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Bulk acoustic resonators support robust, long-lived mechanical modes, capable of coupling to various quantum systems.
In separate works, such devices have achieved strong coupling to both superconducting qubits, via piezoelectricity, and
optical cavities, via Brillouin interactions. In this work, we present a hybrid microwave—optical platform capable of cou-
pling to bulk acoustic waves through cavity-enhanced piezoelectric and photoelastic interactions. The modular, tunable
system achieves fully resonant and well-mode-matched interactions among a 3D microwave cavity, a high-frequency
bulk acoustic resonator, and a Fabry—Perot cavity. We realize this piezo—Brillouin interaction in x-cut quartz, demon-
strating the potential for strong optomechanical interactions and high cooperativity using optical cavity enhancement.
We further show how this device functions as a bidirectional electro—opto—mechanical transducer, with transduction
efficiency exceeding 1078, and a feasible path towards unity conversion efficiency. The high optical sensitivity and
ability to apply a large resonant microwave field in this system also offers a tool for probing anomalous electromechani-
cal couplings, which we demonstrate by investigating (nominally centrosymmetric) CaF, and revealing a parasitic
piezoelectricity of 83 am/V. Such studies are an important topic for emerging quantum technologies, and highlight
the versatility of this hybrid platform. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing
Agreement
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1. INTRODUCTION

Acoustic resonators with long-lived modes have played an impor-
tant technological role in systems ranging from ultrastable
oscillators to micro—electro—mechanical devices. For quantum
applications, acoustic devices offer the promise of flexibly linking
disparate quantum systems through a wide variety of coupling
pathways [1]. Mechanical resonators have achieved quantum-
coherent coupling to systems ranging from optical and microwave
cavities, to solid state defect centers, atomic ensembles, and
superconducting qubits [2-8]. These advances relied on high-
quality-factor (QQ) mechanical resonators, building on phononic
engineering and low material dissipation at cryogenic temperatures
[9,10]. Among mechanical systems, high-overtone bulk acoustic
resonators (HBARs), where high-frequency elastic standing waves
are formed between polished surfaces of a crystalline substrate,
offer a promising platform for achieving highly acoustic Q-factors
[11]. By design, these modes live primarily in the bulk, avoiding
the loss typically associated with surface imperfections. Moreover,
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acoustic loss from phonon—phonon scattering plummets at cryo-
genic temperatures [11-13], offering an ideal environment for
long-lived acoustic modes.

To achieve strong optical interactions with these acoustic
modes, one can exploit phase-matched photoelastic coupling,
known as Brillouin scattering [14—17]. This three-wave interac-
tion can yield strong optomechanical coupling to GHz-frequency
acoustic modes, particularly when the process is enhanced by an
optical cavity. One can also couple microwave fields directly to the
acoustic modes via resonant piezoelectric interaction. Using these
interactions, in separate systems, bulk acoustic resonators have
achieved strong coupling to both superconducting circuits and
optical cavities [8,17-19].

Here, we present, for the first time, a system integrating simulta-
neous piezoelectric and Brillouin coupling to a GHz bulk acoustic
resonator, in a hybrid system containing both a microwave and
an optical cavity. To demonstrate the mechanism behind this
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piezo—Brillouin interaction, we first present a single-pass configu-
ration (i.e., without the benefit of optical cavity enhancement),
using a microwave cavity to drive GHz phonon modes in x-cut
quartz, and reading out scattered optical photons. We then incor-
porate an optical cavity to realize a fully resonant operation where
both electromechanical and optomechanical coupling mecha-
nisms are cavity enhanced, boosting interaction rates by orders of
magnitude. The use of a modular Fabry—Perot cavity offers fre-
quency tunability to meet this multiply resonant condition, while
maintaining low-loss optical modes.

We observe strong optomechanical interactions (characterized
by cooperativity exceeding unity), even reaching strong coupling.
Along with competitive coupling efficiencies and robust ther-
mal properties, this reveals the potential of this hybrid platform
for microwave-optical transduction with quantum applications
[20-34]. Realizing efficient quantum state conversion is of criti-
cal importance for optically linking superconducting quantum
devices, and remains an outstanding goal for the field. Here, we
present bidirectional conversion with transduction efficiency
comparable to other developing piezo-optomechanical platforms
[24-29,35], and we outline a feasible path for improvement.

