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Optomechanical systems show great potential as quantum transducers and information storage devices
for use in future hybrid quantum networks. In this context, optomechanical strong coupling can enable
efficient, high-bandwidth, and deterministic transfer of quantum states. While optomechanical strong
coupling has been realized at optical frequencies, it has proven difficult to identify a robust optomechan-
ical system that features the low loss and high coupling rates required for more sophisticated control
of mechanical motion. In this paper, we demonstrate strong coupling in a Brillouin-based bulk cavity
optomechanical system in both the single-mode and the multimode strong-coupling regime, which leads
to a useful device both for applications in quantum information and for investigating decoherence phe-
nomena in bulk acoustic wave resonators. Using nontrivial mode hybridizations in the strong-coupling
regime, we create hybridized photonic-phononic modes with lifetimes that are significantly longer than
those of the uncoupled system. This surprising lifetime enhancement, which results from the interference
of decay channels, showcases the use of multimode strong coupling as a general strategy to control extrin-
sic decoherence mechanisms. Moreover, phonons supported by such bulk-acoustic-wave resonators have a
collection of properties, including high frequencies, long coherence times, and robustness against thermal
decoherence, that make this optomechanical system particularly enticing for applications such as quantum
transduction and memories. Hence, this system provides access to phenomena in a previously unexplored
regime of optomechanical interactions and could serve as an important building block for future quantum
devices.

DOI: 10.1103/PhysRevApplied.18.024054

I. INTRODUCTION

As is the case for many quantum optical systems,
optomechanical devices exhibit different physical behav-
iors and acquire useful capabilities when they enter the
so-called strong-coupling regime [1]. In this regime, the
coupling rate between light and motion becomes faster
than both the optical and the mechanical dissipation rates,
which is necessary for applications such as quantum trans-
duction [2,3] and memories [4,5]. Since light is the natural
carrier of quantum information over long distances [6], and
mechanical motion couples efficiently to many quantum
systems [7–9], a robust and coherent interface between
light and mechanical motion could be a useful building
block in hybrid quantum networks for long-distance com-
munications [10] or for modular quantum computation
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[11]. In such systems, strong coupling permits operation
in a regime where the transduction bandwidth can be max-
imized. Beyond quantum communication, strong coupling
is also necessary for applications that seek to utilize infor-
mation stored in an optical mode [12] rather than that
released from a cavity, such as in hybrid quantum systems
where light is coupled to individual atoms or quantum dots
[13,14].

Only a few optomechanical devices have entered the
regime of optomechanical strong coupling, due to tech-
nical challenges associated with realizing low-loss sys-
tems that can also robustly support high coupling rates.
Radiation pressure has been used to achieve strong cou-
pling between terahertz-frequency optical modes and
megahertz-frequency mechanical modes in micromechan-
ical systems [15,16]. However, if we seek to utilize
optomechanical systems as a quantum resource, it is
advantageous to instead utilize high-frequency (gigahertz)
phonon modes; this is because higher frequencies yield
lower thermal decoherence at any given temperature,
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enable faster quantum operations, and allow access to
the mechanical ground state using standard refrigeration
techniques. Despite the many successes of gigahertz-
frequency micro- and nano-optomechanical systems [17],
it remains challenging to reach strong coupling in such
systems, due to practical limits [18,19] on the circulating
photon number, which in turn limit the cavity-enhanced
coupling rate.

In an alternative approach, Brillouin interactions
have been used to demonstrate strong coupling to
gigahertz-frequency mechanical modes of a fused-silica
whispering-gallery-mode resonator [20]. This strategy per-
mits resonant driving of the optical mode, and the use
of macroscopic fused-silica-based resonators having low
material- and surface-induced absorption alleviates some
of the technical challenges associated with laser heat-
ing, making large coupling rates more readily accessible.
While this recent demonstration illustrates the advantages
of Brillouin-based coupling in macroscopic systems, low
acoustic dissipation rates-necessary to store information
in mechanical modes-are difficult to achieve in glasses at
cryogenic temperatures. In particular, two-level tunneling-
state systems, which are intrinsic to silica, produce excess
dissipation and noise at cryogenic temperatures [21,22],
complicating the prospects for efficient quantum oper-
ations in such systems. However, a promising way to
address this challenge could be to realize strong cou-
pling between optical-cavity modes and long-lived high-
frequency (greater than 10 GHz) phonon modes supported
by crystalline bulk-acoustic-wave (BAW) resonators [23].

