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Abstract: In recent years, some of the most interesting discoveries in science and engineering
emerged from interdisciplinary areas that defy the traditional classification. One recent and
extensively studied example is the advent of optomechanics that explores the radiation pressure-
induced nonlinearity in a solid micro-resonator. Instead of using a solid resonator, we studied a
liquid droplet resonator in which optical pressure could actively interact with the fluid interface.
The droplet resonator supported high-quality whispering gallery modes along its equatorial plane,
which produced a radiation pressure that counterbalances the interfacial tension, resulting in a
droplet with damped harmonic oscillation. A major goal of this study was to demonstrate that
such a novel and all-liquid platform could lead to a single-photon-level nonlinearity at room
temperature. If successful, such a highly nonlinear system may lead to new research paradigms
in photonics, fluid mechanics, as well as quantum information science.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photon-phonon coupling in high quality (Q) optical resonators have been studied to understand
many interesting physical phenomena such as the mechanical oscillations driven by the back-
action of photons in optical cavities [1–4]. To date, research on optomechanics primarily focused
on the photon resonance in solid cavities itself [5–8], or by submerging them in liquid cladding
medium [9–12], more intriguing scenario of fluid-mechanical interaction of solid core and liquid
cladding became available. However, to achieve optomechanical interactions at ultralow optical
power, i.e., few-photon regime, choosing liquid as core material of optical resonator as well
should be more natural due to its overwhelming deformability over the solid micro-structures
under external stimuli. In fact, a pioneering study on the interplay between the radiation pressure
and a liquid [13] was carried out decades ago, which observed an intriguing phenomenon of
an air-water interface deformation induced by an intense laser beam. Although there have been
follow-up studies on the optofluidic interaction by means of direct excitation of laser onto the flat
liquid interfaces [14–17] or droplet surfaces [18–20], in the absence of either an effective optical
power coupling to the interface or the resonant power amplification, these novel findings have not
led to practical applications that are operational at low optical power.
Fortunately, through a unique optical mode coupling into a spherical cavity using a tapered

fiber, recent studies on whispering gallery modes (WGMs) have facilitated the efficient coupling
of optical power into a droplet [21–25], which also provides high power amplification by serving
itself as a whispering gallery resonator (WGR). These advancements in experimental techniques
have enabled the observation of kilohertz droplet capillary resonances [26,27] and megahertz
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acoustic resonances [28,29], where both were enhanced by the optofluidic interactions inside the
droplet WGMs.
In this paper, we showed an experimental verification of our previous theoretical prediction

of measurable resonance shift by WGM-induced radiation pressure in a liquid resonator [30].
Unlike other reports regarding the optically excited free-vibrational motion in a droplet, i.e.,
capillary/acoustic resonances described above, we focused more on the highly damped response
by introducing a viscous microdroplet. Such an overdamped system offered us an access to
the steady-state response of the droplet, in which the steadily excited WGM (outward radiation
pressure) and surface tension (inward recovery force) balances each other. The formation of
radiation pressure along the equatorial circumference of a droplet resulted in a bulged deformation
of a sphere to an oblate spheroid, which provided us a direct measure of radiation pressure by
shifting the WGM resonance.
In addition to the radiation pressure, we have also theoretically analyzed a wide range of

optofluidic nonlinearities in a droplet associated with the Kerr effect, thermal expansion, thermo-
optic effect, thermocapillary, and light scattering-induced optical force [31,32]. Through our
comparative analysis, the radiation pressure was found to have a dominating effect on the optical
nonlinearity of the liquid resonator. Here, toward a realistic verification of our theoretical
predictions, we designed a series of experiment to quantify the dynamic optical behavior of a
liquid resonator coupled with a WGM. Specifically, we scanned the laser wavelength across the
WGM resonance wavelength with different speeds and directions. We recorded such optofluidic
interplay in time domain and demonstrated that the WGM-induced nonlinearity is dominantly
produced by the radiation pressure. Moreover, it is confirmed that the observed temporal
response agrees well with our harmonic oscillator (HO) model derived from the analytical
solution of the radiation pressure in [30], where the fluid-mechanical parameters of model
followed the definitions given by [19,33,34]. Such a strong nonlinearity of radiation pressure
led us to an alluring conclusion that in a liquid droplet with an ultralow but experimentally
attainable interfacial tension, the presence of a WGM by even a single photon could produce a
measurable shift in its resonance wavelength, and experimental realizations of room temperature
single-photon-level nonlinearity are also feasible.

