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ABSTRACT

We demonstrate electromechanical coupling between a superfluid mechanical mode and a microwave mode formed by a patterned
microfluidic chip and a 3D cavity. The electric field of the chip-cavity microwave resonator can be used to both drive and detect the motion
of a pure superflow Helmholtz mode, which is dictated by geometric confinement. The coupling is characterized using a coherent measure-
ment technique developed for measuring weak couplings deep in the sideband unresolved regime. The technique is based on two-probe opto-
mechanically induced transparency/amplification using amplitude modulation. Instead of measuring two probe tones separately, they are
interfered to retain only a signal coherent with the mechanical motion. With this method, we measure a vacuum electromechanical coupling
strength of g0 ¼ 2p� 23:3 lHz, three orders of magnitude larger than previous superfluid electromechanical experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165488

Cavity optomechanics,1 the coupling of optical and mechanical
resonances, is an extremely sensitive scheme for detecting and control-
ling mechanical motion. Popular optomechanical architectures include
vibrating membranes,2–5 superconducting drums,6–8 phononic crystal
cavities,9,10 and magnetic spheres,11,12 while decidedly more exotic,
superfluid helium has been explored as a promising mechanical ele-
ment for cavity optomechanical and electromechanical experiments—
in part due to its large bandgap,13,14 low dielectric loss,15 and ultra-low
acoustic loss at millikelvin temperatures.16,17 Superfluid helium
mechanical resonators have been used to develop gravitational wave
detectors18,19 and have even been suggested for generating a mechani-
cal qubit20 and for detecting dark matter,21 while superfluid optome-
chanical resonators are allowing new studies of superfluid properties
such as novel explorations of vortex dynamics.22 Microfabricated
superfluid mechanical resonators—to date lacking the optomechanical
component—have also proven to be particularly useful in the study of
confined helium, where confinement can dramatically change the
physics of the system.23,24 Previously, our group has developed micro-
fluidic Helmholtz resonators for this purpose,17,25,26 which have
been used in 4He to discover bi-stable turbulence in 2D superflow27

and reveal surface-dominated finite-size effects at the nanoscale.28

These devices have also been used to search for pair density wave
states in superfluid 3He.29 Here, we combine the concepts of micro-
wave cavity electromechanics with microfluidic confinement of super-
fluid helium-4 within a microfabricated Helmholtz resonator.

In this work, a helium volume is enclosed between two nanofab-
ricated quartz substrates, defining a fourth sound30 (pure superflow)
Helmholtz mode inside the microfluidic chip.17,25,26 The pressure field
of this mode is shown in the inset of Fig. 1. Previously, Varga and
Davis31 showed the value in electromechanical drive and detection of
the Helmholtz mode using kHz-frequency carrier signals in a cavity-
less system. Here, we bring the readout into the GHz microwave
regime by integrating the chip into a hermetically sealed 3D micro-
wave cavity filled with superfluid 4He with on-chip superconducting
aluminum electrodes concentrating the cavity’s electric field into the
Helmholtz basin (Fig. 1), similar to work with SiN membrane chips in
3D microwave cavities.2,3 A three-tone coherent drive and measure-
ment technique was developed to observe small mechanical signals
and calibrate the optomechanical coupling rate, g0, using a strong
pump microwave tone, which is amplitude modulated to give two
weak probe tone sidebands. The chip-cavity system’s effect on the two
sidebands is analogous to optomechanically induced transparency and
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amplification (OMIT/A).32 Demodulating the signal to destruc-
tively interfere the two probe tones recovers only the coherent
microwave signal containing information about the mechanical
motion. This provides a powerful measurement technique in the
sideband unresolved regime, especially useful for detecting
mechanics in systems with weak opto/electro-mechanical cou-
plings. We use this technique to characterize the chip-cavity elec-
tromechanical coupling, measuring a vacuum electromechanical
coupling of g0 ¼ 2p� 23:3lHz.