Separate from the opportunities presented by strong cou-
pling, another direction with significant untapped potential
in cavity optomechanics—and, more generally, in quantum
information science—involves the exploration of coupled
multimode systems. Such systems have already given rise
to the observation of a wide variety of interesting physical
phenomena, such as optomechanical dark modes [24,25],
synchronization of mechanical frequencies [26], topolog-
ical dynamics [27], and nonreciprocity [28]. Achieving
strong coupling in a multimode system could lead to a
wealth of capabilities, including storage of light through
control of bright and dark states [29], and the exploration
of topological phonon transport [30,31]. Furthermore, in
the quantum regime, multimode strong coupling could
open the door to the generation of multipartite mechanical
entanglement [32–34] and the implementation of a quan-
tum simulator for many-body bosonic systems [35,36].

In this paper, we utilize Brillouin interactions to demon-
strate strong coupling between a single optical mode and
one or more high-frequency (12.6 GHz) modes of a crys-
talline bulk acoustic resonator at cryogenic temperatures.
Our system combines a high-finesse optical resonator with
a low-loss crystalline BAW resonator, which can be recon-
figured so that the optical mode is strongly coupled to
either a single acoustic mode or several acoustic modes.

Using both frequency- and time-domain measurements,
we quantify the parameters of the system and explore its
dynamics. In the single-mode case, we achieve an optome-
chanical coupling rate gm = 2π × (7.2 ± 0.1) MHz, which
exceeds both the optical dissipation rate κ = 2π × (4.43 ±
0.02) MHz and the mechanical dissipation rate �m = 2π ×
(66 ± 3) kHz. In the multimode case, the coupling rates
exceed the acoustic free spectral range δ = 2π × (610 ±
10) kHz, meaning that we enter the multimode strong-
coupling regime. In this regime, strong coupling produces
a set of optomechanical “dark modes” with linewidths that
are a factor of 5 less than the smallest dissipation rate, �m,
of the uncoupled system. We show that this intriguing phe-
nomenon can be explained by the destructive interference
of radiative loss channels for the dark modes.

II. CAVITY OPTOMECHANICAL SYSTEM

Our optomechanical system consists of a planar quartz
crystal that is placed within a Fabry-Pérot optical cavity
with high-reflectivity (99.9%) optical mirrors [Fig. 1(a)].
At a temperature of approximately 10 K, long-lived longi-
tudinal acoustic modes in the quartz crystal are reflected
from the planar surfaces of the crystal to form a series
of macroscopic standing-wave acoustic modes similar to
the standing-wave electromagnetic modes formed within
a Fabry-Perot optical cavity. A high-frequency acoustic
mode within the BAW resonator (formed by the quartz
crystal) can mediate coupling between two distinct longi-
tudinal modes of the optical cavity through Brillouin inter-
actions when energy-conservation and phase-matching
requirements are satisfied [Fig. 1(b)]. For crystalline z-cut
quartz at cryogenic temperatures and optical modes near
1550 nm, such interactions occur for a narrow band of
acoustic modes near 12.6 GHz (see Supplemental Material
Sec. I [38]).