2. Experimental framework: characterization of a liquid droplet WGR

To measure the shift of WGM resonance under different input optical powers (Pin) injected
through a single-mode taper, we adopted a standard experimental configuration of taper-droplet
resonator coupling and the transmission measurement as shown in Fig. 1(a). The taper was
placed at a proximate to the equator of droplet resonator and the taper-resonator coupling distance
was tuned by a piezo-stage (P611.3s, Physik Instrumente) with its positioning resolution of 1
nm, while two CCD cameras monitored the relative position from side and top. The optical
transmission was firstly excited by a CW tunable laser (TLB-6711, New Focus, 729-739 nm) and
measured by a 10 MHz photodetector with adjustable gain (2117-FC, New Focus).
The high-Q resonator (core) was a drop of index matching fluid (IMF, Perfluorocarbon and

Chlorofluorocarbon, AAA13600, Cargille) with its radius R ≈ 250 µm, whose optomechanical
properties are accurately manufacturer-calibrated, and it was mounted on a stem which was
built in a water chamber (cladding) as shown in Fig. 1(b). A cross-sectional illustration of the
fundamental WGM confined in the equatorial plane of the droplet resonator is shown on the right
as well. Other optofluidic parameters of the core and cladding liquids are listed in Table 1.

By scanning an output wavelength of a tunable laser (λ) at around 780 nm, we could measure
the transmission coefficient T (ratio of output to input power) of the taper-droplet system as
a function of λ. Figure 1(c) shows a typical transmission spectrum of the droplet resonator,
which contains multiple sharp dips, each associated with a high-QWGM. Experimentally, the
free-spectral-range (FSR) of the droplet was found to be 258 pm, which closely matches the
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Fig. 1. Experimental configuration and characterization of a droplet WGR. (a) Schematic
diagram of the droplet WGM experimental setup (DAQ: data acquisition, PD: photodetector,
PC: polarization controller, PZT: piezoelectric transducer). (b) Illustration of a droplet
resonator (left) and the WGM pattern in r-θ plane (right). (c) WGM transmission spectrum
of a droplet resonator. (d) Examples of high-Q droplet resonances (blue: Q = 2.1 × 106, red:
Q = 1.7 × 107) (∆Pin = 8 µW). (e) Typical nonlinearities in WGM resonances observed
during up-scan (blue) and down-scan (red) (∆Pin = 200 µW).

Table 1. Optofluidic parameters of core and cladding of liquid WGR configurationa

α (1/m) n (RIU) σ (mN/m) µ (mPa·s) ρ (kg/m3)

Core (IMF) 0.26 1.357 18 16 1917

Cladding (water) 2 1.330 72 1 1000

aα: absorption coefficient, n: refrative indx, σ: surface tension, µ: viscosity, ρ : density

estimate given by ∆λFSR = λ2/(2πnR) = 253 pm. For any given resonance dip, we used ∆Pin to
denote the difference in transmitted optical power between the on- and off-resonance cases, as
indicated by a vertical arrow in Fig. 1(c).
In the estimation of optical loss in our droplet resonator, given the relatively large size of

our droplet compared to the visible wavelength (> a few hundred folds), we estimated that its
radiative loss is very low so as the radiation limited Q-factor becomes very high (Qrad = 7 × 108)
[35]. Also, we varied the coupling coefficient (κ) between the taper and the droplet resonator
by manipulating the gap distance between them, which allowed us to tune the values of ∆Pin
and on-resonance transmission coefficent (Ton = 1 − ∆Pin/Pin). To minimize the taper-resonator
coupling loss, we operated in the under-coupled regime with Ton varying in a range of 0.2 to
0.7 [36]. Therefore, the total intrinsic Q-factor can be simply denoted by the inverse sum of the
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remaining two different Q-factors limited by scattering at droplet surface (Qscat) and material
absorption in the volume (Qabs).
Due to the thermodynamic motion of resonator fluid at room temperature, the quality of

core-cladding interface may experience random thermal fluctuation, but considering the surface
tension of droplet fluid (σ = 18 mN/m), the RMS scale of such perterbation is expected
to be as small as molecular level. Refering to the theoretical analysis of potential quality
factor of droplet resonator [37], the scattering limited Q-factor is found to be as high as
Qscat = 50

