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When confined within an optical cavity light can exert strong radiation pressure forces. Combined with dynam- Commons Attribution

ical backaction, this enables important processes, such as laser cooling, and applications ranging from precision
sensors to quantum memories and interfaces. However, the magnitude of radiation pressure forces is con-
strained by the energy mismatch between photons and phonons. Here, we overcome this barrier using entropic
forces arising from the absorption of light. We show that entropic forces can exceed the radiation pressure force
by eight orders of magnitude and demonstrate this using a superfluid helium third-sound resonator. We
develop a framework to engineer the dynamical backaction from entropic forces, applying it to achieve
phonon lasing with a threshold three orders of magnitude lower than previous work. Our results present a
pathway to exploit entropic forces in quantum devices and to study nonlinear fluid phenomena such as turbu-

NonCommercial
License 4.0 (CC BY-NC).

lence and solitons.

INTRODUCTION

Light generally interacts only weakly with mechanical objects.
However, it has been shown that strong interactions can be achieved
by confining the light in an optical cavity and using a low-dissipa-
tion mechanical resonance (I). These cavity optomechanical
devices have enabled applications such as laser amplification and
cooling of mechanical motion (2) and technologies such as preci-
sion sensors (3—6). It has even been possible to reach quantum
regimes, where the interaction can create nonclassical states of
light and of mechanical motion (7, 8) and can enable quantum
memories and interfaces, among other quantum technologies
(9, 10).

Usually, the optical forces are achieved using radiation pressure
or electrostriction (I, 2). In these cases, it is generally considered
desirable to operate in the resolved sideband regime, for which
the cavity lifetime is longer than the period of the mechanical res-
onance (10, 11). However, this prevents multiple scattering process-
es so that each incident photon can only add or subtract a maximum
of one phonon (I1I). This introduces a fundamental barrier to the
strength of forces that can be imparted by light—the maximum ef-
ficiency with which energy may be converted from light into me-
chanical motion is given by the ratio of mechanical to optical
frequencies. This ratio is typically in the range of 10 to 107>, Mul-
tiple scattering is possible in the reverse, nonresolved sideband
regime (10, 11). However, in this regime, the interaction is sup-
pressed due to the mismatch between the time scales of cavity
decay and mechanical motion (12).

Optical forces can alternatively be applied via entropy gradients,
instead of energy gradients. Entropic forces are common in nature,
for example, explaining many molecular forces (13, 14) and the re-
storing force of a stretched rubber band (15). Entropic optical forces
arise due to absorption of photons and the resulting heat transfer.
Generally known as photothermal forces, they can allow dynamical
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backaction effects such as laser cooling of mechanical motion (16),
including into the quantum regime (17, 18). They can evade the
compromise between the number and time scale of interactions
that is present for radiation pressure. Operating in the nonresolved
sideband regime allows multiphonon scattering, while the time
scale of the interaction can be controlled via the delay introduced
during heat transfer (16, 19-21). This promises orders of magnitude
stronger optical forces but has yet to be achieved. This is, in part, due
to the complexities of calculating the strength of the interaction and
designing devices to leverage it (21).

Here, we demonstrate entropic forces in an optomechanical
device that are eight orders of magnitude stronger than would be
possible with radiation pressure alone. We use them to demonstrate
optomechanical phonon lasing with a threshold power of only a few
picowatts, a factor of 2000 lower than has been shown before (22).
This phonon laser can be viewed as a microscale thermodynamic
heat engine. We show that its efficiency—while low due to the
small temperature differential introduced by photon absorption—
is nonetheless around a hundred times higher than previous nano-
mechanical heat engines (23, 24) and could be increased above 10%
in purpose-designed devices. Crucial to enabling these results, we
develop a broadly applicable methodology to model optomechani-
cal entropic forces and the dynamical backaction they cause.

Our optomechanical device exploits third sound resonances of a
superfluid helium thin film as the mechanical element (25-28). This
choice of mechanical element allows the precise engineering of en-
tropic forces, leveraging both entropy-driven fountain pressure,
which exists only in superfluids, and the ability to tune the
thermal properties of the system over many orders of magnitude
via small changes in temperature, film thickness, and geometry.