This multimode coupling can be described by the inter-
action Hamiltonian

Hint = −
∑

m

�gm
0 (a†

2a1bm + a†
1a2b†

m), (1)

where a†
1 (a†

2) is the creation operator for an optical mode
at frequency ω1 (ω2), b†

m is the creation operator for an
acoustic mode at frequency �m, and gm

0 is the zero-point
coupling rate. We note that gm

0 depends on the spatial
acousto-optical overlap, which provides us with a way of
tailoring the optomechanical coupling strength for differ-
ent acoustic modes [37]. With an external control laser that
is driven on resonance with the lower-frequency optical
mode a1, we can write an effective linearized Hamiltonian
as

Heff = ��a†
2a2 +

∑
m

��mb†
mbm −

∑
m

�gm(a†
2bm + a2b†

m).

(2)
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FIG. 1. Multimode cavity optomechanical system. (a)
Schematic illustration of the optomechanical system (not to
scale). The thickness of the half-inch-diameter quartz crystal
is Lac = 5 mm, and the spacing between the optical mirrors is
Lopt = 9.9 mm. The diameters of the waists of the optical and
acoustic modes are 122 and 86 μm, respectively. (b) Schematic
spectra of optical modes (top) and acoustic modes (middle).
The zero-point optomechanical coupling rates (bottom) are
determined by a combination of the Brillouin bandwidth dictated
by energy and momentum conservation, and the spatial overlap
of acoustic and optical modes [37]. (c) Diagram of linearized
optomechanical coupling between an optical mode and a single
acoustic mode (top), corresponding to the expected spectra of
the probe-laser transmission in the weak- and strong-coupling
regimes (middle), and coupling rate under a strong control-laser
drive (bottom). (d) As in (c), except that the optical mode is
coupled to many acoustic modes. Here, the coupling to one
acoustic mode is dominant, corresponding to the case shown in
Figs. 2 and 3.

Here, we move to the rotating frame of mode a1, gm =√
n̄cgm

0 is the cavity-enhanced coupling rate, n̄c is the intra-
cavity photon number for mode a1, and � = ω2 − ω1 is the
optical free spectral range.

The above beam-splitter Hamiltonian �gm(a†
2bm +

a2b†
m) describes coherent energy exchange between a sin-

gle optical mode a2 and a single acoustic mode bm with
an interaction rate 2gm. However, the dissipation rates
relative to this interaction rate determine the optical trans-
mission spectrum for mode a2, which we measure using
a weak probe field. In the weak-coupling regime gm <

(κ/2, �m/2), we expect a narrow dip in the transmission
spectrum due to the well-known phenomenon of optome-
chanically induced transparency (OMIT) [39], seen in

Fig. 1(c). In the strong-coupling regime gm > (κ/2, �m/2),
the optical transmission spectrum develops two resonant
features that correspond to new modes that result from
the hybridization between the optical mode a2 and the
individual mechanical mode bm seen in Fig. 1(c).

Because our experimental system permits coupling to
an array of acoustic modes, the optical-mode spectrum
develops additional features in the strong-coupling regime.
Since a BAW resonator supports multiple acoustic modes
with a regular frequency spacing (δ) that is smaller than
the optical dissipation rate (κ), it is important to go beyond
the minimal model of a single optical mode coupled to a
single phonon mode. This is because more than one acous-
tic mode can simultaneously mediate coupling between the
same pair of optical modes [Fig. 1(b)]. Therefore, in addi-
tion to normal-mode splitting of a single strongly coupled
acoustic mode (�m), we expect several OMIT dips to arise
from weak coupling to a multitude of acoustic modes (e.g.,
�m−2, �m−1, �m+1, �m+2), as seen in Fig. 1(d).

III. EXPERIMENTAL RESULTS

A. Strong coupling to a single acoustic mode

We first present experimental measurements of strong
optomechanical coupling when our system is configured
to couple predominantly to a single acoustic mode. For
the lowest control-laser power, the transmission spec-
trum seen in Fig. 2(a)(i) reveals a single OMIT dip at
�m = 2π × 12.591 GHz. Through these low-power mea-
surements in the weak-coupling regime, we extract κ =
2π × (4.43 ± 0.02) MHz, �m = 2π × (66 ± 3) kHz, and
gm

