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Optomechanical control of long-lived bulk 
acoustic phonons in the quantum regime
 

Hilel Hagai Diamandi    1,2  , Yizhi Luo    1,2, David Mason1,2, 
Tevfik Bulent Kanmaz    1,2, Sayan Ghosh    1,2, Margaret Pavlovich    1,2, 
Taekwan Yoon1,2, Ryan Behunin3,4, Shruti Puri    1,2, Jack G. E. Harris    1,2,5 & 
Peter T. Rakich    1,2,5 

High-fidelity quantum optomechanical control of a mechanical oscillator 
requires the ability to perform efficient, low-noise operations on long-lived 
phononic excitations. Microfabricated high-overtone bulk acoustic 
wave resonators (μHBARs) support high-frequency mechanical modes 
above 10 GHz with coherence times exceeding one millisecond. Here 
we demonstrate a μHBAR-based cavity optomechanical system that 
permits quantum optomechanical control of individual high-coherence 
phonon modes. We perform laser cooling of the phonon modes 
from an occupation of approximately 22 phonons to fewer than 0.4, 
corresponding to laser-based ground-state cooling of a mechanical object 
with a mass of 7.5 μg. During the cooling process we do not observe any 
absorption-induced heating, demonstrating the resilience of the HBAR 
optomechanical systems against parasitic heating. Our work demonstrates 
that μHBARs are promising as the basis for quantum optomechanical 
systems with robustness to decoherence that is necessary for efficient, 
low-noise photon–phonon conversion.

Through the use of engineerable photon–phonon interactions, cavity 
optomechanical techniques allow efficient control of phonons using 
light1–8, transforming them into a versatile quantum resource9–15. 
Efficient photon–phonon coupling permits the use of quantum 
optics methods to control such solid-state excitations, allowing the 
manipulation and storage of non-classical states using light16–22. In 
this context, long-lived phonons are advantageous as they may per-
mit numerous quantum operations within the phonon’s coherence 
time, enabling a new class of high-performance quantum sensors, 
transducers and memories23,24. To date, some of the most advanced 
demonstrations of quantum optomechanical control have been ena-
bled by nanoscale phononic crystal resonators that produce long-lived 
gigahertz-frequency phonon modes, yielding ground-state operation 
at millikelvin temperatures25–27.

Although such nanomechanical systems offer large optom-
echanical coupling rates and long phonon lifetimes, their small size 
makes them susceptible to phonon dephasing and parasitic optical 
heating25–28. Hence, new strategies are required to enable efficient, 
low-noise photon–phonon conversion for efficient state swaps and 
rapid ground state initialization in cavity optomechanics. Quantum 
optomechanical systems based on bulk acoustic wave resonators 
have the potential to overcome these challenges. Microfabricated 
high-overtone bulk acoustic resonators (μHBARs), which are Fabry–
Perot (FP) resonators for bulk acoustic phonons, support stable, 
high-Q-factor (>108) phonon modes. Such systems can be made from 
wide-bandgap crystals that have very low optical absorption29 and high 
thermal conductivity30, which makes them robust to unwanted optical 
heating31. Such μHBARs support phonons with large motional masses 
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frequencies, corresponding to a motional mass of 7.5 μg (refs. 33,44). 
At 1,550-nm wavelengths, mode matching with a Gaussian laser beam 
permits mode-selective coupling to phonon modes near the Brillouin 
frequency (12.65 GHz), as dictated by the phase-matching condition 
for acousto-optic Bragg scattering42.