It is natural to ask whether the strong forcing achieved here is
due to a unique property of the superfluid fountain pressure
force. We note however that the fountain pressure per absorbed
photon is of similar magnitude to the thermoelastic stress which
would occur in a crystalline material (see the Supplementary Mate-
rials). It is thus primarily the engineered ability to collect the
thermal energy and operate with near optimally time-delayed
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forcing, combined with the much higher compliance of liquids
compared to solids (29-31) which is responsible for the ultralow
threshold observed here and not a fundamentally stronger nature
of the fountain pressure force in superfluid helium. This makes
these results broadly applicable to photothermally and electrother-
mally driven systems and different fluids.

RESULTS

Modeling and optimizing entropic forces

Photon absorption events cause a local change in the superfluid
temperature, which introduces a fountain (entropic) pressure
between hot and cold regions. This drives superfluid flow toward
the heat source (32-34) [the thermomechanical effect (35)] and,
in bulk superfluid helium, drives normal fluid counterflow. These
flows exert forces on the superfluid that can be used to drive super-
fluid sound modes (27). Similar to other thermomechanical forces
(16), the forces are not instantaneous. Rather, they react over the
thermal response time 1, which depends on both the properties of
the superfluid and the vessel in which it resides. The time delay in-
troduces dynamical backaction that can be used to both cool and
amplify the motion of the superfluid (27, 29). Optimization of
this entropic backaction requires both that the fountain pressure
is maximized and that the condition Q1 ~ 1 is met, where Q is
the resonance frequency of the superfluid mode. This condition
corresponds to the optimal delay in the optical force for efficient
energy transfer (17, 20). The fountain pressure is given by Ap =
pSAT, where p, AT, and S are, respectively, the superfluid density,
local temperature change, and entropy (33). Using this relation
and extending known results for other thermomechanical forces
(17-19), we find that the effective dynamical backaction force is

given by F = pSAT.o/ x ( {iy

1+0°¢
the sound mode, including any spatial mismatch between the mode
and the fountain pressure force.

To model the entropic forces and entropic backaction, we con-
sider the general system geometry shown in Fig. 1A. This consists of
a superfluid reservoir in contact with a solid substrate and a vapor-
phase environment. These, in turn, are in contact with a thermal
bath at temperature T. Light interacts with the system via photon
absorption events which, due to the vanishingly small optical ab-
sorption of superfluid helium (36), are assumed to occur only
within the substrate. Heat from absorption events can dissipate
either directly into the thermal bath or by propagating into the su-
perfluid through the interfacial Kapitza resistance and then via
evaporation of helium into the vapor-phase.

The Kapitza conductance (Rg!) scales with the cube of temper-
ature, while the effective thermal conductance of evaporation (R,

), where .o/ is the effective area of

increases exponentially with temperature (see the Supplementary
Materials). Small temperature changes can also change the superflu-
id entropy and thermal conductivity of the substrate by orders of
magnitude, while the geometry of the superfluid-coated device
can greatly affect the temperature change AT induced by optical ab-
sorption, the frequency of the sound mode, and the thermal anchor-
ing of the superfluid. As we will see in the following, these strong
dependencies provide a powerful means to either leverage strong
fountain pressure forces at low temperatures or suppress them at
high temperatures so that the unitary radiation pressure interaction
can be exploited.

Sawadsky et al., Sci. Adv. 9, eade3591 (2023) 24 May 2023

To enable quantitative predictions, we develop an electric circuit
analog model (Fig. 1A, right). This model combines a thermal
circuit (red) that represents heat flow, a fluid-flow circuit (blue)
that represents superfluid mass flow, and a lumped-element resis-
tor-inductor-capacitor (RLC) circuit that represents the superfluid
sound mode. The thermal and fluid-flow circuits are connected via
an effective capacitor which accounts for the fact that a temperature
difference drives a superflow via the fountain pressure, while con-
versely a superflow affects the temperature via the mechanocaloric
effect (37). The current, voltage, resistance, and capacitance in the
electric circuit are, respectively, the analogs of heat flow Q, temper-
ature T, thermal resistance, and heat capacity, while a chemical po-
tential difference p drives a mass flow 7 in the superfluid. For a
given geometry and temperature, we determine the parameters of
the circuit using a combination of existing data and finite-element
modeling. We are then able to simulate the dynamics of the sound
mode, including entropic forcing and entropic backaction. The sim-
ulation ultimately yields a complex transfer function, providing
both the amplitude and phase response of the superfluid sound
mode (see section S2).