We further demonstrate that the optical performance of this
system offers a highly sensitive method for detecting piezoelectri-
cally driven phonons, offering a new tool for materials analysis. We
illustrate this by interrogating CaF,, revealing an anomalous piezo-
electric coupling, which may indicate surface damage or lattice
defects in the bulk [36-38]. Probing such effects in technologically
relevant materials (e.g., sapphire or diamond) can offer clues to
understanding loss mechanisms for quantum systems [39,40].

2. DEMONSTRATION OF SINGLE-PASS
PIEZO-BRILLOUIN SPECTROSCOPY

Our hybrid platform [illustrated in Fig. 1(a)] is designed to achieve
fully resonant microwave and optical coupling to an HBAR device.
In contrast to integrated nanomechanical devices, this platform
is an assembly of three distinct resonators (acoustic, optical, and
microwave). This modular design enables independent optimiza-
tion of each resonator, including Q-factors and mode matchings.
The optical and microwave frequencies are individually tunable,
to allow resonant coupling to virtually any transparent crystalline
material. We demonstrate this hybrid piezo-Brillouin interaction
using x-cut quartz—a piezoelectric material with good acoustic
performance.

The platform design centers around the use of an HBAR that
supports longitudinal elastic standing waves confined between the
opposing surfaces of a crystalline substrate. At modest cryogenic
temperatures (7'~ 4 K), these Fabry—Perot-like acoustic modes
can achieve Q-factors at GHz (MHz) frequencies in excess of 107
(10), by working with high-purity crystals with smooth surfaces
[11,41]. While plano—convex crystals offer stable resonances with
the highest mechanical Q, here, we work with flat, unprocessed
substrates for material flexibility and simplified assembly. Acoustic
modes of a flat—flat resonator experience diffraction loss, but still
reach Q > 10%. The substrate hosts a set of longitudinal modes,
spaced by a mechanical free spectral range (FSR), A, = v, /2L,
determined by the sound velocity, vy, and substrate thickness, L ,.
Here, we work with a 0.5 mm thick x-cut quartz substrate, with
acousticlossrate of I' /2 & 500 kHzand A, /27 & 5.5 MHz.

For electromechanical coupling to the HBAR, we rely on res-
onant piezoelectric interactions with a microwave resonator as
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Fig. 1.  Hybrid piezo-Brillouin optomechanical system. (a) Cross
section of the hybrid cavity and simplified experimental schematic,
showing the acoustic resonator (green), microwave cavity (gray), and
optical mirrors (light blue). Dark blue arrows indicate microwave E-
field, dark green indicates the longitudinal acoustic mode of the HBAR,
and red denotes optical light. Microwave and optical signals can be
injected by driving the microwave cavity or electro-optic modulator
(EOM), respectively. Optical signals are detected in transmission (at
photodiode, PD), using the pump light as a heterodyne local oscillator.
Microwave signals can be collected and amplified directly from the cavity.
Experiment conducted in He-4 flow cryostat, 7~ 10 K. See Supplement
1 for detailed experimental schematic. (b) Inset showing overlap among
the microwave/optical/acoustic modes (c) Simplified illustration of
mode couplings and decay pathways for the optical (red), microwave
(blue), and acoustic (green) modes. (d) Spectral response of microwave
(blue), optical (red), and acoustic (green) modes, including the Brillouin
phase-matching bandwidth (dashed green). The Stokes and anti-Stokes
sideband frequencies are indicated by black dashed lines, symmetrically
spaced around the pump (w,, black arrow). Only the anti-Stokes is reso-
nant with an optical mode (at w,,). Non-uniform optical mode spacing
is caused by Fresnel reflections at the vacuum—dielectric interface of the
crystal within the cavity [17].

shown in Fig. 1(c). We require a microwave resonator that can
match the acoustic frequency (10-50 GHz), ideally with high
Q-factor and easy tunability. A coaxial stub cavity [see Fig. 1(a)],
a common resource for quantum technologies, is well suited for
this task [42]. In such a resonator, the microwave field is concen-
trated around a quarter-wavelength central post, allowing for
easy adjustment of the resonance frequency via the post length.
The monolithic cavity geometry eliminates seam losses, which
is beneficial in creating high-Q cavities. Combined with the use
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of superconducting materials, the Q-factor of a coaxial stub cav-
ity can exceed Q,> 107 [42]. Here, we work at T=4K, and
choose (non-superconducting) copper for its thermal conduc-
tivity and low electrical resistivity, reaching a microwave loss rate
of k,/2m ~ 17 MHz, and corresponding internal Q-factor of
Q. A~ 1200. Additionally, we make a small (1 mm diameter)
aperture through the stub to allow for optical access, which has a
negligible impact on the Q-factor of the microwave design.