The μHBAR’s phonon-mode spectrum was independently meas-
ured at cryogenic temperatures using non-invasive laser-based 
Brillouin spectroscopy of the type described in ref. 48. As seen from 
the measured phonon-mode spectra (Fig. 1b–c), this resonator sup-
ports families of longitudinal modes, with an FSR of 6.04 MHz and 
a transverse mode spacing of 140 kHz. Measurements of the funda-
mental phonon mode at T = 7 K (Fig. 1d) reveal a phonon Q-factor of 
21 million (590 Hz linewidth) at 12.66 GHz, corresponding to an f–Q 
product of 2.7 × 1017 Hz, a key figure of merit that characterizes decou-
pling of a resonator from its thermal environment1. Similar μHBAR 
resonators have yielded record f–Q products of 3.13 × 1018 Hz, corre-
sponding to 6.2-ms coherence times48. Hence, with optomechanical 
control, such long-lived phonons could become a compelling quantum 
resource. However, conventional cavity optomechanical techniques 
based on sideband-resolved coupling become impractical due to the 
high frequencies of the Brillouin-active phonon mode (~12 GHz) and 
relatively small zero-point coupling rates (g0/2π < 20 Hz) produced by 
photo-elastic coupling to these massive phonon modes.

To address this challenge, we used resonant enhancement of the 
Brillouin interaction to dramatically boost the optomechanical cou-
pling rates43. The μHBAR was placed inside a high-finesse (F ≈ 3,000) 
plano-concave optical FP resonator (Fig. 1e) with a mode spacing 
(Δω = ω2 − ω1) that matched the frequency of the Brillouin-active pho-
non mode (Ωn) falling within the Brillouin phase-matching bandwidth. 
This permits the incident pump photons to be scattered between the 
optical cavity modes by the Brillouin-active phonon mode through 
resonant intermodal scattering (Fig. 1f–i). When pumping either optical 
mode, resonant enhancement of the intracavity photon number (nc) 
dramatically increases the optomechanical coupling rate (g = g0√nc) 
to the macroscopic μHBAR resonator phonon modes43. We show that 
such resonantly enhanced coupling schemes enable cooperativity of 
C > 1 at microwatt power levels and efficient quantum control of these 
massive, high-Q-factor phonon modes.

The mode spectrum of the optical FP resonator was designed 
to create a substantial sideband asymmetry, as needed for quantum 
control of the μHBAR phonon modes. Weak intracavity reflections 
created by the quartz μHBAR surfaces result in non-uniform optical 
mode spacing43. This non-uniform mode spacing was used to shape 
the spectrum and control scattering processes43. By selecting two 
optical modes (ω1, ω2) within this non-uniform spectrum that satisfy 
the condition for resonant scattering (ω2 − ω1 ≈ ΩB), with spacings 
between adjacent mode pairs that are detuned from resonance, we 
inhibited unwanted scattering processes43. This symmetry breaking 
resulted in a large (>1,000-fold) difference between the Stokes and 
antiStokes (AS) scattering rates, allowing us to virtually eliminate the 
Stokes or AS interaction by resonantly exciting an appropriately chosen 
optical mode (Supplementary Information Section III). However, even 
when these conditions are satisfied, numerous μHBAR phonon modes 
can mediate scattering between these optical cavity modes. As seen 
in Fig. 1h, Brillouin scattering permits coupling to multiple longitudi-
nal mode families (Ωn−1, Ωn, Ωn+1) within the Brillouin phase-matching 
bandwidth (dashed line), centred around the Brillouin frequency (ΩB). 
Hence, control of an individual phonon mode requires new strategies 
to suppress scattering to unwanted phonon modes.

Selective coupling to a single-phonon mode was achieved using 
phase matching in conjunction with mode matching and spectral 
filtering within the cavity optomechanical system. By designing the 
optical cavity to have a linewidth (κ/2π ≈ 4 MHz) smaller than the 
acoustic FSR (~6 MHz), we used the spectral filtering from the optical 
cavity to effectively restrict the coupling to an individual mode family. 

(~10 μg) and small surface participation, producing phonon modes32,33 
that exhibit excellent noise characteristics in qubit-based studies34–40. 
Such μHBARs have shown the ability to support high-frequency 
(>10 GHz) phonons with ultralong (>6 ms) coherence times41. However, 
quantum optomechanical control of such macroscopic bulk acoustic 
phonons is challenging as their large motional masses translate to small 
zero-point coupling rates (~10 Hz)42,43.