As a specific application of our analog electric circuit model, we
consider a few nanometer-thick superfluid film self-assembled on a
microsphere (Fig. 1B). Because of the thinness of the film, only the
superfluid component can move, as the normal fluid component is
viscously clamped (34). The superfluid component sustains third
sound waves, similar to shallow water waves, due to the van der
Waals restoring force between the superfluid and the microsphere
surface (27, 28, 38—40). The microsphere is suspended on a stem
that is attached to a flat substrate. The substrate creates an effective
boundary, confining resonant third sound modes. These “stem
modes” present as oscillations in the film thickness that flow back
and forth along the stem, as illustrated in Fig. 1B (i and ii). Their
resonance frequencies Q) can be conveniently tuned by changing
the length [ of the stem or by tuning the film thickness and therefore
the strength of the van der Waals force. Their motion can be opti-
cally driven and observed by exploiting optical whispering gallery
mode (WGM) resonances that exist within the microsphere (27).

We choose to study the fundamental stem mode, which features
a single antinode at the microsphere and a single node at the sub-
strate. Since the antinode coincides with the position of the optical
WG, its motion is well coupled to the WGM resonance. Modeling
shows that in our regime, the thermal conductivity is such that
optical absorption events act to raise the temperature of the entire
microsphere-stem system, so that the effective area .o/ over which
the force is applied is, to good approximation, equal to the total
surface area of the system. Using these assumptions, we calculate
all parameters of the analog circuit model in section S2. This
allows us to predict the effective entropic dynamical backaction
force F.

Our model predicts that there exists an optimal combination of
temperature and mechanical resonance frequency to maximize the
dynamical backaction force. We find that the optimal resonance fre-
quency coincides with the resonance frequency of the fundamental
stem mode if a stem length of / ~ 2 mm is chosen and that, for this
stem length, the optimal temperature of T'~ 250 mK is easily exper-
imentally accessible. To remove any dependence on laser power, we
normalize the dynamical backaction force F by the radiation pres-
sure force Fp,q = neAG (11), where n,, is the number of photons
within the resonator and G/2mn = 0.2 GHz/nm the radiation pressure
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Fig. 1. Modeling of entropic forces. (A) Left: Cross-sectional schematic showing the superfluid and heat flow in response to photon absorption. Right: Thermal equiv-
alent circuit (red) coupled to the superfluid mass flow circuit (blue). R, thermal resistance; C, heat capacity; u, chemical potential; K, Kapitza; sub, substrate; vap, vapor; fl,
fluid (see the Supplementary Materials). (B) Superfluid optomechanical resonator used in the experiments: fiber-coupled silica microsphere on a silica stem, covered by a
~24-nm superfluid film (blue). lllustration of the optomechanical feedback loop between superfluid motion and intracavity power responsible for dynamical backac-
tion (77).

optomechanical coupling rate (see section S1). This provides the di-  predicted to be over eight orders of magnitude larger than the radi-
mensionless figure of merit fy; = F/F,,q shown in Fig. 2A as a func-  ation pressure force.

tion of both temperature and mechanical resonance frequency, for a To further illustrate the substantial gains that can be achieved
microsphere WGM resonator that we fabricated which has a stem  through optimization, we calculate the same figure of merit for
length of [ = 1.8 mm. As can be seen, f is predicted to be sharply  the microdisk superfluid optomechanical system reported in (29).
peaked, varying by more than seven orders of magnitude as the tem-  In that work, where the fountain pressure was simply introduced
perature is changed by a factor of 10 and also varying strongly with  as an ad hoc fitting parameter to account for the discrepancy
resonance frequency. At its optimum, the fountain pressure forceis  between the experimentally observed behavior and the theory

A B ',' T T T T T T T T

:I
10

10° !