√
σR2/kBTK = 2.6 × 107 (kB: Boltzmann constant, TK : absolute temperature). In

addition, using the attenuation coefficient (α) of the droplet fluid at the wavelength of our interest
(780 nm) which is given by the manufacturer, the absorption-limited Q-factor was found to be
Qabs = 2πn/αλ = 3.5 × 107, which finally resulting in the upper limit of intrinsic quality of our
droplet resonator as Q = 1/(1/Qscat + 1/Qabs) ∼ 1.5 × 107.
To experimentally confirm the above-discussed intrinsic Q-factor, we first estimated the full

width at half maximum (FWHM) of a resonance, which was excited with very low input power
(8 µW) at a fast wavelength scan speed (Vscan = 7 nm/s) to avoid any forms of nonlinearities that
may distort the spectral shape of the resonance, and found that the Q-factor (Q = λres/FWHM)
typically varied in a range of 106 to 107. Due to the Q-factor highly related to the absorption
mechanism in our droplet WGM, variations in its value could potentially be attributed to the
presence of contaminants in the core and cladding liquids. Figure 1(d) shows two representative
examples of the droplet resonance spectra measured at low input powers (cold resonances) (blue:
lower Q ∼ 2.1 × 106, red: higher Q ∼ 1.7 × 107), and notably, the higher Q is reasonably close to
the aforementioned theoretical upper limit.

Next, to experimentally characterize the radiation pressure-induced nonlinearity, we scanned
the transmission spectrum of the coupled taper-droplet system at reasonably slow wavelength
scan speed (Vscan = 1.17 nm/s) and relatively high input power (∆Pin = 200 µW), and the results
are shown in Fig. 1(e). Interestingly, we found that the shape of WGM transmission completely
changed depending on the direction of laser scan. Here, we used a term ‘up-scan’ (or ‘down-scan’)
to denote a case where we increased (or decreased) the tunable laser wavelength. For up-scan,
we found that the WGM transmission (blue curve in Fig. 1(e)) had a gentle downward slope
followed by a sharp recovery that was often reported in the previous studies of WGM-induced
nonlinearities [25,38,39]. We used ∆λres to represent the magnitude of red-shift during up-scan
which is indicated by a horizontal arrow in Fig. 1(e).

In contrast, as it can be seen as red curve in Fig. 1(e), the resonance spectrum observed in
down-scan tends to exhibit extremely narrow FWHM, which is even thinner than the one found
in cold resonance. Qualitatively, the red-shift of WGM resonance observed during up-scan can
be explained as follows. As the tunable laser wavelength approached a WGM resonance from the
blue-side, the optical power carried by the WGM increased and the following enhanced radiation
pressure could deform the droplet and push its interface outwards, leading to a red-shift of the
resonance. With a reasonably slow scan speed, the tunable laser wavelength potentially matched
the resonance shift and produced the transmission spectrum in Fig. 1(e) (blue curve). The noise
in down-slope was attributed to the noise in the input laser wavelength/power [39] and thermally
driven fluctuation of droplet interface [27,37]. For down-scans, the directions of laser scan and
the radiation pressure-induced resonance shift were opposite, which therefore produced narrower
resonance FWHM as shown in Fig. 1(e) (red curve). More details on the variations of resonance
shapes in up/down scans are further discussed in next chapters.
Similar pattern of resonance shift has also been demonstrated in the study of nonlinearity in

solid resonators [38,39], where the shifts were accounted for the positive thermo-optic coefficient
and thermal expansion by optical heating. However, in our case, the use of liquid resonator
with negative thermo-optic coefficient blue-shifts the resonance and counteracts the red-shift by
thermal expansion. Our previous theoretical estimations of these two nonlinearities in liquid
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resonator [31,32] revealed that the two factors nearly cancel each other out, and in addition,
other’s experiment conducted with water drop [25] even reported a thermally blue-shifted WGM
resonance, where thermo-optic effect dominated thermal expansion.
For a comparative analysis, we estimated the scale of thermal nonlinearities by equating