Previous studies have shown that cavity optomechanical tech-
niques can be employed to boost coupling rates to bulk acoustic 
phonons31,43,44. These earlier proof-of-principle experiments used 
resonantly enhanced Brillouin scattering to access phonon modes 
within unstable (flat–flat) HBAR resonators43, enabling demonstrations 
of strong coupling31 and phonon thermometry44. However, diffraction 
losses within these unstable resonators constrain the achievable pho-
non Q-factors (< 105), which limits the utility of these optomechanical 
systems for quantum applications owing to their short phonon life-
times (~1 μs) and the high optical powers (~1 mW) required to reach 
unity cooperativity.

Access to the stable, high-Q-factor phonon modes supported by 
a μHBAR could address these limitations. However, quantum optome-
chanical control of such macroscopic μHBARs presents new challenges. 
Because these stable resonators support numerous high-Q-factor 
transverse phonon modes within the acoustic free-spectral range 
(FSR), single-mode phonon control requires precise spatial mode 
matching and the ability to selectively couple to an individual phonon 
within a densely packed phonon spectrum33. Previous optomechani-
cal systems based on unstable flat–flat resonators bring none of these 
challenges, as these resonators lack any transverse modes, producing 
only a single acoustic resonance within each acoustic FSR. Hence, 
new strategies for selective control of such ultramacroscopic, highly 
coherent μHBAR phonons are needed to transform them into a valu-
able quantum resource.

Here we present a μHBAR-based cavity optomechanical system 
and we use it to realize ground-state cooling of a single high-frequency 
(12.6 GHz) phonon mode, enabling quantum optomechanical control 
of such ultramassive, highly coherent mechanical oscillators. To boost 
the optomechanical coupling, a μHBAR is integrated within an optical 
FP resonator to realize a triply resonant optomechanical system that 
yields resonantly enhanced intermodal Brillouin scattering22,31,43–45. 
Selective coupling to an individual phonon mode is achieved using a 
combination of phase matching, mode matching and spectral filtering 
within the cavity optomechanical system. Such resonantly enhanced 
coupling rates combined with high phonon Q-factors supported by the 
μHBAR enable unity cooperativity at optical powers as low as 11 μW. 
Using this system, we demonstrate laser cooling of these ultramassive 
(7.5 μg) μHBAR phonon modes from an average thermal occupation of 
22.4 to the ground state (<0.4), corresponding to a cooperativity of 60, 
using modest (<2 mW) powers. Laser cooling of such a massive object 
to its ground state opens new avenues for fundamental tests of quan-
tum mechanics in the macroscopic regime32,38,46–49. Moreover, these 
results and techniques pave the way for a new class of robust quantum 
optomechanical systems that could permit low-noise operations with 
near-unity efficiency for future quantum experiments.

Experimental results
The cavity optomechanical system
In what follows, we build our cavity optomechanical system around the 
μHBAR seen in Fig. 1a. The μHBAR is an FP resonator for bulk acoustic 
phonons, supporting a series of high-Q-factor Gaussian modes. The 
μHBAR is created by shaping the surfaces of a 500-μm-thick z-cut α 
quartz substrate into a plano-convex geometry using a reflow-based 
fabrication process33. The μHBAR has a 100-mm radius of curvature and 
cavity length of 500 μm, forming a stable Gaussian-beam resonator for 
longitudinal bulk acoustic phonons. This design produces fundamental 
longitudinal acoustic modes with a waist radius of 31 μm at 12-GHz 
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However, the use of this triply resonant coupling scheme necessitated 
matching of the cavity mode spacing (ω2 − ω1) to the frequency of the 
Brillouin-active phonon mode (Ωn) with very high precision (<1 MHz). 
The optical cavity mode spacing was adjusted to match the frequency 
of the fundamental Gaussian mode of interest using piezo-actuation of 
the cavity length (see Supplementary Information Sections I A and III 
for details). When the resonance condition (ω2 − ω1 = Ωn) was met, this 
system yielded an optomechanically induced transparency (OMIT) 
spectrum of the type sketched in Fig. 1i (refs. 1,43).