The coaxial microwave cavity is resonantly coupled, via the
piezoelectric effect, to an HBAR located above the central post.
Electromagnetic simulations [Ansys High Frequency Simulation
Software (HESS)] show that the electric field is oriented per-
pendicular [i.e., z direction; see Fig. 1(b)] to the substrate, and
is approximately uniform across the substrate thickness. This
field resonantly couples to the longitudinal acoustic mode via the
ds3 element of the piezoelectric tensor. Note that all crystal axis
indices are assumed to be in the reference frame of the substrate.
Specifically, the piezoelectric interaction is described by the cou-
pling rate, Aigem = c33ds3 [ E;S..dV, where S, = aalf is the
longitudinal strain, expressed in terms of the z displacement, U,,
E, is the z component of the microwave electric field, and ¢33 is
the relevant stiffness coefficient. While the acoustic mode oscillates
along the z axis with a sub-micrometer wavelength, the microwave
electric field is uniform along the thickness of the crystal. As a con-
sequence, the electromechanical mode-matching integral vanishes
for acoustic modes with even longitudinal indices. Odd-indexed
modes coupleata rate of

_ d33Eohm | Qmc33Am
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where E is the zero-point field strength, A,, (€2,,) is the acoustic
wavelength (frequency), Ay, is the effective area of the acoustic
mode, and L, is the acoustic substrate thickness (see Supplement
1 for derivation). The interaction strength of the microwave and
acoustic resonators can be characterized by the electromechani-
4¢ém
Kkl
microwave simulations, we estimate the electromechanical cou-
pling in this quartz system to be g, /2w = 298 Hz, corresponding
t0 Cern = 4.18 x 1078, It is important to use cryogenic values for
quartz piezoelectricity [43], as it can vary ~50% at cryogenic (5 K)
temperatures.

Optomechanical coupling is realized through Brillouin scatter-
ing, which is a three-wave interaction between optical pump/signal
fields and an acoustic wave, mediated by photoelasticity [14,15].
Brillouin scattering offers a distributed, phase-matched inter-
action that takes place throughout the bulk of the crystal. This
is advantageous compared with conventional radiation pres-
sure optomechanical coupling, which is relatively weak due
to the large acoustic mode volume of HBARs. The Brillouin
interaction is described by the single-photon coupling rate,
hgomo = %6063 213 [ SeE, gptd V, where E,p is the transverse
electric field of the optical cavity (assumed to be along x here),
213 is the relevant photoeleastic coefficient, and € (€,) is the vac-
uum (relative material) permittivity [15,44]. The mode ovetlap is
maximized when the modes satisfy a phase-matching condition,
2beqpe = g, where kqp (9) is the optical (acoustic) wave vector. This
phase-matching condition implies that the acoustic wavelength
should approximately match half of the optical wavelength in

cal cooperativity, Cep = . From these piezoelectricity and
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the medium. This results in non-zero couplings to a small num-
ber of acoustic modes centered around the Brillouin frequency
(Qp = 2wpnvy/c), where w, is the optical pump frequency, 7 is
the refractive index, and v, is the acoustic velocity in the substrate.
For x-cut quartz, the Brillouin frequency is ©2,,,/27 =~ 11.4 GHz
for Aope & 1550 nm. Hereafter, we designate the longitudinal
mode best satisfying this phase-matching condition as the primary
mechanical mode of interest, with frequency 2,, [see Fig. 1(d)].
For this phase-matched mode, the Brillouin optomechanical
coupling rateis [15,17]

602713]?13 h
Lom0=— , @)
2c QupPpAnLy

where p is the density, and ¢ is the speed of light. Note that here we
assumed that the acoustic mode area is defined by the optical mode
area Aop/2 = Am (see Supplement 1). Other acoustic modes

are suppressed by a sinc’[(Q2 — Qp)/4An] envelope that origi-
nates from the phase-matching condition. Drawing an analogy
to cavity—optomechanics [45], gom,0 can be linearized around a
strong optical pump, resulting in an enhanced interaction between
the acoustic mode and optical signal field. This enhanced coupling
rate is given by gom = VN, '¢om,0, Where N is the number of pump
photons in the crystal.