As mentioned above, the experimental system consists of a super-
fluid Helmholtz resonator, similar to Refs. 17, 27, and 31, but now
incorporated into a hermetic 3D microwave cavity. The etched
Helmholz geometry is a wide flat circular basin, 7mm in diameter and
1.01l m deep, connected by two 1.6mm wide and 1.6mm long chan-
nels to the surrounding helium bath. Electrodes of 50 nm thick alumi-
num are deposited into the etched regions: a 6mm diameter circle at
the center of the basin connects to a meandering 100lm-wide lead (in
one channel) that terminates in a 5� 2mm2 square antenna. After
fabrication, the wafer is diced into identical top and bottom chips,
which are room-temperature direct wafer bonded33,34 such that the
basins align and the antennas are on opposite sides of the basin (as
shown in Fig. 1). The combined basins form a single volume with alu-
minum top and bottom electrodes, turning the combined basin into a
parallel plate capacitor, with an antenna connected to each plate—
providing capacitive coupling to the 3D cavity mode. (More detailed
fabrication notes can be found in Ref. 17.)

The Helmholtz mode is an acoustic resonance of the superfluid
moving back and forth in the channel, driven by pressure fluctuations
in the central basin (shown in the inset of Fig. 1). The mode can be
described as a mass-spring system27 with effective massmeff ¼ 2wlDqs,

where w, l, and D are the channel width, length, and depth, respectively;
and qs is the superfluid density. The resulting mode frequency is then31

Xm ¼

ffiffiffiffiffiffiffiffi
keff
meff

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2wD
lq

qs

q

kp
4A2ð1þ RÞ

s
; (1)

with keff being the effective spring constant, kp being the effective stiff-
ness of the mean deflection of the basin walls, A ¼ pR2 being the area
of the basin, and R ¼ vBDkp=ð4AÞ, where vB is the bulk compressibil-
ity of helium. Here, the effective spring constant of the mode is signifi-
cantly softened by the flexing of the substrate when compared to the
compressibility-only case. The flexing of the substrate changes the dis-
tance between the capacitive plates above and below the basin, the ori-
gin of the electromechanical coupling for this system, which is slightly
suppressed by electrostriction due to the compression of the
helium.35,36 Considering both of these factors, the change in basin
capacitance Cbas can be written in terms of the displacement of the
fluid in the channels y, as31

dCbas

dy
¼ �Cbas

2wqs

Aq
1� e� 1

e
R

� �
1

1þ R
; (2)

where �Cbas is the undeformed basin capacitance and e is the dielectric
constant of liquid helium.

The Helmholtz chip is placed at the center of a rectangular 3D
microwave cavity,37 and the 3D cavity mode is capacitively coupled to
the basin capacitor via the on-chip antenna,38 effectively concentrating
the electric field of the fundamental chip-cavity mode into the basin, as
shown in Fig. 1. The lumped element RLC representation of the chip-
cavity system is shown in Fig. 2(a), and Fig. 2(b) shows a typical S21
single port bi-directional (reflection) measurement of the microwave
resonance at 600 mK with the cavity filled with superfluid helium-4
close to saturated vapor pressure (SVP). Microwave circuit schematics
can be found in the supplementary material. From this measurement,
the resonant frequency is found to be xc ¼ 2p� 2:28GHz with total
cavity loss rate j ¼ 2p� 1:76MHz and external coupling rate jin

¼ 2p� 128 kHz, meaning the system is significantly undercoupled.39

The vacuum electromechanical coupling strength g0 ¼ Gxzpf ,
withG ¼ �@xc=@x, can be considered as the shift in cavity resonance
due to the zero point motion of the mechanical oscillator. For the
Helmholtz chip-cavity system, this can be written as

g0 ¼ �dyzpf
@xc

@y
¼ �dyzpf

@xc

@C
@C
@y

; (3)

where dyzpf is the zero point motion of the superfluid in the channels
and C is the total capacitance of the chip-cavity microwave mode given
by xc ¼ 1=

ffiffiffiffiffiffi
LC
p

. Using dyzpf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h=2meffXm

p
, Eq. (2), and that the

temperature is cold enough for qs � q, g0 can be expressed for this
electromechanical coupling scheme as

g0 ’ axc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h

2meffXm

s
w
A

1� e� 1
e

R

� �
1

1þ R
: (4)

Here, a is the proportion of the microwave mode’s total electric field
energy within the basin capacitor; for this work, a � 0:005 is calcu-
lated via finite element method (FEM) simulations. Equation (4) gives
a method for estimating the g0 of a fabricated device. Only Xm and kp