The experimental OMIT spectra of Fig. 1j–m were obtained by 
resonantly pumping the red mode (ω1) with the control laser while a 
probe tone, generated by intensity modulation of the control laser, 
was swept through the blue cavity mode (ω2) to perform a transmis-
sion measurement. Pound–Drever–Hall locking was used to precisely 
align the control laser frequency to the red mode while the transmitted 
probe light was measured using heterodyne detection using the appa-
ratus of Fig. 1e (see Supplementary Information Section I B for further 
details). The OMIT spectrum of Fig. 1m shows that spectral filtering by 
the cavity mode greatly suppressed coupling to other mode families, 

revealing an individual OMIT dip (or dips) centred at the frequency 
of the optical resonance. However, high-resolution measurements of 
the OMIT spectrum reveal coupling to the fundamental (L0) as well as 
unwanted higher-order spatial modes (L1, L2, L3) within a given mode 
family (Fig. 1j).

To minimize coupling to higher-order acoustic modes, we pre-
cisely matched the optical and acoustic field distributions, allowing 
mode-selective coupling to the fundamental (L0) Gaussian mode. 
Using an optical cavity length of 12 mm and a 15-mm mirror radius of 
curvature, we realized a fundamental optical mode with an intensity 
waist radius (39 μm), closely matching that of the μHBAR acoustic 
field amplitude (31 μm), as necessary to selectively couple to the fun-
damental (L0) Gaussian phonon mode. To precisely align the μHBAR 
within the optical FP resonator for optimal coupling, the crystal was 
mounted on a flexure stage that permitted fine tuning of the μHBAR 
position (see Supplementary Information Section II A for details). As 
seen from Fig. 1k,l, precise trimming of the μHBAR position to opti-
mize the transverse alignment of optical and acoustic modes led to 
a substantial reduction in coupling to higher-order acoustic modes. 
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Fig. 1 | Brillouin-based optomechanical system. a, Schematic of a μHBAR. 
b, Optically driven acoustic response of the μHBAR, showing acoustic 
resonances with a 6.04-MHz FSR. c, High-resolution measurement of the 
driven acoustic response, showing Hermite–Gaussian modes (L0, L1, L2) with 
140 kHz transverse mode spacing. d, Driven response of the fundamental (L0) 
acoustic mode showing a linewidth of Γ0/2π = 590 Hz at 7 K. e, Schematic of the 
cavity optomechanical system; the μHBAR was positioned within an optical FP 
optimized for acousto-optic mode matching and cooled to 13.6 K. Light in the 
upper apparatus arm was frequency shifted by an acousto-optic-modulator 
(AOM), creating an LO for heterodyne detection. Light in the lower arm was 
modulated by an electro-optic modulator (EOM), generating a probe tone for 
OMIT/OMIA measurements. The transmitted light was mixed with the LO and 
detected by a high-speed photo detector (PD); detected signals were analysed 
with a vector network analyser (VNA) during OMIT/OMIA measurements (switch 
closed) and a radio frequency spectrum analyser (RFSA) during spontaneous 
measurements (switch open). Inset: phase-matched optomechanical coupling 

achieved when two adjacent optical modes had a frequency separation matching 
the phonon frequency and the spatial periodicity of their interference (red) 
matched that of the phonon mode (green). f–i, Phase matching and spectral 
filtering used to realize single-mode coupling. Within the optical FP spectrum 
(f), two modes separated by the Brillouin frequency (ΩB) enable resonantly 
enhanced optomechanical scattering. g, A uniform phonon-mode spacing of the 
fundamental μHBAR modes. h, Modulation of the optomechanical single-photon 
coupling rate (go) produced by phase matching near the Brillouin frequency.  
i, The single-mode OMIT spectrum resulting from phase matching and filtering 
in this system. j–l, OMIT traces for different μHBAR alignments within the FP, 
from misaligned (j) to partially misaligned (k) and optimally aligned (l); optimal 
alignment (l) yielded single-mode (L0) coupling with >20-dB suppression 
of higher-order (L1, L2 and so on) modes. m, Broad OMIT scan at optimal 
alignment (l), showing selective coupling to the fundamental acoustic mode, 
while suppressing adjacent modes at Δν = ±6 MHz (Supplementary Information 
Section VIII). norm., normalized.
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In the case of optimal alignment (Fig. 1l,m), efficient coupling to the 
fundamental Gaussian mode at 12.607 GHz was achieved, with >20 dB 
of suppression of all other acoustic resonances, enabling single-mode 
quantum control.