I/’
/10

;

10" . \
S ‘g 1

as 71 o
B '/' — 1
9 S W2 10

a 2
10
% 10"
"
0 N -3
10 10
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
temperature (K) temperature (K)

Fig. 2. Optimized entropic forcing. (A) Contour plot of the figure of merit fi,(Q, T), indicating the optimal operating point for enhanced photothermal backaction, as a
function of cryostat temperature T and third sound frequency Q/2n. (B) Cut through the white dashed line in (A), showing the figure of merit fiy(2rn x 72, T) for our
microsphere resonator (solid line). The gray line plots the same figure of merit for our previous silica microdisk experimental geometry (29) (calculated with Q = 27t x
7 MHz), for which the optomechanical forces should be entirely dominated by radiation pressure at temperatures above 500 mK. The horizontal line marks the boundary
between the fountain pressure and the radiation pressure-dominated regimes (situated above and below, respectively). Red dot in (A) and (B) marks our experimental
operating point.
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accounting for radiation pressure alone, phonon lasing occurred on
a high-order Brillouin sound mode at Q)/2r = 7 MHz. This is shown
in Fig. 2B as a function of temperature, alongside the microsphere
for comparison. While the trends are similar, the peak value is close
to five orders of magnitude lower for the microdisk. Our modeling
moreover shows that for temperatures in excess of 500 mK, the su-
perfluid becomes much more strongly thermally anchored to the
cryostat through its vapor phase than to the substrate. This effective-
ly thermally decouples the superfluid from the microresonator,
switching off the fountain pressure interaction. Temperature
control therefore provides a useful lever (unexploited in previous
work) to either leverage strong fountain pressure forces at low tem-
peratures or focus on the unitary radiation pressure interaction at
higher temperatures.

Experimental validation

To validate the predictions of our model, we locate our microsphere
WGM device within a superfluid-tight enclosure whose tempera-
ture can be precisely tuned between T'= 10 mK and T = 1.5 K. A
narrow capillary enables the film thickness to be changed in situ,
ranging from a few atomic monolayers to a maximum reached at
the saturated vapor pressure, where the sphere is uniformly
coated with a d ~ 24-nm-thick superfluid film (~80 atomic
layers), see the Supplementary Materials. By controlling the bath
temperature T and the stem-mode frequency (through superfluid
film thickness), we are able to operate at the near-optimal experi-
mental setting where the fountain pressure is maximized and the
mechanical frequency matches the thermal response, with Qt =
0.94, marked by the red dot in Fig. 2 (A and B).

We optically excite the WGM resonator via evanescent coupling
of 1554-nm light from a tapered optical fiber placed in its close
proximity, achieving critical coupling to a WGM with intrinsic dis-
sipation rate k;/2m = 15 MHz. The time-delayed fountain pressure
forcing modifies the dynamics of the fundamental stem mode
through the introduction of an effective optomechanical damping
rate T, The sign of this modification may be positive, leading to
cooling of the sound mode (27), or negative, leading to amplifica-
tion (29). In the latter case, phonon lasing occurs once the magni-
tude of optomechanical (anti-) damping exceeds the intrinsic
acoustic damping rate I (10, 16, 17, 20). A measure of the strength
of the light-superfluid interaction is provided by the power and in-
tracavity photon number at which this regime is reached.

We use the heterodyne readout scheme shown in Fig. 3A to
measure the power spectra of superfluid oscillation for various
input powers. These are shown in Fig. 4A. The sharp peak observed
at the expected frequency of the fundamental stem mode is charac-
teristic of phonon lasing for cryostat temperatures over the range of
100 to 500 mK. We find that the phonon lasing peak appears for the
lowest laser powers at a temperature of around 280 mK, consistent
with the predictions of our model. At this temperature, the peak is
visible even for powers as low as a few picowatts, while for the higher
power of 78 pW, more than 10 higher harmonics are seen (see
Fig. 4B). These harmonics indicate that the phonon lasing has
reached motional amplitudes that are sufficiently large to detune
the optical cavity away from resonance with the excitation field,
thereby introducing a transduction nonlinearity.