FIG. 1. The chip-cavity system. The outline shows the 3D microwave cavity and
pin coupler, while the relative electric field magnitude (�E ¼ EðrÞ=max½EðrÞ�,
where EðrÞ is the electric field amplitude at r) of the fundamental chip-cavity micro-
wave mode, concentrated between the central basin capacitive plates and around
the antenna, is shown according to the left color bar. Inset: the relative pressure
(�P ¼ PðrÞ=max½PðrÞ�, where PðrÞ is the pressure field amplitude at r) of the
superfluid Helmholtz mode within the fluid geometry of the chip. Pressure is con-
centrated in the central basin with relative amplitude according to the right color
bar. The channel length has been extended here for visual clarity of the mode
shape.
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are unknown, yet Xm can be estimated using Eq. (1) while
kp ¼ 9:45� 106 N m�1 is measured via capacitance change with a
DC bias, as in Ref. 17. Using these values an estimate of g0 � 2p
� 1:1lHz is obtained; although lower than the value found later in
this work, this discrepancy is likely due to inaccuracy in a.

We began by observing electromechanical coupling using a cali-
brated homodyne measurement:36,40,41 sending a tone at the micro-
wave resonance’s maximum gradient, demodulating the returned
signal with a tone of the same frequency, measuring noise in the time
domain, and considering the power spectral density of fluctuations
near the mechanical frequency Xm (circuit shown in the supplemen-
tary material). Reflection via a directional coupler was measured as the
return signal. The mechanical spectrum was found using an
amplitude-sensitive scheme, giving a Helmholtz mode frequency of
Xm ¼ 2p� 1394:7Hz. The homodyne phase-lock was achieved by
applying a 10 kHz phase modulation to the signal on the cavity arm of
the circuit and then minimizing the 10 kHz signal after down-mixing
by varying the LO phase. Phase-sensitive measurement was also possi-
ble by instead sending the microwave tone on resonance and using the
10 kHz amplitude modulation to phase-lock.

Despite homodyne measurement enabling detection of the
mechanical spectrum, the signal is weak with a small signal-to-noise
ratio near the mechanical resonance frequency, mainly due to low
electromechanical coupling strength and undercoupled microwave
readout, even after more than 450 averages. Moreover, determination
of g0 was not possible due to uncertainty in the effective temperature
of the Helmholtz mode since vibrations from the cryocooler drove the
superfluid motion in the present experiment.

A coherent measurement scheme can be used to precisely deter-
mine the electromechanical coupling rate, g0. The scheme in this work
is based on OMIT/A:32,42–44 an interference effect where beating
between two optical tones causes coherent oscillation of the mechanics
via radiation pressure when the two tones are separated in frequency
by the mechanical resonance. The oscillation of the mechanics, in
turn, scatters photons from the stronger driving “pump” tone to the
weak “probe” tone frequency, where they then destructively (construc-
tively) interfere with the probe tone in the case of OMIT (OMIA). In
the microwave regime, the equivalent effect is often called electrome-
chanically induced transparency/amplification (EMIT/A).45 For the
Helmholtz devices, mechanical motion is driven via modulation of the

electrostatic force between the two capacitive basin plates, proportional
to voltage squared. Typically, OMIT/A is used for sideband resolved
systems (j� Xm) with stronger optomechanical coupling strengths
compared to this work. To overcome these limitations, a “two-probe”
measurement scheme is used here. The two probe tones are produced
by amplitude modulation of the pump tone, inspired by the work of
Kashkanova et al.46 and adapted from optics to the microwave regime.
For this work, modulation of a microwave signal allows straightfor-
ward resolution of a mHz mechanical linewidth on a GHz signal and,
for kHz mechanics deep into the sideband unresolved regime, enables
a unique measurement scheme where the probe tones are canceled to
recover only a coherent electromechanical signal, which would not be
visible otherwise.

