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In recent years, nanomechanical oscillators in thin films of superfluid helium have attracted attention
in the field of optomechanics due to their exceptionally low mechanical dissipation and optical scattering.
Mechanical excitations in superfluid thin films—so-called third sound waves—can interact with the optical
mode of an optical microresonator by modulation of its effective refractive index enabling optomechan-
ical coupling. Strong confinement of third sound modes enhances their intrinsic mechanical nonlinearity
paving the way for strong phonon-phonon interactions with applications in quantum optomechanics. Here,
we realize a phononic crystal cavity confining third sound modes in a superfluid helium film to length
scales close to the third sound wavelength. A few-nanometer-thick superfluid film is self-assembled on
top of a silicon nanobeam optical resonator. The periodic patterning of the silicon material creates a peri-
odic modulation of the superfluid film leading to the formation of a phononic band gap. By engineering the
geometry of the silicon nanobeam, the phononic band gap allows the confinement of a localized phononic

mode.

DOI: 10.1103/PhysRevApplied.22.1.041005

Phononic crystals are structures in which periodic mod-
ulation of a material enables the engineering of the
propagation of phonons [1,2]. Because of their peri-
odic structure, phononic crystals can slow down the
propagation speed of phonons or even form acoustic
band gaps—frequency bands in which propagation of
phonons is forbidden. Combined with advanced micro-
and nanofabrication, phononic crystals enable the realiza-
tion of low-loss phononic waveguides and high-quality
cavities with applications in cavity optomechanics [3,4]
and for realizing extremely low-loss mechanical oscillators
[5]. Controlling the propagation of phonons furthermore
opens the way for engineering the thermal properties of
materials [6]. Phononic crystals have been realized in a
variety of materials ranging from silicon and diamond [7]
to graphene [8], among many others.

In recent years, superfluid helium has attracted atten-
tion as a promising material for realizing high-quality
mechanical oscillators owing to the absence of viscous
damping [9]. Using acoustic phonons in bulk superfluid
“He, mechanical quality factors exceeding 107 have been
achieved [10]. Acoustic phonons in superfluid helium
have been utilized in cavity optomechanics experiments
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to realize Brillouin scattering [11], observe quantum fluc-
tuations of the acoustic mode [12], and measure higher-
order phonon correlations [13]. In these experiments a
microscopic optical cavity is filled with a bulk amount of
superfluid helium. The modulation of the refractive index
of the superfluid inside the cavity due to density varia-
tions caused by the acoustic mode leads to optomechanical
coupling. Periodic nanostructures filled with bulk super-
fluid have been theoretically predicted to form phononic
crystals [14]. Mechanical modes in bulk superfluid helium
have promising applications in the search for dark matter
[15,16].

An alternative approach is superfluid thin-film optome-
chanics [17]: a thin layer (typical thickness 1 to 10 nm) of
superfluid helium self-assembles on the surface of an opti-
cal whispering-gallery-mode microresonator due to van
der Waals forces. The film supports mechanical excita-
tions in the form of surface waves in which the thickness
of the helium film is modulated, so-called “third sound”
[18]. The variations of the superfluid film thickness lead
to a modulation of the effective refractive index of the
optical cavity mode resulting in optomechanical coupling.
Using this system, laser control of third sound excitations
as well as superfluid Brillouin lasing have been demon-
strated [19,20]. Furthermore, the optomechanical coupling
has been utilized to study quantized vortex dynamics in the
superfluid film on top of the optical resonator [21].

© 2024 American Physical Society
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The restoring force of third sound excitations in the
superfluid film is the van der Waals force between the
superfluid and the solid surface: Fyqw = avaw/ d14{e’ where
oygw 1s the Hamaker constant characteristic of the mate-
rial [22]. The van der Waals force depends nonlinearly
on the helium film thickness dy. providing an intrin-
sic mechanical nonlinearity of third sound modes. It has
been predicted theoretically that strong mechanical non-
linearity reaching the single-phonon level can be achieved
by strongly confining the third sound mode [23]. Single-
phonon mechanical nonlinearities would allow the prepa-
ration of nonclassical mechanical states [24,25] as well
as realizing mechanical qubits for quantum computation
[26]. Strong confinement of the third sound mode requires
reducing the size of the optical resonator on which the
superfluid film is deposited. To achieve confinement to
length scales of the order of the wavelength, phononic
crystals in superfluid thin films have been proposed [23]:
by periodically patterning the substrate material, a periodic
modulation of the superfluid thin film is induced, which
leads to the formation of phononic band gaps that can be
used to confine a phononic third sound mode to length
scales of around 100 nm.