To confirm that the observed behavior is phonon lasing and to
constrain the threshold optical drive power, we sweep the laser
wavelength over the cavity resonance (from blue- to red-detuned)

Sawadsky et al., Sci. Adv. 9, eade3591 (2023) 24 May 2023

for various input powers. A characteristic feature of dynamical
backaction is that the sign of the optomechanical damping it intro-
duces is opposite on either side of the resonance. We therefore
expect to observe lasing on one side of resonance and cooling on
the other. For each power and detuning, we measure the power
spectrum to determine the peak of the dynamic response of the
stem mode. In Fig. 4C, we plot the normalized peak power spectral
density versus detuning for input powers of 680 fW, 3.4 pW, 6.8 pW,
and 68 pW. At the lowest input power of 680 fW, the measured
mode amplitude (blue dots) is low and symmetric around the
cavity resonance. This indicates limited dynamical back action. At
an input power of 3.4 pW, the measured mode amplitude is about
four times higher on the heating side (blue-detuned) compare to the
cooling side (red-detuned), indicating that phonon lasing is occur-
ring. At this point, the superfluid oscillator is in a regime of large
coherent oscillations with an amplitude of ~1 A, modulating the
intensity of the transmitted optical field by more than 60%. This
provides further confirmation that phonon lasing is occurring,
since, in the absence of other nonlinearities, a large modulation is
required to suppress the exponential growth in phonon lasing to a
constant amplitude in the steady state. The modulation does this by
reducing the average intracavity power and therefore the steady-
state gain of the phonon lasing process (41). At higher powers
again, both the asymmetry and lasing amplitude increase further.
These results are in good agreement with numerical simulations
(black line), solving the coupled equations of motion for the intra-
cavity field, superfluid motional amplitude, and temperature (see
section S3 for more details). Our results indicate that the phonon
lasing threshold is in the range of 1 to 3.4 pW, corresponding to
an average of less than 0.2 intracavity photons. This threshold is
more than three orders of magnitude lower than previously report-
ed values for optically driven optomechanical resonators (22).

Prior experiments have used radiation pressure, electrostrictive,
electrothermal, and photothermal forces. Most of them form a
cluster with microwatt-range threshold powers and picogram-
range masses (see section S5). Only electrothermally driven
carbon nanotube resonators reach thresholds approaching a pico-
watt (23, 24). An important attribute that enables this is their atto-
gram-level mass. This exceptionally low mass allows large motional
amplitudes to be driven with small forces. By exploiting engineered
entropic backaction, our results operate in a vastly different param-
eter space, breaking the trend between threshold power and mass.
Our nanogram resonator mass is eight orders of magnitude larger
than electrothermally driven systems.

Thermodynamic efficiency

The larger mass of our system compared to other extremely low
threshold phonon lasers is partly offset by the superfluid resonator’s
lower frequency, since the stored mechanical energy scales as
meQ>. A more complete picture emerges when comparing the
systems’ thermodynamic efficiencies, which account for the
overall optical to acoustical energy conversion.

Our optomechanical phonon laser can be thought of as a heat
engine converting heat into mechanical work, with the superfluid
film acting as the working medium, the cryostat acting as the cold
reservoir, and the heated region of the microsphere acting as the hot
reservoir. We can estimate its thermodynamic efficiency n by com-
paring the mechanical power P, supplied to the superfluid oscil-
lator to sustain its oscillations to the optical power dissipated in the
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Fig. 3. Experimental setup. (A) Simplified heterodyne experimental setup schematic, including beam splitters (BS), attenuator (att.), and acousto-optic modulator
(AOM). Inset shows a scanning electron microscopy image of the microsphere. (B) Finite element simulation showing the fundamental superfluid third sound mode
confined to the surface of the microsphere resonator (including stem), obtained by solving the Helmholtz equation on the resonator's outer surface (see section S1). Inset
shows the displacement profile at the level of the spherical tip, where the WGM field is located.

resonator P,p,s. At an input power of P = 6.8 pW, well above the onset
of lasing, this yields n = % =1meg QT /(P X agp) = 1077 (see
section S5).