Brillouin scattering measurements are conventionally imple-
mented in a single-pass configuration, where a strong pump
can interact with acoustic phonons, scattering into backwards-
propagating Stokes and anti-Stokes fields. In this configuration,
a Brillouin-active phonon mode, with population 7,,, will scatter
incident pump photons to an anti-Stokes sideband with power

Pz = (hayp) CP I'ny,. Here, Cob = I:ngTl is the single-pass
equivalent of a cavity cooperativity [15], in terms of the group
delay T = Liyn/c (see Supplement 1). Figure 2(d) presents such a
Brillouin signal, from piezoelectrically driven phonons, using the
previously described microwave cavity and x-cut quartz HBAR.
We sweep a 3.8 mW microwave drive over a ~40 MHz range
around €2 while measuring the coherent backscattered optical sig-
nal, detected as a heterodyne beat note with reflected pump light.
We see a series of acoustic resonances with I' /27 &~ 500 kHz and
the expected mode spacing A, & 5.5 MHz. The resonances away
from Qg are suppressed according to the optical phase-matching
condition and microwave cavity susceptibility. For this single-
pass measurement, we theoretically estimate the single-photon
coupling rate to be gom,0/2m =156 Hz. For our pump power
(P =67 mW), this gives a field-enhanced g,n/27 = 180 kHz
(CP =1.1 x 107%), which predicts the observed signal size
within 5 dBm [see Fig. 2(d)]. The discrepancy can be attributed
to the uncertainties in material constants at cryogenic temper-
atures. While this measurement demonstrates piezo—Brillouin
interaction, it is desirable to have higher optomechanical cou-
pling for broader applications, ideally exceeding a cooperativity
of unity. To achieve this, we incorporate an optical cavity into this
piezo—Brillouin system.

3. FULLY RESONANTLY ENHANCED
PIEZO-BRILLOUIN SPECTROSCOPY

Including an optical cavity in this piezo—Brillouin system allows
for resonant enhancements of both the optical pump and signal
fields [44]. As demonstrated in prior works [17,19], a Fabry—Perot
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Fig. 2.  Enhancing piezo-Brillouin spectroscopy using resonant
optomechanical interactions. (a) Optical mode spacing tunability. For
Aope from 1545.8-1546.3 nm, we find six mode pairs (labeled by lower
longitudinal mode index N through N + 5) with spacings from 10.4 GHz
to 11.5 GHz. By increasing Vje,o (thus changing cavity length), individ-
ual mode spacings can be varied by up to 500 MHz, allowing one mode
pair (red) to be matched to the 25 (green dashed line) (b) Normalized
OMIT spectra, as Ay, is tuned through g, using the piezo actuator.
When Agpe =2, an anti-crossing is observed, with a splitting that
exceeds the cavity linewidth, indicating the onset of strong coupling.
(¢) Single OMIT spectra at A, = Q2p with fitted cooperativities ranging
from C,,=7.4~0.14. (d) Single-pass and cavity-enhanced piezo—
Brillouin spectroscopy. Sideband power at the swept microwave drive
frequency is measured via heterodyne with the pump (1 kHz resolution
bandwidth). Gray box indicates the main phonon mode of interest,
with theoretically predicted peak amplitude shown as black dots. Other
acoustic modes are spaced by the expected FSR (* 5.5 MHz) and have
couplings consistent with mode and phase matching. To facilitate com-
parison more easily, the green data have been shifted down in frequency
by nine FSRs to compensate for a ~0.5% shift of microwave resonance
frequency between cooldowns.

cavity is well suited to this task, with Gaussian modes that achieve
good spacial overlap with highly confined HBAR modes [see
Figs. 1(a) and 1(b)]. Compared to the single-pass interaction, the
effect of this optical resonator is to increase the optomechanical
cooperativity (and thus Py,) by a factor of - 2, where F is the cavity
finesse, a quantity that indicates the number of round trips before
decay (see Supplement 1). Specifically, the cavity optomechanical

S 4¢2 .
cooperativity is now Cop = KO;“IL , with gom = v/ Neay@om,0, where

Neay is now the intracavity photon number, and K is the optical
cavity dissipation rate. Note that, compared to the single-pass

Ll]"l
Lopt ’

geometric filling factor between the acoustic and optical cavities.

coupling rate, gom.0 acquires a factor of corresponding to a
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For our optical cavity geometry, even a modest finesse
(F > 1000) results in optical linewidths that are orders of mag-
nitude less than the mechanical frequency (i.e., /2y, ~ 1077).
In this deeply resolved sideband regime, it becomes necessary to
use separate resonances to enhance the pump and signal, thus
imposing an additional requirement that the optical mode spacing
closely matches the acoustic frequency (Agp = Wope — Wp = 2nm).