Here, we design and experimentally realize a phononic
crystal cavity confining third sound modes in superfluid
helium thin films on silicon nanobeam optical resonators
to length scales close to the third sound wavelength of A ~
1 wm. Phononic cavity modes couple optomechanically to
the high-quality optical mode enabling homodyne mea-
surement of the mechanical mode spectrum. We demon-
strate control over the mechanical resonance frequency by
varying the thickness of the helium film. Lastly, we demon-
strate photothermal backaction of the optical mode on the
mechanical mode resulting in linewidth broadening and
narrowing depending on laser frequency.

Silicon nanobeam resonators are fabricated from a
silicon-on-insulator wafer with a device layer thickness of
250 nm and coated with a 3-nm alumina layer preventing
further oxidation of the silicon surface. A scanning elec-
tron microscope image of a fabricated device is shown in
Fig. 1(a). The nanobeam resonator is evanescently cou-
pled to a center waveguide through which light is coupled
to the device. We embed the silicon nanobeam optical
resonators in a cryogenic chamber setup mounted inside
a dilution refrigerator at a temperature of 7= 10mK as
shown in Fig. 1(b). Laser light is coupled into the cou-
pling waveguide of the device via a lensed optical fiber.
Ultrapure helium gas (99.9999% elemental purity) filled
into the chamber thermalizes to the cryogenic environ-
ment and becomes superfluid. As a result of attractive van
der Waals forces, the superfluid helium covers all surfaces
inside the chamber with a thin film of a thickness of a few
nanometers, including the silicon nanobeam resonator.

The silicon nanobeam resonator confines an optical
mode at a design wavelength A = 1550 nm. Figure 1(c)
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FIG. 1. Experimental setup. (a) Scanning electron microscope

image of a silicon nanobeam device including coupling waveg-
uide. (b) Schematic illustration of the cryogenic vacuum chamber
setup. The chamber made from annealed copper is mounted on
the mixing chamber plate of a dilution refrigerator with base
temperature 7= 10 mK and contains the silicon nanobeam sam-
ple. The chamber can be filled with helium gas through a thin
stainless steel capillary. (c) Measured reflection spectrum of the
optical cavity resonance without superfluid helium when scan-
ning the laser frequency. Solid line corresponds to a Lorentzian
fit with center wavelength A, = 1551.10nm and linewidth « =
900 MHz. (d) Shift of the optical resonance wavelength AX; as a
function of helium film thickness calibrated using finite-element
simulations.

shows the reflection spectrum of the optical cavity reso-
nance of the silicon nanobeam without superfluid helium.
The superfluid helium film changes the effective refrac-
tive index of the optical cavity mode causing a red shift
of the resonance frequency. By comparing the measured
shift of the optical resonance frequency with results of
finite-element simulations, we calibrate the thickness of
the superfluid helium film as more helium gas is added
into the chamber, as shown in Fig. 1(d) (see Supplemental
Material [27]).

The periodic patterning of the nanobeam leads to a peri-
odic modulation of the helium film on its surface, which
gives rise to a phononic band structure. We model the
phononic properties of a periodically modulated super-
fluid film using finite-element simulations of third sound
based on the approach developed in Forstner et al. [28].
Figures 2(a) and 2(b) show the unit cells of the helium
film on the nanobeam surface for the mirror (a) and (b)
center defect region. Figure 2(c) shows the resulting band
structure of symmetric (red) and antisymmetric (blue) third
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FIG. 2. Phononic crystals in thin-film superfluid helium. (a) Phononic crystal unit cell with (a, b, Ay, hy) = (472, 499, 241, 290) nm
and (b) defect unit cell with (a, b, Ay, hy) = (332, 499, 179, 193) nm in superfluid helium thin film. (¢) Third sound band structure
of the mirror unit cell for propagation in the x direction in a helium film of thickness dye = 2.1 nm. Symmetric (antisymmetric)
modes with respect to the y direction are shown in red (blue). The phononic crystal exhibits quasiband gaps for symmetric modes
for frequencies between 14 to 19 MHz and 31 to 34 MHz (gray shaded). (d) Shift of the bottom band edge at the X -point when
transforming the mirror unit cell in (a) to a defect unit cell. (e) Normalized variation n of the superfluid film thickness in the mechanical
mode indicated by the dashed line in (c). (f) Normalized y component of the electric field E, in the optical cavity mode. (g) Schematic
illustration of optomechanical coupling between the optical mode localized in the silicon nanobeam and a superfluid helium film with
thickness variation 7. (h) Optical setup for homodyne detection of third sound modes on the nanobeam. BS, beam splitter; C, circulator;