the coupled optical power during the up-scan in Fig. 1(e) to the generated thermal energy
(Etherm = ∫(Pin − Pout)dt = 4.8 × 10−7J). Assuming the resulted heat is evenly distributed
in the resonator volume, the temperature change can be calculated as ∆TT = Etherm/CpVD =
+0.002◦C from the given density (D = 1917 kg/m3), specific heat (Cp ∼ 2000 J/kg/◦C),
and radius (R0 = 250 µm) of the droplet resonator. Introducing the thermo-optic coefficient
(dn/dTT = −0.00034◦C−1) and thermal expansion coefficient (αT = +0.001 cc/cc/◦C) of index
matching fluid, the thermally induced WGM resonance shift is found to be approximately
∆λres, therm = λ

(
1
n

dn
dTT +

1
3αT

)
∆TT = 780 nm(1.5 × 10−7) = +0.12 pm, which is negligible

compared to the shift observed in Fig. 1(e). Based on above analogy, we hereby claim that all of
experimental result in our current study is red-shifted WGM resonance in liquid resonator, which
were mainly induced by the outward radiation pressure due to circulating optical power of WGM.

3. Theoretical framework: the harmonic oscillator model

The dynamical coupling between the optical field and a liquid droplet could be modeled as
a harmonic oscillator. Specifically, we phenomenologically described the radiation pressure
induced droplet deformation as:

∆ ÜR + 2µL∆ ÛR + ω2
L∆R = ω

2
LR0

PWGM
Psat

, (1)

where the overdots indicate time derivatives, ∆R is the time-dependent changes in droplet radius
at the equator (i.e., θ = π/2), PWGM is the total power of the WGM, and Psat is a constant
representing a saturation power [30]. The damping constant (µL = (2L + 1)(L − 1)µ/(ρR2

0)) and
the oscillation frequency (ω2

L = L(L + 2)(L − 1)σ/(ρR2
0)) are respectively given by [19,33,34],

where we consider only the fundamental mode (L = 2). In deriving Eq. (1), we assumed that
the polar dependence of the change in droplet radius could be described by the lowest spherical
harmonic function (YL=2,M=0 =

√
5/16π(3cos2θ − 1)) [30], which is a reasonable approximation

confirmed by the comparison with an exact solution as shown in Fig. 2(a). The right hand side of
Eq. (1) is associated with the radiation pressure, which is propotional to the WGM power (PWGM).
At steady state, Eq. (1) is reduced to ∆R/R0 = PWGM/Psat. The relative change in droplet radius
(∆R/R0) can be determined from the proportionality constant (Psat) at a given PWGM , which can
be estimated (in a closed form expression as well) by the method given in [30]. Assuming the
PWGM as unity (= 1 W), the values of ∆R/R0 determined by the fluidic parameters of our droplet
(σ = 18 mN/m) at various radii are shown as red curve in Fig. 2(b). Two more results at ultralow
interfacial tensions are also shown (green: σ = 10−1mN/m, blue: 10−3 mN/m), suggesting that
∆R/R0 is proportional to 1/σR0.

A change in the droplet radius was expected to be accompanied by a shift in its WGM resonance.
A WGM phase shift (φ(t)) and the magnitude of the droplet deformation at the equator (∆R(t))
satisfy φ(t) = φ0 + 4π2neff (R0 + ∆R(t))/λ(t), where neff is the effective index of the WGM, which
can be well approximated to be ncore due to the strongly confined WGM inside the droplet surface.
In our experiment, the laser wavelength (λ(t)) is scanned at a speed Vscan and can be described
as λ(t) = λ0 + Vscant. Following the analysis in [40], we can express PWGM and the transmitted
power (Ptrans) as a function of the input power (Pin) as

PWGM =
τ2r κ

2

|τrτc − exp(−iφ(t))|2
Pin, (2.1)
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Fig. 2. Theoretical analysis of droplet deformation. (a) Polar dependence of droplet
deformation (blue solid curve: exact solution, red dashed curve: lowest spherical harmonic
expansion (L= 2)). (b) Radiation pressure induced droplet deformation (∆R/R0) for our
droplet samples with different radii (red) at PWGM = 1 W. Two other results are estimated
using the same liquid properties but ultralow interfacial tensions.