Two features of this hybrid system allow us to meet this require-
ment. First, the Fresnel reflections at the vacuum-dielectric
interface produced by the HBAR cause the optical mode spacing to
be wavelength dependent. For instance, in our hybrid quartz cav-
ity, over a ~1 nm range in pump wavelength, we find nine optical
modes with spacings varying from 10.4 GHz to 11.5 GHz, which
allows us to identify several pairs of modes with a frequency spacing
that approximately matches Q. Note that this variable FSR allows
selective enhancement of either the Stokes or anti-Stokes process.
While this coarse frequency matching was possible in prior works
[17,19], here, we incorporate a piezo actuator (voltage, Vjcso) onto
one of the mirrors, to enable more precise control required in this
multiply resonant system. This allows the cavity length to be varied
by approximately 500 nm, which can yield >100 MHz tunability
in the optical mode spacing [see Fig. 2(a)].

This matching of the optical mode spacing to the mechanical
frequency enables strong optomechanical interactions, which
we illustrate in Figs. 2(b) and 2(c). We lock a laser to the lower
frequency (pump) mode, and sweep a sideband over the higher
frequency (signal) mode. When A # Qp, this swept probe
simply shows the optical response of the signal mode. Applying
a voltage to the piezo actuator, we can smoothly vary the optical
mode spacing from 11.355 GHz to 11.375 GHz [red dashed line
in Fig. 2(b)], revealing an avoided crossing when Ao = 4. This
phenomenon is known as optomechanically induced transparency
(OMIT), and is the result of optical interference with a photoelasti-
cally driven motional sideband [46]. OMIT measurements offer a
convenient tool for characterizing the strength of our optomechan-
ical interaction. Specifically, the depth and width of the OMIT
feature offer direct measurement of the optomechanical coop-
erativity, with minimal assumptions. Figure 2(c) shows OMIT
spectra for various pump powers. The extracted cooperatvities
scale linearly with intracavity power, as expected, reaching Cop, = 7
(gom = 1.4 MHz) at a pump power of 110 mW. Combining
this g,m with the estimated intra-cavity photon number, we can
obtain an experimental value for single-photon optomechanical
coupling rate, gom.o0=>5.28 Hz, close to the theoretical value,
Zom,0 = 5.89 Hz. Figures 2(b) and 2(c) also illustrate that this
system approaches the optomechanical strong coupling regime
(2gom > Kopes I'), visible as the emergence of normal-mode split-
ting [19]. Such strong coupling can be of value in hybrid quantum
systems for rapid manipulation of intracavity states.

With this doubly resonant optical enhancement established, we
repeat the measurement from Fig. 2(d), wherein a microwave drive
piezoelectrically generates phonons, and we measure the optical
sideband scattered off a strong pump. The transmitted optical
signal is collected from the cavity and measured via a heterodyne
beat note with the pump. The optical response from the microwave
drive (P, =1 mW) is shown in purple in Fig. 2(d). The central
phase-matched acoustic mode (2,,/27 = 11.366 GHz) is indi-
cated by a gray shaded box. Comparing the cavity-enhanced and
single-pass spectra, we observe a ~60dB increase in scattered
optical power, consistent with the predicted F? enhancement in
cooperativity (for details, see Supplement 1).
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The cavity-enhanced data illlustrate several prominent
features that are consistent with the underlying coupling
mechanisms. On the tails of the central, phase-matched peak
(2m/2m =11.366 GHz), we see the other longitudinal modes,
whose motion coherently interferes to yield Fano line shapes. The
apparent coupling rates of these modes are suppressed according to
the optical phase-matching condition (sinc?[(2 — Q2p)/4A 1),
as well as the piezoelectric mode overlap (which suppresses cou-
pling to even-index modes). Away from the central mode, the
piezo—Brillouin spectrum is further suppressed by the optical and
microwave cavity susceptibilities. There is also a significant Fano
dip associated with the main peak at 2,,,/27 = 11.366 GHz. This
is a result of a residual Pockels-type electro-optic (EO) coupling
in quartz [47], which destructively interferes with the piezo—
optomechanical signal. This Fano shape results in a slightly higher
response on the left side of the peak. The relative contribution of
the EO effect to the piezo—Brillouin interaction can be reduced by
increasing g, or decreasing I'. Alternatively, this effect could be
intentionally amplified in a device focused on EO interactions.