D, photodiode; SA, spectrum analyzer; DR, dilution refrigerator.

sound modes in a helium film of thickness dy. = 2.1 nm
for propagation in the x direction. In the following, we
focus the discussion on x-symmetric modes only, as anti-
symmetric modes do not couple to the symmetric optical
mode due to a vanishing mode overlap. The band structure
exhibits quasiband gaps for symmetric modes between 14
to 19 MHz and 31 to 34 MHz. When changing the param-
eters of the unit cell from the mirror geometry in (a) to
the defect geometry in (b) [see Fig. 2(d)], the bottom edge
of the quasiband gap is continuously shifted into the band
gap confining the phononic mode in the defect region. The
mode profile of the confined third sound mode is shown in
Fig. 2(e).

Figure 2(f) shows the distribution of the electromag-
netic field in the fundamental optical mode of the silicon
nanobeam. Third sound modes with surface wave ampli-
tude 1 on the nanobeam surfaces modulate the refractive
index around the optical cavity mode as schematically
illustrated in Fig. 2(g) and therefore lead to optomechan-
ical coupling. The optomechanical interaction transduces
thermal motion of third sound modes onto the optical
phase quadrature, which we read out using balanced homo-
dyne detection [see Fig. 2(h) for a simplified sketch of the
measurement setup].

We measure the mechanical spectrum of helium third
sound modes by locking the laser on the optical cav-
ity resonance and using the homodyne detection setup to
detect any phase modulation of the light field. Before the
superfluid film is deposited on the nanobeam resonator, no
mechanical modes are visible in the spectrum between 15
and 40 MHz [cf. Fig. 3(a), orange line]. For a helium film

with a thickness of dy. = 2.1 nm, the measured mechani-
cal spectrum (blue line) shows three distinct peaks, which
we can associate with third sound modes of the helium
thin film: the lowest-frequency mode is the fundamental
mechanical mode of the phononic crystal cavity shown
in Fig. 2(e). The two peaks at higher frequencies are
related to higher-order phononic modes of the superfluid
film on the nanobeam geometry, which are confined by
higher-order quasiband gaps in the superfluid band struc-
ture shown in Fig. 2(c). However, due to the complex
band structure at higher mechanical frequencies [see Fig.
2(a)] combined with fabrication-induced imperfections of
the geometry, these two peaks cannot be unambiguously
identified with a specific mode shape from finite-element
method (FEM) simulations. We show several of these
modes and their simulated frequencies in the Supplemen-
tal Material [27]. In addition, higher-order modes in the
mechanical spectrum can only be observed at the lowest
helium film thicknesses. This is likely due to modifica-
tions of the quasiband gap or increased coupling to bulk
phonon modes for thicker helium films inducing additional
dissipation channels. We note that the superfluid phononic
crystal modes on the top and bottom surface of the silicon
nanobeam remain fully degenerate in frequency within the
mechanical linewidth.

We measure the mechanical spectrum as a function
of helium film thickness by subsequently adding more
helium gas into the chamber. As shown in Fig. 3(b),
the mode frequency of all observed modes in the super-
fluid film decreases rapidly with increasing film thickness.
The restoring force for third sound modes is the van der
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FIG. 3. Characterization of phononic crystal cavity modes in
superfluid helium thin films. (a) Noise power spectral density
(PSD) of third sound modes in a superfluid helium film of thick-
ness dye = 2.1 nm (blue) at 1.6nW injected laser power. The
inset shows an enlargement of the fundamental phononic mode
indicated by the dashed box at frequency wn, /27 = 19.085 MHz.
For reference, the spectrum recorded with 20-nW laser power
without superfluid helium film is shown (orange) offset by
—5dBm for clarity. (b) Mechanical frequency and (c) quality
factor of three confined third sound modes as a function of
helium film thickness. Solid line in (b) corresponds to results of
finite-element simulations and in (c) to a fit using an empirical
expression On, = a exp (—due/l) witha = (1.5 £ 0.8) x 10* and
[ =2.2 £ 1.0 nm. Error bars in (b),(c) are not visible as they are
smaller than the datapoint size.