Ptrans =
|τr − τcexp(−iφ(t))|2

|τrτc − exp(−iφ(t))|2
Pin, (2.2)

where τc and κ =
√
1 − τ2c are, respectively, the throughput and cross-over coupling between

the taper and the droplet, and τr accounts for the round trip attenuation of the WGM. It should
be noted that these three WGM parameters (τc, τr, and κ) are assumed to be independent of
Pin because, though the droplet deformation changes the taper-resonator gap distance as well
as the coupling condition, the scale of deformation in our study at Pin<200 µW is expected to
be as small as a few nanometers, incurring little effect on the state of the under-coupled WGM.
Equations (1), (2.1), and (2.2) together describe the nonlinear coupling between the optical field
and the liquid droplet, whereby the WGM deforms the droplet through radiation pressure, and
the deformed droplet in turn shifts the resonance of the WGM by changing φ(t).

4. Results

4.1. Resonance spectra during up-scan

To experimentally investigate the relationship between ∆λres and ∆Pin, we measured about 6000
different transmission spectra (> 1000 for each Vscan) for the identical droplet resonator while
varying ∆Pin in a range of 20 ∼ 200 µW and for the most strongly coupled resonance in each
spectrum, we extracted the corresponding values of ∆Pin and ∆λres. Our experiments were
conducted using four different laser scanning speeds (Vscan) to see if there is any time-dependent
response of the WGM-induced nonlinearity and each experimental result (grey dots) is shown
in Figs. 3(a)-(d), respectively, where the statistical distribution of each result is represented by
black errorbar. The blue dashed curves are simulation results based on the HO model, where
we numerically solved the coupled Eqs. (1), (2.1), and (2.2) using the following parameters:
τr = τc = 0.997 (resulting in Q = 1.5× 106), µ = 15 mPa · s, σ = 18 mN/m, and Psat = 2048 W.
Unless specified otherwise, the same parameters were used for all subsequent HO analyses.
Though the experimentally observed WGMs exhibited huge variations in their coupling ratios
(∆Pin/Pin) in under-coupled regime, the simulation considered only the case of critical coupling
by setting τr = τc for simplicity, where PWGM is independent of the coupling ratio as long as
∆Pin remains constant. The values of these WGM coupling coefficients were correspondingly
chosen by Eq. (2.2) to reproduce the average value of the measured Q factor. Psat was determined
by applying the steady-state analysis in our previous work [30] with the optofluidic parameters of
our droplet resonator. Consequently, among all these HO parameters, only σ and µ remained as
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fitting parameters and their values were chosen to be in a practically similar order of material
properties of our droplet fluid.
Both the experimental result and simulation showed that for slower scans (Figs. 3(a)-(c) at

Vscan = 1.17, 2.33, and 3.50 nm/s), the relationship between ∆λres and ∆Pin was mostly linear
(∆λres/∆Pin ∼ 60 pm/mW), which can be justified as follows. For a WGM circulating within
the droplet, its power attenuation can be estimated as ∆PWGM = α2πRPWGM according to [38],
and its value must be equal to ∆Pin at steady state. The decay constant (α), including all types
of optical losses in the resonator, was determined from the attenuation coefficient of WGM (τr)
as α = −ln(τr)/(πR) = 3.8 m−1, where the τr could also be estimated from the experimentally
measuredQ of resonator as τr =

√
1 − 2π2ncoreR0/Qλ. In conjunctionwith∆λres/λ = PWGM/Psat,

we now have a simple linear estimation of resonance shift ∆λres ≈ ∆Pinλ/(α2πRPsat) and such
estimates are shown as dashed red lines in Figs. 3(a)-(d). Unlike the results at slower laser scans,
for the fastest scan (Vscan = 7.00 nm/s) in Fig. 3(d), our result suggested that ∆λres remained almost
unchanged for relatively low ∆Pin<100 µW and then rapidly increased once ∆Pin exceeded
100 µW. Such threshold-like behavior was originated from our method of transmission spectrum