4. TRANSDUCTION

The measurements in Fig. 2 establish that this system achieves
simultaneous, fully resonant electro- and optomechanical
couplings (with C,p > 1). This motivates us to evaluate the
performance of this platform from the perspective of quantum
transduction, quantifying the efficiency with which it converts
microwave photons to optical photons. In our system, the trans-
duction efficiency 1 [defined as the scattered optical photons
exiting the Fabry—Perot cavity per microwave photon enter-
ing through the coupling pin; see Fig. 1(a)] can be analytically
expressed in terms of the electro/opto-mechanical cooperativities
as [23,28]

4 C()m Cem

(14 Com + Cem)* ©

N = MNoptTn

Here, 1opc and 1,, are the optical and microwave port-coupling
efficiencies (i.e., the fraction of the total loss rate attributable to the
input/output port). Thus, one seeks to have greater-than-unity
(and equal) cooperativities for both subsystems, as well as effi-
ciently coupled ports for transferring photons in and out. In the
hybrid quartz cavity demonstrated in Fig. 2, we reach coupling
efficiencies of 1, =0.43 and 1., = 0.53. Higher coupling efh-
ciencies (i.e., over-coupled resonators) are possible by adjusting
the microwave coupling pin and using optical mirrors with imbal-
anced reflectivities. We note that the modes of Gaussian optical
resonators easily achieve high fiber-coupling efficiency, which is a
key challenge for low-loss integration.

Repeating the measurements of Fig. 2(d), we can characterize
the microwave-to-optical scattering parameter and extract 7o
(optical photons out per microwave photon in). Alternatively, we
can inject a sideband into the optical signal mode, and directly
measure the microwave response, to characterize 7., (microwave
photons out per optical photon in). Both measurements are shown
in Fig. 3(a), illustrating the bidirectionality of this device. The
Fano dip in the 1, data results from the previously described EO
transduction. The added noise floor of this transduction would be
set by the thermal noise of the acoustic resonator, with an expected
16 phonons at 9 K temperature. Characterization of the thermal
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Fig. 3. Bidirectional  electro—opto-mechanical  transduction.
(a) Transduction spectra for both microwave-to-optical (1., purple,
Com =1.53) and optical-to-microwave (7., orange, C,n,=>5.50).
Dashed black line is theoretical prediction of the transduction spectra.
The elevated noise floor in 1, is set by room-temperature ampli-
fiers/detectors.  (b) Transduction efficiency at phonon frequency
(2m/27 =11.3663 GHz) in relation to optomechanical cooperativity
controlled via optical pump power. Purple dots are the microwave-to-
optical data. Orange dot is an optical-to-microwave measurement. Both
data are expected to follow the black dashed theory line.

noise in this quartz system was not carried out, but similar mea-
surements on CaF; confirm good thermalization (see Section 5),
consistent with past works [19]. The higher noise floor in the 7.,
data is a combination of Johnson noise of the room-temperature
microwave detector, microwave amplifier noise, and detector
noise.

On resonance, (2,/27 = 11.366 GHz), we verify that the
transduction efficiency scales as predicted with optical coop-
erativity. The experimental data (purple points) in Fig. 3(b)
well describe the theoretical curve (black dashed line) following
Eq. (3), assuming Cep, = 5.6 x 1078, In particular, we confirm
that the transduction is maximized for Coy, = 1, implying that
our optomechanical subsystem is sufficiently strongly coupled
to saturate the transduction efficiency. Further increased Cop
damps the acoustic resonance, reducing the overall efficiency. Note
that the model is well matched to the data for gem/2m =347 Hz
(Cem = 5.6 x 107%), instead of the simulated gm/27 =298 Hz
(Cem = 4.18 x 1078). This may be attributable to a discrepancy
between the simulated microwave resonator and the assembled
device.

The data presented in Fig. 3 illustrate the current perform-
ance of this device, where we observe a maximum conversion of
n= 1.2:1):2 x 1078, with a bandwidth of 500 kHz. The uncer-
tainty here comes from detector and cable loss calibrations. With
coupling efficiencies exceeding 10~! and optomechanical coop-
erativity exceeding one, the performance is currently limited by
low electromechanical cooperativity. However, our ability to reach
Com = 1 indicates that we are maximally sensitive to forces acting
on the resonator. This motivates the possibility of using our plat-
form as a sensitive phonon spectroscopy tool, with applications in
materials science.