Note that the position of the μHBAR affects the spectrum of the 
optical cavity modes during this alignment process. Hence, following 
the repositioning of the μHBAR, a pair of optical modes at a slightly dif-
ferent wavelength fulfils the condition for resonant coupling. Because 
the Brillouin frequency is wavelength dependent, the exact frequency of 
the phonon modes observed in the OMIT spectra of Fig. 1j–m also varied 
slightly with each alignment. For this reason, the OMIT spectra are pre-
sented as functions of detuning from the fundamental acoustic mode 
of the relevant mode family (Supplementary Information Section II B).

Ground-state cooling of μHBAR phonons
In what follows, we use this cavity optomechanical system to perform 
ground-state cooling. We begin by introducing the system Hamiltonian 
and key quantities to describe the cooling process. In the case of opti-
mized single-mode coupling, the interaction Hamiltonian for our sys-
tem becomes ℋint = −ℏg0( ̂a1 ̂a†2 ̂bn + ̂a†1 ̂a2 ̂b

†
n)  in the rotating wave 

approximation43. Here ℏ is Plank’s constant, ̂a1 ( ̂a2) is the annihilation 
operator for the red (blue) mode with angular frequency ω1 (ω2), ̂bn is 
the annihilation operator phonon mode with angular frequency Ωn 
and g0 is the single-photon coupling rate for resonant intermodal scat-
tering produced by an individual μHBAR phonon mode43.

Resonant pumping of this system produces the familiar beam 
splitter and squeezing Hamiltonians. When pumping the red mode, 
the substitution ̂a1 → α1 yields a linearized beam-splitter Hamiltonian 

of the form ℋB.S. = −ℏg̃( ̂a†2 ̂bn + ̂a2 ̂b
†
n), where g̃ = g0α1 is the effective 

coupling rate and α1 is the amplitude of the coherent state in mode ̂a1. 
Similarly, when pumping the blue mode, the substitution ̂a2 → α2 yields 
a squeezing Hamiltonian of the form ℋSq. = −ℏg̃( ̂a1 ̂bn + ̂a†1 ̂b

†
n), where 

g̃ = g0α2 is the effective coupling rate and α2 is the amplitude of the 
coherent state in mode ̂a2. The cooperativity for this optomechanical 

system is C = 4|g̃|2/(Γ0κ) = 4|g0|2|α|2/(Γ0κ), where ∣α∣2 is the intracavity 
photon number (nc) produced through resonant pumping43.  
Hence, resonant enhancement of the photon number (nc) enables  
much larger effective coupling rates ( ̃g) and cooperativities than are 
feasible using conventional sideband-resolved optomechanical  
pumping schemes1,31,43.

To quantify the coupling rate (g0) and the fundamental linewidth 
of the phonon mode (Γ0) within our cavity optomechanical system, 
we began by performing power-dependent OMIT and optomechani-
cally induced amplification (OMIA) measurements. The OMIT (OMIA) 
spectra of Fig. 2a,b were obtained by resonantly pumping the red (blue) 
mode with the control laser while a probe tone, generated by intensity 
modulation of the control laser, was swept through the blue (red) 
cavity mode at frequency ω2 (ω1) to perform transmission measure-
ments; during such measurements the non-resonant, lower (higher) 
sideband generated by the modulator had negligible impact, as it was 
rejected by the optical cavity. As before, Pound–Drever–Hall locking 
was used to ensure that the control laser remained on resonance with 
the appropriate cavity mode during each measurement. The transmit-
ted optical carrier and probe tone were collected by a collimator and 
combined with a fixed, frequency-shifted local oscillator (LO) to enable 
heterodyne measurement of the transmitted probe-wave.