Fig. 3. Experimental result of radiation pressure-induced nonlinearity during up-scan. (a-d)
Radiation pressure-induced resonance shift at different input power and laser scan speeds:
Vscan= (a) 1.17 nm/s, (b) 2.33 nm/s, (c) 3.50 nm/s, (d) 7.00 nm/s (grey dots: experimental
result, black errorbars: statistical distribution of grey dots, blue dashed curve: HO model,
red dashed line: linear estimation). In (d), simulation results for ∆Pin up to 300 µW is
added as an inset. (e, f) WGM transmission spectra at different up-scan speeds: Vscan= (e)
1.17 nm/s, (f) 7.00 nm/s. (grey solid curve: experimental observation, blue dashed curve:
HO model)
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scan in that ∆Pin (so as the radiation pressure) should be strong enough for the resonance shift
induced by droplet deformation to be able to catch up with the speed of laser scan. For the
experimental results in Figs. 3(a)-(d), the R-squared of linear regressions are, respectively, 0.48,
0.59, 0.58, and -0.11, which also draw a clear boundary lying between the trend of resonance
shifts in slow and fast scans. The typical Q-factors of resonances analysed in Figs. 3(a)-(d) were
approximately in a range of 1 × 106 ∼ 2 × 106 and the deviation was attributed to the impurity in
core and cladding liquids as well as different mode orders of coupled WGMs.

The Vscan dependence of dynamic resonance shift can also be seen from the shape of measured
transmission spectra. Figure 3(e) shows a typical slow-scanned WGM transmission spectrum
(grey solid) as well as the corresponding simulation (blue dashed), where we normalized the
off- (on-) resonanace transmission to be 1 (0). To facilitate the comparison, the noisy result
was low pass filtered to minimize the impact of noises introduced by pump laser and thermal
fluctuation, and the resulted spectrum is also shown as black solid curve. For such slow scans,
the laser wavelength could match the shift of WGM resonance (due to radiation pressure), and
then they could smoothly move in tandem and shift towards longer wavelength. On the other
hand, the spectrum in Fig. 3(f) was more typical during the fast scans, which more likely exhibits
significant fluctuation in droplet radius as well as the transmission, due to the abrupt increase in
radiation pressure by the sudden approach of laser wavelength towards the resonance. Here, the
difference in the results of Figs. 3(e) and (f), which was detected in a time scale of a few ms or
µs, is not assumed to be originated from the Kerr nonlinearity whose ultrafast response is on the
order of sub-nanosecond (GHz or THz regime) [41,42], which therefore, would result in almost
the same transmission patterns under the abovediscussed different speeds of laser scans through
a resonance, e.g., ∼14 µs for 7 nm/s scan through a resonance FWHM of 0.1 pm. The same
analogy also applies to the distinct trends of Figs. 3(a) and (d), which should not be different
under the consideration of Kerr nonlinearity. In addition, our previous theoretical analyses
[30–32] also proved that the Kerr nonlinearity of carbon disulfide (CS2) droplet, known for its
high third order nonlinear susceptibility (χ(3) = 3.1 × 10−20m2/V2), in the same configuration
as our liquid droplet resonator, is still at least two orders of magnitude lower than the scale of
radiation pressure-induced nonlinearity.
To estimate the magnitude of thermally induced resonance fluctuation observed in Fig. 3(e),

the equatorial radius of a spherical droplet was assumed to change from R0 to R0 +∆R. Assuming
a spheroid shape for the deformed droplet, the increase in droplet’s surface area (∆S) can be
approximated as ∆S = ∆Sspheroid − ∆Ssphere � 20∆ · R2 (valid for ∆R<10 µm within 2% error),
which should increase the surface energy of the droplet by σ∆S = 20σ∆R2. Equating this
energy change to the thermal energy, we could estimate the scale of thermally induced radius
fluctuation as ∆Rtherm �

√
kBTK/20σ � 1 by assuming σ = 18 mN/m and TK = 300 K. For

the 250 µm radius droplet, the corresponding thermally induced fluctuation of WGM resonance
wavelength (∆λtherm) is approximately ±0.3 pm. This simple calculation provides a correct
order-of-magnitude estimate of the noise floor in our ∆λres measurements in Figs. 3(a)-(d).