5. PRECISION SENSING OF ANOMALOUS
PIEZOELECTRICITY

This sensitivity, combined with the modular construction of the
system, makes it possible to investigate electromechanical cou-
plings in a variety of materials. In particular, it enables us to probe
possible anomalous piezoelectricity in non-piezoelectric materials.
There is strong motivation for this type of study, as parasitic piezo-
electricity may be a relevant loss channel for emerging solid state
quantum technologies [48—50]. Subsurface lattice damage, or even
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Fig. 4.  Spectroscopy of anomalous piezoclectricity in CaF,.

(a) Coherent, cavity-enhanced optical spectroscopy of microwave-
driven motion in CaF,. The amplitude of driven motion (characterized
by \/#m, where 7, is phonon number) is calculated from the detected
optical signal. The inset shows the linear relation (black dashed line)
between the peak driven motion (in units of phonon number) and
microwave power. To obtain the driven motion, background noise from
the main figure is subtracted in the inset data. The color of each datapoint
matches that of the main graph. Black points are not plotted in the main
graph. (b) Amplitude spectral density of undriven (thermal) motion.
PSD, power spectral density. Black dashed line is a Lorentzian fit with
535 kHz linewidth. Shaded area under the Lorentzian fit is integrated
to obtain the effective mechanical occupation of 74, = 9.42. The peak
of the Lorentzian fit indicates detection sensitivity, corresponding to
2.1 x 10~*phonons - Hz '

the inherent asymmetry of the lattice boundary [39], can disrupt
the centro-symmetry of nominally non-piezoelectric materials.
One such material not expected to have a piezoelectric response
is CaF,. The Brillouin-active mechanical frequency for CaF, is
~13.3 GHz, which we can easily target by adjusting the microwave
resonator and optical FSR. Doing so, we can repeat the exper-
iment from Fig. 2(d), applying a microwave drive at the CaF,
Brillouin frequency and looking for an optical response. The
results of this experiment are shown in Fig. 4(a), where we clearly
see non-zero microwave-driven motion, indicating a measurable
electro-mechanical coupling (see Supplement 1 for experimental
parameters). The detected signal exists only at the Brillouin fre-
quency, indicating that it is indeed a mechanical response. This
rules out the possibility that the response is originating from an
unexpected electro-optical coupling. As shown in the inset of
Fig. 4(a), we observe a linear electromechanical coupling. We
refer to this coupling as anomalous piezoelectricity, although the
innate mechanisms of such an effect are uncertain (e.g., charged
surfaces and crystal defects). Subtracting background noise (con-
sisting of shot noise and detector noise) and thermal noise from
the response shown in Fig. 4(a), we detect a coherent acoustic
response corresponding to 7, = 1.2, or a peak displacement for
our acoustic standing wave of 0.25 am. This corresponds to an
effective electromechanical coupling rate of g S22 /271 = 0.03 Hz.
This effective piezoelectricity could be attributed to imperfec-
tions distributed in the bulk or concentrated at the surface. If the
acoustic response was derived from a piezoelectric coupling across
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a thin surface layer of 1 nm [39,48], it would correspond to an
effective piezoelectric constant of d33 =2.44 pm/V (comparable
to common piezoelectric materials). However, such a large piezo-
electric coefficient would be inconsistent with other investigations
into CaF; [38], and quantitative interferometric-based piezo force
microscopy (IDS-PFM) [51,52] measurements conducted on this
sample (which revealed no signal; see Supplement 1). Alternatively,
if it is derived from a uniform piezoelectric coupling distributed
through the bulk of the crystal [36-38], it would correspond to
a weak effective 433 of 0.083 fm/V, which would be consistent
with the previously mentioned null results from IDS-PFM (given
measurement noise floor of 55 fm/V). To explain this effective bulk
property, one might consider an ensemble of polar defects, which
effectively act as piezoelectric emitters. Such a mechanism could
be intrinsically linked to dielectric loss, motivating further study,
particularly in the context of solid state qubit decoherence.