0 = 2π × (23 ± 1) Hz (see Supplemental Material Sec.
II [38]). Note that the asymmetric line shape seen in Fig.
2(a)(i) is characteristic of leaky modes supported by flat-
flat resonator geometries (see Supplemental Material Sec.
V.A [38]). To reach the regime of strong coupling, we
enhance gm by increasing n̄c. As expected from theory, we
observe a normal-mode splitting that increases in propor-
tion to

√
Pin [Fig. 2(a)], where Pin is the input control-laser

power.
As another unambiguous signature of strong coupling,

we tune the free spectral range of the optical-cavity modes
into and out of resonance with the strongly coupled acous-
tic mode to reveal a characteristic anticrossing feature [Fig.
2(b)]. Because the optical-mode spacing, �, depends on
the temperature, T, we can readily tune � to match the fre-
quency, �m, of the Brillouin-active phonon modes. During
these measurements, we lock the control laser on reso-
nance with the optical mode at ω1, such that temperature
tuning allows us to change the optical-mode spacing �

without changing gm. From transmission spectra obtained
as a function of T at the highest control power, we observe
a clear anticrossing at T = 7.6 K when � � �m [Fig.
2(b)(i)]. For the off-resonant case (� �= �m) at T = 12.4
K, we obtain a narrow and a broad resonance feature, seen
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FIG. 2. Optomechanical strong coupling to a single mechanical mode. (a) Probe-laser transmission spectra taken at various control-
laser powers. The dashed lines show expected values of gm for the dominantly coupled acoustic mode, extrapolated from fits to
low-power spectra with

√
Pin < 0.6 mW1/2 (see Supplemental Material Sec. II [38]). The insets (i) and (ii) show spectra in the regimes

of strong and weak coupling, respectively. In the strongly coupled case, the normal-mode splitting indicated is due to the dominantly
coupled acoustic mode, but OMIT features from other acoustic modes that are still weakly coupled are visible. (b) Probe transmission
taken at various cryostat temperatures. The dashed red line shows the value of � at each temperature, obtained by fitting the data to a
theoretical expression for the probe transmission (see Supplemental Material Sec. II [38]). The insets (iii) and (iv) show spectra in the
resonant and far-detuned cases.

in Fig. 2(b)(ii), which correspond to the acoustic and the
optical modes, respectively, of the uncoupled system.

At the highest Pin of 187 mW, corresponding to an intra-
cavity photon number n̄c = 1.1 × 1011, we observe a split-
ting 2gm = 2π × (14.4 ± 0.1) MHz [Fig. 2(a)(ii)]. Since
2gm/κ � 3 and 2gm/�m � 220, the coherent coupling rate
far exceeds the dissipation rates of both the optical and the
acoustic modes, indicating that our system is in the strong-
coupling regime. For mechanical oscillators with nonzero
thermal occupation, it is relevant to consider not only how
the coupling rate compares with the dissipation rates, but
also how it compares with the total (thermal) decoherence
rate, γth = nth�m. In this way, one can define the quantum
cooperativity, Cq = 4g2

m/κγth. Achieving Cq > 1 indicates
that quantum state transfer between photons and phonons
can occur at a much faster rate than the mechanical deco-
herence. This opens the door to many quantum coherent
protocols, including efficient and low-noise quantum trans-
duction of information between the optical and acoustic
domains [40,41].

To characterize γth (and thus Cq), one must measure
the mechanical bath occupation, which we accomplish
through a series of calibrated thermometry measurements
of undriven thermal motion. By carefully characteriz-
ing our optical detection path with an optical calibration
tone, and extracting optomechanical scattering rates with a
driven measurement, we can reliably calibrate measured rf
voltage spectra with respect to units of mechanical quanta
necessary to extract the effective phonon occupation num-
ber (see Supplemental Material Sec. III for details [38]).
From these measurements, we extract a thermal bath occu-
pation nth = 25 ± 1, yielding a thermal decoherence rate
of 2π × (1.6 ± 0.1) MHz.