4.2. Resonance spectra during down-scan

In contrast to the broadened resonances found in up-scan measurements, we obtained resonances
with similar or even narrower FWHMs during down-scans. This is because, while the laser
wavelength was decreased during the down scan, the radiation pressure still pushed the droplet
outwards and shifted the WGM resonance to the opposite. In an extreme case of high ∆Pin and
slow Vscan, such crossover interaction could leave only a sharp spike in the scanned trasnmission
spectrum. Figure 4(a) shows the power dependence of the FWHM of WGM resonance (∆λFWHM)
during the down-scan with four different values of Vscan in different colours. Markers and dashed
curves represent, respectively, the experimentally measured FWHMs and HO model results.
Each experimental data point is an average of 5 to 20 FWHM measurements at the similar
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range of ∆Pin. This analysis could be meaningful only in statistical manner due to the resulted
ultra-sharp FWHMs, which are nearly comparable to the spectral resolution limit. We could
also use the HO model to simulate the similar narrowing of WGM FWHMs during down-scans,
where the parameters are set to be the same as those used in up-scan analysis (Fig. 3). In
general, the degree of FWHM reduction was related to the speed of droplet deformation and was
more pronounced when higher ∆Pin (stronger force acting on droplet surface) and slower Vscan
(longer time for surface acceleration) were used. For faster droplet deformation, the resonance
wavelength crossed over the laser wavelength in a shorter time and left a narrower shape of
resonance in the transmission spectrum. Similar to the discussion in up-scan analysis, the time
scale of resonance shift during down-scan is also found to be comparable with the laser scan
(microseconds), exhibiting no correlation with the Kerr nonlinearity.

Fig. 4. Spectral pattern of WGM transmission during downscan. (a) FWHM of squeezed
resonance during down-scan at scan speeds: Vscan= red: 1.17 nm/s, green: 2.33 nm/s, blue:
3.50 nm/s, magenta: 7.00 nm/s. (markers: experimental result, dashed lines: HO model) (b)
WGM transmission spectra during down-scan. (blue: experimental result, red: HO model,
magenta: cold resonance).

In addition, an interesting “ringing” transmission spectrum was observed during down-scan, as
shown in Fig. 4(b) by the blue solid curve (HOmodel: τr = τc = 0.998 (resulting inQ = 2.3×106),
∆Pin = 100 µW, Vscan = 0.23 nm/s). The three decaying dips represent the multi-crossing of
laser wavelength through a single resonance whose location as well as the radius of droplet
are time-varying, where such oscillatory motion is modulated by the coupled optical power of
WGM. As the laser wavelength approached from the red-side tail of cold resonance, a fraction of
WGM started to be excited, and the resulting radiation pressure shifted the resonance toward a
higher wavelength, thereby enforcing even stronger coupling. Even for a short time after the laser
wavelength passed the shifted on-resonance (major dip in spectrum), there was an additional
increase in resonance wavelength due to the inertial motion of droplet surface. Such a process
triggered a “slingshot” motion of droplet surface, where soon the shifted resonance recovered
back toward the cold resonance by means of the surface tension of droplet. In contrast to the first
encounter, the second encounter (second dip in spectrum) was made by the chase of recovering
resonance from the red-side of laser wavelength. The second encounter again red-shifted the
resonance and the same process was repeated until the laser wavelength completely passed the
original location of resonance.
In conjunction with the fluctuating transmission spectrum in Fig. 3(f), the frequency of such

interaction between laser wavelength and resonance is found to be around 1 kHz, which is close
to the natural frequency of the previously reported octane drop resonator in water [26], where the
study attributed the emergence of oscillation in WGM transmission to the interaction of surface
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tension and centrifugal radiation pressure as well. Therefore, above observation of dynamic
oscillatory interplay between the surface energy of droplet and WGM induced radiation pressure
was distinguishable from the others seen in relaxation type thermal nonlinearities, i.e., thermal
expansion, thermo-optic effect [38,39], and viscous flow induced by light scattering force [43].

