottle radius, R.
This approximated boundary condition corresponds to Jo(s;) —
J2(si) = 0, where s; are the ith root of this equation. The mechanical
frequency Q;, of the jth RBM and nth axial breathing mode is ex-
pressed by

Qi = vo\/<%>2 + <n +%>2B2 +(n+1/2)Pro

The spatial distributions for different axial mode numbers are
shown in the Supplementary Materials.

4

Estimation of effective mass
The definition of effective mass is given by

Mege = pofdV [o(r)] > (5)

where py is the density of silica glass, and ¢(r) is the spatial distribution
of mechanical modes normalized as max, |¢(r)| = 1. Using Eq. 3,
Mg = 2.7 x 1078 kg is achieved for the first radial and third axial
vibrating modes. From this value, we can also estimate the power spec-
tral density of thermal fluctuation Sy, = \2hAng/mg QI = 1.1 x
10”7 m/vHz, where ng, = 2.0 x 10° is the phonon number at room
temperature and Q and I' are the frequency and linewidth of the
mechanical modes.

Coupled mechanical mode theory

To fit the experimentally observed thermal fluctuation in the cou-
pled mechanical modes, we consider the equation of motion for the
displacement in the upper and lower microbottles, xy and xi, re-
spectively, as follows

" . 2
Xy + FUXU + QUXU + gMQUxL = fth,Ua

. . 2 (6)
XL + FLxL + QLxL + gM QLXU = fth,L
where T, Q;, and fih; are the mechanical damping, mechanical
frequency, and Langevin force of the upper (i = U) and lower
(i =L) microbottles, and gv is a mechanical coupling constant. Note
that we assume that the Langevin force exerted on each micro-
bottle is independent, i.e., {fini(t)fmn (s)) = 8(t — $)8;2kpTT j/m with
the mechanical mass m, which is approximately equivalent between
the two microbottles. Because the displacement in the microbottle
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in air is optomechanically detected, we theoretically formulate it
by solving Eq. 6 in the frequency domain as follows

W (@) =

g, Q r 2
VZI:ET[ | BSVELN; + u lxe(o)] (7)
where ()= (-o*+ sz) +iljw is the mechanical susceptibility.
By fitting this function to the experimental results in Fig. 2D, we can
estimate the coupling constant gy, the initial detuning &y = (Qu -
Qp)/2m, and the cooperativity Cy = oI r , which determine the per-

formance of signal transduction from the lower microbottle to the
upper one.

2 2
Iu(@) @)+, QuLl T 1xu(@) xu(®) +g, QuQL |

Fluid-structure interaction in microbottle structures

The fluid-structure interaction is investigated by referring to that in
microdisk resonator (7). Here, we simply assume that the target me-
dium is an incompressible viscous one. The mechanical frequency
shift and linewidth broadening due to viscous liquids are given by
the following formula

. dS[B, u} + B,iul]
suriace (8)

0Q = Q;
pRm dV u +uZ]

Hsurface dS [Ar u, + AZ uz] (9)
prll  dViuf+ul]

oI = Q,

where u, = u,,(r, z) and u, = u, ,(r, z) are the spatial distributions
of microbottles given in Eq. 3, €, is the mechanical frequency in air,
and pg is the density of the host material of the resonator. Note that
we assume that the radial (axial) displacement only contributes to
the longitudinal (shear) interaction to the medium. Thus, each co-
efficient, Aj, B; (j =1, 2), is approximately given by

A, = B = %V pp.Q (10)
A, =B, = \/2qu
| 2n 1

with a condition , < 1, where p and p are the density and
viscosity of the medium, Q is the vibration frequency, and Ry is the
maximal microbottle radius. Here, we note that the formalism of
the mechanical impedance in a spherical structure (i.e., the sphere
diameter is regarded as the maximum microbottle diameter, R) is
used to determine the coefficient of 5/4 and 1/2 in Eq. 10 in the same
manner as for a microdisk system (7). The amount of frequency
shift and linewidth broadening is evaluated by taking into account
the immersion depth z;, as follows

8Q = 8T o | _ndz[Ro(1 - B2 (BLu? + BLud)] +

e [Ro(1 - B*z%) (B2 u? + B2 u?)] (11)

Zim

where B’ is the coefficient with the liquid properties (k = L) and the
air propertles (k = A), and the factor Ro(1 — p%2?) comes from the
Jacobian of the bottle coordinates. Using the expression of spatial
distribution of u, and u,, we can theoretically fit the mechanical fre-
quency and linewidth broadening in Fig. 3 (D and E), respectively.
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Experimental setup for measuring OMIA

The basic setup was the same as that used for tracking thermal fluc-
tuations (see the schematic in Fig. 4A). Instead of using the ESA to
measure the output radiofrequency signal from the APD, it was
measured by a vector network analyzer (VNA) with the radiofre-
quency drive connected to the EOM. The VNA quantifies the real
and imaginary part of the detected S, signal, sg and s, respectively.
The amplitude and phase are calculated from these signals as
A 3122 + 512 and tan™'s'/sk, where s'; (j = R, I) is the postprocessed
signal by subtracting background tilting due to the optomechan-
ical interactions.

Experimental setup for optomechanical PLL

A schematic of the measurement setup is shown in Fig. 6A. The
1550-nm ECDL was used for pump light, and the 1520-nm ECDL
was used for probe light. The optical power for pump and probe was
set to 10 mW and 100 uW, respectively, with an EDFAs and VOAs.
The optical sideband in the pump light, which operates as a seed
light for the parametric optomechanical driving, was generated by
an EOM. After the polarizations have been appropriately adjusted,
the pump and probe lights were combined with a beam splitter and
sent to the TMBR via an optical tapered fiber. The output from the
tapered fiber was filtered out so that only the probe light was detected
with an APD. The detected DC signal was sent to a servo controller
to stabilize the probe laser frequency at the slope of the resonance
in the TMBR. The detected AC signal was measured by a lock-in
amplifier equipped with a PLL (UHFLI, Zurich Instruments), where
the reference signal was sent to the EOM. The PLL was demonstrated
with a target bandwidth of 500 Hz with appropriate proportional-
integral-derivative control parameters.

Sensitivity for viscosity and density
The sensitivity for viscosity () and density (p) is estimated from the
fluid-structure interaction model as

Qo(p, 1) = Qq -~ 3Q(p, ) = Qu — kP (12)
where €, and Q(p, ) are the mechanical frequency in air and lig-
uid, respectively, and the constant k is determined by the spatial
overlap integral and mode volume of the resonator (see Eq. 8). By

assuming that the mechanical frequency is fluctuating due to small
changes in viscosity, the sensitivity for viscosity An is given by

2
_ Q0" 2 L \f AQ 2n
= () ) -k -
2
Q) , and the final equality is given

(13)
where 8Q = §Q/Q, 64 = <?z
by solving Eq. 12 about k. In the same manner, we obtain

2p
Ap = —=oO 14

P =550A (14)
as the sensitivity for density.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg2502
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