To apply standard methods for estimation of the thermal
occupation (including the effects of sideband cooling) [42],
it is necessary to perform measurements of thermal occu-
pation at lower coupling rates. However, to understand the
prospects for reaching high quantum cooperativities, we
must investigate the possibility of spurious mode heating
at higher powers (and higher coupling rates). Absorbed
light has been observed to cause excessive heating of
the mechanical mode [18,41], limiting the performance
of state-of-the-art quantum optomechanical experiments
[2,43]. By comparison, the present bulk crystalline sys-
tem has several properties that could prove advantageous
in this regard. For example, the high-purity quartz crys-
tals used in our optomechanical system have exceedingly
low material absorption [44]. At the same time, the macro-
scopic crystalline substrate has a high thermal conductivity
(greater than 20 W cm−1 K−1), which peaks around 10 K
[45], and also has good thermal anchoring to the cryostat,
helping to minimize any temperature changes produced
by any deposited heat. To quantify the degree of possible
laser heating, we repeat our calibrated thermometry exper-
iments in the presence of an auxiliary “heating laser” that
is used to drive a separate optical mode (not participating
in the optomechanical process). Within the uncertainty of
our measurements, we observe that the presence of a strong
heating laser does not alter the thermal decoherence rate of
the mechanical mode at input optical powers of 150 mW,
which is comparable with the highest control-laser pow-
ers used to demonstrate strong coupling (see Supplemental
Material Sec. III for details [38]).

These measurements confirm that we can reach optome-
chanical scattering rates (4g2

m/κ) that exceed the thermal
decoherence rate (γth) by over an order of magnitude,
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corresponding to the regime of strong quantum cooper-
ativity (or Cq > 1). With the parameters demonstrated
here, ground-state sideband-cooling experiments should be
straightforward, although one must carefully manage and
model the multimode interactions and coupled dissipation
channels. In this direction, it may be more straightforward
to work with a planoconvex crystal [23], which offers a
higher acoustic finesse, such that multimode interactions
are less relevant.

Next we demonstrate time-domain control and utilize
it to study the dynamics of our system under a pulsed
probe signal. These pulsed operations not only are an
important step toward implementing deterministic state
transfer for quantum transduction and information stor-
age, but also allow us to perform accurate measurements
of the timescales for coherent and dissipative dynamics
in our optomechanical system [41]. We probe the time-
domain dynamics of our system by pulsing weak probe
light (ω2) while maintaining a strong continuous drive at
ω1 [Fig. 3(a)]. A heterodyne signal resulting from interfer-
ence between the control and the probe light transmitted
through the cavity provides phase-sensitive detection of
the probe light as a function of time (see Supplemental
Material Sec. I [38]).
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FIG. 3. Time-domain measurements of strong coupling. (a)
Schematic illustration of the time-domain measurement. A strong
control laser is continuously on resonance with the optical mode
at ω1 to turn on the optomechanical coupling [see Fig. 1(b)]. A
short probe pulse excites the optical mode at ω2 = ω1 + �m, and
the response of the system is then recorded as a function of time
(see Supplemental Material Sec. I [38]). (b) Time-domain mea-
surements taken at the same set of cryostat temperatures as in
Fig. 2(b). Note that in these measurements, the probe frequency
is centered at �m but has a large enough bandwidth to excite
the optical mode even when it is detuned. (c) Probe transmis-
sion as a function of time after the probe pulse is turned on
(top), and enlargement (bottom) showing oscillations at π/gm
and exponential decay with timescale τ ∼ 2/κ .