Waals force between the superfluid film and the substrate,
which decreases with increasing film thickness as Fygw =
Uyaw/ df'{e, where oqw 1s the Hamaker constant character-
istic of the substrate [22]. For thicker superfluid helium
films, the decrease leads to spring softening and thus to
a decrease in mechanical frequency. We perform finite-
element simulations of the fundamental third sound mode
varying the superfluid film thickness. We fit the model to
the measured data with only the Hamaker constant as a
free parameter and find good agreement for aygw = 0.9 x
10~2*m?> s72. To the best of our knowledge, this is the first
time that the Hamaker constant between aluminum oxide
and superfluid helium has been measured. Our approach
allows one to obtain the constant for several different mate-
rials in a relatively straightforward way. We note that there
is a thin (0.5-nm) layer of nitrogen ice covering the sur-
face of the nanobeam due to imperfect vacuum during
cooldown, which might impact the exact numerical value
of the Hamaker constant obtained here.

Figure 3(c) shows the mechanical quality factor of both
the fundamental phononic crystal cavity mode as well as
the higher-order modes in the mechanical spectrum. The
highest quality factor Oy, = 7400 is observed for the fun-
damental phononic mode at a film thickness dye = 2.1 nm,
while the quality factors of the higher-order modes are

comparable to that of the fundamental mode. The observed
mechanical quality factors are significantly higher than
those of extended mechanical modes (Qm & 10°) that
are not confined by the phononic crystal band gap (see
Supplemental Material [27]).

For increasing film thickness, the mechanical quality
factor decreases strongly. As discussed in Sfendla er al.
[23], damping mechanisms intrinsic to third sound modes
including pinning of quantized vortices, thermal dissipa-
tion, and breakdown of superfluidity at high flow veloc-
ities are not expected to significantly limit the attainable
mechanical quality factor for the thin-film thickness and
low temperatures used in this work. Instead, the mechan-
ical quality factor in our system is likely limited by the
imperfect mechanical band gap for antisymmetric modes
[see Fig. 2(c)]. In the presence of geometric imperfec-
tion due to fabrication-induced disorder, coupling of the
confined phononic modes to nonconfined antisymmetric
modes gives rise to a mechanical dissipation channel anal-
ogous to that of conventional silicon nanobeam optome-
chanical crystals [5].

We now characterize the coupling between the optical
and helium third sound modes by measuring the modifica-
tion of the mechanical linewidth through dynamical back-
action. Figure 4 shows the change in mechanical linewidth
8T for [Fig. 4(a)] the fundamental phononic crystal cav-
ity mode and [Fig. 4(b)] the first higher-order mode in
the mechanical spectrum as a function of laser detun-
ing from the optical cavity resonance. Remarkably, for
the fundamental phononic mode in Fig. 4(a) the mechan-
ical linewidth decreases (increases) when the laser is
red-detuned (blue-detuned) from the optical cavity reso-
nance, whereas the higher-order phononic mode exhibits
the opposite dependence. Such opposing signs of dynami-
cal backaction between different mechanical modes cannot
be explained through only radiation pressure coupling.
Similar observations were made for microlevers in atomic
force microscopy [29], as well as for third sound modes
on the surface of whispering-gallery-mode resonators [19]
and explained through photothermal coupling: the opti-
cal mode creates a hot spot in the center of the silicon
nanobeam, which induces flow of the superfluid through
the superfluid fountain effect [30]. The sign of the pho-
tothermal coupling constant o depends on the overlap
between the superfluid flow field and the respective third
sound mode and can thus vary between modes. For oppos-
ing signs of the photothermal coupling constant, the depen-
dence of mechanical linewidth on laser detuning can be
fitted using an analytical model (see Supplemental Mate-
rial [27]), as shown by solid lines in Fig. 4. The model
characterizes the photothermal coupling with time con-
stant 7 through an effective coupling parameter Geg =
G,/t/(1 + w2 7?). The coupling constant G = gy, con-
tains the radiation pressure coupling rate gy and the ratio
between photothermal and radiation pressure force yjy.