5. Discussion

With the optical resonance modes, i.e., WGMs, coupled into the unique design of droplet resonator
in all-liquid platform, it was confirmed that, not only an excitation of radiation pressure-induced
nonlinearity with a low optical power, but the control of its magnitude and the measurement
of following optomechanical responses were also feasible. Moreover, by controlling the time
scale and direction of spectral scan through the WGM resonance, we could reach a conclusion
that our observation of the interplay between droplet geometry and optical energy by means of
radiation pressure is clearly distinguishable from other kinds of nonlinearities. More importantly,
the measured scales of resonance shift and droplet deformation at given optical powers closely
matched with our theoretical predictions, where we now continue the unique finding with a
discussion of single-photon-level nonlinearity.
Based on our previous theoretical predictions and abovementioned analyses, the saturation

powers (Psat) for droplets with different radii are estimated as shown in Fig. 5(a), where we
considered liquids with normal (σ = 18 mN/m) as well as two ultralow but experimentally
attainable interfacial tensions (σ = 1 and 10−2 mN/m) by using microemulsion [17]. Figure 5(b)
shows the magnitude of droplet deformation (∆R/R0) induced by the radiation pressure of a single
photon in that we set the total energy within the droplet to be ~ω. Two features are immediately
obvious from Figs. 5(a) and (b): 1) The strength of nonlinearity is inversely proportional to the σ;
and 2) the effective nonlinearity scales as ∼1/R2

0 and is much stronger for smaller droplets. For
instance, in a liquid droplet with R0 ∼ 30 µm and σ = 10−2 mN/m, the presence of a single
photon can generate ∆R ∼ 39 nm and ∆λres ∼ 1 nm. Given our experimental data in Fig. 3,
such a large resonance shift should be clearly measurable. Furthermore, under such conditions,
droplet deformation induced by a single photon becomes comparable, yet remains larger than
the thermal fluctuation at room temperature ∆Rtherm =

√
kBTK/20σ ∼ 5 nm, signifying the

single-photon-level nonlinearity at room temperature.

Fig. 5. Theoretical analysis of the feasibility of single-photon nonlinearity. (a) The
saturation power Psat for droplets with different radii and surface tensions. (b) The change
of droplet radius due to the presence of a single-photon versus droplet radius at different
interfacial tensions. (c) Optical bistability for a droplet with low interfacial tension.

It should be noted that our study scales the radiation pressure-induced nonlinearity by the
equilibrium change in the radius of droplet, not the instantaneous response, where the cavity
ring-down time (τ = Q/ω) is yet considered. Such a steady-state operation requires continuous
injection of optical power into the resonator, and when it comes to our abovementioned condition
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‘presence of single photon in a resonator’, there needs to be an input power equal to the single
photon energy (~ω) divided by its lifetime (τ). For example, the ring-down time of a WGM
resonator with Q= 105 at λ = 780 nm is 0.41 ns, and the equivalent input power becomes
approximately ~ω/τ = 0.6 nW. In that context, we carefully made our choice of the term
‘single-photon-level nonlinearity’ rather than simply ‘single-photon nonlinearity’ throughout our
work.

Last but not least, adopting the novel concept of recently reported Kerr-induced optical
bistability [44–48] to our study of radiation pressure-induced nonlinearity, we could also
expect all-optical switching in single-photon-level [49–51]. For example, given the value of
Psat = 0.2 W estimated in Fig. 5(a) at the abovementioned droplet parameters (R0 ∼ 30 µm
and σ = 10−2 mN/m), the steady-state transmission of a droplet resonator with Q= 105 (use
of relatively lower level of Q-factor due to the consideration of potential increase in scattering
loss induced by ultralow surface tension) can be calculated by combining Eqs. (1), (2.1), and
(2.2) as shown in Fig. 5(c). Interestingly, the transmission coefficient becomes multivalued at
Pin ∼ 5 nW, which resembles broadly reported characteristic feature of the optical bistability. At
this power level, the energy ofWGM in the droplet approximately corresponds to the single-photon
energy.
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