The temporal response observed using this method helps
to elucidate some subtle features that emerge from mul-
timode strong coupling. The time-domain measurements
shown in Fig. 3(b) are performed at the same temperatures
as for the frequency-domain measurements shown in Fig.
2(b), and result in a characteristic detuning dependency of
the Rabi oscillations obtained when two resonators coher-
ently exchange energy in the strong-coupling regime [46].
At T = 7.6 K (when � � �m), we observe coherent oscil-
lations with a period of 69 ns, which is consistent with the
value of 2gm extracted from frequency-domain measure-
ments. As seen in Fig. 3(c), the time constant τ for the
energy decay is 70 ns, which agrees well with the energy
decay rate (κ + �m)/2 ≈ κ/2 of the hybridized modes.
Notice, however, that additional revivals of the coherent
oscillations are observed for t � τ in Fig. 3(c). These non-
trivial features appear because the spectrally broad probe
pulse excites a single strongly coupled acoustic mode, as
well as a multitude of weakly coupled acoustic modes that
lie outside the phase-matching bandwidth. These results
are consistent with multiple OMIT dips that arise from
weak coupling to multiple acoustic modes in the spectral
domain, as seen in Fig. 2(a). Because of the modulation
in the coupling strength produced by the overlap between
optical and acoustic modes in this device geometry, gm

0 is
suppressed for alternating acoustic mode numbers m out-
side the phase-matching bandwidth [Fig. 1(d)]. For this
reason, the observed revivals have a period of 0.82 μs,
corresponding to a frequency of 1.2 MHz, which is approx-
imately twice the acoustic free spectral range of 610
kHz. Since the lifetimes of such weakly coupled modes
approach the intrinsic mechanical decay time of the uncou-
pled system, 1/�m � 2.4 μs, the revivals are sustained for
t � τ .

B. Strong coupling to multiple acoustic modes

So far, we have demonstrated robust strong coupling
between a single optical mode and a single high-frequency
acoustic mode in our Brillouin-based bulk cavity optome-
chanical system. Next, we show that this system can
be reconfigured to achieve a multimode strong-coupling
regime, which leads to useful device physics both for
applications in quantum information and for investigating
decoherence phenomena in bulk acoustic resonators. To
enter the multimode strong-coupling regime, we strongly
couple a single optical mode to three acoustic modes [Fig.
4(a)]. We accomplish this by tuning the optical wave-
length to select a different pair of optical modes, which
changes the spatial overlap between the optical and acous-
tic modes (see Supplemental Material Sec. I [38]). A
transmission spectrum taken at low power [Fig. 4(b)(i)]
reveals three OMIT dips. As before, theoretical fits to the
OMIT spectrum at low power allow us to extract coupling
rates g1 = 2π × (4.9 ± 0.1) MHz, g2 = 2π × (4.0 ± 0.1)
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FIG. 4. Optomechanical strong coupling to three mechanical modes. (a) Diagram of linearized optomechanical coupling between
an optical mode and three acoustic modes (top), corresponding expected spectra of the probe-laser transmission in the weak- and
strong-coupling regimes (middle), and coupling rate under a strong laser drive (bottom). Strong coupling between an optical mode
and three acoustic modes gives rise to four hybridized excitations of light and sound, with two narrow resonances corresponding to
optical “dark” modes and two broad resonances corresponding to optical “bright” modes. (b) Probe-laser transmission spectra taken
at various Pin. The right panel shows an enlargement of these spectra around the frequency f0 = 12.684 GHz. The lower and upper
panels [insets (i)–(iv)] show spectra in the regimes of weak and strong coupling, respectively. In the strongly coupled case [insets (ii)
and (iv)], two narrow resonances are observed, corresponding to the optomechanical dark modes. (c) Time-domain measurement of
dark modes. The inset shows the pulse sequence for the control and probe lasers. (d) Measured linewidth of the two dark modes at
various control-laser powers, and fits to theory with �int/2π = 5 kHz as described in the main text. The shaded region corresponds to
the theoretically predicted linewidth of the two dark modes when we vary the fit parameter �int/2π from 3 to 7 kHz.

MHz, and g3 = 2π × (3.7 ± 0.1) MHz, as well as dissipa-
tion rates κ = 2π × (2.52 ± 0.08) MHz and �m = 2π ×
(67 ± 10) kHz (see Supplemental Material Sec. II [38]).
In the strong-coupling regime, we observe four distinct
peaks in the transmission spectrum, seen in Fig. 4(b)(ii).
These peaks represent the four eigenmodes produced by
hybridization of the optical mode (a2) with the three
dominant phonon modes b1, b2, and b3.