Figure 3 shows a diagram of the coherent measurement scheme
in this work. In Fig. 3(a), a strong microwave pump tone with fre-
quency xd is sent into the cavity, at some detuning D from the cavity
resonance xc, such that D ¼ xd � xc. This pump tone is amplitude
modulated with frequency Xp to produce the two weak probe signals
at x6

p ¼ xd 6 Xp. The signal incident at the cavity port can then be
written as sin ¼ �s in þ dsin, where the weak probes provide dsin, which
in a frame rotating at xd can be written as

dsin ¼ sp e�iXpt þ eþiXptð Þ=2: (5)

Here, sp=2 is the amplitude of the probe signals. Sweeping Xp across
the mechanical frequency Xm, equivalent to sweeping the probe and
pump separation, causes the EMIT/A effect close to Xm for the upper
and lower sidebands, respectively, shown in the inset of Fig. 3(a).
Following the full derivation in the supplementary material, the
intracavity field amplitude at the two probe frequencies x6

p can be
written as

A6ðXpÞ ¼
v6

ffiffiffiffiffiffi
jin
p

sp
2

17
gðgv�7 þ g�v6Þ

Cm=27 id 6 iRð6XpÞ

 !
; (6)

where Cm is the mechanical linewidth, d ¼ Xp � Xm is the detuning
of the pump-probe separation from the mechanical frequency, g is the
multiphoton coupling defined as

g ¼ g0

ffiffiffiffiffiffi
jin
p

�s in
�iDþ j=2

; (7)

FIG. 2. Left: An RLC representation of the chip-cavity system, showing the 3D microwave cavity in blue, the microfluidic chip in black, and the superfluid Helmholtz mode in
red. The resistance, inductance, and capacitance of the bare 3D cavity are represented by R, L, and Ccav, respectively. The capacitance between the on-chip antenna and the
3D cavity is represented by the two Cant and the on-chip Helmholtz basin capacitance by Cbas. Right: A typical reflection measurement (via a directional coupler) of the cavity
at 600 mK when filled with superfluid 4He. The magnitude is shown in gray, while the detuned phase is shown in blue. Frequency has been detuned around the microwave cav-
ity frequency xc ¼ 2p� 2:28 GHz.
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v6 is the cavity susceptibility at x6
p ,

v6 ¼
1

�iðD 6 XpÞ þ j=2
; (8)

and the electromechanical self-energy RðXpÞ is defined as

iRðXpÞ ¼ jgj2ðvþ � v��Þ: (9)

When measuring in a bi-directional single port scheme (reflec-
tion via a circulator/directional coupler), � ffiffiffiffiffiffi

jin
p

A6 is effectively the
modification of the reflected probe tones due to the cavity electrome-
chanical system. Demodulating this reflected signal at xd and a rela-
tive phase of / ¼ 0 will give a signal at Xp with amplitude
proportional to the upper probe minus the lower probe, canceling out
the probe tone backgrounds and recovering only the coherent effect,
shown in Fig. 3(b). Measuring this signal at Xp using a lock-in ampli-
fier will give a signal

X þ iY ¼ �iKTg20j
2
inspffiffiffi

2
p
ðCm=2þ idÞ

ðj2=4� D2Þ
ðj2=4þ D2Þ3

Pin
�hxd

; (10)

where KT is the transfer function of the circuit post reflection from the
cavity and Pin is the total power incident on the cavity port. A full deri-
vation of X þ iY can be found in the supplementary material. Figure
4(b) shows a measurement of the Y quadrature, fit to Eq. (10), showing
an improvement of fitting accuracy and signal-to-noise near reso-
nance, compared to the homodyne measurement of noise amplitude
spectral density in Fig. 4(a). From the coherent measurement fit, the
mechanical frequency and linewidth are found to be Xm ¼ 2p
�1394:7Hz and Cm ¼ 2p� 0:106Hz. Although it may instead be
possible to cancel the probe tones using an additional source, with the
current method far into the sideband unresolved regime (j� Xm),
the two probe tones effectively travel the same path, canceling near
perfectly and accounting for any frequency, phase, or amplitude noise.
Using the three-tone method, the background signal at Xm was
reduced by three to four orders of magnitude, allowing a measurement
of the mechanics that would not normally be possible with EMIT/A.