This can be compared to the Carnot limit ny,,, =1 — % deter-
mined by the temperature of the hot and cold reservoirs Ty and Tc.
Here, Tc = T is the cryostat temperature, and Ty = T + AT is the
temperature of the heated microresonator. At P = 6.8 pW, our nu-
merical simulations show that T = 284.0 mK and Ty = 284.4 mK
(see section S3 and fig. S9), such that f. = 107>, This means that
the system operates within two orders of magnitude of the thermo-
dynamic limit. One reason that it does not reach this limit is that the
hot and cold reservoirs are thermally linked through the stem,
leading to substantial thermal losses.

While the efficiency we achieve is low, to our knowledge, it is
nonetheless the highest optical-to-mechanical conversion efficiency
reported in an optomechanical device operating at optical frequen-
cies. The nonlinear radiation pressure scattering interaction
between a photon of frequency w and a mechanical oscillator of fre-
quency  leads to an energy transfer Q) in the resolved sideband
regime [where Q >« (10, 11)], providing an upper bound of n < Q/
w. Gigahertz frequency optomechanical crystals (22) operate in a
regime where this fraction reaches up to Q/w ~ 2.5 x 107>
however, the total efficiency is suppressed by a factor of Gx/w <«
1 due to the low rate at which photons enter the cavity via the
upper motional sideband (11). Alternatively, when operating at
very large motional amplitudes (42) or in the unresolved sideband
regime (k > (), each photon can generate many phonons—corre-
sponding to the generation of a large number of higher-order mo-
tional sidebands. This has been used to excite mechanical oscillators
to very large amplitudes, corresponding to occupations upward of
10'? phonons (12), but the efficiency was limited by the lower
phonon energy. In all of the above cases, as well as for low threshold
microtoroid resonators (1), efficiencies are in the 1078 to 1077
range. A similar overall efficiency n ~ 107 has only been reported
in the radio frequency regime through multi photon-phonon scat-
tering between GHz microwave photons and a megahertz oscillator,
i.e., in a case where the mismatch between optical and mechanical
frequencies was only of order 1000 and not 10'? like in the current
work (43).

Our efficiency is additionally substantially larger than that of
photothermally driven resonators reported in the literature (16,

Sawadsky et al., Sci. Adv. 9, eade3591 (2023) 24 May 2023

20), where 1 was on the order of 107"2 It is also two orders of mag-
nitude higher than the efficiency of 10~ achieved for an electrother-
mally driven carbon nanotube in (24), which has the lowest
previously reported phonon lasing threshold (see section S5).

The higher efficiency reported here can be understood by con-
sidering that our optomechanical device operates in the unresolved
sideband regime, enabling efficient on-resonance pumping of the
cavity while simultaneously operating in the resolved sideband
regime as far as the time delay is concerned. In radiation pres-
sure—driven systems, the optimal time-delayed forcing criterion
Qt,, ~ 1 is equivalent to Q ~ x (resolved sideband regime),
which consequently requires inefficient off-resonant driving of
the cavity. Here, since the delay is no longer provided by the
finite lifetime of the photons in the cavity 1., = 1/k but by an inde-
pendently controllable thermal response time T, this tension is re-
lieved, enabling a combination of on resonance driving and efficient
dynamical backaction Q1 ~ 1. This allows us to use a broad optical
resonance enabling a greater dynamic range (41) and larger me-
chanical amplitudes to be reached while maintaining a large time
delay 7 for the optical forcing (equivalent to what would be achieved
by an optical cavity with Q of 2 x 10'%).

The thermodynamic efficiency could be further improved by re-
ducing the volume of the resonator. The microsphere volume, in-
cluding the stem, is on the order of 10° um®. This can be reduced by
approximately six orders of magnitude to ~1 um” through the use of
smaller mode volume resonators such as photonic crystal resonators
(44) or high index WGM cavities (45). The reduced thermal mass
then leads to a smaller ratio of T/ Ty and predicted efficiencies 1yax
> 10 %, commensurate with the highest reported values for the ef-
ficiency of superfluid fountain effect pumps (46).