L041005-4



PHONONIC CRYSTALS IN SUPERFLUID THIN-FILM HELIUM

PHYS. REV. APPLIED 22, L041005 (2024)

N
o
T

-1.0 b4 1 1 1 1 1 1 1
Laser detuning (GHz)

8T/21 (kHz)

ST R N )
T
]

-2 1 1 1 1 1 Il 1

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Laser detuning (GHz)

FIG. 4. Photothermal backaction on helium phononic crystal
cavity modes. Shift of the mechanical linewidth 6T" as a func-
tion of laser detuning for (a) the fundamental and (b) the first
higher-order mechanical mode for helium film thickness dy. =
2.2nm. When the laser is on resonance with the optical cav-
ity, these modes have mechanical linewidths of I'y,; = 2.7kHz
and Ty, =8.2kHz and mechanical frequencies wp /27 =
17.3MHz and wy»/27 = 29.4MHz, respectively. Solid lines
correspond to fits obtained from photothermal theory (see Sup-
plemental Material [27]). The sign of the photothermal cou-
pling constant o is negative (positive) for the fundamental (first
higher-order) mode.

We report effective coupling parameters of Geg)/2m =
2.1Hz./s and Geg2/27 = 1.8 Hz,/s for the fundamental
and first higher-order phononic modes, respectively. As
discussed in the Supplemental Material [27], we estimate
the value of the photothermal time constant 7 = 3.7 s
allowing us to obtain the coupling constants G;/2m =
430kHz and G,/2m = 650kHz. From FEM simulations,
we further estimate gy/27 = 20kHz for the fundamental
phononic crystal cavity mode. This allows us to estimate
the ratio of photothermal to radiation pressure coupling to
be yp: = 21.5. We observe a large mechanical linewidth of
the higher-order mode in Fig. 4(b) around a laser detuning
of —0.5 GHz. While the cause for this observation warrants
further investigation in the future, we propose that it might
be due to interaction of the third sound mode with quan-
tized vortices [21]. The photothermal interaction is also
theoretically expected to lead to a change in mechanical
frequency as a function of laser detuning. However, the
observation of this shift in our experiment is obscured by
a frequency shift due to laser heating of the helium film
likely originating from absorption heating of the silicon
substrate [31,32] (see Supplemental Material [27]).

In conclusion, we have designed and experimentally
demonstrated a phononic crystal cavity for third sound
modes in a superfluid helium thin film on a silicon

nanobeam optical resonator. Confined phononic modes
with mechanical quality factors up to QO = 7400 are
observed through their optomechanical interaction with
the optical mode of the silicon nanobeam. The mechani-
cal mode frequency decreases with increasing helium film
thickness in good agreement with finite-element simula-
tions. The optomechanical interaction causes dynamical
backaction on the mechanical mode, which we find is
dominated by photothermal coupling.

Previous experiments in superfluid thin-film optome-
chanics were based on superfluid films assembled on
whispering-gallery-mode optical microresonators with
diameters of the order of 50 to 100pum [19-21]. The
phononic crystal cavity presented in this work reduces this
confinement length by almost 2 orders of magnitude to
about 5pum for the fundamental phononic crystal cavity
mode and 1 pm for select higher-order modes (see Sup-
plemental Material [27]), bringing superfluid third sound
modes close to the regime of strong mechanical nonlin-
earity, where the single-phonon nonlinear frequency shift
of the mechanical mode §wy, is larger than the mechani-
cal linewidth I',. Based on finite-element simulations, we
estimate dwy, /2w = 7mHz for the fundamental phononic
crystal cavity mode and dwy, /2w = 88 mHz for the higher-
order mode with shortest confinement length (see Sup-
plemental Material [27]). Reaching the single-phonon
nonlinear regime requires both stronger confinement of
the phononic mode to an even smaller mode volume as
well as an increased mechanical quality factor. A mod-
est increase of the mechanical confinement to defect sizes
of the order of 100 nm and an increased mechanical qual-
ity factor of around O, = 10° will enable nonlinearities
on the single-phonon level [23]. Both should be within
reach by designing phononic crystal structures that are
optimized for third sound modes and not for optomechani-
cal operation. In particular, reducing phonon radiation loss
through phononic mirrors by surrounding the nanobeam
with a phononic shield with full phononic band gap sim-
ilar to phononic shield structures established in silicon
optomechanical crystals [5,33,34] will significantly boost
the mechanical quality factor. Bringing the system close
to the single-phonon nonlinear regime will first mani-
fest in asymmetric mechanical lineshapes and eventually
in the splitting of the mechanical spectrum [23]. Finally
reaching the single-phonon nonlinear regime will open up
approaches for creating nonclassical states of mechanical
motion [24,25] and pave the way for realizing mechanical
qubits for quantum computation [26].
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