The circuit transfer function KT in Eq. (10) can be calibrated to
allow determination of g0 using a measurement of R ¼ jX þ iYj with
/ ¼ p=2 to give a signal proportional to the combined probe tone

amplitudes Rcal ¼ KTsp=2
ffiffiffi
2
p

(further details in the supplementary
material). Using this calibration, g0 can be written as

g0 ¼
ffiffiffiffiffiffiffiffi
�hxd
p

2jin
ffiffiffiffiffiffi
Pin
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cmðj2=4þ D2Þ3

ðj2=4� D2Þ
Rd¼0
Rcal

s
: (11)

Here, Rd¼0 is the measured signal amplitude at Xp ¼ Xm when the
probe tones cancel, either directly from the peak signal or from fitting
to Eq. (10). Using this methodology, the vacuum electromechanical
coupling strength was calculated as g0 ¼ 2p� 23:3þ6:0�4:8 lHz with
determination of Pin providing the dominant error. This g0 is in the
weak coupling limit of electromechanics,1 but a three order of magni-
tude increase when compared to a bulk superfluid-microwave cou-
pling,47 and even higher than the potential g0 of current bulk systems
mediated by a membrane.19 While the corresponding single-photon
cooperativity C0 ¼ 1:2� 10�14 is one of the lowest recorded1 and will
need to be improved in subsequent experiments, this demonstrates the
sensitivity of the three-tone coherent measurement scheme.

In conclusion, the superfluid microwave electromechanical cou-
pling was measured for a micromechanical system using a microfluidic
Helmholtz resonator inside a 3D microwave cavity. The mechanical
motion was detected using a homodyne noise measurement scheme;
however, thermomechanical calibration was not possible due to strong
cryocooler vibrations. To measure an electromechanical system with
weak coupling, deep in the sideband unresolved regime, a coherent
measurement scheme was developed, inspired by OMIT32 and specifi-
cally the work of Kashkanova et al.46 The scheme uses amplitude mod-
ulation of a strong pump tone to create probe sidebands, which
experience coherent EMIT/A. The two probe tones are then canceled
to recover only signal coherent with the mechanics, allowing an elec-
tromechanical calibration of the coupling strength g0, even when the
effective mode temperature cannot be determined.

The coherent measurement scheme provides a powerful tool for
measuring electro/optomechanical systems deep into the sideband
unresolved regime. Moreover, integrating a superfluid Helmholtz
device into a microwave cavity provides a platform for superfluid
microwave electromechanics. With three orders of magnitude
improvement to g0 over initial bulk superfluid electromechanical sys-
tems,35 the microwave Helmholtz design shows promise as a sensitive

FIG. 3. Diagram of the three-tone coherent measurement scheme. (a) Frequency space diagram of the three tones relative to the microwave resonance xc. Showing the
pump tone xd at detuning D from the cavity resonance, along with the two probe tones x6

p created via amplitude modulation of the pump tone with frequency (separation)
Xp. The cavity resonance line shape has been reduced for clarity. (b) Diagram of the two probe tones before (left—blue) and after (right—red) demodulation. The left side
shows the response at the probe tones x6

p as the modulation frequency Xp is swept across the mechanical frequency Xm, showing the EMIT/A response for the upper and
lower sidebands, respectively. The flat background is due to being deep into the sideband unresolved regime j� Xm. The right side shows the measured signal at relative
phase / ¼ 0, after demodulating the two probe tones with the pump frequency xd. This down mixes the probe signals to frequency 6Xp, where the two probe tones destruc-
tively interfere, leaving only the combined EMIT/A signal with a peak at Xm.
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method for measuring the properties of superfluid helium. The sensi-
tivity of this proof of concept can be improved by orders of magnitude
in many areas: confinement could decrease Cm while increasing g0 (pos-
sibly with a phononic crystal20,48), larger antennas or galvanic bonding
would increase a,3 low mK dilution temperatures would decrease super-
fluid and microwave dissipation, a superconducting microwave cavity
could also decrease dissipation, and a stronger coupling into the cavity
(jin � j=2) would greatly improve signal strength for any given cavity
field. The improved system may be useful for studying non-equilibrium
thermodynamics49 or even vector dark matter.50

See the supplementary material for derivation of the three-tone
coherent measurement equations and calibration of vacuum electro-
mechanical coupling strength. It also includes microwave circuit dia-
grams and measurement descriptions for both the three-tone and
homodyne methods along with photos of the experimental cell.
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