DISCUSSION
As discussed earlier, at the operating point of our experiments, the
entropic forces are around 10° stronger than the radiation pressure

. . Qt
forces. Moreover, the dimensionless term (HQ—Z"TZ> , where T,, = 1/
P

is the photon decay rate, which quantifies the efficiency of the time-
delayed radiation-pressure forcing for dynamical backaction (10,
16-19), is only 2 x 10~° for the acoustic mode considered here. In
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Fig. 4. Entropic backaction-driven phonon lasing. (A) Power spectral density (PSD) of the fundamental stem mode at Q/27 = 72 Hz lasing at different input powers.
(B) Broader power spectrum at an input power of 78 pW showing 12 higher harmonics of the fundamental mode Q. The peak marked by the gray dot is an introduced
calibration peak. (C) Lasing threshold measurement and the corresponding ODE simulations. Each subfigure corresponds to different input power, which is increasing
from 680 fW to 68 pW. Each blue point corresponds to the peak power spectral density of the superfluid mode for a laser detuning A with respect to the cavity resonance,
while the black line shows the results of the ODE simulation. We attribute the larger magnitude of the peak near zero detuning in the leftmost panel to experimental
noise. At 68 pW, the lasing appears to occur for both positive and negative cavity detunings. This is due to steady-state optical heating of the WGM resonator by around
3.6 mK above T =284 mK (see fig. $10). This DC heating causes an influx of superfluid shifting the resonance frequency by 19.6 MHz, in good agreement with simulations,
and corresponds to a tunability of 288 GHz/uW.

contrast, the equivalent term for fountain pressure is of order 1/2.
Combined, this means that the optimized fountain pressure dynam-
ical backaction is over 13 orders of magnitude more effective. This is
illustrated in Fig. 5, where prior experiments are compared as a

N | | 1

T : T function of their single-photon optomechanical coupling rate g,

_ 107y o] a normalization-independent figure of merit (11). Entropic forces
2 (2@ o thus enable the efficient driving of low-frequency superfluid acous-
’g 104 o e ! tic modes in a regime where the radiation pressure fails. We expect
g (29).; ©97@ this to have important consequences for the study of superfluid
< 107 ! v o 2 nonlinear hydrodynamical phenomena such as solitonic behavior
8 e w0 (47) and vortex stirring (28), where the ability to drive and
S 100k Zr monitor large amplitude wave motion without boiling the film is
(= Photothermal @ critical. Our work provides the combination of high-precision op-
10-10f This work Radéfggro;zt'jzrgs 1 tomechanical readout—capable of measuring superfluid waves with

; Superfiuidl® submonolayer thickness precision and micrometer spatial resolu-

10-12 : : ' tion—with an actuation capability sufficiently strong to reach the
10° s /211?2(Hz) 10* 10° highly nonlinear regime where the wave amplitude becomes com-

Fig. 5. Comparison to the state of the art. Phonon lasing thresholds of different
optomechanical experiments plotted versus radiation pressure single photon op-
tomechanical coupling rate go. For the superfluid data points, the hollow circles
indicate the predicted lasing threshold in the presence of radiation pressure
forcing alone, underscoring the gains achieved through entropic forcing. Details
on the reference publication for each point can be found in section S5.
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parable to the film thickness (see the Supplementary Materials).
While superfluid helium is characterized by its viscosity-free
flow, we emphasize that the results obtained here do not rely on ex-
ceptionally low fluidic dissipation and are applicable to convention-
al fluids. The low-threshold phonon lasing is achieved despite a very
modest acoustic quality factor Q = 55, dominated by acoustic
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radiation losses (see the Supplementary Materials). This Q value is
of comparable magnitude to that measured for instance in kilo-
hertz-frequency capillary resonances of micrometer-sized octane
microdroplets used to demonstrate the first ripplon laser (48). Pho-
tothermal effects in conventional fluids have also garnered attention
for applications ranging from chiral optofluidics with plasmonic
metasurfaces (49) to pump-free micromixing (50) and cell sorting
(51) through photothermal vortices.