Next, we analysed these data to extract the parameters of the 
optomechanical system. OMIT measurements taken at control laser 
powers between 7 μW and 1.3 mW are shown in Fig. 2a. The optical 
power for each trace was measured in transmission to ensure that it is 
representative of the intracavity photon number (see Supplementary 
Information Section V for further details). Figure 2b shows measured 
OMIA traces for a series of transmitted control laser power levels below 
C = 1, which marks the onset of optomechanical self-oscillation.

To extract the effective damping rate of the phonon mode at each 
optical power, we first fitted these experimental traces to the Lorenzian 
form predicted from the OMIT and OMIA response, yielding the data seen 
in Fig. 2c. We then fitted these extracted power-dependent linewidths to 
the theoretical damping rates given by Γ±(C) = Γ0 ± Γopt = Γ0(1 ± C) predicted 
for OMIT (Γ+(C)) and OMIA (Γ−(C))1,43. Because C is proportional to the 
intracavity photon number, Γ+(C) (Γ−(C)) increases (decreases) linearly 
with optical power for the case of OMIT (OMIA) measurements. To enable 
a single linear fit for the entire dataset, the OMIA data was reflected 
to negative power levels, as seen in Fig. 2c. The linear fits of the data 
reveal a fundamental linewidth of Γ0 = 2π × 600 (±30) Hz. Unity coop-
erativity (C = 1) was achieved at transmitted power level of 22.8 ± 1.2 μW, 
corresponding to a single-photon coupling rate of g0 = 6.08 ± 0.03 Hz. 
Hence, mode-selective coupling to the high-Q-factor μHBAR phonon 
modes permitted us to achieve C = 1 with optical powers that are orders 
of magnitude smaller than those required in previous studies31. (For a 
complementary dataset demonstrating unity cooperativity at 11 μW 
transmitted power levels, see Supplementary Information Section VIII.)

To perform laser cooling, we resonantly pumped the red mode 
(ω1) with the control laser while measuring the spontaneous AS light 
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of the entire dataset. Inset: magnified view of the low-power-levels region. The 
black circle marks the fitted fundamental linewidth Γ0 = 2π × 600 Hz.

http://www.nature.com/naturephysics


Nature Physics | Volume 21 | September 2025 | 1482–1488 1486

Article https://doi.org/10.1038/s41567-025-02989-4

emitted from the blue mode (ω2); during these measurements, the 
probe tone was turned off. The frequency-shifted optical local oscil-
lator was combined with the transmitted light to perform heterodyne 
spectral measurement of spontaneously scattered AS light. These 
spectra were acquired using a high-speed photodetector and an electri-
cal spectrum analyser. The optical local oscillator was amplified and 
passed through a high-rejection narrow-bandwidth filter to enable a 
shot-noise limited detection. Figure 3a–c shows examples of sponta-
neously measured AS spectra with increasing control laser powers of 
24 µW, 386 µW and 1.3 mW, respectively; each trace is averaged over 
4,000 acquisitions. The traces were fitted to Lorentzian lineshapes 
(dashed red lines) from which the linewidths and areas (shaded red) 
were extracted. For increasing optical powers, the AS linewidth broad-
ens in a manner that is consistent with increasing optical damping of 
the phonon mode; these measurements also show a change in the 
peak brightness of the AS Lorenzian spectrum that is consistent with a 
reduction in phonon population (Supplementary Information Section 

IV). The complete dataset of spontaneous AS spectra can be found in 
Supplementary Information Section VIII.

Using these spectra, in conjunction with the measured parameters 
of the cavity optomechanical system, we quantified the reduction in 
the phonon population produced by laser cooling. The linewidths 
extracted from the AS spectra after accounting for the spectrum ana-
lyser detection bandwidth (diamonds) are plotted in Fig. 3d, demon-
strating consistency with those extracted from OMIT measurement 
(circles) at each power level. The area of the Lorenzian AS resonance, 
which is proportional to the emitted AS photon flux, also follows the 
predicted ̃C(P)/(1 + ̃C(P)) dependence, as seen in Fig. 3f. Here ̃C(P) is 
the linear fit of cooperativity as a function of transmitted power, 
extracted from the OMIT data.