To understand the nature of these four new eigenmodes,
we start by considering a simpler case, of a single optical
mode (a2) coupled strongly to two phonon modes (b1, b2)
separated by 2δ. Furthermore, we assume that g1 = g2 ≡
g, �1 = �2 ≡ �, and �1,2 = � ∓ δ. The Hamiltonian of
this three-coupled-oscillator system in the basis of a2, b1,
and b2 is given by

Heff =
⎡
⎣

� − iκ/2 −g −g
−g∗ �1 − i�/2 0
−g∗ 0 �2 − i�/2

⎤
⎦ . (3)

This effective Hamiltonian can be diagonalized to obtain
three eigenmodes of the hybridized system (see Sup-
plemental Material Sec. V [38]). In the limit of large

g, these eigenmodes become two “bright” modes B± =
(1/

√
2)a2 ± (1/

√
2)(b1 + b2) at frequencies ω± = �

± √
2g, with dissipation rates κ± = κ/2, and one “dark”

mode D = (1/
√

2)(b1 − b2) at a frequency ωD = �, with
a dissipation rate κD = �. Notice that the bright modes
are formed from the superposition of both the optical
and the acoustic modes, whereas the dark mode lacks an
optical-mode component, meaning that it does not couple
to light. The dynamics of such a system, and the exis-
tence of such bright and dark modes, has been explored in
an electromechanical system using a gigahertz-frequency
microwave resonator strongly coupled to two megahertz-
frequency micromechanical oscillators [29]. However, this
regime of coupling has not been previously accessible for
optomechanical systems.

Extending the Hamiltonian in Eq. (3) to treat the case
of a single optical mode coupling to three acoustic modes,
we now expect four eigenmodes of the hybridized system,
as seen in Fig. 4(a). Of these eigenmodes, the two broad
peaks correspond to the bright modes, whereas the two
narrow peaks correspond to the dark modes. This analysis
leads us to expect the decay rates of these dark modes to
approach the mechanical decay rate �m = 2π × 67 kHz.
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However, high-resolution measurements of such modes
at the highest control-laser powers [seen in Fig. 4(b)(iv)]
reveal decay rates �d2 = 2π × 14 kHz and �d3 = 2π × 15
kHz, which are approximately 5 times smaller than the
original acoustic dissipation rate �m. In other words, spec-
tral measurements suggest that the new dark modes formed
as a result of strong coupling have much longer lifetimes
than any of the uncoupled modes of the system.

To determine the veracity of this counterintuitive result,
we perform time-domain ring-down measurements to
quantify the lifetime of these dark modes [Fig. 4(c)]. The
measured decay time τd ∼ 10.9 μs confirms that both of
these eigenmodes, which are hybridized excitations of both
light and sound, have lifetimes that are significantly longer
than the optical and mechanical lifetimes of the uncoupled
system.

The observed dissipation-reduction phenomenon can be
understood as a form of coherent cancellation that occurs
when mechanical modes—which couple into a common
reservoir—become strongly hybridized. To understand
this, we note that that the Brillouin-active phonon modes
supported by this crystal structure can be viewed as leaky
modes that lose energy through coupling (or radiation) to a
band of phonon modes within the flat-flat crystal geometry.
Hence, it is natural to decompose the total decay rate (�)
into distinct radiative (�rad) and intrinsic (�int) contribu-
tions, such that � = �rad + �int. Importantly, this radiation
constitutes a common bath, and hence �rad will appear
as both a decay term and a dissipative coupling [47,48]
between different mechanical modes (see Supplemental
Material Sec. V [38]). In the simple case of two acoustic
modes treated above, this corresponds to the addition of an
off-diagonal term −i�rad linking modes b1 and b2.