As in transduction, the fundamental noise floor of this tech-
nique is ultimately limited by the thermal noise of the acoustic
resonator, which we can detect in the absence of the microwave
drive [see Fig. 4(b)]. The effective thermal motion we detect cor-
responds to an average occupation of 7y, = 9.42 (at C,p, = 0.4),
consistent with thermalization to the cryostat (7'=8.7 K) plus
some laser cooling by the pump. Note that we observe no signifi-
cant heating despite > 100 mW of input pump power, highlighting
the good thermal anchoring and minimal absorption in this bulk
platform. On resonance, this thermal-limited noise floor is 162 zm
(0.21 phonons) in the 1 kHz bandwidth of our driven measure-
ment, which corresponds to a piezoelectric coefficient sensitivity
of 7am/V;, or 2.2 am/V at a bandwidth of 100 Hz in the case of an
evenly distributed bulk piezoelectricity. This compares favorably
to existing techniques for probing piezoelectricity, such as resonant
piezoelectric spectroscopy (RPS), resonant ultrasound spectros-
copy (RUS) [38], and PEM [51,52]. Critically, our technique
extends this sensitivity to GHz frequencies and cryogenic temper-
atures. Applying this new materials analysis tool to materials such
as silicon, sapphire, and diamond can be of immediate relevance to
quantum technologies [39,40,48-50].

6. OUTLOOK AND CONCLUSION

Much progress has been made in both EO and piezo—opto—
mechanical transduction in recent years, reaching n ~ O(107")
with minimal added noise [29,53] and achieving preliminary inte-
gration with superconducting qubits [29,54]. However, given the
qualitative advantages of this platform, including robust thermal
properties and power handling, high optical collection efficiency,
and modularity, it is interesting to consider the outlook for efficient
transduction.

Since Com, Nope> and 1, are of order unity, future transduction
improvements must target Cen. First, since Cep gezm X 4323, a
stronger piezoelectric such as LINbOj3 or BaTiOj3 can immediately
improve 1 (e.g., by 50x for LINbO3). Recalling that this platform
requires no nanofabrication on the sample, it is straightforward to
make such material changes. There is also room for further opti-
mization of mode matching between the acoustic and microwave
resonators. For example, a larger acoustic waist could increase Cep,
by 80x%, and a re-entrant microwave cavity (with increased field
concentration) could increase Cep, by ~10x. Other extensions
based on planar microwave resonators or piezoelectric superlattices
may offer additional gains in electromechanical coupling, and
merit further investigation.
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Table 1. System Modifications to Improve C.,,
Contributing to Both Transduction Efficiency and
Piezo-Detection Sensitivity

Cem

Current experiment 5.6 x 1078
Stronger piezoelectric material 1 50x%
Acoustic mode optimization 1 80x
Microwave mode optimization 1 10x
Higher microwave cavity-Q 1 10%x
Higher acoustic cavity-Q 1 10°x
Combined improvements 1~ 107 x

There is also significant room to improve the lifetimes of the
component microwave and acoustic resonators, increasing electro-
mechanical cooperativity. For instance, this demonstration uses
a non-superconducting copper microwave cavity, with a modest
Q < 1000. Moving to a superconducting metal, there is ample
evidence for both post and re-entrant cavities with Q > 107 [42].
While co-integrating superconducting resonators with optics is a
known technical challenge [29], this macroscopic, 3D platform
may offer increased robustness of the superconducting resonator
[31]. Additionally, while current acoustic performance is limited
by diffraction loss, newly developed fabrication techniques allow
us to produce stable plano—convex resonators with Q > 107 [41].
Implementation of acoustic resonators with better Q also allows us
to reach Cop, > 1 with weaker pump power (e.g., with Q= 107,
Com = 1 requires only P, ~ 1 pW), increasing compatibility with
mK cryogenic systems.

Together, these improvements highlight a feasible path from
the 7=1.2 x 1078 demonstrated here towards bidirectional
transduction with near unity efficiency. Within the landscape
of transduction platforms, piezo—Brillouin systems such as this
have a unique set of advantages and constraints, and merit further
investigation for quantum applications.

Beyond transduction, we have demonstrated how this system
presents a versatile platform for materials analysis and other tech-
nological pursuits. Specifically, Brillouin optical readout offers
the ability to conduct precision spectroscopy of GHz motion with
single-quantum sensitivity (i.e., a noise floor of 5.12 zm - Hz~'/?).
We have demonstrated how this can be used to investigate parasitic
piezoelectricity, with detectable electromechanical coupling as
low as g$3F2 /21 = 0.03 Hz. Note that most of the improvements
in Table 1 would also benefit such spectroscopy efforts, with the
possibility of detecting parasitic couplings that are many orders of
magnitude smaller. Such measurements open the door to further
evaluation of substrate purity and surface treatments, of critical
importance in quantum technologies. The dual microwave/optical
functionality may also be useful for investigating strain-active solid
state defects. Specifically, the resonant piezoelectric drive presents a
mechanism for rapidly actuating strain fields, and the optical cavity
offers the possibility of Purcell-enhanced photon collection.
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