Next, we used these measurements to estimate the phonon occu-
pation number. Owing to the unique features of our system, sideband 
asymmetry measurements27,28,44,50–52 were inaccessible (Supplemen-
tary Information Section IV). Therefore, we based the thermometry 
measurements on the available linewidth and area of the measured AS 
spectra. Under the influence of the cooling laser, the phonon occupa-
tion could be expressed as 〈n(C)〉 = nth[Γ0/Γ+(C)] = nth/(1 + C) (ref. 1), 
where nth is the occupation of the phonon mode at thermal equilibrium. 
The thermal population, nth, was taken to be 22.4 for all spontaneous 
measurements, which is consistent with an in-situ measurement of the 
μHBAR temperature (13.6 K). Using Γ0 and Γ+(C) derived from OMIT and 
spontaneous lineshapes, respectively, we evaluated this expression to 
find the phonon occupation versus cooling power, as shown in Fig. 3e. 
We used the OMIT data, rather than the spontaneous measurements, to 
characterize the fundamental linewidth of the phononic mode owing 
to the higher confidence of the fit.

Alternatively, the phonon population could be estimated based 
on the AS spectrum area (that is, AS photon flux), using the expression 
⟨n(P)⟩ = nth[ ̃𝒱𝒱𝒱P)Γ+(P)/4 ̃C(P)Γ0]. Here ̃𝒱𝒱(P) is the AS peak brightness 
normalized to 1 at C = 1, Γ+(P) is the measured spontaneous linewidth 
and ̃C(P) and Γ0 are the experimentally derived cooperativity as a func-
tion of transmitted power and the fundamental linewidth, respectively, 
both extracted from the high confidence OMIT measurements. As seen 
in Fig. 3e, the estimated phonon population based on the spectral area 
(diamonds) shows good agreement with that from the measured 
linewidth (circles); these data are also consistent with the trend line 
(dashed) obtained by evaluating ⟨n(P)⟩ = nth/(1 + ̃C(P)) using the power 
dependence of the cooperativity estimated from OMIT measurements. 
See Supplementary Information Section IV for derivations of the above 
quantities and details of data analysis.

These data demonstrate laser cooling of the μHBAR to the  
ground state. At the highest cooling power (1.3 mW), a phonon occu-
pation of <0.4 was reached; the phonon occupation was estimated 
from the AS spectra using the spectral linewidth (circles) and area 
(diamonds), yielding an occupation of 0.35 ± 0.034 and 0.375 ± 0.04, 
respectively. Although lower phonon occupation numbers are  
likely to be achievable, the appearance of higher-order phonon  
modes (L1) within the AS spectrum at powers above 1.3 mW compli-
cated phonon occupation measurements at higher powers. Observe 
that agreement between the theoretical and experimental phonon 
occupation seen in Fig. 3e was achieved at all control powers without 
a correction to the bath temperature, indicating a negligible degree 
of absorption-induced heating through these experiments. Note 
that, at P = 1.3 mW, this system reached an effective quantum coop-
erativity of Cq = C/nth = 2.58, indicating operation in the quantum 
coherent regime14.

To prevent unintentional noise-induced phonon heating during 
these measurements, a high-rejection (60 dB) filter was used before the 
cavity, to suppress any spontaneous photons and reduce phase noise 
at 12.6-GHz offset frequencies. Estimates based on the measured laser 
noise levels indicate that any heating caused by residual laser noise had 
a negligible effect, adding fewer than 2 × 10−4 phonons to the phonon 

a

b

c

d

e 

f

RF
 P

SD
 (f

W
 H

z–1
)

Li
ne

w
id

th
 (k

H
z)

AS
 a

re
a 

(n
or

m
.)