In this case, the resulting decay rate of the dark mode
D becomes κD = (� − �rad) + κδ2/2g2. If radiative loss
was the only decay channel, we would thus find κD → 0
as g becomes large. In reality, κD → �int, the value of
which may be set by surface scattering and absorption due
to imperfections in the crystal. At cryogenic temperatures,
�int can be very small in pristine crystals [23,49], open-
ing up the possibility of extremely long-lived dark modes.
We note that analogous line-narrowing phenomena due to
interference of decay pathways has been investigated in
fluorescence spectra of a V-type atomic system [50] and in
a circuit-quantum-electrodynamics platform [51].

A measurement of the linewidths of the two dark modes
as a function of power [Fig. 4(d)] agrees well with the
theoretical description of our system presented above. The-
oretical fits to the data, for the case of three phonon modes,
are performed by numerically diagonalizing an effective
Hamiltonian that includes the radiative coupling terms.
Only �int = 2π × 5 kHz is taken as a fit parameter (see
Supplemental Material Sec. V [38]), and this is consis-
tent with independent measurements of acoustic damping
in quartz crystals at cryogenic temperatures [23,52]. Note

that we observe a larger than expected linewidth of the
dark modes at the highest power, which could be due
to a deviation from the linear dependence of g on

√
Pin

(see Supplemental Material Sec. III [38]). Nevertheless,
these experiments clearly demonstrate that, through the
formation of hybridized modes, multimode strong cou-
pling becomes a powerful tool to dynamically manipulate
decoherence pathways in optomechanical systems.

IV. DISCUSSION

These results demonstrate that optomechanical coupling
to a multitude of high-frequency low-loss phonons in a
BAW resonator presents intriguing opportunities for inves-
tigating classical and quantum phenomena in the multi-
mode strong-coupling regime. Moreover, the time-domain
measurements presented in this paper represent an impor-
tant step toward optical control of bulk acoustic phonons
for quantum transduction and the generation of nonclas-
sical mechanical states. While our system is already in
the quantum coherent strong-coupling regime necessary to
observe quantum effects, a number of improvements can
be made to achieve robust quantum control of phonons and
realize the aforementioned goals.

First, it is possible to directly initialize such high-
frequency (12.6 GHz) phonons in their quantum ground
states at temperatures less than 1 K by using a standard
dilution refrigerator. Decreasing κ by improving the mir-
ror reflectivity to 99.99% and utilizing low-loss crystalline
substrates with a larger Brillouin gain (such as TeO2) could
enable access to the strong-coupling regime at input pow-
ers less than 100 μW. These improvements, along with
low-duty-cycle pulsed operation of the control laser with
a microwatt average power, could make operation in dilu-
tion refrigerators feasible. More importantly, it would be
beneficial to design a fiber-coupled optical-cavity system
with a piezotunable crystal position to minimize stray opti-
cal reflections, as well as to provide enhanced control over
coupling to one or more phonon modes.

These improvements could offer avenues for utilizing
multimode optomechanical interactions in future applica-
tions of quantum information and metrology. For instance,
it may be possible to adiabatically transfer quantum opti-
cal states, such as single photons, to long-lived dark states
for quantum information storage. Moreover, it may be
possible to use nontrivial mode hybridization to generate
entangled mechanical states of the resonator by simultane-
ously swapping optical excitations with multiple strongly
coupled acoustic modes [53]. In addition, as shown by
the line-narrowing phenomena that we observe, strong
coupling between light and acoustic modes in BAW res-
onators could be used to explore and mitigate acoustic
dissipation mechanisms. More generally, it has been shown
that acoustic waves in BAW resonators couple strongly
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to a variety of other quantum systems, such as supercon-
ducting qubits [54], defect centers [55], and microwave
fields [9]. Therefore, deterministic control of bulk acoustic
waves using light in the strong-coupling regime could be
a valuable tool for manipulating quantum information and
exploring physical phenomena in hybrid quantum systems.

All data needed to evaluate the conclusions in this paper
are present in the paper and/or the Supplemental Mate-
rial. Additional data are available from the authors upon
request.
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