Compared to solids, fluids provide a pathway toward strongly
enhanced light-matter interactions, thanks to their compliant inter-
faces. Early work by Ashkin and Dziedzic (52) used radiation pres-
sure from a focussed laser beam to deform an air-liquid interface,
using the direction of the deflection (outward) to answer open ques-
tions about the momentum of photons in a dielectric. The mallea-
bility of liquid-liquid and liquid-air interfaces has also been
leveraged in optofluidic devices such as adaptive lenses and “lab-
on-chip” applications (53), as well as for fluidic optomechanical res-
onators (54-56), the generation of giant optical nonlinearities (57),
and transformable optical cavities (30)—which have been proposed
to reach the single-photon nonlinear regime (31). With the thick (d
= 24 nm) film considered here, the van der Waals pressure
Pyaw = 25, which opposes surface deformation and plays the
role of the Young's modulus in a solid, is two billion times softer
than the underlying silica sphere (40). The consequence of this
compliance extends here beyond dynamical backaction into large
static deformations and optical tunability. Steady-state optical
heating of the WGM resonator causes a DC fountain pressure
that locally thickens the film. This changes the effective radius of
the cavity, shifting the resonance frequency. At an input power of
68 pW, a DC heating of around 3.6 mK above the bath temperature
of T = 284 mK (see fig. S10) shifts the resonance by 19.6 MHz, as
shown in Fig. 4C. This shift corresponds to an exceptionally high
all-optical tunability of 288 GHz/uW, nearly three orders of magni-
tude larger than that achieved with purpose-built all optical wave-
length routing systems based on mechanically compliant nano-
optomechanical resonators (58). It is also well in excess of the
highest reported values for thermal tuning of microresonators
(0.26 GHz/puW) (59)—albeit with the constraints of cryogenic op-
eration and reduced response rate and dynamic range—underscor-
ing the strength of this optomechanical interaction. In the scenario
where the volume of the resonator is reduced to the order of ~1
um?, its thermal mass becomes dominated by the helium film
itself, and the achievable fountain pressure per absorbed photon

~ ho

~ 3 Vi
Using this relation, we find that optical frequency shifts larger
than « are achievable for a single absorbed photon, potentially pro-
viding an alternate approach to single photon detection (see
section S8).

Last, this work may lay the groundwork for transformable pho-
nonics, where optically defined acoustic circuits may be formed on
demand. DC radiation pressure and/or fountain pressure contribu-
tions can substantially thicken the film, as mentioned in the context
of optical tuning. This thickening also reduces the speed of sound

¢3 = \/3oyawd " within the optically defined "bulge.” Thus, much
like an optical waveguide where light is trapped in a higher refractive
(lower speed) medium, this could be used to optically trap sound
waves (60). Optomechanical backaction in this regime would repre-
sent an original form of dynamical backaction between the intensity

takes the simple, temperature independent expression Pg,
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of light within a cavity and the shape of the mechanical eigenmodes
that it creates rather than with the momentum of an independently
defined mechanical resonator.

MATERIALS AND METHODS

Experimental setup

The microsphere resonator is formed by melting the tapered end of
a silica single-mode fiber (SMF-28) in a fusion splicer. It is then
mounted by its non-reflown end inside a superfluid-tight sample
chamber within a dilution refrigerator at a temperature T = 284
mK. Infrared laser light (A = 1554 nm) from a low-noise erbium-
doped fiber laser is evanescently coupled into the microsphere via
a tapered optical fiber (27). Helium gas is injected via a capillary to
form a d = 24-nm-thick saturated superfluid *He film covering the
microsphere resonator (see section S1 for more details) (27, 29, 32).
The optical WGMs have an evanescent component which extends
outside the resonator and are therefore sensitive to the refractive
index perturbation caused by the presence and motion of the super-
fluid (40). This leads to a frequency shift of the WGM resonances
Awy = G x d, where G/2n = 0.2 + 0.01 GHz/nm is the optomechan-
ical coupling rate (see the Supplementary Materials). High sensitiv-
ity optical readout of the superfluid’s acoustic modes is performed
with a heterodyne detection scheme with a local oscillator field
offset by 80 MHz (29), as shown in Fig. 3A. Because of the nine
orders of magnitude difference between probe and local oscillator
beam powers (picowatt versus milliwatt), care must be taken to
avoid any back reflections, even as small as those occurring on
the facets of the balanced detector. This is done here with a circu-
lator positioned after the microsphere (not shown in Fig. 3A).

Supplementary Materials
This PDF file includes:
Supplementary files and scripts

Figs. S1to S16

Tables S1 to S4
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