�n
ph

on
�–1

RF
 P

SD
 (f

W
 H

z–1
)

RF
 P

SD
 (f

W
 H

z–1
)

50

100
40

30

20

10

0

3

1.0

0.5

0

2

1

0

Detuning (kHz)

0

60

40

60

50

40

–10

Measured

Measured

Fit

OMIT fit

OMIT model

AS linewidth

Integrated area

Spontaneous fit

OMIT

Spontaneous

Fit

Measured
Fit

0 10

Detuning (kHz)
–50 0 50

Detuning (kHz)
Optical power (µW)

–50 0 50
0 500

OMIT model

Measured

1,000

Optical power (µW)
0 500 1,000

Optical power (µW)
0 500 1,000

Fig. 3 | Laser cooling measurements. a–c, Spontaneous measurements of the RF 
power spectral density (PSD) of the heterodyne-detected AS light scattered by 
the cooling process for growing control power levels of 24 µW (a), 386 µW (b) and 
1.3 mW (c). The measured traces (blue) were averaged over 4,000 acquisitions 
and fitted to Lorentzians (red dashed line), and the extracted linewidths and 
areas (shaded red) were used to evaluate the cooled phonon population. The 
background levels (shaded grey) match the expected increase due to shot noise 
and show no notable heating of the mode by the control laser (Supplementary 
Information Sections IV and VII). More spontaneous AS cooling traces can be 
found in Supplementary Information Section VIII. d, Extracted Lorentzian 
linewidths of spontaneous measurements for different control powers (red 
diamonds) show excellent agreement with the linear fit and the OMIT 
measurements (blue circles). Error bars denote standard deviation of linewidth 
obtained by a Lorentzian fit. e, Starting from 〈n〉 = nth, the actively cooled 
steady-state phonon population was deduced from the measured linewidth (blue 
circles) and area (red diamonds) of each trace. Calculations yield values in good 
agreement with the analytical model (grey dashed line). The lowest phonon 
population for transmitted power of 1.3 mW was 〈n〉 ≈ 0.36 phonons. Error bars 
denote standard deviation of the phonon population estimation for each 
calculation method. f, Measured (diamonds) normalized areas of the AS traces 
show good agreement with the OMIT-based model of ̃C(P)/(1+ ̃C(P)).
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population at the maximum power levels used (see Supplementary 
Information Sections VI–VII for details).

Discussion
Using this μHBAR-based cavity optomechanical system, we have dem-
onstrated ground-state cooling and realized a greater than unity quan-
tum cooperativities, permitting quantum optomechanical control of 
individual high-coherence phonon modes supported by the μHBARs. It 
is important to note that no appreciable parasitic heating was observed 
through laser cooling of this system to the ground state, demonstrat-
ing improved robustness to problematic sources of decoherence that 
otherwise hinder efficient, low-noise quantum operations. Hence, 
such μHBARs hold promise as the basis for a new class of quantum 
optomechanical systems with long coherence times and enhanced 
robustness to optical heating, addressing a critical challenge facing 
the field of quantum optomechanics25,26. Building on these results, 
mode-selective control of the numerous high-Q-factor phonon modes 
supported by such μHBARs could potentially enable the realization of 
multichannel memories, and multimode entanglement through use 
of intermodal scattering processes53.

Looking ahead, the coherence times (Q-factors) of such μHBARs 
are readily extended to 5 ms (200 × 106), using new surface treat-
ment methods and device geometries48. These enhanced coherence 
times and the improved robustness of such systems to heating could 
enable the realization of heralded single-photon sources53 as well as 
high-fidelity quantum repeaters24. In addition, quantum optomechani-
cal control of such μHBARs having motional masses at or near the 
Planck mass (21.8 μg), could also enable macroscopic tests of quantum 
coherence and backaction in regimes where both gravitational and 
quantum effects are important32,38,41,48,49, providing new possibilities 
for innovative quantum sensors and fundamental tests of quantum 
mechanics in the macroscopic regime.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-025-02989-4.
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